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1
SYSTEM AND METHOD FOR DISTRIBUTED
ANTENNA WIRELESS COMMUNICATIONS

RELATED APPLICATIONS

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent publication
with color drawing(s) will be provided by the U.S. Patent and
Trademark Office upon request and payment of the necessary
fee.

This application is a continuation-in-part of the following
co-pending U.S. Patent Applications:

U.S. application Ser. No. 12/143,503, filed Jun. 20, 2008
entitled, “System and Method For Distributed Input-Dis-
tributed Output Wireless Communications™;

U.S. application Ser. No. 11/894,394, filed Aug. 20, 2007
entitled, “System and Method for Distributed Input Dis-
tributed Output Wireless Communications™;

U.S. application Ser. No. 11/894,362, filed Aug. 20, 2007
entitled, “System and method for Distributed Input-Dis-
tributed Wireless Communications”;

U.S. application Ser. No. 11/894,540, filed Aug. 20, 2007
entitled “System and Method For Distributed Input-Dis-
tributed Output Wireless Communications”

U.S. application Ser. No. 11/256,478, filed Oct. 21, 2005
entitled “System and Method For Spatial-Multiplexed Tro-
pospheric Scatter Communications”;

U.S. application Ser. No. 10/817,731, filed Apr. 2, 2004
entitled “System and Method For Enhancing Near Vertical
Incidence Skywave (“NVIS”) Communication Using
Space-Time Coding.

BACKGROUND

Prior art multi-user wireless systems may include only a
single base station or several base stations.

A single WiFibase station (e.g., utilizing 2.4 GHz 802.11b,
g or n protocols) attached to a broadband wired Internet
connection in an area where there are no other WiFi access
points (e.g. a WiFiaccess point attached to DSL within a rural
home) is an example of a relatively simple multi-user wireless
system that is a single base station that is shared by one or
more users that are within its transmission range. If a user is
in the same room as the wireless access point, the user will
typically experience a high-speed link with few transmission
disruptions (e.g. there may be packet loss from 2.4 GHz
interferes, like microwave ovens, but not from spectrum shar-
ing with other WiFi devices), If a user is a medium distance
away or with a few obstructions in the path between the user
and WiFi access point, the user will likely experience a
medium-speed link. If a user is approaching the edge of the
range of the WiFi access point, the user will likely experience
a low-speed link, and may be subject to periodic drop-outs if
changes to the channel result in the signal SNR dropping
below usable levels. And, finally, if the user is beyond the
range of the WiFi base station, the user will have no link at all.

When multiple users access the WiFi base station simulta-
neously, then the available data throughput is shared among
them. Different users will typically place different throughput
demands on a WiFi base station at a given time, but at times
when the aggregate throughput demands exceed the available
throughput from the WiFi base station to the users, then some
or all users will receive less data throughput than they are
seeking. In an extreme situation where a WiFi access point is
shared among a very large number of users, throughput to
each user can slow down to a crawl, and worse, data through-
put to each user may arrive in short bursts separated by long
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periods of no data throughput at all, during which time other
users are served. This “choppy” data delivery may impair
certain applications, like media streaming.

Adding additional WiFi base stations in situations with a
large number of users will only help up to a point. Within the
2.4 GHz ISM band in the U.S., there are 3 non-interfering
channels that can be used for WiF1i, and if 3 WiFi base stations
in the same coverage area are configured to each use a differ-
ent non-interfering channel, then the aggregate throughput of
the coverage area among multiple users will be increased up
to a factor of 3. But, beyond that, adding more WiFi base
stations in the same coverage area will not increase aggregate
throughput, since they will start sharing the same available
spectrum among them, effectually utilizing time-division
multiplexed access (TDMA) by “taking turns” using the spec-
trum. This situation is often seen in coverage areas with high
population density, such as within multi-dwelling units. For
example, a user in a large apartment building with a WiFi
adapter may well experience very poor throughput due to
dozens of other interfering WiFi networks (e.g. in other apart-
ments) serving other users that are in the same coverage area,
even ifthe user’s access point is in the same room as the client
device accessing the base station. Although the link quality is
likely good in that situation, the user would be receiving
interference from neighbor WiFi adapters operating in the
same frequency band, reducing the effective throughput to the
user.

Current multiuser wireless systems, including both unli-
censed spectrum, such as WiFi, and licensed spectrum, suffer
from several limitations. These include coverage area, down-
link (DL) data rate and uplink (UL) data rate. Key goals of
next generation wireless systems, such as WiIMAX and LTE,
are to improve coverage area and DL and UL data rate via
multiple-input multiple-output (MIMO) technology. MIMO
employs multiple antennas at transmit and receive sides of
wireless links to improve link quality (resulting in wider
coverage) or data rate (by creating multiple non-interfering
spatial channels to every user). If enough data rate is available
for every user (note, the terms “user” and “client” are used
herein interchangeably), however, it may be desirable to
exploit channel spatial diversity to create non-interfering
channels to multiple users (rather than single user), according
to multiuser MIMO (MU-MIMO) techniques [20-27]. For
example, in MIMO 4x4 systems (i.e., four transmit and four
receive antennas), 10 MHz bandwidth, 16-QAM modulation
and forward error correction (FEC) coding with rate ¥4 (yield-
ing spectral efficiency of 3 bps/Hz), the ideal peak data rate
achievable at the physical layer for every user is 4x30
Mbps=120 Mbps, which is much higher than required to
deliver high definition video content (which may only require
~10 Mbps). In MU-MIMO systems with four transmit anten-
nas, four users and single antenna per user, in ideal scenarios
(i.e., independent identically distributed, i.i.d., channels)
downlink data rate may be shared across the four users and
channel spatial diversity may be exploited to create four par-
allel 30 Mbps data links to the users.

Different MU-MIMO schemes have been proposed as part
of'the LTE standard [1-3], but they can provide only up to 2x
improvement in DL data rate with four transmit antennas.
Practical implementations of MU-MIMO techniques in stan-
dard and proprietary cellular systems by companies like
ArrayComm [4] have yielded up to a ~3x increase (with four
transmit antennas) in DL data rate via space division multiple
access (SDMA). A key limitation of MU-MIMO schemes in
cellular networks is lack of spatial diversity at the transmit
side. Spatial diversity is a function of antenna spacing and
multipath angular spread in the wireless links. In cellular
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systems employing MU-MIMO techniques, transmit anten-
nas at a base station are typically clustered together and
placed only one or two wavelengths apart due to limited real
estate on antenna support structures (referred to herein as
“towers,” whether physically tall or not) and due to limita-
tions on where towers may be located. Moreover, multipath
angular spread is low since cell towers are typically placed
high up (10 meters or more) above obstacles to yield wider
coverage.

Other practical issues with cellular system deployment
include excessive cost and limited availability of locations for
cellular antenna locations (e.g. due to municipal restrictions
on antenna placement, cost of real-estate, physical obstruc-
tions, etc.) and the cost and/or availability of network con-
nectivity to the transmitters (referred to herein as “back-
haul”). Further, cellular systems often have difficulty
reaching clients located deeply in buildings due to losses from
walls, ceilings, floors, furniture and other impediments.

Indeed, the entire concept of a cellular structure for wide-
area network wireless presupposes a rather rigid placement of
cellular towers, an alternation of frequencies between adja-
cent cells, and frequently sectorization, so as to avoid inter-
ference among transmitters (either base stations or users) that
are using the same frequency. As a result, a given sector of a
given cell ends up being a shared block of DL and UL spec-
trum among all of the users in the cell sector, which is then
shared among these users primarily in only the time domain.
For example, cellular systems based on Time Division Mul-
tiple Access (TDMA) and Code Division Multiple Access
(CDMA) both share spectrum among users in the time
domain. By overlaying such cellular systems with sectoriza-
tion, perhaps a 2-3x spatial domain benefit can be achieved.
And, then by overlaying such cellular systems with a MU-
MIMO system, such as those described previously, perhaps
another 2-3x space-time domain benefit can be achieved. But,
given that the cells and sectors of the cellular system are
typically in fixed locations, often dictated by where towers
can be placed, even such limited benefits are difficult to
exploit if user density (or data rate demands) at a given time
does not match up well with tower/sector placement. A cel-
Iular smart phone user often experiences the consequence of
this today where the user may be talking on the phone or
downloading a web page without any trouble at all, and then
after driving (or even walking) to anew location will suddenly
see the voice quality drop or the web page slow to a crawl, or
even lose the connection entirely. But, on a different day, the
user may have the exact opposite occur in each location. What
the user is probably experiencing, assuming the environmen-
tal conditions are the same, is the fact that user density (or data
rate demands) is highly variable, but the available total spec-
trum (and thereby total data rate, using prior art techniques) to
be shared among users at a given location is largely fixed.

Further, prior art cellular systems rely upon using different
frequencies in different adjacent cells, typically 3 different
frequencies. For a given amount of spectrum, this reduces the
available data rate by 3x.

So, in summary, prior art cellular systems may lose perhaps
3x in spectrum utilization due to cellularization, and may
improve spectrum utilization by perhaps 3x through sector-
ization and perhaps 3x more through MU-MIMO techniques,
resulting in a net 3*3/3=3x potential spectrum utilization.
Then, that bandwidth is typically divided up among users in
the time domain, based upon what sector of what cell the users
fall into at a given time. There are even further inefficiencies
that result due to the fact that a given user’s data rate demands
are typically independent of the user’s location, but the avail-
able data rate varies depending on the link quality between the
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user and the base station. For example, a user further from a
cellular base station will typically have less available datarate
than a user closer to a base station. Since the data rate is
typically shared among all of the users in a given cellular
sector, the result of this is that all users are impacted by high
data rate demands from distant users with poor link quality
(e.g. on the edge of a cell) since such users will still demand
the same amount of data rate, yet they will be consuming
more of the shared spectrum to get it.

Other proposed spectrum sharing systems, such as that
used by WiFi (e.g., 802.11b, g, and n) and those proposed by
the White Spaces Coalition, share spectrum very inefficiently
since simultaneous transmissions by base stations within
range of a user result in interference, and as such, the systems
utilize collision avoidance and sharing protocols. These spec-
trum sharing protocols are within the time domain, and so,
when there are a large number of interfering base stations and
users, no matter how efficient each base station itself is in
spectrum utilization, collectively the base stations are limited
to time domain sharing of the spectrum among each other.
Other prior art spectrum sharing systems similarly rely upon
similar methods to mitigate interference among base stations
(be they cellular base stations with antennas on towers or
small scale base stations, such as WiFi Access Points (APs)).
These methods include limiting transmission power from the
base station so as to limit the range of interference, beam-
forming (via synthetic or physical means) to narrow the area
of interference, time-domain multiplexing of spectrum and/
or MU-MIMO techniques with multiple clustered antennas
on the user device, the base station or both. And, in the case of
advanced cellular networks in place or planned today, fre-
quently many of these techniques are used at once.

But, what is apparent by the fact that even advanced cellu-
lar systems can achieve only about a 3x increase in spectrum
utilization compared to a single user utilizing the spectrum is
that all of these techniques have done little to increase the
aggregate data rate among shared users for a given area of
coverage. In particular, as a given coverage area scales in
terms of users, it becomes increasingly difficult to scale the
available data rate within a given amount of spectrum to keep
pace with the growth of users. For example, with cellular
systems, to increase the aggregate data rate within a given
area, typically the cells are subdivided into smaller cells (of-
ten called nano-cells or femto-cells). Such small cells can
become extremely expensive given the limitations on where
towers can be placed, and the requirement that towers must be
placed in a fairly structured pattern so as to provide coverage
with a minimum of “dead zones”, yet avoid interference
between nearby cells using the same frequencies. Essentially,
the coverage area must be mapped out, the available locations
for placing towers or base stations must be identified, and then
given these constraints, the designers of the cellular system
must make do with the best they can. And, of course, if user
data rate demands grow over time, then the designers of the
cellular system must yet again remap the coverage area, try to
find locations for towers or base stations, and once again work
within the constraints of the circumstances. And, very often,
there simply is no good solution, resulting in dead zones or
inadequate aggregate data rate capacity in a coverage area. In
other words, the rigid physical placement requirements of a
cellular system to avoid interference among towers or base
stations utilizing the same frequency results in significant
difficulties and constraints in cellular system design, and
often is unable to meet user data rate and coverage require-
ments.

So-called prior art “cooperative” and “cognitive” radio
systems seek to increase the spectral utilization in a given area
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by using intelligent algorithms within radios such that they
can minimize interference among each other and/or such that
they can potentially “listen” for other spectrum use so as to
wait until the channel is clear. Such systems are proposed for
use particularly in unlicensed spectrum in an effort to increase
the spectrum utilization of such spectrum.

A mobile ad hoc network (MANET) (see http://en.wikipe-
dia.org/wiki/ Mobile ad hoc network) is an example of a
cooperative self-configuring network intended to provide
peer-to-peer communications, and could be used to establish
communication among radios without cellular infrastructure,
and with sufficiently low-power communications, can poten-
tially mitigate interference among simultaneous transmis-
sions that are out of range of each other. A vast number of
routing protocols have been proposed and implemented for
MANET systems (see http://en.wikipedia.org/wiki/List of
ad-hoc routing protocols for a list of dozens of routing pro-
tocols in a wide range of classes), buta common theme among
them is they are all techniques for routing (e.g. repeating)
transmissions in such a way to minimize transmitter interfer-
ence within the available spectrum, towards the goal of par-
ticular efficiency or reliability paradigms.

All of the prior art multi-user wireless systems seek to
improve spectrum utilization within a given coverage area by
utilizing techniques to allow for simultaneous spectrum uti-
lization among base stations and multiple users. Notably, in
all of these cases, the techniques utilized for simultaneous
spectrum utilization among base stations and multiple users
achieve the simultaneous spectrum use by multiple users by
mitigating interference among the waveforms to the multiple
users. For example, in the case of 3 base stations each using a
different frequency to transmit to one of 3 users, there inter-
ference is mitigated because the 3 transmissions are at 3
different frequencies. In the case of sectorization from a base
station to 3 different users, each 180 degrees apart relative to
the base station, interference is mitigated because the beam-
forming prevents the 3 transmissions from overlapping at any
user.

When such techniques are augmented with MU-MIMO,
and, for example, each base station has 4 antennas, then this
has the potential to increase downlink throughput by a factor
of 4, by creating four non-interfering spatial channels to the
users in given coverage area. But it is still the case that some
technique must be utilized to mitigate the interference among
multiple simultaneous transmissions to multiple users in dif-
ferent coverage areas.

And, as previously discussed, such prior art techniques
(e.g. cellularization, sectorization) not only typically suffer
from increasing the cost of the multi-user wireless system
and/or the flexibility of deployment, but they typically run
into physical or practical limitations of aggregate throughput
in a given coverage area. For example, in a cellular system,
there may not be enough available locations to install more
base stations to create smaller cells. And, in an MU-MIMO
system, given the clustered antenna spacing at each base
station location, the limited spatial diversity results in asymp-
totically diminishing returns in throughput as more antennas
are added to the base station.

And further, in the case of multi-user wireless systems
where the user location and density is unpredictable, it results
in unpredictable (with frequently abrupt changes) in through-
put, which is inconvenient to the user and renders some appli-
cations (e.g. the delivery of services requiring predictable
throughput) impractical or of low quality. Thus, prior art
multi-user wireless systems still leave much to be desired in
terms of their ability to provide predictable and/or high-qual-
ity services to users.
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Despite the extraordinary sophistication and complexity
that has been developed for prior art multi-user wireless sys-
tems over time, there exist common themes: transmissions
are distributed among different base stations (or ad hoc trans-
ceivers) and are structured and/or controlled so as to avoid the
RF waveform transmissions from the different base stations
and/or different ad hoc transceivers from interfering with
each other at the receiver of a given user.

Or, to put it another way, it is taken as a given that if a user
happens to receive transmissions from more than one base
station or ad hoc transceiver at the same time, the interference
from the multiple simultaneous transmissions will result in a
reduction of the SNR and/or bandwidth of the signal to the
user which, if severe enough, will result in loss of all or some
of the potential data (or analog information) that would oth-
erwise have been received by the user.

Thus, in a multiuser wireless system, it is necessary to
utilize one or more spectrum sharing approaches or another to
avoid or mitigate such interference to users from multiple
base stations or ad hoc transceivers transmitting at the same
frequency at the same time. There are a vast number of prior
art approaches to avoiding such interference, including con-
trolling base stations’ physical locations (e.g. cellulariza-
tion), limiting power output of base stations and/or ad hoc
transceivers (e.g. limiting transmit range), beamforming/sec-
torization, and time domain multiplexing. In short, all of these
spectrum sharing systems seek to address the limitation of
multiuser wireless systems that when multiple base stations
and/or ad hoc transceivers transmitting simultaneously at the
same frequency are received by the same user, the resulting
interference reduces or destroys the data throughput to the
affected user. If a large percentage, or all, of the users in the
multi-user wireless system are subject to interference from
multiple base stations and/or ad hoc transceivers (e.g. in the
event of the malfunction of a component of a multi-user
wireless system), then it can result in a situation where the
aggregate throughput of the multi-user wireless system is
dramatically reduced, or even rendered non-functional.

Prior art multi-user wireless systems add complexity and
introduce limitations to wireless networks and frequently
result in a situation where a given user’s experience (e.g.
available bandwidth, latency, predictability, reliability) is
impacted by the utilization of the spectrum by other users in
the area. Given the increasing demands for aggregate band-
width within wireless spectrum shared by multiple users, and
the increasing growth of applications that can rely upon
multi-user wireless network reliability, predictability and low
latency for a given user, it is apparent that prior art multi-user
wireless technology suffers from many limitations. Indeed,
with the limited availability of spectrum suitable for particu-
lar types of wireless communications (e.g. at wavelengths
that are efficient in penetrating building walls), it may be the
case that prior art wireless techniques will be insufficient to
meet the increasing demands for bandwidth that is reliable,
predictable and low-latency.

What is needed is a multiuser wireless system that does not
suffer from the aforementioned limitations:

(a) limitations in aggregate bandwidth in a given amount of
spectrum,;

(b) lack of reliable, predictable and low-latency communi-
cations for a given user;

(c) one user’s use of the wireless network negatively
impacting another user’s use;

(d) lack of flexibility in the placement of transceivers and/
or antennas that form the multi-user wireless system;
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(e) lack of flexibility allowing transceivers and/or antennas
to be installed either by commercial network providers or by
individuals; or

(f) impractical or expensive implementations.

BRIEF DESCRIPTION OF THE DRAWINGS

A better understanding of the present invention can be
obtained from the following detailed description in conjunc-
tion with the drawings, in which:

FIG. 1 illustrates a prior art MIMO system.

FIG. 2 illustrates an N-antenna Base Station communicat-
ing with a plurality of Single-antenna Client Devices.

FIG. 3 illustrates a three Antenna Base Station communi-
cating with three Single-Antenna Client Devices

FIG. 4 illustrates training signal techniques employed in
one embodiment of the invention.

FIG. 5 illustrates channel characterization data transmitted
from a client device to a base station according to one
embodiment of the invention.

FIG. 6 illustrates a Multiple-Input Distributed-Output
(“MIDO”) downstream transmission according to one
embodiment of the invention.

FIG. 7 illustrates a Multiple-Input Multiple Output
(“MIMO”) upstream transmission according to one embodi-
ment of the invention.

FIG. 8 illustrates a base station cycling through different
client groups to allocate throughput according to one embodi-
ment of the invention.

FIG. 9 illustrates a grouping of clients based on proximity
according to one embodiment of the invention.

FIG. 10 illustrates an embodiment of the invention
employed within an NVIS system.

FIG. 11 illustrates an embodiment of the DIDO transmitter
with 1/Q compensation functional units.

FIG. 12 aDIDO receiver with I/Q compensation functional
units.

FIG. 13 illustrates one embodiment of DIDO-OFDM sys-
tems with /Q compensation.

FIG. 14 illustrates one embodiment of DIDO 2x2 perfor-
mance with and without I/Q compensation.

FIG. 15 illustrates one embodiment of DIDO 2x2 perfor-
mance with and without I/Q compensation.

FIG. 16 illustrates one embodiment of the SER (Symbol
Error Rate) with and without 1/Q compensation for different
QAM constellations.

FIG. 17 illustrates one embodiment of DIDO 2x2 perfor-
mances with and without compensation in different user
device locations.

FIG. 18 illustrates one embodiment of the SER with and
without I/QQ compensation in ideal (i.i.d. (independent and
identically-distributed)) channels.

FIG. 19 illustrates one embodiment of a transmitter frame-
work of adaptive DIDO systems.

FIG. 20 illustrates one embodiment of a receiver frame-
work of adaptive DIDO systems.

FIG. 21 illustrates one embodiment of a method of adaptive
DIDO-OFDM.

FIG. 22 illustrates one embodiment of the antenna layout
for DIDO measurements.

FIG. 23 illustrates embodiments of array configurations for
different order DIDO systems.

FIG. 24 illustrates the performance of different order
DIDO systems.

FIG. 25 illustrates one embodiment of the antenna layout
for DIDO measurements.
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FIG. 26 illustrates one embodiment of the DIDO 2x2 per-
formance with 4-QAM and FEC rate 12 as function of the user
device location.

FIG. 27 illustrates one embodiment of the antenna layout
for DIDO measurements.

FIG. 28 illustrates how, in one embodiment, DIDO 8x8
yields larger SE than DIDO 2x2 for lower TX power require-
ment.

FIG. 29 illustrates one embodiment of DIDO 2x2 perfor-
mance with antenna selection.

FIG. 30 illustrates average bit error rate (BER) perfor-
mance of different DIDO precoding schemes in i.i.d. chan-
nels.

FIG. 31 illustrates the signal to noise ratio (SNR) gain of
ASel as a function of the number of extra transmit antennas in
i.i.d. channels.

FIG. 32 illustrates the SNR thresholds as a function of the
number of users (M) for block diagnalization (BD) and ASel
with 1 and 2 extra antennas in i.i.d. channels.

FIG. 33 illustrates the BER versus per-user average SNR
for two users located at the same angular direction with dif-
ferent values of Angle Spread (AS).

FIG. 34 illustrates similar results as FIG. 33, but with
higher angular separation between the users.

FIG. 35 plots the SNR thresholds as a function of the AS for
different values of the mean angles of arrival (AOAs) of the
users.

FIG. 36 illustrates the SNR threshold for an exemplary
case of five users.

FIG. 37 provides a comparison of the SNR threshold of BD
and ASel, with 1 and 2 extra antennas, for two user case.

FIG. 38 illustrates similar results as FIG. 37, but for a five
user case.

FIG. 39 illustrates the SNR thresholds for a BD scheme
with different values of AS.

FIG. 40 illustrates the SNR thresholds in spatially corre-
lated channels with AS=0.1° for BD and ASel with 1 and 2
extra antennas.

FIG. 41 illustrates the computation of the SNR thresholds
for two more channel scenarios with AS=5°.

FIG. 42 illustrates the computation of the SNR thresholds
for two more channel scenarios with AS=10°.

FIGS. 43-44 illustrate the SNR thresholds as a function of
the number of users (M) and angle spread (AS) for BD and
ASel schemes, with 1 and 2 extra antennas, respectively.

FIG. 45 illustrates a receiver equipped with frequency off-
set estimator/compensator.

FIG. 46 illustrates DIDO 2x2 system model according to
one embodiment of the invention.

FIG. 47 illustrates a method according to one embodiment
of the invention.

FIG. 48 illustrates SER results of DIDO 2x2 systems with
and without frequency offset.

FIG. 49 compares the performance of different DIDO
schemes in terms of SNR thresholds.

FIG. 50 compares the amount of overhead required for
different embodiments of methods.

FIG. 51 illustrates a simulation with a small frequency
offset of £, ,,=2 Hz and no integer offset correction.

FIG. 52 illustrates results when turning off the integer
offset estimator.

FIG. 53 illustrates downlink spectral efficiency (SE) in
[bps/Hz] as a function of mutual information in [bps/Hz].

FIG. 54 illustrates average per-user symbol error rare
(SER) performance as a function of the mutual information in
[bps/Hz].
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FIG. 55 illustrates average per-user SER performance as a
function of the minimum mutual information in [bps/Hz] and
the thresholds used to switch between different DIDO modes.

FIG. 56 illustrates average per-user SER vs. SNR for fixed
modulation and adaptive DIDO systems.

FIG. 57 illustrates downlink SE vs. SNR for fixed modu-
lation and adaptive DIDO systems.

FIG. 58 illustrates average per-user SER vs. SNR for adap-
tive DIDO systems with different thresholds.

FIG. 59 illustrates downlink SE vs. SNR for adaptive
DIDO systems with different thresholds

FIG. 60 illustrates average per-user SER performance as a
function of the minimum singular value of the effective chan-
nel matrix and the CQI threshold for 4-QAM constellation.

FIG. 61 illustrates one embodiment of a circular topology
of base transceiver stations (DIDO antennas)

FIG. 62 illustrates an one embodiment of an alternate
arrangement of DIDO antennas.

FIG. 63 illustrates one embodiment in which a base station
network (BSN) is used to deliver precoded baseband data
from the centralized processors (CPs) to DIDO antennas.

FIG. 64 illustrates one embodiment in which the BSN is
used to carry modulated signals.

FIG. 65 illustrates one embodiment comprised of two
DIDO base stations perfectly synchronized and two users
with Line Of Sight (LOS) channels

FIG. 66 illustrates the path loss of DIDO at 85 MHz and
400 MHz using the Hata-Okumura model.

FIG. 67 illustrates the period maximum delay between
channel state information and data transmission as a function
of the relative velocity between transmitter and receiver for
different frequencies in the UHF band.

FIG. 68 illustrates propagation effects in DIDO systems for
three different carrier frequencies.

FIG. 69 illustrates the areas in the US territory currently
covered by transceiver stations operating in the Maritime
band. The colors identify the number of active channels (out
of the 146 channels available in the Maritime band) that
would cause harmful interference to DIDO-NVIS stations at
any location.

FIG. 70 illustrates sunspot number from the January 1900
throughout June 2009.

FIG. 71 illustrates the pathloss of WIMAX, LTE and NVIS
systems.

FIG. 72 illustrates the locations of DIDO-NVIS transmitter
(TX) and receiver (RX) stations

FIG. 73 illustrates DIDO-NVIS receive antenna location.
“lambda” denotes the wavelength at 3.9 MHz (~77 meters)

FIG. 74 illustrates typical 4-QAM constellations demodu-
lated at three users’ locations over DIDO-NVIS links.

FIG. 75 illustrates SER as a function of PU-SNR for
DIDO-NVIS 3x3.

FIG. 76 illustrates DIDO-NVIS cells across the territory of
the 48 contiguous states of the USA.

DETAILED DESCRIPTION

1. DIDO System Description

One solution to overcome many of the above prior art
limitations is an embodiment of Distributed-Input Distrib-
uted-Output (DIDO) technology. DIDO technology is
described in the following patents and patent applications, all
of which are assigned the assignee of the present patent and
are incorporated by reference:
U.S. Pat. No. 7,599,420, filed Aug. 20, 2007, issued Oct. 6,

2009, entitled “System and Method for Distributed Input

Distributed Output Wireless Communication™;
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U.S. application Ser. No. 12/143,503, filed Jun. 20, 2008
entitled, “System and Method For Distributed Input-Dis-
tributed Output Wireless Communications”;

U.S. application Ser. No. 11/894,394, filed Aug. 20, 2007
entitled, “System and Method for Distributed Input Dis-
tributed Output Wireless Communications”;

U.S. application Ser. No. 11/894,362, filed Aug. 20, 2007
entitled, “System and method for Distributed Input-Dis-
tributed Wireless Communications”:

U.S. application Ser. No. 11/894,540, filed Aug. 20, 2007
entitled “System and Method For Distributed Input-Dis-
tributed Output Wireless Communications”

U.S. application Ser. No. 11/256,478, filed Oct. 21, 2005
entitled “System and Method For Spatial-Multiplexed Tro-
pospheric Scatter Communications™;

U.S. Pat. No. 7,418,053, filed Jul. 30, 2004, issued Aug. 26,
2008, entitled “System and Method for Distributed Input
Distributed Output Wireless Communication”;

U.S. application Ser. No. 10/817,731, filed Apr. 2, 2004
entitled “System and Method For Enhancing Near Vertical
Incidence Skywave (“NVIS”) Communication Using
Space-Time Coding.

The foregoing patent applications are referred to below as
the “related applications.”

