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METHOD AND APPARATUS FOR INTERFERENCE MITIGATION VIA
SUCCESSIVE CANCELLATION IN HETEROGENEOUS NETWORKS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Applications Serial No.
61/412,286, filed November 10, 2010 and Serial No. 61/490,591, filed May 26, 2011, each of which
is incorporated by reference as if fully set forth herein.

BACKGROUND

[0002] The steady march of Moore’s law has brought an ever-increasing level of processing power
to not only desktop and laptop computers, but also mobile devices. Like desktop and laptop
computers, many of the mobile devices are capable of processing information at rates equaling or
exceeding broadband. Having become accustomed to broadband performance in connection with
their (e.g., desktop and/or laptop) computers, users of the mobile devices ("mobiles") have come to
expect from cellular networks to provide at least the performance to match the capabilities of the
mobiles, and for the most part, network capacity has grown commensurately. The resultant
explosive growth in network capacity has been consistent with Cooper’s Law. That is, network
capacity (e.g., total data delivery per month) has doubled each month since the days of Marconi, and
such growth is predicted to continue for at least the foreseeable future.

[0003] A breakdown of Cooper’s law reveals that a vast majority of the network capacity results
from increases in density of large-scale cellular ("macro") networks, specifically, as a result of
adding more macro cells to the macro networks (and thereby maintaining homogeneity of the macro
network). Experts and commentators, however, are currently questioning whether further increasing
network capacity of the macro networks in this way is practicable, practical and/or judicious.
[0004] Instead of adding more macro cells, operators of a macro network may address increases in
data demand (i.e., increase network capacity) by supplementing existing grids of macro cells with
small-scale cells, such as microcells, picocells and femtocells, particularly in hotspot regions.
Supplementing the macro network with the small-scale cells (hereinafter "femtocells”, for
convenience) results in a mixture of macro cells and femtocells; such mixture is commonly referred
to as a heterogeneous network ("HetNet"). The HetNet can, in principle, provide cost effective data
delivery capable of meeting the performance demanded by users.

[0005] Unfortunately, to realize such performance (by maximizing throughput among the macro
cells and femtocells) interference in the HetNet among the macro cells and femtocells is likely to

occur. This interference ("inter-cell interference"), due to in part, the femtocells overlaying the
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macro cells, can be substantially more severe than among macro cells of a homogeneous macro
network. -

[0006] In the HetNet, it is potentially beneficial to push users into the femtocells because, in
general, fewer users utilize the femtocells, and in turn, compete for resources. This potentially
imposes a large Signal to Interference-plus-Noise Ratio ("SINR") penalty on some such users. For
example, any of the femtocells may limit access to users who are members of a Closed Subscriber
Group ("CSG"). Each of such femtocells ("closed access femtocells") has a potential to create
significant ICI for a user associated with one of the macro cells ("macro cell user"), when, for
example, the macro cell user wanders into a coverage area of one of the closed-access femtocell, but
is not a member of the CSG. The ICI arises because the macro cell user cannot connect to the closed
access femtocell, which could otherwise provide it a large SINR signal. Instead the macro cell user
is forced to use signals emanating from a transmitter of the macro cell (e.g., via a macro network
layer), which could have a very low SINR. A similar phenomenon happens for any of the femtocells
providing open access, where the macro cell user is associated to a Femto cell due to range
expansion, for instance, and hence observes significant interference from the transmitter of the
macro cell (e.g., via a macro-network layer).

[0007] Various techniques for handing the inter-cell interference ("ICI") in various types of multi-
cell wireless communication networks. For example, when transmitters can share data via backhaul,
joint transmission/joint processing ("JT/JP") techniques in both uplink and downlink has been
proposed, for example, in long-term evolution ("LTE"). With the JT/JP in the downlink, data is
shared, processed and jointly transmitted via coordinated base stations so that interfering links are
used as desired links. With JT/JP in the uplink, received data is shared and jointly processed. It has
been shown that JT/JP provides significant gains in multi-cell downlink systems, especially to users
operating at edges of cells ("cell-edge users"). However, the overhead and cost required to share
data between inter-cell base stations may not be affordable in a lot of practical systems.

[0008] Standards, such as LTE, focus on other techniques for handing ICI, which, unlike JT/JP, do
not require sharing of data between inter-cell base stations ("inter-cell data sharing"). Among such
techniques, in the medium and weak interference regime, which is typically observed in
homogeneous networks, is coordinated beam forming ("CBF"). CBF treats the ICI as a noise. It has
been shown that CBF provides gains to average cell performance and significant gains to cell-edge
users in homogeneous networks, which typically see medium ICI.

[0009] However, when a strong ICl is present, CBF is strictly sub-optimal. It has been shown in the
single-input single-output ("SISO") scenario and in the multiple-input multiple-output ("MIMO")
scenario that a strong interference may not be harmful. In the SISO scenario and in the MIMO
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scenario, superposition coding has been suggested for dealing with the strong ICI in two cell, single
user ("SU") systems, and shown significant gains.

SUMMARY

[0010] Embodiments for inter-ceil interference cancellation are disclosed. At each transmitter, the
data (message) may split into two or more layers, (e.g., common and private parts), and may be
encoded in different rates, allocated with different powers, possibly beamformed using different
precoders, and transmitted through the same physical channels. The common part is to be decoded
at both the intended and unintended users, while the private part is to be decoded at the intended
user.

[0011] In some embodirﬁents, the methods may include: obtaining at a WTRU, demodulation
information associated with a private part, a first.common part and a second common part;
processing a received signal, according to the demodulation information, including at least the first
common part, the second common part, and the private part; and, transmitting a multipart HARQ
message indicating a combination of acknowledgements and/or non-acknowledgements
(ACK/NACK) for the first common part, second common part, and private part.

[0012] In additional embodiments, the demodulation information includes Modulation and Coding
Scheme (MCS) information; or the MCS information for the first common part is obtained from a
Physical Downlink Control Channel (PDCCH) of a first eNodeB and the MCS for the second
common part is obtained from a PDCCH of a second eNodeB; or still further, the MCS information
is obtained from demodulation reference symbols (DM-RS).

[0013] In additional embodiments, the demodulation information includes precoder information
and/or power allocations. Still further additional embodiments may further comprise transmitting a
Successive Interference Cancellation (SIC) indicator message; or may further comprise processing a
signal retransmitted in response to the multipart HARQ message, using successive interference
cancellation. )

[0014] In additional embodiments, a method comprises: obtaining at a first eNodeB a plurality of
transmit spatial covariance matrices associated with a respective plurality of WTRUs; including
receiving covariance information associated with at least one transmit spatial covariance matrix via
an X2 interface from a second eNodeB; determining common and private message splitting rates
based on the plurality of covariance matrices; determining common and private precoder weights
based on the transmit spatial covariance matrices; and, transmitting a common and a private
message parts using the common and private message splitting rates, respectively, and the common
and private precoder weights, respectively. In additional embodiments, the covariance information

associated with at least one transmit spatial covariance matrix is used to generate an estimate of a
23-
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corresponding transmit spatial covariance matrix; or the estimate is based on one or more of Rl,
PMI, and CQI.

[0015) Further embodiments include an apparatus comprising: a WTRU including a processor,
configured to: obtain demodulation information associated with a private part, a first common part
and a second common part; process a received signal, according to the demodulation information,
including at least the first common part, the second common part, and the private part; and, control a
HARQ process and generate a multipat HARQ message indicating a combination of
acknowledgements and/or non-acknowledgements (ACK/NACK) for the first common part, second
common part, and private part; and, a transceiver configured to transmit the multipart HARQ
message. In some embodiments, the WTRU is configured to obtain the MCS information for the
first common part from a Physical Downlink Control Channel (PDCCH) of a first eNodeB and to
obtain the MCS for the second common part from a PDCCH of a second eNodeB. The WTRU may
also be configured to obtain the MCS information from demodulation reference symbols (DM-RS).
[0016] In additional embodiments, the demodulation information includes one of precoder
information or power allocations, and/or may be configured to transmit a Successive Interference
Cancellation (SIC) indicator message.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] A more detailed understanding may be had from the Detailed Description below, given by
way of example in conjunction with drawings appended hereto. Figures in‘ such drawings, like the
detailed description, are examples. As such, the Figures and the detailed description are not to be
considered limiting, and other equally effective examples are possible and likely. Furthermore, like
reference numerals in the Figures indicate like elements, and wherein:

[0018] FIG. 1A is a block diagram illustrating an example of a communications system in which
one or more disclosed embodiments may be implemented;

[0019] FIG. 1B is a block diagram illustrating example details of a wireless transmit/receive unit
("WTRU") of the communications system ;

[0620] FIG. 1C is a block diagram illustrating example details of radio-access and core networks of
the communications system ;

[0021] FIG. 1D is a network-topology diagram illustrating an example heterogeneous network
("HetNet") system of the communications system 100;

[0022] FIG. IE is a block diagram illustrating an example macro-femto pair and associated macro-
cell and femtocell WTRUs of the HetNet system;

[0023] FIG. IF is a block diagram illustrating an example macro-femto pair and associated macro-

cell and femtocell WTRUs of the HetNet system of the communication system;
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[0024] FIG. 2 shows an example of the message splitting in a two transmitter-receiver pair case in
accordance with one embodiment;

[0025] FIG. 3 shows an example system procedure in accordance with one embodiment;

[0026] FIG. 4 shows an example of the signal flow in accordance with one embodiment; and,
[0027] FIG. 5 is a system diagram showing message splitting signal flow of limited CSI feedback.
DETAILED DESCRIPTION

[0028] Overview

[0029] A system and method for mitigating inter-cell interference ("ICI") in a multi-cell network,
such as a heterogeneous network ("HetNet") is disclosed. The HetNet may include multiple macro
cells and multiple femtocells overlaying the multiple macro cells, such as shown for example in
FIG. 1A. Each of multiple macro cells and femtocells include one or more transmitters and one
more receivers, and the transmissions in different cells of the HetNet use overlapped time and
frequency resources (i.e., concurrent transmissions with a non-zero frequency reuse factor).
Therefore, the receivers experience ICI from the transmitters of other (macro and/or femto) cells,
which transmit using the same time and frequency resource.

[0030] The system and method may mitigate the ICI, at a physical layer of the HetNet, in particular,
using interference management ("IM") based on Superposition Coding (SPC) to successively cancel
from received signals one or more interfering signals. SPC is a technique that enables transmitting
multiple messages simultaneously. The methods described herein are not limited to SPC. An
alternative way of transmitting méssages simultaneously, for example, is hierarchical modulation.
Other techniques may also be used.

[0031] In one embodiment, the IM may be carried out as follows. A transmitter of a first cell (e.g., a
femtocell) may obtain a message for delivery to a given user ("intended user") associated with the
first cell. Thereafter, the transmitter may split the message into multiple parts, and in turn, transmit
the multiple parts. The transmitter may transmit some of the multiple parts at a rate at which only
the intended user is capable of decoding such parts. For simplicity, the parts transmitted at such rate
are referred to herein as the "private part" (of the message), and the corresponding rate is referred to
herein as the "private rate.”" The transmitter may transmit the remaining parts of the multiple parts at
a rate at which the intended user along with one or more unintended users are capable of decoding
the remaining parts. For simplicity, the remaining parts are referred to herein as the "common part"
(of the message), and the corresponding rate is referred to herein as the "common rate."

[0032] As aresult of the transmitter transmitting the common part, any of the unintended users that
are adapted to decode the common part may subtract or cancel this interference from a signal

received by such unintended user via an advanced receiver. Examples of such advanced receiver
-5-
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may include a minimum mean squared error receiver with successive interference cancellation
("MMSE-SIC") or maximum likelihood ("ML") receiver. By subtracting or cancelling the
interference, the ﬁnintended receiver experfences a higher effective SINR for its desired signals.
Furthermore, the common part may undergo precoding using a first precoder ("common precoder")
to cause the transmitter to transmit the common part on a first spatial layer. The private part may
also undergo precoding using a second precoder to cause the transmitter to transmit the common
part of a second spatial layer (i.e., a spatial layer different from the first spatial layer). In alternative
embodiments, each spatial layer may also be composed of both common and private layers (via,
e.g., SPC). Furthermore, each part, common or private, may be transmitted as a number of spatial
layers. The spatial layers of the common part and those of the private parts are multiplexed into the
same transmit antennas. They may not be spatially independent in general. In the rank-1 case when
the common precoder is orthogonal to the private precoder (as in the common precoder design
approach 2 below), they are independent spatial layers.

[0033] In another embodiment, a first (e.g., macro-cell) transmitter obtains a first message for
transmission to a first receiver associated with the first cell. The first transmitter splits the first
message into a first common part and a first private part. The first transmitter then precodes the first
common part using a first common rate, and precodes the first private part using the first private
rate.

[0034] A second transceiver (i.e., the femtocell transmitter paired with the first transmitter) obtains
a second message for transmission to a second receiver associated with the second cell. The second
transmitter splits the second message into third and fourth parts. The second transmitter then
precodes the third part at a second common rate, and precodes the fourth part at a second private
rate.

[0035] The first transmitter may transmit the first common and private parts, via a first plurality of
antennas communicatively coupled to the first transmitter, to facilitate reception of the first common
and private parts by the first aﬁd second receivers. The second transmitter may transmit the second
common and private parts, via a second plurality of antennas communicatively coupled to the
second transmitter, to facilitate reception of the second common and private parts by the first and
second receivers.

[0036] The IM follows a network-wise optimization methodology. In this regard, the macro-cells
and overlaid femtocells are paired, and are jointly entitled to participate in superposition (i.e.,
message splitting) to facilitate canceling each other’s common codeword§, whereas several such

Macro-Femto cell pairs form a cooperating set (hereinafter referred to as a “CoMP set”) at the same

-6-



WO 2012/064998 PCT/US2011/060258

time, and jointly, try to minimize interference to one another - and do so independently from the
Macro-Femto pairs in other CoMP sets.

[0037] Example System Architecture

[0038] FIGS. 1A-1D are block diagrams illustrating an example communications system 100 in
which one or more disclosed embodiments may be implemented. The communications system 100
may be a multiple access system that provides content, such as voice, data, video, messaging,
broadcast, etc., to multiple wireless users. The communications system 100 may enable multiple
wireless users to access such content through the sharing of system resources, including wireless
bandwidth. For example, the communications systems 100 may employ one or more channel access
methods, such as code division multiple access ("CDMA"), time division multiple access
("TDMA"), frequency division multiple access ("FDMA"), orthogonal FDMA ("OFDMA"), single-
car_rier FDMA ("SC-FDMA™"), and the like.

[0639] As shown in FIG. 1A, the communications system 100 may include wireless
transmit/receive units ("WTRUs") 102a, 102b, 102¢c, 102d, a radio access network ("RAN") 104, a
core network 106, a public switched telephone network ("PSTN") 108, the Internet 110, and other
networks 112, though it will be appreciated that the disclosed embodiments contemplate any
number of WTRUs, base stations, networks, and/or network elements. Each of the WTRUs 102a,
102b, 102c, 102d may be any type of device configured to operate and/or communicate in a wireless
environment. By way of example, the WTRUs 102a, 102b, 102c, l102d may be configured to
transmit and/or receive wireless signals and may include user equipment ("UE"), a mobile station, a
fixed or mobile subscriber unit, a pager, a cellular telephone, a personal digital assistant ("PDA"), a
smartphone, a laptop, a netbook, a personal computer, a wireless sensor, consumer electronics, and
the like.

[0040] The communications systems 100 may also include a base station 114a and a base station
114b. Each of the base stations 114a, 114b may be any type of device configured to Wirelessly
interface with at least one of the WTRUSs 102a, 102b, 102¢, 102d to facilitate access to one or more
communication networks, such as the core network 106, the Internet 110, and/or the networks 112.
By way of example, the base stations 114a, 1 14b may be a base transceiver station ("BTS"), a Node-
B, an eNode B, a Home Node B, a Home eNode B, a site controller, an access point ("AP"), a
wireless router, and the like. While the base stations 114a, 114b are each depicted as a single
‘element, it will be appreciated that the base stations 114a, 114b may include any number of
interconnected base stations and/or network elements.

