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MAPPING AN ENHANCED PHYSICAL DOWNLINK CONTROL CHANNEL

CLAIM OF PRIORITY
Priority of United States Provisional patent application Serial No. 61/504,054, attorney
docket No. P38466Z, filed July 1, 2011, is claimed and is hereby incorporated by reference.

BACKGROUND

Wireless mobile communication technology uses various standards and protocols to
transmit data between a base transceiver station (BTS) and a wireless mobile device. In the third
generation partnership project (3GPP) long term evolution (LTE) systems, the BTS is a
combination of an evolved Node Bs (eNode Bs or eNBs) and Radio Network Controllers
(RNCs) in a Universal Terrestrial Radio Access Network (UTRAN), which communicates with
the wircless mobile device, known as a user equipment (UE). Data is transmitted from the
¢Node B to the UE via a physical downlink shared channel (PDSCH). A physical downlink
control channel (PDCCH) is used to transfer downlink control information (DCI) that informs
the UE about resource allocations or scheduling related to downlink resource assignments on the
PDSCH, uplink resource grants, and uplink power control commands. The PDCCH can be
transmitted prior the PDSCH in each subframe transmitted from the eNode B to the UE.

The PDCCH signal is designed to be demodulated at the UE based on a cell specific
reference signal (CRS). However, the use of a CRS does not take into account the increased
complexities of advanced LTE systems. For instance, in heterogencous networks, multiple nodes
can simultancously transmit within a single cell. The use of the cell specific reference signal can

limit advanced techniques to increasc ccell capacity.

BRIEF DESCRIPTION OF THE DRAWINGS
Features and advantages of the disclosure will be apparent from the detailed
description which follows, taken in conjunction with the accompanying drawings, which

together illustrate, by way of example, features of the disclosure; and, wherein:

FIG. 1 illustrates a block diagram showing processes performed on downlink control

information (DCI) in accordance with an examplc;

FIG. 2 illustrates a block diagram showing additional processes performed on

downlink control information (DCI) in accordance with an example;

FIG. 3 illustrates a block diagram of a resource grid in accordance with an example;
1
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FIG. 4 illustratcs a block diagram of  an cnhanced physical downlink control channcl

(ePDCCH) mapped to a subframe in accordance with an example;

FIG. 5 illustrates a block diagram of an enhanced physical downlink control channel

(ePDCCH) mapped to a subframe in accordance with an additional example;

FIG. 6 illustrates a flow chart depicting a method for mapping an enhanced physical
downlink control channel (ePDCCH) to physical resource blocks in a radio frame in accordance

with an example; and

FIG. 7 illustrates an example of a block diagram of a mobile communication device in

accordance with an example.

Reference will now be made to the exemplary embodiments illustrated, and specific
language will be used herein to describe the same. It will nevertheless be understood that no

limitation of the scope of the invention is thereby intended.

DETAILED DESCRIPTION

Before the present invention is disclosed and described, it is to be understood that this
invention is not limited to the particular structures, process steps, or materials disclosed herein,
but is extended to equivalents thercof as would be recognized by those ordinarily skilled in the
relevant arts. It should also be understood that terminology employed herein is used for the
purpose of describing particular examples only and is not intended to be limiting. The same

reference numerals in different drawings represent the same element.

EXAMPLE EMBODIMENTS

An initial overview of technology embodiments is provided below and then specific
technology embodiments are described in further detail later. This initial summary is intended to
aid readers in understanding the technology more quickly but is not intended to identify key
features or essential features of the technology nor is it intended to limit the scope of the claimed
subject matter. The following definitions are provided for clarity of the overview and

embodiments described below.,

In 3GPP radio access network (RAN) LTE systems, the transmission station can be a
combination of Evolved Universal Terrestrial Radio Access Network (E-UTRAN) Node Bs (also
commonly denoted as evolved Node Bs, enhanced Node Bs, eNodeBs, or ¢eNBs) and Radio
Network Controllers (RNCs), which communicates with the wireless mobile device, known as a
user equipment (UE). A downlink (DL) transmission can be a communication from the
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transmission station (or cNodcB) to the wircless mobilce device (or UE), and an uplink
(UL) transmission can be a communication from the wireless mobile device to the transmission

station.

In homogeneous networks, the transmission station, also called macro nodes, can
provide basic wireless coverage to mobile devices in a cell. Heterogeneous networks (HetNets)
were introduced to handle the increased traffic loads on the macro nodes due to increased usage
and functionality of mobile devices. HetNets can include a layer of planned high power macro
nodes (or macro-cNBs) overlaid with layers of lower power nodes (micro-eNBs, pico-cNBs,
femto-eNBs, or home eNBs [HeNBs]) that can be deployed in a less well planned or even
entirely uncoordinated manner within the coverage area of the macro nodes. The macro nodes
can be used for basic coverage, and the low power nodes can be used to fill coverage holes, to
improve capacity in high usage locations or at the boundarics between the macro nodes’
coverage areas, and improve indoor coverage where building structures impede signal
transmission.

The deployment of a HetNet can improve the efficiency of the transmission of data to
a UE in a cell, such as data communicated on a physical downlink shared channel (PDSCH).
The efficiency is increased by splitting the cell into smaller arcas with the additional use of low

power nodes.

The communication of data on the PDSCH is controlled via a control channel, referred
to as a physical downlink control channel (PDCCH). The PDCCH can be uscd for downlink
(DL) and uplink (UL) resource assignments, transmit power commands, and paging indicators.
The downlink PDSCH scheduling grant can be designated to a particular UE for dedicated
PDSCH resource allocation to carry UE-specific traffic, or it can be designated to all UEs in the
cell for common PDSCH resource allocation to carry broadcast control information such as

system information or paging.

