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(57) ABSTRACT

Conventional two-way wireless communication nodes
require separate channels to receive or transmit. The two
channels are usually multiplexed in time and/or frequency. A
system which can support both links (transmit and receive) at
the same time is referenced as a as a full duplex system.
Systems and methods are described to create the two links
simultaneously, overlapping in frequency and in time
domains, while avoiding the hardware complexity and/or
lack of flexibility inherent to conventional systems, by reduc-
ing the amount of self interference between transmitter and
receiver sections. The self interference may be reduced by
using at least one of antenna design techniques comprising
antenna selection and signal processing techniques to maxi-
mize the signal-to-interference plus noise ratio.

8 Claims, 3 Drawing Sheets
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METHODS FOR SPATIAL MULTIPLEXING
OF WIRELESS TWO-WAY CHANNELS

PRIORITY

This application claims benefits of my previous provi-
sional application 60/728,307. This document includes the
missing part related to the application Ser. No. 11/581,427,
confirmation number 7471.

FIELD OF THE INVENTION

The present invention relates generally to wireless commu-
nications. More particularly, the present invention relates to
antenna design, and/or methods for combined interference
cancellation-channel decoding/demodulation (demapping),
to establish full duplex (two-way) communications, while
offering lower complexity and/or improved performance as
compared to the current methods for full duplex wireless
communications.

BACKGROUND OF THE INVENTION

In many wireless systems, communication nodes should be
able to talk and to listen. This is needed in point-to-point
communications connecting node A to node B, wherein the
two nodes should be able to transmit information in both
directions, namely from A to B and form B to A (see FIG. 1).
One may be also interested to connect node A to node B (A
talks and B listens) and node B to node C (B talks and C
listens). Itis desirable that such nodes can simultaneously talk
and listen. An example is the telephone line which is com-
posed of a single pair of wire, however, it can establish a two
way connection and both parties involved in a conversation
can simultaneously talk to each other and listen to each other.
The operation of changing the direction of information flow
in a communication link is called duplexing. A communica-
tion link with the capability to support the connection in both
directions at the same time is called a full duplex, or a two-
way system. In contrast, a link that can support the connection
in only one direction at a time is called half duplex. It is
important to realize that in many applications for point-to-
point communication, the traffic is mostly in one direction
(say from A to B) and the opposite link (from B to A) is used
to communicate control information, for example ACK/NAK
in an ARQ scheme or channel state information in adaptive
transmission. This means it is important to establish the oppo-
site link, even if it may have a small capacity. There are two
methods commonly used for duplexing:

Time Division Duplex (TDD): This is indeed equivalent to
half duplexing where the direction of the information flow
can be changed in time to be in either from A to B or from B
to A, but not in both directions at the same time. More gen-
erally, this corresponds to a system in which a given node can
either talk or listen (can not talk and listen at the same time).
TDD systems inherently suffer from high control overhead
which is required to switch the connection from one direction
to the other (this reduces the efficiency and increases the
network complexity). TDD systems also suffer from an inher-
ent delay in changing the direction of information flow which
is problematic in some applications.

Frequency Division Duplex: This is equivalent to full
duplexing, however, the two links use two different frequency
bands. FDD systems are more complex due to using two units
(transmitter and receiver units) operating in two different
frequency bands. FDD systems are also less flexible in sce-
narios that the amount of traffic in one direction may be higher
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than the other (the allocated bandwidth determines the rela-
tive capacity of the two directions which is fixed depending
on the hardware of the system and cannot be changed in
response to changes in relative traffic loads in the two direc-
tions). To reduce hardware complexity, the bandwidth allo-
cated to the two links are usually set equal to each other,
which contradicts the fact that the traffic is usually higher in
one direction in data centric applications (for example, in
down-load of information in internet access the traffic is
mostly from the access point to the mobile unit).

Disadvantages of the FDD,TDD Technologies: In sum-
mary, FDD systems inherently suffer from lack of flexibility
and excessive hardware complexity, while TDD systems suf-
fer from excessive control overhead and delay in switching
the direction of information flow. It is desirable to have full-
duplex systems with low hardware complexity and high flex-
ibility.