DIDO systems are described in the related application U.S.
Pat. No. 7,418,053, where multiple antennas of the same
DIDO base station in FIG. 2 work cooperatively to pre-cancel
interference and create parallel non-interfering data streams
to multiple users. These antennas, with or without local trans-
mitters and/or receivers may be spread across a wide coverage
area and be interconnected to the same DIDO base station via
wired or wireless links, including networks such as the Inter-
net. For example, as disclosed in related U.S. Pat. No. 7,418,
053 in the paragraph starting at column 6, line 31, a single
base station may have its antennas located very far apart,
potentially resulting in the base station’s antenna array occu-
pying several square kilometers. And, for example as dis-
closed in related U.S. Pat. No. 7,599,420 in the paragraph
starting at column 17 line 4, and in paragraphs [0142] of U.S.
Application Serial No. 11/894,362 and U.S. application Ser.
No. 11/894,540, the separation of antennas from a single
DIDO base station may be physically separated by 100s of
yards or even miles, potentially providing diversity advan-
tages, and the signals for each antenna installation may either
processed locally at each antenna location or brought back to
a centralized location for processing. Further, methods for
practical deployment of DIDO systems, including addressing
practical issues associated with processing signals with
widely distributed DIDO antennas, are described in the
related applications U.S. Pat. No. 7,599,420, U.S. application
Ser. No. 11/894,362 and U.S. application Ser. No. 11/894,
540.

Recent publications [32,33] analyzed theoretically the per-
formance of cooperative base stations in the context of cellu-
lar systems. In practice, when those cooperative base stations
are connected to one another via wireless, wired, or optical
network (i.e., wide area network, WAN backbone, router) to
share precoded data, control information and/or time/fre-
quency synchronization information as described in U.S. Pat.
No. 7,418,053, U.S. Pat. No. 7,599,420, U.S. application Ser.
No. 11/894,362 and U.S. application Ser. No. 11/894,540
they function as multiple distributed antennas of a single
DIDO base station as shown in FIGS. 2 and 3. In the system
in [32,33], however, multiple base stations (or distributed
antennas of the same DIDO base station) are constrained by
their physical placements derived from cell planning, as in
conventional cellular systems.
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A significant advantage of DIDO systems over prior art
systems is that DIDO systems enable the distribution of mul-
tiple cooperative distributed antennas, all using the same fre-
quency at the same time in the same wide coverage area,
without significantly restricting the physical placement of the
distributed antennas. In contrast to prior art multi-user sys-
tems, which avoid interference from multiple base transmit-
ters at a given user receiver, the simultaneous RF waveform
transmissions from multiple DIDO distributed antennas
deliberately interfere with each other at each user’s receiver.
The interference is a precisely controlled constructive and
destructive interference of RF waveforms incident upon each
receiving antenna which, rather than impairing data recep-
tion, enhances data reception. It also achieves a valuable goal:
it results in multiple simultaneous non-interfering channels to
the users via space-time precoding techniques, increasing the
aggregate throughput in a given coverage area, increasing the
throughput to a given user, and significantly increasing the
reliability and predictability of throughput to a given user.

Thus, when using DIDO, multiple distributed antenna RF
waveform transmission interference and user channel inter-
ference have an inverse relationship: multiple distributed
antenna RF waveform interference results in simultaneous
non-interfering user channels.

With prior art multi-user systems, multiple base station
(and/or ad hoc transceivers) RF waveform transmission inter-
ference and user channel interference have a direct relation-
ship: multiple base station (and/or ad hoc transceivers) RF
waveform interference results in simultaneous interfering
user channels.

So, what DIDO utilizes and relies upon to achieve perfor-
mance far beyond prior art systems is exactly what is avoided
by, and results in impairment of, prior art systems.

And, because the number of non-interfering channels (and
aggregate throughput) grows largely proportionately with the
number of DIDO distributed antennas (unlike MU-MIMO
systems, where the aggregate throughput asymptotically lev-
els off as the number of cluster antennas at a base station is
increased), the spectrum utilization of a given coverage area
can be scaled as the number of users in an area scales, all
without subdividing the coverage area by frequency or sector,
and without requiring significant restrictions on the place-
ment of DIDO distributed antennas. This results in enormous
efficiencies in spectrum utilization and aggregate user down-
link (DL) and uplink (UL) data rates, and enormous place-
ment flexibility for either commercial or consumer base sta-
tion installation.

In this way, DIDO opens the door to a very large increase in
multi-user wireless spectrum efficiency by specifically doing
exactly what prior art systems had been meticulously
designed to avoid doing.

As illustrated in FIGS. 61-62, in one embodiment, DIDO
systems consist of:

DIDO Clients 6110: wireless devices that estimate the
channel state information (CSI), feedback the CSI to the
transmitters and demodulate precoded data. Typically each
user would have a DIDO client device.

DIDO Distributed Antennas 6113: wireless devices inter-
connected via a network that transmit precoded data to all
DIDO clients. A wide variety of network types can be used to
interconnect the distributed antennas 6113 including, but not
limited to, a local area network (LLAN), a wire area network
(WAN), the Internet, a commercial fiber optic loop, a wireless
network, or any combination thereof. In one embodiment, to
provide a simultaneous independent channel to each client,
the number of DIDO distributed antennas is at least equal to
the number of clients that are served via precoding, and
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thereby avoids sharing channels among clients. More DIDO
distributed antennas than clients can be used to improve link
reliability via transmit diversity techniques, or can be used in
combination with multi-antenna clients to increase data rate
and/or improve link reliability. Note that “distributed
antenna”, as used herein, may not be merely an antenna, but
refers to a device capable of transmitting and/or receiving
through at least one antenna. For example, the device may
incorporate the network interface to the DIDO BTS 6112
(described below) and a transceiver, as well as an antenna
attached to the transceiver. The distributed antennas 6113 are
the antennas that the DIDO BTS 6112, utilizes to implement
the DIDO multi-user system.

DIDO Base Transceiver Station (“BTS” or “base station™)
6112: computes the precoding weights based on the CSI
obtained from all users in a DIDO system and sends precoded
data to the DIDO distributed antennas. The BTS may be
connected to the Internet, public switched telephone network
(PSTN) or private networks to provide connectivity between
users and such networks. For example, upon clients’ requests
to access web content, the CP fetches data through the Inter-
net and transmits data to the clients via the DIDO distributed
antennas.

DIDO Base Station Network (BSN) 6111: One embodi-
ment of DIDO technology enables precisely controlled coop-
eration among multiple DIDO distributed antennas spread
over wide areas and interconnected by a network. In one
embodiment, the network used to interconnect the DIDO
distributed antennas is a metro fiber optic ring (preferably,
with the DIDO distributed antennas connecting to the metro
fiber optic ring at locations where it is convenient), charac-
terized by relatively low latency and reasonably high through-
put (e.g. throughput to each DIDO antenna comparable to the
wireless throughput achievable from that DIDO antenna).
The fiber optic ring is used to share control information and
precoded data among different stations. Note that many other
communication networks can be used instead of a metro fiber
optic ring, including fiber optic networks in different topolo-
gies other than a ring, fiber-to-the-home (FFTH), Digital
Subscriber Lines (DSL), cable modems, wireless links, data
over power line, Ethernet, etc. The communication network
interconnecting the DIDO distributed antennas may well be
made up of a combination of different network technologies.
For example, some DIDO distributed antennas may be con-
nected to DSL, some to fiber, some to cable modems, some on
Ethernet, etc. The network may be a private network, the
Internet, or a combination. Thus, much like prior art con-
sumer and commercial WiFi base stations are connected via a
variety of network technologies, as is convenient at each
location, so may be the DIDO distributed antennas. Whatever
form this network takes, be it a uniform technology, or a
variety of technologies, it is referred herein as the Base Sta-
tion Network or “BSN.” In one embodiment of the BSN, there
is an approximate 10-30 msec round trip time (RTT) latency
between BTS and the DIDO distributed antennas, due to the
packet switched nature of existing fiber or DSL networks. The
variance of that latency (i.e., jitter) is of the order of millisec-
onds. If lower latency (i.e., <1 msec) and jitter is required for
DIDO systems, the BSN may be designed with dedicated
fiber links. Depending on the quality of service offered to
different DIDO clients, a combination of low and high latency
BSNs can be employed.

Depending on the layout of the network interconnecting
the DIDO distributed antennas 6113, one or multiple DIDO
BTSs canbe used in a given coverage area. We define a DIDO
cell as the coverage area served by one DIDO BTS. One
embodiment with circular topology is depicted in FIG. 61 (the
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dots are the DIDO clients 6110, and crosses are the DIDO
distributed antennas 6113). In more realistic scenarios the
BSN does not have circular shape as in FIG. 61. In fact, the
DIDO distributed antennas may be placed randomly within
the DIDO cell, wherever connections to the BSN are available
and/or conveniently reached, as depicted in FIG. 62. If the
coverage area is one city, in one embodiment multiple DIDO
cells (associated to multiple DIDO BTSs) can be designed to
cover the whole city. In that case, cellular planning is required
to allocate different frequency channels to adjacent DIDO
cells to avoid inter-cell interference. Alternatively, one DIDO
cell can be designed to cover the entire city at the expense of
higher computational complexity at the DIDO BTS (e.g.,
more CSI data from all the users in the same DIDO cell to be
processed by the BTS) and larger throughput requirement
over the network interconnecting the DIDO distributed anten-
nas.

In one embodiment of the invention, the BSN 6111 is used
to deliver precoded baseband data from the BTS 6112 to the
DIDO distributed antennas 6113. As shown in FIG. 63, the
DIDO distributed antenna 6313 includes a radio transceiver
6330 equipped with digital-to-analog converter (DAC), ana-
log-to-digital converter (ADC), mixer and coupled to (or
including) a power amplifier 6338. Each DIDO distributed
antenna receives the baseband precoded data 6332 over the
BSN 6311 (such as fiber optic cable 6331) from the BTS
6312, modulates the signal at the carrier frequency and trans-
mits the modulated signal to the clients over the wireless link
via antenna 6339. As illustrated in FIG. 63, a reference clock
signal is provided to the radio transceiver by a reference clock
generator 6333.

In another embodiment of the invention, the BSN is used to
carry modulated signals as illustrated in FIG. 64, which
shows the structure of DIDO systems employing RF-over-
fiber. For example, if the BSN is a fiber optic channel 6431
with sufficient bandwidth, a radio frequency (RF) modulated
signal is sent over the fiber according to a system such as that
described in [17,18]. Multiple radios 6440 (up to as many as
the number of DIDO distributed antennas) can be employed
at the BTS 6412 to modulate the baseband signals carrying
precoded data. The RF modulated signal is converted into
optical signal by the radio interface unit (RIU) 6441. One
example of an RIU for UHF is the FORAX L.OS1 by Synton-
ics [1,9]. The optical signal propagates from the BTS to the
DIDO distributed antennas 6413 over the BSN 6411. The
DIDO distributed antennas are equipped with one amplifier
interface unit (AIU) 6445 that converts the optical signal to
RF. The RF signal is amplified by amplifier 6448 and sent
through the antenna 6449 over the wireless link. An advan-
tage of DIDO with RF-over-fiber solution is significant
reduction in complexity and cost of the DIDO distributed
antennas. In fact, the DIDO distributed antenna consists only
of one AIU 6445, power amplifier 6448 and antenna 6449.
Moreover, if the fiber propagation delay is known and fixed,
all the radios at the BTS can be locked to the same reference
clock 6442 as in FIG. 64, with an appropriate delay to com-
pensate for the propagation delay, and no time/frequency
synchronization is required at the DIDO distributed antenna,
thereby simplifying further the complexity of DIDO systems.

In another embodiment, existing cellular towers with
antennas, transceivers, and backhaul connectivity are recon-
figured such that the backhauls are connected to a DIDO BTS
6112. The backhaul connectivity becomes functionally
equivalent to the BSN 6111. Then, as described previously,
the cellular transceivers and antennas become functionally
equivalent to the DIDO distributed antennas 6113. Depend-
ing on the transceivers and antennas installed in existing
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cellular phone towers, they may need to be reconfigured or
replaced, so as to be able to operate in a DIDO configuration.
For example, the transmitters may have been configured to
transmit at a low power level so as to not cause interference
with a nearby cell using the same frequency. With DIDO,
there is no need to mitigate such waveform interference, and
indeed, such waveform interference increases the spectrum
utilization of the coverage area beyond that achievable in a
prior art cellular configuration.

In another embodiment, existing cellular towers are par-
tially used for DIDO, as described in the preceding para-
graph, and partially used as conventional cellular towers, so
as to support compatibility with existing cellular devices.
Such a combined system can be implemented in a number of
different ways. In one embodiment, TDMA is used to alter-
nate between DIDO use and conventional cellular use. So, at
any given time, the cellular towers are used for only DIDO or
for conventional cellular communications.

Some key features and benefits of DIDO systems, com-
pared to typical multi-user wireless systems, including cellu-
lar systems employing MU-MIMO techniques, are:

Large spatial diversity: Because DIDO distributed anten-
nas can be located anywhere within a coverage area, and work
cooperatively without channel interference, this results in
larger transmit antenna spacing and multipath angular spread.
Thus, far more antennas can be used, while still maintaining
spatial diversity. Unlike prior art commercial or consumer
base stations, DIDO distributed antennas can be placed any-
where there is a reasonably fast Internet (or other network)
connection, even if it is only a few feet from the ground,
indoor or outdoor. Reduced coverage (e.g., due to lower trans-
mit antenna height or physical obstacles) can be compensated
by larger transmit power (e.g., 100 W rather than ~200 mW as
in typical cellular systems in urban areas or ~250 mW in
typical WiFi access points) because there is no concern (or far
less concern than with prior art cellular systems) about
higher-powered transmissions interfering with another cell or
WiFi access point using the same frequency. Larger spatial
diversity translates into a larger number of non-interfering
channels that can be created to multiple users. Theoretically
(e.g., due to large antenna spacing and angular spread), the
number of spatial channels is equal to the number of transmit
DIDO stations. That yields an nX improvement in aggregate
DL data rate, where n is the number of DIDO stations. For
example, whereas prior art cellular system might achieve a
maximum of net 3x improvement in aggregate spectrum uti-
lization, a DIDO system might achieve a 10x, 100x or even
greater improvement in aggregate spectrum utilization.

Uniform rate distribution: Since the DIDO distributed
antennas can be dispersed throughout a wide area, far more
users can be characterized by good signal-to-noise ratio
(SNR) from one or more DIDO distributed antennas. Then,
far more users can experience similar data rates, unlike cel-
Iular systems where cell-edge users suffer from poor link-
budget and low data rate.

Cost effective: DIDO distributed antennas can be designed
as inexpensive devices with single antenna transceivers (simi-
lar to WiFi access points). Moreover, they do not require
costly real estate or expensive installation as cell towers
because of the ability to flexibly locate them within the cov-
erage area.

2. Methods for Implementation and Deployment of DIDO
systems

The following describes different embodiments of practi-
cal deployment of DIDO systems.

a. Downlink Channel
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The general algorithm used in one embodiment to enable
DIDO communications over wireless links is described as
follows.

CSI Computation: All DIDO clients compute the CSI from
all DIDO distributed antenna transmitters based on training
sequences received from DIDO distributed antennas as
shown in FIG. 4. The CSI is fed back wirelessly from DIDO
clients to DIDO distributed antennas 6113 via TDMA or
MIMO techniques as described in the related applications and
in FIG. 5, and then the DIDO distributed antennas 6113 send
the CSI via the DIDO BSN 6111 to the DIDO BTS 6112.

Precoding Computation: the DIDO BTS 6112 computes
the precoding weights from the CSI feedback from the entire
DIDO cell. Precoded data are sent from the DIDO BTS 6112
to the DIDO distributed antennas in FIG. 6 via the DIDO BSN
6111. One precoded data stream is sent to each of the DIDO
distributed antennas.

Precoded Data Transmission: the DIDO distributed anten-
nas transmit precoded data to all clients over the wireless
links.

Demodulation: the DIDO clients demodulate the precoded
data streams.

In DIDO systems, the feedback loop in FIGS. 19-20 con-
sists of: transmission of the training sequence for channel
estimation from DIDO distributed antennas to clients; CSI
estimation by clients; CSI feedback from clients via the
DIDO distributed antennas through the DIDO BSN 6111 to
the DIDO BTS 6112; precoded data transmission from DIDO
BTS 6112 through the DIDO BSN 6111 to DIDO distributed
antennas to clients. To guarantee the CSI is up-to-date for
successful DIDO precoding and data demodulation at the
client side, the delay over the feedback loop should be lower
than the channel coherence time. The feedback loop delay
depends on the BTS computational resources relative to the
computational complexity of the DIDO precoding as well as
latency over the BSN. Processing at each client and DIDO
distributed antenna is typically very limited (i.e., on the order
of'a microsecond or less with a single DSP or CPU), depend-
ing on the hardware and processor speed. Most of the feed-
back loop delay is due the latency for transmission of pre-
coded data from the DIDO BTS 6112 to the DIDO distributed
antennas 6113 over the DIDO BSN 6111 (e.g., on the order of
milliseconds).

As discussed above, a low latency or high latency BSN can
be used in DIDO systems depending on the available net-
work. In one embodiment, the DIDO BTS 6112 switches
among two or more types of BSN network infrastructure
based on the each users’ channel coherence time. For
example, outdoor clients are typically characterized by more
severe Doppler effects due to the potential of fast mobility of
clients or objects within the channel (i.e., resulting in low
channel coherence time). Indoor clients have generally fixed
wireless or low mobility links (e.g., high channel coherence
time). In one embodiment, DIDO distributed antennas con-
nected to low latency BSN network infrastructure (e.g., dedi-
cated fiber rings) are assigned to outdoor clients, whereas
DIDO distributed antennas connected to high latency BSN
network infrastructure (e.g., consumer Internet connections
such as DSL or cable modems) are assigned to serve indoor
clients. To avoid interference among transmissions to the
different types of clients, indoor and outdoor clients can be
multiplexed via TDMA, FDMA or CDMA schemes.

Moreover, DIDO distributed antennas connected to low
latency BSNs can also be used for delay-sensitive algorithms
such as those used for client time and frequency synchroni-
zation.
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We observe that DIDO provides an inherently secure net-
work when more than one DIDO distributed antenna is used
to reach a user. In fact, the precoded streams from the BTS to
the DIDO distributed antennas consist of linear combinations
of data (for different clients) and DIDO precoding weights.
Then, the data stream sent from the BTS to the BSN generally
cannot be demodulated at the DIDO distributed antenna,
since the DIDO distributed antenna is unaware of the precod-
ing weights used by the BTS. Also, the precoding weights
change over time as the complex gain of the wireless channels
from DIDO distributed antenna-to-client varies (due to Dop-
pler effects), adding an additional level of security. Moreover,
the data stream intended to each client can be demodulated
only at the client’s location, where the precoded signals from
all transmit DIDO distributed antennas recombine to provide
user interference-free data. At any other location, demodula-
tion of data intended to one particular user is not possible due
to high levels of inter-user interference.

b. Uplink Channel

In the uplink (UL) channel, the clients send data (e.g., to
request Web content to the DIDO BTS 6112 from the Inter-
net), CSI and control information (e.g., time/frequency syn-
chronization, channel quality information, modulation
scheme, etc.). In one embodiment, there are two alternatives
for the UL channel that may be used separately or in combi-
nation: i) clients communicate directly to the DIDO BTS
6112 via TDMA, FDMA or CDMA schemes; ii) clients com-
municate to multiple DIDO distributed antennas by creating
spatial channels via MIMO techniques as in FIG. 7 (in the
MIMO case, however, transmission time synchronization
among clients is required).

c¢. Time and Frequency Synchronization

In one embodiment, the DIDO distributed antennas are
synchronized in time and frequency. If RF-over-fiber is
employed as in FIG. 64, all radio transceivers at the BTS are
locked to the same reference clock 6442, thereby guarantee-
ing perfect time and frequency synchronization. Assuming
negligible jitter over the DIDO BSN 6111, artificial delays
can be added to the transmit RF waveforms at the DIDO BTS
6112 side to compensate for propagation delays over the
DIDO BSN 6111 to different DIDO distributed antennas.

If the DIDO BSN 6111 is used to carry baseband wave-
forms as in FIG. 63, time and frequency synchronization is
required for the radio transceivers at different DIDO distrib-
uted antennas. There are various methods to achieve this
synchronization, and more than one method can be used at
once.

i. Time and Frequency Synchronization Via GPSDO

In one embodiment time/frequency synchronization is
achieved by connecting the transmitter in radio transceiver
6330 to a GPS Disciplined Oscillators (GPSDO). A crystal
clock with high frequency stability and low jitter (e.g., Oven-
Controlled Crystal Oscillator, OCXO) is used in one embodi-
ment.

ii. Time and Frequency Synchronization Via Power Line
Reference

An alternate embodiment utilizes the 60 Hz (in the United
States, 50 Hz in other regions) signal available over power
lines as a common clock reference for all transmitters. Based
on empirical measurements, the jitter of the 60 Hz reference
signal (after low pass filtering) can be on the order of 100
nanoseconds. It would be necessary, however, to compensate
for deterministic offsets due to variable propagation path
length along the power lines at different locations.
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iii. Time and Frequency Synchronization with Free-Run-
ning Clocks

An alternative embodiment is used to compensate the time
and frequency offsets across different DIDO distributed
antennas whose clocks are not synchronized to an external
clock reference, but rather are free-running as described in the
related U.S. Pat. No. 7,599,420 and in FIGS. 45, 46 and 47.

Coarse Time Synchronization: In one embodiment, all
DIDO distributed antennas have free-running clocks as illus-
trated in FIG. 46 that can generate a periodic reference signal
(one pulse per second (PPS) in one embodiment). The DIDO
BTS 6112 sends an initial trigger signal to all DIDO distrib-
uted antennas via the DIDO BSN 6111 to trigger their trans-
mission at the next PPS. The roundtrip time (RTT) over the
BSN is assumed to be of the order of particular time interval
(10 msec in one embodiment, or ~5 ms in each direction), so
all DIDO distributed antennas will start transmitting with a
relative time offset of at most 1sec+5 msec. Each DIDO
distributed antenna sends one training signal (i.e., Zadoft-
Chu sequence or methods for GPS systems in [6]) to all users
for initial time offset estimation. Alternatively, only a subset
of users (those with highest SNR) can be selected to reduce
the complexity of the algorithm. Training signals from differ-
ent DIDO distributed antennas are orthogonal or sent via
TDMA/FDMA to avoid interference. The users estimate the
relative time of arrival from every transmitter by correlating
the receive signal with the known training sequence. The
same training sequence can be sent periodically and the cor-
relation can be averaged over a long period of time (e.g., on
the order of minutes in one embodiment) to average-out mul-
tipath effects, particularly in the case of mobile users. In one
embodiment of the invention, time-reversal techniques [31]
can be applied to pre-compensate for multipath effects at the
transmitter and obtain precise time of arrival estimates. Then,
the users compute the delays (i.e., deterministic time offsets)
of'each transmitter relative to a given time reference (e.g., one
of the DIDO distributed antennas can be chosen as an abso-
lute time reference). The relative time offset is fed back from
the clients to the DIDO distributed antennas or directly to the
DIDO BTS 6112. Then, each DIDO antenna averages the
time offset information obtained from all the users and adjusts
its PPS (and clock reference) according to that.

In one embodiment, the time offset is computed from mea-
surements by many users to average out the difference in
propagation delay across users. For example, FIG. 65 shows
one case with two DIDO distributed antennas 6551 and 6552
perfectly synchronized (e.g., via GPSDO) and two users 6553
and 6554 with Line Of Sight (LOS) channels. We use TX1
6551 as the absolute time reference. Since we assume the
transmitters are perfectly synchronized, the average time off-
set between users should be zero. However, if we average the
offset information only across two users, as in FIG. 65, the
average offset of TX2 6552 relative to TX1 6551 would be
(74(=2))/2=2.5usec. By relying on the Monte Carlo method,
we can average out this effect as the number of users
increases. It is possible to simulate the bias of this algorithm
depending on the TX/RX distribution and channel delay
spread.

Fine Time Synchronization: Once the coarse time offset is
removed, DIDO distributed antennas can keep running the
algorithm periodically to improve the offset estimates. More-
over, the DIDO transmit stations are typically at fixed loca-
tions (e.g. transceiver DIDO distributed antennas connected
to the DIDO BSN 6111). Hence the algorithm should con-
verge after aperiod of time. The same algorithm is rerun every
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time one DIDO distributed antenna changes its location or a
new DIDO distributed antenna is added to the DIDO BSN
6111.

Frequency Offset Compensation: once the 1 PPS reference
signals at all DIDO distributed antennas are synchronized, the
DIDO distributed antennas send training to one or multiple
users to estimate the relative frequency offset between sta-
tions. Then, the frequency offset compensation method
described in the related U.S. Pat. No. 7,599,420 and FIG. 47
is applied to transmit precoded data to all users while com-
pensating for the offset. Note that for the best performance of
this algorithm, two conditions need to be satisfied: 1) good
SNR between all DIDO transmitters and the user (or users)
responsible for frequency offset estimation; ii) good clock
stability: if the OCXOs at the DIDO distributed antennas are
stable, the frequency offset estimation can be carried out only
occasionally, thereby reducing the feedback information.

d. Control Channel Via the BSN

In one embodiment, the DIDO BSN 6111 is used for at
least the following three purposes:

CSI Feedback: The DIDO clients feedback the CSI wire-
lessly to the DIDO distributed antennas. [f TDMA, FDMA or
CDMA schemes are used for feedback, only one DIDO dis-
tributed antenna (the one with best SNR to all users) is
selected to receive the CSI. If MIMO techniques are
employed, all DIDO distributed antennas are used simulta-
neously to demodulate the CSI from all clients. Then the CSI
is fed back from the DIDO distributed antennas to the DIDO
BTS 6112 viathe DIDOBSN 6111. Alternatively, the CSI can
be fed back wirelessly directly from the clients (or the DIDO
distributed antennas) to a DIDO BTS 6112 equipped with one
antenna via TDMA or CDMA schemes. This second solution
has the advantage of avoiding latency caused by the DIDO
BSN 6111, but may not be achievable if the wireless link
between each of the clients (or the DIDO distributed anten-
nas) and the DIDO BTS 6112 is not of high enough SNR and
reliability. To reduce the throughput requirement over the UL
channel, the CSI may be quantized or any number of limited
feedback algorithms known in the art can be applied [28-30].

Control Information: The DIDO BTS 6112 sends control
information to the DIDO distributed antennas via the DIDO
BSN 6111. Examples of control information are: transmit
power for different DIDO distributed antennas (to enable
power control algorithms); active DIDO distributed antenna
IDs (to enable antenna selection algorithms); trigger signals
for time synchronization and frequency offset values.

Precoded data: the DIDO BTS 6112 sends precoded data to
all DIDO distributed antennas via the DIDO BSN 6111. That
precoded data is then sent from the DIDO distributed anten-
nas synchronously to all clients over wireless links.

Case Study 1: DIDO in UHF Spectrum

a. UHF and Microwave Spectrum Allocation

Different frequency bands are available in the United
States as possible candidates for DIDO system deployment:
(1) the unused television frequency band between 54-698
MHz (TV Channels 2-51 with 6 MHz channel bandwidth),
recommended by the White Spaces Coalition to deliver high
speed Internet services; (ii) the 734-746 MHz and 746-756
MHz planned to be used for future developments of LTE
systems by AT&T and Verizon, respectively; (iii) the 2.5 GHz
band for broadband radio service (BRS), consisting of 67.5
MHz of spectrum split in five channels for future deployment
of WIMAX systems.
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b. Propagation Channel in UHF Spectrum

We begin by computing the path loss of DIDO systems in
urban environments at different frequencies allocated for
White Spaces. We use the Hata-Okumura model described in
[7], with transmit and receive antenna heights of 1.5 meter
(e.g., indoor installation of the DIDO distributed antennas)
and 100 W transmit power. To determine the range, we use
~90 dBm target receive sensitivity of typical wireless devices.
FIG. 66 shows the path loss at 85 MHz and 400 MHz. In one
embodiment, the expected range for DIDO systems is
between 1 Km and 3 Km depending on the frequency.

Some prior art multi-user systems proposed for White
Spaces have similar interference avoidance protocols as
WiF1i, although at UHF frequencies. We compare DIDO UHF
results against the path loss for WiFi systems with 250 mW
transmit power. The range for WiFi extends only between 60
meters (indoor) and 200 meters (outdoor). Wider range
achievable by DIDO systems is due to larger transmit power
and lower carrier frequency (subject to generally lower
attenuation from obstacles at UHF frequencies). But, we
observe that WiFi systems were deliberately limited in power
because large transmit power would create harmful interfer-
ence to other users using WiFi systems (or other users in the
2.4 GHz ISM spectrum) because only one interfering access
point can be transmitting at once, and by extending the range,
increasingly more WiFi access points would interfere with
one another. Contrarily, in DIDO systems inter-user interfer-
ence is suppressed by multiple DIDO distributed antennas
transmitting precoded data to the clients.

Next, we summarize the parameters that characterize time,
frequency and space selectivity in UHF channels.

Time selectivity is caused by relative motion of transmitter
and receiver that yields shift in the frequency domain of the
received waveform, known as the Doppler effect. We model
the Doppler spectrum according to the well known Jakes’
model for rich scattering environments (e.g., urban areas),
and compute the channel coherence time from the maximum
Doppler shift according to [1,4]. As a rule of thumb, the
channel complex gain can be considered constant over a
period of time corresponding to one tenth of the channel
coherence time (At=T/10). FIG. 67 shows the period At as a
function of the relative velocity between transmitter and
receiver for different frequencies in the UHF band.

