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DOCK FOR A PORTABLE ELECTRONIC
DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of priority of
U.S. Provisional Patent Application No. 61/503,451, filed on

Jun. 30, 2011, which incorporated herein by reference in its "
1

entirety.
TECHNICAL FIELD

The present application relates to charging and/or data
transfer docks for portable electronic devices.

BACKGROUND DISCUSSION

Electronic devices, including portable electronic devices,
have gained widespread use and may provide a variety of
functions including, for example, telephonic, electronic mes-
saging and other personal information manager (PIM) appli-
cation functions. Portable electronic devices include, for

example, several types of mobile stations such as simple -

cellular telephones, smart telephones, wireless personal digi-
tal assistants (PDAs), tablets and laptop computers with wire-
less 802.11 or Bluetooth capabilities.

Portable electronic devices such as PDAs or smart tele-
phones are generally intended for handheld use (that is, the
devices are sized and shaped to be held or carried in a human
hand) and ease of portability. Portable electronic devices are
often placed in docks for charging or data transfer including
transfer of information in any form optically or electrically

from dock to portable electronic device and vice versa. Some 33

docks are capable of both charging and data transfer. Docks
and portable electronic devices are susceptible to damage due
to connection attempts when the portable electronic device
and the dock are not properly aligned.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present application will now be
described, by way of example only, with reference to the
attached Figures, wherein:

FIG. 1 is a simplified block diagram of components includ-
ing internal components of a portable electronic device:

FIG. 2 is an isometric view of a portable electronic device
received in a dock according to an example;

FIG. 3 is a side view of a portable electronic device :

received in the dock of FIG. 2 with a portion of a housing of
the dock removed;

FIG. 4 is a front sectional view of portions of the dock of
FIG. 2;

FIG. 5 is a top sectional view on 5-5 of FIG. 4 of portions 55

of the dock of FIG. 2

FIGS. 6A and 6B are schematic front views of a mating
connector of a portable electronic device misaligned with a
connector of a dock:

FIG. 7 is a front sectional view of portions of a dock
according to another example;

FIG. 8 is an isometric view of a dock according to another
example with a charging connector in a stowed position;

FI1G. 9 is an isometric view of the dock of FIG. 8 with a
charging connector in an extended position;

FIG. 10 is a front sectional view of the dock of FIG. 8;

FIG. 11 is an exploded view of the dock of FIG. 8;
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FIG. 12 is an isometric side sectional view of the dock of
FIG. 8.

FIG. 13 is an isometric top sectional view of the dock of
FIG. 8;

FIG. 14 is an isometric rear bottom view of the dock of F1G.
8

FIG. 15 is an isometric view similar to FIG. 14 including
additional components of the dock; and

FIG. 16 is an isometric bottom sectional view of a spring
component of a dock according to another example.

DETAILED DESCRIPTION

The following describes a dock for receiving a portable
electronic device. The dock includes a support fora connector
including an elastically deformable portion for allowing
movement of the connector relative to the dock when a force
is applied.

In an aspect of the present disclosure, there is provided a

b dock for receiving a portable electronic device, including: a

housing comprising an aperture; a supportcoupled to an inner
wall of the housing, a portion of the support being elastically
deformable; and a connector received in the support and
extending through the aperture for electrically communicat-
ing with the portable electronic device, wiring of the connec-
tor for transferring data from the portable electronic device:
wherein the portion of the support elastically deforms in
response to non-axial movement of at least a portion of the
connector.

In another aspect of the present disclosure, there is pro-
vided a connector assembly for a dock, the connector assem-
bly including: a support for coupling to an inner wall the dock,
a portion of the support being elastically deformable; and a
connector received in the support and extending through the
aperture for electrically communicating with the portable
electronic device, wiring of the connector for transferring
data from the portable electronic device; wherein the portion
of the support elastically deforms in response to non-axial
movement of at least a portion of the connector.

For simplicity and clarity of illustration, reference numer-
als may be repeated among the figures to indicate correspond-
ing or analogous elements. Numerous details are set forth to
provide an understanding of the embodiments described
herein. The embodiments may be practiced without these
details. In other instances. well-known methods, procedures,
and components have not been described in detail to avoid
obscuring the embodiments described. The description is not
to be considered as limited to the scope of the embodiments
described herein.

The disclosure generally relates to a dock for a portable
electronic device in the embodiments described herein. The
dock may receive portable electronic devices including:
mobile, or handheld, wireless communication devices such as
pagers, cellular phones, cellular smart-phones, wireless orga-
nizers, tablets, global positioning system devices and per-
sonal digital assistants, for example. The portable electronic
device may also be a portable electronic device without wire-
less communication capabilities, such as a handheld elec-
tronic game device, digital photograph album, digital camera,
or other device. The portable electronic device may be, but
need not be, a handheld device.

A block diagram of an example of a portable electronic
device 100 is shown in FIG. 1. The portable electronic device
100 includes multiple components, such as a processor 102
that controls the overall operation of the portable electronic
device 100. Communication functions. including data and
voice communications, are performed through a communica-
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tion subsystem 104. Data received by the portable electronic
device 100 is decompressed and decrypted by a decoder 106.
The communication subsystem 104 receives messages from
and sends messages to a wireless network 120. The wireless
network 120 may be any type of wireless network, including,
but not limited to. data wireless networks, voice wireless
networks, and networks that support both voice and data
communications.

A power pack 122, such as one or more rechargeable bat-
teries or a port to an external power supply, powers the por-
table electronic device 100. A dock interface 140 may elec-
trically communicate with a dock 150 to charge the power
pack 122 and/or provide a data connection to a data port 126
of'the portable electronic device 100. In general. components
electrically communicate with one another when the electri-
cal activity in one component affects an electrical activity in
another. Electrical communication includes direct electrical
contact that enables current flow. The dock interface 140 may
include one or more mating connectors for electrically com-
municating with connectors of the dock 150. The dock 150
may electrically communicate with one or more of a power
source 142, multimedia devices 144 such as televisions,
monitors. projectors or other output devices, for example, and
other electronic devices 146. In some situations, communi-
cation may be electrical or optical or a combination of elec-
trical and optical.

The processor 102 interacts with other components, such
as Random Access Memory (RAM) 108, memory 110, a
display 112, an input device 114, an auxiliary input/output
(I/O) subsystem 124, a data port 126, a speaker 128, a micro-
phone 130, short-range communications 132, and other
device subsystems 134. The processor 102 may interact with
an orientation sensor such as an accelerometer 136 that may
be utilized to detect direction of gravitational forces or grav-
ity-induced reaction forces.

To identify a subscriber for network access, the portable
electronic device 100 uses a Subscriber Identity Module or a
Removable User Identity Module (SIM/RUIM) card 138 for
communication with a network, such as the wireless network
120. Alternatively. user identification information may be
programmed into memory 110.

The portable electronic device 100 includes an operating
system 116 and software programs or components 118 that
are executed by the processor 102 and are typically stored in
a persistent, updatable store such as the memory 110. Addi-
tional applications or programs may be loaded onto the por-
table electronic device 100 through the wireless network 120,
the auxiliary [/O subsystem 124, the data port 126, the short-
range communications subsystem 132, or any other suitable
subsystem 134,

A received signal such as a text message, an e-mail mes-
sage. or web page download is processed by the communica-
tion subsystem 104 and input to the processor 102. The pro-
cessor 102 processes the received signal for output to the
display 112 and/or to the auxiliary /O subsystem 124. A
subscriber may generate data items, for example e-mail mes-
sages, which may be transmitted over the wireless network
120 through the communication subsystem 104. For voice
communications, the overall operation of the portable elec-
tronic device 100 is similar. The speaker 128 outputs audible
information converted from electrical signals, and the micro-
phone 130 converts audible information into electrical signals
for processing.

An example dock 150 for receiving a portable electronic
device 100 is shown in FIGS. 2 and 3. The dock 150 includes
a housing 200 that is shaped to receive the portable electronic
device 100. In one example, the housing 200 includes a seat
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302 and a support wall 300 for receiving the portable elec-
tronic device 100. In general, the support wall 300 and the seat
302 support the weight of a received portable electronic
device 100, although in some of the embodiments depicted
herein, the seat 302 may support more weight than the support
wall 300. As shown in FIG. 3, an edge surface 304 of the
portable electronic device 100 contacts the seat 302 of the
housing 200 and a rear surface 306 of the portable electronic
device 100 contacts the support wall 300 of the housing 200.
The size and shape of the seat 302 and the support wall 300
and the angle between the seat 302 and the support wall 300
may be selected to accommodate different sizes and types of
portable electronic devices 100.

The housing 200 may be molded plastic, machined metal
or wood, for example. The housing may be a single part or
may be an assembly of multiple parts.

The dock 150 includes a connector support assembly 308
that is coupled to an inner surface of the housing 200. In
general, components are coupled to one another when move-
ment of one component affects movement in the other com-
ponent. Coupling may be permanent, such as by welding for
example, or may be reversible, such as connection by fasten-
ers, for example. Coupling may include direct contact
between the two components or the components may be
spaced from one another with additional components being
provided to achieve coupling between the two components. In
one example, screws 310 couple lugs 312 of the support
assembly 308 to screw-receiving components 314, which
extend from an underside surface 316 of the seat 302, to
couple the support assembly 308 to the housing 200.

Referring also to I'IG. 4. the connector support assembly
308 receives a connector 400. The connector 400 may be a
charging connector, a data connector or a connector capable

s of both charging and data transfer. The connector 400 may

support an electrical connection, an optical connection or a
combination thereof. A connecting portion of the connector
400 extends through an aperture 402, which is located in the
seat 302. When the portable electronic device 100 is received
in the dock 150, the connector 400 electrically or optically
communicates with the portable electronic device 100 to
charge the portable electronic device 100 and/or provide a
data connection thereto. In general, the portable electronic
device 100 is received in the dock 150 when the portable
electronic device 100 is generally supported thereby. Simi-
larly, a first component may be received in a second compo-
nent when the first component is supported by the second
component. The first component may or may not be coupled
to the second component and may move relative to the second
component.

The connector support assembly 308 includes a support
404, a spring component 406, which is received in the support
404, and a flexible pad 412, which is located on a base 408 of
the support 404. The base 408 of the support 404 limits
movement of the connector 400 in a z-direction to facilitate
coupling with a mating connector of the portable electronic
device 100. Anopening (not shown) is provided in the support
404 to allow wiring (such as electrical conductors or optical
cables, not shown) of the connector 400 to pass therethrough.

The spring component 406 includes a passage 500, which
is shown in FIG. 5, for receiving the connector 400. The
passage 500 extends between a top end 414 of the spring
component 406 and a bottom end 416 of the spring compo-
nent 406. A collar 418 is located at the top end 414 of the
spring component 406 and ribs 410 extend from an inner wall
502 of the passage 500. The collar 418 includes a contact
surface 420, which abuts the connector 400 to limit transla-
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tion of the connector 400 in the x and y directions. The collar
418 may fully or partially surround the connector 400.

The ribs 410 extend vertically relative to the passage 500
and are elastically deformable to accommodate movement of
the connector 400. The ribs 410 contact the connector 400 in
order to maintain the connector 400 in a starting position
within the passage 500. The spring component 406 is biased
toward the starting position, which is a non-deformed shape
shown in FIG. 5. Any non-axial movement of the connector
400 may cause the ribs 410 of the spring component 406 to
elastically deform. An amount of movement of the connector
400 relative to the connector support assembly 308 may be
determined by one of both of a rigidity of the ribs 410 and a
size of the aperture 402.

The pad 412 is elastically deformable to accommodate
some movement of the connector 400 in the z direction.
Movement may oceur in response to a force applied in the
z-axis or pivoting of the connector 400. The pad 412 may be
interference fit with the connector 400 to bias the connector
400 toward the mating connector of the portable electronic
device 100 and absorb tolerances. The pad 412 is biased
toward a non-deformed shape, as shown in FIG. 4.

The spring component 406 is made from a flexible material
such as silicone rubber, urethane rubber or cork, for example.
A hard plastic having flexible fingers may alternatively be
used. The spring component 406 may fully surround the
connector 400, as shown in FIG. 5, or may partially surround
the connector 400. The spring component 406 may include a
different number of ribs than shown in the figures. Further, the
spring component may be any spring component that allows
movement of the connector 400 relative to the connector
support assembly 308 and biases the connector 400 to the
starting position within aperture 402.