The data carried on the PDCCH is referred to as downlink control information (DCI).
There are several traditional formats that are defined for a DCI message. Defined formats

include:
Format O for transmission of uplink shared channel (UL-SCH) allocation;

Format | for transmission of downlink shared channel (DL-SCH) allocation for Single

Input Multiple Output (SIMO) operation;

Format 1A for compact transmission of DL-SCH allocation for SIMO operation or
allocating a dedicated preamble signature to a UE for random access;
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Format 1B for transmission control  information of Multiplc Input Multiplc Output

(MIMO) rank 1 based compact resource assignment;
Format 1C for very compact transmission of PDSCH assignment;
Format 1D, the same as format1B with additional information of power offset;

Format 2 and Format2A for transmission of DL-SCH allocation for closed and open

loop MIMO operation, respectively; and
Format 3 and format 3A for transmission of TPC command for an uplink channel.

This list is not intended to be complete. Additional formats may also be used. As the
complexity of wireless networks increases, such as the use of HetNets having multiple different

types of nodes, other formats can be created to carry the desired downlink control information.

Multiple UEs can be scheduled in one subframe of a radio frame. Therefore, multiple
DCI messages can be sent using multiple PDCCHs. The DCI information in a PDCCH can be
transmitted using one or more control channel elements (CCE). A CCE is comprised of a group
of resource element groups (REGs). A legacy CCE can include up to nine REGs. Each REG is
comprised of four resource elements. Each resource element can include two bits of information
when quadrature modulation is used. Therefore, a legacy CCE can include up to 72 bits of
information. When more than 72 bits of information are needed to convey the DIC message,
multiple CCEs can be employed. The use of multiple CCEs is referred to as aggregation level.
3GPP LTE Releases 8, 9 and 10 define aggregation levels as 1, 2, 4 or 8 consecutive CCEs
allocated to one PDCCH.

To create the PDCCH payload, the DCI can undergo a number of processes, as
illustrated in FIG. 1. The processes can include the attachment of a cyclic redundancy check 102
used for error detection in the DCI message; channel coding 104 for use in forward error
correction, and rate matching 106 that is used to output a bit stream with a desired code rate.
Detailed instructions for performing the cyclic redundancy check, channel coding, and rate

matching are provided in the 3GPP LTE specifications, such as Release 8, 9 and 10.

The encoded DCI message(s) for each control channel can then be multiplexed and
scrambled before undergoing modulation, layer mapping, precoding and resource mapping, as

illustrated in the block diagram of FIG. 2.

Blocks of encoded bits for each control channel can be multiplexed 202 in order to
create a block of data. The size of the blocks of data may be altered to ensure that PDCCHs start

at a desired CCE position. The size of the blocks of data may also be altered to ensure that the
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blocks of bits match thc amount of REGs that  can be uscd by the PDCCH. The multiplexed
block of bits can then be scrambled. One scrambling process that is currently used is the use of a
bit-wisc XOR opcration with a ccll specific scrambling sequence. Other types of scrambling

may be used as well. The encoding process is outlined in the 3GPP LTE specification.

The scrambled bits can then undergo modulation 204. Quadrature Phase Shift Keying
(QPSK) is often used to create a block of complex-valued modulation symbols. Other types of
modulation, such as Bi-Phase Shift Keying (BPSK), 16 Quadrature Amplitude Modulation (16-
QAM), 32- QAM, 64-QAM, and so forth can also be used.

The complex symbols can be mapped 206 to multiple layers, depending on a number
of transmit antennas used at the eNode B. One, two or four layer mapping has been used in
legacy systems. Additional layers, such as eight layer mapping may also be used. The mapping

process is outlined in the 3GPP LTE specification.

A precoder 208 can take a block from the layer mapper 206 to generate an output for
each antenna port. Precoding for transmit diversity can be performed for two or four antennas in
legacy systems based on the 3GPP LTE Rel. 8 specification. Transmission diversity for more
complex systems, such as an eNode B with eight antennas, can also be applied using precoding.

One common scheme used for precoding includes the Alamouti scheme for two antennas.

The complex valued symbols for cach antenna can then be divided into groups for
mapping 210 to resource elements. In legacy systems, the complex valued symbols for each
antenna can be divided into quadruplets. The sets of quadruplets can then undergo a permutation
such as interleaving and cyclic shifting before being mapped to resource elements within

resource element groups.

The PDCCH can be transmitted prior to the PDSCH in each subframe transmitted
from the eNode B to the UE. The demodulation of the PDCCH at the UE can based on a cell-
specific reference signal (CRS). Each cell is only assigned a single reference signal. However,

the use of the single CRS can limit the number of nodes that can be deployed in a cell.

A UE can receive a PDCCH using blind decoding. The resources used by the UE for
PDCCH blind decoding can be referred to as the search space. A different search space can be
used to detect and demodulate a PDCCH for a UE specific reference signal (UE-RS) relative to
the use a CRS.

The signal on the physical (PHY) layer used to convey the PDCCH can be transmitted
by the eNode B (enhanced Node B or evolved Node B or eNB) to the user equipment (UE) using

a generic long term evolution (LTE) frame structure, as illustrated in FIG. 3. In the illustration of
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FIG. 3, a [cgacy PDCCH is illustrated.