[0041] The base station 114a may be part of the RAN 104, which may also include other base
stations and/or network elements (not shown), such as a base station controller ("BSC"), a radio

-7-
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network controller ("RNC"), relay nodes, etc. The base station 114a and/or the base station 114b
may be configured to transmit and/or receive wireless signals within a particular geographic region,
which may be referred to as a cell (not shown). The cell may further be divided into cell sectors. For
example, the cell associated with the base station 114a may be divided into three sectors. Thus, in
one embodiment, the base station 114a may include three transceivers, i.e., one for each sector of
the cell. In another embodiment, the base station 114a may employ multiple-input multiple output
("MIMO") technology and, therefore, may utilize multi~p1e transceivers for each sector of the cell.
[0042] The base stations 114a, 114b may communicate with one or more of the WTRUs 102a,
102b, 102c, 102d over an air interface 116, which may be any suitable wireless communication link
(e.g., radio frequency ("RF"), microwave, infrared ("IR"), ultraviolet ("UV"), visible light, etc.").
The air interface 116 may be established using any suitable radio access technology ("RAT").
[0043] More specifically, as noted above, the communications system 100 fnay be a multiple access
system and may employ one or more channel access schemes, such as COMA, TDMA, FDMA,
OFDMA, SC-FDMA, and the like. For example, the base station 114a in the RAN 104 and the
WTRUs 102a, 102b, 102c may implement a radio technology such as Universal Mobile
Telecommunications System ("UMTS") Terrestrial Radio Access ("UTRA"), which may establish
the air interface 116 using wideband CDMA ("WCDMA"). WCDMA may include communication
protocols such as High-Speed Packet Access ("HSPA") and/or Evolved HSPA ("HSPA+"). HSPA
may include High-Speed Downlink Packet Access ("HSDPA") and/or High-Speed Uplink Packet
Access ("HSUPA™).
[0044] In another embodiment, the base station 114a and the WTRUs 102a, 102b, 102¢c may
implement a radio technology such as Evolved UMTS Terrestrial Radio Access ("E-UTRA"), which
may establish the air interface 116 using Long Term Evolution ("LTE") and/or LTE-Advanced
("LTE-A").
[0045] In other embodiments, the base station 114a and the WTRUs 102a, 102b, 102c may
implement radio technologies such as IEEE 802.16 (i.e., Worldwide Interoperability for Microwave
Access ("WiIMAX")), CDMA2000, CDMA2000 1X, CDMA2000 EV-DO, Interim Standard 2000
("1S-2000"), Interim Standard 95 ("IS-95"), Interim Standard 856 ("1S-856"), Global System for
Mobile communications ("GSM"), Enhanced Data rates for GSM Evolution ("EDGE"), GSM
EDGE ("GERAN"), and the like.
[0046] The base station 114b in FIG. 1A may be a wireless router, Home Node B, Home eNode B,
or access point, for example, and may utilize any suitable RAT for facilitating wireless connectivity
in a localized area, such as a place of business, a home, a vehicle, a campus, and the like. In one
embodiment, the base station 114b and the WTRUSs 102c, 102d may implement a radio technology
-8-
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such as IEEE 802.11 to establish a wireless local area network ("WLAN"). In another embodiment,
the base station 114b and the WTRUs 102c, 102d may implement a radio technology such as [EEE
802.15 to establish a wireless personal area network ("WPAN"). In yet another embodiment, the
base station 114b and the WTRUs 102¢, 102d may utilize a cellular-based RAT (e.g., WCDMA,
CDMAZ2000, GSM, LTE, LTE-A, etc.") to establish small-scale cell, such as a microcell, picocell or
femtocell. As shown in FIG. 1A, the base station 114b may have a direct connection to the Internet
110. Thus, the base station 114b may not be required to access the Internet 110 via the core network
106.
[0047] The RAN 104 may be in communication with the core network 106, which may be any type
of network configured to provide voice, data, applications, and/or voice over internet protocol
("VoIP") services to one or more of the WTRUs 102a, 102b, 102c, 102d. For example, the core
network 106 may provide call control, billing services, mobile location-based services, pre-paid
calling, Internet connectivity, video distribution, etc., and/or perform high-level security functions,
such as user authentication. Although not shown in FIG. 1A, it will be appreciated that the RAN 104
and/or the core network 106 may be in direct or indirect communication with other RANSs that
“employ the same RAT as the RAN 104 or a different RAT. For example, in addition to being
connected to the RAN 104, which may be utilizing an E-UTRA radio technology, the core network
106 may also be in communication with another RAN (not shown) employing a GSM radio
technology.
[0048] The core network 106 may also serve as a gateway for the WTRUs 102a, 102b, 102¢, 102d
to access the PSTN 108, the Internet 110, and/or other networks 112. The PSTN 108 may include
circuit-switched telephone networks that provide plain old telephone service ("POTS"). The Internet
110 may include a global system of interconnected computer networks and devices that use
common communication protocols, such as the transmission control protocol ("TCP"), user
datagram protocol ("UDP") and the internet protocol ("IP") in the TCP/IP internet protocol suite.
The networks 112 may include wired or wireless comlmunications networks owned and/or operated
by other service providers. For example, the networks 112 may include another core network
connected to one or more RANs, which may employ the same RAT as the RAN 104 or a different
RAT.
[0049] Some or all of the WTRUSs 102a, 102b, 102c, 102d in the communications system 100 may
include multi-mode.capabilities, i.e., the WTRUs 102a, 102b, 102¢, 102d may include multiple
transceivers for communicating with different wireless networks over different wireless links. For

example, the WTRU 102c shown in FIG. 1A may be configured to communicate with the base
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station 114a, which may employ a cellular-based radio technology, and with the base station 114b,
which may employ an IEEE 802 radio technology.

[0050] FIG. 1B is a system diagram of an example WTRU 102. As shown in FIG. 1B, the WTRU
102 may include a processor 118, a transceiver 120, a transmit/receive element 122, a
speaker/microphone 124, a keypad 126, a display/touchpad 128, non-removable memory 106,
removable memory 132, a power source 134, a global positioning system ("GPS") chipset 136, and
other peripherals 138. It will be appreciated that the WTRU 102 may include any sub-combination
of the foregoing elements while remaining consistent with an embodiment. '

[0051] The processor 118 may be a general purpose processor, a special purpose processor, a
conventional processor, a digital signal processor ("DSP"), a plurality of microprocessors, one or
more microprocessors in association with a DSP core, a controller, a microcontroller, Application
Specific Integrated Circuits ("ASICs"), Field Programmable Gate Array ("FPGAs") circuits, any
other type of integrated circuit ("IC"), a state machine, and the like. The processor 118 may perform
signal coding, data processing, power control, input/output processing, and/or any other
functionality that enables the WTRU 102 to operate in a wireless environment. The processor 118
may be coupled to the transceiver 120, which may be coupled to the transmit/rec‘eive element 122.
While FIG. 1B depicts the processor 118 and the trahsceiver 120 as separate components, it will be
appreciated that the processor 118 and the transceiver 120 may be integrated together in an
electronic package or chip.

[0052] The transmit/receive element 122 may be configured to transmit signals to, or receive signals
from, a base station (e.g., the base station 114a) over the air interface 116. For example, in one
embodiment, the transmit/receive element 122 may be an antenna configured to transmit and/or
receive RF signals. In another embodiment, the transmit/receive element 122 may be an
 emitter/detector configured to transmit and/or receive IR, UV, or visible light signals, for example.
In yet another embodiment, the transmit/receive element 122 may be configured to transmit and
receive both RF and light signals. It will be appreciated that the transmit/receive element 122 may
be configured to transmit and/or receive any combination of wireless signals.

[0053) In addition, although the transmit/receive element 122 is depicted in FIG. 1B as a single
element, the WTRU 102 may include any number of transmit/receive elements 122. More
specifically, the WTRU 102 rﬁay employ MIMO technology. Thus, in one embodiment, the WTRU
102 may include two or more transmit/receive elements 122 (e.g., multiple antennas) for
transmitting and receiving wireless signals over the air interface 116.

[0054] The transceiver 120 may be configured to modulate the signals that are to be transmitted by
the transmit/receive element 122 and to demodulate the signals that are received by the
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transmit/receive element 122. As noted above, the WTRU 102 may have multi-mode capabilities.
Thus, the transceiver 120 may include multiple transceivers for enabling the WTRU 102 to
communicate via multiple RATs, such as UTRA and IEEE 802.11, for example.

[0055] The processor 118 of the WTRU 102 may be coupled to, and may receive user input data
from, the speaker/microphone 124, the keypad 126, and/or the display/touchpad 128 (e.g., a liquid
crystal display ("LCD") display unit or organic light-emitting diode ("OLED") display unit). The
processor 118 may also output user data to the speaker/microphone 124, the keypad 126, and/or the
display/touchpad 128. In addition, the processor 118 may access information from, and store data in,
any type of suitable memory, such as the non-removable memory 106 and/or the removable memory
132. The non-removable memory 106 may include random-access memory ("RAM"), read-only
memory ("ROM™"), a hard disk, or any other type of memory storage device. The removable memory
132 may include a subscriber identity module ("SIM") card, a memory stick, a secure digital ("SD")
memory card, and the like. In other embodiments, the processor 118 may access information from,
and store data in, memory that is not physically located on the WTRU 102, such as on a server or a
home computer (not shown).

[0056] The processor 118 may receive power from the power source 134, and may be configured to
distribute and/or control the power to the other components in the WTRU 102. The power source
134 may be any suitable device for powering the WTRU 102. For example, the power source 134
may include one or more dry cell batteries (e.g., nickel-cadmium ("NiCd"), nickel-zinc ("NiZn"),
nickel metal hydride ("NiMH"), lithium-ion ("Li-ion"), etc.), solar cells, fuel cells, and the like.
[0057] The processor 118 may also be coupled to the GPS chipset 136, which may be configured to
provide location information (e.g., longitude and latitude) regarding the current location of the
WTRU 102.In addition to, or in lieu of, the information from the GPS chipset 136, the WTRU 102
may receive location information over the air interface 116 from a base station (e.g., base stations
114a, 114b) and/or determine its location based on the timing of the signals being received from two
or more nearby base stations. It will be appreciated that the WTRU 102 may acquire location
information by way of any suitable location-determination method while remaining consistent with
an embodiment.

[0058] The prbcessor 118 may further be coupled to other peripherals 138, which may include one
or more software and/or hardware modules that provide additional features, functionality and/or
wired or wireless connectivity. For example, the peripherals 138 may include an accelerometer, an
e-compass, a satellite transceiver, a digital camera (for photographs or video), a universal serial bus

("USB) port, a vibration device, a television transceiver, a hands free headset, a Bluetooth® module,
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a frequency modulated ("FM") radio unit, a digital music player, a media player, a video game
player module, an Internet browser, and the like.
[0059] FIG. 1C is a system diagram of the RAN 104 and the core network 106 according to an
embodiment. As noted above, the RAN 104 may employ an E-UTRA radio technology to
communicate with the WTRUs 102a, 102b, 102c over the air interface 116. The RAN 104 may also
be in communication with the core network 106.
[0060] The RAN 104 may include eNode-Bs 140a, 140b, 140c, though it will be appreciated that
the RAN 104 may include any number of eNode-Bs while remaining consistent with an
embodiment. The eNode-Bs 140a, 140b, 140c may each include one or more transceivers for
communicating with the WTRUs 102a, 102b, 102¢ over the air interface 116. In one embodiment,
the eNode-Bs 140a, 140b, 140c may implement MIMO technology. Thus, the eNode-B 140a, for
example, may use multiple antennas to transmit wireless signals to, and receive wireless signals
from, the WTRU 102a.
[0061] Each of the eNode-Bs 140a, 140b, 140c may be associated with a particular cell (not shown)
and may be configured to handle radio resource management decisions, handover decisions,
écheduling of users in the uplink and/or downlink, and the like. As shown in FIG. 1C, the eNode-Bs
140a, 140b, 140c may communicate with one another over an X2 interface.
[0062] The core network 106 shown in FIG. 1C may include a mobility management gateway
l("MME") 142, a serving gateway 144, and a packet data network ("PDN") gateway 146. While each
of the foregoing elements are depicted as part of the core network 106, it will be appreciated that
any one of these elements may be owned and/or operated by an entity other than the core network
operator.
[0063] The MME 142 may be connected to each of the eNode-Bs 142a, 142b, 142¢ in the RAN 104
viaan S1 interface and may serve as a control node. For example, the MME 142 may be responsible
for authenticating users of the WTRUs 102a, 102b, 102c, bearer activation/deactivation, selecting a
particular serving gateway during an initial attach of the WTRUs 1024, 102b, 102c, and the like.
The MME 142 may also provide a control plane function for switching between the RAN 104 and
other RANs (not shown) that employ other radio technologies, such as GSM or WCDMA.
[0064] The serving gateway 144 may be connected to each of the eNode Bs 140a, 140b, 140c in the
RAN 104 via the S1 interface. The serving gateway 144 may generally route and forward user data
packets to/from the WTRUs 102a, 102b, 102c. The serving gateway 144 may also perform other
functions, such as anchoring user planes during inter-eNode B handovers, triggering paging when
- downlink data is available for the WTRUs 102a, 102b, 102¢, managing and storing contexts of the
WTRUSs 102a, 102b, 102c, and the like.
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[0065] The serving gateway 144 may also be connected to the PDN gateway 146, which may
provide the WTRUs 102a, 102b, 102¢ with access to packet-switched networks, such as the Internet
110, to facilitate communications between the WTRUs 102a, 102b, 102¢ and IP-enabled devices.
[0066] The core network 106 may facilitate communications with other networks. For example, the
core network 106 may provide the WTRUs 102a, 102b, 102c with access to circuit-switched
networks, such as the PSTN 108, to facilitate communications between the WTRUs 102a, 102b,
102c and traditional land-line communications devices. For example, the core network 106 may
include, or may communicate with, an IP gateway (e.g., an IP multimedia subsystem ("IMS")
server) that serves as an interface between the core network 106 and the PSTN 108. In addition, the
core network 106 may provide the WTRUs 102a, 102b, 102c with access t6 the networks 112,
which may include other wired or wireless networks that are owned and/or operated by other service
providers.
[0067] Referring now to FIG. 1D, 2 network-topology diagram illustrating an example
heterogeneo;s network ("HetNet") system 150 of the communications system 100. The HetNet
system 150, in general, may be any HetNet system that includes multiple cells, uses mulitiple
carriers, supports (at least) downlink transmissions and supports a frequency reuse factor of 1 (or, at
least, a non-zero frequency reuse factor).
[0068] The HetNet system 150 may include first, second and third large-scale ("macro") cells 152,
154 and 156, and first, second and third WTRUSs 102a-c. Each of the first, second and third WTRUs
102a-c may include or be communicatively coupled to a plurality of antennas.
[0069] The first, second and third macro cells 152, 154 and 156 may include respective base
stations 114a-c. These first, second and third macro-cell base stations 114a-c may include or be
communicatively coupled to respective pluralities of antennas adapted to delineate corresponding
coverage zones 158, 160 and 162, respectively.
[0070] The first, second and third WTRUs 102a-c may be disposed within fhe first, second and third
coverage zones 158, 160 and 162, respectively. Being within such zones, the first, second and third
WTRUs 102a-c may become associated with the first, second and third macro-cell base stations
114a-c, respectively, assuming, of course, these WTRUs ("macro-cell WTRUs") 102a-c have
authorization to do so. Once associated, the first, second and third macro-cell base stations 114a-c
and the first, second and third macro-cell WTRUs 102a-c may exchange communications using the
same time and frequency (hereinafter "common time and frequency") resource for transmission of
the communications.
[0071] The HetNet system 150 may also include first, second and third small-scale cells 164, 166
and 168, and first, second and third WTRUSs 102d-f. Like the macro-cell WTRUs 102a-c, the first,
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second and third WTRUs 102d-f may include or be communicatively coupled to a plurality of
antennas.

