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(57) Abstract: Signals transmitted on the backhaul links of a cloud radio access network may be compressed using joint compres -
sion encoding. Joint compression encoding may be performed using a successive estimation-compression architecture. Joint com-
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may be applied to signals transmitted on the downlink of the cloud radio access network. One or more baseband signals to be de -
livered over the backhaul links may be jointly compressed using multivariate compression. Multivariate compression may be imple-
mented using successive compression based on a sequence of minimum mean squared error (MMSE) estimations and per BS com-
pression.
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JOINT PRECODING AND MULTIVARIATE BACKHAUL COMPRESSION FOR THE
DOWNLINK OF CLOUD RADIO ACCESS NETWORKS

CROSS-REFERENCE TO RELATED APPLICATIONS
{0001 This application claims priority to U.S. provisional patent application no.

61/810,129, filed April 9, 2013, which is incorporated herein by reference in its entirety.

BACKGROUND

[0602] As demand for wireless conmmunication spectrum countinues to ingcrease, for
example demand associated with applications executing on smart phones, spectrum shortages
may occur. Spectrum shortages may deirimentally affect the performance of such applications.
Techniques may be tuplemented to mitigate the impact of such spectrum shortages.

[G003] One approach to mitigating such spectrum shortages 1s to increase the density of
spectrum available to wireless communication devices. For example, spectrum density may be
increased by implementing heterogencous, multi-tiered networks. Such heterogencous networks
may include a number of distributed macrocell base stations (BS). Within the coverage arca of a
macrocell, one or more other sources of wireless communication spectrum may be defined, such

as one or more femtocels, picocells, microcells, remote radio heads, and the like.

SUMMARY

[0004] Signals transmitted o the backhaul links of a cloud radio access network may be
compressed using jomt compression encoding, for example as described herein. The example
joiat compression encoding may be performed using a successive estimation-comprassion
architecture. The example joint compression encoding may nclude designing precoding
matrices that may be used with signal conpression. The example joint compression encoding
may be applied to signals fransmitted on the downlink of the cloud radio access network., One or
more baschand signals to be delivered over the backhag] inks may be jointly compressed using
muitivariate compression, Muktivariate compression may be implemented using successive
compression based on a sequence of nintroum mean squared error (MMSE) estimations and per
BS compression.

[O005] An ¢xample ceniral encoding device may include a processor and a memory
comprising instructions. The example central encoding device may be associated with a cloud

radio access network. The instructions, when executed by the processor, may cause the exanmple
i
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central encoding device to perform one or more of the following. The central encoding device
may precode a first signal into a fivst precoded signal and to precode a second signal into a
second precoded signal. The central encoding device may quantize the first precoded signal into
a first quantized signal. The central encoding device may generate an MMSE cstimate based on
the first quantized first signal and the second precoded signal. The central encoding device may
quantize the second precoded signal into a second guantized signal. Quantizing the second
precoded sigoal roay include applying the MMSE estimate to the second precoded signal. The
central encoding device may transmit the first and second quantized signals. The central
encoding device may design a first optimized precoding matrix for the first signal and to apply

the first optimized precoding matrix to the first signal while precoding the first signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1A is a system diagram of an example coromunications syster in which one
or more disclosed embodiments may be implemented.

[6007] FIG. 1B is a systom diagram of an example wireless transmit/receive wunit
{WTRL) that may be used within the communications system illustrated in FIG. 1A

[GOUS] FIG. 1C 15 a system diagram of an example radio access network and an example
core network that may be used within the commonications system ilhustrated in FIG. 1AL

[0009] FiG. 1D is a system diagram of an example radio access network and an example
core network that may be used within the communications syster illustrated in FIG. 1A

[6019] FIG. 1E 18 a system diagram of an example radio access network and an example

core network that may be used within the commumications system illustrated in FIG. 1A

{0011 FIG. 2 depicts an example cloud radio access network architecture.
[0012] FiG. 3 illustrates the operation of an example of contral encoder.
[0013] FIG. 4 ithastrates an example of multivariate compression based on successive

minimum mean squared error estimation and per base station compression.

[6014] FIG. § is a graph depicting average sum rate performance versus transmit power

for an example of hnear precoding and compression.

DETAILED DESCRIPTION
[0015] FIG. 1A is a diagram of an example commumications system 100 in which one or
more disclosed cmbediments may be implemented. The communications system 130 may be a

multiple access system that provides content, such as voice, data, video, messaging, broadcast,

.
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ete., to multiple wireless users. The commumications systern 100 may cnable nuitiple wireless
users to access such content through the sharing of system rescurces, inchluding wireless
bandwidth. For cxample, the communications sysierns 100 may craploy one or more channel
access raethods, such as code division mwultiple access (CDMA], tine division multiple access
{(TDMA), frequency division multiple access (FDMA), orthogonal FDMA (OFDMA), single-
carrier FDMA (SC-FDMA), and the like.

[0016] As shown in FIG. 1A, the convnunications system 100 may include wircless
transmit/receive units (WTRUs) 102a, 102b, 102¢, and/or 102d (which generally or collectively
may be referred to as WTRU 102}, a radio access network {(RAN} 103/104/105, a core network
166/107/109, a public switched telephone network (PSTN) 104, the Internet 110, and other
networks 112, though it will be appreciated that the disclosed embodiments contenplate any
mumber of WTRUs, base stations, networks, and/or network clements. A WTRU and user
cquipment (UE) may be interchangeably used herein. Each of the WTRUs 102a, 1(2h, 102¢,
102d may be any type of device configured 1o oporate and/or commuuicate in a wireless
environment. By way of example, the WTRUs 102a, 102b, 102¢, 102d may be configured to
transmit and/or receive wireless signals and may include wireless transmit/receive unit (WTRU),
a mobile station, a fixed or mobile subscriber unit, a pager, a celiular telephone, a personal
digital assistant (PDDA), a smartphone,  laptop, a netbook, a personal computer, a wircless
sensor, consurmer electromics, and the like.

(0017} The commumications systems 100 may also inchide a base station 114a and a base
station 114b. Each of the basc stations 114a, 1i14b may be any type of device configured to
wirelessly interface with at least one of the WTRUs 102a, 102, 102¢, 102d to tacilitate access to
one or more communication networks, such as the core network 106/107/109, the Internet 110,
and/or the networks 112, By way of cxampie, the base stations 14a, 114b may be a base
fransceiver station (BTS), a Node-B, an eMNode B, a Home Node B, a Home eNode B, a site
controlier, an access point (AP), a wireless router, and the ke, While the basc stations 1 14a,
114b are cach depicted as a single element, it will be appreciated that the base stations {14a,
114b may include any number of mterconnected base stations and/or nctwork clements.

[G018] The base station 142 may be part of the RAN 103/104/105, which may also
mchade other base stations and/or network elements (not shown), such as a base station controller
{BSC), a radio network controller (RNC), relay nodes, ctc. The base station 114a and/or the base
station 114b may be configured to fransmit and/or receive wircless signals within a particular
geographic region, which may be referved to as a cell (not shown). The celi may further be

divided tnto cell sectors. For example, the cell associated with the base station §14a may be
“3-
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divided into three sectors. Thus, in one embodiment, the base station 1 14a may include three
franscetvers, e, one for cach sector of the cell. In an embodiment, the base station 1144 may
employ multiple-input multiple output (MIMGO) technology and, therefore, may utilize multiple
transceivers for cach sector of the cell.
(0Gi9] The base stations 114a, 114b may communicate with one or more of the WTRUg
102a, 102h, 102¢, 102d over an air interface 115/116/117, which may be any suitable wireless
communication link {(e.g., radio frequency (RF), microwave, infrared (IR}, ultraviolet (UV),
visible hight, etc.). The air interface 115/116/117 may be established using any suitable radio
access technology (RATY
106201 More specifically, as noted above, the communications system 100 may be a
roultiple access system and may employ one or more channel access schemes, such as CDMA,
TDMA, FIIMA, OFDMA, SC-FDMA, and the like. For example, the base station 114a in the
RAN 103/104/105 and the WTRUs 1024, 162b, 102¢ may implement a radio technology such as
Universal Mobile Teleconvuuunications Systera (UMTS) Terrestrial Radio Access (LUTRA],
which may establish the air interface 115/116/117 using wideband CDOMA (WCDMA).
WCDMA may inclode communication protocols such as High-Speed Packet Access (HSPA)
and/or Evolved HSPA (HSPA+). HSPA may include High-Speed Downlink Packet Access
{(HRDPA)Y and/or High-Speed Uplink Packet Access (HSUPA).
(0G21] In an embodiment, the base station 114a and the WTRUs 102a, 102b, 102¢ may
implement a radio technology such as Evolved UMTS Terrestrial Radio Access {(E-UTRA),
which may establish the air interface 115/116/117 using Long Term Evolution (LTE) and/or
LTE-Advanced (LTE-A).
106221 In an embodiment, the base station 114a and the WTRUs 102a, 102b, 132¢ may
implement radio technologies such as IEEE 802.16 (i.e., Worldwide Interoperability for
Microwave Access {WiIMAX)), CDMAZ000, COMA2000 1 X, CDMAZ000 EV-DO, Interim
Standard 2000 (IS-2000), Interim Standard 95 (15-95), Interim Standard 856 (15-856), Global
System for Mobile communications (GSM), Enhanced Data rates for GSM Evolution (EDGE),
GSM EDGE (GERAN), and the like.
[0623] The base station 114b in FI1G. 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 wircless
connectivity in a localized arca, such as a place of busingss, a home, a vehicle, a campus, and the
like. In one cmbodiment, the basc station 114b and the WTRUs 102¢, 102d may toplement a
radio techmnology such as IEEE 802.11 to establish a wircless local area network (WLAN}. Inan
cmbodiment, the base station 114b and the WTRUs 102¢, 102d may implement a radio

