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DESCRIPTION
TITLE

Search Space Arrangement for Control Channel

CROSS-REFERENCE TO RELATED APPLICATION:

[0001] The present application is related to, claims the priority of, and incorporates by
reference the entirety of U.S. Patent Application No. 13/361,210, filed January 30, 2012,

BACKGROUND:
Field:

[0002] Control channels can benefit from a search space arrangement. For example, an
evolved or enhanced physical downlink control channel (E-PDCCH) in the long term
evolution advanced (LTE-A) physical layer can benefit in its design from a search space

arrangement.

Description of the Related Art:

[0003] LTE downlink physical layer was previously based on common reference signais
(CRS) but may later be based on more user equipment (UE) specific reference signals.
Release 10 of LTE may be unable to fully provide the benefits of demodulation reference
signal (DM RS) based transmission, because the system still relies on cell specific reference
signals to demodulate control information. This leads to increased control overhead in the
system.

[0004] In a relay physical downlink control channel (R-PDCCH) for a relay backhaul link,
physical resource blocks (PRBs) can be shared semi-statically with first slot for E-PDCCH
carrying downlink (DL) downlink control information (DCI) and second slot for E-PDCCH
carrying uplink (UL) DCI or physical downlink shared channel (PDSCH). Also, in R-PDCCH
design, PRB-level spectrum sharing (SS) may be supported.

[0005] In R-PDCCH, however, a search space is configured by indicating resource blocks
where R-PDCCH may be present. Additional explicit component carrier element (CCE)
index is not signaled. Further, for R-PDCCH, the UL and DL allocations are located in
different physical locations — the different slots will carry information for each link direction.
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SUMMARY:

[0006] According to an aspect of the invention, a method is described. The method includes
indicating an Enhanced Physical Downlink Control Channel (EPDCCH) search space by a
pair of parameters. The pair of parameters includes a physical resource block index and an
explicit control channel element index, the explicit control channel element index identifies a
specific control channel element being used within a physical resource block corresponding
to the physical resource block index, the explicit control channel element index is determined
using the physical resource block index and number of control channel elements being used
within the physical resource block corresponding to the physical resource block index, the
number of control channel elements for the physical resource block index indicates possible
aggregation levels inside the physical resource block corresponding to the physical resource
block index, and a same user-specific starting position for the EPDCCH search space is
used for each of the aggregation levels being used inside the physical resource block
corresponding to the physical resource block index. The method also includes transmitting
on the control channel within the search space.

[0007] There is disclosed an apparatus comprising indicating means for indicating a control
channel search space by a pair of parameters. The pair of parameters includes a physical
resource block index and an explicit control channel element index. The apparatus also
includes transmitting means for transmitting on the control channei within the search space.
[0008] There is disclosed a non-transitory computer readable medium encoded with
instructions that, when executed in hardware, perform a process. The process includes
indicating a control channel search space by a pair of parameters. The pair of parameters
includes a physical resource block index and an explicit control channel element index. The
process also includes transmitting on the control channel within the search space.

[0009] According to another aspect of the invention, an apparatus is described. The
apparatus includes at least-one processor and at least one memory including computer
program code. The at least one memory and the computer program code are configured to,
with the at least one processor, cause the apparatus at least to indicate an Enhanced
Physical Downlink Control Channel (EPDCCH) search space by a pair of parameters. The
pair of parameters includes a physical resource block index and an explicit control channel
element index, the explicit control channel element index identifies a specific control channel
element being used within a physical resource block corresponding to the physical resource

block index, the explicit control channe! element index is determined
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using the physical resource block index and number of control channel elements being used
within the physical resource block corresponding fo the physical resource block index, the
number of control channel elements for the physical resource block index indicates possible
aggregation levels inside the physical resource block corresponding to the physical resource
block index, and a same user-specific starting position for the EPDCCH search space is
used for each of the aggregation levels being used inside the physical resource block
corresponding to the physical resource block index. The at least one memory and the
computer program code are also configured to, with the at least one processor, cause the
apparatus at least fo fransmit on the control channel within the search space.

[0010] According to yet ancther aspect of the invention, a method is described. The method
includes processing a received indication of an Enhanced Physical Downlink Control
Channel (EPDCCH) search space by a pair of parameters, wherein the pair of parameters
includes a physical resource block index and an explicit control channel element index, the
explicit control channel element index identifies a specific control channel element being
used within a physical resource block corresponding fo the physical resource block index, the
explicit control channel element index is determined using the physical resource block index
and number of control channel elements being used within the physical resource block
corresponding to the physical resource block index, the number of control channel elements
for the physical rescurce block index indicates possible aggregation levels inside the physical
resource block corresponding to the physical resource block index, and a same user-specific
starting position for the EPDCCH search space is used for each of the aggregation ievels
being used inside the physical resource block corresponding to the physical resource block
index. The method also includes attempting blind decoding of the control channel using a
search strategy based on the received indication.