In operation, a user visually and/or tactilely aligns a mating

connector of the portable electronic device 100 with the con- 33

nector 400 of the dock 150 and then moves the mating con-
nector into engagement with the connector 400. When the
mating connector is misaligned with the connector 400 in the
x and/or y directions, a force is imparted on the connector 400
by the portable electronic device 100. The ribs 410 of the
spring component 406 and the pad 412 elastically deform in
order to accommodate pivoting of the connector 400 in
response to the force. An example of a pivoted position of the
connector 400 is shown in dashed lines in FIG. 4. Multiple
forces may be applied to the connector 400 in various differ-
ent directions while the user attempts to join the connectors of
the portable electronic device 100 and dock 150. Because the
example dock 150 of FIG. 2 includes a single connector 400,
the ribs 410 of the spring component 406 return the connector
400 and the portable electronic device 100 back to the starting
position once the connection with the portable electronic
device 100 is complete. For heavy portable electronic devices
100, the ribs 410 may remain in a deformed position until the
portable electronic device 100 is removed from the dock 150.

Two examples of misalignment between mating connector
of the portable electronic device 100 and the connector 400
are shown in FIGS. 6A and 6B. The dock 150 described
herein generally avoids damage to the connector 400 because
the force imparted by the mating connector of the portable
electronic device 100 is absorbed by the spring component
406 rather than the connector 400.

The connector support assembly 308 may be any support
that is coupled to the housing 200 and includes a portion that
elastically deforms in response to movement of the connector
400. In addition, an alignment component may be provided to
facilitate location of the mating connector of the portable
electronic device 100 relative to the connector 400. The align-
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ment component may be a rail, pin or slot, for example, for
guiding the portable electronic device 100 into position.

In another example, ribs 710, which are shown in FI1G. 7,
extend generally horizontally in the spring component 406.
The orientation of the ribs may alternatively be disposed at an
angle that is between vertical and horizontal.

In another example, the connector extends through an aper-
ture in the support wall or other location in order to accom-
modate different locations of portable electronic device mat-
ing connectors.

Although the collar 418 is shown as part of the spring
component 406, the collar 418 may alternatively form part of
the seat 302. In another example, the spring component 406
does not include a collar 418. In this embodiment, both trans-
lation in the x and y directions and pivoting of the connector
400 relative to the housing 200 are possible.

Referring now to FIGS. 8 and 9, another example of a dock
150 fora portable electronic device 100 is generally shown. In
this example, the dock 150 includes apertures 800, 802, 804,
which extend through the seat 302 of the housing 200. First
and second data connectors 806 and 808 extend through
apertures 800 and 802, respectively. A charging connector
810 extends through the aperture 804. When the portable
electronic device 100 is received in the dock 150, the connec-
tors 806, 808, 810 electrically communicate with the portable
electronic device 100 to provide data connections and charge
the portable electronic device 100. In one example, the first
data connector 806 is a micro HDMI connector for transfer-
ring data to multimedia devices and the second data connector
808 is a micro USB connector for exchanging data with other
electronic devices. Other types of data connectors are also
possible. In addition. the charging connector 810 may also
transfer data.

The connectors 806. 808, 810 are mounted in a connector
support assembly 812, which is coupled to an inner surface of
the housing 200. Referring also to FIG. 10. screws 816 couple
lugs 818 of the support assembly 812 to screw-receiving
components 1006, which extend from an underside surface
1010 of the seat 302, to couple the support assembly 812 10
the housing 200. Other arrangements for coupling the con-
nector support assembly to the housing 200 are also possible.

Referring still to FIGS. 8, 9 and 10. the connector support
assembly 812 includes a support tray 1000, a spring compo-
nent 1002, which is located in the support tray 1000, and a pad
1004, which is disposed between a base 1008 of the support
tray 1000 and the spring component 1002. The spring com-
ponent 1002 includes tabs 820, which mate with openings
822 ina front wall 824 of the support tray 1000 to generally fix
the spring component 1002 relative to the support tray 1000,
Alternative arrangements for fixing the spring component
1002 inthe support tray 1000 are possible including fasteners,
such as screws, rivets or staples, glue, or other snap-in fas-
tening arrangements. In addition, the spring component 1002
may be sized so that an interference fit is provided between
the spring component 1002 and the connectors 806, 808.

The spring component 1002 includes passages 1100, 1102
and 1104, which are shown in FIG. 11. The passages 1100,
1102, 1104 extend between a bottom end 1200 of the spring
component 1002 to a top end 1202. The passages 1100, 1102
and 1104 receive first and second data connectors 806, 808
and charging connector 810, respectively. The charging con-
nector 810 is movable in the z direction through the passage
1104 between a stowed position, which is shown in FIG. 8,
and an extended position, which is shown in FIG. 9. The
charging connector 810 is generally a floating connector that
is biased toward the stowed position and moveable under a
magnetic force to the extended position. Passage 1104, which
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receives the charging connector 810 and allows the charging
connector 810 to slide relative thereto.

Collars 1018 are located at the top end 1202 of the spring
component 1002 to surround the passages 1100, 1102 and
ribs 1012 extend from inner walls 1014 of the passages 1100,
1102. Contact surfaces 1204 of the collars 1018 abut the
connectors 806, 808 to limit translation of the connectors 806,
808 in the x and y directions. The collars 1018 may fully or
partially surround the connectors 806, 808.

Ribs 1012 extend from inner walls 1014 and 1016 of pas-
sages 1100 and 1102 of the spring component 1002, respec-
tively. The ribs 1012 contact the first and second data connec-
tors 806. 808 in order to maintain the connectors 806. 808 in
a starting position within the respective passages 1100, 1102.
The spring component 1002 is biased toward a non-deformed
shape, which is shown in FIG. 13, or a slightly deformed state
in which some deformation may occur in response to inter-
ference with the connectors 806, 808. An amount of move-
ment of the connectors 806, 808 relative to the connector
support assembly 812 may be determined by one of both of a
rigidity of the spring component 1002 and a size of the aper-
tures 800 and 802, respectively. The spring component 1002
facilitates independent movement of the connectors 806, 808,
810. Elastic deformation due to a force being applied to one of
the connectors is not transferred to the other connectors
through the spring component 1002,

The spring component 406 is made from a flexible material
such as silicone rubber, urethane rubber or cork, for example.
A hard plastic having flexible fingers may alternatively be
used.

Because the mating connectors of the portable electronic
device 100 are fixed relative to one another, additive toler-
ances may result in displacements in mating connector loca-
tions when compared to manufacturing specifications of the

portable electronic device 100. Additive tolerances are gen- 3s

erally the sum of internal tolerances of each mating connector
component, tolerances of components coupled the mating
connector components and assembly process tolerances. The
connector support assembly 812 compensates for the additive
tolerances of the mating connectors of the portable electronic
device 100 by providing a spring component 1002 that allows
connectors 806, 808 of the dock 150 to pivot in order to align
with the mating connectors of the portable electronic device
100. Because the connectors 806, 808 are not fixed relative to
the dock 150, manufacturing of the dock 150 may be simpli-
fied because tolerances relating to connector location within
the dock 150 may be relaxed compared to fixed connector
docks.

The base 1008 of the support tray 1000 limits movement of
the connectors 806, 808 in the z-direction to facilitate cou-
pling with mating connectors of the portable electronic device
100. The pad 1004 is elastically deformable to accommodate
some movement of the connectors 806 and 808 in the z
direction. The pad 1004 may be interference fit with the
connectors 806, 808 to bias the connectors 806, 808 toward
the mating connectors of the portable electronic device 100
and absorb tolerances. The pad 1004 is biased toward a non-
deformed shape, which is shown in FIG. 10, and is compress-
ible in response to a downward, or axial, force on the connec-
tor 806, 808. In one example, the pad 804 is two-shot or
overmolded onto the support tray 1000 to reduce the part
count of the dock 150.

As shown in FIG. 11, apertures 1106 extend through the
pad 1004. Referring also to FIG. 10, the apertures 1106 are
aligned with the through-hole leads of the connectors 806,
808, which protrude through an opposite surface of printed
circuit boards (PCB), 1108, 1110 of the first and second data
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connectors 806, 808, respectively. The apertures 1106 gener-
ally protect the leads and solder joints of the PCB 1108, 1110
from stress during assembly and use when the portable elec-
tronic device 100 is inserted into and removed from the dock
150.

Referring also to FIG. 14, the support tray 1000 includes
openings 1400, which extend through a rear wall 1402 of the
support tray 1000 to allow wiring 1404 of the connectors 806,
808, 810 to extend therethrough. The wiring 1404 may be
flexible cables coupled between the connectors 606, 608, 610
and an electronic device (not shown), a multimedia device
(not shown) and a power source (not shown), respectively. In
one example, the flexible cables are coupled to a connector
(not shown) that is mounted on a main PCB 1500 coupled
inside the housing 200, as shown in FIG. 15. The flexible
cables may alternatively be soldered to the main PCB 1500.
When a main PCB is not included, the flexible cables may be
soldered, crimped or inserted into mating pins of one or more
connectors. Cables for electrically communicating with the
electronic device, multimedia device and power source may
extend through opening 1502.

In operation, a user visually and/or tactilely aligns mating
connectors of the portable electronic device 100 with the
connectors 806, 808 and 810 of the dock 150 and then moves
the mating connectors into engagement with the connectors
806, 808, 810. When the mating connectors are not aligned
with the connectors 806, 808 in the x and/or y directions, a
force isimparted on one or both of the connectors 806, 808 by
the portable electronic device 100. The ribs 1012 of the spring
component 1002 and the pad 1004 elastically deform in order
to accommodate pivoting of the one or both of the connectors
806, 808 in response to the force. Multiple forces may be
applied to the connectors 806, 808 in various different direc-
tions while the user attempts to join the connectors of the
portable electronic device 100 and dock 150. The charging
connector 810 moves toward the mating charging connector
of the portable electronic device 100 when the magnet of the
mating charging connector is near the charging connector
810. Once connected. the connectors 806, 808 may return to
the their starting positions or one or both of the connectors
806, 808 may remain out of alignment with the starting posi-
tion due to additive tolerances of the mating connectors of the
portable electronic device 100. Because the connectors 806,
808 are able to pivot in order to align with the mating con-
nectors, additive tolerance issues relating to more than one
fixed mating connector are avoided.

Referring to FIG. 16, in another example, the ribs 1012
include steps 1600. Two or more steps 1600 are spaced along
the length of the ribs 1012 to decrease a rib cross-sectional
area between the top end 1202 and a bottom end 1200 of the
spring component 1002. When a mating connector of a por-
table electronic device 100 exerts a force on the connector
806, 808, in the x and/or y direction, a maximum compressive
forceisapplied near the top end 1202 of the spring component
1002. By providing a larger rib cross-sectional area near the
top end 1202, the amount of force that is transferred to the
bottom end 1200 of the spring component 1002 is reduced.
Therefore, damage to solder joints, for example, between the
PCBs 1108, 1110 and the connectors 806, 808, respectively,
is less likely to occur. Similarly, stress resulting from any
shifting, tilting or other alignment forces exerted by the mat-
ing connectors of the portable electronic device 100 is
reduced.

The charging connector 810 may be replaced with a fixed
connector that is mounted within the connector support
assembly 812 in a similar manner as data connectors 806 and
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808. Further, although three connectors are shown in the
example of FIGS. 9 to 15, any number of connectors may be
possible.

The connector support assembly and connector(s) may be
provided as a single connector assembly that may be mounted
in any dock. The connector support assembly may be manu-
factured to meet specifications associated with docks of dif-
ferent portable electronic devices.

Although the collar 1018 is shown as part of the spring
component 1002, the collar 1018 may alternatively form part
of the seat 302. In another example, the spring component
1002 does not include a collar 1018. In this example, both
translation in the x and y directions and pivoting of the con-
nectors 806, 808 relative to the housing 200 are possible.

The dock 150 described herein may realize one or more
advantages, some of which have already been described. The
dock 150 facilitates quick and easy connection of a portable
electronic device thereto. By compensating for some mis-
alignment between connectors of the dock 150 and mating
connectors of the portable electronic device, damage result-
ing from stress on both the portable electronic device 100 and
the dock 150 normally associated with connection and
removal operations, may be avoided. Further, the life of the
dock 150 may be extended because entry of dust and dirt into
the dock 150 is limited by the collar, which may act as a seal.