-4
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technology such as TEEE R02.15 to establish a wireless personal area network (WPAN). In yet
an embodiment, the base station 114b and the WTRUs 1(2¢, 102d may utilize a cellular-based
RAT {e.g., WCDMA, CDMAZO00, GSM, LTE, LTE-A, otc.) to establish a picocell or fomtocell
As shown in FIG. 14, the base station 114b may have a direct connection o the Internct 110,
Thus, the base station 114b may not be required to access the Internet 110 via the core network
106/107/109.

{0024 The RAN 103/104/105 may be in commmunication with the core network
106/107/109, which may be any type of network configured to provide voice, data, applications,
and/or veice over internet protocol {VelP) services to one or more of the WTRUs 1024, 102b,
102¢, 102d. For example, the core network 106/107/109 may provide cali control, billing
services, mobile location-based services, pre-paid calling, Intemet 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 103/104/105 and/or the core
network 106/107/10% may be in direct or indirect coramunication with other RANS that employ
the same RAT as the RAN 103/104/105 or a different RAT. For example, in addition to being
comected to the RAN 103/104/10S, which may be utilizing an E-UTRA radic technology, the
core network 106/107/109 may also be in communication with a RAN (not shown) employing a
(GSM radio techuology.

[0625] The core network 106/107/109 may also serve as a gateway for the WTRUs 1024,
102b, 102¢, 1024 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 Intemnet 110 may inclode a global system of interconnected computer
networks and devices that vse common communication protocols, such as the transmission
control protocol (TCPY, user datagram protocol (UDP) and the internet protocol (IP) in the
TCP/IP miernet protoco] suite. The networks 112 may include wired or wireless
communications networks owned and/or operated by other service providers. For example, the
networks 112 may include a core network connected to one or more RANSs, which may employ
the same RAT as the RAN 103/104/105 or a different RAT.

[0625] Some or all of the WTRUs 102a, 102b, 102¢, 102d 1n the communications system
100 may include multi-mode capabilities, i.e., the WTRUs 1{2a, 1{2b, 102¢, 102d may mnchude
muitiple transceivers for communicating with different wireless networks over different wireless
links. For example, the WTRU 102¢ shown in FIG. 1A may be configured to conunumicate with
the base station 114a, which may employ a cellular-based radio technology, and with the base

station 114b, which may employ an IEEE 802 radic technology.
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[6627] FIG. 1B is a system diagram of an example WTRU 102, As shown in FIG. {5,
the WTRU 102 may mclude a processor 118, a transesiver 12, a transmit/receive element 122, a
speaker/microphone 124, a keypad 126, a display/touchpad 128, non-removable memory 130,
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. Also,
eraboediments conteraplate that the basce stations 114a and 114b, and/or the nodes that base
stations 1 14a and 114b may represent, such as but not Hmited to transceiver station (B75), a
Node-B, a site controller, an access point (AP}, a home node-B, an evolved home node-B
{eMNodeB), a home evolved node-B (HeNB), a home evolved node-B gateway, and proxy nodes,
among others, may tochide some or all of the clements depicted in F1G. 18 and described hercin.
[0028] The processor 118 may be a general purpose processor, a special purpose
processor, a conventional processor, a digital signal processor (DSP), a plarality of
TUCTOPTOCESSOTS, ONC OF MOTC MICTOProcessors m association with a DSP core, a condrolier, a
microcontroller, Apphication Specific Integrated Circuats (ASICs), Field Prograromable Gate
Array (FPGAs) cirouits, any other type of integrated cireuit (IC), a state machine, and the like.
The processor 118 may perform sigoal coding, data processing, power control, input/output
processing, and/or any other functionality that cnables the WTRU 102 1o operate in a wirciess
environment. The processor 118 may be coupled to the transceiver 120, which may be coupled
to the transmit/receive element 122, While FIG. 1B depicts the processor 118 and the
transceiver 120 as separate components, it will be approciated that the processor 118 and the
transceiver 120 may be integrated together in an electronic package or chip.
[0629] A processor, such as the processor 118, may include integrated memory (2.3,
WTRU 102 may include a chipset that includes a processor and associated memory). Memory
may refer to memory that is integrated with a processor {o.g., processor 118} or memaory that is
otherwise associated with a device {e.g., WTRU 102). The memory may be non-transitory. The
memory may include {¢.g., store} instructions that may be exccuted by the processor {e.g.,
softwarc and/or frmware instructions). For example, the memory may inchide instructions that
when executed may cause the processor to implement one or more of the implementations
described herein.
{0030] The transmit/receive clement 122 may be configured o transmit signals to, or
receive signals from, a base station (e.g., the base station 114a) over the air interface
F15/116/117. For example, in one embodiment, the transmit/receive element 122 may be an
antenna configured to transmit and/or receive RF signals. In an embodiment, the

-6-
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transmitreceive element 122 may be an emitter/detector configured to transmit and/or receive
IR, UV, or visible light signals, for example. In vet an embodiment, the transmit/receive element
> ) & 23 k - 2

122 may be configured to transmit and receive both RF and light signals. Tt will be appreciated

combination of wireless signals.

[0031] In addition, although the transmit/receive element 122 1s depicted in FIG. 1B as a
single element, the WTRU 102 may include any sumber of transmit/receive clements 122, More
spectfically, the WTRU 102 may employ MIMO technology. Thus, in one embodiment, the
WTRU 142 may include two or more transmit/receive sloments 122 (e.g., multiple antennas) for
transmitting and receiving wircless signals over the air interface 115/116/117.

[0032] The transceiver 120 may be configured to modulate the signals that are to be
transmitted by the transmit/receive clement 122 and 1o demodulate the signals that are received
by the transmit/receive element 122, As noted above, the WTRU 102 may have multi-mode
capabilitics. Thus, the transcetver 120 may inchude nwiltiple transceivers for enabling the WTRU
102 to commumicate via multiple RATs, such as UTRA and [EEE 802,11, for example.

[0033] 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 hguid crystal display (LCD) display unit or organic light-eroitting 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 130,
the removable memory 132, and/or memory integrated with the processor 118, The non-
removable memory 130 may inciude random-access memaory (RAM), read-only memory
{ROM), & hard disk, or any other type of memory storage device. The removable memory 132
may include a subscriber identity module (81M) card, a moemory stick, a secure digital (SD)
memory card, and the ke, In an embodiment, the processor 118 may access mformation 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 showny.

[G034] 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 cxample,
the power source 134 may inclade one or more dry ccll batteries (e.g., nickel-cadoium (NiCd),
nickel-zine {(NiZn), nickel metal hydride (NIMH), lithivm-ion (Li-ion), etc.), solar cells, fuel

cells, and the like.
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[0035] The processor 118 may also be coupled to the GPS chipset 136, which may be
configured to provide location information {e.g., longitude and latitede) regarding the current
location of the WTRU 102, In addition to, or in licy of, the information from the GPS chipset
136, the WTRU 102 may receive location information over the air interface 115/116/117 from a
base station {¢.g., base stations | 14a, 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.

06036} The processor 18 may further be coupled to other peripherals 138, which may
inchude one or more software and/or hardware modules that provide additional features,
functionality and/or wired or wircless 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 telovision transceiver, a hands
frec headset, a Bluctooth® module, a frequency modulated (FM) radic unit, a digital nusic
player, a media player, a video game player module, an Internet browser, and the like.