[0011] There is disclosed an apparatus comprising processing means for processing a
received indication of a control channel search space by a pair of parameters, wherein the
pair of parameters includes a physical resource block index and an explicit control channel
element index. The apparatus also includes decoding means for attempting blind decoding
of the control channel using a search strategy based on the received indication.

[0012] There is disclosed a non-transitory computer readable medium encoded
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with instructions that, when executed in hardware, perform a process. The process includes
processing a received indication of a control channel search space by a pair of parameters,
wherein the pair of parameters includes a physical resource block index and an explicit
control channel element index. The process also includes attempting blind decoding of the
control channel using a search strategy based on the received indication.

[0013] According to yet another aspect of the invention, an apparatus is disclosed. The
apparatus includes at least one processor and at least one memory including computer
program code. The at least one memory and the computer program code are configured to,
with the at least one processor, cause the apparatus at least to process a received indication
of an Enhanced Physical Downlink Control Channel (EPDCCH) search space by a pair of
parameters, wherein the pair of parameters includes a physical resource block index and an
explicit control channel element index, the explicit control channel element index identifies a
specific control channel element being used within a physical resource block corresponding
to the physical resource block index, the explicit control channel element index is determined
using the physical resource block index and number of control channel elements being used
within the physical resource block corresponding to the physical resource block index, the
number of control channel elements for the physical resource block index indicates possible
aggregation levels inside the physical resource block corresponding to the physical resource
block index, and a same user-specific starting position for the EPDCCH search space is
used for each of the aggregation levels being used inside the physical resource block
corresponding to the physical resource block index. The at least one memory and the
computer program code are also configured to, with the at least one processor, cause the
apparatus at least fo attempt blind decoding of the control channel using a search strategy
based on the received indication.

[0014] According to yet another aspect of the invention, a method is described. The method
includes deriving an Enhanced Physical Downlink Control Channel (EPDCCH) search space
based on a set of physical resource blocks and a control channel element identifier, the
control channel element index identifies a specific control channel element being used within
a physical resource block corresponding to the physical resource block index, the control
channel element identifier is determined using a physical resource block index and number
of control channel elements being used within the physical resource block corresponding fo
the physical resource block index, the number of control channel elements for the physical
resource block index indicates possible aggregation levels inside the physical resource block
corresponding to the physical resource block index, and a same user-specific starting
position for the EPDCCH search space is used for each of the aggregation levels being used
inside the physical resource block corresponding to the physical resource block index. The

control channel search space allows the control channel
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to be transmitted with different code rates, transmitted in different physical resource blocks,
localized into one physical resource block, or distributed into multiple physical resource
blocks.

[0015] There is disclosed a non-transitory computer readable medium encoded with
instructions that, when executed in hardware, perform a process. The process includes
deriving a control channel search space based on a set of physical resource blocks and a
control channel element identifier. The confrol channel search space allows the control
channel to be transmitted with different code rates, transmitted in different physical resource
blocks, localized into one physical resource block, or distributed into multiple physical
resource blocks.

[0016] According to yet another aspect of the invention, an apparatus is described. The
apparatus includes at least one processor and at least one memory including computer
program code. The at least one memory and the computer program code are configured fo,
with the at least one processor, cause the apparatus at least to derive an Enhanced Physical
Downlink Control Channel (EPDCCH) search space based on a set of physical resource
blocks and a control channel element identifier, the control channel element index identifies a
specific control channel element being used within a physical resource block corresponding
to the physical resource block index, the control channel element identifier is determined
using a physical resource block index and number of control channel elements being used
within the physical resource block corresponding to the physical resource block index, the
number of control channel elements for the physical resource block index indicates possible
aggregation levels inside the physical resource block corresponding to the physical resource
block index, and a same user-specific starting position for the EPDCCH search space is
used for each of the aggregation levels being used inside the physical resource block
corresponding to the physical resource block index. The control channel search space
allows the control channel to be transmitted with different code rates, transmitted in different
bhysioai resource blocks, localized info one physical resource block, or distributed into
multiple physical resource blocks.

[0017] There is disclosed an apparatus comprising deriving means for deriving a control

channel search space based on a set of physical resource blocks and a control
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channel element identifier. The control channel search space allows the control channel to
be transmitted with different code rates, transmitted in different physical resource blocks,
localized into one physical resource block, or distributed into muliiple physical resource
blocks.