Aradio frame 300 can have a duration, Ty, of 10 milliseconds (ms). Each radio frame
can be segmented or divided into ten subframes 310i that are each 1 ms long. Each subframe can
be further subdivided into two slots 320a and 320b, each with a duration, Ty, 0f 0.5 ms. In a
legacy system, the first slot (#0) 320a can include a physical downlink control channel (PDCCH)
360 and a physical downlink shared channel (PDSCH) 366, and the second slot (#2) 320b can
include data using the PDSCH. Each slot for a component carrier (CC) used by the eNode B and
the UE can include multiple resource blocks (RBs) 330a, 330b, 3301, 330m, and 330n based on
the CC frequency bandwidth.

Fach RB 330i can include 12 - 15kHz subcarriers 336 (on the frequency axis) and 6 or
7 orthogonal frequency-division multiplexing (OFDM) symbols 332 (on the time axis) per
subcarrier. In one embodiment, the RB can use seven OFDM symbols if short or normal cyclic
prefix is employed. In another embodiment, the RB can use six OFDM symbols if an extended
cyclic prefix is used. The resource block can be mapped to 84 resource elements (REs) 3401
using short or normal cyclic prefixing, or the resource block can be mapped to 72 REs (not
shown) using extended cyclic prefixing. The RE can be a unit of one OFDM symbol 342 by one
subcarrier (i.e., 15kHz) 346. Each RE can transmit two bits 350a and 350b of information using
QPSK. The actual number of bits communicated per RE is dependent on the level of modulation

used.

The control region of cach legacy serving cell in carricr aggregation consists of a set
of (CCEs). In one embodiment, the CCEs can be numbered from 0 to Necr i -1, where Nece e is
the total number of CCEs in the control region of subframe £. The UE can monitor a set of
PDCCH candidates on one or more activated serving cells as configured by higher layer
signaling for control information. The term monitoring, as used herein, implies attempting, at
the UE, to decode each of the PDCCH candidates in the set according to all of the monitored
DCI formats.

A physical control channel can be transmitted on an aggregation of one or several
CCEs. The CCE(s) have traditionally been transmitted consecutively. As previously discussed,
a legacy control channel element corresponds to 9 resource element groups (REGs). Each legacy
REG is comprised of four resource elements. In one embodiment, the number of REGs that are
not assigned to a physical control format indicator channcl (PCFICH) or a physical hybrid
automatic repeat request (ARQ) indicator channel (PHICH) is denoted Nggg. The CCEs
available in a 3GPP LTE system can be numbered from 0 to Necg — 1, where Necg = (Nrgg/ 9).

The PDCCH can support multiple formats. Multiple PDCCHs can be transmitted in a subframe.
6
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Onc cxamplc of PDCCH formats is provided in  the following tablc.

PDCCH Number Number of Number of
format of CCEs resource-element | PDCCH bits
groups

0 1 9 72

1 2 18 144

2 4 36 288

3 8 72 5376

Table 1

The currently described PDCCH transmission and mapping process, as described by
the 3GPP LTE Release 8, 9 and 10 specifications, can create limitations to advances that are
made in other arcas of wircless communication. For cxample, mapping of CCEs to subframes in
OFDM symbols is typically spread over the control region to provide spatial diversity. However,
no beam forming diversity is possible with the current mapping procedures. In addition,
interference coordination with neighboring cells is typically not possible using current mapping
procedures since orthogonality cannot be guaranteed among neighboring cells, thereby resulting

in potential subcarrier collisions occurring.

Moreover, the capacity of the legacy PDCCH design may not be sufficient for future
nctworks. For instance, futurc nctworks may be configured HetNets that can include a number
of different kinds of transmission nodes in a single macro cell serving area. More UEs can be
served simultaneously by macro and pico cells in the HetNet. The 3GPP LTE Rel. § PDCCH is
designed to demodulate based on cell-specific reference signals, which makes it difficult to fully
explore cell splitting gain. The PDCCH design may not be adequate to convey the information
needed to allow a UE to take advantage of the multiple transmission nodes in the HetNet to

increase bandwidth and decrease battery usage at the UE.

In addition, the use of multi-user multiple-input multiple-output (MU-MIMO),
machine to machine communication (M2M), PDSCH transmission in a multicast\broadcast
single-frequency network, and cross carrier scheduling in carrier aggregation can require
increased capacity for the PDCCH. The use of UE specific reference signals in PDCCH
demodulation at the UE can allow the use of multiple nodes in a HetNet. Rather than relying on

a single common reference symbol for an entire cell, each reference symbol can be UE specific.

Accordingly, an extended PDCCH (ePDCCH) can be configured with increased
capacity to allow advances in the design of cellular networks and to minimize currently known
challenges. Several examples of ePDCCH design and mapping principals will be provided. The

examples are not intended to be limiting. Because of the broad design aspects of a ePDCCH,
7
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including but not limited to CRC attachment,  channcl coding, ratc matching, multiplexing,
scrambling, modulation, layer mapping, precoding, resource mapping, and search space
requircments, the examples provided are not intended to provide a complete system. However,
the examples can provide improvements upon which other aspects of an ePDCCH design and

implementation can be expanded on.

FIG. 4 provides onc example of an ePDCCH that is mapped into CCEs, with the CCEs
mapped to resource elements in a subframe. In this example, each resource block pair can
comprise two resource blocks, cach having the same subcarricrs, located in a first and sccond
slot in a subframe of a radio frame, as shown in FIG. 3. Each resource block can include one
CCE. The CCE may be in a defined location within the resource block. However, the CCE may
include resource element groups (REGs) that are located throughout the resource block. Each
REG may include four resource elements. However, based on system requirements, a REG may
include more or less resource elements. In this example, the resource elements located in a REG
are contiguous in at least one of frequency and time. The number of REGs in a CCE may be a
fixed number, such as nine. Alternatively, the number of REGs may vary based on DCI data
load requirements (I.e. the amount of DCI data), or other competing requirements in the resource
block, such as PCFICH rcquircments, PHICH requirements, and resource symbol requirements
for data allocated within each resource block. In one embodiment, channel control elements can
be mapped to resource clements in a single resource block pair in the subframe. The control
channel element can be mapped in frequency and time to the resource elements in the single
resource block pair. The resource elements to which the control channel elements are mapped to
in the resource block pair may be contiguous in time and/or frequency. Alternatively, the
resource elements may be separated in time and/or frequency. The control channel element may

be mapped across a slot boundary in the physical resource block pair.

