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1
Introduction
In Rel-11, an enhanced physical downlink control channel (e-PDCCH) will be introduced. In RAN1#67, DM-RS based e-PDCCH was agreed. In this contribution, we share our views on several design issues for DM-RS based e-PDCCH.
2
Discussion
In RAN1#67, it was agreed that at least for localised transmission, and for distributed transmission where CRS is not used for demodulation of the enhanced control channel, the demodulation of the enhanced control channel is based on DMRS transmitted in the PRB(s) used for transmission of the enhanced control channel, where antenna ports 7-10 is/are used. It was later agreed that rank 1 e-PDCCH is supported, while rank-2 SU-MIMO is not supported for a single blind decoding attempt and rank 3 and rank 4 e-PDCCH is not supported for e-PDCCH. 
In this contribution, we focus on the following design issues for DM-RS based e-PDCCH:
· Should MU-MIMO for e-PDCCH be supported? 

· How would a UE determine the port index (or indices) used for its e-PDCCH?

· How would the scrambling sequence for e-PDCCH be initialized?

2.1
MU-MIMO for e-PDCCH

It is difficult to manage MU-MIMO e-PDCCH transmissions, especially from performance and reliability perspective. Two or more e-PDCCHs under MU-MIMO would inevitably interfere with each other, where the amount of mutual-interference depends on the channel/interference imperfections for these UEs. Reliable and accurate channel information feedback is necessary for proper MU-MIMO operation for e-PDCCH.  As a result, we propose:
· Proposal 1: MU-MIMO e-PDCCH is not supported in Rel-11.
Note that Proposal 2 does not mean that MU-MIMO operation has to be explicitly excluded, instead it means that no control channel optimization should be targeted for MU-MIMO in Rel-11.  

2.2
Number of DM-RS REs for e-PDCCH

As agreed in RAN1#67, antenna ports 7-10 can be used for e-PDCCH. One natural question is: from the UE perspective, how many DM-RS REs are assumed to be excluded for e-PDCCH? We may have:

· Alt 1: always assume 24 DM-RS REs per PRB pair at the UE

· Alt 2: Layer 3 configured 12 or 24 DM-RS REs per PRB pair for a UE

· Similar to the R-PDCCH case

For simplicity and potentially employing the same precoding over different antenna ports within the PRB pair for an e-PDCCH (see details later), we propose:

· Proposal 2: The UE always assumes 24 DM-RS REs per PRB pair for e-PDCCH.
2.3
Antenna Port Association for e-PDCCH

Among the four possible antenna ports, how would the UE determine which port(s) is in use for e-PDCCH? In RAN1#68bis, the following was agreed:

· At least for localised transmission, the antenna port(s) for ePDCCH is/are determined by a combination of:
· implicit determination from the time-frequency locations of the REs used by the corresponding DCI message, and 
· a UE-specific configuration 
· FFS till RAN1#69 what the configuration comprises (e.g. RRC signaling, UE ID, etc.)
· FFS till RAN1#69 whether this applies to distributed transmission

Generally speaking, the mapping of antenna port and e-PDCCH should consider the following factors:
· Scheduling and multiplexing flexibility at the eNB
· Implementation complexity at the UE, particularly, the max number of channel estimations the UE has to perform for e-PDCCH decoding

Within the same PRG or PRB pair, if there are four e-CCEs within the same PRB pair, we may have the following possible number of channel estimations:

· Alt 1: 4 channel estimations, if each e-CCE is associated with a different antenna port combination

· Alt 2: 1 channel estimation, if all e-CCEs is associated with the same antenna port combination

· Alt 3: 1 < K < 4 channel estimations, if the mapping between the e-CCEs and antenna port combination is many to 1. For example, we may have K = 2, where there is a 2-to-1 mapping between e-CCE and antenna port combination mapping.

Alt 1 provides maximum scheduling/multiplexing flexibility at the expense of UE implementation complexity. Alt 2 has compromised scheduling/multiplexing for the benefits of simplified UE implementation complexity. Alt 3 provides a tradeoff in between. An exemplary comparison of the three alternatives regarding the number of channel estimations can be found in [2], and it showed that the total number of channel estimations for the case of 4 channel estimations per PRB pair can be roughly 60% higher than the 1 channel estimation per PRB pair case, and 20% higher than the 2 channel estimation per PRB pair case.
2.3.1
Simulation Assumptions

In order to investigate the potential impact of limiting the number of  channel estimations on scheduling restriction, the following simulation is performed. A 10MHz system is considered, where a total of 11 PRB pairs (or 44 e-CCEs) are reserved for e-PDCCH transmissions, representing about 22% control overhead, similar to the overhead resulting from 3 legacy control symbols. The number of UEs to be scheduled ranges from 5 to 20. The aggregation level for a UE is randomly chosen based on a fixed probability distribution of four aggregation levels 1, 2, 4, and 8. Two distributions are evaluated:
· [0.3, 0.6, 0.06, 0.04] for aggregation levels [1, 2, 4, 8], respectively

· [0.6, 0.3, 0.06, 0.04] for aggregation levels [1, 2, 4, 8], respectively

The number of decoding candidates is the same as legacy PDCCH (i.e., [6, 6, 2, 2] for aggregation levels [1, 2, 4, 8], respectively). The same tree structure as legacy PDCCH is maintained (i.e., the starting eCCE index for aggregation level L is always an integer multiple of L). The search space for each aggregation level for a UE is contiguous.