(6037} FIG. 1C is a system diagram of the RAN 103 and the core network 106 according
o an embodiment. As noted above, the RAN 103 may employ a UTRA radio techuclogy o
commmunicate with the WTRUs 102a, 102b, 102¢ over the air interface 115, The RAN 103 may
also be in commumication with the core network 106, As shown n FIG. 1C, the RAN 103 may
include Node-Bs 140a, 140h, 140¢, which may each include one or more transceivers for
communicating with the WTRUs 102a, 102b, 10Z¢ over the air interface 115, The Node-Bs
1404, 140b, 140c may each be associated with a particular cell (not shown) within the RAN 103,
The RAN 103 may also inchide RNCs 1424, 142h. It will be appreciated that the RAN 103 may
inchude any number of Node-Bs and RNCs while remaining consistent with an embodiment.
{0G38] As shown in FIG, 1C, the Node-Bs 140a, 140b may be in communication with the
RNC 142a. Additionally, the Node-B 140c may be in communication with the RNC142b. The
Node-Bs 140a, 140b, 140c may communicate with the respective RNCs 142a, 142 via an Iub
interface. The RNCs 14Za, 142b may be in communication with one another via an fur interface.
Each of the RNCs 142a, 142b may be configured to control the respective Node-Bs 140a, 140b,
140¢ to which it is connected. In addition, each of the RNCs 142a, 142b may be configured to
carry out or support other functionality, such as outer loop power conirol, load control,
admission control, packet scheduling, bandover control, macro diversity, sccurity functions, data

encryption, and the like.
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[0039] The core network 106 shown in FIQ. 1C may include 8 media gateway (MGW)
144, a mobile switching center (MSC) 146, a serving GPRS support node (SGSN) 148, and/or a
gateway GPRS support node (GGSN) 150. While cach of the foregoing elements are depicted as
part of the core network 106, it will be appreciated that any one of these clements may be owned
and/or operated by an entity other than the core network operator.

[0040] The RNC 1423 in the RAN 103 may be connected to the MSC 146 in the core
network 106 via an [uCS interface. The MSC 146 may be convected to the MOW 144, The
MSC 146 and the MOW 144 may provide the WTRUs 102a, 102h, 102¢ with access to circuit-
switched networks, such as the PSTN 108, to facilitate commumications between the WTRUs
102a, 102b, 102¢ and traditional land-line communications devices.

[0041] The RNC 142a in the RAN 103 may also be connected to the SGSN 148 in the
core network 106 via an TuPS mterface. The SGSN 148 may be connected to the GGSN 150,
The SGSN 148 and the GGSN 150 may provide the WTRUs 102a, 102b, 102¢ with access to
packet-switched networks, such as the Intornet 110, 1o facilitate communications between and
the WTRUs 102a, 102b, 102¢ and [P-enabled dovices.

1064721 As noted above, the core ngtwork 106 may also be connected to the networks 112,
which may inchide other wired or wirgless networks that are owned and/or operated by other
service providers.

[0043] FIG. 1D 1s a system diagram of the RAN 104 and the core network 107 according
to an embodiment. As noted above, the RAN 104 may employ an E-UTRA radic technology to
communicate with the WTRUs 102a, 132b, 10Z¢ over the air interface 116, The RAN 104 may
also be in communication with the core network 107,

[0044] The RAN 194 may include eNode-Bs 160a, 160b, 160c, though it will be
appreciated that the RAN 104 may include any number of eNode-Bs while remaining consistent
with an erabodiment. The eNode-Bs 160a, 160b, 160¢ may cach include one or more
transceivers for commmumnicating with the WTRs 102a, 102b, 102¢ over the air interface 116, In
one embodiment, the eNode-Bs 160a, 160b, 160¢c may implement MIMQO technology. Thus, the
eNode-B 160a, for example, may use multiplc antennas to transmit wircless signals to, and
receive wireless signals from, the WTRU 1024

[0045] Each of the eNode-Bs 1604, 160b, 160c may be associated with a particular cell
{not shown} and may be configured to handle radic rescurce management decisions, handover
decisions, scheduling of users in the uplink and/or downlink, and the like. As shown in FIG. 1D,

the eNode-Bs 160a, 160b, 160¢ may communicate with one another over an X2 mterface.
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[G046] The core network 107 shown in FIG. 1D may include a mobility management
gateway (MME) 162, a serving gateway 164, and a packet data network (PDN) gateway 166.
While cach of the foregoing clements are depicted as part of the core network 107, it will be
appreciated that any one of these clements may be owned and/or operated by an entity other than
the core network operator.

(00471 The MME 162 may be connected to each of the eNode-Bgs 1603, 160h, 160¢ in the
RAN 104 via an ST interface and may serve as a control node. For example, the MME 162 may
be responsible for authenticating users of the WTRUs 102a, 102b, 102¢, bearer
activation/deactivation, selecting a particalar serving gateway during an mnitial attach of the
WTRUs 1028, 102b, 102¢, and the like. The MME 162 may also provide a control plang
function for switching between the RAN 104 and other RANs {(not shown) that employ other
radio technologies, such as GSM or WCDMA,

[0048] The serving gateway 164 may be comnected to each of the eNode-Bs 160a, 160b,
160¢ 1o the RAN 104 viathe 51 interface. The serving gateway 164 may generally route and
forward user data packets to/from the WTRUs 102a, 102b, 102¢. The serving gateway 164 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, 10Z¢, managing
and storing coniexts of the WTRUs 102a, 102b, 102¢, and the like.

[0049] The serving gateway 164 may also be connected to the PDN gateway 166, which
may provide the WTRUs 102a, 102h, 162¢ with access to packet-switched networks, such as the
Internet 110, to facilitate communications between the WTRUs 102a, 102b, 102¢ and IP-cnabled
devices.

{0659] The core network 107 may facilitate communications with other networks, For
example, the core network 107 may provide the WTRUs 102a, 102b, 102¢ with access to circuit-
switched networks, such as the PSTN 108, to factlitate conununications between the WTRUs
1602a, 102b, 102¢ and traditional land-line communications devices. For example, the core
network 107 may include, or may commmmicate with, an IP gateway (e.g., an 1P multimedia
subsysterm (IMS) server) that serves as an interface between the core network 107 and the PSTN
108, In addition, the core network 107 may provide the WTRUs 102a, 102b, 102¢ with access to
the networks 112, which may include other wired or wireless networks that are owned and/or
operated by other service providers,

[6051] FIG. 1E 1s a system diagram of the RAN 103 and the core network 109 according
to an embodiment. The RAN 105 may be an access service network (ASN) that employs IEER

802.16 radio technology to communicate with the WTRUs 102a, 102b, 102¢ over the awr
- 10 -
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mierface 117, As will be further discussed below, the communication hinks between the different
functional entitics of the WTRUs 102a, 102h, 102¢, the RAN 10§, and the core network 109 may
be defined as reference points.

{0652] As shown in FIG, 1E, the RAN 105 may include base stations 180a, 180b, 180c,
and an ASN gateway 182, though it will be appreciated that the RAN 105 may include any
munber of base stations and ASN gateways while remaining consistent with an embodiment.
The base stations 180a, 180b, 180¢ may each be associated with a particular cell (not shown} in
the RAN 105 and may each include one or more transceivers tfor commumicatmg with the
WTRUSs 102a, 102b, 102¢ over the air interface 117, In one embodiment, the base stations 1804,
1&0b, 18(c may implement MIMO technology. Thus, the base station 180a, for example, may
use muliiple antennas 1o transmit wireless signals to, and receive wircless signals from, the
WTRU 102a. The base stations 180a, 180b, 180¢ may also provide mobility management
fumctions, sach as handoff triggering, tunnel establishment, radio resource management, traffic
classification, quality of service {QoS) policy enforcement, and the like. The ASN gatoway 182
may serve as a tratfic aggregation point and may be responsible for paging, caching of subscriber
profiles, routing to the core network 109, and the Like.

10653] The air interface 117 between the WTRUs 102a, 102b, 102¢ and the RAN 103
may be defined as an R1 reference point that implements the IEEE 802,16 specification. fn
addition, each of the WTRUs 102a, 102b, 102¢ may establish 4 logical interface (not shown)
with the core network 109, The logical interface between the WTRUs 1024, 102b, 102¢ and the
core network 109 may be defined as an RZ reference point, which may be used for
authentication, authorization, [P host configuration mamagement, and/or mobility management.
{0654] The communication link between cach of the base stations 130a, 180b, 180¢ may
be defined as an RSB reference point that includes protocols for facilitating WTRU handovers and
the transfer of data between base stations.  The comnumication ink between the base stations
180a, 180b, 180c and the ASN gateway 182 may be defined as an R6 reference point. The RS
reference point may inchide protocols for facilitating mobility management based on mobility
events associated with each of the WTRUs 102a, 102b, 1(2c.

[0055] As shown in FIG. TE, the RAN 105 may be connected to the core network 109,
The conmmunication link between the RAN 105 and the core network 109 may defined as an R3
refercnce poind that includes protocols for facilitating data transfer and mobility management
capabilities, for example. The core network 109 may mchade a roobile 1P home agent (MIP-HA)
184, an authentication, authorization, accounting (AAA) server 186, and a gateway 188, While

cach of the foregoing clements are depicted as part of the core network 109, it will be
-11-
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appreciated that any one of these clements may be owned and/or operated by an entity other tham
the core network operator.