In FIG. 4, a localized ePDCCH 402 having aggregation level (AGL) one is shown.
The localized ePDCCH can be mapped to a single CCE, which can be mapped to a single
resource block, as can be appreciated. Similarly, a localized ePDCCH 404 with an aggregation
level of two may be mapped to two contiguous CCEs in a resource block. However, this can
lead to many of the same challenges as exist in legacy systems, such as the inability to create
random beam forming diversity, no interference coordination with neighboring cells, and so

forth.

To overcome these problems, one process that may be used is to map an ePDCCH to
one or more CCEs. The CCE(s) can then be mapped to a plurality of REGs in different resource
blocks. The frequency scparation of the REGs can provide frequency diversity gain. Each REG
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in a CCE may bc mappcd to a scparate resource  block, although more than onc REG may be
mapped to a same resource block as another REG. The more widely distributed the REGs are,

the greater the diversity gain that can occur.

In one embodiment, each REG can be distributed to resource blocks that are separated
from another resource block containing a REG for the CCE by a frequency that is at least five
times a coherent bandwidth of the PDCCH carrier frequency. However, the ability to separate
the REGs in frequency can depend on a specific channel profile and system bandwidth. In
instances where a relatively narrow bandwidth is available, cach REG may only be separated by
two times the coherent bandwidth of the PDCCH carrier frequency. In another embodiment, a
REG may be separated from another REG in a CCE by a single resource block. Overall, each
REG can be separated in frequency from other REGs in a CCE as far as possible to gain

frequency diversity.

FIG. 4 contains one example of a distributed PDCCH 406 having an aggregation level
of one. The aggregation level of one implies that the DCI information is able to be mapped to a
single CCE. The CCE may contain 9 REGs. However, a lesser or a greater number of REGs
may be used in each CCE. If a different modulation scheme than QPSK is used on the DCI
information, a greater number of REs and/or bits may be contained in each REG. The REGs in
the CCE can be mapped to resource blocks in a subframe that are separated in frequency as much
as possible, depending on the channel profile and system bandwidth to provide frequency
diversity gain. Similarly, the REGs for CCE N 408 are distributed in frequency. The REGs in
CCE 1 and CCE N may have the same distribution or different distribution amongst resource
blocks in a subframe. While the REGs illustrated in the distributed PDCCH 406 and 408 are
each shown to be in the same time position within a resource block, for each respective CCE,
this is not required. The distributed REGs in CCE 1 and CCE N may be in a different temporal
location within a resource block. Each CCE in a subframe may have a same number of REGs or

a different number of REGs.

The distribution of the REGs in a CCE over frequency to different resource blocks in a
subframe can provide an increase in frequency diversity gain. In addition, different frequency
mapping schemes can be used in neighboring transmission stations that can significantly reduce
or eliminate potential subcarrier collisions occurring for mobile devices operating near a cell
edge of the neighboring transmission stations. Moreover, the frequency distributed ePDCCH can
allow the use of random beam forming diversity to provide additional gain, thereby increasing

the distance and/or bit rate at which the ePDCCH can be communicated.

FIG. 5 provides another example of a process for mapping a CCE to resource elements
9
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and/or rcsource blocks in a subframc of aradio  framc. The localized ¢cPDCCH cxamples 502,
504 with aggregation levels 1 and 2, respectively, can be substantially similar to the examples
402, 404 in FIG. 4. The distributed cPDCCH 506 with aggregation level one in CCE 1 is shown
to be distributed both in frequency and time. In addition, the REGs are divided into sub-groups
that can be distributed in time and space within a resource block group. A REG having resource

elements that are distributed in both time and frequency can be referred to as a distributed REG.

In one embodiment, each distributed REG can include from four to 16 resource
clements. Each resource clement may include from 1 to 8 bits. The resource clements in a
distributed REG are mapped to selected locations in a resource block and/or resource block pair.
In one embodiment, all of the resource elements in a distributed REG can be contained in the
same resource block. Alternatively, the resource elements in a distributed REG may be mapped

to more than one resource block pair in a subframe.

In one example, legacy PDCCH mapping values can be used. The distributed
ePDCCH 506 may include nine REGs which each contain four resource elements, with cach
resource element containing two bits. The distributed ePDCCH can be mapped to nine separate
resource blocks, with each resource block including one distributed REG. Each distributed REG
can include four resource elements that are distributed throughout the resource block. For a
PDCCH with a greater aggregation level, the PDCCH can be mapped to additional CCEs that
can be similarly distributed. A precoder that is in the same CCE in the same resource block can
be applied to the REG to realize some random beam forming, thereby providing spatial diversity
gain. UEs can also utilize this kind of structure to decode in different search space categories
that depend on the mobility of the UE's themselves. This can be used to decrease blind decoding
attempts. This example is not intended to be limiting. As previously discussed, the CCE in an
¢PDCCH can includc a greater (or lesser) number of REGs, cach REG may contain a greater
number of resource elements, and each resource clement may contain a greater number of bits,

depending on the type of modulation used.