Prior Relevant Works: It is widely known that one can
improve the system capacity (as compared to TDD and FDD)
by using a full duplex system wherein the two links overlap in
both time and frequency [1][2]. The theory and the possibility
of'designing such a two-way radio system has been known for
many years [3], however, bridging the gap between theory
and practice in this area has been very challenging. There
have been some prior works aiming to come up with a prac-
tical design, for example [4][5][6], however with limited
success. One of the main differences between this invention
and all these earlier works is that in our case the antennas are
designed and/or activated (selected among the several avail-
able choices) to reduce the amount of the self interference: In
one embodiment of this invention, the transmit antenna struc-
ture is designed to create static (designed in hardware and
fixed) and/or dynamic (through beam-forming) null at the
physical location of its corresponding receiver antenna. Alter-
natively, in another embodiment of this invention, the receive
antenna structure is designed to create static (designed in
hardware and fixed) and/or dynamic (though beam-forming)
null at the physical location of its corresponding transmit
antenna. In some embodiments of this invention, some spe-
cific designs to create such antenna structures based on patch
antennas are given.

SUMMARY OF THE INVENTION

Duplexing is a key ingredient of any two-way wireless
system. Current systems rely on either Time Division (TD) or
Frequency Division (FD) for duplexing which results in poor
spectral efficiency, high complexity, lack of flexibility, and
difficulty in relaying. This invention solves some of these
shortcomings through the introduction of a low complexity
Space Division Duplexing system wherein two way commu-
nications is established through novel antenna designs and
signal processing. The established links may be separated in
time and/or in frequency or may partially overlap in time
and/or in frequency. The established links may provide a
two-way communication between transceivers TR, and TR,
shown as TR, &TR, (sign &specifies information flow in
both directions), or between transceivers TR1, TR, and TR3
as TR;=>TR,=>TR3 (sign LH=>RH specifies information
flow from the LH to the RH). The case of TR, =>TR,=>TR;
may specify a relaying operation. Multi-input multi-output
(MIMO) antenna systems are used for their ability to exploit
the spatial multiplexing to create multiple pipes of data that
overlap in both time and frequency. However, such MIMO
systems need rich scattering environments to operate prop-
erly. A full duplex system of the form claimed in this inven-
tion can be also considered as a MIMO system that can create
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parallel pipes of data flowing in opposite directions in sce-
narios that the scattering environment in not rich (line of sight
propagation).

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 is the block diagram of a two-way wireless link
connecting point A to point B (the two links are: link A—B
and link B—A).

FIG. 2 is the block diagram for an embodiment of the
invention where each ofthe points A and B may have the same
or separate antennas for transmit and receive operations, and
may decide to operate in the full duplex, or in the half-duplex
(TDD) modes.

FIG. 3 is the block diagram for a preferred embodiment of
the invention based on using two transmit patch antennas with
a phase shift of 180 degrees located at equal distance on the
two sides of a given receive patch antenna.

FIG. 4 is the block diagram for an embodiment of the
invention based on using 4 transmit antennas. This configu-
ration can be used in any conventional MIMO system, with
two transmit antennas with the effective phase shifts of o and

B.
DETAILED DESCRIPTION

This invention is now described, by way of examples of its
preferred embodiments.

This invention introduces a low complexity method for
spatial duplexing where special antenna structures and signal
processing algorithms work together to provide a full duplex
wireless channel (the flow of information can simultaneously
occur in both directions). This invention results in increasing
the bandwidth efficiency, its hardware complexity is signifi-
cantly less than FDD, its network control overhead and net-
work management complexity is comparable to FDD and
significantly less than TDD, and there is no delay or other
overheads in switching the direction of information flow as is
inherent to TDD systems.

