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Discussion and decision
1. Introduction
ePDCCH and PDSCH share the PDSCH region. Discussions are on-going on how the ePDCCH region shall be organized. One option is to have it in a cell-specific manner, where the region is common for the whole cell and all ePDCCHs for all UEs in the cell share this resource. In this option all UEs are aware of all UEs ePDCCH resources. The other option is to signal the potential ePDCCH locations in a UE-specific way to each UE. This could give more flexibility as the ePDCCH for a UE can be located independently from the locations of other UEs. This also means that, unless additional signalling is introduced, a UE is only aware of its own ePDCCH resources.
2. The problem
One design objective for ePDCCH is efficient utilization of the time frequency resources, meaning that it should be possible to release reserved control resources that are not used in a subframe for the PDSCH. As we know, this is also to some degree possible for PDCCH, where the PDCCH region is dynamically signalled with PCFICH but there the resource reservation is rather coarse. As ePDCCH might eventually supersede the PDCCH we can require that the reuse should be more efficient.
The PRB pairs actually used for ePDCCH in the PDSCH region are of course not available for transmission of PDSCH. One problem is that the PDSCH regions can be very fragmented by ePDCCHs and that prevents the eNB to schedule large allocations on the PDSCH. The optimal way would be to allow a PDSCH allocation to continue over used ePDCCH resources. Unfortunately there is no way for the UE, which has got a DL allocation that overlaps with potential control resources, to know whether there is actually any other control channel placed than its own in the resources that are shared by the ePDCCH and PDSCH. Figure 1 below illustrates the problem.

[image: image1]
Figure 1. PDSCH region with allocation overlapping used and unused ePDCCHs
Figure 1 illustrates actually two problems. First, the shown PDSCH area is very scattered by ePDCCH and there are no resource allocations schemes with one PRBs resolution to efficiently indicate the shown type of distributed PDSCH allocation. 
Second, as noted above, even if we could define the allocation in some suboptimal way the UE would not even know the actual ePDCCH locations, because a UE can only know its own. Note that the overlapped ePDCCH can be intended for any UE, not just the one which has an overlapped PDSCH allocation.
The optimal solution would therefore be to somehow dynamically signal to the UE which PRB pairs actually contain ePDCCH so that the PDSCH allocation could be punctured at these positions. Actually this was already suggested by some companies at an early stage of the ePDCCH standardization. There were proposals to dynamically signal the actual ePDCCH locations with some kind of a bitmap using the PDCCH. One problem though is the overhead of this extra signalling that not necessarily outweighs the benefit of the control resources that can be reused.
We could also envision some solution, where we explicitly signal the actual ePDCCH resources with some extra bits in the DCI format for the DL allocation. This would be a step in the right direction as it does not utilize PDCCH and would thus be future proof but it still has an overhead to account for. Another question is the number of bits needed for this signalling. As a light weight solution signalling with just 1 bit could be feasible from an overhead perspective but the benefit of this coarse signalling should be shown.

The ideal way to signal ePDCCH would be a high resolution (PRB pair level) implicit signalling with basically no overhead and with very small penalty for the PDSCH transmission. 

In RAN1#68, signature reference signals, a type of modified reference symbols, have been proposed in [1] for the purpose of aiding blind decoding of the ePDCCH. A similar approach can be used for the purpose of aiding a UE to detect ePDCCHs embedded in its downlink allocation.
3. Proposed solution

In order to solve the problem of signalling the UE about an embedded ePDCCH in its downlink allocation we propose the introduction of an alternative DM-RS for ePDCCH, which is preferably orthogonal to the DM-RS used for PDSCH. Note that this ePDCCH can be intended for any UE, not just the one which has an overlapped PDSCH allocation. 

In the eNB the PRB pairs used for ePDCCH are simply punctured from the PDSCH instead of the usual rate-matching. 

In the UE receiver the reference signal for each PRB pair is tested for an embedded ePDCCH. If no ePDCCH is detected, a regular demodulation operation is performed. If the detector shows that there is an ePDCCH embedded, zero valued soft bits are fed to the rate matching unit for the PRB pairs identified to carry any ePDCCH. The principle is shown in Figure 2.