In DIDO systems, At provides the constraint to the maxi-
mum delay that can be tolerated between estimation of the
channel state information (CSI) and data transmission via
DIDO precoding. For example, if the constraint is A t=10
msec, the maximum speed that can be tolerated by DIDO
systems is 4 mph at 700 MHz, 7 mph at 400 MHz, and 57 mph
at 50 MHz. If a low latency network is used for the BSN and
the DIDO BTS 6112 is in the vicinity of the DIDO distributed
antennas (so as to minimize network transit delay), far less
than 10 msec RTT can be achieved At. For example, if At=1
msec, at 400 MHz, DIDO can tolerate approximately high-
way speeds of 70 Mph.

Frequency selectivity depends on the channel delay spread.
Typical values of delay spread for indoor environments are
below 300 nsec [8-10]. In urban and suburban areas the delay
spread ranges between 1 and 10 usec [11,12]. In rural envi-
ronments it is typically on the order of 10 to 30 usec [11-13].

Space selectivity depends on the channel angular spread
and antenna spacing at transmit/receive side. In urban envi-
ronments, the channel angular spread is typically large due to
rich scattering effects. In rich scattering environments, it was
shown that the minimum antenna spacing (either at transmit-
ter or receiver sides) to guarantee good spatial selectivity is
about one wavelength [15,16].
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In FIG. 68 we summarize the main propagation effects in
DIDO systems for three different carrier frequencies. We
observe that lower frequencies provide better range and
robustness to mobile speed at the expense of larger antenna
size and distance between transceivers. A good tradeoff is
offered by the 400 MHz band. This band can support pedes-
trian speed at a =10 msec limitation to transmit control infor-
mation from the centralized processor to the DIDO distrib-
uted antennas over the Internet, and it can support highway
speeds with a ~1 msec limitation.

c. Practical Implementation of DIDO Systems in UHF
Spectrum

Based on the channel parameters and systems constraints
described above, we provide one embodiment of DIDO sys-
tem design in UHF spectrum as follows:

Bandwidth: 5 to 10 MHz, depending on UHF spectrum
availability.

Carrier frequency: 400 MHz for best tradeoff between
range/Doppler and antenna size/spacing.

Modulation: orthogonal frequency division multiplexing
(OFDM) is used to reduce receiver complexity and exploit
channel frequency diversity (via interleaving) as in FIG. 11.
The cyclic prefix is 10usec, based upon the maximum delay
spread expected in UHF channels, corresponding to 50 chan-
nel taps at 5 MHz bandwidth. The OFDM waveform can be
designed with 1024 tones, corresponding to —-5% loss in
spectral efficiency. The total OFDM symbol length (including
cyclic prefix and data) is 215usec.

Packet Size: is limited by the latency over the DIDO BSN
6111 and Doppler effects. For example, the nominal RTT of
one embodiment is 10 msec. Then, the time required to send
precoded data from the DIDO BST 6112 to the DIDO dis-
tributed antennas is —5 msec (half RTT). Assuming maximum
users’ speed of 7 mph at 400 MHz as in FIG. 68, the channel
gain can be considered constant for approximately 10 msec.
Hence, we use the remaining 5 msec to send data and define
the packet size as (5e-3/215e-6)=23 OFDM symbols. Note
that higher users’ speeds yield a larger Doppler effect result-
ing in a lower number of OFDM symbols sent per packet,
unless the latency over the DIDO BSN 6111 can be reduced.

CSI Estimation and Precoding: With the system param-
eters above, training for CSI estimation is sent every 5 msec.
The users estimate/feedback the CSI and ~5 msec later they
receive 5 msec of precoded data to demodulate.

DIDO Distributed Antenna Placement Within the Cover-
age Area: Although DIDO distributed antennas can be placed
on existing cell towers, as a practical matter, given limited real
estate available at existing cell towers, there may be a limited
number of antenna locations available. For example, if a
maximum of four antennas were placed on each tower this
might yield up to 3x increase in data rate as shown in [4] (due
to lack of spatial diversity). In this configuration, latency
across DIDO transmitters is negligible, since they are all
placed on the same tower, but without additional spatial diver-
sity, the gain in spectral utilization will be limited. In one
embodiment, the DIDO distributed antennas are placed in
random locations throughout the coverage area all connected
to the DIDO BSN 6111. Unlike a the coverage area of given
cell in a prior art cellular system, which is based on transmis-
sion range from the cell tower, the coverage area of a DIDO
cell is based instead on the transmission range of each DIDO
distributed antenna, which in accordance with the path loss
model in one embodiment is approximately 1 Km. Thus, a
user within 1 Km of at least one DIDO distributed antenna
will receive service, and a user within range of several DIDO
distributed antennas will get non-interfering service from the
DIDO distributed antennas within range.
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Case Study 2: DIDO in NVIS Links

Another application of DIDO technology is in the HF band.
The key advantage of HF systems is extended coverage in the
1-30 MHz frequency band due to reflection off of the iono-
sphere. One example of propagation via the ionosphere is
near-vertical incident skywave (NVIS) where signals sent
towards the sky with high elevation angles from the horizon
bounce off the ionosphere and return back to Earth. NVIS
offers unprecedented coverage over conventional terrestrial
wireless system’s: NVIS links extend between 20 and 300
miles, whereas typical range of terrestrial systems is between
1 and 5 miles.

Hereafter, we present the characteristics of NVIS links
based on results obtained from the literature and our experi-
mental data. Then we present a practical implementation of
DIDO systems in NVIS links that were described in the
related U.S. Pat. No. 7,418,053, U.S. Pat. No. 7,599,420, U S.
application Ser. No. 11/894,362, U.S. application Ser. No.
11/894,394 U.S. application Ser. No. 11/143,503 and U.S.
application Ser. No. 11/894,540 and in FIG. 10.

a. HF Spectrum Allocation

The HF band is divided into several subbands dedicated to
different types of services. For example, the Maritime band is
defined between 4 MHz and 4.438 MHz. According to the
Federal Communications Commission (FCC) licensing data-
base (i.e.; universal licensing systems, “ULS”), there are
1,070 licenses authorized to operate in this Maritime band.
There are 146 channels of 3 KHz bandwidth each, covering
0.438 MHz bandwidth. Most of the transceiver stations oper-
ating in the Maritime band are located along the coast of the
US territory as depicted in FIG. 69. Hence, DIDO-NVIS
distributed antennas operating inland (far away from the
coast) would not cause harmful interference to those Mari-
time stations or vessels at sea. Moreover, along the coast,
cognitive radio techniques can be applied to detect channels
in use and avoid transmission over DIDO-NVIS links in those
channels. For example, if the DIDO-NVIS system is designed
to transmit broadband OFDM waveforms (~1 MHz band-
width), the OFDM tones corresponding to active channels in
the Maritime band can be suppressed to avoid interference.

Other portions of the HF spectrum are occupied by the
Aeronautical band within [3,3.155] MHz and [3.4, 3.5] MHz,
and the Amateur radio bands defined in the ranges [1.8,2]
MHz, [3.5,4] MHz, [5.3305, 5.4035] MHz, [7,7.3] MHz,
[10.10,10.151MHz,[14,14.35] MHz,[18.068, 18.168] MHz,
[21,21.450] MHz, [24.89, 24.99] MHz, [28,29.7] MHz. Our
experimental measurements have shown that the Amateur
radio band is mostly unutilized, particularly during daytime,
allowing DIDO-NVIS links without causing harmful inter-
ference. Moreover, similarly to the Maritime band, coexist-
ence of DIDO-NVIS systems with Amateur radio transceiv-
ers may be enabled by cognitive radio techniques.

b. NVIS Propagation Channel

We provide an overview of radio wave propagation through
the ionosphere. Then we describe path loss, noise and time/
frequency/space selectivity in typical NVIS channels.

The ionosphere consists of ionized gas or plasma. The
plasma behaves as an electromagnetic shield for radio waves
propagating from FEarth upwards that are refracted and
reflected back to Earth as in FIG. 10. The stronger the level of
ionization, the higher the critical frequency of the plasma and
number of reflections in the ionosphere, resulting in improved
signal quality over NVIS links. The ionization level depends
on the intensity of solar radiations that strike the ionosphere
producing plasma. One empirical measure of the solar activ-
ity is the sunspot number (SSN) that varies on 11-year cycles
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as shown in FIG. 70. Hence, the performance of DIDO-NVIS
systems is expected to vary throughout every 11-year cycle,
yielding highest SNR and largest number of usable HF bands
at the peak of the cycle.

Due to the absence of obstacles in NVIS links, the propa-
gation loss is mostly due to free space path loss (i.e., Friis
formula), without additional attenuation factors as in stan-
dard terrestrial wireless systems. Depending on the time of
the day and incident angle to the ionosphere, propagating
waveforms may suffer from additional 10-25 dB loss due to
attenuation from the D layer (i.e., lowest layer of the iono-
sphere). FIG. 71 compares the path loss in NVIS links against
next generation wireless systems such as WiMAX and 3GPP
long term evolution (LTE) in macrocells with 43 dBm trans-
mit power. For WIMAX and LTE we used 2.5 GHz and 700
MHz carrier frequencies, respectively. NVIS links yield bet-
ter signal quality (i.e., wider coverage) than standard systems
for distances greater than ~1 mile.

Any wireless system is affected by thermal noise produced
internally to radio receivers. In contrast to standard wireless
systems, HF links are severely affected by other external
noise sources such as: atmospheric noise, man-made noise
and galactic noise. Man-made noise is due to environmental
sources such as power lines, machinery, ignition systems, and
is the main source of noise in the HF band. Its typical values
range between —133 and -110 dBm/Hz depending on the
environment (i.e., remote versus industrial).

From our Doppler measurements, we observed typical
channel coherence time in NVIS links is of the order of
seconds, That is about 100 times larger than the At=10 msec
constraint on the DIDO feedback loop over the DIDO BSN
6111. Hence, in DIDO-NVIS systems a long feedback delay
over the DIDO BSN 6111 can be tolerated due to extremely
high channel coherence time. Note that our measurements
assumed fixed wireless links. In case of mobile stations, the
channel coherence time is expected to be of the order of 2sec
in a very high speed scenario (i.e., vehicle or airplane moving
at 200 mph) that is still orders of magnitude higher than the
latency over the DIDO BSN 6111.

Typical values of delay spreads in NVIS channels are
around 2 ms corresponding, corresponding to the roundtrip
propagation delay Earth-ionosphere (about 300 Km high).
That value may be larger (~5 msec) in presence of multilayer
refractions in the ionosphere.

The angular spread in NVIS links is typically very small
(less than 1 degree, based on our measurements and simula-
tions). Hence, large antenna spacing is required to obtain
spatially selective channels and exploit spatial diversity via
DIDO techniques. Strangeways’ simulator points to around
twenty wavelengths required for a long distance HF skywave
link [34,35]. Some experimental results for HF skywave with
a spacing of around 0.7 wavelengths indicated high correla-
tion [36,37]. Similar results were obtained from our measure-
ments in NVIS links.

c. DIDO-NVIS Experimental Results

We measured the performance of DIDO-NVIS systems
with a practical testbed consisting of three DIDO distributed
antennas 6113 for transmission and three DIDO clients 6110
for reception. The transmitters are located in the area of
Austin, Tex., as depicted in FIG. 72: TX1 in central Austin,
Tex.2 in Pflugerville, Tex.3 in Lake Austin. All three receivers
are installed with antenna spacing of about 10 wavelengths as
in FIG. 73. All six transmit and receive antennas have the
same orientation with respect to the direction of the North,
since our goal was to evaluate DIDO-NVIS performance
when only space diversity is available, without polarization
diversity.
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The three transmitting distributed antennas are locked to
the same GPSDO that provide time and frequency reference.
The three receiving DIDO clients have free-running clocks
and synchronization algorithms are implemented to compen-
sate for time/frequency offsets. The carrier frequency is 3.9
MHz, bandwidth is 3.125 KHz and we use OFDM modula-
tion with 4-QAM.

Typical 4-QAM constellations demodulated at the three
DIDO client locations are depicted in FIG. 74. Our DIDO-
NVIS 33 testbed creates three simultaneous spatial channels
over NVIS links by pre-cancelling inter-user interference at
the transmit side and enabling successful demodulation at the
users’ side.

We compute the symbol error rate (SER) performance as a
function of the per-user SNR(PU-SNR) over about 1000
channel realizations as in FIG. 75. The dots are individual
measurements for all three DIDO clients 6112 and the solid
lines are the average per-user SER(PU-SER). The average
SER across all three DIDO clients 6112 is denoted as A-SER.
About 40 dB receive SNR is require to successfully demodu-
late 4-QAM constellations in DIDO-NIVS 3x3 links with
A-SER<1%. In fact, the transmit/receive antenna configura-
tion in our experiments yields very low spatial diversity (due
to relatively close proximity of the receive antennas, given the
wavelength, and transmitters being all located on one side of
the receivers rather than around the users). In more favorable
conditions (i.e., transmitters placed around the users in circle
and at larger distance as in FIG. 61) much lower SNR (~20
dB) is required to demodulate QAM constellations with
DIDO-NVIS, as derived via simulations in realistic NVIS
propagation channels.

d. Practical Implementation of DIDO Systems in NVIS Links

Similarly to the case study 1, we provide one embodiment
of DIDO-NVIS system design as follows:

Bandwidth: 1-3 MHz, depending on HF spectrum avail-
ability. Larger bandwidths are less practical, since they
require more challenging broadband antenna designs. For
example, 3 MHz bandwidth at 4 MHz carrier frequency cor-
responds to fractional antenna bandwidth of 75%.

Carrier Frequency: The HF frequencies corresponding to
the plasma critical frequency of the ionosphere are between 1
and 10 MHz. Radio waves at lower frequencies (~1 MHz) are
typically reflected by the ionosphere at nighttime, whereas
higher frequencies (~10 MHz) at daytime. The frequency of
optimal transmission (FOT) at given time of the day varies
with the SSN. In practical DIDO-NVIS systems, the carrier
frequency can be adjusted throughout the day depending on
the FOT provided by the ionospheric maps.

Transmit Power: Based on the path loss results in FIG. 71,
the average transmit power requirement for 1 MHz band-
width with receivers in remote areas (i.e., man-made noise
level of -133 dBm/Hz) is between 10 dBm and 30 dBm,
depending on QAM modulation and forward error correction
(FEC) coding schemes. In industrial areas (i.e., man-made
noise level of -110 dBm/Hz) those levels increase of about 23
dB up to 33-53 dBm, depending on QAM modulation and
FEC coding schemes.

Modulation: We assume OFDM modulation as in FIG. 11.
The cyclic prefix is 2 msec (based upon typical delay spread
expected in NVIS links) corresponding to 2000 channel taps
at 1 MHz bandwidth. The OFDM waveform can be designed
with 2'* tones, corresponding to —10% loss in spectral effi-
ciency due to cyclic prefix. The total OFDM symbol duration
(including cyclic prefix and data) at 1 MHz bandwidth is 18.4
msec.

Packet Size: is limited by the minimum channel coherence
time expected in NVIS links. The minimum coherence time is
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approximately 1 sec and the channel gain can be considered
constant over one tenth of that duration (~100 msec) in the
worst case scenario. Then, the packet size is about five OFDM
symbols. The packet size can be dynamically adjusted as the
coherence time varies over time.

CSI Estimation and Precoding: With the system param-
eters above, training for CSI estimation is sent every ~100
msec (or higher, when the coherence time increases). The
users estimate/feedback the CSI and ~5 msec later (i.e.,
latency over the BSN feedback loop) they receive 100 msec of
precoded data to demodulate.

DIDO Distributed Antenna Placement Within the Cover-
age Area: One practical solution to implement DIDO-NVIS
systems is to place multiple DIDO distributed antennas along
the circumference of a circular region of radius ~100 miles as
in FIG. 61. These stations are connected to each other via a
BSN that carries control information. At the speed of light
through optical fiber, the propagation latency along the cir-
cumference of radius 100 miles is ~3.4 msec. This delay is
much smaller than typical channel coherence time in NVIS
channels and can be tolerated without any significant perfor-
mance degradation for the DIDO precoder. Note that if the
optical fiber is shared across different operators, that delay
may be larger (i.e., 10-30 msec) due to the packet switched
nature of the Internet. Multiple DIDO-NVIS cells as in FIG.
76 can be distributed to provide full coverage over the USA.
For example, FIG. 76 shows that 109 DIDO cells of radius
125 miles are required to cover the entire territory of the 48
contiguous states in the USA.
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DISCLOSURE FROM RELATED APPLICATIONS

FIG. 1 shows a prior art MIMO system with transmit anten-
nas 104 and receive antennas 105. Such a system can achieve
up to 3x the throughput that would normally be achievable in
the available channel. There are a number of different
approaches in which to implement the details of such a
MIMO system which are described in published literature on
the subject, and the following explanation describes one such
approach.

Before data is transmitted in the MIMO system of FIG. 1,
the channel is “characterized.” This is accomplished by ini-
tially transmitting a “training signal” from each of the trans-
mit antennas 104 to each of the receivers 105. The training
signal is generated by the coding and modulation subsystem
102, converted to analog by a D/A converter (not shown), and
then converted from baseband to RF by each transmitter 103,
in succession. Each receive antenna 105 coupled to its RF
Receiver 106 receives each training signal and converts it to
baseband. The baseband signal is converted to digital by a
D/A converter (not shown), and the signal processing sub-
system 107 characterizes the training signal. Each signal’s
characterization may include many factors including, for
example, phase and amplitude relative to a reference internal
to the receiver, an absolute reference, a relative reference,
characteristic noise, or other factors. Each signal’s character-
ization is typically defined as a vector that characterizes phase
and amplitude changes of several aspects of the signal when
it is transmitted across the channel. For example, in a quadra-
ture amplitude modulation (“QAM”)-modulated signal the
characterization might be a vector of the phase and amplitude
offsets of several multipath images of the signal. As another
example, in an orthogonal frequency division multiplexing
(“OFDM”)-modulated signal, it might be a vector of the
phase and amplitude offsets of several or all of the individual
sub-signals in the OFDM spectrum.

The signal processing subsystem 107 stores the channel
characterization received by each receiving antenna 105 and
corresponding receiver 106. After all three transmit antennas
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104 have completed their training signal transmissions, then
the signal processing subsystem 107 will have stored three
channel characterizations for each of three receiving antennas
105, resulting in a 3x3 matrix 108, designated as the channel
characterization matrix, “H.” Each individual matrix element
H, , is the channel characterization (which is typically a vec-
tor, as described above) of the training signal transmission of
transmit antenna 104 / as received by the receive antenna 105
J

At this point, the signal processing subsystem 107 inverts
the matrix H 108, to produce H™*, and awaits transmission of
actual data from transmit antennas 104. Note that various
prior art MIMO techniques described in available literature,
can be utilized to ensure that the H matrix 108 can be inverted.

In operation, a payload of data to be transmitted is pre-
sented to the data Input subsystem 100. It is then divided up
into three parts by splitter 101 prior to being presented to
coding and modulation subsystem 102. For example, if the
payload is the ASCII bits for “abcdef]” it might be divided up
into three sub-payloads of ASCII bits for “ad,” “be,” and “ct”
by Splitter 101. Then, each of these sub-payloads is presented
individually to the coding and modulation subsystem 102.

Each of the sub-payloads is individually coded by using a
coding system suitable for both statistical independence of
each signal and error correction capability. These include, but
are not limited to Reed-Solomon coding, Viterbi coding, and
Turbo Codes. Finally, each of the three coded sub-payloads is
modulated using an appropriate modulation scheme for the
channel. Examples of modulation schemes are differential
phase shift key (“DPSK”) modulation, 64-QAM modulation
and OFDM. It should be noted here that the diversity gains
provided by MIMO allow for higher-order modulation con-
stellations that would otherwise be feasible in a SISO (Single
Input-Single Output) system utilizing the same channel. Each
coded and modulated signal is then transmitted through its
own antenna 104 following D/A conversion by a D/A con-
version unit (not shown) and RF generation by each transmit-
ter 103.

Assuming that adequate spatial diversity exists amongst
the transmit and receive antennas, each of the receiving anten-
nas 105 will receive a different combination of the three
transmitted signals from antennas 104. Each signal is
received and converted down to baseband by each RF receiver
106, and digitized by an A/D converter (not shown). If'y,, is
the signal received by the nth receive antenna 105, and x,, is
the signal transmitted by nth transmit antenna 104, and N is
noise, this can be described by the following three equations:

Y17 H 430 H 543 H | 3+ N
Y2=x Hy 3o o0+ 33 53+ N

Y3=x Hy +3oH3+x3 33+ N

Given that this is a system of three equations with three
unknowns, it is a matter of linear algebra for the signal pro-
cessing subsystem 107 to derive X,, X,, and X; (assuming
that N is at a low enough level to permit decoding of the
signals):

Xy =y H 4o H s H s
Xo= H o4 H  ptysH s

X3 =0 H 1408 oyaH s
Once the three transmitted signals X, are thus derived, they
are then demodulated, decoded, and error-corrected by signal
processing subsystem 107 to recover the three bit streams that
were originally separated out by splitter 101. These bit
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streams are combined in combiner unit 108, and output as a
single data stream from the data output 109. Assuming the
robustness of the system is able to overcome the noise impair-
ments, the data output 109 will produce the same bit stream
that was introduced to the data Input 100.

Although the prior art system just described is generally
practical up to four antennas, and perhaps up to as many as 10,
for the reasons described in the Background section of this
disclosure, it becomes impractical with large numbers of
antennas (e.g. 25, 100, or 1000).

Typically, such a prior art system is two-way, and the return
path is implemented exactly the same way, but in reverse,
with each side of the communications channels having both
transmit and receive subsystems.

FIG. 2 illustrates one embodiment of the invention in
which a Base Station (BS) 200 is configured with a Wide Area
Network (WAN) interface (e.g. to the Internet through a T1 or
other high speed connection) 201 and is provisioned with a
number (N) of antennas 202. For the time being, we use the
term “Base Station™ to refer to any wireless station that com-
municates wirelessly with a set of clients from a fixed loca-
tion. Examples of Base Stations are access points in wireless
local area networks (WLANs) or WAN antenna tower or
antenna array. There are a number of Client Devices 203-207,
each with a single antenna, which are served wirelessly from
the Base Station 200. Although for the purposes of this
example it is easiest to think about such a Base Station as
being located in an office environment where it is serving
Client Devices 203-207 that are wireless-network equipped
personal computers, this architecture will apply to a large
number of applications, both indoor and outdoor, where a
Base Station is serving wireless clients. For example, the
Base Station could be based at a cellular phone tower, or on a
television broadcast tower. In one embodiment, the Base Sta-
tion 200 is positioned on the ground and is configured to
transmit upward at HF frequencies (e.g., frequencies up to 24
MHz) to bounce signals off the ionosphere as described in
co-pending application entitled SYSTEM AND METHOD
FOR ENHANCING NEAR VERTICAL INCIDENCE SKY-
WAVE (“NVIS”) COMMUNICATION USING SPACE-
TIME CODING, Serial No. 10/817,731, Filed Apr. 2, 2004,
which is assigned to the assignee of the present application
and which is incorporated herein by reference.

Certain details associated with the Base Station 200 and
Client Devices 203-207 set forth above are for the purpose of
illustration only and are not required for complying with the
underlying principles of the invention. For example, the Base
Station may be connected to a variety of different types of
wide area networks via WAN interface 201 including appli-
cation-specific wide area networks such as those used for
digital video distribution. Similarly, the Client Devices may
be any variety of wireless data processing and/or communi-
cation devices including, but not limited to cellular phones,
personal digital assistants (“PDAs”), receivers, and wireless
cameras.

In one embodiment, the Base Station’s n Antennas 202 are
separated spatially such that each is transmitting and receiv-
ing signals which are not spatially correlated, just as if the
Base Station was a prior art MIMO transceiver. As described
in the Background, experiments have been done where anten-
nas placed within A/6 (i.e. ¥ wavelength) apart successfully
achieve an increase in throughput from MIMO, but generally
speaking, the further apart these Base Station antennas are
placed, the better the system performance, and A/2 is a desir-
able minimum. Of course, the underlying principles of the
invention are not limited to any particular separation between
antennas.
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Note that a single Base Station 200 may very well have its
antennas located very far apart. For example, in the HF spec-
trum, the antennas may be 10 meters apart or more (e.g., in an
NVIS implementation mentioned above). If 100 such anten-
nas are used, the Base Station’s antenna array could well
occupy several square kilometers.

In addition to spatial diversity techniques, one embodiment
of the invention polarizes the signal in order to increase the
effective throughput of the system. Increasing channel capac-
ity through polarization is a well known technique which has
been employed by satellite television providers for years.
Using polarization, it is possible to have multiple (e.g., three)
Base Station or users’ antennas very close to each other, and
still be not spatially correlated. Although conventional RF
systems usually will only benefit from the diversity of two
dimensions (e.g. x and y) of polarization, the architecture
described herein may further benefit from the diversity of
three dimensions of polarization (x, y and z).

In addition to space and polarization diversity, one embodi-
ment of the invention employs antennas with near-orthogonal
radiation patterns to improve link performance via pattern
diversity. Pattern diversity can improve the capacity and
error-rate performance of MIMO systems and its benefits
over other antenna diversity techniques have been shown in
the following papers:

[13] L. Dong, H. Ling, and R. W. Heath Jr., “Multiple-input
multiple-output wireless communication systems using
antenna pattern diversity,” Proc. IEEE Glob. Telecom.
Conf-, vol. 1, pp. 997-1001, November 2002.

[14] R. Vaughan, “Switched parasitic elements for antenna
diversity,” IEEE Trans. Antennas Propagat., vol. 47, pp.
399-405, February 1999.

[15] P. Mattheijssen, M. H. A. J. Herben, G. Dolmans, and L..
Leyten, “Antenna-pattern diversity versus space diversity
for use at handhelds,” IEEE Trans. on Veh. Technol., vol.
53, pp. 1035-1042, July 2004.

[16] C. B. Dietrich Jr, K. Dietze, J. R. Nealy, and W. L.
Stutzman, “Spatial, polarization, and pattern diversity for
wireless handheld terminals,” Proc. IEEE Antennas and
Prop. Symp., vol. 49, pp. 1271-1281, September 2001.

[17] A. Forenza and R. W. Heath, Jr., “Benefit of Pattern
Diversity Via 2-element Array of Circular Patch Antennas
in Indoor Clustered MIMO Channels”, IEEE Trans. on
Communications, vol. 54, no. 5, pp. 943-954, May 2006.
Using pattern diversity, it is possible to have multiple Base

Station or users’ antennas very close to each other, and still be

not spatially correlated.

FIG. 3 provides additional detail of one embodiment of the
Base Station 200 and Client Devices 203-207 shown in FIG.
2. For the purposes of simplicity, the Base Station 300 is
shown with only three antennas 305 and only three Client
Devices 306-308. It will be noted, however, that the embodi-
ments of the invention described herein may be implemented
with a virtually unlimited number of antennas 305 (i.e., lim-
ited only by available space and noise) and Client Devices
306-308.

FIG. 3 is similar to the prior art MIMO architecture shown
in FIG. 1 in that both have three antennas on each sides of a
communication channel. A notable difference is that in the
prior art MIMO system the three antennas 105 on the right
side of FIG. 1 are all a fixed distance from one another (e.g.,
integrated on a single device), and the received signals from
each of the antennas 105 are processed together in the Signal
Processing subsystem 107. By contrast, in FIG. 3, the three
antennas 309 on the right side of the diagram are each coupled
to a different Client Device 306-308, each of which may be
distributed anywhere within range of the Base Station 305. As
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such, the signal that each Client Device receives is processed
independently from the other two received signals in its Cod-
ing, Modulation, Signal Processing subsystem 311. Thus, in
contrast to a Multiple-Input (i.e. antennas 105) Multiple-
Output (i.e. antennas 104) “MIMO” system, FIG. 3 illustrates
a Multiple Input (i.e. antennas 305) Distributed Output (i.e.
antennas 305) system, referred to hereinafter as a “MIDO”
system.