In a preferred embodiment of this invention, the two links
are further separated through using different spreading codes
and/or through using different tones of an OFDM scheme. In
apreferred embodiment of this invention, one of the two inks
has a lower rate and supports control signals, including ACK/
NAK, or sends back the channel state information. Note that
establishing such feedback links in scenarios that multiple
units share the wireless media and communicate with a given
access pointis challenging and could result in major overhead
in network control, and consequently, drop the network effi-
ciency/throughput. One central idea behind this invention is
to keep the rate of this feedback link low, and further isolate it
from the main forward link through spreading and/or
orthogonal modulation (for example using different tones of
an OFDM scheme). This means one of the main benefits of
the invented full duplex wireless transceiver relies on the fact
that the feedback link is active simultaneously with the for-
ward link which indirectly increases the throughout in the
forward link due to the presence of up-to-date channel sate
information, and/or easier access to control information
required for ARQ, and/or the control information required for
other network management operations. The feasibility of the
invented algorithms and hardware are verified with through
computer simulations.

An embodiment of the invention (see FIG. 2) is a trans-
ceiver system, possibly with multiple transmit and/or mul-
tiple receive antennas, capable of operating in one of the
following two modes of operation: (1) A Turbo mode sup-
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porting full duplex communication (simultaneous transmit
and receive), and (2) A normal mode supporting half duplex
communication (time division duplex, or TDD). The above
transceiver can rely on: (1) using the same antenna for the
transmit and receive, or preferably, (2) using different anten-
nas for the transmit and receive. The transceiver can select its
overall configuration among the various combinations of the
above possibilities to maximize certain measure of goodness.
This selection can change in different time slots, and/or in
different frequency bands. The decision between various pos-
sibilities could be based on the factors available at the trans-
ceiver, and/or factors fed back from the rest of the network to
the transceiver. In a preferred embodiment of this invention,
the multiple transmit and/or multiple receive antennas are
designed and/or controlled (static beam-forming and/or
dynamic beam-forming and/or antenna selection) to have
radiation patterns with spectral nulls in certain directions to
help in reducing the amount of self interference, or more
generally, maximize the signal-to-interference plus noise
ratio. The phase shifts required could be static (based on fixed
hardware design), or dynamic and could be applied at the RF,
and/or at the IF, and/or at the base-band. A preferred embodi-
ment relies on micro-strips to create relative phase shifts
between two transmit antennas, or between two receive
antennas. The static phase shifts are designed such that the
pattern of the transmit antenna(s) or receive antennas(s) have
spectral nulls in the direction of one another to reduce the
amount of self interference, or more generally, maximize the
signal-to-interference plus noise ratio. Note that the physical
location and/or orientation, and/or shape of the transmit and/
or receive antenna(s) can help in reducing the amount of self
interference.

Although in this invention, multiple antennas are used
primarily to reduce the amount of self interference, by using
acombination of such antenna structures, it would be possible
to simultaneously address some of the other common objec-
tive(s) in using multiple antenna structures. Examples for
such objectives include adaptive beam forming, space-time
coding, spatial multiplexing in down-link and/or in uplink,
etc.

An embodiment of this invention is composed of a trans-
ceiver with the two links operating in the same time slot,
without being isolated through hardware filters in the fre-
quency domain (as would be the case in and FDD system).
This creates a full duplex system without the need for the
complex hardware mechanisms followed in FDD systems. In
this invention, the two links are isolated in the spatial domain
(antenna design, static/dynamic beamforming, antenna selec-
tion), and/or frequency domain (using separate tones of an
OFDM system), or code domain (different spreading codes or
hoping sequences). The isolation is enhanced by relying on
interference cancellation including methods based on com-
bined demodulation, channel decoding and interference can-
cellation possibly using an iterative decoding/demapping
procedure based on mean square error, and/or maximum like-
lihood, and preferably by working on a block of data to
exploit non-causality to improve the performance of the inter-
ference cancellation.

An embodiment of the invention is composed of at least
two transceivers operating in two different frequency bands,
and/or using two different time slots, and/or using two difter-
ent spreading codes, and/or using two different frequency
hopping sequence and working together (managed by a con-
trol unit) to create a full duplex system; while each of the two
transceivers is operating ina TDD mode. A preferred embodi-
ment is the case of computers with built-in IEEE802.11a
WLAN and Bluetooth (or ZigBee) units, each operating in
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TDD mode, while using their respective IEEE802.11a and
Bluetooth (or ZigBee) units simultaneously to provide a full
duplex link with an access points, or with other computers,
equipped with both IEEE802.11 and Bluetooth. In this case,
an access point or computer that is already configured to
support full duplex following this invention can itself config-
ure an ordinary computer through loading of the appropriate
software and divers with the assistance of the user to enable
the computer to communicate in full duplex mode using its
Bluetooth and IEEE802.11a transceivers as supported by this
invention.