[image: image2]
Figure 2. PDSCH decoding for a PRB pair with ePDCCH detection
The ePDCCH detector works on the resource elements received from each antenna and two hypothesis are tested, one for a regular DMRS for PDSCH and one for the orthogonal DMRS for ePDCCH. A bias can be introduced with the threshold. In case of a false detection, zero valued bits are fed to the rate matching, which causes a weaker performance but not a corruption of the HARQ-buffer. False detecting is more problematic because it would feed the non-zero valued ePDCCH bits into the rate matching unit with larger performance degradation than for false detection. The threshold value could be used to tune the probability for false detection to be higher than for missed detection. In general there is very small performance degradation for the PDSCH that in practice does not lead to any notable capacity degradation. In contrast, the overall PDSCH capacity is increased due to the efficient reuse of unused ePDCCHs. In Figure 3 an exemplary ePDCCH detector is shown.


[image: image3]
Figure 3. Exemplary ePDCCH detector
The following benefits will then be available for the LTE downlink by using known orthogonal DM-RS for ePDCCH and PDSCH:
· No blocking between the ePDCCH and the PDSCH. ePDCCHs can puncture PDSCH allocations and unused control resources are reused by PDSCH. All resources in the PDSCH region can hence be put into efficient usage. 
· Flexible and more efficient co-scheduling for ePDCCH and PDSCH in a subframe

· No need for an ePCFICH to signal the size of the ePDCCH region

· May also be used for aiding the blind decoding, as pointed out in [1]
The performance of the PDSCH with ePDCCH detection and puncturing has been simulated and the performance verified assuming AP7 for PDSCH and AP11 as an example orthogonal antenna port for an ePDCCH allocation. Figure 5 and Figure 6 show BLER performances with simulation assumptions in the Annex.
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Figure 5. BLER performance for 16 QAM PDSCH with and without ePDCCH puncturing.
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Figure 6. BLER performance for QPSK PDSCH with and without ePDCCH puncturing.

Observation:

Looking at the performance in Fig. 1 & 2, we can see, that the suggested implicit signalling by means of an orthogonal DM-RS (dashed lines) shows almost no performance degradation compared to the alternative fully dynamic ePDCCH allocation signalling as part of the DCI (solid lines) combined with rate-matching around ePDCCH at the eNB – but without the additional DCI overhead introduced. 

Consequently, we propose:

Proposal: 

Consider the introduction of orthogonal DM-RS between ePDCCH and PDSCH in order to facilitate implicit signalling of the existence of an ePDCCH in a PRB pair and therefore enable efficient PDSCH region resource utilization. 

4. Conclusions
A new method to improve the co-existence between ePDCCH and PDSCH has been proposed. The main idea is that the eNB can assume that the UE knows the position of all ePDCCH in the PDSCH region so overlapping of any ePDCCH and PDSCH is possible. The benefits of the proposal are repeated below.
Proposal:
Consider the introduction of orthogonal DM-RS between ePDCCH and PDSCH in order to facilitate implicit signalling of the existence of an ePDCCH in a PRB pair and therefore enable efficient PDSCH region resource utilization. 

The following benefits are observed
· No blocking between the ePDCCH and the PDSCH. ePDCCHs can puncture PDSCH allocations and unused control resources are reused by PDSCH. All resources in the PDSCH region can hence be put into efficient usage. 

· Flexible and more efficient co-scheduling for ePDCCH and PDSCH in a subframe

· No need for an ePCFICH to signal the size of the ePDCCH region

· Can also be used for aiding the blind decoding

It is suggested that RAN1 takes this into account when designing the reference signals for ePDCCH.
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Annex
Simulation assumptions
· PDSCH: 
· 2x2 Spatial Multiplexing, 1 layer. TM9 precoding (AP7), maximum SINR codebook.
· 10, 9 and 8 contiguous PRBs, fixed allocation in the 10 MHz BW (1k FFT)
· QPSK, 16 QAM, R1/2, R5/9, R5/8.
· EPDCCH:
· 2x2 Spatial Multiplexing, 1 layer.
· 1 or 2 PRBs situated inside the PDSCH allocation in a fixed position at the edge of the PDSCH allocation.
· ePDCCH DM-RS using AP11
· Channel:
· fc = 2 GHz
· ETU @ 3 km/h
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