BRIEF DESCRIPTION OF THE DRAWINGS:

[0018] For proper understanding of the invention, reference should be made to the
accompanying drawings, wherein:

[0019] Figure 1 illustrates exemplary E-PDCCH resources within a single subframe.

[0020] Figure 2 illustrates an examplary starting position specified by index and offset
according to certain embodiments.

[0021] Figure 3 illusirates duplication of indices that are for an original index, according to
certain embodiments.

[0022] Figure 4 illustrates combination of CCE resources across configured E-PDCCH
resources according to certain embodiments.

[0023] Figure 5 illustrates aggregated candidate search positions in each PRB according to
certain embodiments.

[0024] Figure 6 itlustrates a method according to certain embodiments,

[0025] Figure 7 illustrates another method according to certain embodiments.

[0026] Figure 8 illustrates a system according to certain embodiments.

DETAILED DESCRIPTION:

[0027] Long term evolution {LTE) of the third generation partnership project (3GPP) can
employ an enhanced physical downlink control channe! (E-PDCCH, which can also be
referred to interchangeably as e-PDCCH and ePDCCH), which utilizes additional resources
to allow for more scheduling and muliiplexing flexibility. Certain embodiments enable a
downlink control channel that can be demodulated based on demodulation reference signal
(DM RS8). More specifically, certain embodiments provide a method and system for
multiplexing multiple users within one physical resource block (PRB).

[0028] For example, certain embodiments provide a search space definition that aliows for
creating scheduling signaling options for user equipment (UEs) that are both localized and
scattered, while supporting aggregation of physical resources in both domains (localization
and scattering domains). In certain embodiments, generic methods for E-PDCCH search

space definition can be simple, allow for different aggregation levels, allow for user
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multiplexing, allow for diversity fransmission as well as for localized transmission (exploiting
the frequency dependent packet scheduling). For example, certain embodiments provide
rules for mapping the E-PDCCH search spaces to the physical resources.

[0029] In particular embodiments, a PRB is split into a plurality of smaller parts (for example,
four parts), each of which can be referred to as a enhanced control channel element (E-
CCE). In the face of four parts, there are thee possible aggregation levels inside a PRB (this
is the only option when utilizing all possibilities while considering aggregating using powers of
two when combining resources). [n an alternative embodiment, 3 E-CCEs can be
aggregated. Aggregations by using the same CCEs from different PRBs are also defined in
certain embodiments. A set containing 2-tuples (PRB, index) can be defined and can, in
different ways, indicate which PRBs, indices and aggregations to use when defining E-
PDCCH candidates.

[0030] Thus, certain embodiments provide a method for search space definition on
ePDDCH. Conventionally, search space definitions can be constructed in such a way that
gach aggregation level has its own starting point in the possible search tree. The possibility
for jointly providing support for localized E-PDCCH as well as for distributed E-PDCCH may
exist with this approach. Moreover, with this approach, an anchoring point that is common to
a UE may exist, but for legacy PDCCH, such an anchor point does not seem to exist.

[0031] Thus, rather than being directed generally to splitting/multiplexing multiple users
within a single PRB, certain embodiments provide a way of constructing the search spaces
for reducing the blind decoding attempts needed for detecting the user equipment (UE)
allocation, while ensuring the needed properties of coverage, diversity, multiplexing fiexibility,
and the like. For example, in certain embodiments, E-PDCCH search space is indicated by a
PRB pair index and additional explicit CCE index. In some cases, a PRB pair can be
referred to simply as a “PRB.”

[0032] Certain embodiments, therefore, employ implicit rules regarding how to combine a set
of PRBs with search space per PRB and how to drop some combinations while adding
others (for example, for diversity). Different methods can be tailored to address the specific
needs of the system, such as diversity mode or frequency dependent packet scheduler
(FDPS) mode, for addressing coverage scenarios.

[0033] The E-PDCCH differs from a conventional PDCCH at least in that the E-PDCCH can
be allocated in localized fashion, so that the control channels would only occupy resources
within a limited set of PRB pairs, or even within a single PRB pair. A common reference
signal based on DM RS can be fransmitied so that multiple users can use the same
reference signal, but the common reference signal may only be transmitted in the PRBs

carrying the conirol channel.
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f0034] Certain embodiments, therefore, provide a search space definition that allows for
creating scheduling signaling options for user equipment (UEs) that are both localized and
scattered, while supporting aggregation of physical resources in both domains (localization
and scattering domains).