[0056] The MIP-HA may be responsible for IP address management, and may enable the
WTRUs 102a, 1025, 102¢ to roam between different ASNs and/or different core networks., The
MIP-HA 184 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 [P-cnabled devices. The AAA sorver 186 may be responsible for user
authentication and for supporting user services. The gateway 18R may facilitate interworking
with other networks. For example, the gateway 188 may provide the WTRUs 102a, 102b, 102¢
with access to circuit-swiiched networks, such as the PSTN 108, to facilitate communications
between the WTRUg 102a, 102b, 102¢ and traditional land-line compumications devices. In
addition, the gateway 188 may provide the WTRUs 102a, 102b, 102¢ with access to the
networks 112, which may include other wired or wireless networks that are owned and/or
operated by other service providers.

[0057] Although not shown 1n FIG. 15, it will be appreciated that the RAN 105 may be
comected to other ASNs and the core network 109 may be connected to other core networks.
The commumication link between the RAN 105 the other ASNs may be defined as an R4
refercnee poud, which may jnchude protocols for coordinating the mobility of the WTRUs 1024,
102b, 102¢ between the RAN 105 and the other ASNs. The communication link between the
core network 109 and the other core networks may be defined as an RS reference, which may
include protocols for facilitating interworking between home core networks and visited core
networks.

[0058] Interference management and/or cell association among various devices of
heterogencous networks may be problematic. To mitigate such problems, cloud radio access
networks may be implemented. To such a network, the encoding and/or decoding functions of
one or more B3s may be migrated to a central omit. The BSs in such a network may function as
soft relays that interface with the central unit, for example via backhaul Hnks that may be used to
carry baseband signals. The impiementation of cloud radio access networks may mitigate inter-
cell interference, and/or may lower costs (e.g., costs related to the deployment and/or
management of BSs).

10659] However, such cloud radio access networks may exhibit limitations, For
exaraple, one Hmuation of cloud radio access networks may be the capacity mitations of

respective digital backhaul hinks connecting the BSs to the central umit. The central unit may be
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configured to mdividually compress signals transmitted to the respective BSs, However, the
efficiency of sach a potnt-to-point compression techniqoe may be hmited.

[6060] FIG. 2 depicts an example cloud radio access network, The cloud radio access
network may be 2 heterogeneous network. For example, the cloud radio access network may
melude one or more macrocells, As shown, a macrocel] may include a macrocel base station
(BS) that may be, for example, a multi-antenna BS. A macrocell BS may be referred to as a
macro BS.

{0051 Within the coverage area of a macrocell BS, one or more other sources of wireless
communication spectrum may be defined, such as ong or more fomtocells, picocells, microcells,
remote radio heads, and the like. As shown, a macrocel] in the example cloud radio access
network may include one or more smeall celis (e.g., picocells). A picocell may include 2 picocell
base station {BS) that may be, for example, a nuihi-antenna BS. A picocell BS may be referred
to as a pico BS. A cloud radio access network, such as the example cloud radio access network,
may inciude Ny nulti-antenna BSs, which may include, for example, macro BSs, pico BSs, or
other BSs.

{0662] The ilhustrated example cloud radio access network may include a central unit that
may be respousible for encoding and/or decoding functions of one or more BSs of the clond
radio access network. The central unit may be referred to as a contral encoder. The central
encoder may be implemented as a standalone network device, or may be a logical entity {e.g.,
implemented on one or more network devices that may perform other fonctions). The central
encoder may be connected o {e.g., in commnnication with) the BSs of the cloud radio access
network via respective backhaul Hinks. Traffic on the backhaul links may be bidirectional, such
that the backhaul inks may additionally, or alternatively, be referred to as fronthaul links. The
backhbaul Hinks may be physical links {c.g., via fiber), wireless Hinks (e.g., via directional
microwave), or any combination thercot.

[0063] In a cloud radio access network, such as the example cloud radio access network,
the BSs {e.g., the macro BSs and/or pico BSs) may operate as soft relays that interface with the
central encoder, for example via the backhaul links.

[0064] As shown, the example cloud radio access network may include one or more
mobiie stations (MSs}, such as a plurality of MSs, that may be associated with one or more BSs
of the cloud radio access notwork, The MSs may be, for example, multi-antenna MSs. A cloud
radio access network, such as the example cloud radio access network, may include Ny roulti-
antenna MSs. As shown, the Ny, mobile stations may be distributed across one or more cells of

the cloud radio access network (e.g., across macrocells and/or picocells).
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[0065] Signals ransmitted on the backhaul links of a cloud radio access network, such as
the example cloud radic access network, may be compressed using joint compression encoding,
for example as described herein. The example joint compression encoding may be performed
using a successive estimation-compression architecture. The example joint compression
encoding may mnclude designing precoding matrices that may be used with signal compression,
sach that joint design of precoding and backbaul compression may be provided. The example
joint compression encoding may be applied to signals transmitted on the downlink of a cloud
radio access network.

[0066] Quantization noise signals corresponding to different base stations (BSs) may be
correlated with cach other. Design of the correlation of the respective quantization noises across
B5s may lunit the effect of the resulting quantization noise seen at one or more associated
mobile stations (MSs). In order to create such correlation, one or more baseband signals to be
delivered over the backhaul links may be jointly compressed, for example using multivariate
compression. Multivariate compression {¢.g., across multiple BSs) may be tmplemented using
successive compression that may be based on a sequence of minimum mean squared error
{(MMSE) estimations and per BS compression.

[0067] Quantization noise signals corresponding to different BSs may be correlated with
cach other. The correlation of the guantization noises across the BSs may be used to hmit the
ctfect of the resulting quantization noise scen at respective MSs. In order to create such
correiation, baschand signals delivered over respective backhaw! links may be jointly
compressed, for example using multivariate compression. Multivariate compression may be
mmplemented withowut performing joint compression across the BSs (e.g., all BSs) of a cloud
radio access network, For example, multivariate compression may be implemented using
successive compression based on MMSE estimation and per BS compression.

[6068] The central encoder of a cloud radic access network may perform joint encoding
of messages intended for one or more mobile stations (MSs) of the network, for example in the
downlink of the cloud radio access network., The central encoder may compress {e.2.,
independently compress) respective produced baseband signals to be transmitied by one or more
BSs of the network. The baseband signals may be transmitted to respective BSs, for example via
corresponding backhaul Hnks. The BSs may epconvert the received baseband signals, and may
transmit the signals, for example via respective antenoas, to the MSs.

[6069] A central encoder may be configured to perform dirty-paper coding (DPC) of M3

signals before compression. The effect of imperfect channel state information (CS1) may be

- 14 -



WO 2014/169048 PCT/US2014/033517

accounted for. Compute-and-forward techniques may be implemented. The backhaul hnks of a
cloud radio access network may be used to transmit message information.

[0074] Definitions of mutual information /(X Y) between the random variables X and
Y, conditional muiual information /(XY 7) between X and Y conditioned on random
variable 2, differential entropy #( X} of X and conditional differential entropy #{X |V} of X
conditioned on ¥ may be adopted. The distribution of 3 random variable X may be denoted by
plx}, and the conditional distribution of X conditioned on ¥ may be represented by p{x|y).
Alegarithms ihlustrated and describer herein, unless otherwise specified, may be 1o base two.
[6071] The circularly symmetric complex Gaussian distribution with mean 2 and
covartance matrix R may be denoted by XN{g, R). The set of M x N complex matrices (e.g.,

x&

all M x N complex matrices) may be denoted by XY™V | and E(-) may represent the expectation
operator. The notation X+ § may be used to indicate that the matrix X is positive semidefinite.
The notation X > § may be used to indicate that the matrix X is positive definite. Given a

sequence X|,..., X, ,aset X, ={X,

7

j e X} may be defined forasubset T < {1,...,m}. The
operation ()7 may denote Hermitian transpose of a matrix or vector. The notation Z_may be
used for the correlation matrix of random vector x, e.g., &, = E[xx'1. The cross-correlation

|, may be represnted by Z_ . The conditional correlation matrix, e.g.,

moatrix, e.g., &, E{xy

Ty = Efxx’ | y], may be represented by Zigy
(06721 FIG. 2 depicts an exampie of downlink communication in the example cloud
radio access network. As shown, the contral encoder may conmunumnicate to the V,, MSs through

the N, distributed BSs. The message A, for each & th MS may be distributed (e.g., uniformly)
in the set {1,....2 s t, where # may be the blocklength and R, may be the information rate of
message M, (e.g., measured in bits per channel use (c.u.}). Each MS & may have n,,, receive
anterwas for £ =1,..., N, , and each BS 7 may be equipped with n,, antenvas for i =1,... N,
The BSs may be macro BSs and/or small cell BSs (e.g., pico BSs, femto BSs, or the like). The
MSs may be distributed across the macrcells and/or small cells. Each 7th BS may be connected
1o the central encoder, e.g., via digital backbaul ink with finite-capacity C, bits per ca A total
number of transmitting antennas in the example cloud radio acecess network may be represented

N

Ny ~ .
E:jn&, , and a total number of receive antennas may be represented by 7, = »

by nl? = Lodi=] MK

- 15 -
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Theset N = {1,.... N, may be a basc station set, and the set N [, ={1,...,N,,} may bca

mobile station set.