Note that this application uses different terminology than
previous applications, so as to better conform with academic
and industry practices. In previously cited co-pending appli-
cation, SYSTEM AND METHOD FOR ENHANCING
NEAR VERTICAL INCIDENCE SKYWAVE (“NVIS”)
COMMUNICATION USING SPACE-TIME CODING, Ser.
No. 10/817,731, Filed Apr. 2, 2004, and application Ser. No.
10/902,978 filed Jul. 30, 2004 for which this is application is
a continuation-in-part, the meaning of “Input” and “Output”
(in the context of SIMO, MISO, DIMO and MIDO) is
reversed from how the terms are used in this application. In
the prior applications, “Input” referred to the wireless signals
as they are input to the receiving antennas (e.g. antennas 309
in FIG. 3), and “Output” referred to the wireless signals as
they are output by the transmitting antennas (e.g. antennas
305). In academia and the wireless industry, the reverse
meaning of “Input” and “Output” is commonly used, in which
“Input” refers to the wireless signals as they are input to the
channel (i.e. the transmitted wireless signals from antennas
305) and “Output” refers to the wireless signals as they are
output from the channel (i.e. wireless signals received by
antennas 309). This application adopts this terminology,
which is the reverse of the applications cited previously in this
paragraph. Thus, the following terminology equivalences
shall be drawn between applications:

10/817,731 and 10/902,978 Current Application

SIMO = MISO
MISO = SIMO
DIMO = MIDO
MIDO = DIMO

The MIDO architecture shown in FIG. 3 achieves a similar
capacity increase as MIMO over a SISO system for a given
number of transmitting antennas. However, one difference
between MIMO and the particular MIDO embodiment illus-
trated in FIG. 3 is that, to achieve the capacity increase pro-
vided by multiple base station antennas, each MIDO Client
Device 306-308 requires only a single receiving antenna,
whereas with MIMO, each Client Device requires as least as
many receiving antennas as the capacity multiple that is
hoped to be achieved. Given that there is usually a practical
limit to how many antennas can be placed on a Client Device
(as explained in the Background), this typically limits MIMO
systems to between four to ten antennas (and 4x to 10x
capacity multiple). Since the Base Station 300 is typically
serving many Client Devices from a fixed and powered loca-
tion, is it practical to expand it to far more antennas than ten,
and to separate the antennas by a suitable distance to achieve
spatial diversity. As illustrated, each antenna is equipped with
a transceiver 304 and a portion of the processing power of a
Coding, Modulation, and Signal Processing section 303. Sig-
nificantly, in this embodiment, no matter how much Base
Station 300 is expanded, each Client Device 306-308 only
will require one antenna 309, so the cost for an individual user
Client Device 306-308 will be low, and the cost of Base
Station 300 can be shared among a large base of users.
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An example of how a MIDO transmission from the Base
Station 300 to the Client Devices 306-308 can be accom-
plished is illustrated in FIGS. 4 through 6.

In one embodiment of the invention, before a MIDO trans-
mission begins, the channel is characterized. As witha MIMO
system, a training signal is transmitted (in the embodiment
herein described), one-by-one, by each of the antennas 405.
FIG. 4 illustrates only the first training signal transmission,
but with three antennas 405 there are three separate transmis-
sions in total. Each training signal is generated by the Coding,
Modulation, and Signal Processing subsystem 403, converted
to analog through a D/A converter, and transmitted as RF
through each RF Transceiver 404. Various different coding,
modulation and signal processing techniques may be
employed including, but not limited to, those described above
(e.g., Reed Solomon, Viterbi coding; QAM, DPSK, QPSK
modulation, . . . etc).

Each Client Device 406-408 receives a training signal
through its antenna 409 and converts the training signal to
baseband by Transceiver 410. An A/D converter (not shown)
converts the signal to digital where is it processed by each
Coding, Modulation, and Signal Processing subsystem 411.
Signal characterization logic 320 then characterizes the
resulting signal (e.g., identifying phase and amplitude distor-
tions as described above) and stores the characterization in
memory. This characterization process is similar to that of
prior art MIMO systems, with a notable difference being that
the each client device only computes the characterization
vector for its one antenna, rather than for n antennas. For
example, the Coding Modulation and Signal Processing sub-
system 420 of client device 406 is initialized with a known
pattern of the training signal (either at the time of manufac-
turing, by receiving it in a transmitted message, or through
another initialization process). When antenna 405 transmits
the training signal with this known pattern, Coding Modula-
tion and Signal Processing subsystem 420 uses correlation
methods to find the strongest received pattern of the training
signal, it stores the phase and amplitude offset, then it sub-
tracts this pattern from the received signal. Next, it finds then
second strongest received pattern that correlates to the train-
ing signal, it stores the phase and amplitude offset, then it
subtracts this second strongest pattern from the received sig-
nal. This process continues until either some fixed number of
phase and amplitude offsets are stored (e.g. eight), or a detect-
able training signal pattern drops below a given noise floor.
This vector of phase/amplitude offsets becomes element H
of the vector 413. Simultaneously, Coding Modulation and
Signal Processing subsystems for Client Devices 407 and 408
implement the produce their vector elements H,, and H;;, .

The memory in which the characterization is stored may be
anon-volatile memory such as a Flash memory or a hard drive
and/or a volatile memory such as a random access memory
(e.g., SDRAM, RDAM). Moreover, different Client Devices
may concurrently employ different types of memories to store
the characterization information (e.g., PDA’s may use Flash
memory whereas notebook computers may use a hard drive).
The underlying principles of the invention are not limited to
any particular type of storage mechanism on the various Cli-
ent Devices or the Base Station.

As mentioned above, depending on the scheme employed,
since each Client Device 406-408 has only one antenna, each
only stores a 1x3 row 413-415 of the H matrix. FIG. 4 illus-
trates the stage after the first training signal transmission
where the first column of 1x3 rows 413-415 has been stored
with channel characterization information for the first of the
three Base Station antennas 405. The remaining two columns
are stored following the channel characterization of the next
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two training signal transmissions from the remaining two
base station antennas. Note that for the sake of illustration the
three training signals are transmitted at separate times. If the
three training signal patterns are chosen such as not to be
correlated to one another, they may be transmitted simulta-
neously, thereby reducing training time.

As indicated in FIG. 5, after all three pilot transmissions are
complete, each Client Device 506-508 transmits back to the
Base Station 500 the 1x3 row 513-515 of matrix H that it has
stored. To the sake of simplicity, only one Client Device 506
is illustrated transmitting its characterization information in
FIG. 5. An appropriate modulation scheme (e.g. DPSK,
64QAM, OFDM) for the channel combined with adequate
error correction coding (e.g. Reed Solomon, Viterbi, and/or
Turbo codes) may be employed to make sure that the Base
Station 500 receives the data in the rows 513-515 accurately.

Although all three antennas 505 are shown receiving the
signal in FIG. 5, it is sufficient for a single antenna and
transceiver of the Base Station 500 to receive each 1x3 row
513-515 transmission. However, utilizing many or all of
antennas 505 and Transceivers 504 to receive each transmis-
sion (i.e., utilizing prior art Single-Input Multiple-Output
(“SIMO”) processing techniques in the Coding, Modulation
and Signal Processing subsystem 503) may yield a better
signal-to-noise ratio (“SNR”) than utilizing a single antenna
505 and Transceiver 504 under certain conditions.

As the Coding, Modulation and Signal Processing sub-
system 503 of Base Station 500 receives the 1x3 row 513-
515, from each Client Device 507-508, it stores it in a 3x3 H
matrix 516. As with the Client Devices, the Base Station may
employ various different storage technologies including, but
not limited to non-volatile mass storage memories (e.g., hard
drives) and/or volatile memories (e.g., SDRAM) to store the
matrix 516. FIG. 5 illustrates a stage at which the Base Station
500 has received and stored the 1x3 row 513 from Client
Device 509. The 1x3 rows 514 and 515 may be transmitted
and stored in H matrix 516 as they are received from the
remaining Client Devices, until the entire H matrix 516 is
stored.

One embodiment of a MIDO transmission from a Base
Station 600 to Client Devices 606-608 will now be described
with reference to FIG. 66. Because each Client Device 606-
608 is an independent device, typically each device is receiv-
ing a different data transmission. As such, one embodiment of
a Base Station 600 includes a Router 602 communicatively
positioned between the WAN Interface 601 and the Coding,
Modulation and Signal Processing subsystem 603 that
sources multiple data streams (formatted into bit streams)
from the WAN interface 601 and routes them as separate bit
streams u,-u; intended for each Client Device 606-608,
respectively. Various well known routing techniques may be
employed by the router 602 for this purpose.

The three bit streams, u,-u;, shown in FIG. 6 are then
routed into the Coding, Modulation and Signal Processing
subsystem 603 and coded into statistically distinct, error cor-
recting streams (e.g. using Reed Solomon, Viterbi, or Turbo
Codes) and modulated using an appropriate modulation
scheme for the channel (such as DPSK, 64QAM or OFDM).
In addition, the embodiment illustrated in FIG. 6 includes
signal precoding logic 630 for uniquely coding the signals
transmitted from each of the antennas 605 based on the signal
characterization matrix 616. More specifically, rather than
routing each of the three coded and modulated bit streams to
a separate antenna (as is done in FIG. 1), in one embodiment,
the precoding logic 630 multiplies the three bit streams u,-u,
in FIG. 6 by the inverse of the H matrix 616, producing three
new bit streams, u',-u';. The three precoded bit streams are
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then converted to analog by D/A converters (not shown) and
transmitted as RF by Transceivers 604 and antennas 605.

Before explaining how the bit streams are received by the
Client Devices 606-608, the operations performed by the
precoding module 630 will be described. Similar to the
MIMO example from FIG. 1 above, the coded and modulated
signal for each of the three source bit streams will be desig-
nated with u,,. In the embodiment illustrated in FIG. 6, each w,
contains the data from one of the three bit streams routed by
the Router 602, and each such bit stream is intended for one of
the three Client Devices 606-608.

However, unlike the MIMO example of FIG. 1, where each
X, 1s transmitted by each antenna 104, in the embodiment of
the invention illustrated in FIG. 6, each u, is received at each
Client Device antenna 609 (plus whatever noise N there is in
the channel). To achieve this result, the output of each of the
three antennas 605 (each of which we will designate as v,) is
afunction ofu, and the H matrix that characterizes the channel
for each Client Device. In one embodiment, each v, is calcu-
lated by the precoding logic 630 within the Coding, Modula-
tion and Signal Processing subsystem 603 by implementing
the following formulas:

-l -1 -1
vi=u T
vo=u H Y \rusH ot H

R ST ARy Te ARV 23

=, -1 -1 -1
Va=u H sy +ipH Syt s

Thus, unlike MIMO, where each X, is calculated at the
receiver after the signals have been transformed by the chan-
nel, the embodiments of the invention described herein solve
for each v, at the transmitter before the signals have been
transformed by the channel. Each antenna 609 receives u,
already separated from the other u,, ; bit streams intended for
the other antennas 609. Each Transceiver 610 converts each
received signal to baseband, where it is digitized by an A/D
converter (now shown), and each Coding, Modulation and
Signal Processing subsystem 611, demodulates and decodes
the x, bit stream intended for it, and sends its bit stream to a
Data Interface 612 to be used by the Client Device (e.g., by an
application on the client device).

The embodiments of the invention described herein may be
implemented using a variety of different coding and modula-
tion schemes. For example, in an OFDM implementation,
where the frequency spectrum is separated into a plurality of
sub-bands, the techniques described herein may be employed
to characterize each individual sub-band. As mentioned
above, however, the underlying principles of the invention are
not limited to any particular modulation scheme.

If'the Client Devices 606-608 are portable data processing
devices such as PDAs, notebook computers, and/or wireless
telephones the channel characterization may change fre-
quently as the Client Devices may move from one location to
another. As such, in one embodiment of the invention, the
channel characterization matrix 616 at the Base Station is
continually updated. In one embodiment, the Base Station
600 periodically (e.g., every 250 milliseconds) sends out a
new training signal to each Client Device, and each Client
Device continually transmits its channel characterization
vector back to the Base Station 600 to ensure that the channel
characterization remains accurate (e.g. if the environment
changes so as to affect the channel or if a Client Device
moves). In one embodiment, the training signal is interleaved
within the actual data signal sent to each client device. Typi-
cally, the training signals are much lower throughput than the
data signals, so this would have little impact on the overall
throughput of the system. Accordingly, in this embodiment,
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the channel characterization matrix 616 may be updated con-
tinuously as the Base Station actively communicates with
each Client Device, thereby maintaining an accurate channel
characterization as the Client Devices move from one loca-
tion to the next or if the environment changes so as to affect
the channel.

One embodiment of the invention illustrated in FIG. 7
employs MIMO techniques to improve the upstream commu-
nication channel (i.e., the channel from the Client Devices
706-708 to the Base Station 700). In this embodiment, the
channel from each of the Client Devices is continually ana-
lyzed and characterized by upstream channel characterization
logic 741 within the Base Station. More specifically, each of
the Client Devices 706-708 transmits a training signal to the
Base Station 700 which the channel characterization logic
741 analyzes (e.g., as in a typical MIMO system) to generate
an NxM channel characterization matrix 741, where N is the
number of Client Devices and M is the number of antennas
employed by the Base Station. The embodiment illustrated in
FIG. 7 employs three antennas 705 at the Base Station and
three Client Devices 706-608, resulting in a 3x3 channel
characterization matrix 741 stored at the Base Station 700.
The MIMO upstream transmission illustrated in FIG. 7 may
be used by the Client Devices both for transmitting data back
to the Base Station 700, and for transmitting channel charac-
terization vectors back to the Base Station 700 as illustrated in
FIG. 5. But unlike the embodiment illustrated in FIG. 5 in
which each Client Device’s channel characterization vector is
transmitted at a separate time, the method shown in FIG. 7
allows for the simultaneous transmission of channel charac-
terization vectors from multiple Client Devices back to the
Base Station 700, thereby dramatically reducing the channel
characterization vectors’ impact on return channel through-
put.

As mentioned above, each signal’s characterization may
include many factors including, for example, phase and
amplitude relative to a reference internal to the receiver, an
absolute reference, a relative reference, characteristic noise,
or other factors. For example, in a quadrature amplitude
modulation (“QAM”)-modulated signal the characterization
might be a vector of the phase and amplitude offsets of several
multipath images of the signal. As another example, in an
orthogonal frequency division multiplexing (“OFDM”)-
modulated signal, it might be a vector of the phase and ampli-
tude offsets of several or all of the individual sub-signals in
the OFDM spectrum. The training signal may be generated by
each Client Device’s coding and modulation subsystem 711,
converted to analog by a D/A converter (not shown), and then
converted from baseband to RF by each Client Device’s trans-
mitter 709. In one embodiment, in order to ensure that the
training signals are synchronized, Client Devices only trans-
mit training signals when requested by the Base Station (e.g.,
in a round robin manner). In addition, training signals may be
interleaved within or transmitted concurrently with the actual
data signal sent from each client device. Thus, even if the
Client Devices 706-708 are mobile, the training signals may
be continuously transmitted and analyzed by the upstream
channel characterization logic 741, thereby ensuring that the
channel characterization matrix 741 remains up-to-date.

The total channel capacity supported by the foregoing
embodiments of the invention may be defined as min (N, M)
where M is the number of Client Devices and N is the number
of Base Station antennas. That is, the capacity is limited by
the number of antennas on either the Base Station side or the
Client side. As such, one embodiment of the invention
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employs synchronization techniques to ensure that no more
than min (N, M) antennas are transmitting/receiving at a
given time.

In a typical scenario, the number of antennas 705 on the
Base Station 700 will be less than the number of Client
Devices 706-708. An exemplary scenario is illustrated in FIG.
8 which shows five Client Devices 804-808 communicating
with a base station having three antennas 802. In this embodi-
ment, after determining the total number of Client Devices
804-808, and collecting the necessary channel characteriza-
tion information (e.g., as described above), the Base Station
800 chooses a first group of three clients 810 with which to
communicate (three clients in the example because min (N,
M)=3). After communicating with the first group of clients
810 for a designated period of time, the Base Station then
selects another group of three clients 811 with which to com-
municate. To distribute the communication channel evenly,
the Base Station 800 selects the two Client Devices 807, 808
which were not included in the first group. In addition,
because an extra antenna is available, the Base Station 800
selects an additional client device 806 included in the first
group. In one embodiment, the Base Station 800 cycles
between groups of clients in this manner such that each client
is effectively allocated the same amount of throughput over
time. For example, to allocate throughput evenly, the Base
Station may subsequently select any combination of three
Client Devices which excludes Client Device 806 (i.e.,
because Client Device 806 was engaged in communication
with the Base Station for the first two cycles).

In one embodiment, in addition to standard data commu-
nications, the Base Station may employ the foregoing tech-
niques to transmit training signals to each of the Client
Devices and receive training signals and signal characteriza-
tion data from each of the Client Devices.

In one embodiment, certain Client Devices or groups of
client devices may be allocated different levels of throughput.
For example, Client Devices may be prioritized such that
relatively higher priority Client Devices may be guaranteed
more communication cycles (i.e., more throughput) than rela-
tively lower priority client devices. The “priority” of a Client
Device may be selected based on a number of variables
including, for example, the designated level of a user’s sub-
scription to the wireless service (e.g., user’s may be willing to
pay more for additional throughput) and/or the type of data
being communicated to/from the Client Device (e.g., real-
time communication such as telephony audio and video may
take priority over non-real time communication such as
email).

In one embodiment of the Base Station dynamically allo-
cates throughput based on the Current Load required by each
Client Device. For example, if Client Device 804 is streaming
live video and the other devices 805-808 are performing
non-real time functions such as email, then the Base Station
800 may allocate relatively more throughput to this client
804. It should be noted, however, that the underlying prin-
ciples of the invention are not limited to any particular
throughput allocation technique.

As illustrated in FIG. 9, two Client Devices 907, 908 may
be so close in proximity, that the channel characterization for
the clients is effectively the same. As a result, the Base Station
will receive and store effectively equivalent channel charac-
terization vectors for the two Client Devices 907, 908 and
therefore will not be able to create unique, spatially distrib-
uted signals for each Client Device. Accordingly, in one
embodiment, the Base Station will ensure that any two or
more Client Devices which are in close proximity to one
another are allocated to different groups. In FIG. 9, for

20

25

30

35

40

45

50

55

60

65

36

example, the Base Station 900 first communicates with a first
group 910 of Client Devices 904, 905 and 908; and then with
asecond group 911 of Client Devices 905, 906, 907, ensuring
that Client Devices 907 and 908 are in different groups.

Alternatively, in one embodiment, the Base Station 900
communicates with both Client Devices 907 and 908 concur-
rently, but multiplexes the communication channel using
known channel multiplexing techniques. For example, the
Base Station may employ time division multiplexing
(“TDM”), frequency division multiplexing (“FDM”) or code
division multiple access (“CDMA”) techniques to divide the
single, spatially-correlated signal between Client Devices
907 and 908.

Although each Client Device described above is equipped
with a single antenna, the underlying principles of the inven-
tion may be employed using Client Devices with multiple
antennas to increase throughput. For example, when used on
the wireless systems described above, a client with 2 antennas
will realize a 2x increase in throughput, a client with 3 anten-
nas will realize a 3x increase in throughput, and so on (i.e.,
assuming that the spatial and angular separation between the
antennas is sufficient). The Base Station may apply the same
general rules when cycling through Client Devices with mul-
tiple antennas. For example, it may treat each antenna as a
separate client and allocate throughput to that “client” as it
would any other client (e.g., ensuring that each client is pro-
vided with an adequate or equivalent period of communica-
tion).

As mentioned above, one embodiment of the invention
employs the MIDO and/or MIMO signal transmission tech-
niques described above to increase the signal-to-noise ratio
and throughput within a Near Vertical Incidence Skywave
(“NVIS”) system. Referring to FIG. 10, in one embodiment
of the invention, a first NVIS station 1001 equipped with a
matrix of N antennas 1002 is configured to communicate with
M client devices 1004. The NVIS antennas 1002 and antennas
of'the various client devices 1004 transmit signals upward to
within about 15 degrees of vertical in order to achieve the
desired NVIS and minimize ground wave interference
effects. In one embodiment, the antennas 1002 and client
devices 1004, support multiple independent data streams
1006 using the various MIDO and MIMO techniques
described above at a designated frequency within the NVIS
spectrum (e.g., at a carrier frequency at or below 23 MHz, but
typically below 10 MHz), thereby significantly increasing the
throughput at the designated frequency (i.e., by a factor pro-
portional to the number of statistically independent data
streams).

The NVIS antennas serving a given station may be physi-
cally very far apart from each other. Given the long wave-
lengths below 10 MHz and the long distance traveled for the
signals (as much as 300 miles round trip), physical separation
of'the antennas by 100s of yards, and even miles, can provide
advantages in diversity. In such situations, the individual
antenna signals may be brought back to a centralized location
to be processed using conventional wired or wireless com-
munications systems. Alternatively, each antenna can have a
local facility to process its signals, then use conventional
wired or wireless communications systems to communicate
the data back to a centralized location. In one embodiment of
the invention, NVIS Station 1001 has a broadband link 1015
to the Internet 1010 (or other wide area network), thereby
providing the client devices 1003 with remote, high speed,
wireless network access.

In one embodiment, the Base Station and/or users may
exploit polarization/pattern diversity techniques described
above to reduce the array size and/or users’ distance while
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providing diversity and increased throughput. As an example,
in MIDO systems with HF transmissions, the users may be in
the same location and yet their signals be uncorrelated
because of polarization/pattern diversity. In particular, by
using pattern diversity, one user may be communicating to the
Base Station via groundwave whereas the other user via
NVIS.

Additional Embodiments of the Invention

DIDO-OFDM Precoding with I/Q Imbalance

One embodiment of the invention employs a system and
method to compensate for in-phase and quadrature (I/Q)
imbalance in distributed-input distributed-output (DIDO)
systems with orthogonal frequency division multiplexing
(OFDM). Briefly, according to this embodiment, user devices
estimate the channel and feedback this information to the
Base Station; the Base Station computes the precoding matrix
to cancel inter-carrier and inter-user interference caused by
1/Q imbalance; and parallel data streams are transmitted to
multiple user devices via DIDO precoding; the user devices
demodulate data via zero-forcing (ZF), minimum mean-
square error (MMSE) or maximum likelihood (ML) receiver
to suppress residual interference.

As described in detail below, some of the significant fea-
tures of this embodiment of the invention include, but are not
limited to:

Precoding to cancel inter-carrier interference (ICI) from
mirror tones (due to I/Q mismatch) in OFDM systems;

Precoding to cancel inter-user interference and ICI (due to
1/Q mismatch) in DIDO-OFDM systemms;

Techniques to cancel ICI (due to I/Q mismatch) via ZF
receiver in DIDO-OFDM systems employing block diago-
nalization (BD) precoder;

Techniques to cancel inter-user interference and ICI (due to
1/Q mismatch) via precoding (at the transmitter) and a ZF or
MMSE filter (at the receiver) in DIDO-OFDM systems;

Techniques to cancel inter-user interference and ICI (due to
1/Q mismatch) via pre-coding (at the transmitter) and a non-
linear detector like a maximum likelihood (ML) detector (at
the receiver) in DIDO-OFDM systems;

The use of pre-coding based on channel state information
to cancel inter-carrier interference (ICI) from mirror tones
(due to I/Q mismatch) in OFDM systems;

The use of pre-coding based on channel state information
to cancel inter-carrier interference (ICI) from mirror tones
(due to 1/Q mismatch) in DIDO-OFDM systems;

The use of an I/QQ mismatch aware DIDO precoder at the
station and an 1Q-aware DIDO receiver at the user terminal;

The use of an I/QQ mismatch aware DIDO precoder at the
station, an I/Q aware DIDO receiver at the user terminal, and
an 1/Q aware channel estimator;

The use of an I/QQ mismatch aware DIDO precoder at the
station, an I/QQ aware DIDO receiver at the user terminal, an
1/Q aware channel estimator, and an I/Q aware DIDO feed-
back generator that sends channel state information from the
user terminal to the station;

The use of an I/Q mismatch-aware DIDO precoder at the
station and an I/Q aware DIDO configurator that uses 1/Q
channel information to perform functions including user
selection, adaptive coding and modulation, space-time-fre-
quency mapping, or precoder selection;

The use of an I/Q aware DIDO receiver that cancels ICI
(due to 1/Q mismatch) via ZF receiver in DIDO-OFDM sys-
tems employing block diagonalization (BD) precoder;

The use of an I/Q aware DIDO receiver that cancels ICI
(due to I/Q mismatch) via pre-coding (at the transmitter) and
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a nonlinear detector like a maximum likelihood detector (at
the receiver) in DIDO-OFDM systems; and
The use of an I/Q aware DIDO receiver that cancels ICI
(due to 1/Q mismatch) via ZF or MMSE filter in DIDO-
OFDM systems.

a. Background

The transmit and receive signals of typical wireless com-
munication systems consist of in-phase and quadrature (I/Q)
components. In practical systems, the inphase and quadrature
components may be distorted due to imperfections in the
mixing and baseband operations. These distortions manifest
as 1/Q phase, gain and delay mismatch. Phase imbalance is
caused by the sine and cosine in the modulator/demodulator
not being perfectly orthogonal. Gain imbalance is caused by
different amplifications between the inphase and quadrature
components. There may be an additional distortion, called
delay imbalance, due to difference in delays between the I-
and Q-rails in the analog circuitry.

In orthogonal frequency division multiplexing (OFDM)
systems, 1/Q imbalance causes inter-carrier interference (ICI)
from the mirror tones. This effect has been studied in the
literature and methods, to compensate for I/Q mismatch in
single-input single-output SISO-OFDM systems have been
proposed in M. D. Benedetto and P. Mandarini, “Analysis of
the effect of the 1/Q baseband filter mismatch in an OFDM
modem,” Wireless personal communications, pp. 175-186,
2000; S. Schuchert and R. Hasholzner, “A novel I/Q imbal-
ance compensation scheme for the reception of OFDM sig-
nals,” IEEE Transaction on Consumer Electronics, August
2001; M. Valkama, M. Renfors, and V. Koivunen, “Advanced
methods for I/Q imbalance compensation in communication
receivers,” IEEE Trans. Sig. Proc., October 2001; R. Rao and
B. Daneshrad, “Analysis of I/QQ mismatch and a cancellation
scheme for OFDM systems,” IST Mobile Communication
Summit, June 2004; A. Tarighat, R. Bagheri, and A. H. Sayed,
“Compensation schemes and performance analysis of 1Q
imbalances in OFDM receivers,” Signal Processing, IEEE
Transactions on [see also Acoustics, Speech, and Signal Pro-
cessing, IEEE Transactions on], vol. 53, pp. 3257-3268,
August 2005.

An extension of this work to multiple-input multiple-out-
put MIMO-OFDM systems was presented in R. Rao and B.
Daneshrad, “I/Q mismatch cancellation for MIMO OFDM
systems,” in Personal, Indoor and Mobile Radio Communi-
cations, 2004; PIMRC 2004. 15th IEEE International Sym-
posium on, vol. 4, 2004, pp. 2710-2714. R. M. Rao, W. Zhu,
S.Lang, C. Oberli, D. Browne, J. Bhatia, J. F. Frigon, J. Wang,
P; Gupta, H. Lee, D. N. Liu, S. G. Wong, M. Fitz, B. Dane-
shrad, and O. Takeshita, “Multiantenna testbeds for research
and education in wireless communications,” IEEE Commu-
nications Magazine, vol. 42, no. 12, pp. 72-81, December
2004; S. Lang, M. R. Rao, and B. Daneshrad, “Design and
development of a 5.25 GHz software defined wireless OFDM
communication platform,” IEEE Communications Maga-
zine, vol. 42, no. 6, pp. 6-12, June 2004, for spatial multiplex-
ing (SM) and in A. Tarighat and A. H. Sayed, “MIMO OFDM
receivers for systems with 1Q imbalances,” IEEE Trans. Sig.
Proc., vol. 53, pp. 3583-3596, September 2005, for orthogo-
nal space-time block codes (OSTBC).

Unfortunately, there is currently no literature on how to
correct for 1/QQ gain and phase imbalance errors in a distrib-
uted-input distributed-output (DIDO) communication sys-
tem. The embodiments of the invention described below pro-
vide a solution to these problems.
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DIDO systems consist of one Base Station with distributed
antennas that transmits parallel data streams (via pre-coding)
to multiple users to enhance downlink throughput, while
exploiting the same wireless resources (i.e., same slot dura-
tion and frequency band) as conventional SISO systems. A
detailed description of DIDO systems was presented in S. G.
Perlman and T. Cotter, “System and Method for Distributed
Input-Distributed Output Wireless Communications,” Ser.
No. 10/902,978, filed Jul. 30, 2004 (“Prior Application”),
which is assigned to the assignee of the present application
and which is incorporated herein by reference.

There are many ways to implement DIDO precoders. One
solution is block diagonalization (BD) described in Q. H.
Spencer, A. L. Swindlehurst, and M. Haardt, “Zero forcing
methods for downlink spatial multiplexing in multiuser
MIMO channels,” IEEE Trans. Sig. Proc., vol. 52, pp. 461-
471, February 2004. K. K. Wong, R. D. Murch, and K. B.
Letaief, “A joint channel diagonalization for multiuser
MIMO antenna systems,” IEEE Trans. Wireless Comm., vol.
2, pp. 773-786, July 2003; L. U. Choi and R. D. Murch, “A
transmit preprocessing technique for multiuser MIMO sys-
tems using a decomposition approach,” IEEE Trans. Wireless
Comm., vol. 3, pp. 20-24, January 2004; Z. Shen, J. G.
Andrews, R. W. Heath, and B. L. Evans, “Low complexity
user selection algorithms for multiuser MIMO systems with
block diagonalization,” accepted for publication in IEEE
Trans. Sig. Proc., September 2005; Z. Shen, R. Chen, J. G.
Andrews, R. W. Heath, and B. L. Evans, “Sum capacity of
multiuser MIMO broadcast channels with block diagonaliza-
tion,” submitted to IEEE Trans. Wireless Comm., October
2005; R. Chen, R. W. Heath, and J. G. Andrews, “Transmit
selection diversity forunitary precoded multiuser spatial mul-
tiplexing systems with linear receivers,” accepted to IEEE
Trans. on Signal Processing, 2005. The methods for I/Q com-
pensation presented in this document assume BD precoder,
but can be extended to any type of DIDO precoder.

