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1 Introduction

In RAN1 #66bis, the simulation assumptions for the E-PDCCH link-level performance evaluation were discussed and summarized in [1] and, after some further discussion, the ETU and SCM-E channel models were selected to represent uncorrelated and correlated channel models respectively. For preliminary simulation submission of RAN1 #67, options of other channel models are also possible. This contribution presents E-PDCCH performance results under a few selected transmission schemes for the ETU and SCM channel models.
2 E-PDCCH and Simulation Configurations
Both interleaved mode and non-interleaved mode for the E-PDCCH transmission are considered. 
The present simulations consider a 50-RB (10MHz) system where distributed 6 PRBs in the frequency domain are configured as VRBs for both interleaved and non-interleaved E-PDCCH modes.

For the interleaved mode, similar approaches as for the R-PDCCH are considered with some modifications. REGs and CCEs are partitioned following the same rules as for legacy PDCCH and R-PDCCH without slot boundary. The REGs of a CCE are distributed in both slots of the configured VRBs. A CCE consists of 9 REGs with 36 REs in total. Since DMRS and CSI-RS are present in a subframe, there are orphan REs which are not used in the present evaluations. Transmit diversity using SFBC/FSTD is applied for 2/4Tx transmission. The UE uses DMRS for E-PDCCH decoding. The DMRS ports are precoded so that port-7 represents antenna one (as port-0), port-8 represents antenna two (as port-1), port-9 represents antenna three (as port-2), and port-10 represents antenna four (as port-3).
For the non-interleaved mode, each PRB is partitioned into 4 parts so that a PRB consists of 4 E-CCEs. Each E-CCE occupies 3 distributed subcarriers in a PRB as shown in Fig. 1. When aggregated, the E-PDCCH occupies local contiguous E-CCEs in the configured VRBs. We chose such a scheme for simulation because an E-CCE with size of a PRB will create too much overhead. Considering the number of REs, one PRB pair contains a number of REs approximately corresponding to 3 legacy CCEs. However, use of 3 E-CCEs in a PRB will likely cause an E-PDCCH to be transmitted across VRBs. Assuming 4 E-CCEs per PRB provides a good tradeoff between resource size and scheduling complexities. In such configuration, the number of REs in an E-CCE may vary from one E-CCE to another. On average, an E-CCE will have around 26/22 REs for 2/4Tx, respectively, in a normal subframe with 3-OFDM-symmbol PDCCH. Large DCI formats, such as format 2C in a 10MHz bandwidth system, cannot be supported for aggregation level 1 in this case and a minimum aggregation level two E-CCEs is needed. Nevertheless, aggregation level one is still possible for DCI formats with smaller payloads such as DCI formats 0/1A/3/3A…etc. The E-PDCCH transmission is configured as rank-1 closed-loop beamforming.
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Fig. 1: Non-interleaved (localized) E-PDCCH resource allocation
Feedback of mode 3-1 is assumed (wideband PMI + subband CQI) with 10ms delay. CSI-RS is assumed to be present in every subframe for feedback generation. The feedback delay is set to be 10ms. The eNB will randomly choose from the search space for each aggregation level for actual E-PDCCH transmission. Though subband CQI is available, in practice the eNB will have scheduling constrains in choosing the best subband for the E-PDCCH transmission to a UE.
The ETU channel as defined in [2] is assumed to model an uncorrelated channel. The SCM channel is assumed to model a correlated channel. The detailed settings for the simulations are summarized in Appendix A.
3 Performances of E-PDCCH
Link level performance for the ETU channel model

Fig. 2 illustrates for reference the legacy PDCCH performance for the ETU channel. 
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Fig. 2 Legacy PDCCH performance under ETU channel
Figs. 3~4 illustrate the E-PDCCH link level performance for the ETU channel.
[image: image3.emf]-10 -8 -6 -4 -2 0 2 4 6 8 10 12

10

-3

10

-2

10

-1

10

0

[Ch.Model:ETU][Tx*Rx:2*2][DCIFormat:2C]

SNR(dB)

BLER

 

 