In an embodiment of this invention, the antenna phase
shifts are static (designed in hardware) and are set such that
the pattern of the transmit antenna(s) or receive antennas(s)
have spectral nulls in the direction of one another to reduce
the amount of self interference, or more generally, maximize
the signal-to-interference plus noise ratio.

A preferred embodiment (see FIG. 3) is the case that each
transmit antenna is split into two antennas each with 180
degree phase shift and a receive antenna is physically located
in the middle of the two transmit antennas. The 180 degree
phase shift is preferably obtained by using micro strip lines
designed with proper physical shape and physical dimen-
sions. It is also possible to use other means, say a balanced
modulator, capacitance circuits based on reverse biased
diodes, or a combination of the above to create the 180 phase
shifts. Alternatively, another preferred embodiment is the
case that each receive antenna is split into two antennas each
with 180 degree phase shift and a transmit antenna is physi-
cally located in the middle of the two receive antennas. Again,
the 180 degree phase shift is preferably obtained by using
micro strip lines designed with proper physical shape and
physical dimensions, while it is also possible to use other
means, say a balanced demodulator, capacitance circuits
based on reverse biased diodes, or a combination of the above
to create the 180 phase shifts. In both the above embodiments,
it is crucial to isolate the transmit and the receive sections to
reduce the amount of self interference. In a preferred embodi-
ment, this is achieved by using patch transmit and receive
antenna(s) which are placed on the same surface of a multi-
layer printed circuit board where the feed network(s) for the
transmitter and/or for the receiver antenna(s) are placed par-
tially on the same surface, partially on middle layer(s), and
partially on the other surface of the PC board to help in
reducing the amount of self interference. To further reduce the
self interference, grounded plane(s) of conducting material
are sandwiched between layers of dielectric wherein holes
run through the conducting plate across different layers of the
PCB to run the feed network across the board. Layers of
dielectric are selected of appropriate thickness and material.
To further reduce the self interference, band gap material is
used in the PCBs. To further reduce the self interference, the
corresponding circuitry could be distributed among the two
surfaces and the middle layer(s). In another preferred
embodiment, a plurality of such patch transceiver antennas
with different orientations are fabricated using one or more
PCB(s) where a subset of these antennas is activated depend-
ing on the time slot and/or frequency band in order to maxi-
mize the signal-to-interference plus noise ratio. The interfer-
ence can be a combination of self interference and
interference from external sources. These PCBs can be
mounted on a wall, or installed inside a wall. In another
embodiment, such PCBs are connected back to back to pro-
vide coverage in both directions.

In a preferred embodiment of the invention, two patch
transmit antennas with 180 degrees phase shift (preferably
created through strip lines) are located on one surface of a
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PCB, and one receive patch antenna is located on the same
surface in the middle of the two transmit antennas (at the
physical location of a transmit null), and the transmit feed
network is placed on the opposite surface, or on a different
layer of the PCB, and the top and bottom PCB surfaces are
isolated through a plate of conductor with proper holes to
allow the required connections to run across different layers
of the PCB, and the electronic circuitry for the receive
antenna including LNAs is located on the top surface in the
middle of the transmit antennas, and the circuitry for the
transmit antennas including Power Amplifiers is located on
the bottom surface, and wherein the metal plate is sandwiched
between layers of dielectric with appropriate thickness, and
the PCB is made of band gap material. In another embodi-
ment, two such PC boards are connected back to back to
provide coverage on both sides.

In another preferred embodiment of the invention, two
patch receive antennas with 180 degrees phase shift prefer-
ably created through strip lines are located on one surface of
the PCB, and one transmit patch antenna is located on the
same surface in the middle of the receive antennas (at the
physical location of a receive null), and the transmit feed is
placed on the opposite surface, or on a different layer of the
PCB, and the top and the bottom surfaces of PCB are isolated
through a plate of conductor with proper holes to allow the
required connections to run across different PCB layers, and
the electronic circuitry for the receive antenna including
LNAs islocated on the top surface in the middle of the receive
antennas and the circuitry for the transmit antennas, including
Power Amplifiers, is located on the bottom surface, and the
metal plate is sandwiched between layers of dielectric with
appropriate thickness, and possibility made of band gap struc-
ture. In another embodiment, two such PCBs are connected
back to back to provide coverage on both sides.