The set of ePDCCH candidates to monitor are defined in terms of search spaces, where

s S . Le{l,248} : : ot
a search space at aggregation level is defined by a set of ePDCCH candidates.

For each serving cell on which ePDCCH is monitored, the CCEs corresponding to ePDCCH
)
candidate m of the search space 5¢ are given by:

L {(% +mymod|Necps /L] J+i
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where Y, is defined below, i =0,---,L 1. For the common scarch spacc m'=m . If thc monitoring
UE, for a UE specific search space, is configured with a carrier indicator field then
m'=m+ M5 .o, where ney is the carrier indicator field value. If the monitoring UE, for a UE

specific search space, is not configured with a carrier indicator field then m’=m , where
m=0,, M -1, MP is the number of ePDCCH candidates to monitor in the given search
space.

A UE specific search space can be configured that takes into account both low
mobility and high mobility UEs. High mobility UEs can have a larger Doppler shift, move
between cells more often, and require more frequent data exchanges with an eNode B in order to

maintain fresh data such as reference signal information.

For low mobility, frequency scheduling gain can be achieved using localized ePDCCH
search space candidates, such as localized ePDCCH 402 and 404 in FIG. 4. For high mobility,
search space candidates can be distributed widely across different frequency sub-bands in the
OFDMA signal, such as in the distributed ePDCCH 406 and 408 in FIG. 4 or 506 in FIG. 5. The
wide distribution of the search space candidates in the OFDMA signal can provide a scheduling
gain caused by the reception of reliable channel state information feedback from the UE to the
eNode B. For high mobility, the search space can be configured to allow open loop (OL)
multiple-input multiple output (MIMO) to be implemented with UE specific reference signals for
the cPDCCH.

Based on the examples illustrated in FIG. 4 and 5, a number of design principles for an
ePDCCH can be derived. An ¢ePDCCH can be mapped into either one or multiple control
channel elements. When one ePDCCH is mapped into multiple CCEs, cach CCE may be used to
decode an ePDCCH. One CCE can be mapped to resource elements within one physical
resource block (RB) or RB pair. One CCE can be mapped to distributed resource blocks that are
relatively far apart in the frequency domain. A localized ePDCCH can be mapped to multiple
localized CCEs. The localized CCEs can be mapped within onc resource block, or to multiple
resource blocks that are contiguous in the frequency domain. A distributed ePDCCH can be
mapped to one CCE or multiple distributed CCEs. The localized CCEs can be mapped to
distributed resource blocks that are distributed as far apart from each other in the frequency
domain as is possible based on the channel, system bandwidth, and other system considerations,
as can be appreciated. One subframe can contain either localized CCEs, distributed CCEs, or
both. One physical resource block can also contain either localized CCEs or part of a distributed
CCE or both. The resource elements to which the CCE is mapped can exclude those that are
assigned to reference symbols or other overhead.
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After the number of cell specific reference signal ports, demodulation specific
reference signal ports, channel state information reference signal ports are configured in a
resource block by a higher layer, such as radio resource control (RRC) signaling, a CCE can be
indexed based on the available resource elements in the resource blocks that are assigned for

ePDCCH transmission.

In one embodiment, for ePDCCH signals received from relatively low mobility UEs,
localized CCEs can be indexed based on the order in frequency, as illustrated in FIG. 1. In
another embodiment, for cPDCCH signals reccived from relatively high mobility UESs, the CCE
can be indexed to resource elements that are either: contiguous in time or frequency, as shown in
FIG. 1; or distributed in time and frequency, as shown in FIG. 2. The use of the distributed
REGs in FIG. 2 can provide more diversity gain, especially for an ePDCCH with a low
aggregation level. For high mobility UEs, the CCE can be indexed to resource elements as

previously discussed for the distributed PDCCH 406 and 408 in FIG. 4.

In one embodiment, CCEs may be indexed into REGs that are divided into two
categories, depending on their function: one set of REGs for low mobility, and another set of

REGs for high mobility. For each category, the search space can be defined where a ePDCCH

candidate m =0,1,...M (A)—1 at aggregation level A comprises a CCE numbered with

ni2 = (Axm+i)mod Ny ™, where Nig; " is the total number of CCEs for the sclected

category, i =0,1,...,A—1 and M (A) is a number of ePDCCH candidates based on the
aggregation level A . One example of ePDCCH candidates based on aggregation level is shown
in Table 1, below. Additional ePDCCH candidates based on aggregation levels may also be

employed, as can be appreciated.

Aggregation level 4 | Number of ePDCCH candidates A/(4)

1

o 1N
[NSR RN \O ) BN N =)

Table 1

In one example, FIG. 6 provides a flow chart that depicts a method for mapping an
enhanced physical downlink control channel (¢ePDCCH) to physical resource blocks in a radio

frame. The method comprises mapping modulated symbols in the cPDCCH to at least one
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control channcl clement, as shown in block 610. Thc at lcast onc control channcl clement
can be mapped 620 to at least one of: resource elements located in a plurality of physical
resource blocks in a subframe, wherein cach resource block is separated by at least one
additional resource block in the subframe; and resource elements distributed in a single resource
block in the subframe, wherein the control channel element is mapped to be distributed in
frequency and time relative to other mapped resource elements in the single resource block, as
shown in blocks 630 and 640, respectively. The method 600 further comprises applying the
mapping to control data to form an ePDCCH configured to be communicated from an enhanced

Node B to a UE, as shown in block 650.