The above-described embodiments are intended to be
examples only. Alterations, modifications and variations can
be effected to the particular embodiments by those of skill in
the art without departing from the scope of the present appli-
cation, which is defined solely by the claims appended hereto.

What is claimed is:

1. A dock for receiving a portable electronic device, com-
prising:

a housing comprising an aperture;

asupport coupled to an inner wall of the housing, a portion 35

of the support being elastically deformable;

a connector received in the support and extending through
the aperture for electrically communicating with the
portable electronic device, wiring of the connector for
transferring data from the portable electronic device:
and

a collar abutting the connector within the housing to limit
translation of the connector, the connector being pivot-
able relative to the collar;

wherein the portion of the support elastically deforms in
response to non-axial movement of at least a portion of
the connector.

2. A dock as claimed in claim 1. wherein the support
includes a spring component received in a support tray. the
spring component being elastically deformable.

3. A dock as claimed in claim 2, wherein the spring com-
ponent comprises a passage for receiving the connector, the
passage comprising ribs for contacting the connector.

4. A dock as claimed in claim 2, wherein the spring com-
ponent biases the connector to a starting position within the
passage.

5. A dock as claimed in claim 2, wherein the spring com-
ponent comprises three passages for receiving a first data
connector, a second data connector and a charging connector.

6. A dock as claimed in claim 1, wherein the collar sur-
rounds the connector at a location adjacent the aperture.

7. A dock as claimed in claim 1. comprising more than one
connector, each connector being independently movable rela-
tive to the housing.

8. A dock as claimed in claim 1, wherein the housing
comprises a seat for receiving the portable electronic device
and the aperture extends through the seat.
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9. A dock as claimed in claim 1, wherein the connector is a

micro HDMI connector.

10. A dock as claimed in claim 1, wherein the connector is

a micro USB connector and the wiring receives data from an
electronic device.

11. A dock as claimed in claim 1, wherein the connector is

a charging connector.

12. A dock for receiving a portable electronic device, com-

prising:

a housing comprising an aperture;

a support coupled to an inner wall of the housing, the
support comprising a spring component received in a
support tray, the spring component comprising a pas-
sage forreceiving the connector, the passage comprising
ribs for contacting the connector, the spring component
being elastically deformable in response to non-axial
movement of at least a portion of the connector; and

a connector received in the support and extending through
the aperture for electrically communicating with the
portable electronic device, wiring of the connector for
transferring data from the portable electronic device;

wherein a cross-sectional area of the ribs is reduced
between a top end of the spring component and a bottom
end of the spring component, the top end being located
adjacent the aperture of the housing.

13. A dock for receiving a portable electronic device, com-

prising;

a housing comprising an aperture;

a support coupled to an inner wall of the housing, a portion
of the support being elastically deformable;

a pad disposed in the support and elastically deformable in
response to axial movement of the connector; and

a connector received in the support and extending through
the aperture for electrically communicating with the
portable electronic device, wiring of the connector for
transferring data from the portable electronic device;

wherein the portion of the support elastically deforms in
response to non-axial movement of at least a portion of
the connector.

14. A connector assembly for a dock. the connector assem-

bly comprising:

asupport for coupling to an inner wall the dock, the support
comprising a spring component received in a support
tray, the spring component comprising a passage, the
spring component being elastically deformable; and

a connector received in the support and extending through
the passage for electrically communicating with a por-
table electronic device received by the dock, wiring of
the connector for transferring data from the portable
electronic device;

wherein the passage comprises ribs for contacting the con-
nector and a cross-sectional area of the ribs is reduced
between a top end of the spring component and a bottom
end of the spring component, the top end being located
adjacent the aperture of the housing.

15. A connector assembly for a dock, the connector assem-

bly comprising:

asupport for coupling to an inner wall the dock, the support
comprising a collar, a portion of the support being elas-
tically deformable; and

a connector received in the support for electrically com-
municating with a portable electronic device received by
the dock, wiring of the connector for transferring data
from the portable electronic device;

wherein the portion of the support elastically deforms in
response to non-axial translation and pivoting relative to
the collar of at least a portion of the connector.
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16. A connector assembly as claimed in claim 15, wherein
the support includes a spring component received in a support
tray, the spring component being elastically deformable.

17. A connector assembly as claimed in claim 16, wherein
the spring component comprises a passage for receiving the
connector, the passage comprising ribs for contacting the
connector.

18. A connector assembly as claimed in claim 15, wherein
the spring component hiases the connector to a starting posi-
tion within the passage.

19. A connector assembly as claimed in claim 15, compris-
ing a collar abutting the connector within the housing to limit
translation of the connector.

* ® K kK
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COMBINATION OF SPACE-TIME CODING
AND SPATIAL MULTIPLEXING, AND THE
USE OF ORTHOGONAL TRANSFORMATION
IN SPACE-TIME CODING

FIELD OF THE INVENTION

The invention relates to systems and methods for perform-
ing layered space-time coding for wireless channels.

BACKGROUND OF THE INVENTION

With the explosion in the demand for wireless Internet
services, a number of competing solutions have been devel-
oped. UMTS (Universal Mobile Terresirial Service) stan-
dardization has lead to the 3 Gpp standard which offers a 2
Mbps data rate per sector. Work is underway on HSPDA (high
speed data access), a higher speed packet data access varia-
tion. 18-2000, an evolution of 1S-95 provides HDR (High
Speed Data Rate) and 1XEV (1X Evolution) which allow
wireless Internet browsing at a rate of 7.2 Mbps per sector.
Notwithstanding these solutions, there is still the demand to
push rates higher.

Recently, it has been proposed to use BLAST (Bell Labs
Layered Space Time) which is a layered space-time coding
approach, as a wireless data solution. Referring to FIG. 1, the
basic concept behind this layered space-time coding
approach involves, at the transmit side, a demultiplexer 10
which demultiplexes a primary data stream 11 into M data
substreams of equal rate. Each of the M data streams is then
encoded and modulated separately in respective coding/
modulating blocks 12 (12A, 12B, . . . . 12M) to produce
respective encoded and modulated streams 13 (13A,
13B, . . .. 13M). There are M transmit antennas 14 (14A,

14B, . ... 14M). A switch 16 periodically cycles the associa- 35

tion between the modulated streams 13A, 138, ..., 13M and
the antennas 14A., 14B, . . .. 14M. At the receive side. there are
M antennas 18 (18A, 18B. . . . , 18M) which feed into a
beamforming/spatial separation/substruction block 20 which
performs a spatial beamforming/nulling (zero forcing) pro-
cess to separate the individual coded streams and feeds these
to respective individual decoders 22 (22A, 228, . . ., 22M).
The outputs of the decoders 22A, 228, ..., 22M are fed to a
multiplexer 24 which multiplexes the signals to produce an
output 25 which is an estimate of the primary data stream 11.

There are a number of variations on this architecture. One
is to modify the receiver antenna pre-processing to carry out
MMSE (minimum mean square error) beamforming rather
than nulling in order to improve the wanted signal SNR
(signal-to-noise ratio) at the expense of slightly increased ISI
(inter-symbol interference). Both the MMSE and nulling
approaches normally have the disadvantage that some sort of
diversity of the receiver antenna array is necessarily sacrificed
in the beamforming process. In order to overcome this prob-
lem, layering of the receiver processing can be employed such
that after the strongest signal has been decoded (typically
using the Viterbi MLSE (maximum likelihood sequence esti-
mation) algorithm) it is subtracted from the received antenna
signals in order to remove the strongest signal. This process is
iterated down until detection of the weakest signal requires no
nulling at all, and its diversity performance is therefore maxi-
mized. A disadvantage with this layered approach is the same
as that with all subtractive multi-user detection schemes, that
the wrong subtraction can cause error propagation.

There are several types of layered space-time coding struc-
tures, including horizontal BLAST (H-BLAST), diagonal
BLAST (D-BLAST) and vertical BLAST. They have identi-
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cal performance for both optimal linear and non-linear receiv-
ers, assuming error control coding is not used in such systems.
For optimal linear reception (linear maximum likelihood),
these structures have the same SNR performances as those
with only a single transmit antenna and a single receive
antenna, but do offer the advantage of improved spectral
efficiency.

In order to achieve this improved spectral efliciency, in
such systems it would be advantageous to have a large num-
ber of transmit and receive antennas, for example four of
each. However, while this may be practical for larger wireless
devices such as laptop computers. it is impractical for smaller
hand-held devices because it is not possible to get the anten-
nas farenough apart to ensure their independence. Because of
this, for hand-held devices, a practical limit might be two
transmit and two receive antennas. Also, another factor lim-
iting the practical number of antennas is cost. Typically about
two thirds of the cost of a base station transceiver is in the
power amplifier plus antennas, and this will increase if more
antennas are added. These factors make only a two by two
system commercially practical.

By way of example, consider a system with M transmit and
N receive antennas in a frequency non-selective, slowly fad-
ing channel. The sampled baseband-equivalent channel
model is given by

Y=HS+n
where HeC™*™ is the complex channel matrix with the (i.j)-th
element being random fading between the i-th receive and j-th
transmit antenna. neC” is the additive noise source and is
modelled as a zero mean circularly symmetric complex Gaus-
sian random vector with statistically independent elements,
that is T|-CN(().2,]21_\,-). The i-th element of SeC* is the sym-
bol transmitted at the i-th transmit antenna and that of YeCY
is the symbol received at the i-th received antenna. The model
is shown in FIG. 2.

That such a system has no improvement in SNR perfor-
mance can be explained by noting that the data symbol s, is
transmitted only by one antenna, and in case of full cancella-
tion of other transmit antennas, the model of such a system is
shown in FIG. 3. In this case there is one transmit antenna and
N receive antennas. Therefore, for symbol S, there is no
coding gain.

It would be advantageous to have a layered space-time
coding structure which provides the improved spectral effi-
ciency, but which also provides improved SNR performance.

SUMMARY OF THE INVENTION

Embodiments of the invention provide coding gain sys-
tems and methods which feature combined space-time coding
and spatial multiplexing, and transmitters adapted to include
such functionality. The space-time coding introduces a cod-
ing gain, and makes symbols more immune to fading since
each information component is represented somehow in each
spatial output. In some embodiments, the space-time coding
comprises a layered space-time architecture. Advania-
geously. these solutions are amenable to implementation with
two transmit antennas and two receive antennas, a configu-
ration suitable for hand-held devices.

According to one broad aspect, the invention provides a
coding gain system adapted to transmit a plurality M of sym-
bol substreams. The coding gain system has a space-time
coding function adapted to produce M space-time coded
streams, with each symbol of the M symbol substreams being
represented in all M space-time coded streams and at different
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times. In some embodiments, the coding gain system pro-
vided by the invention can be considered to include M trans-
mit antennas each adapted to transmit a respective one of the
M space-time coded streams, and/or demultiplexing and
encoding functionality adapted to produce the M symbol
substreams from a primary input stream.

In some embodiments, the space-time coding function has
an orthogonal transform adapted to produce M orthogonal
outputs each of which is a function of the M substreams, and
has delay elements adapted to insert delays in the M orthogo-
nal outputs to produced M delayed orthogonal outputs such
that each of the M delayed orthogonal outputs is a function of
a given element of each of the M subsireams at a different
time. For example, the delay elements can he adapted to
introduce a delay of m~1 symbol periods in the mth orthogo-
nal output, where m=1, . . . , M.

In another embodiment, the space-time coding function
has delay elements adapted to insert a delay of M-1 symbol
periods in each of the M substreams, and an orthogonal trans-
form adapted to produce M orthogonal outputs, with the mth
orthogonal output being a function of the M substreams
delayed in the delay elements by m-1 symbol periods.