[0035] Certain embodiments of a search space of E-PDCCH can fit to a system where
frequency division multiplexing (FDM) is used to multiplex E-PDCCH and PDSCH and
muiltiplexing is done with PRB granularity. Mechanisms can be in place that will ensure a
division of the physical resources into a number of control channel elements per PRB (or any
other larger set of physical resources).

[0036] More particular, certain embodiments can reuse a control channel element (CCE)
principle. As an example, one PRB may carry 4 CCEs, which leads to approximately similar
E-CCE sizes as with LTE Release 8 (30-40 REs). How such E-CCEs are mapped to
physical resources and how channel estimates for demodulation are obtained are not
discussed herein. That mapping and estimation, therefore, can be performed according to
any way desired. A certain E-CCE can be indexed by the PRB number and a length 4 index
to select among the E-CCEs that are defined within one PRB, as shown in Figure 1, where
the resources on one PRB are remapped to 4 E-CCEs with indices 0-3.

[0037] Figure 1 illustrates E-PDCCH resources within a single subframe. As can be seen in
Figure 1, a legacy physical downlink shared channel (PDSCH) can include E-PDCCH_a, E-
PDCCH_b, and E-PDCCH_c. A /remapping function can divide up a given PRB (for
example, E-PDCCH_a) into, for example, 4 E-CCEs, designated 0, 1, 2, and 3.

[0038] In order for a UE to know where to search for its downlink control information (DCI),
one aspect for the UE to know may be where to start searching. Another altemative would
be for the UE to exhaustively search all possibilities, but this may take a lot of resources from
a signal processing point of view, while at the same time increases the probability of
erroneously accepting an allocation that is not intended for the given UE. Such a case of
erroneously accepting of DCI that is not intended for a UE is called a false positive. A
starting index, therefore, can be defined such that a UE knows which CCE index it should be
using as a reference.

{00391 When creating search spaces, it is possible to achieve multiple targets at the same
time. The targets can include UE multiplexing, resource utilization, frequency diversity, and
coverage. In the following discussion, a set of methods are described that can be combined
to achieve these properties for the search space definitions.

[0040] One concern can be handling coverage. Assuming that a UE is already given a
reference index that will be used for creating its search space, a search space can be
created. To create coverage, physical resources can be combined to yield better channel
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coding. By having more physical resources, the channel coding procedure can have
constant amount of Input bits, and thus the rate matching circuitry can allow for maore
redundancy bits to be transmitted over the air interface. As a specific approach here,
aggregation of the physical resources can follow an original index that was derived, such that
the combined or aggregated physical resources will always include the include the original E-
CCE that is referenced by the configured offset. For example, the original index in this
example in Figure 2, E-PDCCH PRB pair with index a, and offset 2.

[0041] Figure 2 illustrates a starting position specified by index and offset according to
certain embodiments. With this approach, a UE can attempt to decode for DCI information
using three different assumptions of physical resources allocated to the transmission of
PDCCH. This approach will create a total of 3 blind decoding attempts (namely an attempt at
2,6,and 7 in E-PDDCH_a).

[0042] Another concern, as mentioned above, can be handling user multiplexing. To be
able to handle multiple users that potentially have the same search index defined, some
separation can be used between PRB pairs. For this, a simple duplication of the indices that
are for the original index can be applied across different PRB pairs. This is illustrated in
Figure 3. Specifically, Figure 3 illustrates duplication of indices that are for an original index,
according to certain embodiments. As shown in Figure 3, a UE with index 2 in E_PDCCH
PRB a is also allowed to search for allocations in the other PRBs. Some potential restrictions
can be applied to this permission. While using this approach, it is also possible to address
the problem of providing frequency selective scheduling, as a UE will potentially be searching
a number of PRB pairs, and with this, the scheduling entity will have the possibility to select
the E-CCE with the better performance of the possible candidates, thereby providing a
frequency selective scheduling gain for the E-PDCCH.

[0043] A further concern can be how to ensure robustness of the E-PDCCH in challenging
radio environments where the SINR on localized transmissions have important unpredictable
variations in both time and frequency domain. To ensure robust E-PDCCH operation and to
be able to schedule users without frequency selective information, the system can allow for
combination of E-CCE resources across the configured E-PDCCH PRB pairs. Figure 4
illustrates combination of E-CCE resources across configured E-PDCCH PRB pairs
according to certain embodiments. in Figure 4, a UE with index 2 in E_PDCCH PRB a will
also be allowed to search for alfocations in the other PRBs (with some potential restrictions).
A set of aggregated resources are being created between PRB a and b in Figure 4.