DMRS-BF,1/4F-RB-pair,agg.lv.2,

DMRS-BF,1/4F-RB-pair,agg.lv.4,

DMRS-BF,1/4F-RB-pair,agg.lv.8,

DMRSTxD,2-slot intl.mode,agg.lv.1,

DMRSTxD,2-slot intl.mode,agg.lv.2,

DMRSTxD,2-slot intl.mode,agg.lv.4,

DMRSTxD,2-slot intl.mode,agg.lv.8,


Fig. 3: E-PDCCH performance for the ETU channel (2Tx-2Rx)
[image: image4.emf]-10 -8 -6 -4 -2 0 2 4 6 8 10 12

10

-3

10

-2

10

-1

10

0

[Ch.Model:ETU][Tx*Rx:4*2][DCIFormat:2C]

SNR(dB)

BLER

 

 

DMRS-BF,1/4F-RB-pair,agg.lv.2,

DMRS-BF,1/4F-RB-pair,agg.lv.4,

DMRS-BF,1/4F-RB-pair,agg.lv.8,

DMRS-TxD,2-slot intl.mode,agg.lv.1,

DMRS-TxD,2-slot intl.mode,agg.lv.2,

DMRS-TxD,2-slot intl.mode,agg.lv.4,

DMRS-TxD,2-slot intl.mode,agg.lv.8,


Fig. 4: E-PDCCH performance for the ETU channel (4Tx-2Rx)

Legacy PDCCH vs E-PDCCH (intl. mode with TxD)

For the legacy PDCCH simulation, an assumption to make the simulation reflect practical considerations was that the PDCCH decoding utilizes only the CRS in the first two OFDM symbols. Also, the present results assume no PRB bundling for the CRS-based channel estimation in order to keep the channel estimator complexity simple and comparable to that of the one using DMRS/CSI-RS. The restriction on the CRS used for channel estimation introduces around 1dB loss to the PDCCH performance.
The E-PDCCH with interleaved TxD mode will have better channel estimation performance comparing to legacy PDCCH which only uses the CRS in the first two symbols for demodulation. However, the E-PDCCH will have less frequency diversity (and interference diversity gain – although interference is modeled as AWGN) gain since it uses only part of the system bandwidth for its transmission. It is observed that in the frequency-selective ETU channel, the loss in diversity is negligible with the distributed VRB configuration. 
E-PDCCH (intl. mode) vs. E-PDCCH (non-intl. mode)

Each E-CCE of the non-intl. mode E-PDCCH is assumed to contain 3 subcarriers in a PRB so that a PRB has 4 contiguous CCEs for aggregation. In a normal subframe with PDCCH, CRS, DMRS and CSI-RS present, such an E-CCE will have around 26/22 REs on average for 2/4Tx respectively. Since DCI format 2C contains 58 raw bits including CRC, at least aggregation level 2 is needed for DCI format 2C or other DCI formats with large payloads. For interleaved E-PDCCH mode, each CCE still contains 36 REs as in the legacy control channel.  A 1.4dB/2.1dB SNR offset may apply to the non-interleaved mode to compensate the energy loss due to the smaller number of REs per E-CCE from a energy per RE point of view.
It is observed that for the 2x2 case, interleaved TxD outperforms non-interleaved beamforming with the performance gap at BLER level 10-2 being around 5~6 dB. Even with the 1.4 dB compensation, the interleaved TxD mode is still a better choice. The situation is almost the same for the 4x2 case. The ETU channel is so frequency selective that the wideband PMI cannot represent the channel state on each subband. Therefore, a diversity scheme seems to be a better choice for uncorrelated and frequency-selective channels.
Link level performance under SCM channel model

Fig. 5 illustrates for reference the legacy PDCCH performance for the SCM channel model. It is noted that the performance is degraded by around 3 dB due to the frequency domain diversity loss for the SCM channel for aggregation levels of 2 to 8 CCEs. For aggregation level of 1 CCE, the legacy PDCCH may perform as desired only  for very high SNRs. 
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Fig. 5 Legacy PDCCH performance under SCM channel