[0072] Each of first, second and third small-scale cells 164, 166 and 168 may be, for example, any
of amicrocell, picocell, femtocell and the like (collectively hereafter "femtocell"). The first, second
and third femtocells 164, 166 and 168 may include respective base stations 114d-f. These femtocell
base stations 114d-f may include or be communicatively coupled to respective pluralities of
antennas adapted to delineate corresponding coverage zones 170, 172 and 174, respectively.
[0073] The first, second and third WTRUs 102d-f may be disposed within the first, second and third
coverage zones 170, 172 and 174, respectively. Being within such zones,, the first, second and third
WTRUs 102d-f may become associated with the first, second and third femtocell base stations
114d-f, respectively, assuming, of course, the WTRUs ("femtocell WTRUs") 102d-f have
authorization to do so. Once associated, the first, second and third femtocell base stations 114d-f
and the first, second and third femtocell WTRUs 102d-f may exchange communications using the
common time and frequency resource for transmission of such communications.

[0074] The first femtocell 164 may be disposed sufficiently proximate to the first macro-cell 152 so
as to cause the first femtocell coverage zone 170 to overlay (some or all of) the first macro-cell
coverage zone 158. Due to such overlay and to both of the first macro-cell 152 and first femtocell
164 being adapted to use the common time and frequency resource for transmissions, the first
macro-cell 1 52 and first femtocell 164 operate as pair ("first macro-femto pair") 176 with respect to
handling such transmissions.

[0075]) The second femtocell 166 may be disposed sufficiently proximate to the second macro-cell
154 so as to cause the second femtocell coverage zone 172 to overlay (some or all of) the second
macro-cell coverage zone 160. Due to this overlay and to both of the second macro-cell 154 and
second femtocell 166 being adapted to use the common time and frequency resource for
transmissions, the second macro-cell 154 and second femtocell 166 operate as pair ("second macro-
femto pair") 178 with respect to handling the transmissions.

. [0076] The third femtocell 168 may be disposed sufficiently proximate to the third macro-cell 156
so as to cause the third femtocell coverage zone 174 to overlay (some or all of) the third macro-cell
coverage zone 162. Due to such overlay and to both of the third macro-cell 156 and third femtocell
168 being adapted to use the common time and frequency resource for transmissions, the third
macro-cell 156 and third femtocell 168 operate as pair ("third macro-femto pair") 180 with respect
to handling the transmissions.

[0077] As described in more detail below, the first, second and third macro-femto pairs 176, 178
and 180, together, form a CoMP set to facilitate management of interference among such first,
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second and third macro-femto pairs 176, 178 and 180 (i.e., inter-cell interference). And as further
described in more detaill' below, some or all of the macro-cell and femtocell base stations 114a-f
coordinate with each other in selection of WTRUs 102a-f and in determining one or more precoding
schemes (to be carried out by the first, second and third macro-femto pairs 176, 178 and 180) so as
to maximize throughput, e.g., a weighted sum throughput, of the CoMP set. For example, within
each of first, second and third macro-femto pairs 176, 178 and 180, multi-rate coding with
interference cancellation may be carried out to cancel the ICI of the macro-femto pair ("mutual
ICI™), other precoding schemes may be carried out to cancel or subtract the ICI within the /CoMP
set.

[0078] In some instances, the femtocell WTRUs 102d-f may be associated with the first, second and
third macro-cell base stations 114a-c, respectively, assuming, of course, these femtocell WTRUs
102d-f have authorization to do so. Such associations may be, in lieu of, or in addition to being
associated with femtocell base stations 114d-f. In some instances, any of the femtocell base stations
114d-f may be a closed-access femtocell. In the corresponding macro-femto pairs 176-180 having
closed-access femtocells, the corresponding macro-cell WTRUs 102a-c may only associate with
corresponding macro-cell base station 114a. However, the femtocell WTRUs 102d-f may associate
with either or both of femtocell and macro-cell base stations 114a-f of their respective macro-femto-
pairs 176-180.

[0079] The HetNet system 150 may be modeled as follows.

[0080] HETNET SYSTEM MODEL

[0081] Notations used in the following section are as follows. All boldface letters indicate vectors
(lower case) or matrices (upper case). AT, AH, A’ 1r(A), E(A) stand for the transpose, conjugate

transpose, inverse, trace, and expectation of A, respectively. max eigenvector{A} denotes the

dominant eigenvector of a Hermitian matrix A. I, signifies an identity matrix with rank a. angle (a)

denotes the angle of a complex number a. diag{...} denotes a diagonal matrix with [...] on the main

diagonal. For two sets S, and Sp, S,\S, ={x|x€ S, andxe S,}.

[0082] Denote the set of BS indices in a CoMP set as S. So the set of BS indices out of the CoMP
setis § . Without loss of generality, consider one pair of Macro BS and Femto BS in the multi-rate
coding with interference cancellation in S and denote them as the ii"™ and i, BSs, respectively,

where i, i, € S, i1 # i2. So, the set of BS indices of the other BSs in Sis S\{i}, i2}. Denote the set of

user indices associated to the i’ BS as U;. The Macro and Femto BSs are equipped with ¢; and t;,

transmit antennas, respectively, and the Macro and Femto users are equipped with 7; and 7;_ receive
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antennas, respectively. Thus, in the I" sub-carrier, the received signal at the j " Macro user, seU,,

and that at the jg"' Femto user, j, e U i respectively, are

yj. = JB'H! WX+ [PH! Wix! +i, jeU,

i

/ Hg,lw,fx{+,/ P/H WX, +@, j,eU,

M

[0100] where

\/—'HM x+z\/—_H x+nj,j,eU

t;eS\{r, i} ieS

- _ ! 1ot (o Wi onl i
n,= Z H!z’sw':x' +ZS_: B Hfziwi Xi +njz’ J2€ Uiz'
1€

iseS\{iy,i}

)

[0083] H'. is the r;xt; channel from BS; to the f" user. P} is the power upper bound at BS; in the "
i J ¢

H
sub-carrier. x! is the #;x1 transmit codeword transmitted by BS,, which satisfies £ (xf (xf) ): I .
W/ is the #xm; normalized precoder used by BS;, which satisfies the power constraint

tr [E (Wi’ (W,.' )H )jl =1, where m; is the number of data stream transmitted by BS;. For convenience,

the precoder can be expressed as W/ = [./a,.’c w!. \f1-al W,;] , Where W, and W, are the

normalized common and private precoders, respectively, in the I" sub-carrier, and satisfy the power
. H H

constraints tr [E (W,.'c (W,.) ):l =1 and tr[E (W,;, (w,,) )] =1.Here, a]. and 1-a, are the power

ratio allocated to the common and private parts, respectively, in the I sub-carrier. Uj is the set of

user indices of the users associated to the i BS. n is the r;x1 out-of-pair interference (which

accounts for all received interference and noise other than the interference from the BS paired with
its own BS) and noise vector at the j'h user. In (2), it should be noted that the first term represents the
interference from the BSs in the CoMP set, which may be minimized through coordination in the

CoMP set. On the other hand, the last two terms are the interference from the BSs out of the CoMP

set, and n;, the ;%1 noise vector, which cannot be minimized through coordination in the CoMP

set. The noise is assumed to be white Gaussian and its covariance matrix is defined as

" :
E(ng (“5) )=0'21,j for all j and for all /. Therefore, the out-of-pair interference and noise

covariance matrix is given as
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@ =£(d (&) )= > BH,W (W) + S EH,W (HW) +0',.j<U, VU, 6

ieS\{i.h} ieS

)

[0084] For the embodiment using multi-rate coding with interference cancellation, also defined is
an in-set leakage (i.e., the leakage that causes interference to the selected users in the other cells in

the CoMP set) covariance matrix of BS; in the pair as:

L= > > R,ie{ii} C))

ieS\iyiy} jev,

4

i is the transmit spatial covariance matrix of the channel from the i"

0101] where R/, =(H' )" H
[ ] where gi A\
BS to the f" user, for all / and J; V,.J is the set of the selected users indices at the i3"' BS, and

V.cU,.
[0085] In one embodiment, the multi-rate coding design between two transmitter-receiver pairs in
one sub-carrier is considered. For clarity, only two cells and one sub-cafrier are analyzed, and the
notation is simplified by referring to cells 1 and 2 and by dropping the superscript. That is, for
notational convenience, the superscript / for the I" sub-carrier is dropped, and the pair of BSs in the
design are denoted as the 1* and 2" BSs, respectively, and their corresponding users are denoted as
the 1°'and 2™ users (destinations), respectively. Note that when there are multiple users associated

to BS;, each of them is considered in the multi-rate coding design one by one, and is always called

the i user in the design for notational convenience. Therefore, (1) can be rewritten as

¥, = JRH, W, x, + /BH,W,x, +i,,

Y, = BH, W, x, +(BH,W,x, +i,. )
[0086] Here, y; is the r;x1 received vector at the j'h user, i,j = 1, 2. Hj; is the r;x¢; channel from BS;
to the f" user. P; is the power upper bound at BS;. x; is the #;x1 transmit codeword transmitted by
BS;, which satisfy E(x,.xf’) =L,i=1,2. W, = [\/;,.:W,.c 1-a, W,.p] is the #;xm; normalized
precoder used by BS;, which satisfies the power constraint tr(WiW,-H) =1, where W;. and W,
respectively, are the normalized common and private precoders and satisfy the power constraints
tr(W,-cW;cH) =1 and tr(W,-,,W,-,,H) =1, and m; is the number of data stream transmitted by BS,-. Here,
aic and 1- a;c are the power ratio allocated to the common and private parts, respectively. ﬁi. is the

out-of-pair interference (which accounts for all received interference and noise other than the
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interference from the BS paired with its own BS) and noise vector at the /*” user, whose covariance

matrix is ®,,j = 1, 2. And the in-set leakage covariance matrix of BS; is denoted as L.

[0087] MULTI-RATE CODING with Interference Cancelation
[0088] Encoding:
[0089] Each source transmits two independent splits such that

X, =[xlTc x,Tp]T, X, =|:x; xzp]r (6)
[0090] where x;. and x». are the codéwords to be decoded at both users whereas x), and x;, are
desired to be decoded only at their dedicated users ("destinations"), D1 ("the 1¥ user") and D2 ("the
2™ user") respectively, where “D” stands for destination. Note that this transmission strategy can be
considered as employing 2-layer transmission with one layer allocated for the common codeword
and the other for the private codeword transmission. The 1-layer transmission with one layer
allocated for either the common or private codeword is a special case which has been accounted for.
Due to the decoding constraints, X, and x;. are denoted as common codewords whereas x, and x,,
are denoted as private codewords. ‘
[0091] Decoding: |
[0092] The message splitting is utilized by allowing the common messages to be decoded and
cancelled at both users, hence decreasing the effect of overall interference. Each user decodes the
common messages transmitted by both transmitters and cancels the corresponding codewords,
which results in decreased interference-to-noise ratio ("INR"), hence improved signal to interference
ratio ("SINR") and achievable rates. After canceling the common codewords, each user decodes the
private codeword transmitted by its transmitter treating the private part of the other transmitter as
noise.
[0093] Achievable sum rate via sequential decoding:
[0094] Since the common messages, Xi. and Xy, are desired to be decoded at both users, the
decoding order of each codeword determines the achievable rates of the codewords. Utilizing the
MMSE receivers at the users, each decoding order in the following gives different achievable rates.
[0095] There are four possible decoding orders for the common signals which lead to different
SINR values for each split:
[0096] I. At the 1% user: X1 = Xa, at the 2" user: xac = Xjc
[0097] 1. At the 19 user: x3c > Xy, at the 2™ user: x;c = Xac
[0098] III. At the 1* user: x)c = X2, at the 2™ user: X;c = Xac
[0099] IV. At the 1*! user: xac = X, at the 2" user: xac > X)e

-18-



WO 2012/064998 PCT/US2011/060258

[0102) For each decoding order, the maximum rates of the common messages X, i = 1,2 at Dj,j =

1, 2, via MMSE decoding are denoted by Rg”o, oe{l1,11,1I,1V}, and can be calculated as,
1°§|[r + @y Py, $1 B (Z3.) I RiE, =log Ilrr, T 21.h H?lsch2l(zlao) I
R7%. = log Ilr + 7. P B13S: H5{Z32, ) I RiGo = logll,.z + 7. Py Hy3 S M5 (252, ) I
where the common transmit covariance matrix is:
Sie = Wi Wi i=12

and the private transmit covariance matrix is:

Sip = \%Wgai = L2
[0103])

[0104] Note that Z2 denotes the noise and interference covariance matrices when W is decoded

.0

at the j user for decoding order o, 0 € {1,11,1l1,1V}, as given in Table A.

o I 11 i v
z, Z,+9Q Z, Z2, Z.,
Zy, z, Z,+, Zy Zyeu
z” z, Z,+9Q, 7, Z
ZZDczo' Z,+%, Z7 z;, z;,

Table A. Effective noise and interference matrices at each user for each message split.

[0105] Here, ©, =, AH ,S H"

Jk 2

Qh =(1-a,)A,H,S H) and Z, = QF +QF, +®,.Note

Jk 2
that the common messages are desired to be decoded at both users. Therefore, the achievable rate

for each split at each decoding order is given by,

Riyco = min{RlcwR?zz;o Rico = min{RE3,, RE2,)

) (7

[0106] for o € {1, 11,11, IV} . Overall, the optimal decoding order, 0™ ,which gives the maximum

sum rate, can be evaluated as,

0" = argmax (R,w + ch’o)
oe{1,11,11,1V} ®
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[0107] After decoding and canceling the common codewords, X;c and Xa, D1 and D2 decode the
private codewords, X, and X3, respectively. Utilizing MMSE decoding, the achievable rates of the

private codewords, X, at D1 and x, at D2 are given by:

-1
Ry =log l'-rL + (1 - €y IR Hy S B + (1 = a30)P Hyp S B ) l

. _ . , - -1
Ryp =log Il‘rz + (1 = @z )Py Hyp Sz HE (@ + (1 - a1 ) A Hy, Sy HE) |
&)

[0108] Finally, the total achievable sum rate is given by:

Roum = Pigor + Ragomt Rl-p' + Ry
(10)

[0109] Note that the achievable sum rate is determined by precoder design (both for common and
private messages) and power allocation ratio between common and private messages.

[0110] Multi-Rate Coding with Interference Cancelation with Rank-Limited Transmission
[0111] The multi-rate coding with interference cancellation when each BS transmits at most one
data stream for each private/common split is a special case of the multi-rate coding with interference
cancellation, described above. Besides the. rate expressions above, there are alternative rate
expressions for each data stream in this special case. For notational convenience, wi¢, Wip, Wac, and
w3, are denoted as the rank-1 counterparts of Wi, Wiy, Wi, and Wy, respectively.

[0112] For each decoding order, the SINR’s of the common messages x;., i=1,2 at Dj,j =1, 2, via
MMSE decoding are denoted by SINR”. , o e {1,11,111,1V}, and can be calculated as:

c,0?

SINRl?,Ia = o, AW H}| (Zﬁfo)_l H,w,, SINR!?,Zo =a, Aw Hj, (Zﬁz,u)-l H,w,,
[01 13] SINRZT,U = aZcPZW;ICHI’; (Z?cl,o )_I HIZWZC’ SIN. Dc,zo = aZCPZWchgZ (Z?cz,o )—l H22w2:'(1 1)

[0114] Therefore, the achievable rate of the each split at each user is also expressed as
R2, =log, (1+SINRD,), R2% =log,(1+SINR?:),

D\ _og (1+SINR”' ), R”% =log,(1+SINRP).
[0115] R2c,o ng( + 2c,0) R’.’c,u ng( R’zc‘u)

[0116] And the achievable rate for each split at each decoding order is given above.

(12)

[0117] After decoding and canceling the common codewords, xic and X3¢, D1 and D2 decode the
private codewords, X, and X2, respectively. Utilizing MMSE decoding, the achievable rates of the

private codewords, x,,, at D1 and x, at D2 are given by
[0118] SINRD =a,, R wiH (@ +071, ) Hyw,,, SINRD! = a, P, wi HE (94, + 021, ) Hopw, .
(13)

[0119] Then, the achievable rates for the private codewords are also given by
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(0120] R, =log, (1+SINR1‘;')’ R,, =log, (1+SIN&D:).