[0044] To be able to handle multiple users and still allow for coverage enhancements as well
as allowing for frequency domain packet scheduling (FDPS), aggregated search positions in
each PRB can be candidates for scheduling. Figure 5 illustrates aggregated candidate
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search positions in each PRB according to certain embodiments. in Figure 5, a UE with
index 2 in E_PDCCH PRB a can also be allowed to search for allocations in the other PRBs
(with some potential restrictions) at, for example, their highest aggregation level.

[0045] The total (maximum) number of decoding attempts for this exemplary case can be
determined as follows: coverage within same PRB (increasing aggregation levels) — 3
attempts (see Figure 2); user flexibility — 2 additional attempts (first is covered in the above,
see Figure 3 as compared to or overlaid on Figure 2); diversity transmissions ~ 3 (a+b, as
shown in Figure 4, as well as a+c¢, and a+b+c); and coverage and multiplexing — 2 additional
attempts (see Figure 5 as compared to or overlaid on Figure 2.

[0046] So this resuilts in a total of up to 10 decoding attempts, which would be the maximum
number of blind decoding attempts for E-PDCCH decoding. With more PRBs allocated for
the E-PDCCH, the number of combinations that could be served may be restricted. For
example, when there are many PRBs for scheduling, the system or protocol can restrict the
multiplexing options to a fimited set of candidates (for instance, the limited set can be four
candidate PRBs).

[0047] The UE may need to puncture out E-PDCCH PRBs which are not part of the search
space. To indicate these PRBs in the signaling, a length 5 CCE index can be used instead
of length 4. One of the values can be used to indicate that this PRB has no search positions
but needs to be punciured out.

[0048] In the following we illustrate how the above mentioned principles of combining a set
of PRB indexes, a CCE index and a few carefully selected rules can be formalized. A search
space for a UE can be treated as a set S of pairs of PRB index and CCE index. Each PRB is
divided into N E-CCEs and the CCE index runs from 0 to N-1. In a specific example, a
search space can include two PRBs, PRB 0 and 2. In PRB 0, E-CCE 0 and 1 are used and
in PRB 2 only E-CCE 0 is used.

[0049] S ={{0,0K0,1}2,0}}

[0050] As discussed above aggregation of CCEs should also be supported. A generic way
of defining this is to introduce a further hierarchy in the search space so that multiple E-CCEs
can be combined. For example:

[0051] S = {{0,01.{0, 131,{{1,00.{1, 1}}, {{0.1}}}

[0052] In this example, there is a 2 E-CCE allocation in PRB 0, then a 2 E-CCE allocation in
PRB 1 and a 1 E-CCE allocation in PRB 0. Another example defines a distributed 4 E-CCE
allocation where E-PDCCH is transmitted across E-CCEs in multiple PRBs:

[0083] S = {{{0,0},{1.0}.{2,03,{3,03}}

[0054] With this simple notation we can now illustrate certain embodiments.

[0055] First, a primary search space element can be defined. For example, this can be done
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by selecting a primary E-CCE by giving a PRB# and a CCE index. Rules are now defined so
that, in a particular embodiment, starting from the primary search space element additional
elements will be added automatically.

[0056] The following discussion illustrates a rule to add new search space elements for other
aggregation levels and other PRBs. Primary search space element is given as follows:

[0057] S = {{0,0}}}

[0058] And search space after expansion

[0059] S={{{0.0},{{0.0K0,1}}.{{0.0K0,1{0,2H{0.3}}}

[0060] Further implicit rules can be added to automatically expand the search space. The
automatic expansion can be, for example, additional diversity allocations. The following
illustrates a search space with 4 1 E-CCE allocations in 4 different PRBs:

[0081] S = {{0,0}},{{1,0}},{{2,0}},{{3,0}}} (corresponding to the case in Figure 3)

[0062] can be expanded to

[0063] S = {{{0,01}{{1.03}.{{2,01}.{{3.01}.{{0.0},{1.0}.{2,0}.{3,0}}}

[0064] In this expanded version, a 4 E-CCE diversity allocation is automatically added. This
is the search space also shown above in Figure 3.

[0065] Certain embodiments provide a very flexible framework for determining a UE search
space for E-PDCCH in a way that takes into account the PRB granularity of the search
space. The number of blind decodes in certain embodiments may be smaller compared to,
for example, R-PDCCH. On the other hand, more bits may be used when configuring search
space (using higher layer signaling). Network nodes (such as an eNodeB (eNB)) and user
equipment (UE) can benefit from a search space arrangement when applying advanced
features like carrier aggregation (CA), coordinated muttipoint transmission (CoMP), and the
like. Indeed, such a search arrangement may be useful where additional downlink (DL)
control capacity is beneficial. However, other applications of the embodiments disclosed
herein are also permitted.

