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1. Introduction

A number of contributions regarding R-PDCCH multiplexing scheme have been submitted [1][3][4]. Many different configurations and views are discussed but the focal points of the discussions are latency, resource utilization [2], complexities and the performance [5]. The placement of control channel is one of many configurations that impact those key issues. In RAN1 60bis meeting the following has been agreed. 
· DL grants are always transmitted in the first slot of a subframe

· If a DL grant is transmitted in the first PRB of a given PRB pair, then an UL grant may be transmitted in the second PRB of the PRB pair

· In DM RS case, the DL grant and UL grant in a PRB pair shall be for the same RN

· No REs in such a PRB pair can be used for a different RN

· In CRS case, the DL grant and UL grant in a PRB pair can be for the same or different RNs

· Details of transmission of DL grant alone: FFS

· Details of transmission of UL grant alone: FFS
In this contribution a couple of R-PDCCH multiplexing schemes are discussed and their advantages and disadvantages in various aspects are investigated.
2. Considerations on R-PDCCH Allocation
There are several aspects which are influenced by or influence the R-PDCCH configuration.
· Signaling for configurations
It is assumed that signaling for parameters regarding R-PDCCH configuration and search space should be implemented. In general, required resources for R-PDCCHs are assumed to vary every subframe even with small number of RNs. Therefore, it is ideal for eNB to be able to dynamically configure R-PDCCH configuration and inform every RN of its configuration. But signaling overhead and advantages should be carefully examined over semi-static or fixed signaling. There are a couple of aspects RN should be aware of regarding R-PDCCH configuration, its size and the location in frequency domain within a subframe assuming the both starting and ending symbols are fixed.
· Interleaving
Interleaving plays one of the most important roles in improving robustness in PDCCH reception by providing diversity gain especially for mobile UE. It is generally perceived that less diversity gain is achieved in stationary object. However, several contributions have shown that there are still some improvements even for stationary relay nodes through interleaving. Which RS is adopted has also some impacts on interleaving. With DM-RS employed interleaving is possible only for a single relay node while any interleaving scheme can be adopted for CRS case.
· Number of blind decoding attempts
The number of blind decoding attempts may not be a factor when the number of RNs is small. But for a large number of RNs or moderate number of RNs with carrier aggregation it is better to keep the number of blind decoding attempts low. Blind decoding overhead is assumed to be comparable if legacy-like scheme is employed but it would be different with a new scheme.
·  Allocation of R-PDSCH: 
It is possible for R-PDSCH to be allocated before R-PDCCH when R-PDCCH is placed later than 3rd symbol and R-PDSCH is also allocated over the remaining part of relay region. Possible complexity incurred from such allocation is the data mapping of R-PDSCH but the impact should be minimal. But still what can be gained over complexity should be investigated. 
· Signaling to indicate the presence of UL grant when DL and UL grants simultaneously exist 
The presence of UL grant can be either implicitly or explicitly indicated to improve the latency and to decrease the number of blind decoding attempts. Or there could be no indication at all so that RN should search for every UL grant in the second slot.
· RS for demodulation
In earlier RAN1 meeting it was agreed that either CRS or DM-RS will be configured via higher layer signaling for R-PDCCH demodulation. The choice of RS has impact on interleaving configuration, R-PDSCH transmission mode and the decoding performance among others. A single R-PDCCH configuration would be desirable for simplicity while the choice of RS may also depend on the R-PDCCH configuration itself.
· Number of available REGs in R-PDCCH region
The number of REGs available for R-PDCCH allocation has serious impact on R-PDCCH scheme for backward compatibility. A CCE consists of 9 REGs in legacy system and 9 or more REGs should be available in a PRB for R-PDCCH allocation to be compatible with legacy system. The number of REGs available can be different depending on the location and number of symbols occupied by R-PDCCH. This aspect of R-PDCCH configuration should also be carefully examined.
· Signaling for common information
In legacy system common PDCCHs are allocated over common search space and every UE need to search for those prior to dedicated PDCCH. It is expected that such common signaling will be needed in backhaul link to carry out semi-static signaling to indicate backhaul subframe configuration, type of RS or others needed possibly for CA.  Either common search space or RN-specific search space can be used depending on R-PDCCH configuration.
3. R-PDCCH Configuration
3.1. Single-PRB Configuration
Single PRB-configuration is shown in Fig 1. In this configuration the smallest unit is a single PRB pair where a single R-PDCCH can be allocated. An R-PDCCH of a single aggregation level is mapped in a single PRB pair and multiple aggregation level R-PDCCH is allocated in contiguous PRB pairs downwards starting from the same PRB location.
DL grants are always allocated in the first slot and UL grants will be allocated in the second slot if DL grants of the same RN exist. In case of UL grants only, UL grants can be allocated either in the first slot or the second slot. But first slot allocation is a little more beneficial in latency perspective since the second slot will not be searched once UL grants are detected in the first slot. But there is more flexibility in frequency selective scheduling and consequently more scheduling gain can be achieved when allocated in the second slot. UL grants assumed to be allocated in the first slot in this contribution.