[0121] Referring now to FIG. 1E, a block diagram illustrating an example macro-femto pair and
associated macro-cell and femtocell WTRUs of the HetNet system 150 of the communication
system 100 is shown. For convenience, the elements of FIG. 1E are describedﬁbelow with reference
to the first macro-femto pair 176 and the macro-cell and femtocell WTRUs 102a, 102d. As shown,
the macro-cell base station 114a includes a common precoder ("macro-BS common precoder") 182,
and a private precoder ("macro-BS private precoder")184. The macro-cell WTRU 102a also
includes a common precoder ("macro-WTRU common precoder") 186, and a private precoder
("macro-WTRU private precoder") 188. The femtocell base station 114b and the femtocell WTRU
102d are architectures the same as or similar to the macro-cell base station 114a and the WTRU
102a, respectively.

[0122] FIG. IF is a block diagram illustrating an example macro-femto pair, which may be any of
the macro-femto pairs 176-180, along with associated macro-cell and femtocell WTRUs of the
HetNet system 150 of the communication system 100. For convenience, the elements of FIG. 1F are
described below with reference to the first macro-femto pair 176 and the macro-cell and femtocell
WTRUs 102a, 102d. Disposed between the first macro-femto pair 176 and the macro-cell and
femtocell WTRUSs 102a, 102d is an interference channel 120.

[0123] Embodiments are disclosed for mitigation of inter-cell interference ("ICI") in a multi-cell
network, such as in the the HetNet system 150, ("")carried out at a physical layer of such multi-cell
HetNet, in particular, using interference management ("IM") based on message splitting and
superposition coding to successively cancel from received signals one or more interfaces receiving
ICI. The IM ("")may be viewed as a type of coordinated multi-point ("CoMP") technique, akin to
the Coordinated Multi-point ("")technique defined in LTE and LTE-Advanced ("LTE-CoMP").
However, the IM is not limited to LTE and/or LTE advanced. The IM may be used in CoMP
transmission (i.e., in multi-cell HetNet downlink) or CoMP reception (i.e., in multi-cell HetNet
uplink).

[0124] The IM improves performance of the HetNet system 150 (as compared to not ﬁsing the MS
technique), and does so using minimum coordination (e.g., without sharing data) between
transmitters/transceivers (collectively "transmitters") of the macro-cell and femtocell base stations
114a-f of the HetNet system 150 and/or other multi-cell networks.

[0125] Applicability of the Interference Management

[0126] Firstly, the IM is applicable whenever inter-cell interference ("ICI") is present in a multi-cell

network, such as the HetNet system 150. An ICI is generally observed in multi-cell networks.

21-



WO 2012/064998 PCT/US2011/060258

Herein, a multi-cell network refers to a network which comprises multiple cells, each has at least
one transmitter and one receiver, and the transmissions in different cells use overlapped time and
frequency resources (i.e., concurrent transmissions with a non-zero frequency reuse factor).
Therefore, in a multi-cell network, the receivers are interfered by the transmitters in other cells,
which transmit using the same time and frequency resource. Such interference is referred to as the
ICI. In multi-cell systems, if no transmissions in different cells use the same time and frequency
resource (i.e., the transmissions in different cells are not concurrent, or the frequency reuse factor of
the system is zero), the IM might not be applicable.

[0127) Secondly, the IM is applicable in both multi-cell homogeneous networks and multi-cell
heterogeneous networks. The functionality of the IM may be the same for both multi-cell
homogeneous and heterogeneous, but information fed back ("feedback information") from receivers
and coordination among the transmitters may be carried out differently for the homogeneous and
heterogeneous networks.

[0128] Thirdly, the IM is applicable to transmissions in both multi-cell uplink and multi-cell
downlink. Most of the examples provided herein, however, are directed to transmissions in multi-
cell downlink.

[0129] Fourthly, the IM is applicable to transmissions carried out using single-input single-output
("SISO") and/or multiple-input multiple-output ("MIMO"). Most of the examples provided herein,
however, are directed to transmissions using MIMO.

[0130] Fifthly, the IM is applicable to regimes of different ICI levels. In particular, the IM may be
most beneficial in the strong and medium ICI regimes, i.e., when the ICI is (much) stronger than a
noise level. The IM may also provide gains in a weak ICI regime, i.e., when the IC] is of slightly
above the noise level. In an extremely weak ICI regime (i.e., the ICI is at or below the noise level),
the IM might provide gains in the extremely week regime. However, the multi-cell network might
fall back to IM based on another technology, such as coordinated beamforming ("CBF"). CBF,
however, may be considered as a special case of the superposition-coding-based IM.

[0131] Sixthly, the IM, a MIMO technique in nature, may be implemented with space-time coding,.
The IM is also applicable in time division multiplexing ("TDM") and frequency division
multiplexing ("FDM") systems.

[0132] Lastly, the IM focuses in the processing in the physical layer. Control and coordination in
higher layers may also be required. Additionally and/or alternatively,the IM may be combined with
hybrid automatic repeat request ("HARQ"™).

[0133] The IM is beneficial to the practical systems and standards, such as LTE. Firstly, so far in
LTE, for users operating at cell edges (")("cell-edge users") of homogeneous networks or HetNets
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(and, accordingly, subject to receiving strong or medium ICI"), ICI cancellation is considered in the
physical layers through CBF, power control, reducing the frequency reuse factor, or time domain
silencing, etc., and in the medium access control ("MAC") layer through carrier aggregation. None
of these ICI cancellation techniques has shown significant performance improvement. The IM
techniques, however, show significant performance improvement for these cell edge users.
[0134] Secondly, the current ICI cancellation techniques in LTE rely on the transmitter side ICI
cancel‘lation capability, but the potential receiver side ICI cancellation capability is not considered.
Recently, the concept of the user side ICI cancellation in downlink has been discussed, but no ICI
cancellation scheme has been proposed; no user side ICI cancellation specification has been brought
into the LTE standard either. The IM provides a novel receiver side cancellation of ICI, providing
significant gains.
[0135] As noted above, the IM improves performance (e.g., throughput) of the HetNet system
(")150 and other multi-cell network by mitigating effects of interference at the receivers, and does
so with minimal coordination at the transmitters (i.e., without sharing user data between base
stations). The current coordinated multi-point ("CoMP") schemes defined in LTE Rel.8 and 10
cannot achieve the goal. The coordinated scheduling/coordinated beamforming ("CS/CB") scheme
has large performance degradation when dealing with strong interference. On the other hand, JT/JP
requires data sharing among base stations. To achieve the goal, a new CoMP scheme should be
included.
[0136] In the new CoMP scheme, in order to provide substantial interference cancellation benefit,
the IM may require utilizing an advanced receiver, such as minimum mean square error-successive
interference cancellation ("MMSE-SIC") receiver and/or maximum likelihood ("ML") receiver to
mitigate the interference. The LTE Rel. 8 and 10, however, do not utilize such advanced receivers at
the users in downlink, and do not include the usage and performance evaluation of these advanced
receivers at the base stations in uplink. No advanced receivers and no SIC at receivers are assumed
by LTE. No information regarding the users’ capability of using an advanced receiver and SIC in
downlink is fed back to the base stations.
[0137] In the CoMP scheme described herein, transmit parameters of the transmitted signal, such as
transmission rate, precoding,-power allocation, etc., may be determined based on the knowledge of
certain channel state information ("CSI"). The transmitters may use certain feedback and
feedforward mechanism such that they are known to both the transmitter and the receiver for the
purpose of interference cancellation. However, the CSI feedback defined in the current LTE Rel.8
and 10 is not sufficient for the CoMP scheme described herein, and the transmit parameters are not
defined in the feedback/feedforward in the current LTE Rel. 8 and 10.
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[0138] A network includes an arbitrary number of transmit nodes, receive nodes, transmit antennas,
and receive antennas. Some of the transmitter-receiver pairs operate in the same resource blocks
(i.e., time and frequency resource, with a frequency reuse factor 1, for example) such that the
performance of the corresponding receivers is degraded by the interference. Hence, the transmitters
employ a novel transmission scheme to decrease the effect of interference at the destinations. A
general description of the novel transmission scheme and examples are provided below. In these
examples, it is assumed that there are two antennas at each’of the transmitters and two antennas at
each of the receiver nodes, and a total of two transmit nodes and two receive nodes. It should be
noted that the embodiments may be applicable to any wireless systems with any number of transmit
and receive nodes with any number of antennas. _

[0139] Firstly, to allow receiver side interference cancellation, it is assumed that an advanced
receiver (such as maximum likelihood ("ML") receiver and minimum mean square error-successive
interference cancellation ("MMSE-SIC") receiver) is used at the receiver side. Depending on the
complexity limit at the receiver, the receiver may decode received codewords using sequential
and/or joint decoding.

[0140] Secondly, each transmitter splits its message (to each of its desired receivers) into at least
one layer. The message in each layer may or may not be correlated. Different layers may be encoded
and modulated using the modulation and coding schemes ("MCS") of different rates. Different
transmission powers and MIMO precoders may be used for different layers. All or part of the layers
may be transmitted through the same physical channels.

[0141] The message splitting at one transmitter, (i.e., determination of the power allocations,
precoders, and MCS, etc.), may or may not be done independently of the message splitting at other
transmitters.

[0142] The message splitting at one transmitter may be performed based on full or limited channel
state information ("CSI"). The CSI may carry short term or long term statistics of the channel to its
desired receivers and the channels to its interfering receivers depending on the feedback mechanism.
The multi-layer transmission of message splitting is designed so that some or all of the layers may
be decoded by interfering receivers in order to minimize the effect of interference observed by that
particular transmitter.

[0143] Thirdly, each receiver may see the multi-layer interference and the multi-layer desired
signal. The receivers are informed with the power allocations, precoders, and MCSs used for all

‘layers of its desired signal and some or all of the layers of the interference.
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[0144] The receiver may decode some or all of the interference layers depending on the signal
strength and data rate and all layers of its desired signal through successive interference cancellation
("SIC").

[0145] In case of successive decoding, a decoding order may be chosen such that the overall
objective function such as sum throughput, max-min throughput, fairness, etc. is optimized. If the
receiver is enabled to perform iterative SIC, it may use iterative SIC to decode as many layers of its
desired signal as possible. The SIC of the layers of the interference may or may not be opportunistic
such that each receiver opportunistically decodes the interference layers hence minimizes the
coordination among the interfering transmitter and receiver pairs.

[0146] Lastly, the disclosed scheme may be combined with HARQ. At each transmitter, the layers
not decoded at its desired receivers may be retransmitted, and the layers decoded at its desired
receivers but not decoded and removed at some of its interfering receivers may or may not be
retransmitted.

[0147] Example (Downlink two Transmitter-Receiver Pair Case)

[0148] Figure 2 shows an example of the message splitting in a two transmitter-receiver pair case in
accordance with one embodiment. Each transmitter (e.g., enhanced Node B (eNB)) splits its
message into common and private parts such as x1=(x1¢,x1p), x2=(x2c,x2p) as shown in Figure 2.
Each part is a separate codeword with its own MCS and cyclic redundancy check ("CRC"), and
potentially its own precoding and power levels. The common part is designed to be decodable by
~ one or more other receivers (e.g., WTRUs) besides the intended receiver. After proper precoding,
these parts are transmitted together, e.g., using superposition coding and/or spatial multiplexing.
Interference cancellation at each receiver is employed by decoding the common part of the
interfering transmitter and subtracting the corresponding signal (xI¢, x2c) from the overall received
signal.

[0149] High Level System Operation

[0150] Figure 3 is a flow chart illustrating an example operation of a system for performing
interference mitigation in a HetNet in accordance with one embodiment. The operation starts with
determination of a CoMP set, where a group of eNBs form a CoMP set, and coordinate their
transmission according to channel condition. The CoMP set may be determined on eithera WTRU-
specific and network-centric basis.

[0151] Each WTRU measures channel state information ("CSI") of the channels from its serving
eNBand other eNBs within the CoMP set. Each WTRU processes the CSI and feeds the CSI, as
processed, back to its serving eNB. The CSI may be shared among all eNBs within the CoMP set.
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[0152] Based on the CSI, the network (or more particularly, one or more network scheduling nodes)
makes generalized scheduling decisions, including selecting one or more WTRUS to receive data,
and transmit parameters, (such as the precoding matrices, power allocations, information whether
the WTRU will employ MS, and MCS for both the common and private parts), are determined.
[0153] The scheduling process may be implemented in either a centralized or distributed fashion.
To facilitate the WTRU data detection, the transmission parameters are also sent to the scheduled
WTRUs via downlink control channels (e.g., physical downlink control channels ("PDCCHs)).
[0154]) Each WTRU first decodes the common parts (both its own and the interfering data), and
cancels them from the received signal. Finally, its private data is decoded. CRC checking is applied
to each decoded data stream. Accordingly, one or more positive acknowledgement/negative
acknowledgement ("ACK/NACK") signal is fed back to the WTRU’s serving eNB, which will take
ACK/NACK feedback as input in scheduling.

[0155] The procedure above may be common to conventional systems. However, due to unique
transmission arrangement in MS, special treatment may be applied to certain procédﬁres. The
procedures where special treatment is applied are disclosed below.

[0156] Identification of WTRU capability

[0157] Since MS transmission requires certain WTRU receiver capability, such as ML or MMSE-
SIC, to ensure successful data detection, the WTRU may inform the network of its capability. A
new WTRU category may be introduced, and let the network be informed when the WTRU registers
to the network. Alternatively, the WTRU may indicate to the network its capability, such as ML or
MMSE-SIC capability, in a semi-dynamic fashion, for example, by implicitly indicating to the
network via uplink control format. Since a ML/MMSE-SIC capable WTRU may send uplink control
message different from what a conventional WTRU sends, the WTRU category may be implicitly
identified.

[0158] Since the interference (the common part of the interfering signal) detection and cancellation
may consume additional power, a WTRU may decide to indicate to the network that it has no such
capability to reduce power consumption at the WTRU.

[0159] Uplink feedback design

[0160] Interference management may be implemented using the uplink control channel. When a
macro UE is closed to Femto station and connected to macro eNB, its uplink transmission may
severely interfere with HeNB reception. To mitigate this problem, uplink control information may
be split into two parts that are sent to Femto and Macro eNB separately. Some of the uplink control
information, such as HARQ related information, is very time-critical, and excessive latency should
be avoided. Similarly, latency can impact UE buffer size. Other information such as CS1 is less
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time critical. The time critical information may be routed directly to its destination (e.g., the macro
eNB). The non time-critical information may be routed to the respective Femtocell, and forwarded
to Macro eNB via backhaul.

[0161] Each WTRU may measure and feedback the CSI between the WTRU and its serving celf. In
addition, a WTRU may measure and feedback the CSI between it and all the neighbor cells within
the CoMP set. To reduce feedback overhead, CSI may be quantized via direct quantization, or
codebook based quantization, or the like. Alternatively, a WTRU may feed back a precoding matrix
index ("PMI") to its own serving cell, suggesting the precoding matrix to be used at its serving eNB.
In addition, a WTRU may feedback the desired precoding matrices to be used or to be avoided by
the neighbor cells within the CoMP set.

[0162] In addition to the CSI feedback, each WTRU may feedback a channel quality indicator
("CQI"). In MS, it may be desired to feedback the noise plus non-dominant interference power (total
signal power minus signal power from all eNBs in the CoMP set).

[0163) There may be another type of information that may be needed for the eNBs to assign MCS
properly. A WTRU may estimate the accuracy of its channel estimation regarding the interfering
channel.

[0164] Generalized scheduling - The scheduling process may be implemented in either a centralized
or distributed fashion. In one example of the centralized methods, all eNBs within a CoMP set may
jointly make the scheduling decision (including the WTRU selection, and the precoding matrices,
power allocations, and MCS assignments for the common and private parts of each WTRU, etc.). In
such method, each WTRU measures the channel responses from all eNBs within the CoMP set,
including its serving and non-serving eNBs. eNBs may then share their channel information fhrough
data forwarding over backhaul. Each eNB may then have full knowledge of the channels of its own
WTRUs and the WTRUs within other cells. One eNB may then behave like a central controller, and
make scheduling decision for all the cells, and forward the decision to every eNBs within the CoMP
set. Such approach may potentially achieve the best performance. It however results in very high
complexity.