In DIDO-OFDM systems, [/Q mismatch causes two
effects: ICI and inter-user interference. The former is due to
interference from the mirror tones as in SISO-OFDM sys-
tems. The latter is due to the fact that I/Q mismatch destroys
the orthogonality of the DIDO precoder yielding interference
across users. Both of these types of interference can be can-
celled at the transmitter and receiver through the methods
described herein. Three methods for I/Q compensation in
DIDO-OFDM systems are described and their performance is
compared against systems with and without I/Q mismatch.
Results are presented based both on simulations and practical
measurements carried out with the DIDO-OFDM prototype.

The present embodiments are an extension of the Prior
Application. In particular, these embodiments relate to the
following features of the Prior Application:

The system as described in the prior application, where the
1/Q rails are affected by gain and phase imbalance;

The training signals employed for channel estimation are
used to calculate the DIDO precoder with I/Q compensation
at the transmitter; and

The signal characterization data accounts for distortion due
to I/Q imbalance and is used at the transmitter to compute the
DIDO precoder according to the method proposed in this
document.

b. Embodiments of the Invention

First, the mathematical model and framework of the inven-
tion will be described.

Before presenting the solution, it is useful to explain the
core mathematical concept. We explain it assuming I/Q gain

40

and phase imbalance (phase delay is not included in the
description but is dealt with automatically in the DIDO-
OFDM version of the algorithm). To explain the basic idea,
suppose that we want to multiply two complex numbers
5 s=+s,+js, and h=h+jh, and let x=h*s. We use the subscripts
to denote inphase and quadrature components. Recall that

X/ =shsgho
10 and

Xo=shgtsghy

In matrix form this can be rewritten as
15
Xy b =ho [ 51
[XQ } Tlhe M [SQ }

20

Note the unitary transformation by the channel matrix (H).
Now suppose that s is the transmitted symbol and h is the
channel. The presence of I/Q gain and phase imbalance can be
modeled by creating a non-unitary transformation as follows

25
[Xl} [hu hleSI} (A)
xo | lha b llso]
30 The trick is to recognize that it is possible to write
[hu hlz} _ 1[ hu+hn b —hy
35 My hp ] 2l =(hi—ha1) Ry + Ay
[ A —hn h2+h
2l ha+ hay o+ hay
_ 1[ hu+hn b —hy
2 —(hip = hoy) By +ho
40
[y —hyn —(h +h21)H1 0 }
2| hiz + hyy iy — ho 0 -1
Now, rewriting (A)
45
[xl}_l[ B+ by by —hyy [51}4_ (&)
xo | 2-(m2—hn) hu+hollso
50 1 1 —h2 —(h12+h21)H1 0 } S
2 hip + by iy —hoo 0 —1]|so
1[ B+ by by —hyy [SI}
== +
2 (2 —ha1) B+l || S0
55 1 hyy — b —(h12+h21)}[ Si }
2 hp+hy  hi-hy ll-so
Let us define
60
"o 1[ hip+hy b —hy
© T2 ~(hp—ha) by +hy
H - 1[ Ay —ha —(h12+h21)}
65 T2 hp+hy hu-hy |
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Both of these matrices have a unitary structure thus can be
equivalently represented by complex scalars as

ho=hy +thyy il —hyo)
and

ho=hy =hyytjhoy+hy).

Using all of these observations, we can put the effective
equation back in a scalar form with two channels: the equiva-
lent channel h, and the conjugate channel h_.. Then the effec-
tive transformation in (5) becomes

x=hs+hs*.

We refer to the first channel as the equivalent channel and
the second channel as the conjugate channel. The equivalent
channel is the one you would observe if there were no I/Q gain
and phase imbalance.

Using similar arguments, it can be shown that the input-
output relationship of a discrete-time MIMO NxM system
with I/Q gain and phase imbalance is (using the scalar equiva-
lents to build their matrix counterparts)

x[r] =

L
helf1slt — €] + hel[f]s = [t — ]
=0

~

where tis the discrete time index, h_, h eC* s=[s , .

x=[X,, ..., X,,] and L is the number of channel taps.
In DIDO-OFDM systems, the received signal in the fre-

quency domain is represented. Recall from signals and sys-

tems that if

FFT{s[t]}=S[k] then FFT.{s*[t]}=S*[(-k)]=S*[K-k] for

k=0,1,...,K-I.

With OFDM, the equivalent input-output relationship for a

MIMO-OFDM system for subcarrier k is

"sSN]s

X[K]=H [K]s [k]+H .[k]s*[K-k] n

wherek=0, 1, ..., K-1isthe OFDM subcarrier index, H, and
H, denote the equivalent and conjugate channel matrices,
respectively, defined as

The second contribution in (1) is interference from the
mirror tone. It can be dealt with by constructing the following
stacked matrix system (note carefully the conjugates)

[ x[k] H,[k] H;[k] H

s[k]
x*[K—k]}_[H:[K—k] H:[K - k] }

S#[K —k]

where 5=[5,, 5,]7 and x=[X,, X,]” are the vectors of transmit
and receive symbols in the frequency domain, respectively.
Using this approach, an effective matrix is built to use for
DIDO operation. For example, with DIDO 2x2 the input-
output relationship (assuming each user has a single receive
antenna) the first user device sees (in the absence of noise)
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51[k] 2)
[ 0k } | oHPw HOW] 51K K]
XK k1] | HO*[K - k] HO[K — k] 50k
531K — 4]
while the second user observes
51k (3)
[ T[] } [ HPIK HP[] SUIK —K]
BIK-K1 7 | H2 (K -] HO*[K -] 520k]
530K - K]

where H,(™, H_(™eC'*2 denote the m-th row of the matrices
H, and H_, respectively, and WeC** is the DIDO pre-coding
matrix. From (2) and (3) it is observed that the received
symbol X,,[K] of user m is affected by two sources of inter-
ference caused by 1/Q imbalance: inter-carrier interference
from the mirror tone (i.e., s*,, [K-k]) and inter-user interfer-
ence (i.e., s,[k] and s* [K-k] with p=m). The DIDO precod-
ing matrix W in (3) is designed to cancel these two interfer-
ence terms.

There are several different embodiments of the DIDO pre-
coder that can be used here depending on joint detection
applied at the receiver. In one embodiment, block diagonal-
ization (BD) is employed (see, e.g., Q. H: Spencer, A. L.
Swindlehurst, and M. Haardt, “Zeroforcing methods for
downlink spatial multiplexing in multiuser MIMO channels,”
IEEE Trans. Sig. Proc., vol. 52, pp. 461-471, February 2004.
K. K. Wong, R. D. Murch, and K. B. Letaief, “A joint-channel
diagonalization for multiuser MIMO antenna systems,” IEEE
Trans. Wireless Comm., vol. 2, pp. 773-786, July 2003. L.. U.
Choi and R. D. Murch, “A transmit preprocessing technique
for multiuser MIMO systems using a decomposition
approach,” IEEE Trans. Wireless Comm., vol. 3, pp. 20-24,
January 2004. Z. Shen, J. G. Andrews, R. W. Heath, and B. L.
Evans, “Low complexity user selection algorithms for mul-
tiuser MIMO systems with block diagonalization,” accepted
for publication in IEEE Trans. Sig. Proc., September 2005. Z.
Shen, R. Chen, J. G. Andrews, R. W. Heath, and B. L. Evans,
“Sum capacity of multiuser MIMO broadcast channels with
block diagonalization,” submitted to IEEE Trans. Wireless
Comm., October 2005, computed from the composite chan-
nel [H,“, H_ ] (rather than H,%). So, the current DIDO
system chooses the precoder such that

HVK] HOK @
b HY (K —k] HY[K - k]
T HPK HO[K]

HP[K - k] HO'[K - k]

ey 0 0 0

wo| O @2 00, HED gD
o0 e 0| |HEY HED
0 0 0 an

where o, ; are constants and H,,*’eC>**. This method is ben-
eficial because using this precoder, it is possible to keep other
aspects of the DIDO precoder the same as before, since the
effects of I/QQ gain and phase imbalance are completely can-
celled at the transmitter.
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Itis also possible to design DIDO precoders that pre-cancel
inter-user interference, without pre-cancelling ICI due to 1Q
imbalance. With this approach, the receiver (instead of the
transmitter) compensates for the IQ imbalance by employing
one of the receive filters described below. Then, the pre-
coding design criterion in (4) can be modified as

HOK] HOk] &)
o | H K =K HO'K = k]
H, =
HP[K] HP k]
HP[K -kl H®[K -k]
a0 0
W= a1 a2 00 A HYY HOP
“lo 0 33 a34 B H®D  HED
0 0 oau3 asy
51 [k 6
k] = [HOD H{VM)][ ! 7}and
52 [k]
3 7
Salk] = [HED H(z,z)][ 51 [k]} Q)]
52 [k]

where s, [k]=[s, [k], 5% [K-k]]© for the m-th transmit
symbol and x, [k]=[X,,[k], x*, [K-k]]” is the receive symbol
vector for user m.

At the receive side, to estimate the transmit symbol vector
s,,[k], user m employs ZF filter and the estimated symbol
vector is given by

5P [l = [, L) L B[R] ®

While the ZF filter is the easiest to understand, the receiver
may apply any number of other filters known to those skilled
in the art. One popular choice is the MMSE filter where

8B =, T DT ], O, T, K] ©
and p is the signal-to-noise ratio. Alternatively, the receiver
may perform a maximum likelihood symbol detection (or
sphere decoder or iterative variation). For example, the first
user might use the ML receiver and solve the following opti-
mization

59" k] = arg min
HE

- g2 " "

52 [k]

where S is the set of all possible vectors s and depends on the
constellation size. The ML receiver gives better performance
at the expense of requiring more complexity at the receiver. A
similar set of equations applies for the second user.

Note that H,** and H,,*" in (6) and (7) are assumed to
have zero entries. This assumption holds only if the transmit
precoder is able to cancel completely the inter-user interfer-
ence as for the criterion in (4). Similarly, H,,*-" and H,,®-
are diagonal matrices only if the transmit precoder is able to
cancel completely the inter-carrier interference (i.e., from the
mirror tones).

FIG. 13 illustrates one embodiment of a framework for
DIDO-OFDM systems with I/Q compensation including 1Q-
DIDO precoder 1302 within a Base Station (BS), a transmis-
sion channel 1304, channel estimation logic 1306 within a
user device, and a ZF, MMSE or ML receiver 1308. The
channe] estimation logic 1306 estimates the channels H,
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and H_" via training symbols and feedbacks these estimates
to the precoder 1302 within the AP. The BS computes the
DIDO precoder weights (matrix W) to pre-cancel the inter-
ference due to I/QQ gain and phase imbalance as well as inter-
user interference and transmits the data to the users through
the wireless channel 1304. User device m employs the ZF,
MMSE or ML receiver 1308, by exploiting the channel esti-
mates provided by the unit 1304, to cancel residual interfer-
ence and demodulates the data.

The following three embodiments may be employed to
implement this I/Q compensation algorithm:

Method 1—TX compensation: In this embodiment, the
transmitter calculates the pre-coding matrix according to the
criterion in (4). At the receiver, the user devices employ a
“simplified” ZF receiver, where H, " and H,*? are
assumed to be diagonal matrices. Hence, equation (8) simpli-
fies as

1/m1 0
0 1/am,

10

Smlk] = [ }Ym[k]-

Method 2—RX compensation: In this embodiment, the
transmitter calculates the pre-coding matrix based on the
conventional BD method described in R. Chen, R. W. Heath,
and J. G. Andrews, “Transmit selection diversity for unitary
precoded multiuser spatial multiplexing systems with linear
receivers,” accepted to IEEE Trans. on Signal Processing,
2005, without canceling inter-carrier and inter-user interfer-
ence as for the criterion in (4). With this method, the pre-
coding matrix in (2) and (3) simplifies as

wy 1 [k] 0 wy 2[k] 0 (12)
0 wi K-kl 0 wi,[K-4]
W=
wy 1 [k] 0 wa2[k] 0

0 w; [K —k] 0 wh K — k]

Atthe receiver, the user devices employ a ZF filter as in (8).
Note that this method does not pre-cancel the interference at
the transmitter as in the method 1 above. Hence, it cancels the
inter-carrier interference at the receiver, but it is not able to
cancel the inter-user interference. Moreover, in method 2 the
users only need to feedback the vector H,* for the transmit-
ter to compute the DIDO precoder, as opposed to method 1
that requires feedback of both H,“ and H_. Therefore,
method 2 is particularly suitable for DIDO systems with low
rate feedback channels. On the other hand, method 2 requires
slightly higher computational complexity at the user device to
compute the ZF receiver in (8) rather than (11).

Method 3—TX-RX compensation: In one embodiment,
the two methods described above are combined. The trans-
mitter calculates the pre-coding matrix as in (4) and the
receivers estimate the transmit symbols according to (8).

1/Q imbalance, whether phase imbalance, gain imbalance,
or delay imbalance, creates a deleterious degradation in sig-
nal quality in wireless communication systems. For this rea-
son, circuit hardware in the past was designed to have very
low imbalance. As described above, however, it is possible to
correct this problem using digital signal processing in the
form of transmit pre-coding and/or a special receiver. One
embodiment of the invention comprises a system with several
new functional units, each of which is important for the
implementation of I/Q correction in an OFDM communica-
tion system or a DIDO-OFDM communication system.
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One embodiment of the invention uses pre-coding based on
channel state information to cancel inter-carrier interference
(ICI) from mirror tones (due to I/Q mismatch) in an OFDM
system. As illustrated in FIG. 11, a DIDO transmitter accord-
ing to this embodiment includes a user selector unit 1102, a
plurality of coding modulation units 1104, a corresponding
plurality of mapping units 1106, a DIDO [Q-aware precoding
unit 1108, a plurality of RF transmitter units 1114, a user
feedback unit 1112 and a DIDO configurator unit 1110.

The user selector unit 1102 selects data associated with a
plurality of users U,-U,, based on the feedback information
obtained by the feedback unit 1112, and provides this infor-
mation each of the plurality of coding modulation units 1104.
Each coding modulation unit 1104 encodes and modulates
the information bits of each user and send them to the map-
ping unit 1106. The mapping unit 1106 maps the input bits to
complex symbols and sends the results to the DIDO 1Q-aware
precoding unit 1108. The DIDO IQ-aware precoding unit
1108 exploits the channel state information obtained by the
feedback unit 1112 from the users to compute the DIDO
1Q-aware precoding weights and precoding the input symbols
obtained from the mapping units 1106. Each of the precoded
data streams is sent by the DIDO IQ-aware precoding unit
1108 to the OFDM unit 1115 that computes the IFFT and adds
the cyclic prefix. This information is sent to the D/A unit 1116
that operates the digital to analog conversion and send it to the
RF unit 1114. The RF unit 1114 upconverts the baseband
signal to intermediate/radio frequency and send it to the trans-
mit antenna.

The precoder operates on the regular and mirror tones
together for the purpose of compensating for I/Q imbalance.
Any number of precoder design criteria may be used includ-
ing ZF, MMSE, or weighted MMSE design. In a preferred
embodiment, the precoder completely removes the ICI due to
1/Q mismatch thus resulting in the receiver not having to
perform any additional compensation.

In one embodiment, the precoder uses a block diagonal-
ization criterion to completely cancel inter-user interference
while not completely canceling the 1/Q effects for each user,
requiring additional receiver processing. In another embodi-
ment, the precoder uses a zero-forcing criterion to completely
cancel both inter-user interference and ICI due to I/Q imbal-
ance. This embodiment can use a conventional DIDO-OFDM
processor at the receiver.

One embodiment of the invention uses pre-coding based on
channel state information to cancel inter-carrier interference
(ICI) from mirror tones (due to I/Q mismatch) in a DIDO-
OFDM system and each user employs an 1Q-aware DIDO
receiver. As illustrated in FIG. 12, in one embodiment of the
invention, a system including the receiver 1202 includes a
plurality of RF units 1208, a corresponding plurality of A/D
units 1210, an IQ-aware channel estimator unit 1204 and a
DIDO feedback generator unit 1206.

The RF units 1208 receive signals transmitted from the
DIDO transmitter units 1114, downconverts the signals to
baseband and provide the downconverted signals to the A/D
units 1210. The ND units 1210 then convert the signal from
analog to digital and send it to the OFDM units 1213. The
OFDM units 1213 remove the cyclic prefix and operates the
FFT to report the signal to the frequency domain. During the
training period the OFDM units 1213 send the output to the
1Q-aware channel estimate unit 1204 that computes the chan-
nel estimates in the frequency domain. Alternatively, the
channel estimates can be computed in the time domain. Dur-
ing the data period the OFDM units 1213 send the output to
the 1Q-aware receiver unit 1202. The 1Q-aware receiver unit
1202 computes the 1Q receiver and demodulates/decodes the
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signal to obtain the data 1214. The IQ-aware channel estimate
unit 1204 sends the channel estimates to the DIDO feedback
generator unit 1206 that may quantize the channel estimates
and send it back to the transmitter via the feedback control
channel 1112.

The receiver 1202 illustrated in FIG. 12 may operate under
any number of criteria known to those skilled in the art includ-
ing ZF, MMSE, maximum likelihood, or MAP receiver. In
one preferred embodiment, the receiver uses an MMSE filter
to cancel the ICI caused by 1Q imbalance on the mirror tones.
in another preferred embodiment, the receiver uses a nonlin-
ear detector like a maximum likelihood search to jointly
detect the symbols on the mirror tones. This method has
improved performance at the expense of higher complexity.

In one embodiment, an IQ-aware channel estimator 1204 is
used to determine the receiver coefficients to remove ICI.
Consequently we claim a DIDO-OFDM system that uses
pre-coding based on channel state information to cancel inter-
carrier interference (ICI) from mirror tones (due to I/Q mis-
match), an IQ-aware DIDO receiver, and an 1Q-aware chan-
nel estimator. The channel estimator may use a conventional
training signal or may use specially constructed training sig-
nals sent on the inphase and quadrature signals. Any number
of'estimation algorithms may be implemented including least
squares, MMSE, or maximum likelihood. The IQ-aware
channel estimator provides an input for the [Q-aware receiver.

Channel state information can be provided to the station
through channel reciprocity or through a feedback channel.
One embodiment of the invention comprises a DIDO-OFDM
system, with [/Q-aware precoder, with an [/Q-aware feedback
channel for conveying channel state information from the
user terminals to the station. The feedback channel may be a
physical or logical control channel. It may be dedicated or
shared, as in a random access channel. The feedback infor-
mation may be generated using a DIDO feedback generator at
the user terminal, which we also claim. The DIDO feedback
generator takes as an input the output of the I/QQ aware channel
estimator. It may quantize the channel coefficients or may use
any number of limited feedback algorithms known in the art.

The allocation of users, modulation and coding rate, map-
ping to space-time-frequency code slots may change depend-
ing on the results of the DIDO feedback generator. Thus, one
embodiment comprises an [Q-aware DIDO configurator that
uses an [Q-aware channel estimate from one or more users to
configure the DIDO IQ-aware precoder, choose the modula-
tion rate, coding rate, subset of users allowed to transmit, and
their mappings to space-time-frequency code slots.

To evaluate the performance of the proposed compensation
methods, three DIDO 2x2 systems will be compared:

1. With I/Q mismatch: transmit over all the tones (except
DC and edge tones), without compensation for I/Q mismatch;

2. With I/Q compensation: transmit over all the tones and
compensate for 1/Q mismatch by using the “method 17
described above;

3. Ideal: transmit data only over the odd tones to avoid
inter-user and inter-carrier (i.e., from the mirror tones) inter-
ference caused to /Q mismatch.

Hereafter, results obtained from measurements with the
DIDO-OFDM prototype in real propagation scenarios are
presented. FIG. 14 depicts the 64-QAM constellations
obtained from the three systems described above. These con-
stellations are obtained with the same users’ locations and
fixed average signal-to-noise ratio (~45 dB). The first con-
stellation 1401 is very noisy due to interference from the
mirror tones caused by I/Q imbalance. The second constella-
tion 1402 shows some improvements due to [/Q compensa-
tions. Note that the second constellation 1402 is not as clean
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as the ideal case shown as constellation 1403 due to possible
phase noise that yields inter-carrier interference (ICI).

FIG. 15 shows the average SER (Symbol Error Rate) 1501
and per-user goodput 1502 performance of DIDO 2x2 sys-
tems with 64-QAM and coding rate %4, with and without 1/Q
mismatch. The OFDM bandwidth is 250 KHz, with 64 tones
and cyclic prefix length I._,=4. Since in the ideal case we
transmit data only over a subset of tones, SER and goodput
performance is evaluated as a function of the average per-tone
transmit power (rather than total transmit power) to guarantee
a fair comparison across different cases. Moreover, in the
following results, we use normalized values of transmit
power (expressed in decibel), since our goal here is to com-
pare the relative (rather than absolute) performance of differ-
ent schemes. FIG. 15 shows that in presence of I/QQ imbalance
the SER saturates, without reaching the target SER (~1072),
consistently to the results reported in A. Tarighat and A. H.
Sayed, “MIMO OFDM receivers for systems with 1Q imbal-
ances,” IEEE Trans. Sig. Proc., vol. 53, pp. 3583-3596, Sep-
tember 2005. This saturation effect is due to the fact that both
signal and interference (from the mirror tones) power
increase as the TX power increases. Through the proposed
1/Q compensation method, however, it is possible to cancel
the interference and obtain better SER performance. Note that
the slight increase in SER at high SNR is due to amplitude
saturation effects in the DAC, due to the larger transmit power
required for 64-QAM modulations.

Moreover, observe that the SER performance with 1/Q
compensation is very close to the ideal case. The 2 dB gap in
TX power between these two cases is due to possible phase
noise that yields additional interference between adjacent
OFDM tones. Finally, the goodput curves 1502 show that it is
possible to transmit twice as much data when the I/Q method
is applied compared to the ideal case, since we use all the data
tones rather than only the odd tones (as for the ideal case).

FIG. 16 graphs the SER performance of different QAM
constellations with and without I/Q compensation. We
observe that, in this embodiment, the proposed method is
particularly beneficial for 64-QAM constellations. For
4-QAM and 16-QAM the method for I/Q compensation
yields worse performance than the case with I/QQ mismatch,
possibly because the proposed method requires larger power
to enable both data transmission and interference cancellation
from the mirror tones. Moreover, 4-QAM and 16-QAM are
not as affected by [/Q mismatch as 64-QAM due to the larger
minimum distance between constellation points. See A. Tari-
ghat, R. Bagheri, and A. H. Sayed, “Compensation schemes
and performance analysis of 1Q imbalances in OFDM receiv-
ers,” IEEE Transactions on Signal Processing, vol. 53, pp.
3257-3268, August 2005. This can be also observed in FIG.
16 by comparing the I/Q mismatch against the ideal case for
4-QAM and 16-QAM. Hence, the additional power required
by the DIDO precoder with interference cancellation (from
the mirror tones) does not justify the small benefit of the I/Q
compensation for the cases of 4-QAM and 16-QAM. Note
that this issue may be fixed by employing the methods 2 and
3 for 1/Q compensation described above.

Finally, the relative SER performance of the three methods
described above is measured in different propagation condi-
tions. For reference, also described is the SER performance in
presence of I/Q mismatch. FIG. 17 depicts the SER measured
for a DIDO 2x2 system with 64-QAM at carrier frequency of
450.5 MHz and bandwidth of 250 KHz, at two different users’
locations. In Location 1 the users are ~6A from the BS in
different rooms and NLOS (Non-Line of Sight)) conditions.
In Location 2 the users are ~A from the BS in LOS (Line of
Sight).
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FIG. 17 shows that all three compensation methods always
outperform the case of no compensation. Moreover, it should
be noted that method 3 outperforms the other two compensa-
tion methods in any channel scenario. The relative perfor-
mance of method 1 and 2 depends on the propagation condi-
tions. It is observed through practical measurement
campaigns that method 1 generally outperforms method 2,
since it pre-cancels (at the transmitter) the inter-user interfer-
ence caused by 1/Q imbalance. When this inter-user interfer-
ence is minimal, method 2 may outperform method 1 as
illustrated in graph 1702 of FIG. 17, since it does not suffer
from power loss due to the I/QQ compensation precoder.

So far, different methods have been compared by consid-
ering only a limited set of propagation scenarios as in FIG. 17.
Hereafter, the relative performance of these methods in ideal
ii.d. (independent and identically-distributed) channels is
measured. DIDO-OFDM systems are simulated with 1/Q
phase and gain imbalance at the transmit and receive sides.
FIG. 18 shows the performance of the proposed methods with
only gain imbalance at the transmit side (i.e., with 0.8 gain on
the I rail of the first transmit chain and gain 1 on the other
rails). It is observed that method 3 outperforms all the other
methods. Also, method 1 performs better than method 2 in
i.i.d. channels, as opposed to the results obtained in Location
2 in graph 1702 of FIG. 17.

Thus, given the three novel methods to compensate for I/Q
imbalance in DIDO-OFDM systems described above,
Method 3 outperforms the other proposed compensation
methods. In systems with low rate feedback channels, method
2 can be used to reduce the amount of feedback required for
the DIDO precoder, at the expense of worse SER perfor-
mance.

II. Adaptive DIDO Transmission Scheme

Another embodiment of a system and method to enhance
the performance of distributed-input distributed-output
(DIDO) systems will now be described. This method dynami-
cally allocates the wireless resources to different user devices,
by tracking the changing channel conditions, to increase
throughput while satisfying certain target error rate. The user
devices estimate the channel quality and feedback it to the
Base Station (BS); the Base Station processes the channel
quality obtained from the user devices to select the best set of
user devices, DIDO scheme, modulation/coding scheme
(MCS) and array configuration for the next transmission; the
Base Station transmits parallel data to multiple user devices
via pre-coding and the signals are demodulated at the
receiver.

A system that efficiently allocates resources for a DIDO
wireless link is also described. The system includes a DIDO
Base Station with a DIDO configurator, which processes
feedback received from the users to select the best set of users,
DIDO scheme, modulation/coding scheme (MCS) and array
configuration for the next transmission; a receiver in a DIDO
system that measures the channel and other relevant param-
eters to generate a DIDO feedback signal; and a DIDO feed-
back control channel for conveying feedback information
from users to the Base Station.

As described in detail below, some of the significant fea-
tures of this embodiment of the invention include, but are not
limited to:

Techniques to adaptively select number of users, DIDO
transmission schemes (i.e., antenna selection or multiplex-
ing), modulation/coding scheme (MCS) and array configura-
tions based on the channel quality information, to minimize
SER or maximize per-user or downlink spectral efficiency;

Techniques to define sets of DIDO transmission modes as
combinations of DIDO schemes and MCSs;
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Techniques to assign different DIDO modes to different
time slots, OFDM tones and DIDO substreams, depending on
the channel conditions;

Techniques to dynamically assign different DIDO modes
to different users based on their channel quality;

Criteria to enable adaptive DIDO switching based on link
quality metrics computed in the time, frequency and space
domains;

Criteria to enable adaptive DIDO switching based on
lookup tables.

A DIDO system with a DIDO configurator at the Base
Station as in FIG. 19 to adaptively select the number of users,
DIDO transmission schemes (i.e., antenna selection or mul-
tiplexing), modulation/coding scheme (MCS) and array con-
figurations based on the channel quality information, to mini-
mize SER or maximize per user or downlink spectral
efficiency;

A DIDO system with a DIDO configurator at the Base
Station and a DIDO feedback generator at each user device as
in FIG. 20, which uses the estimated channel state and/or
other parameters like the estimated SNR at the receiver to
generate a feedback message to be input into the DIDO con-
figurator.