[0073] With reference to FIG. 3, each message M, may be encoded by a separate
channel encoder into a coded signal s, . The signal 5, € e may correspond to the r, x1
vector of encoded symbols intended for the £1h MS for a given c.u, and with #, <n,, . U may
be assumed that cach coded symbol ¢, may be taken from a conventional Gaussian codebook,

such that s, : XN, 1}, The signals s,,.. 8y 10y be processed by the central encoder in two

stages that may inchide a precoding stage and a compression stage. Precoding may be used to
contro} interference between respective data streams intended for a particular MS, and those
intended for other MSs. Compression may produce N, rate-limited bit streams that may be
transmitied to respective BSs, e.g., over corresponding backhaul links. Each BS 7 may receive
up to C, bits per c.u. on a corresponding backhaul link from the central encoder.

[0674] Based on the bits received on the backhaud links, cach BS ¢ may produce a vector

n

¥ eX” " for each c.u. that may be a baseband signal to be transmitted from its #,, antermas.
Per BS power constraints may be represented by

EBlix, Pls P forie N . (N
[0075] Results deseribed hercin may be extended to a case with more general power
constraints, for example of the form B[x'® x]< 8, for fe {1,...,L}, where the matrix €, may
be a non-negative definite matrix.
[0076] Assuming flat-fading chamnels, the signal vy, XM received by MS % may be
represented by

Vi =H x4z, {2)

where the aggregate transmit signal vector may be represented by x =[x/,... . x!, T', the additive

: P2
. < . . . fap 3 < .
noise by 2, 1 XN(0,T), and the channe] matrix H, e X ¥ 7 toward MS & by

W= lH, B H | (3)

i Har o Xl - . . “ - ~ s
where H,, e X """ %" may denote the channel matrix from BS 7 to MS k. Correlated noise
may be accormmmodated by performing whitening at cach MS & to obtain equation (2). The

channel matrices may romain constant for the duration of the coding block. It may be assumed
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that the ceuntral encoder may have information about global chanuel matrices H, for cach
ke N, ,and that cach MS £ may be aware of the channel matrix H, . The BSs may be
mformed about one or more compression codebooks used by the central encoder. An example of
tmperfect CS1 at the central encoder may be described herein. Based on definitions described
herein, and assuming single-user detection at cach MS, the rates

&, =1(sk;yk) 4

may be achieved for cach MS ke N, .

(0077} With continued reference fo FIG. 3, an example encoding operation at a central

p—

encoder is illustrated. After channel encoding, the encoded signals s =s],....s], 1 may

undergo precoding and compression. The signals in vector 8 may be lincarly precoded, e.g., via
s g . o SH XY rony © ~ .
mwltiplication of a complex matrix A =X 2 | This may allow for interference management,
for example the management of interference between respective data streams intended fora
particular MS, and those intended for other MSs. The precoded data may be represented by
%= ‘A.S, (7)

where the matrix A may be factorized as

A=laay | )
where A e XMA ey denote the precoding matrix corresponding to MS k. The precoded
data ¥ may be represented by ¥ =[%/,...,3 3 1", where the signal X, may be the #,, x1
precoded vector corresponding to the 7th BS, and may be represented by

% = ElAs, {9

N

where the matrix E, & X 7% may have all zero elements except for the rows from

preceding using DPC techoigues may be considered, for example as described herein,

B,

1, ). that may contain an s, , xn,, identity matrix. Non-linear

{0078] Fach precoded data stream X, for /€ N, may be compressed, such that the
central encoder may transmit the data stream to the 7 th BS through a corresponding backhaul
tink of capacity €, bits per c.u. Each 7th BS may forward the compressed signal x, obtained
from the central encoder. The BSs may not be aware of the channel codebooks used by the

cendral encoder, and/or of the precoding matrix A used by the central encoder. The BSs may be

'
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Y

mformed about one or more quantization codebooks. The one or more quantization codebooks
may be selected by the central encoder.
{0G79] Using rate-distortion considerations (e.g., standard rate-distortion considerations),
a Gaussian test chanoel may be used to model the effect of compression on a backhaul link. The
compressed signals %, to be transmitted by a BS 7 may be represented by

X, =X +q,, (1)
where the compression noise g, may be modeled as a complex Gaussian vector distributed as

XN($,£2, ). The tost chamnel x, =B X, +¢q, may be more general than equation (10). This may

be captured by adjusting the matrix A in equation (7). The vector x=[x/,.... x|, 1" of
compressed signals for cach of the BSs may represented by
x=As+q, (11}
‘here the compression noise g =[a'.....q", T may be modeled as a complex Gaussian vect
where the compression noise ¢ =[g;.....q, 1" may be modeled as a complex Gaussian veetor

distributed as g 1 XN{(8,£¥). The compression covariance £3 may be represented by

€, £, 2.,
EELNR 9 L 17
LA . . . . N (} .,)
g
2, Vil & N2 TNy

where the matrix £2,  may be defined as €2, = E[q,q' ], and may define correlation between the
quantization noises of BS 7 and BS ;.

[00R0] With the example precoding and compression operations described herein, the

achisvable rate for MS %, for exarmple represented by equation (4), may computed as;

sy )= £(A.Q) (13)
s . \\ \
3 ;. . Nooa . W3 E + E
= logdet(t + H (AAT + Q] J-logdet| 1+ 1, 3 A Al ]|
IeN 4, M4} i ]
\ M A / /
[0081] The signals X, corresponding to cach BS 7 may be compressed independently.

This may correspond to setting €2, = @ for cach { # j in equation (12). Correlated compression
for the signals of different BSs may be leveraged, for example to control the effect of the
additive quandization neises at the MSs. The design of the precoding matrix A and of the
quantization covariance £& may be performed separately, for example using a precoder {(¢.g.,

zero-forcing (ZF) or MMSE precoding), or may be performed jointly.
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[0082] One or more BSs of a cloud radio access network may be conmected to a

corresponding central encoder via fintte-capacity backhaul inks. The precoded signals X, as

i
represented by equation (9) for i € N may be compressed before being communicated to the
BSs, for example using the Gaussian test channels represented by equation (1), Where the
compression noise signals related to the different BSs are uncorrelated, for exampie such that

@, =8 forecach 7+ je N, the signal x, to be emitied from BS /7 may be communicated from

the central encoder to the BS {, for example if the condition

/ N

HXx, )= Eogdet{EjAATEi + 53;;)“ logded@?,, < C, (15}

\
is satisfied for / € N ;. Equation (15} may be valid, for example, f cach BS 7 is informed about
the quantization codebook used by the central encoder, as defined by the covariance matrix &2,
[6083] Correlation may be introduced among the compression noise signals, for example
by setting £, =8 for i j. This may control the effect of the quantization noise at the
respective MSs. Correlated quantization noises may be introduced in accordance with joint
compression of the precoded signals of ditferend B5s. Compression techuiques that produce
descriptions with correlated compression noises may be referred to as multivariate compression.
By choosing the test chammel in accordance with equation (11}, sufficient conditions may be
obtancd for the signal x, to be delivered to BS 7 forecach /e N . A matrix obtained by
stacking the matrices E, for 7 € £ horizontally may be denoted by E, .

10084} The signals x,,...,%

Ny obtained, for example, via the test channel represented by
£

N

equation {11}, may be transmitted to the B5s on the respoctive backhaul links, if the condition
go (A, 0k S hx - hlx, |5} (16)

v

=X

=5 logdet(EIAA'E, +0,, - logded gl 008, }< 30,
jel ieX

is satisfied for each of the subsets ZC N ;.
O . N . ; s s \
{0085] The weighted sum-rate R = > *'w, R, may be improved (e.g., maximized),
sum i =1 KR v t=Ad ik

subject to backhaul constraints, represented by equation (16), over the precoding matrix A and
the compression noise covariance €& for given weights w, 20, L e N . This may be

formulated as:

A/'lw
maxinize XW
ARty ¢
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st g (A )< ECZ.,eraHE )

e

,n\
3
=

(B AATE, + €2, )< P forallie N .