[0165] Alternatively, in one example of the distributed methods, each eNB may make its own
scheduling decision (including its own WTRU selection, and the precoder matrices, power
allocations, and MCS assignment for the common and private parts of each WTRU, etc.) first. After
all eNBs share their scheduling decisions and CSI information, each eNB may determine updates to
its scheduling decision on a distributed fashion, assuming a set of rules is established so that each

| eNB knows the decisions other eNBs are making.
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[0166] In some scenarios, it may be possible to reduce the decision latency (due to eNB information
exchange). For examble, in a heterogeneous deployment, where multiple Femto stations are
deployed within a macro cell, it may be desired for the macro eNB to broadcast its WTRU selection
and transmit format selection ahead of time through a special downlink control channel. To avoid
interference from Femto cells, it may also broadcast certain criteria under which a Femto is allowed
to transmit.

[0167] In the above examples of scheduling, if close loop in scheduling making is assumed,
scheduling may be done in a centralized fashion, or done iteratively in a distributed fashion. If open
loop in scheduling making is assumed, each eNB in the CoMP set may still inform others of its
scheduling decision, and each eNB may make scheduling decision in a cognitive fashion.

[0168] Message splitting based on PMI feedback

[0169] The MS based on PMI feedback may be done in different ways. In one example approach,
the PMI for the desired channel or the “worst match” indicator ("WMI") for the interfering channel,
(i.e., the PMI causing most significant interference), may be treated as the quantized CSI (e.g., the
transpose conjugate of the matrix represented by the PMI is considered proportional to the
quantized channel). The assumption is that the selected PMI is based on the match filter of the
channel. At eNB, the channel derived from the PMI is used as it was the true CSI. Transmission .
format such as the precoding matrices, power allocations, and MCS assignment for the common and
private parts, can then be determined. The PMI, rank indicator ("RI"), and CQI feedback may not be
sufficient for explicit estimation of the channel though. Additional feedback may be needed. The

additional feedback may be of different choices. Two examples of additional feedback are disclosed

below.
[0170] The channel is estimated based on PMI and RI feedback as follows:
[0171] H = pF ,

[0172] where P is a positive real scalar to be determined, F is the fed back precoder determined by
the PMI and RI, and ()* is the conjugate transpose.

[0173] If Rl is 1, H is rank deficient. If the PMI’s of both rank-1 and rank-2 transmissions are fed
back, the channel estimation may be improved. For example, the estimated channel may be a linear
combination of the estimated channels based on both the rank-1 and rank-2 transmissions. For the
channel estimation based on one fed back PMI and RI, B may be estimated based on additional fed

back information. In accordance with one embodiment, it may be estimated as follows:

«[12
B =arg min”H - pBF
[0174] p ,
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[0175] which may be calculated at the eNB, quantized, and fed back directly. In this case, the noise
plus non-dominant interference power (total signal power minus signal power from all eNBs in the
CoMP set) may be quantized and fed back.

[0176] In accordance with another embodiment,  may not be fed back directly, but an a value and
the corresponding delta-CQI may be fed back instead. a is the fraction of interference (the
interference contributed from the eNBs in the CoMP set) being removed and delta-CQI is the
corresponding CQI if this fraction of interference is removed. The received signal-to-interference

and noise ratio ("SINR") and delta-SINR may be estimated based on the CQI and delta-CQI fed

back. Substitute H=pF into the estimated SINR and delta-SINR, as follows:
F (BF)BF)F
S]NR_’_ = ( ( )( ) )n‘
[0177] P, + N, . and
F BFY(BFF
delta-SINR, = ( ( )( ) )ii
[0178] (1-a)R +N,

[0179] where P;and Ny denote the interference power and the noise power, respectively. By solving
the above equations, both B and the interference power may be calculated. The noise plus non-
dominant interference power is also estimated as the noise power plus the interference power minus
the estimated dominant interference power. The estimated dominant interference power may be
based on random beamforming for the eNBs in the CoMP set. If multiple sets of (a,deltz;-CQI) are
fed back, the estimation may be improved.

[0180] In another example approach, the PMI(s) for the desired channel, the WMI(s) for the
interfering channel or “best match” indicator(s) ("BMI(s)") for the interfering channel, i.e., the PMI
causing least interference, may be used in a different ways. Firstly, the choice of the precoder for the
common part is a tradeoff between using the PMI(s) for the desired channel (to the WTRU in the
cell) and using the WMI(s) for the WTRU in the other cell.

[0181] Secondly, the choice of the precoder for the private part is a tradeoff between using the
PMI(s) for the desired channel (to the WTRU in the cell) and using the BMI(s) for the WTRU in the
other cell. The choice of the precoders for the common and private parts f<;r the data at the same
eNB may be a tradeoff between maximizing sum rates and reducing the interference of the private
part to the common part. Other common rules may also apply. The tradeoffs (the design of the
precoders for the common and private parts) are up to the implementations.

{0182] In a further embodiment, at each UE, certain CSI are fed back such that the following

quantities are obtained at the eNB (and hence, scheduler): 1) In-CoMP-set transmit spatial
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covariance matrices, i.¢., the transmit spatial covariance matrix of the channel from each eNB in the

CoMP set to the UE. The transmit spatial covariance matrix of the channel from the ith eNB to the
jth UE is defined as R; = HEH .2) Out-of-CoMP-set interference and noise power. The out-of-
CoMP-set interference and noise covariance matrix is the sum of the interference covariance
matrices of the interference from eNBs out of the CoMP set to the UE, and the noise covariance
matrix at the UE. The out-of-CoMP-set interference and noise power is the average power of the
out-of-CoMP-set interference and noise, i.e., the average of the diagonal elements of the out-of-
CoMP-set interference and noise covariance matrix. Note that the above mentioned quantities are
the enablers of the MS technique. They can be obtained through explicit CSI feedback (e.g.,
feedback of the quantized version of the exact quantities) or implicit CSI feedback (e.g., estimated
from feedback such as RI, PMI, CQI, etc).
[0183] Precoder Design for Interference Cancellation using Message Splitting
[0184) Examples of the designs of the precoders
[0185] Practical precoder designs for the multi-rate coding design with interference cancellation are
disclosed. Note the following: Firstly, in practical systems, iterative algorithms, such as in the
benchmark scheme (above), may not be feasible. Thus low complexity precoder designs are more
appealing. Therefore, focus is on closed-form precoder designs.

[0186] Secondly, in practical systems, joint decoding might not enabled. Sequential decoding
.should be considered instead. To lower the design complexity, the common precoder designs that do
not depend on the decoding orders are more appealing. Lastly, since the multi-rate coding design in
a multi-cell environment is considered, the precoder design should by some means mitigate the
interference from the pair of BSs to the users in the other cells in the CoMP set. Note that the
femtocell BS has small coverage and its interference to the users located in other macro cells can be
ignored. Therefore, the femtocell BS does not necessarily need to minimize its interference to the
users except the macro-cell user associated to its paired macro-cell BS. On the other hand, the
macro-cell BS should try to minimize its interference to the users in other cells in the CoMP set.
[0187] In the following, power optimization designs, private precoder designs and common
precoder designs for the multi-rate coding with interference cancellation are disclosed. These
designs, if not specified, are for a system with arbitrary number of antennas at each node and
without pre-specified number of data steams transmitted from each BS. However in the following,
each BS is assumed to have two antennas only in order to demonstrate the designs. Also disclosed is
anovel designs for a system in which each BS has two antennas only and each BS transmits at most

one data steam for the common (private") split.
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[0188] Note that a multi-rate coding scheme with interference cancellation can utilize any
combination of a power optimization design, private precoder design, and common precoder design
developed below.
[0189] Power Optimization
[0190] The power optimization problem to maximize the sum rate Rsum in (11) or (14) is not a
convex optimization problem, and the solution is not trivial. Two ways of search for the power
ratios are as follows.
[0191] Approach 1: Exhaustive search for power ratios
[0192] The optimum power ratio is obtained by exhaustively searching over a set of discrete power
ratios, e.g., the set {0, 1/n,2/n, ..., 1}, where 1/n is the step size, to maximize the sum rate Rsum in
).
[0193] Approach 2: Bisection search for power ratios
[0194) An important observation in simulations is that the sum rate Rsum as a function of the power
ratios alc and a2c¢ is unimodal in most of the channel realizations. When the sum rate is a unimodal
function, a bisection search of lower complexity can be used to find the optimum power ratio found
by the exhaustive search (i.e., Approach 1). In the channel realizations when the sum rate is not a
unimodal function, the solution given by the bisection search may be locally optimal. The bisection
search is proposed for a better performance and complexity tradeoff, compared to the exhaustive
search (i.e., Approach 1).
[0195] Private Precoder Design
[0196] Note that the achievable rates for the private splits in (10) are independent from the common
precoders, and only depend on the power allocation ratios and the private precoders. The achievable
rates for the common splits (7), however, depend on the private precoders.
[0197] For sake of simplicity, the private precoder designs are decoupled from the common
precoder design. The private precoder designs may be based on fixed power allocation ratios.
Maximization of the sum rate of the private splits and minimization of the interference from these
two BSs to the selected users in the CoMP set is desired.
[0198] Given the fact that the private splits still create mutual interference at the users,
beamforming at each transmitter is employed to satisfy two conditions: i) maximize the desired
signal power at the user, ii) minimize the interference to the interfered users, including the interfered
user associated to the paired BS and the selected users in the other cells in the CoMP set. In order to
achieve such objectives, leakage based private precoders are provided. A few designs based on the
maximum signal-to-leakage-plus-noise-ratio ("SLNR") criterion are as follows.
[0199] Approach 1: Maximum SLNR precoder design with rank adaptation
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[0200] For fixed power allocation ratios, a maximum signal-to-leakage-plus-noise-ratio ("SLNR")

precoder with rank adaptation is provided. The maximum SLNR precoder design for a given rank is

given by:
- ﬁ. 3
‘V:L-.'v&mw = arg max . tr ‘r‘VmRu"Vly)
P !‘l"{“’g‘y“’;g)=1vm}c(“¥fp)=mt‘r(‘Vip I(l - a[c)PL(Rﬂ + l"l) + t'r‘(d’;)ngWw)
[0201] (14
t N
[0202] where ® is a tixmip normalized precoder, mip=1, ..., ti,i= 1, 2. Even though the

Femto BS may not minimize its interference to the users except for the Macro user, the term Liin is

preserved for notational convenience. A closed form solution is then given by:

- Ly
w;SLNR.n";p o« T‘ [0 £
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[0203] : (15)

[0204] where Ti is a tixti matrix, which satisfies the following:

TFR,T,=A
[0205) * uly =40

TR - PRy L) + (@) = I,
[0206] a6)

[0207] where Ai is a tixti diagonal matrix with nonnegative entries. Note that when aic = 1, the max
SLNR precoder i$ equivalent to the maximum capacity precoder with specific rank, which is
proportional to the matrix whose columns are the mip dominant right eigenvector(s) of the desired
channel. With in hand the maximum SLNR precoder of different ranks, the maximum SLNR

precoder design with rank adaptation is to find the best ranks T,nw, i=1, 2, to maximize the sum rate
of the private splits, i.e.:

fmg,) = arg mgfgi,z}?”’ lw;":,mﬂm“’,t:z,z * R"’Iwg' NRTP 12’
[0208] a7
[0209] Approach 2: Maximum SLNR precoder design with power and rank adaptation
[0210] This approach is similar to the maximum SLNR precoder with rank adaptation (i.e.,
Approach 1). It not only allows rank adaptation but also allows power adaptively allocated to the

Tnormal!zes’-

data streams, if there are multiple data streams. Denote ¢ as the tixti matrix with
T:wrvmc(i:sd-

normalized columns, and the kth column of is proportional to the corresponding the kth

column of Ti, where Ti is the tixti matrix satisfying (22), i = 1, 2. Also define a power loading
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) Q= diagiqy, .. Q!i‘g'] Giyor G0 20 Gt T Q=1
matrix for BSi as , where and ,i=1, 2.

The precoder of the private split for BSi is:

mmr-sum = T:zoma!tzefolﬁ
0211 ° ‘ (18)

[0212] where i = 1, 2, which allows different powers to be allocated to different data streams
through using the power loading matrix. Therefore, the maximum SLNR precoder design with
power and rank adaptation is to find the best power loading matrix Qi, i= 1, 2, to maximize the sum

rate of the private splits, i.e.:

{Q;} = arg Qﬂ_f}fzk p I“gmr-swn“:w + Rz-plwigvr-ssz\'n‘t__.w-
[0213) (19)
[0214] The optimization is done through exhaustively search over discrete sets of Qi’s,i=1, 2. The
rank adaptation is done through controlling the values of the diagonal elements of Qi.
[0215) Approach 3: Rank-1 maximum SLNR precoder design
[0216] In this approach, each transmitter node is assumed to transmits one data stream for the
private split. The proposed approach is a special case of both the maximum SLNR precoder with
rank adaptation (Approach 1) and the maximum SLNR precoder with power and rank adaptation
(Approach 2), whenmip=1,i=1, 2. Itis suboptimal for the problem (23) and the (25). Note that in
this case, the rank-1 maximum SLNR precoder is given by:
wiR,w,

woR —arg m

¥ “ip-ﬂf-'jﬂ wy [(l_aic)])i (Rﬁ+Li)+tr((D,-)Iz]W,,, (20)

L j=L2,i# ]
[0217]
[0218] A closed from solution is given by:

4

(0219] wiR oc max eigenvector{[(l—ak)Pf (R, +L,»)+tr((l),.)12]_l R,,,.}, i j=12i%]

2y
[0220] Note that when aic = 1, the max SLNR precoder is equivalent to the maximum capacity
precoder, which is the dominant right eigenvector of the desired channel.
[0221] Common Precoder Design
[0222] Design of the common precoders, Wlc and W2c is provided for the sake of simplicity,
mitigation of interference to the selected users in other cells in the CoMP set is not considered.
[0223) Appraach 1: Water-filling based common precoder design with rank adaptation
[0224] From the achievable rate for each split in (7), the achievable rate for each split is the
minimum of the achievable rates for each split at the users. A suboptimal design based on the well

known maximum capacity precoder design for SU-MIMO systems through water-filling is
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provided. For fixed private precoders and power allocation ratios, when BS;j is silent, the maximum
capacity precoder design for the SU-MIMO system from BSi to the kth user is:
WPk = arg max . logly, + & tiHi W, WINE L
er{WER(WE) )1
[0225] (22)
[0226] where Zk is defined in (13), i, j, k =1, 2, i # j. The closed form solution is given by the

A = {anm WWF‘,DQ}
. £t = ic *¥ie . . .
water-filling approach. Set is defined as the candidate precoder set of Wic,

i = 1, 2. With the candidate precoder sets in hand, the water-filling based common precoder design
1;‘;5'
with rank adaptation is to find the best precoders ¢ ,i=1, 2, to maximize the sum rate Rsum in

(11);i.e.:

WY -
{wr au"gchr‘srlllafl’}!{= 2 >
[0227] (23)

[0228] Approach 2: Rank-1 orthogonal common precoder design
[0229] In this approach, each transmitter node is assumed to transmit one data stream for the
common split. Similar to the SVD-based technique in MIMO transmission, for fixed private

precoders, each common precoders is orthogonal to the corresponding private precoder, i.e..