In some embodiments the M substreams are non-binary
symbols. In other embodiments the M substreams are bit
streams. In these embodiments, the orthogonal transform
comprises orthogonal symbol mappings, for example M 2%
QAM or MPSK mapping functions, each adapted to produce
a respective sequence of M-ary symbols with the M-ary sym-
bol of the mth 2* QAM mapping function being a function of
the M substreams delayed in said delay elements by m-1 bit
periods.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention will now be 33

described with reference to the attached drawings in which:

FIG. 1 is a block diagram of a known space-time coding
system;

FIG. 2 is a channel model for the system of FIG. 1;

FIG. 3 is a channel model for a single antenna output of the
system of FIG. 1;

F1G. 4is a block diagram of a transmitter featuring a coding
gain system provided by an embodiment of the invention;

FIG. 5is a block diagram of a transmitter featuring a coding
gain system provided by another embodiment of the inven-
tion;

FIG. 6 is ablock diagram of a transmitter featuring a coding
gain system provided by another embodiment of the inven-
tion;

FIG. 7 is a block diagram of a transmitter featuring a coding
gain system provided by another embodiment of the inven-
tion; and

FIG. 8 is a constellation diagram for the 16 QAM Gray
mappings of FIG. 7.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Embodiments of the invention provide a layered space-
time architecture with additional gain provided with space-
time coding. To achieve this each information symbol s, is
arranged to as to be represented on all M Transmit Antennas.
An algorithm of space-time coding is developed for one trans-
mitter, and aggregated with algorithms for M transmitters, so
that the spectral efficiency expected for conventional BLAST
architecture is retained.
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A range of coding gain methods/systems and transmitters
are provided which combine space time coding and spatial
multiplexing. Referring firstly to FIG. 4, shown is a space-
time coder/multiplexer coding gain system consisting of a
1:M demultiplexer 29 having a single primary input 27 and
having M outputs which are each coded and modulated in
respective encoder/modulator blocks 314, . . ., 31M to pro-
duce encoded substreams s, s,, . . . . Sy, There is an orthogo-
nal transformation block 30 and a number of delay blocks 32
(only two shown, 32m-1, 32M-1) the outputs of which are
connected to respective transmit antennas 34A, ..., 34M. The
orthogonal transformation block 30 has as its inputs the M
encoded and modulated substreams s,, s, . . ., 8, The
orthogonal transformation block 30 performs the following
matrix transform on the input substreams at each symbol
interval:

X-FS,
where S=(s,, s,. . . . 8,,) at a given instant, X=(X,, X5, . . . ,
X,,)eC™ is the output of the orthogonal transformation block
30; and FeC™™ is a complex matrix defining the orthogonal

transformation. In one embodiment. the (i,m)-th element of F

is defined by:
o {IIad(f,m)-e“'f"("‘”J"(’“ﬂ).ft_gm,
where Had(i,m)e(1: -1) is the (i,m)-th element of the Had-

amard matrix. For M=2 this matrix is

1 e a4

1 =/t

1

P

However, this transformation matrix is not unique, this
being only an example of a suitable orthogonal transforma-
tion. The optimization and/or search for the best of transfor-
mation matrix depends on the modulation for initial symbols
s,,, and on the number of antennas M. It is important that each
output of the orthogonal transformation be a function of all
the instantaneous inputs. In other words, x,=f,(s,, s5, . . . .
Sa s s g R Sayvarvy B

Now, to achieve the separation in time, the mth orthogonal
transformation output xm is delayed by a time period equal 10
(m-1)T, where T is the symbol duration, such that the first
output x, experiences no delay. and the Mth output x,, expe-
riences a delay of (M-1)T. The output of the delay blocks 32
consists of the symbols z,, . . . , z,,to be transmitted on the
antennas 34. The effect of the orthogonal transformation 30
plus the delay blocks 32 is that the mth input symbol s, is
represented in all m output streams, but at different times.

Referring now to FIG. 5, another embodiment of the inven-
tion is provided in which the encoded and modulated symbols
s, are fed through respective delay banks 40 (404, . . . , 40M)
each containing M-1 delay elements. Each symbol with
equal delay is fed to a common scaling block 42. Thus, all
undelayed symbols s,. .. ., s, are fed to a first scaling block
424, the symbols s, . . ., sy delayed by (m-1)T are fed to an
mth scaling block 42m and so on. Each scaling block 42m
multiplies each of its inputs by a respective complex multi-
plier, and the results are summed in a respective summer 44m
the output of which is the mth transmitted symbol z,,,. This is
really mathematically equivalent to the embodiment of F1G. 4
in that each output symbol z,, is again a function of all of the
input symbols at a given instant, but at different times. Effec-
tively, the delay block and the orthogonal transformation
functions have been done in reverse order.
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Both the examples of FIGS. 4 and 5 perform symbol level
space-time encoding in the sense that the input to the space-
time encoding process consists of symbols output by the
encoder/modulator blocks. Referring now to FIG. 6, another
embodiment of the invention is provided in which bit-level
space-time encoding is performed. In this embodiment, a 1:M
demultiplexer 59 produces from an input bit stream 58 M bit
substreams u,, . . ., u,, which are all fed into delay elements
60A. ..., 60M-1 eachadding a further bit period T delay. The
unde]ayed bits uy, . .., u,, and the bits output by each of the
delay elements 60A, . . .. 60M-1 are fed to respective symbol
mapping functions 62a. . . . 62M which in the illustrated
embodiment are QAM functions. Each QAM mapping func-
tion 62A. . ... 62M maps its M input bits to a corresponding
output symbol z,, which is output by corresponding antennas
64A, ..., 64M. In one embodiment, the QAM mappings are
designed such that they are orthogonal to each other.

Referring now to FIG. 7 a specific example of the embodi-
ment of FIG. 6 is shown which is a very practical embodi-
ment, and in which the same numbering scheme as FIG. 6 is
used. In this case, it is assumed that the demultiplexer 59 is a
1:4 demultiplexer which produces four bit substreams u,, u,,
us, u, which are all fed undelayed to a first 16 QAM mapping
62A, and are all fed to a delay element 60 which introduces a
delay T into the substreams and outputs the delayed sub-
streams into a second 16 QAM mapping 62B. The two QAM
mappings 62A. 62B have outputs z,, z, fed to respective
transmit antennas 64A, 64B3. Details of an example receiver
are shown in which there is a 2 state MLSE decoder 80
connected to two receive antennas 82A, 82B. It is to be
understood that many different receiver structures can be
used. and this is not important to the invention. This imple-
mentation lends itself to efficient implementation in hand-
held devices because there are only two transmit and two
receive antennas.

A recommended mapping for the 16 QAM mapping func-
tions 62A, 621 is shown in FIG. 8. A first mapping is shown
for the first antenna 64 A, generally indicated by 90. A second
mapping is shown for the second antenna 64B, generally
indicated by 92. Each mapping shows how the 16 16QAM
constellation points, defined by their position on the horizon-
tal (real) and vertical (imaginary) axes, map to corresponding
decimal versions (0 to 15) of input bit combinations u,, u,. us,
u, (0000 to 1111).

In one example above, the receiver is a 2™ state MLSE
decoder. As indicated previously, the particular receiver
design is not important. It may be a Viterbi decoder, an itera-
tive decoder, or some other type of decoder.

In the above embodiments, for symbol level space-time
coding, it is assumed that the input to the space-time func-
tionality consists of encoded and modulated symbol streams.
In another embodiment, the encoding and modulation is inte-
grated with the space-time coding.

Numerous modifications and variations of the present
invention are possible in light of the above teachings. It is
therefore to be understood that within the scope of the
appended claims. the invention may be practised otherwise
than as specifically described herein.

We claim:

1. A transmitter adapted to process a plurality M of symbol
substreams, the transmitter comprising:

a space-time coding block adapted to produce M space-
time coded symbols per input set of M symbols, each
input set of M symbols comprising one symbol per sym-
bol substream, each of the M space-time coded symbols
being included in a respective one of M space-time
coded streams, wherein each symbol of the M symbol
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substreams is represented in all M space-time coded
streams, wherein the transmitter comprises a delay
arrangement, arranged such that for each symbol of the
M symbol substreams a time of representation of the
symbol in the M space-time coded streams is different
for each of the M space-time coded streams, each space-
time coded symbol comprising a representation of a
symbol of each of the M symbol substreams;
a plurality M of transmit antennas each adapted to transmit
a respective one of the M space-time coded streams,
such that for each symbol of each input set of M sym-
bols, the M space-time coded symbols that contain a
representation of the symbol are transmitted at different
times.
2. A transmitter according to claim 1 further comprising a
demultiplexing and encoding block comprising a demulti-
plexer having M outputs, and M encoder/modulators each
producing a respective one of the M symbol substreams, with
each of the M encoder/modulators connected to receive a
respective one of the demultiplexer outputs.
3. A transmitter according to claim 2 wherein the demulti-
plexing and encoding block is adapted to produce the M
symbol substreams from an input stream.
4. A transmitter according to claim 3 wherein the space-
time coding block comprises:
an orthogonal transform adapted to produce M orthogonal
outputs each of which is a function of the M substreams;

wherein the delay arrangement comprises delay elements
adapted to insert a respective different delay in M-1 of
the M orthogonal outputs to produce the M space-time
coded streams.

5. A transmitter according to claim 4 wherein the delay
elements are adapted to introduce a delay of m-1 symbol
periods in the mth orthogonal output, where m=1, . . ., M.

6. A transmitter dc:oordmg to claim 1 wherein the d(.]ay
arrangement comprises:

delay elements adapted to insert a delay in at least one of

the M substreams: and
the space-time coding function further comprises an
orthogonal transform adapted to produce M orthogonal
outputs, with the mth orthogonal output being a function
of the M substreams delayed in said delay elements by
m-1 symbol periods.

7. A transmitter according to claim 6 wherein the M sub-

5 streams are bit streams, and wherein the orthogonal transform

comprises M M-ary mapping functions, each adapted to pro-
duce a respective sequence of M-ary symbols with the M-ary
symbol of the mth M-ary mapping function being a function
of the M substreams delayed in said delay elements by m-1
bit periods.
8. A method comprising:
demultiplexing an input symbol stream into M symbol
substreams;
performing coding and modulation on each of said M sym-
bol substreams;
performing a space-time coding function adapted to pro-
duce M space-time coded symbols per input set of M
symbols, each input set of M symbols comprising one
symbol per symbol substream. each of the M space-time
coded symbols being included in a respective one of M
space-time coded streams, wherein each symbol of the
M symbol substreams is represented in all M space-time
coded streams, wherein performing the space-time cod-
ing function comprises implementing a delay function,
arranged such that-for each symbol of the M symbol
substream, a time of representation of the symbol in the
M space-time coded streams is different for each of the
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M space-time coded streams, each space-time coded
symbol comprising a representation of a symbol of each
of the M symbol substreams;

transmitting the M space-time coded streams on respective

antennas, such that for each symbol of each input set of 5

M symbols, the M space-time coded symbols that con-
tain a representation of the symbol are transmitted at
different times.

9. A method according to claim 8 wherein performing the

space-time coding function comprises:

executing an orthogonal transform to produce M orthogo-
nal outputs each of which is a function of the M sub-
streams; and

implementing the delay function comprises delayingthe M. .

orthogonal outputs to produce M delayed orthogonal
outputs such that each of the M delayed orthogonal
outputs is a function of a given element of each of the M
substreams at a different time.

8

10. A method according to claim 9 wherein the mth
orthogonal output is delayed by m-1 symbol periods, where
m=1,....M.

11. A method according to claim 8 wherein performing the
space-time coding function comprises:

delaying at least one of the M substreams

executing an orthogonal transform adapted to produce M

orthogonal outputs, with the m” orthogonal output
heing a function of the M substreams delayed m-1 sym-
bol periods.

12. A method according to claim 11 wherein the M sub-
streams are bit streams, and wherein the orthogonal transform
comprises M M-ary mapping functions, each adapted to pro-
duce a respective sequence of M-ary symbols with the M-ary
symbol of the m” M-ary mapping function being a function
of the M substreams delayed in said delay elements by m-1
bit periods.
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SCATTERED PILOT PATTERN AND
CHANNEL ESTIMATION METHOD FOR
MIMO-OFDM SYSTEMS

RELATED APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 14/249,127, filed on Apr. 9, 2014, which is itself is a
continuation of U.S. application Ser. No. 13/765,523, filed on
Feb. 12, 2013, which is itself is a is a continuation of U.S.
application Ser. No. 13/586,660, filed on Aug. 15, 2012, and
issued as U.S. Pat. No. 8,406,118 on Mar. 26, 2013, which is
itself is a continuation of U.S. application Ser. No. 12/468,
624, filed on May 19, 2009, and issued as U.S. Pat. No.
8,254,246 on Aug. 28, 2012, which is itself a continuation of
U.S. application Ser. No. 11/819.,690, filed on Jun. 28, 2007
and issued as U.S. Pat. No. 7,545,734 on Jun. 9, 2009, which
is itself a continuation of U.S. application Ser. No. 10/038,
883, filed on Jan. 8. 2002, which has issued as U.S. Pat. No.
7,248,559 on Jul. 24, 2007, and claims the benefit thereof,
which itself claims the benefit of U.S. Provisional Applica-
tion No. 60/329,509 filed Oct. 17, 2001, the contents of which
are incorporated in its entirety herein by reference.