-~
-
~4
(]
N

[00806] Formulations (17a), (17b), and (17¢) may be referred to as problem {17}, The
condition of (17b) may correspond to backhaul constraints due to mukbtivariate compression. The
condition {17¢) may mpose transmit power constraints, for example in accordace with equation
{1}. The objective function V w, ‘(A Q} in (17a) and the functions g, (A Q} in (17b), with
respect 1o (A, £3), may be nov-convex.

[G0R7] FIG. 4 tHustrates an exemple architecture for multivariate compression based on
successive MMSE estimation and per BS compression. In order to obtain correlated quantization
noises across BSs using multivariate compression, joint compression of each of the precoded
signals X, corresponding to each of the BSs ¢ for i € N ; may be performed. If the number of
BSs is large, joint compresscion may be impractical.

[005¥] A successive technique, based on MMSE estimation and per BS compression, as
thustrated in FIG. 4, may be implemented. Such an implementation may work with a fixed

permutation 7: N ; -> N of the indices N ; of the BSs.

[0089] The central encoder may compress the sigaal X, , for example using the tost

71
Ly

channel of equation (10}, suchthat X, =X, + 4., With g, 0 XN(B,& ., .}, and may

transnit the bit stream describing the compressed signal x ,, over a respective backhaul Huk to

(1)
a corresponding BS #(1}. Forother i = N with 7> 1, the central encoder may obtain the
compressed signal x . for BS 747} in a successive manner in the given order 7, by performing

cstimation and compression.
{6690] In accordance with estimation, the central encoder may obtain the MMSE
estimate X

o Of %,y given the signal X, and the previcusly obtained compressed signals

Koy %p - LHS estimate may be represented by
» =Bl la g, ] (18)
Z%(J):“”(Z_EZ;;@u”(l.),
where the vector may be represented bya,,, = {Xim, ',( By T(,,j , and the correlation
matrices L, . and E“ﬂm may be represnted by
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, ' B AAE | 19
Syt l(E # )AA E zit Q”{i)’zﬁ,i—l /}E’-’(“A‘A Eﬂ'(s‘)i {19)
and
! AAJ"ET R N E> CAATE o
2:“ = 7.,i-1 : i1 7 JZ,Z"l . / , (20/\)
it} E HAA E, B AAE,

with €2, , = E, TQE, forsubsets 2,7 ¢ N, andtheset £ definedas £_= z(1),.... 7))},
[0091] In accordance with compression, the central encoder may compress the MMSE
estimate X, to obtain x_, using the test channel

X T T (21)
where the quantization noise §_,, may be independent of the estimate ¥, , and may be
distributed as ¢, XN, L } with

Sl
> =X 77
L‘z(f\ 0 L‘z(zﬂ“rm (22
§

- ﬂz(f}.nu) "Qn(i),xm lﬁxﬂ PRy lﬁm,\,: il

(6092} The first equality in equation (22) may follow, for example, f the MMSHE

estimate X, may be a sufficient statistic for the estimation of X0 from u The

20) BON
compression rate J{X_,;x ), which may be used by the test channel of equation (21}, may be
represented by:

IS, %) = ( '(')/} (\‘,, PR S } (23)

= logdet{E  AATE,, +€, )

loede _ t
iugdot{\ﬁ PGran) Qz(f),swrlﬁsﬂ S 20, )5, 3
[0093] To iHusirate, o an cxample of multivariatc compression based on successive

MMSE estimation and per base station compression, a cloud radio access network may melade a
central encoder and three base stations {e.g., such that Ng = 3)that may be conmected to the
central encoder via respective backhaul finks. The central encoder may reccive first, second, and

third signals (€.g., X, 5y, % ). %, } that correspond 1o the first, second, and third base stations,

z{3
respetively. The central encoder may precode the first, second, and third signals into respective,
first, second, and third precoded signals (e.3., X, X0, X, )

[6094] The central encoder may quantize (¢.g., compress) the furst signal inte a first

quantized signal. The central encoder may generate a first MMSE estimate that may be based on

_71 -
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the quantized first signal and the second precoded signal. The central encoder may quantize the
second precoded signal into a second quantized signal. The first MMSE estimate may be applied
during quantization of the second precoded signal. The central encoder may generating a second
MMSE estimate that may be based on the first quantized first signal, the sccond quentized signal,
and the third precoded signal. The second MMSE estimate may be applied during quantization
of the third precoded signal. The central encoder may transmit the first, second, and third
quantized signals.

[60935] In an example, the precoding matrix A and the compression covariance £2 may
be jointly tmproved (e.g., optimized), for example by solving equations (17). In another
example, the precoding matrix may be fixed, for example by using ZF, MMGSE, or weighted
sum-rate maximizing precoding by neglecting the compression noise, and the compression noise
matrix £& may be tmproved {e.g., optimized).

{0096] With reference to the above illustrated example, precoding the first, second, and
third signals may include designing respective optimized precoding matrices for the first, second,
and third signals, and applying the optimized precoding matrices to the first, second, and third
signals. Precoding the first signal and quantizing the first precoded signal may be performed
concurrently, precoding the second signal and quantizing the second precoded signal may be
performed concurrently, and precoding the third signal and quantizing the third precoded signal
may be performed concurrently, for example in succession.

[0097] The optimization of probiem (17} may be non-convex. The variables R, 2A A/

o . . - N ’ N, )
may be defined for ke N, . The fumctions jk{{R Y T .S?;} and g, {{Rk} M ,Q} may be defined

\

N

with respect to the variables {R, }, " . which may be obtained by substituting R, = A, Al into

/L
the functions f; (A, £2) and g, (fk Q) in problem (17), respectively. The transmit power
1

constraint may be defined as tﬂEk:fRuijh +8 J< P forie N, . The variables {R,}, Y and

LS

£¥ may be non-convex, for example due to the second term in £ f{ 52) and the first term

. { N ) . . . o N

g {{Rk} PEIN E, which may be concave in the variables {R, 1% and £2. The Majorization

Minimization (MM} algorithm may be ased to solve a sequence of convex problems obtained by
I3 - Y

lincarizing nov-convex parts in the objective function jkf Py £2 ] and the constraint function

L

s (%R b ‘@1’ , 3 It may be shown that the MM algorithvm may converge (o a stationary point of

the original non-convex problems.
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[G09R] he algorithm may be summarnized as, for example where the functions
A TR { . . iE /\, i ’ /;,;1\, N, i AR N, (£}
SR B ¢ A # 09Y and gy (| (RO v fR( VA2 may be defived as
23y My D A o 3 o
Si hR( AR RT YR (25)
. /N \ ™
= logdet I+H, XR“ RET A i i
:\\ \J /' '/I
e [ Ny, A [ Ny AT
—plE+H, S R H 1+H,| Y RO+0Y H
’ Fl d J ’ L J [
\ \ ik Y \ ik /:' /
and
{ {F 1\\1\‘7;. (F I3 It
gelRI 0 mOVY 00 (26)
N A
=gl 3y BIRUVE -0, ‘W*R“{ 0
A i=t 7= Vi
{oges Galies )
—logdetELOVE, ),
with the function @{X, Y} represented by
i~ ! RN -
(X, Y )= logdet(V 3+1—7tr{}< {X-v)l (27)
nl ’
[G099] An example MM algorithm for problem (17) may include performing one or more

of the following processes. First, the matrices {RY1Y and 1 may be initialized to arbitrary
feasible positive semidefinite matrices for probiem (17) and ¢ may be setto r=1.
[0100] Second, the matrices (RU™UY and Y may be updated as a solution of a

=)

problem, for example a convex problem represented by

thlel?” Zw, f. {’R"‘”‘N"“’,‘E”*” ’R”)‘ e 0“ {28}
®Deg 8 ol S ! o

. IR} n (1 IV \ .
sE gy (‘R” DR ROV 0 <N foralls o N,

icx

[Ny A
tri XE RyVE, + QY |< P forallie N
Ui /
[0101] Third if a convergence criterion is not satisfied, ¢ may be setto 14— 7+1 and the

. . P N, i+ .
second process of updating the matrices RV Y and 2V may be repeated. f the

convergence crilerion is satisfied, the example algorithm may proceed to a fourth process.
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[0102] Fourth, precoding matricies A, < V, D}’ may be calculated for k e N, , where
D, is a diagonal matrix whose diagonal elements may be the nonzero eigenvalues of R{, and
the columns of ¥V, are the corresponding eigenvectors.
10103] Given the solution (A, £2), for cxample as obtained with the example algorithm,
the central encoder may perform joint compression to obtain the signals X, to be transmitted by
the BSs. H one or more subsets of the inequalities in (17b) are satisfied with equality, and the
one or more subsets correspond to the subsets Z = {x{ )}, (), 7 (.m0, 7N )} for
a given permutation 7, the successive estimation-cormpression structure of FIG. 4 may be used
without loss of optimality. A compression technique that is characterized by the caleulated
covarignce 2 may be implemented, for example by employing the implementation of FIG. 4
with the obtained ordering 7.
[0104] A weighted sume-rate maximization with independent guantization noises may be
formulated as problem (17) with additional constraints represented by