A DIDO system with a DIDO configurator at the Base
Station, DIDO feedback generator, and a DIDO feedback
control channel for conveying DIDO-specific configuration
information from the users to the Base Station.

a. Background

In multiple-input multiple-output (MIMO) systems, diver-
sity schemes such as orthogonal space-time block codes
(OSTBC) (See V. Tarokh, H. Jafarkhani, and A. R. Calder-
bank, “Spacetime block codes from orthogonal designs,”
IEEE Trans. Info. Th., vol. 45, pp. 1456-467, July 1999) or
antenna selection (See R. W. Heath Jr., S. Sandhu, and A. J.
Paulraj, “Antenna selection for spatial multiplexing systems
with linear receivers,” IEEE Trans. Comm., vol. 5, pp. 142-
144, April 2001) are conceived to combat channel fading,
providing increased link robustness that translates in better
coverage. On the other hand, spatial multiplexing (SM)
enables transmission of multiple parallel data streams as a
means to enhance systems throughput. See G. J. Foschini, G.
D. Golden, R. A. Valenzuela, and P. W. Wolniansky, “Simpli-
fied processing for high spectral efficiency wireless commu-
nication employing multielement arrays,” IEEE Jour. Select.
Areas in Comm., vol. 17, no. 11, pp. 1841-1852, November
1999. These benefits can be simultaneously achieved in
MIMO systems, according to the theoretical diversity/multi-
plexing tradeoffs derived in L. Zheng and D. N. C. Tse,
“Diversity and multiplexing: a fundamental tradeoff in mul-
tiple antenna channels,” IEEE Trans. Info. Th., vol. 49, no. 5,
pp- 1073-1096, May 2003. One practical implementation is to
adaptively switch between diversity and multiplexing trans-
mission schemes, by tracking the changing channel condi-
tions.

A number of adaptive MIMO transmission techniques
have been proposed thus far. The diversity/multiplexing
switching method in R. W. Heath and A. J. Paulraj, “Switch-
ing between diversity and multiplexing in MIMO systems,”
IEEE Trans. Comm., vol. 53, no. 6, pp. 962-968, June 2005,
was designed to improve BER (Bit Error Rate) for fixed rate
transmission, based on instantaneous channel quality infor-
mation. Alternatively, statistical channel information can be
employed to enable adaptation as in S. Catreux, V. Erceg, D.
Gesbert, and R. W. Heath. Jr., “Adaptive modulation and
MIMO coding for broadband wireless data networks,” IEEE
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Comm. Mag., vol. 2, pp. 108-115, June 2002 (“Catreux”),
resulting in reduced feedback overhead and number of con-
trol messages. The adaptive transmission algorithm in
Catreux was designed to enhance spectral efficiency for pre-
defined target error rate in orthogonal frequency division
multiplexing (OFDM) systems, based on channel time/fre-
quency selectivity indicators. Similar low feedback adaptive
approaches have been proposed for narrowband systems,
exploiting the channel spatial selectivity to switch between
diversity schemes and spatial multiplexing. See, e.g., A.
Forenza, M. R. McKay, A. Pandharipande, R. W. Heath. Jr.,
and I. B. Collings, “Adaptive MIMO transmission for exploit-
ing the capacity of spatially correlated channels,” accepted to
the IEEE Trans. on Veh. Tech., March 2007; M. R. McKay, 1.
B. Collings, A. Forenza, and R. W. Heath. Jr., “Multiplexing/
beamforming switching for coded MIMO in spatially corre-
lated Rayleigh channels,” accepted to the IEEE Trans. on Veh.
Tech., December 2007; A. Forenza, M. R. McKay, R. W.
Heath. Jr., and 1. B. Collings, “Switching between OSTBC
and spatial multiplexing with linear receivers in spatially
correlated MIMO channels,” Proc. IEEE Veh. Technol. Conf.,
vol. 3, pp. 1387-1391, May 2006; M. R. McKay, 1. B. Coll-
ings, A. Forenza, and R. W. Heath Jr., “A throughput-based
adaptive MIMO BICM approach for spatially correlated
channels,” to appear in Proc. IEEE ICC, June 2006

In this document, we extend the scope of the work pre-
sented in various prior publications to DIDO-OFDM sys-
tems. See, e.g., R. W. Heath and A. J. Paulraj, “Switching
between diversity and multiplexing in MIMO systems,” IEEE
Trans. Comm., vol. 53, no. 6, pp. 962-968, June 2005.S.
Catreux, V. Erceg, D. Gesbert, and R. W. Heath Jr., “Adaptive
modulation and MIMO coding for broadband wireless data
networks,” IEEE Comm. Mag., vol. 2, pp. 108-115, June
2002; A. Forenza, M. R. McKay, A. Pandharipande, R. W.
Heath Jr., and I. B. Collings, “Adaptive MIMO transmission
for exploiting the capacity of spatially correlated channels,”
IEEE Trans. on Veh. Tech., vol. 56, n. 2, pp. 619-630, March
2007. M. R. McKay, 1. B. Collings, A. Forenza, and R. W.
Heath Jr., “Multiplexing/beamforming switching for coded
MIMO in spatially correlated Rayleigh channels,” accepted
to the IEEE Trans. on Veh. Tech., December 2007; A.
Forenza, M. R. McKay, R. W. Heath Jr., and 1. B. Collings,
“Switching between OSTBC and spatial multiplexing with
linear receivers in spatially correlated MIMO channels,”
Proc. IEEE Veh. Technol. Conf., vol. 3, pp. 1387-1391, May
2006. M. R. McKay, 1. B. Collings, A. Forenza, and R. W.
Heath Jr., “A throughput-based adaptive MIMO BICM
approach for spatially correlated channels,” to appear in Proc.
IEEE ICC, June 2006.

A novel adaptive DIDO transmission strategy is described
herein that switches between different numbers of users,
numbers of transmit antennas and transmission schemes
based on channel quality information as a means to improve
the system performance. Note that schemes that adaptively
select the users in multiuser MIMO systems were already
proposed in M. Sharif and B. Hassibi, “On the capacity of
MIMO broadcast channel with partial side information,”
IEEE Trans. Info. Th., vol. 51, p. 506522, February 2005; and
W. Choi, A. Forenza, J. G. Andrews, and R. W. Heath Jr.,
“Opportunistic space division multiple access with beam
selection,” to appear in IEEE Trans. on Communications. The
opportunistic space division multiple access (OSDMA)
schemes in these publications, however, are designed to
maximize the sum capacity by exploiting multi-user diversity
and they achieve only a fraction of the theoretical capacity of
dirty paper codes, since the interference is not completely
pre-canceled at the transmitter. In the DIDO transmission
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algorithm described herein block diagonalization is
employed to pre-cancel inter-user interference. The proposed
adaptive transmission strategy, however, can be applied to
any DIDO system, independently on the type of pre-coding
technique.

The present patent application describes an extension of
the embodiments of the invention described above and in the
Prior Application, including, but not limited to the following
additional features:

1. The training symbols of the Prior Application for chan-
nel estimation can be employed by the wireless client devices
to evaluate the link-quality metrics in the adaptive DIDO
scheme;

2. The base station receives signal characterization data
from the client devices as described in the Prior Application.
Inthe current embodiment, the signal characterization data is
defined as link-quality metric used to enable adaptation;

3. The Prior Application describes a mechanism to select
the number of transmit antennas and users as well as defines
throughput allocation. Moreover, different levels of through-
put can be dynamically assigned to different clients as in the
Prior Application. The current embodiment of the invention
defines novel criteria related to this selection and throughput
allocation.

b. Embodiments of the Invention

The goal of the proposed adaptive DIDO technique is to
enhance per-user or downlink spectral efficiency by dynami-
cally allocating the wireless resource in time, frequency and
space to different users in the system. The general adaptation
criterion is to increase throughput while satisfying the target
error rate. Depending on the propagation conditions, this
adaptive algorithm can also be used to improve the link qual-
ity of the users (or coverage) via diversity schemes. The
flowchart illustrated in FIG. 21 describes steps of the adaptive
DIDO scheme.

The Base Station (BS) collects the channel state informa-
tion (CSI) from all the users in 2102. From the received CS],
the BS computes the link quality metrics in time/frequency/
space domains in 2104. These link quality metrics are used to
select the users to be served in the next transmission as well as
the transmission mode for each of the users in 2106. Note that
the transmission modes consist of different combinations of
modulation/coding and DIDO schemes. Finally, the BS trans-
mits data to the users via DIDO precoding as in 2108.

At 2102, the Base Station collects the channel state infor-
mation (CSI) from all the user devices. The CSlisused by the
Base Station to determine the instantaneous or statistical
channel quality for all the user devices at 2104. In DIDO-
OFDM systems the channel quality (or link quality metric)
can be estimated in the time, frequency and space domains.
Then, at 2106, the Base Station uses the link quality metric to
determine the best subset of users and transmission mode for
the current propagation conditions. A set of DIDO transmis-
sion modes is defined as combinations of DIDO schemes (i.e.,
antenna selection or multiplexing), modulation/coding
schemes (MCSs) and array configuration. At 2108, data is
transmitted to user devices using the selected number ofusers
and transmission modes.

In one embodiment, the mode selection is enabled by
lookup tables (LLUTs) pre-computed based on error rate per-
formance of DIDO systems in different propagation environ-
ments. These LUTs map channel quality information into
error rate performance. To construct the LUTs, the error rate
performance of DIDO systems is evaluated in different
propagation scenarios as a function of the SNR. From the
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error rate curves, it is possible to compute the minimum SNR
required to achieve certain pre-defined target error rate. We
define this SNR requirement as SNR threshold. Then, the
SNR thresholds are evaluated in different propagation sce-
narios and for different DIDO transmission modes and stored
in the LUTs. For example, the SER results in FIGS. 24 and 26
can be used to construct the LUTSs. Then, from the LUTs, the
Base Station selects the transmission modes for the active
users that increase throughput while satisfying predefined
target error rate. Finally, the Base Station transmits data to the
selected users via DIDO pre-coding. Note that different
DIDO modes can be assigned to different time slots, OFDM
tones and DIDO substreams such that the adaptation may
occur in time, frequency and space domains.

One embodiment of a system employing DIDO adaptation
is illustrated in FIGS. 19-20. Several new functional units are
introduced to enable implementation of the proposed DIDO
adaptation algorithms. Specifically, in one embodiment, a
DIDO configurator 1910 performs a plurality of functions
including selecting the number of users, DIDO transmission
schemes (i.e., antenna selection or multiplexing), modula-
tion/coding scheme (MCS), and array configurations based
on the channel quality information 1912 provided by user
devices.

The user selector unit 1902 selects data associated with a
plurality of users U,-U,,, based on the feedback information
obtained by the DIDO configurator 1910, and provides this
information each of the plurality of coding modulation units
1904. Each coding modulation unit 1904 encodes and modu-
lates the information bits of each user and sends them to the
mapping unit 1906. The mapping unit 1906 maps the input
bits to complex symbols and sends it to the precoding unit
1908. Both the coding modulation units 1904 and the map-
ping unit 1906 exploit the information obtained from the
DIDO configurator unit 1910 to choose the type of modula-
tion/coding scheme to employ for each user. This information
is computed by the DIDO configurator unit 1910 by exploit-
ing the channel quality information of each of the users as
provided by the feedback unit 1912. The DIDO precoding
unit 1908 exploits the information obtained by the DIDO
configurator unit 1910 to compute the DIDO precoding
weights and precoding the input symbols obtained from the
mapping units 1906. Each of the precoded data streams are
sent by the DIDO precoding unit 1908 to the OFDM unit 1915
that computes the IFFT and adds the cyclic prefix. This infor-
mation is sent to the D/A unit 1916 that operates the digital to
analog conversion and sends the resulting analog signal to the
RF unit 1914. The RF unit 1914 upconverts the baseband
signal to intermediate/radio frequency and send it to the trans-
mit antenna.

The RF units 2008 of each client device receive signals
transmitted from the DIDO transmitter units 1914, downcon-
verts the signals to baseband and provide the downconverted
signals to the ND units 2010. The ND units 2010 then convert
the signal from analog to digital and send it to the OFDM
units 2013. The OFDM units 2013 remove the cyclic prefix
and carries out the FFT to report the signal to the frequency
domain. During the training period the OFDM units 2013
send the output to the channel estimate unit 2004 that com-
putes the channel estimates in the frequency domain. Alter-
natively, the channel estimates can be computed in the time
domain. During the data period the OFDM units 2013 send
the output to the receiver unit 2002 which demodulates/de-
codes the signal to obtain the data 2014. The channel estimate
unit 2004 sends the channel estimates to the DIDO feedback
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generator unit 2006 that may quantize the channel estimates
and send it back to the transmitter via the feedback control
channel 1912.

The DIDO configurator 1910 may use information derived
at the Base Station or, in a preferred embodiment, uses addi-
tionally the output of a DIDO Feedback Generator 2006 (see
FIG. 20), operating at each user device. The DIDO Feedback
Generator 2006 uses the estimated channel state 2004 and/or
other parameters like the estimated SNR at the receiver to
generate a feedback message to be input into the DIDO Con-
figurator 1910. The DIDO Feedback Generator 2006 may
compress information at the receiver, may quantize informa-
tion, and/or use some limited feedback strategies known in
the art.

The DIDO Configurator 1910 may use information recov-
ered from a DIDO Feedback Control Channel 1912. The
DIDO Feedback Control Channel 1912 is a logical or physi-
cal control channel that is used to send the output of the DIDO
Feedback Generator 2006 from the user to the Base Station.
The control channel 1912 may be implemented in any number
of ways, known in the art and may be a logical or a physical
control channel. As a physical channel it may comprise a
dedicated time/frequency slot assigned to a user. It may also
be a random access channel shared by all users. The control
channel may be pre-assigned or it may be created by stealing
bits in a predefined way from an existing control channel.

In the following discussion, results obtained through mea-
surements with the DIDO-OFDM prototype are described in
real propagation environments. These results demonstrate the
potential gains achievable in adaptive DIDO systems. The
performance of different order DIDO systems is presented
initially, demonstrating that it is possible to increase the num-
ber of antennas/user to achieve larger downlink throughput.
The DIDO performance as a function of user device’s loca-
tionis then described, demonstrating the need for tracking the
changing channel conditions. Finally, the performance of
DIDO systems employing diversity techniques is described.

i. Performance of Different Order DIDO Systems

The performance of different DIDO systems is evaluated
with increasing number of transmit antennas N=M, where M
is the number of users. The performance of the following
systems is compared: SISO, DIDO 2x2, DIDO 4x4, DIDO
6x6 and DIDO 8x8. DIDO NxM refers to DIDO with N
transmit antennas at the BS and M users.

FIG. 22 illustrates the transmit/receive antenna layout in a
exemplary residential floor plan. The transmit antennas 2201
are placed in squared array configuration and the users are
located around the transmit array. In FIG. 22, T indicates the
“transmit” antennas and U refers to the “user devices” 2202.

Different antenna subsets are active in the 8-element trans-
mit array, depending on the value of N chosen for different
measurements. For each DIDO order (N) the subset of anten-
nas that covers the largest real estate for the fixed size con-
straint of the 8-element array was chosen. This criterion is
expected to enhance the spatial diversity for any given value
of N.

FIG. 23 shows the array configurations for different DIDO
orders that fit the available real estate (i.e., dashed line and
outer walls). The squared dashed box has dimensions of 24"x
24" corresponding to ~AxA at the carrier frequency of 450
MHz.

Based on the comments related to FIG. 23 and with refer-
ence to FIG. 22, the performance of each of the following
systems will now be defined and compared:

SISO with T1 and U1 (2301)

DIDO 2x2 with T1,2 and U1,2 (2302)

DIDO 4x4 with T1,2,3,4 and U1,2,3,4 (2303)
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DIDO 6x6 with T1,2,3,4,5,6 and U1,2,3,4,5,6 (2304)

DIDO 8x8 with T1,2,3,4,5,6,7,8 and U1,2,3,4,5,6,7,8
(2305)

FIG. 24 shows the SER, BER, SE (Spectral Efficiency) and
goodput performance as a function of the transmit (TX)
power for the DIDO systems described above, with 4-QAM
and FEC (Forward Error Correction) rate of /2. Observe that
the SER and BER performance degrades for increasing val-
ues of N. This effect is due to two phenomena: for fixed TX
power, the input power to the DIDO array is split between
increasing number of users (or data streams); the spatial
diversity decreases with increasing number of users in real-
istic (spatially correlated) DIDO channels.

To compare the relative performance of different order
DIDO systems the target BER is fixed to 10~ (this value may
vary depending on the system) that corresponds approxi-
mately to SER. 1072 as shown in FIG. 24. We refer to the TX
power values corresponding to this target as TX power thresh-
olds (TPT). For any N, if the TX power is below the TPT, we
assume it is not possible to transmit with DIDO order N and
we need to switch to lower order DIDO. Also, in FIG. 24,
observe that the SE and goodput performance saturate when
the TX power exceeds the TPTs for any value of N. From
these results, an adaptive transmission strategy may be
designed that switches between different order DIDO to
enhance SE or goodput for fixed predefined target error rate.

ii. Performance with Variable User Location

The goal of this experiment is to evaluate the DIDO per-
formance for different users’ location, via simulations in spa-
tially correlated channels. DIDO 2x2 systems are considered
with 4QAM and an FEC rate of V2. User 1 is at a broadside
direction from the transmit array, whereas user 2 changes
locations from broadside to endfire directions as illustrated in
FIG. 25. The transmit antennas are spaced ~A/2 and separated
~2.5\ from the users.

FIG. 26 shows the SER and per-user SE results for different
locations of user device 2. The user device’s angles of arrival
(AOAs) range between 0° and 90°, measured from the broad-
side direction of the transmit array. Observe that, as the user
device’s angular separation increases, the DIDO performance
improves, due to larger diversity available in the DIDO chan-
nel. Also, at target SER=107> there is a 10 dB gap between the
cases AOA2=0° and AOA2=90°. This result is consistent to
the simulation results obtained in FIG. 35 for an angle spread
of 10°. Also, note that for the case of AOA1=AOA2=0° there
may be coupling effects between the two users (due to the
proximity of their antennas) that may vary their performance
from the simulated results in FIG. 35.

iii. Preferred Scenario for DIDO 8x8

FIG. 24 illustrated that DIDO 8x8 yields a larger SE than
lower order DIDO at the expense of higher TX power require-
ment. The goal of this analysis is to show there are cases
where DIDO 8x8 outperforms DIDO 2x2, not only in terms
of'peak spectral efficiency (SE), but also in terms of TX power
requirement (or TPT) to achieve that peak SE.

Note that, ini.i.d. (ideal) channels, there is ~6 dB gap in TX
power between the SE of DIDO 8x8 and DIDO 2x2. This gap
is due to the fact that DIDO 8x8 splits the TX power across
eight data streams, whereas DIDO 2x2 only between two
streams. This result is shown via simulation in FIG. 32.

In spatially correlated channels, however, the TPT is a
function of the characteristics of the propagation environment
(e.g., array orientation, user location, angle spread). For
example, FIG. 35 shows ~15 dB gap for low angle spread
between two different user device’s locations. Similar results
are presented in FIG. 26 of the present application.
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Similarly to MIMO systems, the performance of DIDO
systems degrades when the users are located at endfire direc-
tions from the TX array (due to lack of diversity). This effect
has been observed through measurements with the current
DIDO prototype. Hence, one way to show that DIDO 8x8
outperforms DIDO 2x2 is to place the users at endfire direc-
tions with respect to the DIDO 2x2 arrays. In this scenario,
DIDO 8x8 outperforms DIDO 2x2 due to the higher diversity
provided by the 8-antenna array.

In this analysis, consider the following systems:

System 1: DIDO 8x8 with 4-QAM (transmit 8 parallel data
streams every time slot);

System 2: DIDO 2x2 with 64-QAM (transmit to users X
and Y every 4 time slots). For this system we consider four
combinations of TX and RX antennalocations: a) T1,T2 U1,2
(endfire direction); b) T3,T4 U3,4 (endfire direction); c)
T5,T6 U5,6 (~30° from the endfire direction); d) T7,T8 U7,8
(NLOS (Non-Line of Sight));

System 3: DIDO 8x8 with 64-QAM; and

System 4: MISO 8x1 with 64-QAM (transmit to user X
every 8 time slots).

For all these cases, an FEC rate of 34 was used.

The users’ locations are depicted in FIG. 27.

In FIG. 28 the SER results show a ~15 dB gap between
Systems 2a and 2¢ due to different array orientations and user
locations (similar to the simulation results in FIG. 35). The
first subplot in the second row shows the values of TX power
for which the SE curves saturate (i.e. corresponding to BER
le-4). We observe that System 1 yields larger per-user SE for
lower TX power requirement (~5 dB less) than System 2.
Also, the benefits of DIDO 8x8 versus DIDO 2x2 are more
evident for the DL (downlink) SE and DL goodput due to
multiplexing gain of DIDO 8x8 over DIDO 2x2. System 4
has lower TX power requirement (8 dB less) than System 1,
due to the array gain of beamforming (i.e., MRC with MISO
8x1). But System 4 yields only %5 of per-user SE compared to
System 1. System 2 performs worse than System 1 (i.e., yields
lower SE for larger TX power requirement). Finally, System
3 yields much larger SE (due to larger order modulations)
than System 1 for larger TX power requirement (~15 dB).

From these results, the following conclusions may be
drawn:

One channel scenario was identified for which DIDO 8x8
outperforms DIDO 2x2 (i.e., yields larger SE for lower TX
power requirement);

In this channel scenario, DIDO 8x8 yields larger per user
SE and DL SE than DIDO 2x2 and MISO 8x1; and

It is possible to further increase the performance of DIDO
8x8 by using higher order modulations (i.e., 64-QAM rather
than 4-QAM) at the expense of larger TX power requirements
(~15 dB more).

iv. DIDO with Antenna Selection

Hereafter, we evaluate the benefit of the antenna selection
algorithm described in R. Chen, R. W. Heath, and J. G.
Andrews, “Transmit selection diversity for unitary precoded
multiuser spatial multiplexing systems with linear receivers,”
accepted to IEEE Trans. on Signal Processing, 2005. We
present the results for one particular DIDO system with two
users, 4-QAM and FEC rate of %4. The following systems are
compared in FIG. 27:

DIDO 2x2 with T1,2 and U1,2; and

DIDO 3x2 using antenna selection with T1,2,3 and U1,2.

The transmit antenna’s and user device locations are the
same as in FIG. 27.

FIG. 29 shows that DIDO 3x2 with antenna selection may
provide ~5 dB gain compared to DIDO 2x2 systems (with no
selection). Note that the channel is almost static (i.e., no
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Doppler), so the selection algorithms adapts to the path-loss
and channel spatial correlation rather than the fast-fading. We
should be seeing different gains in scenarios with high Dop-
pler. Also, in this particular experiment it was observed that
the antenna selection algorithm selects antennas 2 and 3 for
transmission.

iv. SNR Thresholds for the LUTs

In section [0171] we stated that the mode selection is
enabled by LUTs. The LUTs can be pre-computed by evalu-
ating the SNR thresholds to achieve certain predefined target
error-rate performance for the DIDO transmission modes in
different propagation environments. Hereafter, we provide
the performance of DIDO systems with and without antenna
selection and variable number of users that can be used as
guidelines to construct the LUTs. While FIGS. 24, 26, 28, 29
were derived from practical measurements with the DIDO
prototype, the following Figures are obtained through simu-
lations. The following BER results assume no FEC.

FIG. 30 shows the average BER performance of different
DIDO precoding schemes in i.i.d. channels. The curve
labeled as ‘no selection’ refers to the case when BD is
employed. In the same figure the performance of antenna
selection (ASel) is shown for different number of extra anten-
nas (with respect to the number of users). It is possible to see
that as the number of extra antennas increases, ASel provides
better diversity gain (characterized by the slope of the BER
curve in high SNR regime), resulting in better coverage. For
example, if we fix the target BER to 1072 (practical value for
uncoded systems), the SNR gain provided by ASel increases
with the number of antennas.

FIG. 31 shows the SNR gain of ASel as a function of the
number of extra transmit antennas in i.i.d. channels, for dif-
ferent targets BER. It is possible to see that, just by adding 1
or 2 antennas, ASel yields significant SNR gains compared to
BD. In the following sections, we will evaluate the perfor-
mance of ASel only for the cases of 1 or 2 extra antennas and
by fixing the target BER to 1072 (for uncoded systems).

FIG. 32 depicts the SNR thresholds as a function of the
number of users (M) for BD and ASel with 1 and 2 extra
antennas in i.i.d. channels. We observe that the SNR thresh-
olds increase with M due to the larger receive SNR require-
ment for larger number of users. Note that we assume fixed
total transmit power (with variable number of transmit anten-
nas) for any number of users. Moreover, FIG. 32 shows that
the gain due to antenna selection is constant for any number of
users in i.i.d. channels.

Hereafter, we show the performance of DIDO systems in
spatially correlated channels. We simulate each user’s chan-
nel through the COST-259 spatial channel model described in
X. Zhuang, F. W. Vook, K. L.. Baum, T. A. Thomas, and M.
Cudak, “Channel models for link and system level simula-
tions,” IEEE 802.16 Broadband Wireless Access Working
Group, September 2004. We generate single-cluster for each
user. As a case study, we assume NLOS channels, uniform
linear array (UL A) at the transmitter, with element spacing of
0.5 lambda. For the case of 2-user system, we simulate the
clusters with mean angles of arrival AOA1 and AOA2 for the
first and second user, respectively. The AOAs are measured
with respect to the broadside direction of the ULA. When
more than two users are in the system, we generate the users’
clusters with uniformly spaced mean AOAs in the range
[=9,,5 $,,,], Where we define
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with K being the number of users and A¢ is the angular
separation between the users’ mean AOAs. Note that the
angular range [-¢,,. ¢,,] is centered at the 0° angle, corre-
sponding to the broadside direction of the ULA. Hereafter, we
study the BER performance of DIDO systems as a function of
the channel angle spread (AS) and angular separation
between users, with BD and ASel transmission schemes and
different numbers of users.

FIG. 33 depicts the BER versus per-user average SNR for
two users located at the same angular direction (i.e.,
AOA1=AO0A2=0°, with respect to the broadside direction of
the ULA), with different values of AS. It is possible to see that
as the AS increases the BER performance improves and
approaches the i.i.d. case. In fact, higher AS yields statisti-
cally less overlapping between the eigenmodes of the two
users and better performance of the BD precoder.

FIG. 34 shows similar results as FIG. 33, but with higher
angular separation between the users. We consider AOA1=0°
and AOA2=90° (i.e., 90° angular separation). The best per-
formance is now achieved in the low AS case. In fact, for the
case of high angle separation, there is less overlapping
between the users’ eigenmodes when the angular spread is
low. Interestingly, we observe that the BER performance in
low AS is better than i.i.d. channels for the same reasons just
mentioned.

Next, we compute the SNR thresholds, for target BER of
1072 in different correlation scenarios. FIG. 35 plots the SNR
thresholds as a function of the AS for different values of the
mean AOAs of the users. For low users’ angular separation
reliable transmissions with reasonable SNR requirement (i.e.,
18 dB) are possible only for channels characterized by high
AS. On the other hand, when the users are spatially separated,
less SNR is required to meet the same target BER.

FIG. 36 shows the SNR threshold for the case of five users.
The users’ mean AOAs are generated according to the defi-
nition in (13), with different values of angular separation A¢.
We observe that for A¢=0° and AS<15°, BD performs poorly
due to the small angle separation between users, and the target
BER is not satisfied. For increasing AS the SNR requirement
to meet the fixed target BER decreases. On the other end, for
A¢p=30°, the smallest SNR requirement is obtained at low AS,
consistently to the results in FIG. 35. As the AS increases, the
SNR thresholds saturate to the one of i.i.d. channels. Note
that_A¢=30° with 5 users corresponds to the AOA range of
[-60°, 60°], that is typical for base stations in cellular systems
with 120° sectorized cells.

Next, we study the performance of ASel transmission
scheme in spatially correlated channels. FIG. 37 compares
the SNR threshold of BD and ASel, with 1 and 2 extra anten-
nas, for two user case. We consider two different cases of
angular separation between users: {AOA1=0°,A0A2=0°}
and {AOA1=0°,A0A2=90°}. The curves for BD scheme
(i.e., no antenna selection) are the same as in FIG. 35. We
observe that ASel yields 8 dB and 10 dB SNR gains with 1 and
2 extra antennas, respectively, for high AS. As the AS
decreases, the gain due to ASel over BD becomes smaller due
to the reduced number of degrees of freedom in the MIMO
broadcast channel. Interestingly, for AS=0° (i.e., close to
LOS channels) and the case { AOA1=0°, AOA2=90°}, ASel
does not provide any gain due to the luck of diversity in the
space domain. FIG. 38 shows similar results as FIG. 37, but
for five user case.
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We compute the SNR thresholds (assuming usual target
BER of 1072) as a function of the number of users in the
system (M), for both BD and ASel transmission schemes. The
SNR thresholds correspond to the average SNR, such that the
total transmit power is constant for any M. We assume maxi-
mum separation between the mean AOAs of each user’s clus-
ter within the azimuth range [-¢,,,, §,,,]=[-60°, 60°]. Then, the
angular separation between users is A¢p=120°/(M-1).

FIG. 39 shows the SNR thresholds for BD scheme with
different values of AS. We observe that the lowest SNR
requirement is obtained for AS=0.1° (i.e., low angle spread)
with relatively small number of users (i.e., K<20), due to the
large angular separation between users. For M>50, however,
the SNR requirement is way above 40 dB, since A¢ is very
small, and BD is impractical. Moreover, for AS>10° the SNR
thresholds remain almost constant for any M, and the DIDO
system in spatially correlated channels approaches the per-
formance of i.i.d. channels.

