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1
Introduction

Enhancements to control signalling are considered as one of the highest priority topics within the ongoing DL MIMO study item. The discussion has mainly focused on R-PDCCH –type of design with UE-specific RS and resource mapping to PDSCH region. In the companion contribution [1] we have presented our views on control signalling enhancements, including also aspects which we believe should be further optimized compared to R-PDCCH. In this contribution, we further evaluate some of the aspects related to R-PDCCH –type of enhanced PDCCH (E-PDCCH).
2
Simulation results
In order to evaluate the performance potential of E-PDCCH, we performed link-level simulations in an 8x2 cross-polarized antenna scenario. We compared the performance of Release 8 PDCCH with that of R-PDCCH (but assuming only one OFDM symbol for control) and also evaluated different E-PDCCH design aspects. Our simulation assumptions are listed in Appendix A. 
2.1
Baseline performance: Release 8 PDCCH

First as the baseline performance, we show the performance of Release 8 PDCCH for DCI formats 1A and 2C. This is shown in Figure 1 for each aggregation level in a 2x2 cross-polarized antenna scenario. The corresponding SNR thresholds for reaching 1% BLER are listed in Table 1. As mentioned in [1], we believe that the overall spectral efficiency of E-PDCCH should be improved compared to that of Release 8 PDCCH – however it is also noted that we expect MU-MIMO to be one of the gain mechanisms, hence from link-level evaluations it may be difficult to extract completely the potential performance benefits of E-PDCCH compared to PDCCH.
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Figure 1: BLER performance for Release-8 PDCCH, DCI formats 1A and 2C

Table 1: SNR thresholds for 1% BLER with Release-8 PDCCH.
	
	DCI 1A
	DCI 2C

	Aggregation 1
	4.4 dB
	8.0 dB

	Aggregation 2
	0.2 dB
	1.7 dB

	Aggregation 4
	-2.4 dB
	-1.1 dB

	Aggregation 8
	-4.7 dB
	-3.6 dB


2.2
Resource efficiency
Since E-PDCCH is expected to be based on UE-specific RS with resource mapping to the PDSCH region, at least the following gain mechanisms are identified for E-PDCCH [1]:
· Closed-loop precoding

· Frequency-selective scheduling

· MU-MIMO / CoMP

In light of these gain mechanisms, the resource allocation schemes for E-PDCCH should be carefully evaluated in order not to waste too many resources. R-PDCCH uses one whole slot per PRB at the minimum. Release 8 PDCCH on the other hand uses only 36 REs (one CCE). Obviously, the resource utilization should be matched with the expected coverage requirements, while maintaining flexible enough possibilities to perform E-PDCCH link adaptation to the UEs. In other words UEs in good SINR conditions should consume less E-PDCCH resources. One good benchmark point here is indeed Release 8 PDCCH performance.

To compare different schemes for E-PDCCH resource utilization, we simulated several different schemes:

· R-PDCCH –type of resource mapping where we increased the number of OFDM symbols available in the first slot for DL grant to six (i.e. only one Release 8 PDCCH symbol remains).

· E-PDCCH where CCE size was set to {30, 36, 40} REs. For one E-PDCCH, we mapped at most two CCEs in the same PRB, hence for aggregation levels {1, 2, 4, 8} we mapped the DCI formats to {1, 1, 2, 4} PRBs. The QPSK symbol mapping was done in frequency-first manner.
In each case the PRB allocation was localized in frequency. Results for DCI format 1A are given in Figure 2. The corresponding DCI format 2C results are shown in Appendix B.
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Figure 2: Resource allocation granularity: R-PDCCH and E-PDCCH, aggregation {1, 2, 4, 8}.
From the results, we can observe that R-PDCCH –type of design without any kind of further optimization for resource utilization would waste clearly too many resources. In fact, with typical geometry distributions, most of the UEs would be allocated aggregation level 1, rendering other aggregation levels useless and thus significantly reducing eNB E-PDCCH link adaptation possibilities. On the other hand we can see that even with CCE size of only 30 REs, E-PDCCH gets close in performance to Release 8 PDCCH (except for DCI format 2C at aggregation level 1 since the DCI format is too large to fit to given allocation). From this perspective we believe that CCE sizes even smaller than the 36 REs of Release 8 should be considered.
Observations:

- 
R-PDCCH –type of E-PDCCH would use too many resources for proper link adaptation.
- 
Practically all UEs would have aggregation level 1 even without power sharing.

- 
CCE sizes even less than the 36 REs of Release 8 should be considered.
2.3
Subband precoding impact on performance
Release 10 CSI-RS were designed mainly with medium-to-high SINR scenarios in mind, hence current CSI-RS density is 1 RE/PRB/port. E-PDCCH may have to operate even at rather low SINR, and still it would be beneficial to be able to get proper closed-loop precoding gains. Hence we evaluated also the impact of practical CSI-RS –based feedback on the E-PDCCH performance.