[0066] Figure 6 illustrates a method according to certain embodiments. This method may be
performed by, for example, an evolved Node B or similar base station or access point. As
shown in Figure 6, the method can include indicating, at 610, a control channel (such as, for
example, an E-PDCCH) search space by a pair of parameters, wherein the pair of
parameters includes a physical resource block (PRB) index and an explicit control channel
element (CCE) index. The method also includes, at 620, transmitting on the control channel
within the search space.

[0067] The method can also include, at 830, implicitly indicating a plurality of code rates by
explicitly indicating a single allocated primary physical resource block. The indicating can
include indicating a starting index. The starting index is configured to inform a user
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equipment as to which control channel element index the user equipment is to use as a
reference. The indicating the starting index can include, at 635, indicating a physical
resource block index and offset.

[0068] The method can further include, at 640, indicating a physical resource block that has
no search positions but is to be punctured out.

[0069] Figure 7 illustrates another method according to certain embodiments. The method
of Figure 7 may be performed by a user equipment or other network node, such as a relay
node. The method can include, at 710, processing a received indication of a control channel
(for example, an E-PDCCH) search space by a pair of parameters. The pair of parameters
can include a physical resource block (PRB) index and an explicit control channel element
(CCE) index. The method can also include, at 720, attempting blind decoding of the control
channel using a search strategy based on the received indication.

[0070] The processing the received indication can include, at 730, processing a starting
index, wherein the starting index is configured to inform a user equipment as to which control
channel element index the user equipment is {0 use as a reference. The processing the
starting index can include, at 735, processing a physical resource block index and offset.
[0071] The method can additionally include, at 740, processing an indication of a physical
resource block that has no search positions but is 1o be punctured out. The method can
additionally include, at 750, limiting candidate physical resource blocks used in the search
strategy to a predstermined number of physical resource blocks that is less than a total
number of available physical resource biocks.

[0072] Figure 8 illustrates a system according to certain embodiments. In an example
embodiment, a system may include two devices, user equipment (UE) 810 and eNodeB 820.
Each of the devices 810 and 820 may be equipped with at least one processor (respectively
814 and 824), at least one memory (respectively 815 and 825) (including computer program
instructions or code), a transceiver (respectively 816 and 826), and an antenna (respectively
817 and 827). There is no requirement that each of these devices be so equipped. For
example, the eNodeB 820 may be equipped for wired communication with a core network
(not shown).

[0073] The transceiver (respectively 816 and 828) can be a transmitier, a receiver, both a
fransmitter and a receiver, or a unit that is configured both for transmission and reception.
The transceiver (respectively 816 and 826) can be coupled to corresponding one or more
antenna(s) (respectively 817 and 827), which may include a directional antenna.

[0074] The at least one processor (respectively 814 and 824) can be variously embodied by
any computational or data processing device, such as a central processing unit (CPU) or
application specific integrated circuit (ASIC). The at least one processor (respectively 814
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and 824) can be implemented as one or a plurality of controllers.

[0075] The at least one memory (respectively 815 and 825) can be any suitable storage
device, such as a non-transitory computer-readable medium. For example, a hard disk drive
(HDD) or random access memory (RAM) can be used in the at least one memory
(respectively 815 and 825). The at least one memory (respectively 815 and 825) can be on
a same chip as the corresponding at least one processor (respectively 814 and 824), or may
be separate from the corresponding at least one processor (respectively 814 and 824).
[0076] The computer program instructions may be any suitable form of computer program
code. For example, the computer program insfructions may be a compiled or interpreted
computer program.

[0077] The at least one memory (respectively 815 and 825) and computer program
instructions can be configured to, with the at least one processor (respectively 814 and 824),
cause a hardware apparatus (for example, user equipment 810 or eNodeB 820) to perform a
process, such as any of the processes described herein (see, for example, Figures 6 and 7).
[0078] Thus, in certain embodiments, a non-transitory computer-readable medium can be
encoded with computer instructions that, when executed in hardware perform a process,
such as one of the processes described herein. Alternatively, certain embodiments of the
present invention may be performed entirely in hardware.

[0079] The devices of the system may also inciude additional components. For example,
each of user equipment 810 and eNodeB 820 can include a user interface that is operable
connected to the processor (respectively 814 and 824) and memory (respectively 815 and
825). That user interface can include a display, such as a liquid crystal display (LCD) or
organic electroluminescent display (OELD), as well as speakers or audio outputs. Tactile
outputs, such as a haptic feedback system, can also be included. The user interface may
have a touch screen to receive user input. User input can also be provided by a keypad,
keyboard, microphone, joystick, mouse, trackball, or other input device, Of course, there is
no requirement that the devices include a user interface. For example, the eNodeB 820 may
be embodied in part as a rack-mounted computer.