In another embodiment of this invention, several full
duplex transceiver antennas (where each such transceiver
antenna is designed following the specifications of this inven-
tion explained above) are employed (on one or several PCBs)
and a subset of these is selected depending on the circum-
stances to optimize the performance. In another embodiment,
there are several such PCBs which are placed with certain
angles with respect to each other where the angles can be
automatically or manually adjusted to optimize the perfor-
mance. It is also possible to use surrounding walls made of
proper material to either reflect or absorb the wave, and
thereby enhance the beam forming and/or reduce the amount
of self interference created through reflection from the envi-
ronment.

In another embodiment of this invention (see FIG. 4), a
plurality of transceivers, each designed following specifica-
tions of this invention explained above, are used wherein the
complex gain in (amplitude and phase) of different transmit
and/or receive antenna(s) are selected based on certain algo-
rithm at the base-band and/or at the IF, and/or at the RF such
that in addition to the objective of creating a full duplex
transceiver, other objectives for the use of multiple transmit
and/or receive antenna systems is fulfilled. Examples of such
objectives include: forming space-time code(s), and/or form-
ing smart antenna(s), and/or forming adaptive beam forming
antenna(s), and/or multi-user communications including
space division multiple access.

In an embodiment of this invention, the established simul-
taneous links may provide a two-way connection between
transceivers TR, and TR, shown as TR, &TR, (sign &speci-
fies information flow in both directions). In another embodi-
ment of this invention, the established simultaneous links
provide a TR, =>TR,=>TR3 connection (sign LH=>RH speci-
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fies information flow from the LH to the RH), wherein TR,

TR, =>TR, may specify a relaying operation. There may be
also a plurality of such transceivers forming a multi-hop relay,
and a plurality of multi-hop relays forming a mesh network.

Another embodiment of this invention deals with multi-
hop relay, wherein an OFDM signaling scheme is used and
when the total delay introduced by the multi-hop relaying and
wave propagation is within the tolerable delay determined by
the employed cyclic prefix to guarantee addition of the
relayed signals at the intermediate nodes (relays) and at the
final destination.

Another embodiment of this invention deals with multi-
hop relay, wherein CDMA signaling with rake receiver at the
relays and at the final destination is used and when the delay
introduced by the multi-hop relaying and wave propagation is
such that the RAKE receivers can function in an optimum
manner.

Another embodiment of this invention supports channel
coding, adaptive transmission, space-time codes, and spatial
multiplexing.

Another embodiment of this invention uses adaptive cod-
ing and modulation, wherein the modulation and the code rate
are selected, among other factors, based on the level of
remaining self interference.

The above-described embodiments of the present inven-
tion are intended to be examples only. Alterations, modifica-
tions and variations may be effected to the particular embodi-
ments by those of skill in the art without departing from the
scope of the invention, which is defined solely by the claims
appended hereto.
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What is claimed is:
1. A transceiver unit, comprising:
a transmitter,
areceiver; and
a plurality of antennas, at least one of the plurality of
antennas defining at least one transmit antenna and at
least one of the plurality of antennas defining at least one
separate receive antenna to enable simultaneous trans-
mitting and receiving, overlapping in time and fre-
quency, for a two-way communication with another
communication device, the plurality of antennas config-
ured and/or controlled using at least one of antenna
design techniques comprising antenna selection and sig-
nal processing techniques to reduce self-interference
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between the at least one transmit antenna and the at least
one separate receive antenna to maximize the signal-to-
interference noise ratio, such that an amount of the sig-
nal-to-interference noise ratio at the at least one separate
receive antenna is measured and maximized through at
least one technique selected from:

antenna design technique, comprising at least one of:
shape/dimension, layout, orientation, placement of
feed network, antenna selection, and antenna beam-
forming;