The method 600 can also include mapping the at least one control channel element to
resource elements in a single resource block pair in the subframe. The control channel element
can be distributed in frequency and time to the resource elements in the single resource block
pair. In addition, the modulated symbols in the ePDCCH can be mapped to the single resource
block pair, wherein the control channel element is mapped across a slot boundary in the physical

resource block pair.

Another example in the method 600 comprises mapping the at least one control
channel element to resource elements located in the plurality of physical resource blocks in the
subframe, wherein each resource block is contiguous in frequency. The at least one control
channel element can be mapped to the resource elements located in the subframe and to the
single resource block in the subframe. The single resource block can contain both contiguous
resource elements and resource elements that are distributed in frequency and time to which the

control channel element is mapped.

The method 600 further comprises mapping symbols in a localized ePDCCH to a
plurality of control channel elements; and mapping the plurality of control channel elements to
physical resource blocks that are contiguous in the subframe. The at least one control channel
clement can be mapped to the resource clements located in the plurality of physical resource
blocks in the subframe. The resource elements can be grouped into a plurality of resource
element groups. Each resource element group can consist of four resource elements that are

contiguous in at least one of time and frequency.

The method 600 also includes forming distributed resource element groups in one of
the plurality of physical resource blocks and the single resource block. Each distributed resource
element group consists of at least four resource elements that are distributed i time and

frequency within a resource block.
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The mcthod 600 additionally includces forming an individual index of the at
least one control channel eclements that are mapped to the resource elements in the resource
blocks in the subframc of a radio frame. A global indcx of the at least one control channcl
elements that are mapped to the resource elements in the resource blocks in the subframe is also

disclosed.

In another embodiment, an article is disclosed. The article comprises a non-transitory
computer-readable storage medium containing instructions that, if executed by a processor,
cnable a system to apply mapping to control data opcrable to form an extended physical
downlink control channel (¢ePDCCH) configured to be communicated from an enhanced Node B
(eNB) to a user equipment (UE) in a radio frame. The mapping is formed by mapping
modulated symbols in the ePDCCH to at least one of at least one localized control channel
element and at least one distributed control channel element, wherein: the at least one localized
control channel element is mapped within a physical resource block or multiple physical
resource blocks that are contiguous in the frequency domain on a subframe of the radio frame;
and the at least one distributed control channel element is mapped to distributed resource

elements in at least one physical resource block in the subframe of the radio frame.

The article can further comprise instructions that when executed by a processor enable
the system to apply mapping to control data operable to form the ePDCCH configured to be
communicated from the eNB to the UE in the radio frame. The mapping can be formed by
mapping the modulated symbols in the ePDCCH to the at least one distributed control channel
clement that is mapped to multiple localized physical resource blocks that are distributed in

frequency in the subframe.

The article can further comprise instructions that when executed by a processor enable
the system to apply mapping to control data operable to form the ePDCCH configured to be
communicated from the ¢eNB to the UE in the radio frame. The mapping can be formed by
mapping the at Icast onc localized control channcl clement and the at lcast one distributed control
channel element to physical resource blocks in the subframe of the radio frame. The subframe
can include at least one of the mapped localized control channel elements and the at least one

mapped distributed control channel element.

The article can further comprise instructions that when executed by a processor enable
the system to apply mapping to control data opcrable to form the cPDCCH configured to be
communicated from the eNB to the UE in the radio frame. The mapping can be formed by
mapping the at least one localized control channel element and the at least one distributed control

channel element to a physical resource block in the subframe of the radio frame, wherein the at
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physical resource block includcs at Icast onc of  the mapped localized control channcl clements

and at [east one of the mapped distributed control channel elements.

In another embodiment, an apparatus is disclosed that comprises an enhanced Node B
(eNB) operable to apply mapping to control data operable to form an extended physical
downlink control channel (¢ePDCCH) configured to be communicated to a user equipment (UE)
in a radio frame. The mapping is formed by mapping modulated symbols in the ePDCCH to at
least one of at least one localized control channel element and at least one distributed control
channel clement, wherein: the at lcast onc localized control channel clement is mapped within a
physical resource block or multiple physical resource blocks that are contiguous in the frequency
domain on a subframe of the radio frame; and the at least one distributed control channel element
is mapped to distributed resource elements in at least one physical resource block in the

subframe of the radio frame.

In another embodiment, the eNB can be further configured to apply mapping to
control data operable to form the ePDCCH configured to be communicated from the eNB to the
UE in the radio frame. The mapping can be formed by mapping the modulated symbols in the
¢PDCCH to the at least one distributed control channel element that is mapped to multiple

localized physical resource blocks that are distributed in frequency in the subframe.

In another embodiment, the eNB can be further configured to apply mapping to
control data operable to form the ePDCCH configured to be communicated from the eNB to the
UE in the radio frame. The mapping can be formed by mapping the at [cast one localized control
channel element and the at least one distributed control channel element to physical resource
blocks in the subframe of the radio frame, wherein the subframe includes at least one of the

mapped localized control channel element and the mapped distributed control channel element.

In another embodiment, the eNB can be further configured to apply mapping to
control data operable to form the ePDCCH configured to be communicated from the eNB to the
UE in the radio frame. The mapping can be formed by mapping the at [east one localized control
channel element and the at least one distributed control channel element to a physical resource
block in the subframe of the radio frame, wherein the physical resource block includes at [east
one of the mapped localized control channel elements and at least one of the mapped distributed

control channel elements.