There are two possible ways for R-PDCCH allocation of multiple aggregation level. Firstly, the single aggregation level R-PDCCH is simply repeated multiple times without inter-PRB interleaving. Secondly, entire R-PDCCH is interleaved across entire PRBs. In the first allocation scheme, it is possible that RN is able to detect R-PDCCH earlier than the actual aggregation level. However, RN should make sure of the correct aggregation level in case of DL grant only case in order to find actual R-PDSCH allocation. In the second scheme every possible aggregation level is blindly searched. 
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Fig 1. Single PRB Configuration
· Signaling for configuration: We recommend priority based semi-static signaling in order to reduce the number of blind decoding attempts. In proposed scheme, a list of candidate locations of R-PDCCH is semi-statically signaled to each RN. The candidate locations of R-PDCCHs in the list will be prioritized, which implies that each RN will start searching its R-PDCCH starting from the candidate location with the highest priority in the list. Each list will be composed at eNB based on measurement report from each RN and each R-PDCCH will be allocated at the best possible location from each list at eNB’s discretion. With this scheme the number of decoding attempts can be dramatically reduced even with list of moderate length (3 to 5). This scheme is further benefited from frequency selective scheduling of R-PDCCH in fixed relay environment. 
 Priority based semi-static signaling is recommended.
· Number of blind decoding attempts: The number of blind decoding attempts is heavily dependent on the search space, i.e. the number of candidate PRB locations in this configuration. If a RN is to search entire PRB region and aggregation level, the maximum number of blind decoding attempts in a single slot is prohibitively high. In order to reduce the number of blind decoding attempts it is better to have limited number of starting locations to search R-PDCCH from.
Priority based semi-static signaling is recommended to reduce the number of blind decoding attempts.
· Interleaving: Interleaving only within R-PDCCH for a single user is feasible. Inter-PRB interleaving can be carried out for multiple aggregation level. Simple repetition scheme may have slight advantage in terms of the number of blind decoding attempts and complexities. But interleaving can improve the robustness in decoding performance. 
 Inter-PRB interleaving is preferred.
· Allocation of R-PDSCH: R-PDSCH can be allocated in the same PRB pair if only DL grant exists and R-PDSCH can’t be allocated in the remaining part of the PRB pair in case of UL grant only. In case of simultaneous DL & UL grants there are two possible options for R-PDSCH allocation. 
Option 1: R-PDSCH is not allocated in the same PRB pair.
Option 2: R-PDSCH is allocated over the remaining symbols.
Option 2 is more favorable choice in terms of resource utilization while Option 1 provides less complexity. Since overall throughput carried by RN is primarily limited by the backhaul throughput [6], it is better to make maximum use of available resources for backhaul link. 
In case of DL grant only R-PDSCH will be allocated in the same PRB pair and Option 2 is preferred in case of simultaneous DL and UL grants.
· Signaling to indicate the presence of UL grant when DL and UL grants simultaneously exist:
It is possible for a RN to recognize the simultaneous presence of DL and UL grants in option 1. When an UL grant exists R-PDSCH shall not be allocated in the same PRB pair. Then, RN will be able to recognize that UL grant doesn’t exist when R-PDSCH is allocated within the same PRB pair. Otherwise, UL grant is allocated in the same PRB pair. In option 2, however, UL grant needs to be searched since the presence of R-PDSCH in the same PRB pair does not guarantee the absence of UL grant. But only the same PRB pairs in the second slot needs to be searched for a possible UL grant when a DL grant is detected in the first slot.
No explicit signaling is needed.
· RS for demodulation: Either CRS or DM-RS can be used in this configuration. With DM-RS, however, only a single layer transmission is available for R-PDSCH since a single layer QPSK transmission is adopted for R-PDCCH. It is not very feasible to implement a dynamic signaling to change the R-PDCCH transmission mode every backhaul subframe.
CRS is preferred.
· Number of available REGs in R-PDCCH region:
The number of REGs in the first slot would be 8 or 9 depending on which RS is used. If the first PRB of a PRB pair consists of 8 REGs some of DCI formats which have large payload cannot be supported.  In carrier aggregation, more DCI formats cannot be allocated within the first PRB of a PRB pair since the DCI payload includes CIF.
FFS
· Signaling for common information
Dedicated signaling is more feasible. 
Dedicated signaling
3.2. Multiple Region Multiple-PRB Configuration
Multiple region multiple-PRB configuration is shown in Fig 2. In this configuration the smallest unit where R-PDCCHs can be allocated is a single PRB pair. This configuration has multiple physically separated placement of relay control region. The size of each physical sub-region in each slot can be the same or different and such configurations are dynamically configured (assumed the same in this contribution). For each slot all physical sub-regions are combined to constitute a single logical control region. DL grants are always allocated in the first slot and UL grants will be allocated in the second slot if DL grants of the same RN exist. In case of UL grants only they are allocated in the first slot. All DL/UL grants are multiplexed and interleaved together within entire relay control region of each slot and the same search space rule can be applied.
  
