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1   Introduction
Initial discussions on Rel-11 control channel enhancements started in RAN1#65 and continued in RAN1#66. Several reasons such as single cell ID CoMP, a general preference for DMRS based control signalling, scheduling a large number of UEs using MU-MIMO and cross-carrier scheduling with reduced blocking are being considered as motivations for enhancing the control signalling beyond the current Rel-8/9/10 PDCCH structure.

In this document, we consider some design aspects of enhanced Rel-11 control channels (E-PDCCH) and propose some starting points for further discussion.  
2   Discussion
2.1   E-PDCCH Structures

The following DMRS based structures for E-PDCCH have been considered in RAN1 #65.
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Figure 1. – Possible structures for E-PDCCH
With Option 1, PDCCH and E-PDCCH are present in the same symbols of the legacy Rel-8/9/10 control region [5]. To enable this option, DMRS is introduced into the legacy PDCCH region by replacing an RE with DMRS for REGs (and consequently CCEs) that correspond to E-PDCCH. DMRS based channel estimation, for receiving E-PDCCH with this approach, is complex as the CCEs in which E-PDCCH is sent (and the location of the CCEs) can change between subframes. Given this, Option 1 is not preferable from complexity perspective even though it retains some desirable elements of Rel8/9/10 PDCCH structure such as support for early decoding (i.e. PDSCH decoding not delayed due to PDCCH decoding) and support for implementations that can take advantage of micro-sleep (UE need not be awake for the whole subframe in subframes where it does not have an assignment).

Option 2 is similar to DMRS based R-PDCCH. With option 2, UE monitors E-PDCCH candidates corresponding to DL assignments in multiple RBs (E-PDCCH RBs) in the first slot of the subframe. Decoding of E-PDCCH candidates can be based on the DMRS present in the RB(s) in which the E-PDCCH candidates are sent. RBs in the second slot (i.e., those PRBs that occupy the same subcarriers as that of E-PDCCH RBs) can be used for receiving UL E-PDCCH or PDSCH. Restricting DL E-PDCCH to the first slot allows early decoding. However, it results in a slight loss of spectral efficiency for the unlikely scenario where more UL grants than DL assignments are transmitted in a subframe since this scenario results in “empty RBs” in the 1st slot. If MU-MIMO is supported for E-PDCCH, it may also restrict the number of spatial layers on which the PDSCH can be scheduled in second slot RBs that occupy the same subcarriers as that of E-PDCCH RBs.
Option 3 allows a “full FDM” structure of E-PDCCH. With option 3, the UE monitors DL/UL E-PDCCH candidates in both first and second slots of the subframe. This reduces the possibility of having “empty RBs” when more UL grants than DL assignments are transmitted in a subframe. Also, since PDSCH and E-PDCCH are sent in different PRB pairs, the number of PDSCH spatial layers in a PRB is not restricted by the E-PDCCH transmission. However, option 3 does not allow UE implementations to take advantage of early decoding.
2.2 E-PDCCH Early Decoding

Early decoding allows more time for PDSCH processing between PDSCH reception and HARQ-ACK transmission. Figure 2 shows an example.
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Figure 2. – HARQ-ACK Turn-around time
Assume subframe duration is 
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 (=1ms). For a PDSCH received in subframe k, UE has to send HARQ-ACK corresponding to that PDSCH in subframe k+4. Since PDSCH is scheduled in PRB pairs, UE cannot start decoding PDSCH till the end of subframe k. Also, In order to transmit HARQ-ACK in subframe k+4, UE has to complete PDSCH decoding and HARQ-ACK preparation before the beginning of uplink subframe k+4. So, the UE has a maximum of 3
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 (3ms) for PDSCH decoding and HARQ-ACK preparation assuming zero timing advance. Before the UE can start PDSCH decoding, it has to perform E-PDCCH blind decoding. 
Although the E-PDCCH payload is typically small (<100 bits), due to blind decoding, and due to the need for separate channel estimates for each E-PDCCH candidate, the processing time required for E-PDCCH blind decoding is expected to be non-trivial. Assume E-PDCCH decoding time is 
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. If the UE has to wait till the end of subframe k to decode E-PDCCH (Option 3), it has 
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ms to complete PDSCH decoding and prepare HARQ-ACK. On the other hand, if the UE can start decoding E-PDCCH at the end of the first slot of subframe k (Option 2), then the UE has 
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 ms for HARQ-ACK preparation.  For example, if the E-PDCCH decoding time, 
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=0.4ms, then, without early decoding (Option 3), the UE has 
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=3-0.4=2.6ms for PDSCH processing and HARQ-ACK preparation. With E-PDCCH structure supporting early decoding (Option 2), the UE has 
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=Min(3, 3.5-0.4) = Min(3, 3.1) = 3ms for PDSCH processing and HARQ-ACK preparation. Considering the case where the UE has to account for a maximum timing advance of ~0.6ms (
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= 3-0.6-0.4=2ms for PDSCH processing and HARQ-ACK preparation with Option 3. On the other hand with early decoding (i.e., Option 2), the UE will have 
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= Min(3-0.6, 3.5-0.6-0.4) = Min(2.4, 2.5) = 2.4ms. For this example, Option 2 provides 20% more PDSCH processing and HARQ-ACK preparation time compared to Option 3. 
Current LTE Rel-8 UE implementations are capable of performing PDSCH decoding  (up to 4 layers using CRS) and HARQ-ACK preparation in 
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ms. Although, decoding latency and HARQ-ACK preparation time may improve by Rel-10 and Rel-11 time frame, the PDSCH decoding burden on the UE will also increase as the UE has to support decoding of up to 8 spatial layers with DMRS based channel estimation. 

Reducing PDSCH processing time for Rel-11 can result in increased UE implementation cost or reduced flexibility for implementing advanced PDSCH receiver processing algorithms. Therefore, E-PDCCH transmission structures such as the full FDM structure in Option 3 should be considered for LTE Rel-11 only if RAN1 identifies strong system performance related justifications as it is desirable to have a control channel design that does not impact the PDSCH processing time.
Proposal: 
· E-PDCCH transmission structure should allow early decoding (i.e., E-PDCCH blind decoding should not reduce time available for PDSCH decoding) 

· Current DMRS based R-PDCCH structure should be considered as a starting point for E-PDCCH

· Full FDM E-PDCCH structure should only be considered if RAN1 identifies strong system performance related justifications when compared to the R-PDCCH structure.

3   Conclusions
We propose the following
· E-PDCCH transmission structure should allow early decoding (i.e., E-PDCCH blind decoding should not reduce time available for PDSCH decoding) 

· Current DMRS based R-PDCCH structure should be considered as a starting point for E-PDCCH

· Full FDM E-PDCCH structure should only be considered if RAN1 identifies strong system performance related justifications when compared to the R-PDCCH structure.
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