To reduce the values of the SNR thresholds and improve
the performance of the DIDO system we apply ASel trans-
mission scheme. FIG. 40 depicts the SNR thresholds in spa-
tially correlated channels with AS=0.1° for BD and ASel with
1 and 2 extra antennas. For reference we report also the curves
for the 1.1.d. case shown in FIG. 32. It is possible to see that,
for low number of users (i.e., M<10), antenna selection does
not help reducing the SNR requirement due to the lack of
diversity in the DIDO broadcast channel. As the number of
users increases, ASel benefits from multiuser diversity yield-
ing SNR gains (i.e., 4 dB for M=20). Moreover, for M<20, the
performance of ASel with 1 or 2 extra antennas in highly
spatially correlated channels is the same.

We then compute the SNR thresholds for two more channel
scenarios: AS=5° in FIG. 41 and AS=10°in FIG. 42. F1G. 41
shows that ASel yields SNR gains also for relatively small
number of users (i.e., M=10) as opposed to FIG. 40, due to the
larger angle spread. For AS=10° the SNR thresholds reduce
further and the gains due to ASel get higher, as reported in
FIG. 42.

Finally, we summarize the results presented so far for cor-
related channels. FIG. 43 and FIG. 44 show the SNR thresh-
olds as a function of the number of users (M) and angle spread
(AS) for BD and ASel schemes, with 1 and 2 extra antennas,
respectively. Note that the case of AS=30° corresponds actu-
ally to i.i.d. channels, and we used this value of AS in the plot
only for graphical representation. We observe that, while BD
is affected by the channel spatial correlation, ASel yields
almost the same performance for any AS. Moreover, for
AS=0.1°, ASel performs similarly to BD for low M, whereas
outperforms BD for large M (i.e., M=20), due to multiuser
diversity.

FIG. 49 compares the performance of different DIDO
schemes in terms of SNR thresholds. The DIDO schemes
considered are: BD, ASel, BD with eigenmode selection
(BD-ESel) and maximum ratio combining (MRC). Note that
MRC, does not pre-cancel interference at the transmitter (un-
like the other methods), but does provide larger gain in case
the users are spatially separated. In FIG. 49 we plot the SNR
threshold for target BER=10-2 for DIDO Nx2 systems when
the two users are located at —30° and 30° from the broadside
direction of the transmit array, respectively. We observe that
for low AS the MRC scheme provides 3 dB gain compared to
the other schemes since the users’ spatial channels are well
separated and the effect of inter-user interference is low. Note
that the gain of MRC over DIDO Nx2 are due to array gain.
For AS larger than 20° the QR-ASel scheme outperforms the
other and yields about 10 dB gain compared to BD 2x2 with
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no selection. QR-ASel and BD-ESel provide about the same
performance for any value of AS.

Described above is a novel adaptive transmission tech-
nique for DIDO systems. This method dynamically switches
between DIDO transmission modes to different users to
enhance throughput for fixed target error rate. The perfor-
mance of different order DIDO systems was measured in
different propagation conditions and it was observed that
significant gains in throughput may be achieved by dynami-
cally selecting the DIDO modes and number of users as a
function of the propagation conditions.

Pre-compensation of Frequency and Phase Offset
a. Background

As previously described, wireless communication systems
use carrier waves to convey information. These carrier waves
are usually sinusoids that are amplitude and/or phase modu-
lated in response to information to be transmitted. The nomi-
nal frequency of the sinusoid is known as the carrier fre-
quency. To create this waveform, the transmitter synthesizes
one or more sinusoids and uses upconversion to create a
modulated signal riding on a sinusoid with the prescribed
carrier frequency. This may be done through direct conver-
sion where the signal is directly modulated on the carrier or
through multiple upconversion stages. To process this wave-
form, the receiver must demodulate the received RF signal
and effectively remove the modulating carrier. This requires
that the receiver synthesize one or more sinusoidal signals to
reverse the process of modulation at the transmitter, known as
downconversion. Unfortunately, the sinusoidal signals gen-
erated at the transmitter and receiver are derived from differ-
ent reference oscillators. No reference oscillator creates a
perfect frequency reference; in practice there is always some
deviation from the true frequency.

In wireless communication systems, the differences in the
outputs of the reference oscillators at the transmitter and
receivers create the phenomena known as carrier frequency
offset, or simply frequency offset, at the receiver. Essentially
there is some residual modulation in the received signal (cor-
responding to the difference in the transmit and receive car-
riers), which occurs after downconversion. This creates dis-
tortion in the received signal resulting in higher bit error rates
and lower throughput.

There are different techniques for dealing with carrier fre-
quency offset. Most approaches estimate the carrier fre-
quency offset at the receiver and then apply a carrier fre-
quency offset correction algorithm. The carrier frequency
offset estimation algorithm may be blind using offset QAM
(T. Fusco and M. Tanda, “Blind Frequency-offset Estimation
for OFDM/OQAM Systems,” IEEE Transactions on Signal
Processing, vol. 55, pp. 1828-1838,2007); periodic properties
(E. Serpedin, A. Chevreuil, G. B. Giannakis, and P. Loubaton,
“Blind channel and carrier frequency offset estimation using
periodic modulation precoders,” IEEE Transactions on Sig-
nal Processing, vol. 48, no. 8§, pp. 2389-2405, August 2000);
or the cyclic prefix in orthogonal frequency division multi-
plexing (OFDM) structure approaches (J. J. van de Beek, M.
Sandell, and P. O. Borjesson, “ML estimation of time and
frequency offset in OFDM systems,” IEEE Transactions on
Signal Processing, vol. 45, no. 7, pp. 1800-1805, July 1997;
U. Tureli, H. Liu, and M. D. Zoltowski, “OFDM blind carrier
offset estimation: ESPRIT,” IEEE Trans. Commun., vol. 48,
no. 9, pp. 1459-1461, September 2000; M. Luise, M.
Marselli, and R. Reggiannini, “Low-complexity blind carrier
frequency recovery for OFDM signals over frequency-selec-
tive radio channels,” IEEE Trans. Commun., vol. 50, no. 7,
pp. 1182-1188, July 2002).
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Alternatively special training signals may be utilized
including a repeated data symbol (P. H. Moose, “A technique
for orthogonal frequency division multiplexing frequency
offset correction,” IEEE Trans. Commun., vol. 42, no. 10, pp.
2908-2914, October 1994); two different symbols (T. M.
Schmidl and D. C. Cox, “Robust frequency and timing syn-
chronization for OFDM,” IEEE Trans. Commun., vol. 45, no.
12, pp. 1613-1621, December 1997); or periodically inserted
known symbol sequences (M. Luise and R. Reggiannini,
“Carrier frequency acquisition and tracking for OFDM sys-
tems,” IEEE Trans. Commun., vol. 44, no. 11, pp. 1590-1598,
November 1996). The correction may occur in analog or in
digital. The receiver can also use carrier frequency offset
estimation to precorrect the transmitted signal to eliminate
offset. Carrier frequency offset correction has been studied
extensively for multicarrier and OFDM systems due to their
sensitivity to frequency offset (J. J. van de Beek, M. Sandell,
and P. O. Borjesson, “ML estimation of time and frequency
offset in OFDM systems,” Signal Processing, IEEE Transac-
tions on [see also Acoustics, Speech, and Signal Processing,
IEEE Transactions on], vol. 45, no. 7, pp. 1800-1805, July
1997, U. Tureli, H. Liu, and M. D. Zoltowski, “OFDM blind
carrier offset estimation: ESPRIT,” IEEE Trans. Commun.,
vol.48,n0.9, pp. 1459-1461, September 2000; T. M. Schmidl
and D. C. Cox, “Robust frequency and timing synchroniza-
tion for OFDM,” IEEE Trans. Commun., vol. 45, no. 12, pp.
1613-1621, December 1997; M. Luise, M. Marselli, and R.
Reggiannini, “Low-complexity blind carrier frequency
recovery for OFDM signals over frequency-selective radio
channels,” IEEE Trans. Commun., vol. 50, no. 7, pp. 1182-
1188, July 2002).

Frequency offset estimation and correction is an important
issue for multi-antenna communication systems, or more
generally MIMO (multiple input multiple output) systems. In
MIMO systems where the transmit antennas are locked to one
frequency reference and the receivers are locked to another
frequency reference, there is a single offset between the trans-
mitter and receiver. Several algorithms have been proposed to
tackle this problem using training signals (K. Lee and J.
Chun, “Frequency-offset estimation for MIMO and OFDM
systems using orthogonal training sequences,” IEEE Trans.
Veh. Technol., vol. 56, no. 1, pp. 146-156, January 2007; M.
Ghogho and A. Swami, “Training design for multipath chan-
nel and frequency offset estimation in MIMO systems,” IEEE
Transactions on Signal Processing, vol. 54, no. 10, pp. 3957-
3965, October 2006, and adaptive tracking C. Oberli and B.
Daneshrad, “Maximum likelihood tracking algorithms for
MIMOOFDM,” in Communications, 2004 IEEE Interna-
tional Conference on, vol. 4, June 20-24,2004, pp. 2468-
2472). A more severe problem is encountered in MIMO sys-
tems where the transmit antennas are not locked to the same
frequency reference but the receive antennas are locked
together. This happens practically in the uplink of a spatial
division multiple access (SDMA) system, which can be
viewed as a MIMO system where the different users corre-
spond to different transmit antennas. In this case the compen-
sation of frequency offset is much more complicated. Spe-
cifically, the frequency offset creates interference between
the different transmitted MIMO streams. It can be corrected
using complex joint estimation and equalization algorithms
(A. Kannan, T. P. Krauss, and M. D. Zoltowski, “Separation
of cochannel signals under imperfect timing and carrier syn-
chronization,” IEEE Trans. Veh. Technol., vol. 50, no. 1, pp.
79-96, January 2001), and equalization followed by fre-
quency offset estimation (T. Tang and R. W. Heath, “Joint
frequency offset estimation and interference cancellation for
MIMO-OFDM systems [mobile radio],” 2004. VTC2004-
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Fall. 2004 IEEE 60” Vehicular Technology Conference, vol.
3, pp. 1553-1557, Sep. 26-29, 2004; X. Dai, “Carrier fre-
quency offset estimation for OFDM/SDMA systems using
consecutive pilots,” IEEE Proceedings-Communications,
vol. 152, pp. 624-632, Oct. 7, 2005). Some work has dealt
with the related problem of residual phase off-set and tracking
error, where residual phase offsets are estimated and compen-
sated after frequency offset estimation, but this work only
consider the uplink of an SDMA OFDMA system (L. Haring,
S. Bieder, and A. Czylwik, “Residual carrier and sampling
frequency synchronization in multiuser OFDM systems,”
2006. VTC 2006-Spring. IEEE 63rd Vehicular Technology
Conference, vol. 4, pp. 1937-1941, 2006). The most severe
case in MIMO systems occurs when all transmit and receive
antennas have different frequency references. The only avail-
able work on this topic only deals with asymptotic analysis of
estimation error in flat fading channels (O. Besson and P.
Stoica, “On parameter estimation of MIMO flat-fading chan-
nels with frequency offsets,” Signal Processing, IEEE Trans-
actions on [see also Acoustics, Speech, and Signal Process-
ing, IEEE Transactions on], vol. 51, no. 3, pp. 602-613,
March 2003).

A case that has not been significantly investigated occurs
when the different transmit antennas of a MIMO system do
not have the same frequency reference and the receive anten-
nas process the signals independently. This happens in what is
known as a distributed input distributed-output (DIDO) com-
munication system, also called the MIMO broadcast channel
in the literature. DIDO systems consist of one access point
with distributed antennas that transmit parallel data streams
(via precoding) to multiple users to enhance downlink
throughput, while exploiting the same wireless resources
(i.e., same slot duration and frequency band) as conventional
SISO systems. Detailed description of DIDO systems was
presented in, S. G. Perlman and T. Cotter, “System and
method for distributed input-distributed output wireless com-
munications,” U.S. Patent Application 20060023803, July
2004. There are many ways to implement DIDO precoders.
One solution is block diagonalization (BD) described in, for
example, Q. H. Spencer, A. L. Swindlehurst, and M. Haardt,
“Zero-forcing methods for downlink spatial multiplexing in
multiuser MIMO channels,” IEEE Trans. Sig. Proc., vol. 52,
pp- 461-471, February 2004; K. K. Wong, R. D. Murch, and
K. B. Letaief, “A joint-channel diagonalization for multiuser
MIMO antenna systems,” IEEE Trans. Wireless Comm., vol.
2, pp. 773-786, July 2003; L. U. Choi and R. D. Murch, “A
transmit preprocessing technique for multiuser MIMO sys-
tems using a decomposition approach,” IEEE Trans. Wireless
Comm., vol. 3, pp. 20-24, January 2004; Z. Shen, J. G.
Andrews, R. W. Heath, and B. L. Evans, “Low complexity
user selection algorithms for multiuser MIMO systems with
block diagonalization,” accepted for publication in IEEE
Trans. Sig. Proc., September 2005; Z. Shen, R. Chen, J. G.
Andrews, R. W. Heath, and B. L. Evans, “Sum capacity of
multiuser MIMO broadcast channels with block diagonaliza-
tion,” submitted to IEEE Trans. Wireless Comm., October
2005; R. Chen, R. W. Heath, and J. G. Andrews, “Transmit
selection diversity forunitary precoded multiuser spatial mul-
tiplexing systems with linear receivers,” accepted to IEEE
Trans. on Signal Processing, 2005.

In DIDO systems, transmit precoding is used to separate
data streams intended for different users. Carrier frequency
offset causes several problems related to the system imple-
mentation when the transmit antenna radio frequency chains
do not share the same frequency reference. When this hap-
pens, each antenna is effectively transmits at a slightly differ-
ent carrier frequency. This destroys the integrity of the DIDO
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precoder resulting in each user experiencing extra interfer-
ence. Proposed below are several solutions to this problem. In
one embodiment of the solution, the DIDO transmit antennas
share a frequency reference through a wired, optical, or wire-
less network. In another embodiment of the solution, one or
more users estimate the frequency offset differences (the
relative differences in the offsets between pairs of antennas)
and send this information back to the transmitter. The trans-
mitter then precorrects for the frequency offset and proceeds
with the training and precoder estimation phase for DIDO.
There is a problem with this embodiment when there are
delays in the feedback channel. The reason is that there may
be residual phase errors created by the correction process that
are not accounted for in the subsequent channel estimation.
To solve this problem, one additional embodiment uses a
novel frequency offset and phase estimator that can correct
this problem by estimating the delay. Results are presented
based both on simulations and practical measurements car-
ried out with a DIDO-OFDM prototype.

The frequency and phase offset compensation method pro-
posed in this document may be sensitive to estimation errors
due to noise at the receiver. Hence, one additional embodi-
ment proposes methods for time and frequency offset estima-
tion that are robust also under low SNR conditions.

There are different approaches for performing time and
frequency offset estimation. Because of its sensitivity to syn-
chronization errors, many of these approaches were proposed
specifically for the OFDM waveform.

The algorithms typically do not exploit the structure of the
OFDM waveform thus they are generic enough for both
single carrier and multicarrier waveforms. The algorithm
described below is among a class of techniques that employ
known reference symbols, e.g. training data, to aid in syn-
chronization. Most of these methods are extensions of
Moose’s frequency offset estimator (see P. H. Moose, “A
technique for orthogonal frequency division multiplexing
frequency offset correction,” IEEE Trans. Commun., vol. 42,
no. 10, pp. 2908-2914, October 1994.). Moose proposed to
use two repeated training signals and derived the frequency
offset using the phase difference between both received sig-
nals. Moose’s method can only correct for the fractional
frequency offset. An extension of the Moose method was
proposed by Schmidl and Cox (T. M. Schmidl and D. C. Cox,
“Robust frequency and timing synchronization for OFDM,”
IEEE Trans. Commun., vol. 45, no. 12, pp. 1613-1621,
December 1997.). Their key innovation was to use one peri-
odic OFDM symbol along with an additional differentially
encoded training symbol. The differential encoding in the
second symbol enables integer offset correction. Coulson
considered a similar setup as described in T. M. Schmidl and
D. C. Cox, “Robust frequency and timing synchronization for
OFDM,” IEEE Trans. Commun., vol. 45, no. 12, pp. 1613-
1621, December 1997, and provided a detailed discussion of
algorithms and analysis as described in A. J. Coulson, “Maxi-
mum likelihood synchronization for OFDM using a pilot
symbol: analysis,” IEEE J. Select. Areas Commun., vol. 19,
no. 12, pp. 2495-2503, December 2001.; A. J. Coulson,
“Maximum likelihood synchronization for OFDM using a
pilot symbol: algorithms,” IEEE J. Select. Areas Commun.,
vol. 19, no. 12, pp. 2486-2494, December 2001. One main
difference is that Coulson uses repeated maximum length
sequences to provide good correlation properties. He also
suggests using chirp signals because of their constant enve-
lope properties in the time and frequency domains. Coulson
considers several practical details but does not include integer
estimation. Multiple repeated training signals were consid-
ered by Minn et. al. in H. Minn, V. K. Bhargava, and K. B.
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Letaief, “A robust timing and frequency synchronization for
OFDM systems,” IEEE Trans. Wireless Commun., vol. 2, no.
4,pp. 822-839, July 2003, but the structure of the training was
not optimized. Shi and Serpedin show that the training struc-
ture has some optimality form the perspective of frame syn-
chronization (K. Shi and E. Serpedin, “Coarse frame and
carrier synchronization of OFDM systems: a new metric and
comparison,” IEEE Trans. Wireless Commun., vol. 3, no. 4,
pp- 1271-1284, July 2004). One embodiment of the invention
uses the Shi and Serpedin approach to perform frame syn-
chronization and fractional frequency offset estimation.

Many approaches in the literature focus on frame synchro-
nization and fractional frequency offset correction. Integer
offset correction is solved using an additional training symbol
as in T. M. Schmidl and D. C. Cox, “Robust frequency and
timing synchronization for OFDM,” IEEE Trans. Commun.,
vol. 45,n0.12, pp. 1613-1621, December 1997. For example,
Morrelli et. al. derived an improved version of T. M. Schmidl
and D. C. Cox, “Robust frequency and timing synchroniza-
tion for OFDM,” IEEE Trans. Commun., vol. 45, no. 12, pp.
1613-1621, December 1997, in M. Morelli, A. N. D’ Andrea,
and U. Mengali, “Frequency ambiguity resolution in OFDM
systems,” IEEE Commun. Lett., vol. 4, no. 4, pp. 134-136,
April 2000. An alternative approach using a different pre-
amble structure was suggested by Morelli and Mengali (M.
Morelli and U. Mengali, “An improved frequency offset esti-
mator for OFDM applications,” IEEE Commun. Lett., vol. 3,
no. 3, pp. 75-77, March 1999). This approach uses the corre-
lations between M repeated identical training symbols to
increase the range of the fractional frequency offset estimator
by a factor of M. This is the best linear unbiased estimator and
accepts a large offset (with proper design) but does not pro-
vide good timing synchronization.

System Description

One embodiment of the invention uses pre-coding based on
channel state information to cancel frequency and phase oft-
sets in DIDO systems. See FIG. 11 and the associated descrip-
tion above for a description of this embodiment.

In one embodiment of the invention, each user employs a
receiver equipped with frequency offset estimator/compen-
sator. As illustrated in FIG. 45, in one embodiment of the
invention, a system including the receiver includes a plurality
of RF units 4508, a corresponding plurality of A/D units 4510,
a receiver equipped with a frequency offset estimator/com-
pensator 4512 and a DIDO feedback generator unit 4506.

The RF units 4508 receive signals’transmitted from the
DIDO transmitter units, downconvert the signals to baseband
and provide the downconverted signals to the A/D units 4510.
The A/D units 4510 then convert the signal from analog to
digital and send it to the frequency offset estimator/compen-
sator units 4512. The frequency offset estimator/compensator
units 4512 estimate the frequency offset and compensate for
it, as described herein, and then send the compensated signal
to the OFDM units 4513. The OFDM units 4513 remove the
cyclic prefix and operate the Fast Fourier Transform (FFT) to
report the signal to the frequency domain. During the training
period the OFDM units 4513 send the output to the channel
estimate unit 4504 that computes the channel estimates in the
frequency domain. Alternatively, the channel estimates can
be computed in the time domain. During the data period the
OFDM units 4513 send the output to the DIDO receiver unit
4502 which demodulates/decodes the signal to obtain the
data. The channel estimate unit 4504 sends the channel esti-
mates to the DIDO feedback generator unit 4506 that may
quantize the channel estimates and send them back to the
transmitter via the feedback control channel, as illustrated.
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Description of One Embodiment of an Algorithm for a DIDO
2x2 Scenario

Described below are embodiments of an algorithm for
frequency/phase offset compensation in DIDO systems. The
DIDO system model is initially described with and without
frequency/phase offsets. For the sake of the simplicity, the
particular implementation of a DIDO 2x2 system is provided.
However, the underlying principles of the invention may also
be implemented on higher order DIDO systems.
DIDO System Model w/o Frequency and Phase Offset

The received signals of DIDO 2x2 can be written for the
first user as

Flt]=hy (WX [1]4ws 3o [R5 (W% [T +ws %5 [1]) (6]

and for the second user as

Poft] =ho (W1 X1 [1] 4w 2o [+ (W 5% [t + W% [1]). ()]
are the

where t is the discrete time index, h,,, hand w,,,
channel and the DIDO precoding weights between the m-th
user and n-th transmit antenna, respectively, and x,, is the
transmit signal to user m. Note that h,,, and w,,,, are not a
function of t since we assume the channel is constant over the
period between training and data transmission.
In the presence of frequency and phase offset, the received
signals are expressed as
7 [ =/ @CUCIDIEADE () ) [T+, 1%, 1)+
UL TIDBEID, o (w33, i+ w2o% 1)) ©)

and

Poft] =T ETDICE2DR, (w x [i]4w 1, 1))+
JCTIDLCD (w55 [t W% [1])

Q)

where T is the symbol period, w5, =2x f;;, for the n-th trans-

mit antenna, m,,,,=27 f;,, for the m-th user, and f;;, and f,,,

are the actual carrier frequencies (affected by offset) for the

n-th transmit antenna and m-th user, respectively. The values

t,,, denote random delays that cause phase offset over the

channel h,,,,. FIG. 46 depicts the DIDO 2x2 system model.
For the time being, we use the following definitions:

AO,,, =0~ O 1

®
to denote the frequency offset between the m-th user and the
n-th transmit antenna.

A method according to one embodiment of the invention is
illustrated in FIG. 47. The method includes the following
general steps (which include sub-steps, as illustrated): train-
ing period for frequency offset estimation 4701; training
period for channel estimation 4702; data transmission via
DIDO precoding with compensation 4703. These steps are
described in detail below.

(a) Training Period for Frequency Offset Estimation
(4701)

During the first training period the base station sends one or
more training sequences from each transmit antennas to one
of'the users (4701a). As described herein “users” are wireless
client devices. For the DIDO 2x2 case, the signal received by
the m-th user is given by

7ult] :e/AwmlTs(t*tml)hm P l[l]+e/Awm2 Ts(t*tmz)hmzpz[l]

where p, and p, are the training sequences transmitted from
the first and second antennas, respectively.

The m-th user may employ any type of frequency offset
estimator (i.e., convolution by the training sequences) and
estimates the offsets Aw,,, and Aw,,,,. Then, from these values
the user computes the frequency offset between the two trans-
mit antennas as

AO=AG, =AW, =0, 1—0),5

M
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Finally, the valuein (7) is fed back to the base station (47015).
Note that p, and p, in (6) are designed to be orthogonal, so
that the user can estimate Aw,,; and Aw,,,. Alternatively, in
one embodiment, the same training sequence is used over two
consecutive time slots and the user estimates the offset from
there. Moreover, to improve the estimate of the offset in (7)
the same computations described above can be done for all
users of the DIDO systems (not just for the m-th user) and the
final estimate may be the (weighted) average of the values
obtained from all users. This solution, however, requires more
computational time and amount of feedback. Finally, updates
of the frequency offset estimation are needed only if the
frequency offset varies over time. Hence, depending on the
stability of the clocks at the transmitter, this step 4701 of the
algorithm can be carried out on a long-term basis (i.e., not for
every data transmission), resulting in reduction of feedback
overhead.
(b) Training Period for Channel Estimation (4702)
(c) During the second training period, the base station first
obtains the frequency offset feedback with the value in
(7) from the m-th user or from the plurality of users. The
value in (7) is used to pre-compensate for the frequency
offset at the transmit side. Then, the base station sends
training data to all the users for channel estimation
(4702a).
For DIDO 2x2 systems, the signal received at the first user
is given by

rl[l]:efA“Jlle(”;“)hlel[z]+efA”12TS(”
A2 lzefjAwTTstpz[l]

®)

and at the second user by

rz[l]:e/A“JZlT‘(”bl)thpl[z]+efA”22T‘(”
Phyre 2T, [i] ©)

wheret =t +Atand At is random or known delay between
the first and second transmissions of the base station. More-
over, p, and p, are the training sequences transmitted from the
first and second antennas, respectively, for frequency offset
and channel estimation.

Note that the pre-compensation is applied only to the sec-
ond antennas in this embodiment.

Expanding (8) we obtain

7 ft] =AUy by [1]4+&/ 2010, bps [1]]

and similarly for the second user

10)

1aft] =N O [y p [1] 46702 020k, [1]]
where 6 =-Am, T1

At the receive side, the users compensate for the residual
frequency offset by using the training sequences p, and p,.
Then the users estimate via training the vector channels

(47025)

an

Ay

A A a1 (12)
L= i1, 2= iy,

These channel in (12) or channel state information (CSI) is
fed back to the base station (47024) that computes the DIDO
precoder as described in the following subsection.

(d) DIDO Precoding with Pre-Compensation (4703)

The base station receives the channel state information
(CSD) in (12) from the users and computes the precoding
weights via block diagonalization (BD) (4703a), such that

w1 Thy=0,w,Th =0

13)
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where the vectors h, are defined in (12) and w,,=[w,,;,W,,5]-
Note that the invention presented in this disclosure can be
applied to any other DIDO precoding method besides BD.
The base station also pre-compensates for the frequency oft-
set by employing the estimate in (7) and phase offset by
estimating the delay (At,) between the second training trans-
mission and the current transmission (4703a). Finally, the
base station sends data to the users via the DIDO precoder
(47035).

After this transmit processing, the signal received at user 1
is given by

] = @MOuTsO T80 g [y [1] 4+ woy x, [1]] )

= efwiaTst-T1a-tio)py o

e AeTTSER Oy xy [1] + wapxp []]
=y LA (wix [27] + warxa[1]) +

e AenAen o) s s (o 1] + waare [1)]
=1 [Alhuwir + &2 hypw ) [1] +

(hyyway + 12710 by )3 1]

where y,[t]=e/A*nT¢A)  ging the property (13) we
obtain

rft =y few i [, 15)

Similarly, for user 2 we get

ral] = e s Mo gy [y 1] + way xa [1]] + {16

e Tst=Tn=8i0) ) p= IS (=80) [y ) [1] + w25 [1]]

and expanding (16)

Pl =2 [t w, R [1]

where v,[t] —e/AONTi(t-121-Arg)

Finally, the users compute the residual frequency offset
and the channel estimation to demodulate the data streams
x,[t] and x,[t] (4703¢).
Generalization to DIDO NxM

In this section, the previously described techniques are
generalized to DIDO systems with N transmit antennas and
M users.

i. Training Period for Frequency Offset Estimation

During the first training period, the signal received by the
m-th user as a result of the training sequences sent from the N
antennas is given by

a7

N (18)
rmlt] = Z elAwmnTx(f*fmn)hmn pali]

n=1

where p,, is the training sequences transmitted from the n-th
antenna.

After estimating the offsets Aw,,,,,, Vn=1, ..., N, the m-th
user computes the frequency offset between the first and the
n-th transmit antenna as

AT =A®,,, ~A®,, ;=0 7~ 19)

Finally, the values in (19) are fed back to the base station.
ii. Training Period for Channel Estimation
During the second training period, the base station first
obtains the frequency offset feedback with the value in (19)
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from the m-th user or from the plurality of users. The value in
(19) is used to pre-compensate for the frequency offset at the
transmit side. Then, the base station sends training data to all
the users for channel estimation.

For DIDO NxM systems, the signal received at the m-th
user is given by

nlt] = eRem TS0y py (1] + @9

N
Z e Ts—m) o I 1nTst 1]
=2

N
= et TS mD) oy py [1] + ) e~ p, 1]
n=2

N
= iBwm Tslt=Tpm )Z el Omn =Dy pali]

n=1

where 6, =Aw, Tf,.. T, =t +At and At is random or
known delay between the first and second transmissions of
the base station. Moreover, p,, is the training sequence trans-
mitted from the n-th antenna for frequency offset and channel

estimation.