FIELD OF THE INVENTION
This invention relates to OFDM communication systems,
and more particularly to a more efficient use of pilot symbols
within such systems.

BACKGROUND OF THE INVENTION

Multiple Input Multiple Output-Orthogonal Frequency

Division Multiplexing (MIMO-OFDM) is a novel highly 3s

spectral efficient technology used to transmit high-speed data
through radio channels with fast fading both in frequency and
in time.

In wireless communication systems that employ OFDM, a
transmitter transmits data to a receiver using many sub-car-
riers in parallel. The frequencies of the sub-carriers are
orthogonal. Transmitting the data in parallel allows the sym-
bols containing the data to be of longer duration, which
reduces the effects of multi-path fading. The orthogonality of
the frequencies allows the sub-carriers to be tightly spaced,
while minimizing inter-carrier interference. At the transmit-
ter, the data is encoded, interleaved, and modulated to form
data symbols. Overhead information is added, including pilot
symbols, and the symbols (data plus overhead) are organized

into OFDM symbols. Each OFDM symbol typically uses 2"

frequencies. Each symbol is allocated to represent a compo-
nent of a different orthogonal frequency. An inverse Fast
Fourier Transform (IFFT) is applied to the OFDM symbol
(hence the preference of 2" frequencies) to generate time

samples of a signal. Cyclic extensions are added to the signal, 55

and the signal is passed through a digital-to-analog converter.
Finally, the transmitter transmits the signal to the receiver
along a channel.

When the receiver receives the signal, the inverse opera-
tions are performed. The received signal is passed through an
analog-to-digital converter, and timing information is then
determined. The cyclic extensions are removed from the sig-
nal. The receiver performs an FFT on the received signal to
recover the frequency components of the signal, that is, the
data symbols. Error correction may be applied to the data
symbols to compensate for variations in phase and amplitude
caused during propagation of the signal along the channel.
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The data symbols are then demodulated, de-interleaved, and
decoded, to yield the transmitted data.

In systems employing differential detection, the receiver
compares the phase and/or amplitude of each received sym-
bol with an adjacent symbol. The adjacent symbol may be
adjacent in the time direction or in the frequency direction.
The receiver recovers the transmitted data by measuring the
change in phase and/or amplitude between a symbol and the
adjacent symbol. If differential detection is used, channel
compensation need not be applied to compensate for varia-
tions in phase and amplitude caused during propagation of the
signal. However. in systems employing coherent detection
the receiver must estimate the actual d phase and amplitude of
the channel response, and channel compensation must be
applied.

The variations in phase and amplitude resulting from
propagation along the channel are referred to as the channel
response. The channel response is usually frequency and time
dependent. If the receiver can determine the channel
response, the received signal can be corrected to compensate
for the channel degradation. The determination of the channel
response is called channel estimation. The inclusion of pilot
symbols in each OFDM symbol allows the receiver to carry
out channel estimation. The pilot symbols are transmitted
with a value known to the receiver. When the receiver receives
the OFDM symbol, the receiver compares the received value
of the pilot symbols with the known transmitted value of the
pilot symbols to estimate the channel response.

The pilot symbols are overhead, and should be as few in
number as possible in order to maximize the transmission rate
of data symbols. Since the channel response can vary with
time and with frequency, the pilot symbols are scattered
amongst the data symbols to provide as complete a range as
possible of channel response over time and frequency. The set
of frequencies and times at which pilot symbols are inserted
is referred to as a pilot pattern. The optimal temporal spacing
between the pilot symbols is usually dictated by the maxi-
mum anticipated Doppler frequency, and the optimal fre-
quency spacing between the pilot symbols is usually dictated
by the anticipated delay spread of multi-path fading.

The existing pilot-assisted OFDM channel estimation
approaches are designed for conventional one transmitter
system. With a scattered pilot arrangement, there are three
classes of algorithms:

1-D frequency interpolation or time interpolation

Transformed frequency 1-D interpolation

Independent time and frequency 1-D interpolation

The first class of algorithms is based on the pilot OFDM
symbol (all the sub-carriers are used as the pilots) or comb-
type of pilots. This approach shown in the flow chart of FIG.
1A is simple but only suitable for channels with high fre-
quency selectivity or channels with high time fading. The
method involves pilot extraction in the frequency domain
(step 1A-1) followed by interpolation in time (step 1A-2), or
interpolation in frequency (step 1A-3).

The second method shown in the flow chart of FIG. 1B is
aimed for channels with slow Doppler fading and fast fre-
quency fading. It improves the first method by using FFT to
reconstruct the channel response back to time domain for
noise reduction processing at the expense of FFT/IFFT com-
puting for the channel estimation separately. The method
begins with pilot extraction in the frequency domain (step
1B-1), which may be followed by interpolation in frequency
(step 1B-2). Then an inverse fast Fourier transform (step
1B-3), smoothing/de-noise processing (step 1B-4), and
finally a fast Fourier transform (1B-5) steps are executed.
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The third method shown in the flow chart of FIG. 1C can be
used to estimate channel for mobile applications, where both
fast time fading and frequency fading exist. However it needs
a relatively high density of pilots and a completed interpola-
tor. This method involves pilot extraction in the frequency
domain (step 1C-1) this is followed by interpolation in time
(step 1C-2) and interpolation in frequency (step 1C-3).

In the propagation environment with both high frequency
dispersion and temporal fading, the channel estimation per-
formance can be improved by the increase of pilot symbol
density at the price of the reduction of the spectral efficiency
of the data transmission. To interpolate and reconstruct the
channel response function from the limited pilots to achieve
reliable channel estimation with the minimum overhead is a
challenging task.

There are a variety of existing standard pilot patterns. In
environments in which the channel varies only slowly with
time and frequency, the pilot symbols may be inserted cycli-
cally, being inserted at an adjacent frequency after each time
interval. In environments in which the channel is highly fre-
quency dependent, the pilot symbols may be inserted periodi-
cally at all frequencies simultaneously. However, such a pilot
pattern is only suitable for channels that vary very slowly with
time. In environments in which the channel is highly time
dependent, the pilot symbols may be inserted continuously at
only specific frequencies in a comb arrangement to provide a
constant measurement of the channel response. However,
such a pilot pattern is only suitable for channels that vary
slowly with frequency. In environments in which the channel
is both highly frequency and highly time dependent (for
example, mobile systems with much multi-path fading), the
pilot symbols may be inserted periodically in time and in
frequency so that the pilot symbols form a rectangular lattice
when the symbols are depicted in a time-frequency diagram.

In OFDM communication systems employing coherent 35

modulation and demodulation, the receiver must estimate the
channel response at the frequencies of all sub-carriers and at
all times. Although this requires more processing than in
systems that employs differential modulation and demodula-
tion, a significant gain in signal-to-noise ratio can be achieved
using coherent modulation and demodulation. The receiver
determines the channel response at the times and frequencies
at which pilot symbols are inserted into the OFDM symbol,
and performs interpolations to estimate the channel response
at the times and frequencies at which the data symbols are
located within the OFDM symbol. Placing pilot symbols
more closely together (in frequency if a comb pattern is used,
in time if a periodic pattern is used, or in both frequency and
in time if a rectangular lattice pattern is used) within a pilot
pattern results in a more accurate interpolation. However,
because pilot symbols are overhead, a tighter pilot pattern is
at the expense of the transmitted data rate.

Existing pilot patterns and interpolation techniques are
usually sufficient if the channel varies slowly with time (for
example for nomadic applications). However, if the channel
varies quickly with time (for example, for mobile applica-
tions)., the time interval between pilot symbols must be
reduced in order to allow an accurate estimation of the chan-
nel response through interpolation. This increases the over-
head in the signal.

The problem of minimizing the number of pilot symbols
while maximizing the accuracy of the interpolation is also
particularly cumbersome in Multiple-Input Multiple-Output
(MIMO) OFDM systems. In MIMO OFDM systems, the
transmitter transmits data through more than one transmitting
antenna and the receiver receives data through more than one
receiving antenna. The binary data is usually divided between
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the transmitting antennae, although the same data may be
transmitted through each transmitting antenna if spatial diver-
sity is desired. Each receiving antenna receives data from all
the transmitting antennae, so if there are M transmitting
antennae and N receiving antennae, then the signal will
propagate over MxN channels, each of which has its own
channel response. Each transmitting antenna inserts pilot
symbols into the same sub-carrier location of the OFDM
symbol which it is transmitting. In order to minimize inter-
ference at the receiver between the pilot symbols of each
transmitting antenna, each transmitting antenna typically
blinks its pilot pattern on and off. This increases the temporal
separation of the pilot symbols for each transmitter, reducing
the accuracy of the interpolation used to estimate the channel
response. In MIMO-OFDM systems a simple and fast chan-
nel estimation method is particularly crucial because of the
limitation of the computational power for estimating MxN
channels, while in SISO-OFDM system only one channel
needs to be estimated.

SUMMARY OF THE INVENTION

Channel estimation methods are provided which are based
on the partial interpolation of a scattered pilot by using true
2-D interpolation; and additionally. simple 1-D interpolation
is used reconstruct the entire channels. This method has a
reduced scattered pilot overhead, and is at least an order of
magnitude less computationally complex than some existing
methods. In general, the proposed method of channel estima-
tion 1s more robust in channels with high Doppler spread, and
provides better performance than some existing methods and
requires the less buffering of the OFDM symbols for the
coherent detection at the receiver than in some methods.

The methods allow fewer pilot symbols to be placed within
each OFDM symbol, while still allowing accurate interpola-
tion of the channel response. The data rate of an MIMO-
OFDM system is thereby improved.

According to a first aspect of the invention, there is pro-
vided a method of inserting pilot symbols into Orthogonal
Frequency Division Multiplexing (OFDM) frames transmit-
ted on a plurality N of transmitting antenna, the OFDM
frames having a time domain and a frequency domain, each
OFDM frame comprising a plurality of OFDM symbols, the
method comprising the steps of: for the N transmit antennas,
transmitting sets of N pilot symbols, each set being in a
location within a scattered pattern in time-frequency, each set
of N pilot symbols comprising a pilot symbol for each
antenna.

In some embodiments, transmitting sets of N pilot sym-
bols, each set being in a location within a scattered pattern in
time-frequency comprises: transmitting a set of N pilot sym-
bols in a respective location within the scattered pattern on a
same sub-carrier.

In some embodiments, for the N transmit antennas, trans-
mitting sets of N pilot symbols, each set being in a location
within a scattered pattern in time-frequency comprises:
inserting sets of N pilot symbols at locations that form at least
one diagonal arrangement in time-frequency.

In some embodiments, inserting sets of N pilot symbols
comprises: when N is equal to two, for each antenna, alter-
nating insertion of null symbol locations and pilot symbols in
the at least one diagonal arrangement for a first antenna of the
pair of antennas and alternating insertion of pilot symbols and
null symbol locations in the at least one diagonal arrangement
for a second antenna of the pair of antennas, wherein the null
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symbol locations of the first antenna correspond to a same
location in time-frequency as the pilot symbols of the second
antenna, and vice versa.

In some embodiments, the method further comprises for
each location within a scattered pattern in time-frequency:
generating a group of L uncoded pilot symbols; performing
space time block coding (STBC) on the group of L. uncoded
pilot symbols to produce an NxN STBC block, L and N
determining an STBC code rate; transmitting one row or
column of the STBC block on each antenna on a specific
sub-carrier.

In some embodiments, the method further comprises trans-
mitting the sets of N pilot symbols with a power level greater
than a power level of data symbols. depending upon a value
reflective of channel conditions.

In some embodiments, the method further comprises trans-
mitting the sets of N pilot symbols with a power level which
is dynamically adjusted to ensure sufficiently accurate recep-
tion as a function of a modulation type applied to sub-carriers
carrying data.

In some embodiments, transmitting sets of N pilot sym-
bols, each set being in a location within a scattered pattern in
time-frequency comprises: providing a first plurality of
equally spaced sub-carrier positions; providing a second plu-
rality of equally spaced sub-carrier positions offset from said
first plurality: inserting the sets of N pilot symbols alternately
in time vsing the first plurality of equally spaced sub-carrier
positions and the second plurality of equally spaced sub-
cartier positions.