adaptive signal processing techmque comprising inter-
ference cancellation, to process a block of data to
exploit the non-causality to improve the performance
of the interference canceller; and

adaptive signal processing technmque comprising com-
bined demodulation, channel decoding and interfer-
ence cancellation using an iterative decoding/demap-
ping procedure to process a block of data to exploit
non-causality to improve the performance of the inter-
ference cancellation; and

wherein each transmit or receive antenna is split into mul-
tiple antennas each with a phase shift selected for reduc-
ing the amount of the self-interference;

wherein the transmit and receive antennas comprise patch
antennas placed on a same surface of one or more multi-
layer printed circuit boards (PCBs) of the unit and
wherein the unit further comprises respective feed net-
works for the transmit and receive antennas placed par-
tially on the same surface as the patch antennas, partially
on intermediate layers and partially on the other surface
of the PCB for reducing the amount of self-interference;

wherein said PCB layers are isolated through grounded
planes of conducting material to reduce self-interference
where such planes have holes to pass the respective feed
networks across the layers of the PCB; wherein the
layers of the PCB are made of one or more selected
dielectric materials having one or more thicknesses for
reducing the amount of self-interference; and wherein
band gap material is used in the PCBs for reducing the
amount of self-interference;

and further wherein the transceiver unit comprises:

a. a PCB comprising multiple layers of said dielectric
material and band gap material sandwiching
grounded planes of conductor material, said PCB
defining connections between the layers for the con-
ductor, said PCB comprising opposite top and bottom
surfaces;

b. two patch antennas defining transmit antennas having
a 180 degree phase shift difference located on one of
the opposite surfaces of the PCB;

c. one patch antenna defining a receive antenna located
on the same one opposite surface of the PCB in the
middle of the two transmit antennas at the physical
location of a transmit null;

d. a transmit feed network located on the other of the
opposite surfaces of the PCB or on a different layer of
the PCB from said patch antennas;

e. circuitry for the receive antenna, comprising low noise
amplifiers (LNAs), located on the same one surface at
the physical location of a local transmit null; and

f. circuitry for the transmit antennas, comprising power
amplifiers, located on the other of the opposite sur-
faces of the PCB.

2. The transceiver unit of claim 1 wherein two such PCBs
are connected back to back to provide coverage on both sides.

3. The transceiver unit of claim 1 wherein the roles of the
transmit and receive antennas are exchanged.
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4. The transceiver unit of claim 1 comprising a plurality of
full duplex transceiver antennas each defined in accordance
with elements a) to f) and wherein the respective PCBs are
located at an angle and orientation with respect to each other
for reducing the amount of self-interference and wherein the
angles are adjustable to optimize performance.

5. The transceiver unit of claim 1 surrounded by moveable
or fixed walls comprising material selected to either absorb or
reflect electromagnetic energy to reduce self-inference and/or
shape the radiation transmit and/or receive pattern(s) to maxi-
mize the signal-to-interference noise ratio.

6. The transceiver unit of claim 1 wherein the transceiver
unit is configured for communicating with at least one other
similar unit such that a complex gain of the transmit or receive
antenna(s) of the transceiver unit is selected to provide a full
duplex transceiver and wherein the transceiver unit is further
configured in accordance with techniques for the use of mul-
tiple antenna systems comprising one of spatial multiplexing
or space-time coding.
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7. The transceiver unit of claim 6 configured to perform a
relaying operation such that simultaneous links between the
transceiver unit and two others provide a TR, =>TR,=>TR3
connection and wherein LH=>RH specifies information flow
from the LH to the RH.

8. The transceiver unit of claim 7 configured to perform a
multi-hop relaying operation among a plurality of others,
wherein (1) an OFDM signalling scheme is used and where
the total delay introduced by the multi-hop relaying and wave
propagation is within the tolerable delay specified by an
employed cyclic prefix to guarantee addition of the relayed
signals at the intermediate relay nodes and at the final desti-
nation, and (2) a CDMA signalling with RAKE receiver at the
relay nodes and at the final destination is used and where the
delay introduced by the multi-hop relaying and wave propa-
gation is such that the RAKE receivers can function in a
desired manner.