At the receive side, the users compensate for the residual
frequency offset by using the training sequences p,,. Then,
each users m estimates via training the vector channel

1

IO~ mD p

@D

By =

IO D

and feeds back to the base station that computes the DIDO
precoder as described in the following subsection.

iii. DIDO Precoding with Pre-compensation

The base station receives the channel state information
(CSD) in (12) from the users and computes the precoding
weights via block diagonalization (BD), such that

w,Th=0Nm=lm=1,... M (22)

where the vectors h,, are defined in (21) and w,_[w,,,
W2 - - - s Woon]- The base station also pre-compensates for the
frequency offset by employing the estimate in (19) and phase
offset by estimating the delay (At,) between the second train-
ing transmission and the current transmission. Finally, the
base station sends data to the users via the DIDO precoder.
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After this transmit processing, the signal received at user i
is given by

) . M (23)
rild = elAwilTs"*’irA’o)th Wont X [1] +
m=1

N

w
E eAin st ho) = IAT, 1n TS(”A"’)Z WX [1]

p=) m=1
M
= Bt Ts(t=A1p) p=ju Tsi) hilz Wyt X [1] +
m=1
N ) M
E eIl Ts(=B0) o= jAwiy Tsiin h"”z Womom[7]
p=) m=1
M N M
= ilrl i ) W 1] + E e
m=1 — m=1
N M
=yill] E S T
1 m=1
M N
=yl g ey iy [1]
prory n=1
M
T
=il whhixald)
m=1

Where v,[n]=e/>*17¢42%)  Using the property (22) we
obtain

rd=ftpw ki fi]

Finally, the users compute the residual frequency offset
and the channel estimation to demodulate the data streams x,
[t].
Results

FIG. 48 shows the SER results of DIDO 2x2 systems with
and without frequency offset. It is possible to see that the
proposed method completely cancels the frequency/phase
offsets yielding the same SER as systems without offsets.

Next, we evaluate the sensitivity of the proposed compen-
sation method to frequency offset estimation errors and/or
fluctuations of the offset in time. Hence, we re-write (14) as

24

rilf] = e2on 6Tl [y v [1] + wayxa[1]] + 25

ejAwlzTS(rfilzfAro)hlzefj(AwTﬂl'le)TS(rfAro) [wi2x1[1] + waaxa [1]]

where € indicates the estimation error and/or variation of the
frequency offset between training and data transmission.
Note that the effect of € is to destroy the orthogonality prop-
erty in (13) such that the interference terms in (14) and (16)
are not completely pre-canceled at the transmitter. As aresults
of' that, the SER performance degrades for increasing values
ofe.

FIG. 48 shows the SER performance of the frequency
offset compensation method for different values of e. These
results assume T,=0.3 ms (i.e., signal with 3 KHz bandwidth).
We observe that for e=0.001 Hz (or less) the SER perfor-
mance is similar to the no offset case.

f. Description of One Embodiment of an Algorithm for
Time and Frequency Offset Estimation

Hereafter, we describe additional embodiments to carry
out time and frequency offset estimation (47015 in FIG. 47).
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The transmit signal structure under consideration is illus-
trated in H. Minn, V. K. Bhargava, and K. B. Letaief, “A robust
timing and frequency synchronization for OFDM systems,”
IEEE Trans. Wireless Commun., vol. 2, no. 4, pp. 822-839,
July 2003, and studied in more detail in K. Shi and E. Serpe-
din, “Coarse frame and carrier synchronization of OFDM
systems: a new metric and comparison,” IEEE Trans. Wire-
less Commun., vol. 3, no. 4, pp. 1271-1284, July 2004. Gen-
erally sequences with good correlation properties are used for
training. For example, for our system, Chu sequences are
used which are derived as described in D. Chu, “Polyphase
codes with good periodic correlation properties (corresp.),”
IEEE Trans. Inform. Theory, vol. 18, no. 4, pp. 531-532, July
1972. These sequences have an interesting property that they
have perfect circular correlations. Let L, denote the length of
the cyclic prefix and let N, denote the length of the component
training sequences. Let N,=M,, where M, is the length of the
training sequence. Under these assumptions the transmitted
symbol sequence for the preamble can be written as

sli] —1[n—N;) forn=-1,... ,-Lg
s[n] = 1[n] forn=0,... ,N, -1
s[r] = tln - N;] forn=N; ... ,2N, -1
sln] = —tln —2N,] forn =2N,, ... ,3N; -1
s[r] = t[n 3N,] for n =3N,, ... ,4N, - 1.

Note that the structure of this training signal can be extended
to other lengths but repeating the block structure. For
example, to use 16 training signals we consider a structure
such as:

(cpB B_B DB BDB_-BB_B_BB-BD,

B-B,B.

By using this structure and letting N,=4 M, all the algorithms
to be described can be employed without modification. Effec-
tively we are repeating the training sequence. This is espe-
cially useful in cases where a suitable training signal may not
be available.

Consider the following received signal, after matched fil-
tering and downsampling to the symbol rate:

L
n] = ezﬂfnz H[lsTn — L= A] + v[n]

=0

Where € is the unknown discrete-time frequency offset, A is
the unknown frame offset, h[1] are the unknown discrete-time
channel coefficients, and v[n] is additive noise. To explain the
key ideas in the following sections the presence of additive
noise is ignored.

i. Coarse Frame Synchronization

The purpose of coarse frame synchronization is to solve for
the unknown frame offset A. Let us make the following defi-
nitions

rilnl = [rlal rln+ 10, .., rln+ N, = 1017,
rilnl = [rln+ Lyl rln+1], ... ,rln+ N, = 1717,
mlnli= Flr+N] e+ 14N, ..., H{rn+2N, - 177,
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-continued
ralnl = [rln+ Loy + Nilo rln + 1+ Loy + Nyl oo, rln+ Loy + 2N, — 117,
raln]:= [rlr+2N], rln+ 1 +2N,], ... ,r[n+3N; - 1]]T,
ralnl = [rln+ Lo +2N;], rln+ Loy + 1 +2N], ..., rln+ Ly + 3N, — 17,
raln]:= [rlr+3N:], rln+ 1 +3N,], ... ,r[n+4N, — 1]]T,
ralnl = [rln+ Lo, +3N,], rin+ Ly, + 143N, ... L rln+ Lo, +4N, - 1117,

The proposed coarse frame synchronization algorithm is
inspired from the algorithm in K. Shi and E. Serpedin,
“Coarse frame and carrier synchronization of OFDM sys-
tems: a new metric and comparison,” IEEE Trans. Wireless
Commun., vol. 3, no. 4, pp. 1271-1284, July 2004, derived
from a maximum likelihood criterion.

Method 1—Improved Coarse Frame Synchronization: The
Coarse Frame Synchronization Estimator Solves the Follow-
ing Optimization

A = argm: [PL] + Py (k)| + |Ps (Kl
ke |Ir I+ el + sl + rall® +

1
E(II71II2 +17207 + 117517 + 174l

Let the corrected signal be defined as

rofn]=r[n-A-[L /4]

The additional correction term is used to compensate for
small initial taps in the channel and can be adjusted based on
the application. This extra delay will be included henceforth
in the channel.

ii. Fractional Frequency Offset Correction

The fractional frequency offset correction follows the
coarse frame synchronization block.
Method 2—Improved Fractional Frequency Offset Correc-
tion: The Fractional Frequency Offset is the Solution to

R phasePy [A]
o= 2zN,

This is known as a fractional frequency offset because the
algorithm can only correct for offsets

1
gl < —.
|&fl N,

This problem will be solved in the next section. Let the fine
frequency offset corrected signal be defined as

rf[n]:e’jz"éfrc[n].

Note that the Methods 1 and 2 are an improvement to K. Shi
and E. Serpedin, “Coarse frame and carrier synchronization
of OFDM systems: a new metric and comparison,” IEEE
Trans. Wireless Commun., vol. 3, no. 4, pp. 1271-1284, July
2004 that works better in frequency-selective channels. One

Samsung Ex. 1014, Page 117 of 122



US 8,654,815 B1

71

specific innovation here is the use of both r and r as described
above. The use of r improves the prior estimator because it
ignores the samples that would be contaminated due to inter-
symbol interference.

iii. Integer Frequency Offset Correction

To correct for the integer frequency offset, it is necessary to
write an equivalent system model for the received signal after
fine frequency offset correction. Absorbing remaining timing
errors into the channel, the received signal in the absence of
noise has the following structure:

ophn Lep
relnl =N " glllsin 1.

=0

forn=0, 1, ...,4N,~1. The integer frequency offset is k while
the unknown equivalent channel is g[1].

Method 3—Improved Integer Frequency Offset Correc-
tion: The Integer Frequency Offset is the Solution to

P 1
k= argmzoyrlryl.?)}Nﬁl rDIK]S(S«S) " S« D[k]=r
where
r=DI[k]Sg
L n(@N,—1)
DIk] := dlag{l, &, 2Ny ”}
s[0] s[-1] s[—Lg]
S:= s[1] s[0] s[-1] s[=Lg, + 1]
s[4N; — 1] s[4N, —2] s[4N, =3] ... s[4N,—1-Lg]
glo]
gll]
8§ =
8lLep)

This gives the estimate of the total frequency offset as

. A‘ .
- — 4 &r.
€ N, Ef

Practically, Method 3 has rather high complexity. To reduce
complexity the following observations can be made. First of
all, the product S S(S*S)~'S* can be precomputed. Unfortu-
nately, this still leaves a rather large matrix multiplication. An
alternative is to exploit the observation that with the proposed
training sequences, S*S=I. This leads to the following
reduced complexity method.

Method 4—Low-Complexity Improved Integer Frequency
Offset Correction: a Low Complexity Integer Frequency Oft-
set Estimator Solves

k=arg max (S=D[k]#r)=(S=D[k]*r).
m=0,1,...,N;—1

iv. Results

In this section we compare the performance of the different
proposed estimators.

First, in FIG. 50 we compare the amount of overhead
required for each method. Note that both of the new methods
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reduce the overhead required by 10x to 20x. To compare the

performance of the different estimators, Monte Carlo experi-

ments were performed. The setup considered is our usual

NVIS transmit waveform constructed from a linear modula-

tion with a symbol rate of 3K symbols per second, corre-

sponding to a passband bandwidth of 3 kHz, and raised cosine
pulse shaping. For each Monte Carlo realization, the fre-
quency offset is generated from a uniform distribution on

[_fmax5 fmax]'

A simulation with a small frequency offset of f,,,, =2 Hz
and no integer offset correction is illustrated in FIG. 51. It can
be seen from this performance comparison that performance
with N,/M,=1 is slightly degraded from the original estimator,
though still substantially reduces overhead. Performance
with N,/M,=4 is much better, almost 10 dB. All the curves
experience a knee at low SNR points due to errors in the
integer offset estimation. A small error in the integer offset
can create a large frequency error and thus a large mean
squared error. Integer offset correction can be turned off in
small offsets to improve performance.

In the presence of multipath channels, the performance of
frequency offset estimators generally degrades. Turning off
the integer offset estimator, however, reveals quite good per-
formance in FIG. 52. Thus, in multipath channels it is even
more important to perform a robust coarse correction fol-
lowed by an improved fine correction algorithm. Notice that
the offset performance with N/M,~4 is much better in the
multipath case.

Adaptive DIDO Transmission Scheme

New systems and methods for adaptive DIDO systems are
described below. These systems and methods are extensions
to the patent applications entitled “System and Method for
Distributed Input-Distributed Output Wireless Communica-
tions,” Ser. Nos. 11/894,394, 11/894,362, and 11/894,540,
filed Aug. 20, 2007, of which the present application is a
continuation-in-part. The content of these applications has
been described above. The adaptive DIDO system and
method described in the foregoing applications were
designed to exploit instantaneous and/or statistical channel
quality information. Described below are additional tech-
niques to enable adaptation between different DIDO modes
assuming instantaneous channel knowledge.

The following prior art references will be discussed below
within the context of the embodiments of the invention. Each
reference will be identified by its corresponding bracketed
number:

[1] K. K. Wong, R. D. Murch, and K. B. Letaief, “A joint-
channel diagonalization for multiuser MIMO antenna sys-
tems,” IEEE Trans. Commun., vol. 2, no. 4, pp. 773-786,
July 2003.

[2] R. Chen, R. W. Heath, Jr., and J. G. Andrews, “Transmit
Selection Diversity for Unitary Precoded Multiuser Spatial
Multiplexing Systems with Linear Receivers,” IEEE
Trans. on Signal Processing, vol. 55, no. 3, pp. 1159-1171,
March 2007.

[3] R. W. Heath, Jr. and A. J. Paulraj, “Switching Between
Diversity and Multiplexing in MIMO Systems,” IEEE
Trans. on Communications, vol. 53, no. 6, pp. 962-968,
June 2005.

A fundamental concept associated with link adaptation
(LA) is to adaptively adjust system parameters such as modu-
lation order, FEC coding rate and/or transmission schemes to
the changing channel conditions to improve throughput or
error rate performance. These system parameters are often
combined in sets of “transmission modes,” referred to herein
as DIDO modes. One embodiment of a technique for LA is to
measure the channel quality information and predict the best
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transmission mode based on certain performance criterion.
The channel quality consists of statistical channel informa-
tion, as in slow LA, or (instantaneous) CSI, as in fast LA. One
embodiment of the system and method described herein is
employed within the context of fast LA systems and the goal
is to increase throughput for fixed predefined target error rate.

One embodiment of a method for adaptive DIDO transmis-
sion is depicted in FIG. 21. in frequency division duplex
(FDD) systems the proposed adaptive algorithm consists of
the following steps: 1) the users compute the channel quality
indicator (CQI) 2102; ii) the users select the best DIDO mode
for transmission 2106 based on the CQI in time/frequency/
space domains 2104; iii) the base station selects the active
users and transmits data with the selected DIDO modes via
DIDO precoding. In time division duplex (TDD) systems,
where the uplink/downlink channel reciprocity can be
exploited, the base station may compute the CQIs and select
the best DIDO modes for all the users. Moreover, to compute
the DIDO precoding weights, the channel state information
(CSI) can be computed at the users side, in FDD systems or at
the base station in TDD systems. When the CSI is computed
at the users’ side and fed back to the base station, the base
station can exploit the CSIto compute the CQI for every users
to enable the adaptive DIDO algorithm.

We first define an indicator of channel quality that is used
to predict the performance of different DIDO modes and
select the optimal one for given transmission. One example of
channel quality indicator (CQI) is the mutual information
(MI) of DIDO systems defined as [1,2]

s Yk o H (&
C= kzz;log2|1,vk s Hk|

where K is the number of users, [,=H,T, is the equivalent
channel transfer matrix, H is the channel matrix for the k-th
user, T, is the DIDO precoding matrix for the k-th user, y, is
the per-user SNR and N, is the number of parallel data
streams sent to user k. We observe thatthe CQl in (1) depends
on the SNR and the channel matrix.

The MI in (1) measures the data rate per unit bandwidth
that can be transmitted reliably over the DIDO link (i.e.,
error-free spectral efficiency). When the spectral efficiency
(SE) of given DIDO mode is below the M1 in (1) the error rate
performance is arbitrarily small, whereas when the SE
exceeds (1) the error rate approaches 100%. As an example,
we plot the spectral efficiency of three DIDO modes as a
function ofthe MI (1) in FIG. 53. The DIDO modes consist of
three constellation orders: 4-QAM, 16-QAM and 64-QAM.
For simplicity and without loss of generality we assume no
FEC coding. The transmitter of the 2x2 DIDO system
employs block-diagonalization precoding scheme [1]. The
SE is obtained from the symbol error rate as SE=log,M*(1-
SER), where M is the M-QAM constellation size. We simu-
late the channel according to the block fading i.i.d. channel
model. We generate 1000 channel realizations and for each
realization we simulate 500 AWGN samples. The SNR values
chosen for this simulation are {0, 10, 20, 30} dB.

In FIG. 53, each dot corresponds to one combination of
mutual information and SE obtained within each AWGN
block. Moreover, different colors are associated to different
values of SNR. Similar results are expressed in terms of SER
as a function of the MI (1) in FIG. 54. For the case of 4-QAM,
we note that when the SE exceeds MI in FIG. 53 the SER is
close to 100% in FIG. 54. Unfortunately, there is a large
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variance in the SER vs. MI plot that prevent the identification
of' the thresholds used to define the link-quality regions.

Next, we define another CQI to reduce this variance. We
first expand (1) as

N,

szklzk:logz(1+—|/lk‘ )

k=1 i=1

where A, ; is the i-th singular value of the matrix A, We
observe that the per-user SER (which is a function of the
post-processing SNR) depends on

A= min (A
min izl,...,Nk( ki)

(M) and the system SER is upper bounded by the user with
the smallest singular value

Apin = min (/\mm)
k=1

among all the users [2]. Then, we define the following CQI

. @
min
i=1,...N

[togs(1+ ;—kkmk,‘-ﬁ)]}

Cpin = min
k=1,..K

FIG. 55 shows the SER vs. C,,,,,, for different DIDO modes.
We observe the reduced variance compared to FIG. 54. To
define the CQI thresholds and link-quality regions, we fix the
target SER. For example, if the target SER is 1%, the CQI
thresholds are T, =2.8 bps/Hz, T,=5 bps/Hz and T;=7 bps/Hz.

Finally, we compare the SER and SE performance as a
function of SNR for different DIDO modes against the adap-
tive DIDO algorithm. Results are shown in FIGS. 56 and 57.
We observe that the adaptive algorithm maintains the SER
below 1% for SNR>20 dB while increasing the SE, approach-
ing the ideal sum-rate capacity. FIGS. 58 and 59 show the
performance of the adaptive DIDO algorithm for different
values of the CQI thresholds. We observe that by decreasing
the CQI thresholds for fixed SNR the SE increases at the
expense of larger SER. In one embodiment, the CQI thresh-
olds are adjusted based on the system performance require-
ments.

The proposed method for fast LA in DIDO systems
includes different types of adaptation criteria and CQIs. For
example, a similar adaptive DIDO algorithm can be designed
to minimize error rate performance for fixed rate transmis-
sion, similar to the approach described in [3] for MIMO
systems. Moreover, different types of CQIs can be employed
such as the minimum singular value of the composite channel
matrix as

/\,,,m_ rmn A (HH)) 3)
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where

K
N:kZ:;Nk

is the total number of data streams sent to the users and H is
the composite channel matrix obtained by stacking the chan-
nel matrices of all the users as

H, 4

Hg

FIG. 60 shows the SER expressed as a function of the
minimum singular value in (3) for 4-QAM constellation,
average SNR=15 dB and single-tap channels. The composite
channel matrix in (4) is normalized such that ||H||;>=1. We
observe that, for 4-QAM constellation, the CQI threshold to
guarantee SER<1% is =16 dB. Similar results can be obtained
for higher order modulations.

The proposed method can be extended to multicarrier sys-
tems, such as orthogonal frequency division multiplexing
(OFDM) systems. In multicarrier systems the MI in (1) and
(2) is computed for each subcarrier and different MCSs are
assigned to different subcarriers, thereby exploiting the fre-
quency selectivity of wireless channels. This method, how-
ever, may result in large number of control information to
share the CQI or DIDO mode number between transmitters
and receivers. An alternative method is to group multiple
subcarriers with similar channel quality and compute the
average of (1) or (2) over each group of subcarrier. Then,
different DIDO modes are assigned to different groups of
subcarriers based on the criterion described above.

Embodiments ofthe invention may include various steps as
set forth above. The steps may be embodied in machine-
executable instructions which cause a general-purpose or
special-purpose processor to perform certain steps. For
example, the various components within the Base Stations/
APs and Client Devices described above may be imple-
mented as software executed on a general purpose or special
purpose processor. To avoid obscuring the pertinent aspects
of'the invention, various well known personal computer com-
ponents such as computer memory, hard drive, input devices,
etc., have been left out of the figures.

Alternatively, in one embodiment, the various functional
modules illustrated herein and the associated steps may be
performed by specific hardware components that contain
hardwired logic for performing the steps, such as an applica-
tion-specific integrated circuit (“ASIC”) or by any combina-
tion of programmed computer components and custom hard-
ware components.

In one embodiment, certain modules such as the Coding,
Modulation and Signal Processing Logic 903 described
above may be implemented on a programmable digital signal
processor (“DSP”) (or group of DSPs) such as a DSP using a
Texas Instruments’ TMS320x architecture (e.g., a
TMS320C6000, TMS320C5000, . . . etc). The DSP in this
embodiment may be embedded within an add-on card to a
personal computer such as, for example, a PCI card. Of
course, a variety of different DSP architectures may be used
while still complying with the underlying principles of the
invention.

20

25

30

35

40

45

50

55

60

65

76

Elements of the present invention may also be provided as
a machine-readable medium for storing the machine-execut-
able instructions. The machine-readable medium may
include, but is not limited to, flash memory, optical disks,
CD-ROMs, DVD ROMs, RAMs, EPROMs, EEPROM,
magnetic or optical cards, propagation media or other type of
machine-readable media suitable for storing electronic
instructions. For example, the present invention may be
downloaded as a computer program which may be transferred
from a remote computer (e.g., a server) to a requesting com-
puter (e.g., a client) by way of data signals embodied in a
carrier wave or other propagation medium via a communica-
tion link (e.g., a modem or network connection).

Throughout the foregoing description, for the purposes of
explanation, numerous specific details were set forth in order
to provide a thorough understanding of the present system
and method. It will be apparent, however, to one skilled in the
art that the system and method may be practiced without some
of these specific details. Accordingly, the scope and spirit of
the present invention should be judged in terms of the claims
which follow.

Moreover, throughout the foregoing description, numerous
publications were cited to provide a more thorough under-
standing of the present invention. All of these cited references
are incorporated into the present application by reference.

The invention claimed is:

1. A method implemented within a wireless transmission
system comprised of a plurality of wireless client devices, a
base station, and a plurality of distributed antennas commu-
nicatively coupled to the base station comprising:

simultaneously transmitting pre-coded radio signals from

the plurality of distributed antennas, the pre-coding cre-
ating deliberate radio frequency interference comprising
a controlled constructive and destructive interference of
RF waveforms so as to enable data reception upon each
receiving antenna and resulting in a simultaneous plu-
rality of non-interfering channels within a common fre-
quency between the plurality of distributed antennas and
the plurality of wireless client devices.

2. The method as in claim 1 further comprising:

estimating channel state information (CSI) at each of the

plurality of wireless client devices; and

precoding data streams using the CSI prior to transmission,

the precoding causing the channels to be non-interfering
channels.

3. The method as in claim 2 wherein estimating CSI further
comprises:

transmitting a training signal to each of the plurality of

wireless client devices, the training signal being
demodulated by each of the wireless client devices to
estimate the CSI.

4. The method as in claim 2 wherein precoding data
streams further comprises:

computing a plurality of precoding weights using the CSI

received from each of the plurality of wireless client
devices, each of the precoding weights associated with a
communication channel with a particular wireless client
device.

5. The method as in claim 2 further comprising:

receiving a request from a wireless client device for net-

work content;

forwarding the request over a data network to a server

having the requested network content stored thereon;
receiving a response from the server containing the
requested content;
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precoding a data stream containing the content using the
CSI prior to transmission over the wireless transmission
system.

6. The method as in claim 1 wherein the plurality of dis-

tributed antennas are communicatively coupled to the base 5
station over a high speed base station network (BSN) com-
prising of at least one fiber optic communication link.

7. The method as in claim 1 further comprising:

estimating channel state information (CSI) at each of the
plurality of wireless client devices; and

precoding data streams using the CSI prior to transmission
to generate a precoded baseband data streams; and

modulating the precoded baseband data streams at a speci-
fied carrier frequency prior to transmission over each of
the distributed antennas.

8. The method as in claim 7 wherein each individual data

stream is transmitted over a base station network (BSN) to
each distributed antenna and modulated at each antenna prior
to transmission.

9. The method as in claim 7 wherein each individual data 20

stream is modulated at a base transceiver station (BTS) to
generate a modulated data stream, and the modulated data
stream is transmitted over the base station network (BSN) to
each distributed antenna.

10. The method as in claim 1 further comprising:

performing time and frequency synchronization of each of
the distributed antennas.

11. The method as in claim 10 wherein performing time

25

and frequency synchronization further comprises:

introducing artificial delays in signal propagation over a
network over which each of the distributed antennas are
connected.

12. The method as in claim 10 further comprising:

using GPS disciplined oscillators (GPSDO) to perform the
time and frequency synchronization.

13. The method as in claim 10 further comprising:

utilizing a 60 Hz power signal from a power line to perform
the time and frequency synchronization.

14. The method as in claim 10 further comprising:

using an external clock reference to perform the time and
frequency synchronization.

15. The method as in claim 2 wherein precoding further
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comprises adjusting relative phase and amplitude of each of
the data streams to cause the channels to be non-interfering
channels.
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16. A wireless transmission system comprising:

a plurality of wireless client devices;

one or more base transceiver stations (BTSs);

a plurality of distributed antennas communicatively
coupled to the BTSs over a base station network (BSN),

wherein the BTSs precode data streams for simultaneous
transmission from each of the distributed antennas to the
plurality of wireless client devices, the precoding creat-
ing deliberate radio frequency interference comprising a
controlled constructive and destructive interference of 53
RF waveforms so as to enable data reception upon each
receiving antenna and resulting in a simultaneous plu-
rality of non-interfering channels within a common fre-
quency between the plurality of distributed antennas and
the plurality of wireless client devices.

17. The system as in claim 16 wherein the wireless client

50
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devices estimate channel state information (CSI) for the com-
munication channels between the distributed antennas and
each of the wireless client devices and wherein the BTSs
precode the data streams using the CSI prior to transmission,
the precoding causing the channels to be non-interfering
channels.
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18. The system as in claim 17 wherein the BTSs transmit a
training signal to each of the plurality of wireless client
devices from the distributed antennas, the training signal
being demodulated by each of the wireless client devices to
estimate the CSI.

19. The system as in claim 17 wherein to precode the data
streams the BTS computes a plurality of precoding weights
using the CSI received from each of the plurality of wireless
client devices, each of the precoding weights associated with
a communication channel with a particular wireless client
device.

20. The system as in claim 17 wherein a BTS receives a
request from a wireless client device for network content,
forwards the request over a data network to a server having the
requested network content stored thereon, receives a response
from the server containing the requested content, and pre-
codes a data stream containing the content using the CSI prior
to transmission from the distributed antennas.

21. The system as in claim 17 wherein the BSN comprises
of at least one high speed fiber optic communication link.

22. The system as in claim 16 wherein the wireless client
devices estimate channel state information (CSI) for the com-
munication channels between the distributed antennas and
each of the wireless client devices and wherein the BTSs
precode data streams using the CSI to generate precoded
baseband data streams and transmit the precoded baseband
data streams to the distributed antennas over the BSN, each of
the distributed antennas having a transceiver for modulating
the precoded baseband data streams at a specified carrier
frequency prior to transmission.

23. The system as in claim 16 wherein the wireless client
devices estimate channel state information (CSI) for the com-
munication channels between the distributed antennas and
each of the wireless client devices and wherein the BTSs
precode data streams using the CSI to generate precoded
baseband data streams and modulate the precoded baseband
data streams at a specified carrier frequency to generate
modulated precoded data streams, and transmit the modu-
lated precoded data streams to the distributed antennas over
the BSN.

24. The system as in claim 17 wherein the BTSs and/or
distributed antennas perform time and frequency synchroni-
zation of each of the precoded data streams prior to transmis-
sion.

25. The system as in claim 22 wherein performing time and
frequency synchronization further comprises introducing
artificial delays in signal propagation over the BSN.

26. The system as in claim 22 further comprising:

GPS disciplined oscillators (GPSDO) configured at the
BTSs and/or distributed antennas for performing time
and frequency synchronization.

27. The system as in claim 22 further comprising:

a power line providing a 60 Hz power signal to the BTSs
and/or the distributed antennas to perform the time and
frequency synchronization.

28. The system as in claim 21 further comprising:

an external clock reference coupled to the BTSs and/or the
distributed antennas for performing the time and fre-
quency synchronization.

29. The system as in claim 17 wherein precoding further
comprises adjusting relative phase and amplitude of each of
the data streams to cause the channels to be non-interfering
channels.

30. The method as in claim 1 further comprising:

estimating channel state information (CSI) at the base
transceiver station (BTS) by exploiting uplink/downlink
channel reciprocity; and
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precoding data streams using the CSI prior to transmission,
the precoding causing the channels to be non-interfering
channels.

31. The method as in claim 30 wherein estimating CSI
further comprises:

transmitting a training signal from each of the plurality of

wireless client devices to the BTSs through each of the
plurality of distributed antennas, the training signal
being demodulated by the BTS to estimate the CSI.

32. The system as in claim 16 wherein the base station
estimates channel state information (CSI) for the communi-
cation channels between the wireless client devices and each
of'the distributed antennas and wherein the BTS precodes the
data streams using the CSI prior to transmission, the precod-
ing causing the channels to be non-interfering channels.

33. The system as in claim 32 wherein the client devices
transmit a training signal to the BTS through each of the
plurality of distributed antennas, the training signal being
demodulated by the BTS to estimate the CSI.

#* #* #* #* #*
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