Q, =0 foralii= je N . (29)
The constrainis (29} are affine, and the example MM algorithm may be applicable by setting to
zero matrices £2, =8 for i# ;.
[0105] The central encoder may have information about the global channel matrices H,
for ke N . Inthe presence of uncertainty at the central encoder regarding the channel
matrices H, for £ e N, a robust design of the precoding matrix A and the compression
covariance {3 may be implemented. Deterministic, worst-case optimization may be described
under diffevent uncertainty models, for example a singular value uncertainty mode] or an
ellipsoidal uncertainty model. The singular value uncertainty model may be related via
approprizte bounds to normed uncertainty on the channel matrices. The ellipsoidal uncertainty
model may be more accurate when knowledge of the covariance matrix of the CSI ervor, due, for
example, to estimation, is available.
[0106] Deterministic worst-case optimzation may be described umder a singular valoe
uncertainty model. Considering a multiplicative uncertainty model, the actual channei matrix

H, toward cach MS & may be modeled as

H, =H,(I+a,

kb
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where the matrix H, may be the CSI known at the central encoder, and the matrix A, e X878
may account for the multiplicative gncertainty matrix. The multiplicative uncertainty matrix
may be bounded as

where o, {X) may be the largest singular value of matrix X . The worst-case weighted sum-

- max
rate may be maximized over cach of the possible uncertainty matrices A, for e N, subject

to the backbaul capacity (17b) and power constraints {17¢), for example

.
¥y
F I e : I 1 3 {277
maximize Ny A &) {(32a)
axim min, 2 S S (54a)
L7 s,t.(?;'),’k;i =L

stg (A Q) YO forallL o Ny, (32b)

i€l

EIAATE, +©, )< P, forallie N . (320)

[0107] Formulations {32a), (32b), and (32¢) may be referred 10 as problem (32). The
problem (32) may be equivalent to the problem (17}, with the channel matrix B, replaced with
{1~ .f;k)ﬁ , for ke N . Based on this, the problem (32} may be solved by using the MM

o
i’

algorithm, with a change of the channel matrices from {H, . Y

0 (1= ), 1Y

{0108] Dreterministic worst-case optimzation may be described under an ellipsoidal
uncertainty model. 1o an example cllipsoidal uncertainty model, 2 multiple-foput single-output
{(MISO) case may be used, where each MS may be equipped with a single antenna, such that

iy, =1 for ke N . The channel vector corresponding to each MS % may be denoted by

. + SAxn e
H, =h X 7?7, The actual channel h, may be modeled as:

~

B, =h, +e,, {33}
with Rﬂik and e, being the presumed CS1 available at the central encoder and the CS1 error,
respectively, The error vector &, may be assumed fo be bounded within an eilipsoidal region
that may be described as

elCe, <1, (34)

for £ = N, with the matrix €, ~ § specifying a size and shape of the ellipsoid.
[0109] A dual problem of power minimization under signal-to-interference-plus-noise

ratio (SINR) constraints for each of the MSs, may be stated as:

2
wn
1
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NB 7 N‘,.Vf \\‘
L. . - A . . i - N
mnunize Z{u; g SERE +Q, {35a)
Az H ed E | St Li
(R, Mg = k=i J
B R.h N p . :
8.t fenhn =1, foralle, with(3d)andk e N |, (35b)

> BIR b, +h Ok, 1

JeN yq MkY

Gq (A,QQ)S XCi,foreach SN, (35¢)

S
where the coefficients g, 2§ are arbitrary weights, I, may be the SINR constraint for MS %,
and R,=A Al for ke N ;. Formulations (35a}, {35b), and {35¢) may be referred to as problem
(35). Problem (35) may have an infinite number of constrainis is (35b). Following the S-
procedure, the constraints of (35b) may be translatd into a finite nomber of linear constraints by

introducing avxiliary variables #, for ke N, .

(0114 The coustraints {(35b) may hold if constants {8, >0}, Y exist, such that the
condition
B, B, o 35
S B % B (36)
BIE, hEh, T ¢
is satisficd for cach of the ke N, , where B, = R, —Fk}:; v R, — L2 have been defined
JEN 3 Wk
for ke N
[6111] By transforming the constraint {35b) into the condition (36), a resulting problem

may fall in the class of DC problems. An MM algorithm, for example stmilar to the MM
algorithm described hercin, may be derived by linearizing the non-convex torms in the constraint
{35¢). The algorithio may converge to a stationary peint of problem (35},

(6112} Design of preceding and compression may be performed separately. The
precoding matrix A may be fixed, for example in accordance with ZF precoding, MMSE
precoding, or weighted sum-rate maxindzing precoding by neglecting compression noise. The
compression covariance {2 may be designed separately, so as to maximize the weighted sum-
rate.

(0113} The precoding mairix A may be selected according to a criterion (.., a standard
criterion), by neglecting the compression noise. The precoding matrix A may be designed by
assuming a redaced power constramnt, for example .2 forsome y, (1), forieN . The

power offset factor y, €(0,1) may be used. The final signal x, transmitted by cach BS { may be

-26 -



WO 2014/169048 PCT/US2014/033517

represented by equation {10), and may be the sum of the precoded signal E/ As and the
compression noise g, . If the power of the precoded part Ef As is selected to be equal to the
power constraint £, the compression noise power may be forced to be zero. This may be
possible when the backhaul capacity may grow to infinity, for example due to (17h). To make

the compression feasible, the parameters 7,,..., Vi, DBY be selected based on the backhaul

constrainis.

[0114] Having fixed the precoding matrix A, the problem may reduce to solving
problem (17) with respect to the compression covariance £2. The obtained problem may be 2
BC problem which may be solved, for exanmple, using the example MM algorithm described
herein, by Himiting the optimization to matrix £2. This problem may not be feasible if the
parameters ¥, /e N, are too large. These parameters may be set using one or more scarch
stratogics, such as bisection.

[6115] FIG. 5 is a graph depicting average sum rate performance versus trapsimit power
for an example of linear precoding and compression. As shown, the average sum-rate
performance of the example linear precoding and compression versus the transmit power P is
plotied with € =2 bit/c.u. and @ =0 dB. As the graph of FIG. 5 illustrates, the gain of
muitivariate compression may be more pronounced when cach BS uses a larger transmit power.
As the received SNR increases, more efficient compression strategics may be utilized.
Multivariate compression may be effective in compensating for the deficiencies of separate
design.

[0116] In FIG. 5, the cutset bound is plotted. The cutset bound may be obtained as
min{R,  3C}, where R, may be the sum-capacity achicvable when the BSs may cooperate
under per BS power constraints. The rate R, may be obiained using the inner-cuter tieration
algorithm. As is ilhustrated i FI1G. 5, the example joint design with multivaniate compression
may approach the cotset bound as the transmit power increases.

10117] Although features and clements are described above in particular combinations,
one of ordinary skill in the art will appreciate that cach feature or clement may be used alone or
n any combination with the other features and clements. In addition, the methods described
herein may be implemented in a computer program, software, or firmware incorporated in a
computer-readable medium for excoution by a computer or processor. Examples of computer-
readable media include clectronic signals (fransmitted over wited or wircless connections) and

computer-readable storage media. Examples of computer-readable storage media include, but

-2
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are not Hmited to, 8 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, magncto-optical media, optical media such as CD-ROM disks, and digital
versatife disks (DVDs). A processor in association with software may be used to inplement a
radio frequency transcetver for use tn a WTRU, terminal, base station, RNC, or any host

computer.
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CLAIMS

What is claimed:

I A method of compression enceding, the method comprising:

precoding a first signal into a first precoded signal;

precoding a second signal into a second precoded signal;

guantizing the first precoded signal into a first quantized signal;

generating a minimum mean squared crror {(MMSE) estimate based on the first quantized
signal and the second precoded signal;

quantizing the second precoded signal into a second quantized signal, wherein quantizing

the second precoded signal inchudes applying the MMSE estimate to the second precoded signal;

and
transmitting the first and second quantized signals.
2. The method of claim 1, wherein precoding the first signal inchades designing a first

optimized precoding matrix for the first signal and applying the first optimized precoding matrix

to the first signal.

3. The method of ¢laim 2, wherein precoding the second signal includes designing a second
optimized precoding matrix for the second signal and applying the second optimized precoding

matrix to the second signal,

4. The method of claim 1, wherein the first quantized signal is transmitted to a first base

station and the second quantized signal is transmitted to a sccond base station.