In some embodiments, the second plurality of equally
spaced sub-carrier positions is offset from the first plurality of
equally spaced-subcarrier positions by half the spacing
between adjacent sub-carriers of the first plurality of sub-
carrier positions thereby forming a diamond shaped arrange-
ment.

In some embodiments, the method further comprises
inserting sets of N pilot symbols in an OFDM resource for an
additional group of N transmitting antennas wherein trans-
mitting sets of N pilot symbols in a respective pattern in
time-frequency for the additional group of N transmitting
antennas comprises: employing the same respective pattern
of pilot symbols as the N transmitting antennas where N22,
but offset in at least one of time and frequency.

According to a second aspect of the invention, there is
provided a method comprising: providing a first transmitter
implementing the method according to the first aspect of the
invention; providing at least one other transmitter implement-
ing the method according to the first aspect of the invention
using scattered patterns offset from those used by the first
transmitter.

According to a third aspect of the invention, there is pro-
vided a transmitter comprising: a plurality N of transmit
antennas; an OFDM frame generator that inserts pilot sym-
bols into Orthogonal Frequency Division Multiplexing
(OFDM) frames transmitted on the plurality N of transmit
antennas, the OFDM frames having a time domain and a
frequency domain, each OFDM frame comprising a plurality
of OFDM symbols, such that for the N transmit antennas, sets
of N pilot symbols are transmitted, each set being ina location
within a scattered pattern in time-frequency, each set of N
pilot symbols comprising a pilot symbol for each antenna.

In some embodiments, a set of N pilot symbols in a respec-
tive location within the scattered pattern is transmitted on a
same sub-carrier.

In some embodiments, the transmitter is further operable
to, for each location in the scattered pattern: generate a group
of L uncoded pilot symbols; perform space time block coding
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(STBC) on the group of L pilot symbols to produce an NxN
STBC block; transmit one row or column of the STBC block
on each antenna.

Insome embodiments, the transmitter is further operable to
transmit the sets of N pilot symbols with a power level greater
than a power level of data symbols depending on a value
reflective of channel conditions.

In some embodiments, the transmitter is further operable to
transmit the sets of N pilot symbols with a power level which
is dynamically adjusted to ensure sufficiently accurate recep-
tion.

In some embodiments, the OFDM frame generator is oper-
able to: define a first plurality of equally spaced sub-carrier
locations; define a second plurality of equally spaced sub-
carrier locations offset from said first plurality; wherein the
sets of N pilot symbols are inserted alternately in time using
the first plurality of equally spaced sub-carrier locations and
the second plurality of equally spaced sub-carrier locations.

In some embodiments, spacing between locations of the
scattered pattern in time-frequency is optimized to allow a
fast extraction of scattered pilot symbols without requiring
the computation of a complete FFT.

According to a fourth aspect of the invention, there is
provided a receiver comprising: a plurality N of receive
antennas for receiving OFDM symbols comprising: sets of N
pilot symbols transmitted from N antennas in a scattered
patternin time-frequency, the sets of N pilot symbols for each
respective pattern in time-frequency inserted such that sets of
N pilot symbols from different antennas do not occupy a same
location in time-frequency: and data symbols in time-fre-
quency: and a channel estimator for comparing the received
sets of N pilot symbols with pilot symbol values known to be
transmitted by a transmitter.

Other aspects and features of the present invention will
become apparent to those ordinarily skilled in the art upon
review of the following description of specific embodiments
of the invention in conjunction with the accompanying Fig-
ures.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described in greater detail with
reference to the accompanying Figures, in which:

FIG. 1A illustrates a flow-chart of an example for three
examples of conventional OFDM Channel Estimation:

FIG. 1B illustrates a flow-chart of another example of
conventional OFDM Channel Estimation,

FIG. 1C illustrates a flow-chart of another example of
conventional OFDM Channel Estimation;

FIG. 2 is a block diagram of a Multiple-Input Multiple-
Output Orthogonal Frequency Division Multiplexing
(OFDM) transmitter provided by an embodiment of the
invention:

FIG. 3 is a block diagram of an OFDM receiver:

FIG. 4 is a flowchart of a method by which an OFDM
transmitter inserts pilot symbols into an OFDM frame
according to one embodiment of the invention;

FIG. 5 is a diagram of a pilot pattern generated using the
method of FIG. 4;

FIG. 6 is a block diagram of a MIMO system showing the
channel transfer functions between two transmit antennas and
two receive antennas;

FIG. 7 is a time frequency diagram showing channel esti-
mate positions for pilot channel estimation:

FIG. 8 schematically illustrates a step of filtering estimated
and interpolated pilot channel estimates;
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FIG. 9 shows schematically the step of interpolating
between the channel estimates previously determined to pro-
vide channel estimates for all sub-carriers and all times:

FIG. 10 is a flow chart summarizing the overall channel
estimation method provided by an embodiment of the inven-
tion; and

FIG. 11 is an example of a set of performance results
obtained using the method of FIG. 10.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The following sections describe a MIMO-OF DM transmit-
ter/receiver and scattered pilot insertion. By way of introduc-
tion, a OFDM frame consists of the preamble OF DM symbols
and regular OFDM symbols. Each OFDM symbol uses a set
of orthogonal sub-carriers. When there are two transmit
antennas, two OFDM symbols form a STTD block. For regu-
lar OFDM symbols, some sub-carriers are used as pilot sub-
carriers to carry pilot symbols while the others are used as
data sub-carriers to carry data symbols. The pilot sub-carriers
are modulated by pilot symbols generated by QPSK. The data
sub-carriers are modulated by complex data symbols gener-
ated by QAM mapping. STTD coding is applied to the pilot
sub-carrier pairs located at the same frequency within one
STTD block.

Referring to FIG. 2. a block diagram of a Multiple-Input
Multiple-Output (MIMO) Orthogonal Frequency Division
Multiplexing (OFDM) transmitter provided by an embodi-
ment of the invention is shown. The OFDM transmitter shown
in FIG. 2 is a two-output OFDM transmitter, though more
generally there may be a plurality of M transmitting antennae.
An OFDM transmitter 10 takes binary data as input but data

in other forms may be accommodated. The binary data is 35

passed to a coding/modulation primitive 12 responsible for
encoding, interleaving, and modulating the binary data to
generate data symbols, as is well known to those skilled in the
art. The coding/modulation primitive 12 may include a num-
ber of processing blocks, not shown in FIG. 2. An encoder 14
applies Space-Time Block Coding (SBTC) to the data sym-
bols. The encoder 14 also separates the data symbols into a
first processing path 16 and a second processing path 18. by
sending alternate data symbols along each of the two process-
ing paths. In the more general case in which the OFDM
transmitter 10 includes M transmitting antennae, the encoder
14 separates the data symbols into M processing paths.

The data symbols sent along the first processing path 16 are
sent to a first OFDM component 20. The data symbols are first
passed to a demultiplexer 22 in the first OFDM component
20, after which the data symbols are treated as sub-carrier
components. The data symbols are then sent to a pilot inserter
24, where pilot symbols are inserted among the data symbols.
Collectively, the data symbols and pilot symbols are referred
to hereinafter simply as symbols. The symbols are passed to
an Inverse Fast Fourier Transform (IFFT) processor 26, then
to a multiplexer 28 where they are recombined into a serial
stream. A guard inserter 30 adds prefixes to the symbols.
Finally, the OFDM signals are passed through a hard limiter
32, a digital-to-analog converter 34, and a radio frequency
(RF) transmitter 36 which transmits OFDM symbols as a
signal through a first transmitting antenna 37. In most
embodiments, each element in the first OFDM component 20
is a processor, a component of a larger processor, or a collec-
tion of processors or any suitable combination of hardware,
firmware and software. These might include general purpose
processors, ASICs, FPGAs, DSPs to name a few examples.
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The pilot inserter 24 is connected to receive space-time
coded pilot symbols from pilot STBC function 23 which
performs STBC on pilot symbols 21. The pilot STBC block
23 takes two pilot symbols at a time for example P, and P, as
indicated in FIG. 2 and generates an STBC block consisting
of a two by two matrix having (P,, P>) in the first row and
having (=P, *, P, *) in the second row. It is the first row of this
STBC block that is inserted by the pilot inserter 24.

The data symbols sent along the second processing path 18
are sent to a second OFDM component 38 which includes
processors similar to those included in the first OFDM com-
ponent 20. However, the pilot inserter 40 inserts encoded pilot
symbols from the second row of the STBC block produced by
the pilot STBC function 23. The symbols sent along the
second processing path 18 are ultimately transmitted as a
signal through a second transmitting antenna 42.

Referring now to FIG. 3, a block diagram of an MIMO-
OFDM receiver is shown. An OFDM receiver 50 includes a
first receiving antenna 52 and a second receiving antenna 54
(although more generally there will be one or more receiving
antennae). The first receiving antenna 52 receives a first
received signal. The first received signal is a combination of
the two signals transmitted by the two transmitting antennae
37 and 42 of F1G. 2, although each of the two signals will have
been altered by a respective channel between the respective
transmitting antenna and the first receiving antenna 52. The
second receiving antenna 54 receives a second received sig-
nal. The second received signal is a combination of the two
signals transmitted by the two transmitting antennae 37 and
42 of FIG. 2, although each of the two signals will have been
altered by a respective channel between the respective trans-
mitting antenna and the second receiving antenna 54. The
four channels (between each of the two transmitting antennae
and each of the two receiving antennae) may vary with time
and with frequency, and will usually be different from each
other.

The OFDM receiver 50 includes a first OFDM component
56 and a second OFDM component 58 (although in general
there will be N OFDM components, one for each receiving
antenna). The first OFDM component 56 includes a RF
receiver 59, and an analog-to-digital converter 60, which
converts the first received signal into digital signal samples.
The signal samples are passed to a frequency synchronizer 62
and a frequency offset corrector 64. The signal samples are
also fed to a frame/time synchronizer 66. Collectively, these
three components produce synchronized signal samples.

The synchronized signal samples represent a time
sequence of data. The synchronized signal samples are passed
to a demultiplexer 68, then passed in parallel to a Fast Fourier
Transform (FFT) processor 70. The FFT processor 70 per-
forms an FFT on the signal samples to generate estimated
received symbols which are multiplexed in MUX 76 and sent
as received symbols to decoder 78. Ideally, the received sym-
bols would be the same as the symbols fed into the IFFT
processor 26 at the OFDM transmitter 10. However, as the
received signals will have likely been altered by the various
propagation channels, the first OFDM component 56 must
correct the received symbols by taking into account the chan-
nels. The received symbols are passed to a channel estimator
72. which analyses received pilot symbols located at known
times and frequencies within the OFDM frame. The channel
estimator 72 compares the received pilot symbols with what
the channel estimator 72 knows to be the values of the pilot
symbols as transmitted by the OFDM transmitter 10, and
generales an estimated channel response for each frequency
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and time within the OFDM symbol. The estimated channel
responses are passed to decoder 78. The channel estimator 72
is described in detail below.

The second OFDM component 58 includes similar com-
ponents as are included in the first OFDM component 56, and
processes the second received signal in the same manner as
the first OFDM component 56 processes the first received
signal. Each OFDM component passes OFDM symbols to the
decoder 78.

The decoder 78 applies STBC decoding to the OFDM
symbols. and passes the symbols to a decoding/demodulating
primitive 80 responsible for decoding, de-interleaving, and
demodulating the symbols to generate output binary data, as
is well known to those skilled in the art. The decoding/de-
modulation primitive 80 which may include a number of
additional processing blocks, not shown in FIG. 2. Each ele-
ment in the OFDM components 56 and 58 is a processor, a
component of'a larger processor, or a collection of processors.

Referring now to FIG. 4, a method by which each of the
pilot inserters 24 and 40 of FIG. 2 inserts pilot symbols
among the data symbols is shown. The method will be
described with reference to the pilot inserter 24 in the first
OFDM component 20. At step 100, the pilot inserter 24
receives data symbols from the demultiplexer 22. At step 102
the pilot STBC function 23 generates (or receives) two pilot
symbols. At step 104 the pilot STBC function 23 applies
STBC encoding to the pilot symbols, so as to generate an
STBC block of encoded pilot symbols. The encoded pilot
symbols generated for the first transmitting antenna 37 will be
one row of the STBC block and will have a number equal to
the number of transmitting antennae in the OFDM transmit-
ter. Thus, for a two antenna system a 2x2 STBC block is
generated.