Figs. 6~7 illustrate the E-PDCCH link level performance for the SCM channel model. For each SNR level, more than 100 drops were made to explore the SCM channel conditions. In general, the SCM channel is less frequency selective than the ETU channel. TxD performance degrades while closed-loop beamforming performance improves comparing to frequency-selective channels.
In Fig. 6, for the 2Tx-2Rx case, the performance gap becomes 1~2 dB at BLER level 10-2. Considering the 1.4 dB SNR compensation for the non-intl mode, the performance will become similar while beamforming outperforms TxD at low SNRs. In Fig. 7, for the 4Tx-2Rx case, the beamforming performance further improves thanks to the finer resolution of the codebook. At BLER level 10-2, the performance gap becomes less than or around 1 dB. With the 2.1 dB compensation for the non-intl mode, beamforming becomes a better choice for the SCM channel model. Alternatively, this can also be interpreted as beamforming providing the same performance as TxD but with significantly less resources. Nevertheless, several optimistic assumptions were considered for beamforming in this case including the constant CSI feedback availability, the low UE speed, and the AWGN interference. 
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Fig. 6 E-PDCCH performance under SCM channel (2Tx-2Rx)
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Fig. 7 E-PDCCH performance under SCM channel (4Tx-2Rx)

The performance of the same transmission schemes is also compared under different channel models in Appendix B. Changing from the ETU to the SCM channel model causes TxD to suffer ~3 dB loss because of less frequency selectivity. Conversely, closed-loop beamforming  improves by ~1/3 dB better for the 2/4 Tx case.
Based on the above results, different transmission schemes betterfit different channel conditions. A systematic design of E-PDCCH should be able to accommodate various channel conditions between eNB and UE so that the E-PDCCH overhead can be minimized while providing robust performance which are essential for E-PDCCH design. Therefore, the E-PDCCH design should support both interleaved and non-interleaved modes.

4 Conclusions

This contribution presented link level evaluation results for the E-PDCCH interleaved mode using transmit diversity and the E-PDCCH non-interleaved mode using rank-1 closed-loop beamforming.It is observed that:
· For the uncorrelated ETU channel model, the interleaved mode with transmit diversity is preferable;

· For the correlated SCM channel model, the non-interleaved mode with rank-1 beamforming is preferable (albeit under some optimistic assumptions).
Based on these observations, it is proposed to

· Support both interleaved and non-interleaved modes for E-PDCCH transmission.
Appendix A
	Parameter
	Value

	System bandwidth
	10 MHz

	Carrier frequency
	2.0 GHz

	Antenna configuration at eNB
	2/4, 0.5λ spacing

	Antenna configuration at UE
	2, 0.5λ spacing

	CRS configuration
	2/4 CRS ports

	PDCCH configuration
	3 OFDM symbols

	Channel model
	Uncorrelated: ETU

Correlated: SCM (Urban-Macro, 
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	UE velocity
	3 km/h

	E-PDCCH Interleaved Resource Configuration
	2-slot based with REG/CCE partitioning

	E-PDCCH Interleaved Transmission mode
	DMRS based SFBC/FSTD for 2/4Tx

	E-PDCCH Non-interleaved Resource Configuration
	An E-CCE with 3 distributed subcarriers in a PRB pair

	E-PDCCH Non-interleaved Transmission mode
	Closed-loop rank-1 spatial multiplexing

	Precoding
	Rel-8 codebook for 2/4-Tx

	Feedback mode
	Mode 3-1 (wideband PMI + subband CQI)

	Feedback reporting delay
	10 ms

	Feedback reporting periodicity
	1ms

	Modulation and coding
	QPSK, 1/3 TBC coding with rate matching

	DCI format
	DCI 2C: 42 + 16CRC bits

	VRB configuration
	Distributed 6 PRBs (PRB #0, 8, 16, 24, 32, 40, 48)

	CSI-RS configuration
	2/4-Tx CSI-RS, 1 ms periodicity

	DM-RS configuration
	Rel-10 DM-RS (port7~8 for 2Tx, port7~10 for 4Tx)

	Channel estimation algorithm
	CRS: granularity 1-RB

          MMSE estimation of the first-column CRS 

for PDCCH

CSI-RS: granularity 4-RB 
MMSE estimation
DM-RS: granularity 1-RB 
MMSE estimation


Appendix B
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