[0230] (we) w, =0

i 1
[0231] Such Wie is not unique for general number of transmit antennas at the BS. A pair of Wie j=

1, 2, are chosen to maximize the sum rate Rsum in (11). When each transmitter node is equipped
with 2 antennas, i.e. ti= 2 for all i, the achievable SINR’s thus the rates are uniquely determined for
fixed power allocation ratios, when orthogonal common precoder is used. The proof is left for

interested readers. Without loss of generality, a closed form solution is given by

L [o 1] aN\T
w,.c= w,.p
[0232] [‘1 o (")

[0233] All common precoders wic, which satisfy (11), satisfy (12) subject to a linear factor (a
complex scalar). Note that this common precoder design only depends on the privéte precoders but
not the power allocation ratios. This property further reduces the system design complexity.
[0234) Approach 3: Rank-1 maximum sum rate upper bound common precoder design

[0235] In this approach, each transmitter node is assumed to transmit one data stream for the
common split. The proposed approach can be generalized for rank adaptation straightforwardly.
Also assumed is that each transmitter node is equipped with 2 antennas, i.e. ti =2 for all i. For fixed

private precoders and power allocation ratios, instead of maximizing the sum rate directly, the sum
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rate upper bound (i.e., the upper bound of the cost function in (19)) is maximized. A problem in the

design is:

{wfﬁ”,w’;f}:arg max (R,’:+R2";)
[0236] Wle»WZc»IWI:H=I-IW2cI=| (24)
R% 7c R R%
[0237] Note that does not depend on w2¢, and does not depend on wlc. Thus, and
do not depend on the decoding order either. The problem in (30) can be decoup‘lgd into two

independent sub-problems as

w?” =arg max R, i=12
[0238] vl (25)
g 141

R
[0239] where the rate * can be expressed as

(0240] R" =log, (1+SINRY), SINR? =min{S/NR,.'3' oo SINRE® |, o}, 1,7 =1,2, 0% )

[0241] Since log2x is a monotonically increasing function of x, the problem in (31) is equivalent to

w2’ =arg max min{wfc’Bgiwic,wfc’stwk}, Lj=1,2,i#j
[0242] wiewiHt (26)
[0243] where

B =, FH/Z'H

ii?

D _ Hry-1
[0244] B. =a.FH,Z 05 (97
[0245] The optimal closed form solution to the problem in (32) is given below.

[0246] A generalization of this approach to account for rank adaptation is as follows. Note that for

bf .. mok
. . . Btc‘ 2 Btc .
two square matrices X and Y, X > Y implies |X| > [Y]. If , results in

log |L, 1 avtcpln,;\ﬁawg!{f{z;’l z logli,, 1 @ P H W, WEHE ZY] W,
. for arbitrary i, ), k=

W o | o B 2B
1, 2. Therefore, use as the optimal common precoder for BSi. If neither or

Dk by : woe
B!c 2 B!c . . tc . . .
is satisfied, use the rank-1 common precoder as a suboptimal solution for BSi.

[0247) A Generalized Karmakar-Varanasi Scheme
[0248] Closed-form solutions for the common and private precoders as well as power allocations

are disclosed. The precoders (which include the power ratios of the message splits) are as follows;

E)‘.c}(ﬂ ‘}_V(m{;! .
wh = | Uq(l},....,"———\‘ - U,
‘{M((l-t-?.g}(t})' J.M_f(l’b?.g;(mfp)
[0249] ,i=1,2, j#i.
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1 . 1 ey 1 13 1 -
W= | =2, Y, ..., —2——=V (mf})‘FU!j(mf;-il)‘ "“EUQWF};

ey 1
i."f{_{l-&ﬂ(j(nfp} 4 by Mg

[0250] \
i=1,2,j#i, (28)
[0251] where Mi is the number of tx antennas at BSi and mij= min{Mi,Nj} with Nj being the

b, * U,
number of antennas at receiver j. is the kth column vector of Iwhich is obtained by

. Hy =V Eyly"
employing SVD and the interfering links Hji, i.e. from BSi to UEj such that . Also,
;-ti(k)

is the square of the kth singular value obtained from

[0252] For the generalization of the scheme, the following steps are in incorporated:
[0253] Step 1- Incorporate the power splits as above such that each message split satisfies the

&, + K= 1. . . .
e Fp=1 The exhaustive search algorithm chooses the variables from the set {0,

condition, e.g.
1/n, 2/n, ..., 1}, where 1/n is the step size.
[0254] Step 2 - Normalize the precoders such that:
wkv
tenor = s Wignor =
X E'P‘ ‘
[0255] ‘ 29)
[0256] Step 3 - Define other set of precoders such that:

[0257] Wy setz = [0‘ wl‘gF}‘ W stz = {Wgénor' Wgz.lzl,nor

W etz = {Wlkg-wr‘ Wﬁ:mrll Wosetz = {0, WzlgF} (30)
WE _ ar , H R -1
Wi F = arg max”(ww (‘%)n):l log|t,, + P Hy, Wy, WERE Z2| |
[0258] where with

Z; =%y, Py Sy + @y
[0259]

[0260] Step 4 - Also, define set 4 as:

[ L¥RANY, ——
[0261] Wisess =[O0 Wo, ], W ey = {0, W, 7} 31)

ih
WSE\‘R,mt\’

£
[0262] where ® , i=1,2, are given above.

Kype ..
[0263] Step S - For each message split power, i.e. Frer Fep choose the precoders that maximize the

sum-rate, i.e.:

{VVIC‘!’ \V]p‘l ch *l VVZF*'} = al‘g VV;,;I;?,%ﬁ'-L ng 1c + R ip + R?C + R?‘p

[0264] k=1.2.24 (32
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[0265] Step 5 - Finally, given the optimal precoders for each power split, choose the power splits

that maximize the sum-rate, i.e.:

{qlc‘ w, ﬂlp"’, “2“31!’ \’Vgpm!} = arg ‘Vf(sl:'?ka,z{-;-l,ﬂ Rm -+ R}F + RZC + RQ‘p
[0266] k=1.2.3.4 (33)

[0267) CLOSED FORM SOLUTION

W = arg max min {w”D]w,w”Dzw}
[0268] The problem is of the form wiwft

, where D1 and D2 are non-

negative Hermitian matrices. Apply.Eigen Decomposition on D1-D2 to get D1-D2 =VAVH, V =

[vl v2], A = diag{Al, A2}, A1 > A2, where V is unitary. There are three cases as follows.

[0269] Case 1: If A1 222> 0, wHD1w > wHD2w, and the solution is the dominant eigenvector of

D2.

[0270] Case 2: If 0> A1 > 22, wHD2w > wHD1w, and the solution is the dominant eigenvector of
D1.

_ y :
[0271] Case3:1f 4 202 % ang A # 2 without loss of generality, let ™ = 0S0€” vy +sinfv,

6’6[0,71'/2], ge[0,27)

. There are two parameter regimes leading to different soluttons.

[0272] Parameter regime 1:

w”'(D,—Dz)w=coszﬁﬂ.I +sin26/?2 20 0<60<8

[0273] If ie., ,

8, = arccos /(- -
where ‘/(712 )/(/l' % ) , the cost function becomes wHD2w. Apply Eigen
Decomposition on D2 to get D2 = V2A2V2H, where V2 is unitary and A2 =diag{A21,222},A21 >

-V T T
A22 > 0. Use V2 to represent w such that W=y [’B‘ P :I , where B1 and B2 are complex,

|ﬂ' |2 +|'62 |2 - 1. Let K =V2-IV =|:k”] , and [’B'T b ]T - K[cos g sin e]ﬁ . Substitute

w=YV, [ﬂlr ﬂzr]r

into the problem to get:

[0274) {6’,¢} = arg max |k“|2 cos? @+ |k'2|2 sin® @ +2cosfsin Re{kl"l’klze—jv*}

[0275] In one special case when k11 = 0, 8opt = /2 and the optimum precoder becomes w =v2. In

another special case when k12 =0, 8opt =0 and without loss of generality, set ¢=0 , the optimum

=angle( k" k
precoder becomes w = v1. In the general case when both k11 #0and k12 #0, Gops = NG e( n '2) .

Substitute o into the above problem and after some math manipulations, it becomes

- 2 2\ . ,
[0276] §=arg max (|"n| + |k )sm (0+¢,2)’
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[0277] where o = ful/ e ol cose ~Jrl/ Ik..|2+|k.z|2’ and 2€[072] ¢

6 +p, <72 , Bopt = 01. The optimum precoder and the corresponding max min SINR are
4 kik, '1|
H 2
(0278) a = Kk Va-
2
SINR =(},_,l _,?,n)(lknl 7 f’i{z +1k,, 7 2‘_22 J + 4,

[0279]
[0280] Note that in this case, wHD1w = wHD2w. If b+9,> ”/2 w» ”/2—%. The optimum
precoder and the corresponding max min SINR are

kliliklz Ik”l
|k|2|\/|k11| +!k|2| \/| | +|k12| SINRmxmm - ' —1’22)(|k“|2 +|k‘2|2)+272

[0281]
[0282] Parameter regime 2:

w' (D, ~D,)w=cos’ 04 +sin’ 6%, <0 . §<6<z/2

[0283] If , the cost function becomes

wHD1w. Apply Eigen Decomposition on D1 to get D1 = VIA1V1H, where V1 is unitary and Al =
-V T r’

diag{A1,112},A11>A12>0. Use V1 to represent w such that ** ' [« ] , where x1 and

x2 are complex, |l' |2 +|'¥2|2 =1 Lot G=V'V= [gu] _and I:ZIT X ]T =G [cos fe”  sin 9]” '

_ T T
Substitute " M [Z' A2 ] into the problem to obtain

oasey 0 = I,

[0285] Similarly, in one special case when g11 = 0, 6opt = n/2 and the optimum precoder becomes

2 2
2
g,,| cos t9+|g,2

sin? @+ 2cos@sin@ Re{g,’fg,ze'f”}

w = v2. In another special case when g12 =0, 6opt =0 and $=0 , the optimum precoder becomes w

¢apl = angle(gllllgn)

= v1. In the general case when both gl1 # 0 and g2 £ 0, . Substitute Bop into

the above problem and after some math manipulations, it becomes:

—_ 2 2 . 2
z2s6) © "% max (lgu[ +[g.[ )sin* (6 +0)

[0287] where sin¢,=|g,,|/\”g,,|2+|g,2|2, COS%=|g|2|/\”gn|2+|g|z|2 and ¢|€[O,ﬂ/2]. If

b+o <n/2 , 9"’” =7/ 2_%. The optimum precoder and the corresponding max min SINR are:
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Kk, ko]
2
|k,2|J| |+|k.2| J|k..| ol SNRps = (2 = ) el + el )+

[0288]

> -0, . . .
b+ ”/ 2 ""’ ', and this result can be considered merged to parameter regime 1.

[0289] If
[0290] Therefore, in Case 3, find the SINRmaxmin’s in parameter regimes 1 and 2, respectively,
and choose the optimum precoder corresponding to the large SINRmaxmin.

[0291] In practical systems, limited CSI is available through CSI feedback. Thus, in this
embodiment, interference cancellation is performed with limited CSI feedback. In downlink multi-
cell HetNets, the CSI is fed back for each sub-band or each resource block (RB), depending on the
system. For simplicity, the CSI single carrier is used as an example, and the subcarrier index / is
dropped.- At each UE, the channel from each eNB is estimated, and the effective channel from each
eNB, which is the combination of the channel and the precoder, can also be estimated‘. Ateach UE,
the following CSl is calculated and fed back to its serving eNB via a perfect channel. The feedback
may be subject to certain delay.

[0292] In-CoMP-set transmit spatial covariance matrix, which is the transmit spatial covariance

matrix of the channel from each eNB .in the CoMP set to the UE. The transmit spatial covariance

matrix of from the i eNB to the / UE Ry = H‘f"f Hy.

[0293] Out-of-CoMP-set interference and noise power, which is the out-of-CoMP-set interference

plus noise power is the average power of the out-of-CoMP-set interference plus noise, i.e.,

Ofiomzony = W (@, .w-—rf)fi‘f (34)

[0294] where &, ... . is defined as

By sens = Zmﬂ Wi (H WL+ ¢f Iaf €U
(35)

[0295] In practical systems, the in-CoMP-set transmit spatial covariance matrix and out-of-CoMP-
set interference and noise power may or may not be fed back as they are. They may be fed back
through explicit CSI feedback or may be obtained from implicit CSI feedback. A few sophisticated
feedback schemes are known in literature.
[0296] With the above mentioned CSI feedback, the following quantities are obtained:
[0297] The in-set leakage covariance matrix of the i" eNB L;, as described above, is obtained by

Z Z RJ,, ie 1,,12
[0298] :,eS\{:, AV A
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[0299] Here, Vy is the set of the selected UEs indices at the K" eNB. Thus, Vs © U, where U, is the

set of the UE indices for the UEs associated to the eNB;.
[0300] The out-of-pair interference and noise covariance matrix is approximated as proportional to

identity matrices, i.e.,

a [T catr{PWER WY |
N‘; a“ O:t“lap, - -|-"‘".r.fg:".‘_} T( [ 5 .) + 0-;:‘::__:,‘::!‘;- il."f ,fE-’U;,ﬁ U U;gm
4 1 ) .
[0301]
a -le:. 5.:; & m"‘ P.\“FESR :1“{:\ - i
N’F £ 0:«‘.:1‘?’:: = IRl ,Ef = )-:- U;::::—::-».‘.,-},' %I‘“.' of G'Ufg.
[0302] '

W,
[0303] where ' is the tentative precoder at the ith eNB.

[0304] The interference cancellation algorithm is then extended to be based on knowledge of the
above mentioned CSI feedback. Since the channel matrices are not known, there is no way to
perform interference rejection for the interference transmitted from other eNBs than a UE’s serving
eNB. The extension of the interference cancellation algorithm is based on approximating some of
the interference covariance matrices as proportional to identity matrices.

[0305] MS Design with Limited CSI Feedback - In MS, the interference and noise covariance

matrices to the common parts are therefore approximated as

Z, ¥ (L-a)PH 181 HE + (L - @ )P:H 8 HE + N, = 2f) + 0 + 61,

Z, ¥ (L= a )P Hy S, HE & (£ - a)PH., 8 B + N, = a5 + a5 + ol

[0306] The cross interference covariances are:

ofn = (0] }/ny . 0d, = (5, 0 ofh, = r(Q)/n 08 = 0 (QE)/n,

[0307] The private sum rate can be approximated as

g ' s (" 1 =1
Tyzum ¥ 103 3Ir—;_‘ < (1 - “1) p‘lHlJ.s!;Higl(N‘l T 61%.1? Ir._;) |¢

+log ;lr:, +(t - a)P:H, S HE (N, + "121?1":)-1[

= log lL_ +(L-a)P(of + o, ) RSy,

logll, + (1- )P (of + 0, ) RaiS:,

(38%)

[0308] Using sequential decoding, the interference and noise covariance matrices of different

decoding orders, defined in Table A, can be approximated as
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“: 01 % P oa3
zi ' ; + a‘h‘ Dielnr Z; n';" T O oreln

Z’fcia ¥ 9‘?1 T 0’12639'3&1&’ Z?c-.o = 9"‘ o

20 0%0
(39
where
o / I I v
o 2 [ 2 s .2 B3 P 3 3
O o1e | Tiop T 4o 7 O | Giop T 04 Tic01.8 Fico1u
2 3 agd 2 =g 3 2 )
G210 | Pd1p T 91 Iiap W T1c ¥ 91 | 901d e D1
2 2 8.3 [ R, S Ry § 2 2
Iicoze | 52 798 Ofzy v Uiz ¥ 02 | Yicpsn Oic.ocd
2 T .2 o2 2 o2 z g
Oicnzie | Fug T O TIg | Fd3p TG O3c.02.0d Oz:.0ad

Table B: Interference covariance in MS with limited CSI feedback

[0309] Since A(BA+I)'l = (AB+I)"A, the common rates can be approximated as

Di 3
1:0 & 103

T “1F1H11s1cﬂu((l “1)Piﬂusinﬂu T O sl ) I

: ” . |
= log ll.-2 + a PRy 8y, ((3‘- — )P Ry 85 3 0 01,1, l‘
(40
[0310] In this manner, the common rate is determined based on limited feedback using the

covariance matrix Ry;.

[0311] Similarly, additional common rates are determined based on limited feedback using

covariance matrices Ry, Rj2, and Rj;:

%

0 o -1 (
BiG Ly, F @1 P Ry §yp ((3’- — @ )P Ry Sy + ‘71},0:&}@[::1]‘ lﬁr

Rige ¥

] -1
B3, ¥ log |‘I.-'_ TazP:Ry: T, ((1 - a:)P:Ry:S; 4 gé‘é,ot,ol:g) |'

-1
REZ, ¥ log Ly, 4 @y BRuusSic (1= @ dP RS, 2 ehuncl ) |

“n
[0312] Private Precoder Design: The SLNR-based precoder designs can be performed directly
using the private sum rate expression given herein as equation (7).
{0313] Common Precoder Design: The common precoder designs given herein below can all be

extended using the given limited CSI feedback. The Water-filling based common precoder design
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with rank adaptation can also be transmit spatial covariance matrix feedback based when the cross
interference covariance matrices in the water-filling are approximated as proportional to identity

matrices, i.€.,

: B o=1f . B faf aaf 1 2g3 Y !
k‘Sllr} o PH W WEHEZSY & 1°S|Ir;,. - “.T&H;;:W;:W::-Hx:(% taipln t o lf}) I

. . . -1
= 1og|1_., + a PR W WE((L- )P RS, + 03,1, ai1,)

Dy g [

[0314] (42)

and when the common rate expressions are used.