Two schemes of deriving the starting eCCE indices for a UE are considered:

· Option 1: One random variable is picked and used to derive the starting eCCEs for all aggregation levels for a UE (while maintaining the tree structured). We refer it as “correlated starting eCCEs”.

· Option 2: The starting eCCE of each aggregation level is based on a separate random variable. We refer it as “separate starting eCCEs”.

Assuming there are 4 eCCEs per PRB pair, the following schemes are considered:

· Scheme 1: 1 antenna port for all decoding candidates for each aggregation level (see, e.g., [3])
· The 1 antenna port is implicitly derived based on the starting eCCE

· Scheme 2: 1 antenna port per PRB pair (see Alt2 above), particularly,
· For aggregation level 1, an antenna port is
· Scheme 2.1: randomly derived per PRB pair, or 
· Scheme 2.2: implicitly derived based on the starting eCCE and cycling for every PRB using the order of [7, 8, 9, 10]

· For aggregation level 2, an antenna port is 
· Scheme 2.1: implicitly derived per PRB pair, or 
· Scheme 2.2: implicitly derived based on the starting eCCE and cycling for every PRB using the order of  [7, 8, 9, 10]

· For aggregation levels 4 and 8, antenna port 7 is assigned

· Scheme 3: 2 antenna ports per PRB pair (see Alt 3 above)

· For aggregation level 1, an antenna port is 
· Scheme 3.1: randomly derived two times per PRB pair, or
· Scheme 3.2: implicitly derived based on the starting eCCE and cycling two times for every PRB using the order of [7, 8, 9, 10]

· For aggregation level 2, an antenna port is 
· Scheme 3.1: implicitly derived two times per PRB pair, or 
· Scheme 3.2: implicitly derived based on the starting eCCE and cycling two times for every PRB using the order of [7, 8, 9, 10]

· For aggregation levels 4 and 8, antenna port 7 is assigned

· Scheme 4: 4 antenna ports per PRB pair (see Alt 1 above, or [4])

Scheduling is done for each UE based on the UE-specific search space and its aggregation level. A UE is schedulable if at least one decoding candidate is available in terms of both eCCE resources and antenna port availability. A UE is blocked from scheduling if there is no decoding candidate is available for the given aggregation level. Alternatively, if the UE is blocked from scheduling with its desirable aggregation level, higher aggregation levels can be tried until it is scheduled (or blocked when the number of aggregation levels is exhausted).
The simulation results presented below were averaged over 5,000 independent runs.

2.3.2
Simulations Results
2.3.2.1
Impact of the Number of Channel Estimations per PRB Pair
The following figure shows the average scheduling blocking probability for the four schemes considered. Scheme 2.1 and 3.1 are considered for the “1 port per PRB” and the “2 ports per PRB” cases, respectively (i.e., the antenna ports are randomly derived).  As can be seen, the scheme of “1 port per aggregation level” has the worst scheduling blocking probability performance, while the scheme of “4 ports per PRB” has the lowest scheduling blocking probability. Limiting the number of channel estimations per PRB pair to 1 or 2 achieves a tradeoff between performance and complexity, while the case of 2 channel estimations per PRB pair slightly outperforms the case of the 1 channel estimation per PRB pair.
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Figure 1 Scheduling blocking probability, correlated starting eCCEs, probability of [0.3, 0.6, 0.06, 0.04] for levels [1, 2, 4, 8], randomly derived antenna ports
2.3.2.2
Impact of Separately Randomly Derived Starting eCCEs