For DCI format 1A the BLER performance impact of CSI-RS estimation accuracy is presented in Figure 3. Again the corresponding results for DCI format 2C are shown in Appendix B. From the results we observe in each case a 2-3 dB loss compared to ideal CSI-RS, which seems much more than what the impact of non-ideal PMI selection could be expected to be. From this perspective, it could be beneficial to improve subband precoding performance at low SINR conditions.
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Figure 3: CSI-RS estimation effect on R-PDCCH and E-PDCCH, aggregation {1, 2, 4, 8}

Observation:

- 
Subband PMI feedback performance with current CSI-RS at low SNR could be improved for E-PDCCH purposes.
2.4
Distributed vs. localized allocation

We also investigated the performance of E-PDCCH with distributed allocation. The number of allocated PRBs is the same in both localized and distributed PRB allocation, giving also equal channel coding rates for the control channel information. In distributed allocation, the PRBs are evenly spaced along the system bandwidth, targeting for a maximum frequency separation. For example, if two PRBs are used, they are placed to the opposite ends of the system band. Naturally, if only one PRB is used, then the allocation is the same as in the localized case. 
For the distributed allocation cases we only had wideband PMI information available at the eNB, while for localized allocation we had subband PMI information available. The comparison between localized and distributed PRB allocation is presented in Figure 4 for DCI format 1A, and in Appendix B for DCI format 2C. From the results we observe some benefits of distributed allocation at high aggregation levels, as expected.
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Figure 4: Localized vs. distributed allocation with R-PDCCH and E-PDCCH, aggregation {1, 2, 4, 8}
Observations:
- 
Distributed allocation provides some benefits at high aggregation levels (low SNR).

- 
This may be useful especially in high mobility scenarios or when only wideband (PUCCH) feedback is available.

3
Conclusions
In this contribution we have presented our link-level simulation results on various E-PDCCH design aspects. Our observations can be summarized as follows:
Observations:

- 
R-PDCCH –type of E-PDCCH would use too many resources for proper link adaptation.

- 
Practically all UEs would have aggregation level 1 even without power sharing.

- 
CCE sizes even less than the 36 REs of Release 8 should be considered.

- 
Subband PMI feedback performance with current CSI-RS at low SNR could be improved for E-PDCCH purposes.

- 
Distributed allocation provides some benefits at high aggregation levels (low SNR).

- 
This may be useful especially in high mobility scenarios or when only wideband (PUCCH) feedback is available.
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Appendix A – Simulation assumptions

	Parameter
	Value

	System bandwidth
	10 MHz

	Carrier frequency
	2.0 GHz

	Antenna configuration at eNB
	2, cross-polarized
8, cross-polarized, 0.5λ spacing

	Antenna configuration at UE
	2, cross-polarized

	PDCCH/PDSCH configuration
	3 OFDM symbols for PDCCH, 11 for PDSCH

	R-PDCCH configuration
	eNB-to-RN transmission in the first slot, configuration 0: symbols 1-6

	E-PDCCH configuration
	1 OFDM symbol for legacy channels, 13 for E-PDCCH

	Channel model
	SCM Urban Macro NLOS

	UE velocity
	3 km/h

	Transmission mode
	Rel-8 PDCCH: 2-Tx transmit diversity (SFBC)
R-PDCCH / E-PDCCH: closed-loop spatial multiplexing 

	Precoding
	Rel-10 double codebook for 8-Tx

	Precoding granularity
	Localized allocation:

(W1, W2) = (50 PRB, 1 PRB)

Distributed allocation:

(W1, W2) = (50 PRB, 50 PRB)

	PMI reporting delay
	5 ms

	PMI reporting periodicity
	(W1, W2) = (10 ms, 10 ms)

	Number of layers
	Fixed rank 1

	Modulation and coding
	QPSK modulation, coding rate according to CCE size and aggregation level

	DCI formats and payload
	DCI 1A: 27 + 16CRC bits

DCI 2C: 42 + 16CRC bits

	HARQ
	No retransmissions

	Number of allocated PRBs
	R-PDCCH: 

Aggregation {1, 2, 4, 8} = {1, 2, 4, 8} PRBs

E-PDCCH:

Aggregation {1, 2, 4, 8} = {1, 1, 2, 4} PRBs

	CSI-RS configuration
	8-Tx CSI-RS, 10 ms periodicity

	CRS configuration
	2 CRS ports

	DM-RS configuration
	Rel-10 DM-RS pattern for rank 1

	Channel estimation algorithm
	CSI-RS: Realistic or ideal channel estimation
DM-RS: Realistic channel estimation, no PRB-bundling


Appendix B – DCI format 2C Results
Results on resource allocation granularity for DCI format 2C (i.e. similar results as in Figure 2 for DCI format 1A):
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Figure 5: Resource allocation granularity: R-PDCCH and E-PDCCH, aggregation {1, 2, 4, 8}

Results on impact of CSI-RS on E-PDCCH performance with DCI format 2C (i.e. similar results as in Figure 3 for DCI format 1A):
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Figure 6: CSI-RS estimation effect on R-PDCCH and E-PDCCH, aggregation {1, 2, 4, 8}

Results on distributed versus localized allocation (i.e. similar results as in Figure 4 for DCI format 1A):
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Figure 7: Localized vs. distributed allocation with R-PDCCH and E-PDCCH, aggregation {1, 2, 4, 8}.