FIG. 7 provides an example illustration of a mobile device, such as a user equipment
(UE), a mobile station (MS), a mobile wireless device, a mobile communication device, a tablet,

a handset, or other type of mobile wireless device. The mobile device can include one or more
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antcnnas configurcd to communicatc with a basc station (BS), an cvolved Nodc B (¢NB), or
other type of wireless wide arca network (WWAN) access point. While two antennas are shown,
the mobile device may have between one and four or more antennas. The mobile device can be
configured to communicate using at least one wireless communication standard including Third
Generation Partnership Project Long Term Evolution (3GPP LTE), Worldwide interoperability
for Microwave Access (WiMAX), High Speed Packet Access (HSPA), Bluetooth, WiF1i, or other
wireless standards. The mobile device can communicate using separate antennas for each
wireless communication standard or shared antennas for multiple wireless communication
standards. The mobile device can communicate in a wireless local area network (WLAN), a

wireless personal arca network (WPAN), and/or a wireless wide area network (WWAN).

FIG. 7 also provides an illustration of a microphone and one or more speakers that can
be used for audio input and output from the mobile device. The display screen may be a liquid
crystal display (LCD) screen, or other type of display screen such as an organic light emitting
diode (OLED) display. The display screen can be configured as a touch screen. The touch
screen may use capacitive, resistive, or another type of touch screen technology. An application
processor and a graphics processor can be coupled to internal memory to provide processing and
display capabilitics. A non-volatilc memory port can also be used to provide data input/output
options to a user. The non-volatile memory port may also be used to expand the memory
capabilitics of the mobile device. A keyboard may be integratcd with the mobilc device or
wirelessly connected to the mobile device to provide additional user input. A virtual keyboard

may also be provided using the touch screen.

It should be understood that many of the functional units described in this
specification have been labeled as modules, in order to more particularly emphasize their
implementation independence. For cxample, a module may be implemented as a hardware
circuit comprising custom VLSI circuits or gate arrays, off-the-shelf semiconductors such as
logic chips, transistors, or other discrete components. A module may also be implemented in
programmable hardware devices such as field programmable gate arrays, programmable array

logic, programmable logic devices or the like.

Modules may also be implemented in software for execution by various types of
processors. An identified module of executable code may, for instance, comprise one or more
physical or logical blocks of computer instructions, which may, for instance, be organized as an
object, procedure, or function. Nevertheless, the executables of an identified module need not be
physically located together, but may comprise disparate instructions stored in different locations

which, when joined logically together, comprise the module and achieve the stated purpose for
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the modulc.

Indeed, a module of executable code may be a single instruction, or many instructions,
and may even be distributed over several different code segments, among different programs,
and across several memory devices. Similarly, operational data may be identified and illustrated
herein within modules, and may be embodied in any suitable form and organized within any
suitable type of data structure. The operational data may be collected as a single data set, or may
be distributed over different locations including over different storage devices, and may exist, at
lcast partially, merely as clectronic signals on a system or nctwork. The modules may be passive

or active, including agents operable to perform desired functions.

Reference throughout this specification to "an example" means that a particular
feature, structure, or characteristic described in connection with the example is included in at
least one embodiment of the present invention. Thus, appearances of the phrases "in an
example" in various places throughout this specification are not necessarily all referring to the

same embodiment.

As uscd herein, a plurality of items, structural clements, compositional clements,
and/or materials may be presented in a common list for convenience. However, these lists
should be construed as though cach member of the list is individually identified as a separate and
unique member. Thus, no individual member of such list should be construed as a de facto
equivalent of any other member of the same list solely based on their presentation in a common
group without indications to thc contrary. In addition, various cmbodiments and example of the
present invention may be referred to herein along with alternatives for the various components
thereof. It is understood that such embodiments, examples, and alternatives are not to be
construed as defacto equivalents of one another, but are to be considered as separate and

autonomous representations of the present invention.

Furthermore, the described features, structures, or characteristics may be combined in
any suitable manner in one or more embodiments. In the following description, numerous
specific details are provided, such as examples of search spaces, to provide a thorough
understanding of embodiments of the invention. One skilled in the relevant art will recognize,
however, that the invention can be practiced without one or more of the specific details, or with
other methods, components, materials, etc. In other instances, well-known structures, materials,

or operations arc not shown or described in detail to avoid obscuring aspects of the invention.

While the forgoing examples are illustrative of the principles of the present invention

in one or more particular applications, it will be apparent to those of ordinary skill in the art that
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numcrous modifications in form, usage and details of implecmentation can be madc without
the exercise of inventive faculty, and without departing from the principles and concepts of the
invention. Accordingly, it is not intended that the invention be limited, except as by the claims

set forth below.
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What is claimed is:

1. A method for mapping an enhanced physical downlink control channel (ePDCCH) to
physical resource blocks in a radio frame, comprising:

mapping modulated symbols in the ePDCCH to at least one consecutive control
channel element;

mapping the at least one control channel element to resource elements located in a
plurality of distributed physical resource blocks in a subframe, wherein each resource block is
separated by at least one additional resource block in the subframe; and

applying the mapping to control data for scheduling to form an ePDCCH configured

to be communicated from an enhanced Node B (eNB) to a user equipment (UE).

2. The method of claim 1, further comprising mapping the at least one control channel
element to the resource elements located in the plurality of physical resource blocks in the
subframe, wherein each resource block is separated from another resource block by a

frequency that is at least two times a coherent bandwidth of the ePDCCH carrier frequency.

3. The method of claim 1 or 2, further comprising mapping the at least one control
channel element to resource elements to a single resource block pair in the subframe wherein
the control channel element is mapped in frequency and time to the resource elements in the

single resource block pair.

4, The method of claim 3, further comprising mapping the modulated symbols in the
ePDCCH to the single resource block pair, wherein the control channel element is mapped

across a slot boundary in the physical resource block pair.