At step 106 the pilot inserter 24 inserts the encoded pilot

symbols within the OFDM symbol. Encoded pilot symbols 35

are inserted in a diamond lattice pattern. The diamond lattice
pattern uses the same frequencies as the other diamond lattice
patterns, but has a temporal offset from the other diamond
lattice patterns. Preferably, the temporal offset for each dia-
mond lattice pattern is one symbol (in the time direction) from
another diamond lattice pattern, so that the diamond lattice
patterns use consecutive symbols in the time direction of the
OFDM frame.

The diamond lattice pattern in which each encoded pilot
symbol is inserted within the OFDM frame is preferably a
perfect diamond lattice pattern. To achieve this, the encoded
pilot symbolis inserted at each of a first subset of frequencies.
The frequencies within the first subset of frequencies are
spaced equally apart by a pilot spacing. The encoded pilot

symbol is inserted at each of the first subset of frequencies for :

an STBC block (two OFDM symbols). At some later time, the
encoded pilot symbols are inserted at each of a second subset
of frequencies. The frequencies within the second subset of
frequencies are shifted from the frequencies within the first

subset of frequencies by half of the pilot spacing within the 53

frequency direction. The pilot inserter 24 continues to insert
encoded pilot symbols, alternating between the first subset of
frequencies and the second subset of frequencies.
Alternatively. a different pilot pattern can be used, as long
as the same pilot pattern is used for each of the at least one
encoded pilot symbols unique to the transmitting antenna 37,
and as long as the pilot patterns for the encoded pilot symbols
are offset from each other in the time direction of the OFDM
frame. For example, a regular diagonal lattice pattern may be
used, the diamond shaped lattice being a special case of this.
The pilot inserter 40 inserts pilot symbols using the same

method, although the pilot symbols will be the other half of

40

45

65

10

the STBC block 42. The encoded pilot symbols unique to the
second transmitting antenna 42 are inserted in the OFDM
frame at the same symbol locations at which the encoded pilot
symbols corresponding to the first transmitting antenna 37 are
inserted.

Referring to FIG. 5, an example pilot pattern generated
using the method of FIG. 4 is shown. Pilot and data symbols
are spread over the OFDM frame in a time direction 120 and
a frequency direction 122. Most symbols within the OFDM
frame are data symbols 124. A first set of encoded pilot
symbols 126 corresponding to the first transmitting antenna
37 is inserted in a diamond lattice pattern. A second set of
encoded pilot symbols 128 corresponding to the first trans-
mitting antenna 37 is inserted in a diamond lattice structure at
the same frequencies as the first set of encoded pilot symbols,
but offset by one OFDM symbol location in the time direction
120. In the illustrated example two of every four OFDM
symbols carry encoded pilot symbols. Each other transmit-

) ting antenna transmits using the same pattern. The pairs of

consecutive pilot symbols on a sub-carrier consist of two raw
pilot symbols STBC encoded. The same pattern is transmitted
by the second antenna.

The power of the encoded pilot symbols 126, 128 may be
increased compared to the traffic data symbol 124. The power
increase of the encoded pilot can be dynamically adjusted
with respect to the transmitting data symbol power level or
modulation type (QAM size), or as a function of channel
quality. The location of diamond lattice pattern may also be
optimized to allow a fast extraction of scattered pilot without
using the computing. This may be achieved if the pilot sub-
carriers are spaced in the frequency direction by 2°n. In the
multiple base station transmission arrangement. the location
of the diamond lattice pattern can be cyclic offset both in time
direction and in frequency direction amongst adjacent base
stations to form a diamond lattice re-use pattern.

Referring now to FIGS. 6 to 10, a channel estimation
method is described which is based on the pilot insertion
method above. This invention presents a simple 2-dimen-
sional channel interpolator for MIMO-OFDM system with
low pilot density for fast fading channels both in time and in
frequency. The goal of channel estimation is to estimate the
channel characteristics for each sub-carrier and at each time
for each possible transmit antenna, receive antenna combina-
tion. Referring to FI1G. 13, for the two transmit antenna, two
receive antenna example, shown are two transmit antennas
Tx1 140 and Tx2 142 and two receive antennas Rx1 144 and
Rx2 146. Channel estimation estimates a channel for each
sub-carrier and at each time between Tx1 140 and Rx1 144
indicated as each H,, 148, a channel between Tx1 140 and
Rx2 146 indicated by transfer function H,, 150, a channel
estimate for transmitter Tx2 142 to Rx1 144 indicated as
transfer function H,, 152 and finally, a channel estimate for
transmitter Tx2 142 to receiver Rx2 146 indicated as transfer
function H,, 154.

Some advantages for the proposed method compared to
some existing methods are: (1) robust to high mobility-speed
(2) areduction of the scattered pilot grid density and therefore
a reduction of the pilot overhead.

Let P, and P, be the two pilot symbols encoded in an STBC
block and transmitted by two antennas on one sub-carrier in
consecutive OFDM symbols. Then at the first receive
antenna, the following relationship exists for each sub-carrier
on which pilot symbols are transmitted, where it is assumed
the channel response H;; is constant over two OFDM frames:
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Y, , is the received data on the first antenna on the sub-
carrier in the first of the two consecutive OFDM sym-
bols, andY, , is the received data on the first antenna on
the sub-carrier in the second of the two consecutive

symbols. This can be solved for H,,, H,, to yield:

F"ul__ 1 [Pi _PEHYLII
Hyy |P||2+|P2|:.P§ Py Y2

A similar process for the second antenna yields

’Hnl_ 1 [Pi =P || Yz.ll
Hu| |PIP+IPRL Py Pl Yoz

whereY, , isthereceived data on the second antenna on the
sub-carrier in the first of the two consecutive OFDM
symbols, and Y, , is the received data on the second
antenna on the sub-carrier in the second of the two
consecutive OFDM symbols.

Using this techniques, a channel estimate is made for each
pilot sub-carrier, and for each pair of OFDM symbols used to
transmit STBC blocks.

For the example of FIG. 12, the result is a channel estimate,
for each of the possible channels (these are for channels in this
example as shown in FIG. 13) for each pair of pilot symbols
transmitted. This is illustrated in FIG. 14 where only sub-
carriers used to transmit pilots are shown. A channel estimate
150 is generated for each pair of (consecutive in time) OFDM
frames for each pilot sub-carrier. This results in channel esti-
mates 150, 152, 154 for the first and second frames, and
channel estimates 156, 158, 160 for the fifth and sixth frames
and so on.

The channel estimates are made on a STBC block by block
basis so that the pattern of channel estimate shown in FIG. 7
develops over time. The next step in the process is to pertorm
an interpolation based on the channel estimate of FIG. 7 to
obtain channel estimates for the places in FIG. 7 which do not
represent pilot channel positions. The manner in which this is
done will be described for a single example, namely the
unknown channel estimate indicated at 163 of FIG. 7. Chan-
nel estimates are buffered on an ongoing basis and when the
four channel estimates 152, 156, 158 and 164 forming a
diamond 162 surrounding the unknown channel estimate 163
have been computed. it is time to interpolate to obtain a
channel estimate for the unknown point 163. The channel
transfer function at the sub-carrier located at the centre of the
diamond can be obtained from a simple 4 points two-dimen-
sional interpolator. Three points two-dimensional interpola-
tors can be used to obtain the channel estimates correspond-
ing to the first or last useful sub-carrier:

Hynln+1,k) =

1
sz{n.kH Hin+2, )+ Hin+ 1, k=1)+Hn+1,k+1)

where (k=2, ... N =1)
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-continued

1
Hypln+1,1) = Z{H(n, D+ Hn+2, D+2Hn+ 1,20
Hypolt + 1, Nm») =

1
zmin, Noitor) + H(n+2, Npigr) + 2H(n, Ny = 1))

wherek is the pilot sub-carrier index, 11 is the channel estimate
index (or STBC block number—one channel estimate per
sub-carrier for every twosymbols), and N, is the number of
pilot sub-carriers (6 in the example of FIG. 7). H,,.,, is the
newly interpolated channel estimate for the i channel esti-
mation period, and the j* pilot sub-carrier. H(i, j) is the chan-
nel estimate determined as described previously from the
pilot symbols. A three points interpolator would also be per-
formed for the last STBC blocks in the OFDM frame (i.e. the
last two OFDM symbols).

These calculations are done for each transmit antenna,
receiver antenna combination. It is noted that this is just one
example of how the channel estimates can be interpolated.

If the original distance between pilot sub-carriers in the
frequency direction is D, after first step of interpolation
described above, the pilot sub-carriers’ separation becomes

Df
T

In some embodiments, to remove noise, the channel esti-
mates thus computed are filtered at each channel estimation
period. This is shown in FIG. 6 where the channel estimates
170 for one channel estimation period are shown entering
filter 172 to produce filtered channel estimates. For example,
a simple 3 point moving iterative smoothing algorithm may
be applied to H":

1
Hp(n, k) = Hoplon k = 1)+ 2 (H' (1, k + 1)+ Gy (i, k= 2))

am

where k=3, ..., 2N, ~2. It is to be understood that other
filtering algorithms may be employed.

After the interpolation of the pilot channel estimate as
summarized in FI1G. 7, there will be a channel estimate for
each sub-carrier on which pilot channel information was
transmitted and for each two OFDM symbol period over
which pilot channeling information was transmitted. Refer-
ring to FIG. 5, this means that there will be a channel estimate
for each antenna for time frequency points which are shaded
to indicate that pilot channel information was transmitted.
There will also be channel estimates for the time frequency
point in the centre of the diamond shaped lattice structure of
FIG. 7. However, for points which are not pilot symbol trans-
mission time-frequency points nor points which are at the
centre of'a diamond shaped lattice of such points, there will be
no channel estimate yet computed. The next step is to perform
a further interpolation step to develop channel estimates for
these other points.

In some embodiments, Cubic Lagrange interpolation and
linear interpolation (for the sub-carriers near the first and the
last useful sub-carrier) in the frequency direction are used to
obtain the channel transfer function at all sub-carriers foreach
STBC block (for each pair of OFDM symbols).
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The coetficients of the Cubic Lagrange interpolator can be
calculated as

— i
M= 575

L T e
G- ==l + 540 =3¢
_1 3 2 !
Golp) =z~ —5p+l
! 3 ! 2
qilpl=—zu' + s +p

R
B =ma =l

The channel transfer functions at data sub-carriers are
given by

D 2
Higen((G= 10 L 4] = Y, anlu0) H( 4
= n=-1

where j=2, ..., N,;,~2.

This is illustrated in FIG. 9 where the estimated channel
responses are fed to the Legrange cubic interpolator function
175 which outputs values for all intermediate sub-carriers.
Other interpolations may alternatively be employed.

In some embodiments, every OFDM symbol contains
some pilot insertion points and as such this completes the
interpolation process. In other embodiments, there are some
OFDM symbols which do not have any pilot insertion points.
To get channel estimates for these OFDM symbols, an inter-

polation in time of the previously computed channel esti- 33

mates is performed. In high mobility applications, pilots
should be included in every OFDM symbol avoiding the need
for this last interpolation in time step.

FIG. 10 presents an overall block diagram of the interpo-
lation method proposed for two ftransmit antennas. An
example set of performance results for the proposed MIMO-
OFDM channel estimation algorithm is shown in FIG. 10.
The performance of the 2-D channel estimation algorithm is
close to the performance of ideal channel (only 0.5 dB loss) at
very high Doppler spread.