[image: image2.emf]UL grants associated with DL grants

DL grants and UL grants only

R-PDSCH

Multi Region #1

Multi Region #2

Multi Region #3

1

st

slot 2

nd

slot


Fig 2.  Multiple Region Multiple-PRB Configuration

· Signaling for configuration: The size of physical sub-region in each slot can be dynamically configured depending on the required resources for DL grants and UL grants. In such configuration a signaling should be implemented to indicate the size of each region. A signaling can also include any other configuration information can be appended in order to optimize the size of sub-region [1].
A dynamic signaling to indicate R-PDCCH configuration such as region size and additional indication is recommended
· Number of blind decodings: In this configuration the maximum number of blind decoding attempts is equal to 60 (44 in the first slot and 16 in the second slot) in case of only DL grant or DL & UL grant together for a RN. A RN monitors 2 payload sizes in the first slot (DCI 0/1A, transmission mode dependent DL DCI) and monitors single payload size in the second slot (DCI 0). In case of UL grant only the maximum number of blind decoding attempts is equal to 44.
· Interleaving: Inter-PRB interleaving can be carried out in each slot. R-PDCCHs can easily be multiplexed and interleaved together within physical sub-regions and the search space rule like Rel-8 can be applied. In case of SIBs update for RN, R-PDCCH for SIBs and R-PDCCHs for RNs can be multiplexed and interleaved within physical sub-regions. R-PDCCH for SIBs will be located in common search space so that all RNs can easily detect without any difficulties.
Inter-PRB interleaving is preferred.
· R-PDSCH Allocation: R-PDSCHs will be allocated anywhere within the remaining part of PRB pairs without any specific signaling since every RN is aware of where other R-PDCCHs are allocated.

· Signaling to indicate the presence of UL grant when DL and UL grants exist simultaneously:
Explicit indication of the existence of UL grant is feasible. In case of only DL grant or DL & UL grant together for a RN, the number of blind decoding attempts can be reduced (from 60 to 44) if a RN is aware of the absence of UL grant. Although the number of blind decoding attempts increase, a RN can search a UL grant every second slot without any signaling 
Explicit signaling is not suggested.
· RS for demodulation: Only CRS can be used since inter-PRB interleaving is used.
· Number of available REGs in R-PDCCH region: The number of REGs available for R-PDCCH allocation in a single PRB has no impact on R-PDCCH scheme since each R-PDCCH region should be big enough for entire R-PDCCHs to be allocated.  
No impact at all
· Signaling for common information:
Common signaling is feasible.
Common signaling is preferred 
4. Conclusion
In this contribution a couple of R-PDCCH multiplexing schemes are discussed and their advantages and disadvantages in various aspects are investigated.
The single-PRB allocation scheme is quite feasible choice in case of small number of RNs and priority based semi-static signaling seems to provide a very attractive solution that can minimize the number of BDs and provide frequency selective gain as well. In case of high number of relays or even moderate number of relays with carrier aggregation, the above scheme will face a tough task in composing the candidate list of each RN for each carrier. The multiple region multiple-PRB scheme provides an effective solution in terms of resource utilization and robustness in decoding performance. Therefore, it is more attractive with moderate or high number of RNs.
The multiple region multiple-PRB allocation scheme is a best solution in case of large number of RNs and common information can easily be transmitted by using common search space like Rel-8 UE.
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