L

The method of claim 1, further comprising:
precoding a third signal mito a third precoded signal;
generating a second MMSE estimate based on the first quantized first signal, the second
quantized signal, and the third precoded signal; and

quantizing the third precoded signal into 2 third quantized signal, wherein quantizing the
third precoded signal inchides applying the second MMSE estimate to the third precoded signal;
and

transmitting the third quantized signal.

-39 -
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6. The method of claim 5, wherein the first quantized signal is transmitted to a first base
station, the second quantized signal is fransmitted to a second base station, and the third

guantized signal is transmitted to a third base station.

7. A central encoding device comprising:

a processor; and

a memory comprising mstroctions that when executed by the processor, cause the central
encoding device to:

precode a first signal tto a first precoded signal;

precode a second signal into a second precoded signal;

quantize the first precoded signal into a first guantized signal;

generate a minimum mean squared error {MMBSE) estimate based on the first
quantized first signal and the second precoded signal;

guantize the second precoded signal into a second gqoantized signal, wherein
guantizing the sccond precoded signal includes applying the MMSE estimate {o the
second precoded sigoal; and

transmit the first and second quantized signals.

Qo

8. The central encoding device of claim 7, wherein precoding the first signal includes
designing a first optimized precoding matrix for the first signal and applying the first optimized

procoding matrix to the first signal.

9. The central encoding device of claim &, wherein precoding the second signal inchudes
designing a second optimized precoding matrix for the second signal and applying the second

optimized precoding matrix to the second signal.

10.  The central encoding device of claim 7, whercin the furst quantized signal is transmitied

1o a first base station and the sccond quantized signal is transmitted to a second basc station.

i1. The central encoding device of claim 7, wherein the instructions, when executed by the
processor, cause the central encoding device to:

precode a third sigoal fnto a third precoded signal;

gencrate a second MMSE estimate based on the first quantized signal, the second

quantized signal, and the third precoded signal;

-30 -
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quantize the third precoded signal into a third quantized signal, wherein quantizing the
third signal inclades applying the second MMSE estimate to the third precoded signal; and

transmit the quantized third signal

12, The central encoding device of claim 11, wherein the fivst quantized signal is transmitted
to a first base station, the second guantized signal is transmitied to a secound base station, and the

third guantized signal is transmitied {0 a third base station.

j—
(]

A central encoding device configured at least in part to:
precode a first signal nto a first precoded signal;
precode 3 second signal tnto a second precoded signal;
quantize the first precoded sigoal nto & first quantized signal;
generate a minimum mean squared error (MMBSE) estimate based on the first quantized
first signal and the second precoded signal;

quantize the second precoded signal into a second quantized signal, wherein quantizing
the second precoded signal inchides applying the MMSE estimate to the second precoded signal;
and

transmit the first and second quantized signals.

14.  The central encoding device of claim 13, wherein the central encoding device is further
contigured to design a first optimized preceding matrix for the first signal, and to apply the first

optimized precoding matrix to the fivst signal.

15, The central encoding device of claim 14, wherein the central encoding device is further

configured to design a second optimized precoding matrix for the second signal, and to apply the

second optimized precoding matrix to the second signal.

16.  The central encoding device of claim 13, wherein the first quantized signal 1s transmitted

to a first base station and the second quantized signal is transmitted (o a second base station.

17.  The central encoding device of claim 13, wherein the central encoding device is further
configured 1o

precode a third signal into a third precoded signal;

generate a second MMSE estimate based on the first quantized signal, the second

quantized signal, and the third precoded signal;

-31-
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quantize the third precoded signal into a third quantized signal, wherein quantizing the
third signal inclades applying the second MMSE estimate to the third precoded signal; and

transmit the quantized third signal

18, The central encoding device of claim 17, wherein the fivst quantized signal is transmitted
to a first base station, the second quantized signal is transmitied to a second base station, and the

third guantized signal is transmitied {0 a third base station.



PCT/US2014/033517

WO 2014/169048

1/9

SHADMIBN
BYIO

it

IsUdalu]

it

NIOMISN BI0D
601/401/901

LLT/9TT/51

NVvHY
S0T/¥01/20T

<

LIT/91T/8TT

LYT/9TT/STY

001



WO 2014/169048 PCT/US2014/033517

2/9

102 115/116/117

122
S

120
124 Transceiver 134
Speaker/ — Power
Microphone Source
126 iig 136
Keypad Processor GPS Chipset
18 138
Dispiay/ = | peripherals
Touchpad &
130 132
Non-
Removable
Removable Memory
Memory ¥

FIG. 1B



PCT/US2014/033517

WO 2014/169048

3/9

SHIOMITN
B0

I

J1 "5l

H-2PON
20T

g-spPoN
qcvi

I
Gyl gny
iy
NSDD NSDS
051 5
Sdn] -~
MDA IS ONH
32 9T 51} EZVT
HIOMIDN 3407
N
0T

g-2PON
EQYY

S11

511

511

Rras i

201




PCT/US2014/033517

WO 2014/169048

4/9

SIOMIBN
REITy
71T

MN1Sd

at Sid

g-9pONS
2057

A

X
IS
g-apoNsS
Aemzyeny Aemaien = SHET
NGd uinIag -
59T vt P
X
B 15 G-3pON3
79T 09T
FIOMIBN 2407
ot NVY P
¥0T




PCT/US2014/033517
5/9

WO 2014/169048

341 "Oid

uoielg
SHIOMIBN IsEY
A pr : R
IBYIO m%mu e 3081
7T XA
2
VH-dIA Aemaieny uoneIs
12U43IUY 78T = NSY p 258
i 78T 9 q0%T
A
gs
kdav
35T uonies
aseq
o 5081
HICAMIBN 8400 NYY V\\
50T 501




PCT/US2014/033517

WO 2014/169048

6/9

1180042

¢ Ol

1200014

HB0001

{22040810

1900014

.’

QU neyoey

|—|l
-
- 1

L\

-

4200007
jedljual

SN @
<8 0oid @
)

S GBI %
©)

pUIEYT

"7y Syurt jnewyioeg




PCT/US2014/033517

¢ Dl

7/9

WO 2014/169048

- - -"-"F-""""""-""-"""” """ "”""”"”"»""”"="\"=""=""""”""=""”""”""”""= =
I
I
I
, AT 33pOosy
N g A—1 < \ POIu <
e 7. P EDIHVy
\(Q _ \(Nm :m
I
[ J [ ] _ [ L ] L ]
. ° I uoissasdiuc) ° 3uipeosid ° °
® ® “ ® ® ®
I
_ . 3pOoY -
154 7 ! < ,Nm:wmgum
Hmu _ HNM Hw
) I
I

A2000U73 jelju=2



PCT/US2014/033517

WO 2014/169048

8/9

?&bﬁ@ é\ { .\5&”,” e

UOIIEWIIST

(e : EENA I/ 4 <
vy o | (N2 SE 7 r— v IS iy
% BNy Buigriosap X
.S.U\MMQ ?wﬁk@
o
[ J
[ ]
®
[ ]
[ J
E@ /_\ (e g ,_\
| WH ) P _ — UORLIST
ey o | {ZSE 7 N e IS -
X {ehry Fuigiassp X oy
oG ey \—»
wey o | (D258 7 < = _ :
Ty JUIGLIDSIE /_\ :w@m

TG G

A%@ \_,

ool uoissasdwion



WO 2014/169048 PCT/US2014/033517

9/9

B0

%

W

sl

AN oy
W O
G- TR

ES

\\\\
P
s

)

%
%
&

21

FIG. 5



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/033517

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO4L25/03 HO4B7/04
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HO4AL HO4B

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X RANDA ZAKHOUR ET AL:

Backhaul Capacity",

vol. 59, no. 12,

1 December 2011 (2011-12-01),
6102-6111, XP011378329,

ISSN: 1053-587X, DOI:
10.1109/TSP.2011.2165949

the whole document

"Optimized Data
Sharing in Multicell MIMO With Finite

TEEE TRANSACTIONS ON SIGNAL PROCESSING,
IEEE SERVICE CENTER, NEW YORK, NY, US,

pages

1-18

Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

30 June 2014

Date of mailing of the international search report

07/07/2014

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Baltersee, Jens

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/033517

C(Continuation).

DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

T

PARK SEOK-HWAN ET AL: "Joint Precoding
and Multivariate Backhaul Compression for
the Downlink of Cloud Radio Access
Networks",

IEEE TRANSACTIONS ON SIGNAL PROCESSING,
IEEE SERVICE CENTER, NEW YORK, NY, US,
vol. 61, no. 22,

1 November 2013 (2013-11-01), pages
5646-5658, XP011530450,

ISSN: 1053-587X, DOI:
10.1109/TSP.2013.2280111

[retrieved on 2013-10-15]

the whole document

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - wo-search-report
	Page 44 - wo-search-report