[0315] MS signal flow - As shown in FIG. 5, the limited CSI is first fed back from each UE to its
own eNB, and then from each eNB to a centralized control unit. The centralized control unit has a
scheduler which performs the MS design with given limited CSI feedback. Once the scheduling
decision is done, needed information is sent to each eNB for encoding; the information for each UE
to decode its signals is also sent to its eNB. There may be multiple ways to do it. One example is as
given in FIG. 5, the information of all precoders and MCS’s are sent to each eNB, so that the eNB
can send it to its UE via downlink control channel. In two-cell simulations, it is observed that
regardless of UE locations, numbers of transmit and receive antennas, and cross interference link
strength, the proposed MS design with limited CSI feedback performs very close to the MS design
with full CSI (i.e., full knowledge of the channel matrices and out—of-CoMP-set interference and
noise covariance matrices). The degradation is no more than 2%.

[0316]) Downlink control signal design

[0317] To facilitate decoding of its own data, transmission format parameters may be sent to each
scheduled WTRU via a PDCCH. Since additional information is needed compared to the existing
LTE system, such as Rel. 8 or Rel. 10, new downlink control information ("DCI") format is
provided. Specifically, in one embodiment, the precoding matrices and power allocations for the
private; and common parts are signaled over the PDCCH. An alternative approach is to convey such
information via demodulation reference symbols ("DM-RS").

[0318] Since each WTRU may decode part of the interference signal, the related information of
interference signal may be passed to the WTRU. The related information may" include, but not
limited to, MCS, WTRU identity ("ID") (to generate CRC), scheduling information, etc.

[0319] One approach to forward the information is for the eNBs within the CoMP set to share the
information, and for the serving eNBs to send the information via its PDCCH. Another approach is
for each eNB to transmit such information in a public control channel that is hearable by WTRUs in

the neighbor cells.
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[0320] Alternatively, each WTRU may try to decode the PDCCH dedicated from the interfering
eNB to the other WTRU in order to obtain the MCSs, power allocations, and precoder matrices of
the interfering layer, etc. To enable the decoding, the polynomial info of interfering eNB-WTRU
pairs (such as WTRU IDs and CRC) PDCCH may be added to the dedicated PDCCH.
[0321) An example of the signal flow is in Figure 4. In this example, RS1 and RS2 are the reference
signals sent from eNB1 and eNB2, respectively. SIC_idj is the 1-bit indicator showing the j-th
WTRU'’s capability of performing SIC. The subscripts of the PMI, RI, CQI, and B, fed back in the
physical uplink control channels ("PUCCHs"), go with the subscripts of the channels.
[0322] Another type of information that may be provided is the desired decoding order that maylbe
applied by each WTRU. The detection order may be implicitly determined in the MCS assignment
process (at network side), thus it may be beneficial to send such information from the eNB to the
WTRU.
[0323] HARQ processing - Embodiments to handle reception failure of the common part/private
part are disclosed. When using a SIC receiver for the MS method, the detection of the user data may
rely on successful interference detection and cancellation. When decoding of interference fails, the
UE may require retransmission of interference, which is different than normal HARQ procedures in
current LTE systems.
[0324] UE feedback procedures - Recall the following decoding orders are used at the UEs for the
received codewords:

I. Xic= X2 x;p

II. X3¢ = X1 Xip, 1 = 1,2,
[0325] It is reasonable to assume that the correct decoding of a particular codeword depends on the
correct decoding (and canceling) of the previous codeword scheduled for decoding. Hence, the
following cases denote all correct/incorrect outcomes. The values in the shaded cell are obtained
from the assumption that the correct decoding of a particular codeword depends on the correct
decoding (and canceling) of the previous codeword scheduled for decoding.

[0326] For decoding order I

UE Detection Results ACK/NACK

feedback
NACKc NACK¢ NACK;, 00
ACKc NACK¢ NACK;, 01
ACKjc ACKj. NACK;p 10
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ACKj ACK>c ACKjp 11
[0327] For decoding order II.

UE Detection Results ACK/NACK
feedback

NACK>, NACK, NACK;, 00

ACK>c NACK, NACK;, 01

ACKx ACK|c NACK;p 10

ACKx ACKc ACK;p 11

[0328] Since UE data detection relies on successful detection and cancellation of the interference, it
may be desirable to feedback the outcome of the interference detection, in addition to the outcome
of the data detection. To reduce feedback overhead, described herein is a 2 bit compact feedback to
represent each of the four detection outcome as in the tables shown above. Note that the decoding
order is assumed having been signaled from eNB to UE.

[0329] Upon receiving the ACK/NACK feedback from UEs, eNBs are expected to retransmit the
layer where the first NACK occurs. Once the retransmitted layer is received and combined with
previous transmission(s), it is likely that it can be decoded correctly and cancelled from receive
signals. As a result, the subsequent layer(s) can be decoded correctly without being retransmitted.
For example, when “01” is received, layer 2C is expected to be retransmitted if the UE deéoding
order is 1. Once 2C is decoded successfully and cancelled from received signal, 1C and 1P can be
decoded correctly. However, since eNB retransmission needs to respond to ACK/NACK feedback
from both UEs, the situation may be more complicated as explained in later section.

[0330] There are circumstances where UE may request retransmission of an additional layer if it
detects that the likelihood of it being successfully decoded is low even after the interference
cancellation. One of the mechanisms to enable this is to examine the effective SINR assuming
interference has been cancelled, and compare it against a SNR threshold.

[0331] An exemplary procedure is described as follows:

[0332] UE detects a NACK on the L® layer it is expected to decode.

[0333) UE obtains the MCS for the (L+1)‘h it is expected to decode, and determine a SNR threshold
SNRy, required to decode the MCS.
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[0334] UE calculates a SNR assuming interference caused by all the layers up to L has been
cancelled and denotes it as SNRy. This can be done after the UE obtains channel estimation of both
signal and interference.

[0335] If SNRy > SNRy, + delta (all in logarithmic scale), the UE may decide not to request for
retransmission of layer (L+1) since there is high probability it can be decoded successfully after
layer L is decoded and cancelled. Otherwise, the UE may decide to request for retransmission of
layer (L+1). Here delta is a positive number whose optimum value it TBD. The range of delta value
could be, for example, between 0 and 1 (dB).

[0336] One additional bit may be allocated in the uplink feedback channel to accommodate the
UE’s request for retransmission of the additional layer. Note the meaning of this additional bit
depends on the value of the first two ACK/NACK bits. For example, b,=0 means request of
retransmission of layer 2C and layer iP, respectively, for bgby = ‘00’ and ‘01°.

[0337] eNB Procedures - Depending on the feedback information received from the UEs, the eNBs
make the scheduling decisions for the retransmission and/or new information transmission.
[0338] In the following table 1, the eNB procedures for decoding order 1 at both UEs are depicted.
The outcome is demonstrated considering the first two feedback bits are bb,. The data packages to

be retransmitted are listed in the table. If no retransmission is required for a given layer, a new data

package will be transmitted.

UE 1 feedback
00 (X1¢) 01 (X2¢) 10 Xip)y | 11
00 (Xlc) Xlc Xlc, X2¢ Xle, X1p Xle
01 (X2¢) Xlc, X2¢ X2c X2¢, X1p X2¢
%5
g 10 (X2p) | Xle, X2p X2¢, X2p Xlp, X2p X2p
3
o
~ 11 Xlc X2c Xl1p
8]
=2

Table 1 eNB decision table for 2 bit ACK/NACK feedback with decoding order I/1

[0339] From the table, we observe that for the case of UE 2 feedback 11 and UE 1 feedback 01, the
UE 1 requests retransmission of X2c whereas UE 2 already decodes the codeword in its first
transmission. Hence, the interfering eNB employs the retransmission for the interfered UE even
though this is not required for its scheduled UE (interference forwarding).

[0340] When the additional feedback bit is sent to eNB, the eNB decision table is shown below. Bit

value ‘x’ indicates a ‘don’t care’.
r UE 1 feedback
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000 001 010 011 10x 11x
(X1c,X2c¢) (X1c) (X2¢,X1p) (X2c¢) (X1p)
000 X1¢,X2¢ Xl1c,X2¢ Xic,X2¢,X1p  [Xl1e,X2¢ [X1c¢,X2c,XIp [Xlc
(X1c,X2¢)
001 Xl1e,X2¢ Xlc¢ X1c,X2c¢,X1p X1c,X2¢c [X1¢,Xl1p Xlc
(XIc)
010 X1c,X2c,X2p  |X1¢,X2¢,X2p [X1c,X2p,X1p  |X2¢,X2p {X2¢,X2p,X1p |X2¢,X2p
(X2¢,X2p)
011 Xl1¢,X2¢ Xl1¢,X2¢ X2¢,X1p X2¢ X2¢,X1p X2c¢
*é (X2¢)
§ 10x X1c,X2c,X2p {Xle, X2p X2¢,X1p,X2p [X2¢,X2p [X2p,XlIp X2p
S |x2p)
o Hx Xle,X2c Xlc X2¢,X1p X2c X1p
jun]

Table 2 eNB decision table for 3 bit ACK/NACK feedback with decoding order I/|

[0341] For the decoding order I at UE 1 and II at UE 2, the following tables show the eNB

procedures for 2-bit and 3-bit feedback, respectively.

UE 1 feedback

00 (XIc) 01 (X2¢) 10 (X1p) 11

00 (X2¢) | Xl1c,X2c X2c¢ X2¢,X1p X2¢

01 Xl¢) | Xlc X1c¢,X2¢ Xle Xlp Xlc

10 (X2p) | X1, X2p | X2¢,X2p | X1p,X2p X2p

11 Xlc X2c Xlp

UE 2 Feedback

Table 3 eNB decision table for 2 bit ACK/NACK feedback with decoding order I/11

UE 1 feedback
000 (X1¢,X2¢) | 001 (XlIc) | 010 (X2¢,X1p) 011(X2c) 10x(X1p) Hx
000 Xlc,X2¢ Xle,X2¢ | Xlie,X2¢,Xl1p Xle,X2c X1¢,X2c¢,X1p| Xlc
X2¢, Xl¢)
001 Xlic,X2c¢ Xl1e,X2¢ | Xlie,X2¢,Xl1p X2c¢ X2¢,X1p X2c
(X20)
010 X1, X2¢,X2p | X1¢,X2p | X1¢,X2¢,X1p, X2p | X1¢,X2¢,X2p | X1¢,X2p,X1p| X1c,X2p
X1, X2p)
» 011 Xle,X2c¢ Xlc X1¢,X2¢,X1p Xle,X2¢ Xl1c,Xl1p Xle¢
S
__§ Xte)
E 10x Xl¢,X2¢,X2p | X1¢,X2p | X2¢,X1p,X2p X2¢,X2p X2p,Xl1p X2p
w | (x2p)
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11x X1e,X2c Xlc X2¢,Xl1p X2c Xlp

Table 4 eNB decision table for 3 bit ACK/NACK feedback with decoding order I/11

[0342] Similarly, decision tables for the other decoding orders can be obtained using the principles
described herein.

[0343] The retransmission efficiency may be further improved by incorporating the concept of soft
NACK, which indicates how much more information retransmission is needed in case of a failed
decoding. In the example above, the WTRUI may indicate to the network that decoding of x2c¢ is
nearly successful, so that retransmission of x2¢ (by WTRU2) is the best strategy; or WTRUI may
indicate that the initial decoding of x2c¢ is far away from being successful, therefore, it may be more
beneficial for WTRUI1 to retransmit xlc while WTRU2 transmits x2p (x2c is muted in
retransmission). ‘

[0344] Although features and elements are described above in particular combinations, one of
ordinary skill in the art will appreciate that each feature or element can be used alone or in any
combination with the other features and elements. In addition, the methods described herein may be
implemented in a computer program, software, or firmware incorporated in a computer-readable
medium for execution by a computer or processor. Examples of computer-readable media include
electronic signals (transmitted over wired or wireless connections) and computer-readable storage
media. Examples of computer-readable storage media include, but are not limited to, a read only
memory ("ROM"), a random access memory ("RAM"), a register, cache memory, semiconductor
memory devices, magnetic media such as internal hard disks and removable disks, magneto-optical
media, and optical media such as CD-ROM disks, and digital versatile disks ("DVDs"). A processor
in association with software may be used to implement a radio frequency transceiver for use in a
WTRU, UE, terminal, base station, RNC, or any host computer.

[0345] Moreover, in the embodiments described above, processing platforms, computing systems,
controllers, and other devices containing processors are noted. These devices may contain at least
one Central Processing Unit ("CPU") and memory. In accordance with the practices of persons
skilled in the art of computer programming, reference to acts and symbolic representations of
operations or instructions may be performed by the various CPUs and memories. Such acts and
operations or instructions may be referred to as being "executed," "computer executed" or "CPU
executed."

[0346] One of ordinary skill in the art will appreciate that the acts and symbolically represented

operations or instructions include the manipulation of electrical signals by the CPU. An electrical
-47-



WO 2012/064998 PCT/US2011/060258

system represents data bits that can cause a resulting transformation or reduction of the electrical
signals and the maintenance of data bits at memory locations in a memory system to thereby
reconfigure or otherwise alter the CPU's operation, as well as other processing of signals. The
memory locations where data bits are maintained are physical locations that have particular
electrical, magnetic, optical, or organic properties corresponding to or representative of the data bits.
It should be understood that the exemplary embodiments are not limited to the above-mentioned
platforms or CPUs and that other platforms and CPUs may support the described methods.
[0347] The data bits may also be maintained on a computer readable medium including magnetic
disks, optical disks, and any other volatile (e.g., Random Access Memory ("RAM™)) or non-volatile
("e.g., Read-Only Memory ("ROM")) mass storage system readable by the CPU. The computer
readable medium may include cooperating or interconnected computer readable medium, which
exist exclusively on the processing system or are distributed among multiple interconnected
processing systems that may be local or remote to the processing system. It should be understood
that the exemplary embodiments are not limited to the above-mentioned memories and that other
platforms and memories may support the described methods.
[0348] No element, act, or instruction used in the description of the present application should be
construed as critical or essential to the invention unless explicitly described as such. Also, as used
herein, the article "a" is intended to include one or more items. Where only one item is intended, the
term "one" or similar language is used. Further, the terms "any of" followed by a listing of a
plurality of items and/or a plurality of categories of items, as used herein, are intended to include
"any of," "any combination of,"" "any multiple of," and/or "any combination of multiples of" the
items and/or the categories of items, individually or in conjunction with other items and/or other
categories of items. Further, as used herein, the term "set" is intended to include any number of
items, including zero. Further, as used herein, the term "number" is intended to include any number,
including zero. |
[0349] Moreover, the claims should not be read as limited to the described order or elements unless
stated to that effect. In addition, use of the term "means” in any claim is intended to invoke 35
U.S.C. §112, § 6, and any claim without the word "means" is not so intended.
[0350] In some embodiments, the methods may include: obtaining at a WTRU, demodulation
information associated with a private part, a first common part and a second common part;
processing a received signal, according to the demodulation information, including at least the first
common part, the second common part, and the private part; and, transmitting a multipart HARQ
message indicating a combination of acknowledgements and/or non-acknowledgements
(ACK/NACK) for the first common part, second common part, and private part.
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[0351] In additional embodiments, the demodulation information includes Modulation and Coding
Scheme (MCS) information; or the MCS information for the first common part is obtained from a
Physical Downlink Control Channel (PDCCH) of a first eNodeB and the MCS for the second
common part is obtained from a PDCCH of a second eNodeB; or still further, the MCS information
is obtained from demodulation reference symbols (DM-RS).