[0080] One having ordinary skill in the art will readily understand that the invention as dis-
cussed above may be practiced with steps in a different order, and/or with hardware ele-
menis in configurations which are different than those which are disclosed. Therefore,
although the invention has been described based upon these preferred embodiments, it
would be apparent to those of skill in the art that certain modifications, variations, and al-
ternative constructions would be apparent, while remaining within the spirit and scope of
the invention. In order to determine the metes and bounds of the invention, therefore, ref-
erence should be made to the appended claims.



10

15

20

25

30

12

WE CLAIM:
1. A method, comprising:

indicating an Enhanced Physical Downiink Control Channel (EPDCCH) search space by a
pair of parameters, wherein the pair of parameters includes a physical resource block index and
an explicit control channel element index, the explicit control channel element index identifies
a specific control channel element being used within a physical resource block
corresponding to the physical resource block index, the expilicit control channel element
index is determined using the physical resource block index and number of control channel
elements being used within the physical resource block corresponding to the physical
resource block index, the number of control channel elements for the physical resource
block index indicates possible aggregation levels inside the physical resource block
corresponding to the physical resource block index, and a same useréspecific starting
position for the EPDCCH search space is used for each of the aggregation levels being
used inside the physical resource block corresponding to the physical resource block index;
and

transmitting on the control channel within the search space.

2. The method of claim 1, further comprising:

implicitly indicating a plurality of code rates by explicitly indicating a single allocated
primary physical resource block.

3. The method of claim 1, wherein the indicating comprises indicating a starting index,
wherein the starting index is configured to inform a user equipment as to which control channel

element index the user equipment is to use as a reference.

4. The method of claim 3, wherein the indicating the starting index comprises indicating a
physical resource block index and offset.

5. The method of claim 1, further comprising:

indicating a physical resource block that has no search positions but is fo be punctured
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6. A method, comprising:

processing a received indication of an Enhanced Physical Downlink Control Channel
(EPDCCH) search space by a pair of parameters, wherein the pair of parameters includes a
physical resource block index and an explicit control channel element index, the explicit
control channel element index identifies a specific control channel element being used within
a physical resource block corresponding to the physical resource block index, the explicit
control channel element index is determined using the physical resource block index and
number of control channel elements being used within the physical resource block
corresponding to the physical resource block index, the number of control channel elements
for the physical resource block index indicates possible aggregation levels inside the
physical resource block corresponding io the physical resource block index, and a same
user-specific starting position for the EPDCCH search space is used for each of the
aggregation levels being used inside the physical resource block corresponding to the

physical resource block index; and
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attempting blind decoding of the control channel using a search strategy based on
the received indication.

7. The method of claim 6, wherein the processing the received indication comprises
processing a starting index, wherein the starting index is configured to inform a user
equipment as to which control channel element index the user equipment is to use as a
reference.

8. The method of claim 7, wherein the processing the starting index comprises
processing a physical resource block index and offset.

9. The method of claim 6, further comprising:

processing an indication of a physical resource block that has no search positions but
is to be punctured out.

10. The method of claim 6, further comprising:

limiting candidate physical resource blocks used in the search strategy to a
predetermined number of physical resource blocks that is less than a total number of

available physical resource blocks.

11. An apparatus, comprising,
at least one processor; and
at least one memory including computer program code,

wherein the at least one memory and the computer program code are configured to,
with the at least one processor, cause the apparatus at least to
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indicate an Enhanced Physical Downlink Control Channel (EPDCCH) search space
by a pair of parameters, wherein the pair of parameters includes a physical resource block
index and an explicit control channel element index, the explicit control channel element
index identifies a specific control channel element being used within a physical resource
block corresponding to the physical resource block index, the explicit control channel
element index is determined using the physical resource block index and number of control
channel elemenis being used within the physical resource block corresponding to the
physical resource block index, the number of control channel elements for the physical
resource block index indicates possible aggregation levels inside the physical resource block
corresponding to the physical resource block index, and a same user-specific starting
position for the EPDCCH search space is used for each of the aggregation levels being used
inside the physical resource block corresponding to the physical resource block index; and

transmit on the control channel within the search space.

12. The apparatus of claim 11, wherein the at least one memory and the computer
program code are configured to, with the at least one processor, cause the apparatus at
least to implicitly indicate a plurality of code rates by explicitly indicating a single allocated

primary physical resource block.

13. The apparatus of claim 11, wherein the at least one memory and the computer
program code are configured to, with the at least one processor, cause the apparatus at
least to indicate a starting index, wherein the starting index is configured to inform a user
equipment as to which control channel element index the user equipment is to use as a

reference.