Instead of having one random variable to derive the starting eCCE indices for all aggregation levels, here we investigate the case when the starting eCCE index is separately randomly derived for each aggregation level. As shown in the figure below, separately randomly derived starting eCCE indices for different aggregation level helps reduce scheduling blocking probability. Indeed, the combination of 1 channel estimation per PRB pair and uncorrelated starting eCCEs generally outperforms the case of 4 channel estimations per PRB pair when it is used along with correlated starting eCCEs among different aggregation levels.
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Figure 2 Scheduling blocking probability, correlated vs. uncorrelated starting eCCEs, probability of [0.3, 0.6, 0.06, 0.04] for levels [1, 2, 4, 8], randomly derived antenna ports
2.3.2.3
Cycling based Antenna Port Derivation
The following figure shows the case when cycling based antenna port derivation is used (Scheme 2.2 and 3.2 as discussed earlier). Comparing with random port derivation, the performance results herein are quite similar.
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Figure 3 Scheduling blocking probability, uncorrelated starting eCCEs, probability of [0.3, 0.6, 0.06, 0.04] for levels [1, 2, 4, 8], cycling based antenna port determination
2.3.2.4

Impact of Different Aggregation Level Distributions

The following figure shows the case when a different aggregation level distribution is used. Again, similar performance comparison can be observed.
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Figure 4 Scheduling blocking probability, uncorrelated starting eCCEs, probability of [0.6, 0.3, 0.06, 0.04] for levels [1, 2, 4, 8], cycling based antenna port determination
2.3.3
Proposals

For FDM based e-PDCCH, which was agreed in RAN1#68, where early decoding is a concern [1], it is thus necessary to consider limiting the number of channel estimations per PRB pair. From the above analysis, it can be observed that limiting 1 channel estimation per PRB pair provides a good tradeoff between scheduling flexibility and implementation complexity.  Whether to have separately randomly derived starting eCCE indices for each aggregation level would also have impact on scheduling flexibility. In addition, there is no noticeable performance difference between the following two schemes:

· Scheme 2.1: randomly derived per PRB pair, or 

· Scheme 2.2: implicitly derived based on the starting eCCE and cycling for every PRB using the order of [7, 8, 9, 10]

As a result, we propose:
· Proposal 3: The number of channel estimations per PRB pair should be limited to 1. Different antenna port associations can be used for decoding candidates located in different PRB pairs of the same aggregation level for a UE.
Similar to legacy PDCCH, the starting eCCE should be randomly derived, based on a configured resource pool. In addition, the starting eCCE indices for each aggregation level should be separately randomly derived in light of the additional scheduling flexibility.

· Proposal 4: The starting eCCE indices for each aggregation level are separately randomly derived, based on a configured resource pool.

It is envisioned that e-PDCCH search space for a given aggregation level is still continuous, as in the legacy PDCCH case. For localized e-PDCCH, the spanning of the decoding candidates for a given aggregation level should occupy as few number of PRB pairs as possible, in order to achieve maximum beamforming and channel selectivity gain. 

· Proposal 5: For each aggregation level, the decoding candidates for localized e-PDCCH should span as few number of PRB pairs as possible. 
2.4
Cell ID for e-PDCCH Scrambling Sequence Initialization
Lastly, similar to PDSCH, which can benefit from CoMP operation, e-PDCCH can also benefit from CoMP operation.  For instance, it may be beneficial for an e-PDCCH intended for a UE in cell 1 (where PDCCH is transmitted for the UE) to be transmitted from cell 2 for improved cell offloading and load balancing. As a result, similar to PDSCH, the scrambling sequence for e-PDCCH is not necessarily tied with cell 1. In RAN1#68bis, the following was agreed:

· The same scrambling sequence generator is used for ePDCCH DM-RS as PDSCH DM-RS
· The scrambling sequence generator of DMRS for ePDCCH on ports 7~10 is initialized by
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· Details of nSCID and X is FFS
A single virtual cell ID should be used for e-PDCCH. Alternatively, two or more virtual cell IDs may be configured for a UE, but it requires additional number of blind decodes if there is no reduction on the possible decoding candidates for e-PDCCH.
· Proposal 6: A single virtual cell ID is used for e-PDCCH scrambling sequence initialization, and nSCID=0.
3
Conclusions 

In this contribution, we discussed a few issues related to DM-RS based e-PDCCH. In particular, we propose:
· Proposal 1: MU-MIMO e-PDCCH is not supported in Rel-11.

· Proposal 2: The UE always assumes 24 DM-RS REs per PRB pair for e-PDCCH.

· Proposal 3: The number of channel estimations per PRB pair is limited to 1. Different antenna port associations can be used for decoding candidates located in different PRB pairs of the same aggregation level for a UE. The antenna port can be derived based on one of the following schemes:

· Randomly derived per PRB pair, or 

· Implicitly derived based on the starting eCCE and cycling for every PRB using the order of [7, 8, 9, 10]
· Proposal 4: The starting eCCE indices for each aggregation level are separately randomly derived, based on a configured resource pool.
· Proposal 5: For each aggregation level, the decoding candidates for localized e-PDCCH should span as few number of PRB pairs as possible. 
· Proposal 6: A single virtual cell ID is used for e-PDCCH scrambling sequence initialization, and nSCID=0.
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