[0352] In additional embodiments, the demodulation information includes precoder information
and/or power allocations. Still further additional embodiments may further comprise transmitting a
Successive Interference Cancellation (SIC) indicator message; or may further comprise processing a
signal retransmitted in response to the multipart HARQ message, using successive interference
cancellation.

[0353] In additional embodiments, a method comprises: obtaining at a first eNodeB a plurality of
transmit spatial covariance matrices associated with a respective plurality of WTRUs, including
receiving covariance information associated with at least one transmit spatial covariance matrix via
an X2 interface from a second eNodeB; determining common and private message splitting rates
based on the plurality of covariance matrices; determining common and private precoder weights
based on the transmit spatial covariance matrices; and, transmitting a common and a private
message parts using the common and private message splitting rates, respectively, and the common
and private precoder weights, respectively. In additional embodiments, the covariance information
associated with at least one transmit spatial covariance matrix is used to generate an estimate of a
corresponding transmit spatial covariance matrix; or the estimate is based on one or more of R1,
PMI, and CQI.

[0354] Further embodiments include an apparatus comprising: a WTRU including a processor,
configured to: obtain demodulation information associated with a private part, a first common part
and a second common part; process a received signal, according to the demodulation information,
including at least the first common part, the second common part, and the private part; and, control a
HARQ process and generate a multipart HARQ message indicating a combination of
acknowledgements and/or non-acknowledgements (ACK/NACK) for the first common part, second
common part, and private part; and, a transceiver configured to transmit the multipart HARQ
message. In some embodiments, the WTRU is configured to obtain the MCS information for the
first common part from a Physical Downlink Control Channel (PDCCH) of a first eNodeB and to
obtain the MCS for the second common part from a PDCCH of a second eNodeB. The WTRU may

also be configured to obtain the MCS information from demodulation reference symbols (DM-RS).
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[0355] In additional embodiments, the demodulation information includes one of precoder
information or power allocations, and/or may be configured to transmit a Successive Interference
Cancellation (SIC) indicator message.

[0356] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMO?") interference channel in a multi-cell network, the method comprising:
performing a bisection search over a set of power ratios to obtain an optimum power ratio allocation
between common and private parts of first and second messages;obtaining a private precoder by
determining, as a function of the optimum power ratio, a best rank of a maximum signal-to-leakage-
plus-noise-ratio precoder with rank adaption to maximize a sum rate of the first and second private
parts; obtaining a common precoder by determining, as a function of the private precoder and
optimum power ratio, a best rank of a water-filling based common precoder with rank adaption to
maximize a sum rate of the MIMO interference channel; and precoding the common parts using the
common precoder; precoding the private parts using the private precoder; and transmitting the
common and private parts of the first message.

[0357] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMO") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing an
exhaustive search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a best rank of a maximum signal-to-leakage-
plus-noise-ratio precoder with rank adaption to maximize the sum rate of the first and second
private parts; obtaining the common precoder by determining, as a function of the private precoder
and optimum power ratio, a best rank of a water-filling based common brecoder with rank adaption
to maximize the sum rate of the MIMO interference channel; and precoding the common parts using
the common precoder; precoding the private parts using the private precoder; transmitting, from the
first transmitter, the common and private parts of the first message; and transmitting, from the
second transmitter, the common and private parts of the second message.

[0358]) Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMO") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing a
bisection search over a set of power ratios to obtain an optimum power ratio allocation between
common and privéte parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a best power loading matrix of a maximum
signal-to-leakage-plus-noise-ratio precoder with power and rank adaption to maximize the sum rate
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of the first and second private parts; obtaining the common precoder by determining, as a function
of the private precoder and optimum power ratio, a best rank of a water-filling based common
precoder with rank adaption to maximize the sum rate of the MIMO interference channel; and
precoding the common parts using the common precoder; precoding the private parts using the
private precoder; transmitting, from the first transmitter, the common and private parts of the first
message; and transmitting, from the second transmitter, the common and private parts of the second
message.

[0359] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMO") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing an
exhaustive search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a best power loading matrix of a maximum
signal-to-leakage-plus-noise-ratio precoder with power and rank adaption to maximize the sum rate
of the first and second private parts; obtaining the common precoder by determining, as a function
of the private precoder and optimum power ratio, a best rank of a water-filling based common
precoder with rank adaption to maximize the sum rate of the MIMO interference channel; and
precoding the common parts using the common precoder; precoding the private parts using the
private precoder; transmitting, from the first transmitter, the common and private parts of the first
message; and transmitting, from the second transmitter, the common and private parts of the second
message.

[0360] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMQ") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing a
bisection search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a rank-1 of a maximum signal-to-leakage-
plus-noise-ratio precoder with rank-1 adaption to maximize the sum rate of the first and second
private parts; obtaining the common precoder by determining, as a function of the private precoder
and optimum power ratio, a best rank of a water-filling based common precoder with rank adaption
to maximize the sum rate of the MIMO interference channel; and precoding the common parts using
the common precoder; precoding the private parts using the private precoder; transmitting, from the
first transmitter, the common and private parts of the first message; and transmitting, from the
second transmitter, the common and private parts of the second message.
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[0361] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMO") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing an
exhaustive search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as-a function of the optimum power ratio, a rank-1 of a maximum signal-to-leakage-
plus-noise-ratio precoder with a rank-1 adaption to maximize the sum rate of the first and second
private parts; obtaining the common precoder by determining, as a function of the private precoder
and optimum power ratio, a best rank of a water-filling based common precoder with rank adaption
to maximize the sum rate of the MIMO interference channel; and precoding the common parts using
the common precoder; precoding the private parts using the private precoder; transmitting, from the
first transmitter, the common and private parts of the first message; and transmitting, from the
second transmitter, the common and private parts of the second message.

[0362] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMO") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing a
bisection search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a best rank of a maximum signal-to-leakage-
plus-noise-ratio precoder with rank adaption to maximize the sum rate of the first and second
private parts; obtaining the common precoder by determining, as a function of the private precoder
and optimum power ratio, a rank-1 orthogonal common precoder to maximize the sum rate of the
MIMO interference channel; and precoding the common parts using the common precoder;
precoding the private parts using the private precoder; transmitting, from the first transmitter, the
common and private parts of the first message; and transmitting, from the second transmitter, the
common and private parts of the second message.

[0363] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMO") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing an
exhaustive search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a best rank of a maximum signal-to-leakage-
plus-noise-ratio precoder with rank- adaption to maximize the sum rate of the first and second
private parts; obtaining the common precoder by determining, as a function of the private precoder
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and optimum power ratio, a rank-1 orthogonal common precoder to maximize the sum rate of the
MIMO interference channel; and precoding the common parts using the common precoder;
precoding the private parts using the private precoder; transmitting, from the first transmitter, the
common and private parts of the first message; and transmitting, from the second transmitter, the
common and private parts of the second message.

[0364] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMOQ") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing a
bisection search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a best power loading matrix of a maximum
signal-to-leakage-plus-noise-ratio precoder with power and rank adaption to maximize the sum rate
of the first and second private parts; obtaining the common precoder by determining, as a function
of the private precoder and optimum power ratio, a rank-1 orthogonal common precoder to
maximize the sum rate of the MIMO interference channel; and precoding the common parts using
the common precoder; precoding the private parts using the private precoder; transmitting, from the
first transmitter, the common and private parts of the first message; and transmitting, from the
second transmitter, the common and private parts of the second message.

[0365] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMO") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing an
exhaustive search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a best power loading matrix of a maximum
signal-to-leakage-plus-noise-ratio precoder with power and rank adaption to maximize the sum rate
of the first and second private parts; obtaining the common precoder by determining, as a function
of the pfivate precoder and optimum power ratio a rank-1 orthogonal common precoder to
maximize the sum rate of the MIMO interference channel; and precoding the common parts using
the common precoder; precoding the private parts using the private precoder; transmitting, from the
first transmitter, the common and private parts of the first message; and transmitting, from the
second transmitter, the common and private parts of the second message.

[0366] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMQ") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing a
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bisection search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a rank-1 of a maximum signal-to-leakage-
plus-noise-ratio precoder with rank-1 adaption to maximize the sum rate of the first and second
private parts; obtaining the common precoder by determining, as a function of the private precoder
and optimum power ratio, a rank-1 orthogonal common precoder to maximize the sum rate of the
MIMO interference channel; and precoding the common parts using the common precoder;
precoding the private parts using the private precoder; transmitting, from the first transmitter, the
common and private parts of the first message; and transmitting, from the second transmitter, the
common and private parts of the second message.

[0367] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMOQ") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing an
exhaustive search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a rank-1 of a maximum signal-fo-leakage-
plus-noise-ratio precoder with a rank-1 adaption to maximize the sum rate of the first and second
private parts; obtaining the common precoder by determining, as a function of the private precoder
and optimum power ratio, a rank-1 orthogonal common précoder to maximize the sum rate of the
MIMO interference channel; and precoding the common parts using the common precoder;
precoding the private parts using the private precoder; transmitting, from the first transmitter, the
common and private parts of the first message; and transmitting, from the second transmitter, the
common and private parts of the second message.

[0368] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMO") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing a
bisection search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a best rank of a maximum signal-to-leakage-
plus-noise-ratio precoder with rank adaption to maximize the sum rate of the first and second
private parts; obtaining the common precoder by determining, as a function of the private precoder
and optimum power ratio, a rank-1 maximum sum rate upper bound common precoder to maximize
the sum rate of the MIMO interference channel; and precoding the common parts using the common
precoder; precoding the private parts using the private precoder; transmitting, from the first
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transmitter, the common and private parts of the first message; and transmitting, from the second
transmitter, the common and private parts of the secoﬂd message.

[0369] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMO") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing an
exhaustive search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a best rank of a maximum signal-to-leakage-
plus-noise-ratio precoder with rank adaption to maximize the sum rate of the first and second
private parts; obtaining the common precoder by determining, as a function of the private precoder
and optimum power ratio, a rank-1 maximum sum rate upper bound common precoder to maximize
the sum rate of the MIMO interference channel; and precoding the common parts using the common
precoder; precoding the private parts using the private precoder; transmitting, from the first
transmitter, the common and private parts of the first message; and transmitting, from the second
transmitter, the common and private parts of the second message.

[0370] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMO") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing a
bisection search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a best power loading matrix of a maximum
signal-to-leakage-plus-noise-ratio precoder with power and rank adaption to maximize the sum rate
of the first and second private parts; obtaining the common precoder by determining, as a function
of the private precoder and optimum power ratio, a rank-1 maximum sum rate upper bound common
precoder to maximize the sum rate of the MIMO interference channel; and precoding the common
parts using the common precoder; precoding the private parts using the private precoder;
transmitting, from the first transmitter, the common and private parts of the first message; and
transmitting, from the second transmitter, the common and private parts of the second message.
[0371] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMO") interference channel in a multi-cell network, wherein the interference
"channel comprises first and second transmitter-receiver pairs, the method comprising: performing an
exhaustive search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a best power loading matrix of a maximum
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signal-to-leakage-plus-noise-ratio precoder with power and rank adaption to maximize the sum rate
of the first and second private parts; obtaining the common precoder by determining, as a function
of the private precoder and optimum power ratio, a rank-1 maximum sum rate upper bound common
precoder to maximize the sum rate of the MIMO interference channel; and precoding the common
parts using the common precoder; precoding the private parts using the private precoder;
transmitting, from the first transmitter, the common and private parts of the first message; and
transmitting, from the second transmitter, the common and private parts of the second message.
[0372] Further embodiments may also include a method for maximizing a sum rate of a fnultiple-in-
multiple-out ("MIMOQ") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-recéiver pairs, the method comprising: performing a
bisection search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optirhum power ratio, a rank-1 of a maximum signal-to-leakage-
plus-noise-ratio precoder with rank-1 adaption to maximize the sum rate of the first and second
private parts; obtaining the common precoder by determining, as a function of the private precoder
and optimum power ratio, a rank-1 maximum sum rate upper bound common precoder to maximize
the sum rate of the MIMO interference channel; and precoding the common parts using the common
precoder; precoding the private parts using the private precoder; transmitting, from the first
transmitter, the common and private parts of the first message; and transmitting, from the second
transmitter, the common and private parts of the second message.

[0373] Further embodiments may also include a method for maximizing a sum rate of a multiple-in-
multiple-out ("MIMO") interference channel in a multi-cell network, wherein the interference
channel comprises first and second transmitter-receiver pairs, the method comprising: performing an
exhaustive search over a set of power ratios to obtain an optimum power ratio allocation between
common and private parts of first and second messages; obtaining the private precoder by
determining, as a function of the optimum power ratio, a rank-1 of a maximum signal-to-leakage-
plus-noise-ratio precoder with a rank-1 adaption to maximize the sum rate of the first and second
private parts; obtaining the common precoder by determining, as a function of the private precoder
and optimum power ratio, a rank-1 maximum sum rate upper bound common precoder to maximize
the sum rate of the MIMO interference channel; and precoding the common parts using the common
precoder; precoding the private parts using the private precoder; transmitting, ffom the first
transmitter, the common and private parts of the first message; and transmitting, from the second

transmitter, the common and private parts of the second message.
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CLAIMS

What is claimed is:

1. A method comprising:
obtaining, at a WTRU, demodulation information associated with a private part, a first common
part and a second common part;
processing a received signal, according to the demodulation information, including at least the
first common part, the second common part, and the private part; and,
transmitting a multipart hybrid automatic repeat request (HARQ) message indicating a
combination of acknowledgements and/or non-acknowledgements (ACK/NACK) for the

first common part, second common part, and private part.

2. The method of claim 1 wherein the demodulation information includes Modulation and

Coding Scheme (MCS) information.

3. The method of claim 2 wherein the MCS information for the first common part is obtained
from a Physical Downlink Control Channel (PDCCH) of a first eNodeB and the MCS for the second
common part is obtained from a PDCCH of a second eNodeB.

4, The method of claim 1 wherein the MCS information is obtained from demodulation

reference symbols (DM-RS).

5. The method of claim 1 wherein the demodulation information includes precoder
information.

6. The method of claim 1 wherein the demodulation information includes power allocations.
7. The method of claim 1 further comprising transmitting a Successive Interference

Cancellation (SIC) indicator message.

8. The method of claim 1 further comprising processing a signal retransmitted in response to

the multipart HARQ message, using successive interference cancellation.

9. A method comprising:
obtaining at a first eNodeB a plurality of transmit spatial covariance matrices associated with a
respective plurality of WTRUS, including receiving covariance information associated with

at least one transmit spatial covariance matrix via an X2 interface from a second eNodeB;
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determining common and private message splitting rates based on the plurality of covariance
matrices;

determining common and private precoder weights based on the transmit spatial covariance
matrices; and,

transmitting a common and a private message parts using the common and private message

splitting rates, respectively, and the common and private precoder weights, respectively.

10. The method of claim 9 wherein the covariance information associated with at least one
transmit spatial covariance matrix is used to generate an estimate of a corresponding transmit spatial

covariance matrix.
11. The method of claim 10 wherein the estimate is based on one or more of RI, PMI, and CQI.

12.  An apparatus comprising:
a WTRU including a processor, configured to:

obtain demodulation information associated with a private part, a first common part and a
second common part;

process a received signal, according to the demodulation information, including at least the
first common part, the second common part, and the private part; and,

control a HARQ process and generate a multipart HARQ message indicating a combination
of acknowledgements and/or non-acknowledgements (ACK/NACK) for the first
common part, second common part, and private part; and,

a transceiver configured to transmit the multipart HARQ message.

13. The apparatus of claim 12 wherein the WTRU is configured to obtain Modulation and
Coding Scheme (MCS) information for the first common part from a Physical Downlink Control
Channel (PDCCH) of a first eNodeB, and to obtain MCS information for the second common part
from a PDCCH of a second eNodeB.

14. The apparatus of claim 12 wherein the WTRU is configured to obtain the MCS information

from demodulation reference symbols (DM-RS).

15.  The apparatus of claim 12 wherein the demodulation information includes one of precoder

information or power allocations.

16.  Theapparatus of claim 12 wherein the WTRU is further configured to transmit a Successive
Interference Cancellation (SIC) indicator message.
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