14. The apparatus of claim 13, wherein the at least one memory and the computer
program code are configured fo, with the at least one processor, cause the apparatus at

least to indicate the starting index by indicating a physical resource block index and offset.

15. The apparatus of claim 11, wherein the at least one memory and the computer

program code are configured to, with the at least one processor, cause the apparatus at
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least to indicate a physical resource block that has no search positions but is to be

punctured out.

16. An apparatus, comprising:
at least one processor; and

at least one memory including computer program code,
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wherein the at least one memory and the computer program code are configured to,

with the at least one processor, cause the apparatus at least to

process a received indication of an Enhanced Physical Downlink Control Channel
(EPDCCH) search space by a pair of parameters, wherein the pair of parameters includes a
physical resource block index and an explicit control channel element index, the explicit
control channel element index identifies a specific control channel element being used within
a physical resource block corresponding to the physical resource biock index, the explicit
control channel element index is determined using the physical resource block index and
number of control channel elements being used within the physical resource block
corresponding to the physical resource block index, the number of control channel elements
for the physical resource block index indicates possible aggregation levels inside the
physical resource block corresponding to the physical resource block index, and a same
user-specific starting position for the EPDCCH search space is used for each of the
aggregation levels being used inside the physical resource block corresponding to the
physical resource block index; and

attempt blind decoding of the control channel using a search strategy based on the
received indication.

17. The apparatus of claim 16, wherein the at least one memory and the computer
program code are configured to, with the at least one processor, cause the apparatus at
least to process a starting index, wherein the starting index is configured to inform a user
equipment as to which control channel element index the user equipment is to use as a

reference.

18. The apparatus of claim 17, wherein the at least one memory and the computer
program code are configured to, with the at least one processor, cause the apparatus at

least to process a physical resource block index and offset.

19. The apparatus of claim 16, wherein the at least one memory and the computer
program code are configured to, with the at least one processor, cause the apparatus at
least to process an indication of a physical resource block that has no search positions but is

to be punctured out.
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20. The apparatus of claim 16, wherein the at least one memory and the computer
program code are configured to, with the at least one processor, cause the apparatus at
least to limit candidate physical resource blocks used in the search strategy to a
predetermined number of physical resource blocks that is less than a total number of
available physical resource blocks.



10

15

20

25

16

21. A method, comprising:

deriving an Enhanced Physical Downlink Control Channel (EPDCCH) search space
based on a pair of physical resource block index and a control channel element identifier, the
control channel element index identifies a specific control channel element being used within
a physical resource block corresponding to the physical resource block index, the control
channel element identifier is determined using a physical resource block index and number
of control channel elements being used within the physical resource block corresponding to
the physical resource block index, the number of control channel elements for the physical
resource block index indicates possible aggregation levels inside the physical resource block

corresponding to the physical resource block index, and a same user-specific starting

- position for the EPDCCH search space is used for each of the aggregation levels being used

inside the physical resource block corresponding to the physical resource block index,

wherein the control channel search space aliows the control channel to be
transmitted with different code rates, transmitted in different physical resource blocks,
localized into one physical resource block, or distributed into multiple physical resource
blocks.

22. The method of claim 21, wherein parameters defining the search space are

signaled directly or partly derived from other parameters.

23. The method of claim 22, wherein the other parameters include at least one of a

user equipment identifier and a cell identifier.

24. An apparatus, comprising:
at least one processor; and
at least one memory including computer program code,

wherein the at least one memory and the computer program code are configured to,

with the at least one processor, cause the apparatus at least to

derive an Enhanced Physical Downlink Control Channel (EPDCCH) search space
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based on a set of physical resource blocks and a control channel element identifier, the
control channel element index identifies a specific control channel element being used within
a physical resource block corresponding to the physical resource block index, the control
channel element identifier is determined using a physical resource block index and number
of control channel elements being used within the physical resource block corresponding to
the physical resource block index, the number of control channel elements for the physical
resource block index indicates possible aggregation ievels inside the physical resource block
corresponding to the physical resource block index, and a same user-specific starting
position for the EPDCCH search space is used for each of the aggregation levels being used
inside the physical resource block corresponding to the physical resource block index,

wherein the control channel search space allows the control channel to be
transmitted with different code rates, transmitted in different physical resource blocks,
localized into one physical resource block, or distributed into multiple physical resource
blocks.

25. The apparatus of claim 24, wherein parameters defining the search space are
signaled directly or partly derived from other parameters.

26. The apparatus of claim 25, wherein the other parameters include at least one of a

user equipment identifier and a cell identifier.