5. The method of claim 1 or 2, further comprising mapping the at least one control
channel element to resource elements located in the plurality of physical resource blocks in

the subframe, wherein each resource block is contiguous in frequency.

6. The method of claim 1 or 2, further comprising mapping the at least one control
channel element to the resource elements located in the plurality of physical resource blocks

in the subframe and to the single resource block in the subframe, wherein the single resource
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block contains both contiguous resource elements and resource elements distributed in

frequency and time to which the at least one control channel element is mapped.

7. The method of claim 1 or 2, further comprising:
mapping symbols in a localized ePDCCH to a plurality of control channel elements;

and

mapping the plurality of control channel elements to physical resource blocks that are

contiguous in frequency in the subframe.

8. The method of any of claims 1 to 7, further comprising mapping the at least one
control channel element to the resource elements located in the plurality of physical resource
blocks in the subframe, wherein the resource elements are grouped into a plurality of resource
element groups, with each resource element group consisting of four resource elements that

are contiguous in at least one of time and frequency.

9. The method of any of claims 1 to 7, further comprising forming distributed resource
element groups in one of the plurality of physical resource blocks and the single resource
block, wherein each distributed resource element group consists of four resource elements

distributed in time and frequency.

10. The method of any of claims 1 to 9, further comprising forming an individual index
of the at least one control channel elements that are mapped to the resource elements in the

resource blocks in the subframe.

11. The method of any of claims 1 to 9, further comprising forming a global index of the
at least one control channel elements that are mapped to the resource elements in the resource

blocks in each subframe of the radio frame.

12. The method of any of claims 1 to 11, further comprising configuring reference signal
ports to be located in resource elements in the at least one resource block, wherein the
reference signal is selected from the group consisting of a cell specific reference signal (CRS),
a demodulation reference signal (DMRS), and a channel state information reference signal

(CSIRS).
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13. At least one computer-readable storage medium containing instructions that if
executed by a processor enable a system to:

apply mapping to control data operable to form an extended physical downlink
control channel (ePDCCH) configured to be communicated from an enhanced Node B (eNB)
to a user equipment (UE) in a radio frame, wherein the mapping is formed by:

mapping modulated symbols in the ePDCCH to at least one of at least one localized
control channel element and at least one distributed control channel element, wherein: the at
least one localized control channel element is mapped within a physical resource block or
multiple physical resource blocks that are contiguous in the frequency domain on a subframe
of the radio frame; and the at least one distributed control channel element is mapped to
distributed resource elements in at least one physical resource block in the subframe of the
radio frame; and

mapping the at least one localized control channel element and the at least one
distributed control channel element to physical resource blocks in the subframe of the radio
frame, wherein the subframe includes at least one of the mapped localized control channel

element and the at least one mapped distributed control channel element.

14. The at least one computer-readable storage medium of claim 13, further comprising
instructions that when executed by a processor enable the system to:
apply mapping to control data operable to form the ePDCCH configured to be communicated
from the eNB to the UE in the radio frame, wherein the mapping is formed by:

mapping the modulated symbols in the ePDCCH to the at least one distributed
control channel element that is mapped to multiple localized physical resource blocks that are

distributed in frequency in the subframe.

15. The at least one computer-readable storage medium of claim 13, further comprising
instructions that when executed by a processor enable the system to:
apply mapping to control data operable to form the ePDCCH configured to be communicated
from the eNB to the UE in the radio frame, wherein the mapping is formed by:

mapping the at least one localized control channel element and the at least one
distributed control channel element to a physical resource block in the subframe of the radio
frame, wherein the at physical resource block includes at least one of the mapped localized
control channel elements and at least one of the mapped distributed control channel

elements.
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16. An apparatus for mapping an enhanced physical downlink control channel
(ePDCCH) to physical resource blocks in a radio frame, comprising:

an enhanced Node B (eNB) operable to apply mapping to control data operable to
form an ePDCCH configured to be communicated to a user equipment (UE) in a radio frame,
wherein the mapping is formed by:

mapping modulated symbols in the ePDCCH to at least one of at least one localized
control channel element and at least one distributed control channel element, wherein: the at
least one localized control channel element is mapped within a physical resource block or
multiple physical resource blocks that are contiguous in the frequency domain on a subframe
of the radio frame; and the at least one distributed control channel element is mapped to
distributed resource elements in at least one physical resource block in the subframe of the
radio frame; and

mapping the at least one localized control channel element and the at least one
distributed control channel element to a physical resource block in the subframe of the radio
frame, wherein the physical resource block includes at least one of the mapped localized
control channel elements and at least one of the mapped distributed control channel

elements.

17. The apparatus of claim 16, wherein the eNB is further configured to:
apply mapping to control data operable to form the ePDCCH configured to be
communicated from the eNB to the UE in the radio frame, wherein the mapping is formed by:
mapping the modulated symbols in the ePDCCH to the at least one distributed
control channel element that is mapped to multiple localized physical resource blocks that are

distributed in frequency in the subframe.

18. The apparatus of claim 16, wherein the eNB is further configured to:
apply mapping to control data operable to form the ePDCCH configured to be communicated
from the eNB to the UE in the radio frame, wherein the mapping is formed by:

mapping the at least one localized control channel element and the at least one
distributed control channel element to physical resource blocks in the subframe of the radio
frame, wherein the subframe includes at least one of the mapped localized control channel

element and the mapped distributed control channel element.
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19. The method of claim 1, further comprising mapping the at least one control channel
element to resource elements distributed in a single resource block in the subframe, wherein
the control channel element is mapped to be distributed in frequency and time relative to other

mapped resource elements in the single resource block.
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