Referring now to FIGS. 10 and 3, the channel estimation
method is carried out by the channel estimator 72 in order to
estimate a channel response for each sub-carrier and each
OFDM symbol within an OFDM frame. The channel estima-
tion method starts at step 500 by extracting the pilot symbols
in the frequency domain for each receive antenna. This is
followed by a channel response matrix computing step 502;
whereby the received signal received by the receiving antenna
is decoded, which in effect performs a time average of the
encoded pilot symbols at each point in the pilot pattern. For
example, suppose the receiving antenna receives an OFDM
frame having a pilot pattern as shown in FIG. 5 (although the
symbol 126 will now be a linear combination of the encoded
pilot symbol transmitted at this location by each of the trans-
mitting antenna, and the symbol 128 will be a linear combi-
nation of the encoded pilot symbol transmitted at this location
by each of the transmitting antenna). Following decoding, the
pilot symbol at symbol location 126 will be an average of the
pilot symbol received at symbol location 126 and the pilot
symbol received at symbol location 128. The time averaging
effect produced by the STBC decoding, during step 503, can
be viewed as a pre-processing step, as can steps 500 and 502.
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The actual channel estimation method can be described
broadly in four steps. Following step 503, during step 504 the
channel estimator 72 estimates the channel response for each
of a plurality of pilot symbols. For a diamond lattice pattern,
the plurality of pilot symbols will be four pilot symbols form-
ing a single diamond pattern. The channel estimator 72 esti-
mates the channel response of a central symbol, the central
symbol having a time direction value and a frequency direc-
tion value bounded by the time direction values and the fre-
quency direction values of the plurality of pilot symbols. The
central symbol preferably has a frequency direction value
equal to the frequency direction values of two of the plurality
of pilot symbols, and has a time direction value midway
between the time direction values of the two pilot symbols
having the same frequency direction value as the central
symbol. This can generally be described as a four-point 2-D
interpolation of the channel response between pilot symbols.
Third. the channel estimator 72 smoothes the channel
responses (corresponding to both encoded pilot symbols and
to the central symbol) in the frequency direction, preferably
by performing a three-point smoothing, as per step 505.
FFourth, the channel estimator 72 performs an interpolation in
the frequency direction 1o estimate the channel response for
remaining symbols, as per step 506. The interpolation may be
a linear interpolation for symbols having a frequency direc-
tion value equal to a first or a last useful sub-carrier within the
OFDM symbol, and a cubic Lagrange interpolation other-
wise.

The method of inserting pilot symbols (described above
with reference to FIG. 4) and the channel estimation method
(described above with reference to FIG. 10) need not be used
together. Any channel estimation method may be used by the
OFDM receiver to estimate the channel responses for an
OFDM frame containing encoded pilot symbols inserted
using the method described above. However, due to the sparse
distribution of the pilot symbols in the pilot pattern described
above with reference to FIG. 4 and FIG. 5, a two-dimensional
interpolation method is preferable over a one-dimensional
interpolation method. Similarly, the channel estimation
method may be applied to an OFDM frame containing any
pattern of pilot symbols.

The invention has been described with respect to an
MIMO-OFDM communication system. The invention may
also be used with advantage in a single input-multiple output
OFDM communication system, as the method of inserting
pilot symbols (described with reference to FIG. 4) and the
channel estimation method (described with reference to FIG.
10) do not depend on the number of receiving antenna. Each
receiving antenna within the OFDM receiver 50 performs
channel estimation independently, regardless of the number
of receiving antennae present.

The channel estimation method described with reference to
FIG. 10 will also be advantageous in an OFDM communica-
tion system having only one transmitting antenna, as the
method provides an improved interpolation of the channel
response regardless of the number of transmitting antenna.
The method of inserting pilot symbols described with refer-
ence to FIG. 11 may be used in an OFDM communication
system having only one transmitting antenna, but will not be
as advantageous as in an OFDM communication system hav-
ing more than one transmitting antenna as there will be no
reduction in overhead.

The method of inserting pilot symbols and the channel
estimation method are preferably implemented on the OFDM
transmitter and on the OFDM receiver respectively in the
form of software instructions readable by a digital signal
processor. Alternatively, the methods may be implemented as
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logic circuitry within an integrated circuit. More generally,
any computing apparatus containing logic for executing the
described functionality may implement the methods. The
computing apparatus which implements the methods (in par-
ticular the pilot inserter or the channel estimator) may be a
single processor, more than one processor, or a component of
a larger processor. The logic may comprise external instruc-
tions stored on a computer-readable medium, or may com-
prise internal circuitry.

What has been described is merely illustrative of' the appli-
cation of the principles of the invention. Other arrangements
and methods can be implemented by those skilled in the art
without departing from the spirit and scope of the present
invention.

We claim:

1. A method of transmitting symbols using Orthogonal
Frequency Division Multiplexing, OFDM, frames at an
OFDM transmitter having at least two transmitting antennas,
the OFDM frames having a time domain and a frequency
domain, each OFDM frame comprising a plurality of OFDM
symbols in the time domain, and a plurality of sub-carriers in
the frequency domain, the method comprising the steps of:

transmitting, on an OFDM symbol, pilot symbols corre-

sponding to the first antenna using a scattered pattern;
and

transmitting, on the OFDM symbol, pilot symbols corre-

sponding to the second antenna using the scattered pat-
tern, wherein the pilot symbols for the first antenna
correspond to a first code and the pilot symbols for the
second antenna correspond to a second code.

2. The method of ¢laim 1, further comprising transmitting
the pilot symbols with a power level which is dynamically
adjusted as a function of a modulation type applied to the
sub-carriers carrying data.

3. The method of claim 1, wherein the first and second
codes are space time block codes.

4. The method of claim 1, further comprising applying an
inverse fast Fourier transform to the pilot symbols.

5. The method of claim 1, wherein the scattered pattern is
a diamond lattice pattern.

6. The method of ¢laim 1, further comprising transmitting
data symbols from the first and second antenna of the OFDM
transmitter.

7. The method of claim 1, wherein the scattered pattern is
scattered in time and frequency.

8. The method of claim 1, wherein each OFDM frame
includes a preamble.

9. A device for transmitting pilot symbols using Orthogo-
nal Frequency Division Multiplexing, OFDM, frames at an
OFDM transmitter having at least two transmitting antennas,
the OFDM frames having a time domain and a frequency
domain, each OFDM frame comprising a plurality of OFDM
symbols in the time domain, and a plurality of sub-carriers in
the frequency domain, comprising:

a first antenna of the OFDM transmitter;

a second antenna of the OFDM transmitter: and

one or more processors configured to:

cause transmission via the first antenna, on an OFDM
symbol, pilot symbols corresponding to the first
antenna using a scattered pattern; and

cause transmission via the second antenna, on the
OFDM symbol, pilot symbols corresponding to the
second antenna using the scattered pattern, wherein
the pilot symbols for the first antenna correspond to a
first code and the pilot symbols for the second antenna
correspond to a second code.
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10. The device of claim 9, the one or more processors
further configured to cause transmission of the pilot symbols
with a power level which is dynamically adjusted as a func-
tion of a modulation type applied to the sub-carriers carrying
data.

11. The device of claim 9. wherein the first and second
codes are space time block codes.

12. The device of claim 9. the one or more processors
further configured to apply an inverse fast Fourier transform
to the pilot symbols.

13. The device of claim 9, wherein the scattered pattern is
a diamond lattice pattern.

14. The device of claim 9, the one or more processors
further configured to cause transmission of data symbols
from the first and second antenna of the OFDM transmitter.

15. The device of claim 9, wherein the scattered pattern is
scattered in time and frequency.

16. The device of claim 9, wherein each OFDM frame
includes a preamble.

17. A non-transitory computer readable medium for trans-
mitting symbols using Orthogonal Frequency Division Mul-
tiplexing, OFDM, frames at an OFDM transmitter having at
least two transmitting antennas, the OFDM frames having a
time domain and a frequency domain, each OFDM frame
comprising a plurality of OFDM symbols in the time domain
and a plurality of sub-carriers in the frequency domain, the
computer readable medium storing instructions to cause a
processor to perform operations comprising:

transmitting, on an OFDM symbol, pilot symbols corre-

sponding to the first antenna using a scattered pattern;
and

transmitting, on the OFDM symbol. pilot symbols corre-

sponding to the second antenna using the scattered pat-
tern, wherein the pilot symbols for the first antenna
correspond to a first code and the pilot symbols for the
second antenna correspond to a second code.

18. The computer readable medium of claim 17, the opera-
tions further comprising transmitting the pilot symbols with a
power level which is dynamically adjusted as a function of a
modulation type applied to the sub-carriers carrying data.

19. The computer readable medium of claim 17, wherein
the first and second codes are space time block codes.

20. The computer readable medium of claim 17, the opera-
tions further comprising applying an inverse fast Fourier

5 transform to the pilot symbols.

21. The computer readable medium of claim 17, wherein
the scattered pattern is a diamond lattice pattern.

22. The computer readable medium of claim 17, the opera-
tions further comprising transmitting data symbols from the
first and second antenna of the OFDM transmitter.

23. The computer readable medium of claim 17, wherein
the scattered pattern is scattered in time and frequency.

24. The computer readable medium of claim 17, wherein
each OFDM frame includes a preamble.

25. A method for receiving symbols using Orthogonal Fre-
quency Division Multiplexing, OFDM, frames transmitted
from an OFDM transmitter having at least two transmitting
antennas, the OFDM frames having a time domain and a
frequency domain, each OFDM frame comprising a plurality
of OFDM symbols in the time domain and a plurality of
sub-carriers in the frequency domain, the method comprising
the steps of:

receiving. onan OFDM symbol. pilot symbols correspond-

ing to the first antenna using a scattered pattern; and
receiving, on the OFDM symbol, pilot symbols corre-

sponding to the second antenna using the scattered pat-

tern, wherein the pilot symbols for the first antenna
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correspond to a first code and the pilot symbols for the
second antenna correspond to a second code.

26. The method of claim 25, further comprising receiving
the pilot symbols with a power level which is dynamically
adjusted as a function of a modulation type applied to the
sub-carriers carrying data.

27. The method of claim 25, wherein the first and second
codes are space time block codes.

28. The method of claim 25, further comprising estimating
a channel based on the received pilot symbols.

29. The method of claim 25, wherein the scattered pattern
is a diamond lattice pattern.

30. The method of claim 25, further comprising receiving
data symbols from the first and second antenna of the OFDM
transmitter.

31. A User Equipment (UE) for receiving pilot symbols
using Orthogonal Frequency Division Multiplexing, OFDM,
frames transmitted from an OFDM transmitter having at least
two transmitting antennas. the OFDM frames having a time
domain and a frequency domain, each OFDM frame compris-
ing a plurality of OFDM symbols in the time domain and a
plurality of sub-carriers in the frequency domain, comprising:

a receiver configured to:

receive, on an OFDM symbol, pilot symbols corre-
sponding to the first antenna using a scattered pattern;
and

receive, on the OFDM symbol, pilot symbols corre-
sponding to the second antenna using the scattered
pattern, wherein the pilot symbols for the first antenna
correspond to a first code and the pilot symbols for the
second antenna correspond to a second code.

32. The device of claim 31, the receiver further configured
to receive the pilot symbols with a power level which is
dynamically adjusted as a function of a modulation type
applied to the sub-carriers carrying data.

33. The device of claim 31, wherein the first and second
codes are space time block codes.
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34. The device of claim 31, the UE further comprises a
processor configured to estimate a channel based on the
received pilot symbols.
35. The device of claim 31, wherein the scattered pattern is
a diamond lattice pattern.
36. The device of claim 31, the receiver further configured
to transmit data symbols from the first and second antenna of
the OFDM transmitter.
37. A non-transitory computer readable medium for receiv-
ing symbols using Orthogonal Frequency Division Multi-
plexing, OFDM, frames transmitted from an OFDM trans-
mitter having at least two transmitting antennas, the OFDM
frames having a time domain and a frequency domain, each
OFDM frame comprising a plurality of OFDM symbols inthe
time domain and a plurality of sub-carriers in the frequency
domain, the computer readable medium storing instructions
to cause a processor to perform operations comprising:
receiving, onan OFDM symbol, pilot symbols correspond-
ing to the first antenna using a scattered pattern; and

receiving, on the OFDM symbol, pilot symbols corre-
sponding to the second antenna using the scattered pat-
tern, wherein the pilot symbols for the first antenna
correspond to a first code and the pilot symbols for the
second antenna correspond to a second code.

38. The computer readable medium of claim 37, the opera-
tions further comprising receiving the pilot symbols with a
power level which is dynamically adjusted as a function of a
modulation type applied to the sub-carriers carrying data.

39. The computer readable medium of claim 37, wherein
the first and second codes are space time block codes.

40. The computer readable medium of claim 37, the opera-
tions further comprising estimating a channel based on the
received pilot symbols.

41. The computer readable medium of claim 37, wherein
the scattered pattern is a diamond lattice pattern.

42. The computer readable medium of claim 37, the
instructions further comprising receiving data symbols from
the first and second antenna of the OFDM transmitter.
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