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Discussion & Decision 
1 Introduction

In the RAN1#51 meeting, it was agreed to use the subblock interleaver in TS 36.212 section 5.1.4.2.1 as the interleaver for PDCCH unless it is shown in meeting #51bis that problems exists with this interleaver, in which case the alternative Costas interleaver should be used.
It is shown in this contribution that the subblock interleaver provides only half of the interleaver gain for the cell edge users that could be obtained by using Costas interleaver. It is thus proposed to use the alternative Costas interleaver for the CCE to RE mapping.
2 Simulator setup
To evaluate the performance of the CCE to RE interleaver, a system simulator was used with embedded link simulators (instead of a metric-based interface between system and link simulator) to accurately simulate both the PDCCH and PDSCH links simultaneously. The system simulator provides a realistic inter cell interference scenario taking into account fast fading, and the link simulator use correct encoding and decoding and models the resource element level details in the CCE to RE mapping accurately to obtain link performance. This setup allows us to see the impact on the PDSCH throughput with a realistic non-ideal PDCCH.
The simulator is set up and operates as follows: Only PDSCH and PDCCH traffic in the primary cell is evaluated and in other surrounding cells, full buffer PDSCH traffic and fully utilized PDCCH is assumed to create interference to the primary cell. An exception is the PDCCH interference from the dominant interfering cells where realistic encoded, scheduled and mapped PDCCH’s are used to accurately model the effects of interleavers on intra-cell PDCCH interference.

The Node B in the primary cell calculates after frequency domain packet scheduling of the user’s PDSCH, the required number of CCE’s to transmit the PDCCH corresponding to each scheduled UE and the total amount of PDCCH resources required (i.e. the value of n symbols used for control signalling). Each PDCCH consist of 32 information bits and use one of four formats of either 1,2,4 or 8 CCEs dependent on the reported wideband CQI from the corresponding scheduled UE. This PDCCH link adaptation has the goal to meet the PDCCH BLER target of 1%. 
After PDCCH resource allocation, power control of the PDCCH’s is adopted where power is transferred from PDCCH’s consisting of a small number of CCEs to PDCCH’s consisting of a large number of CCE’s (belonging to cell edge UE’s) keeping the total transmit power constant and the 1 % BLER target fulfilled. With this power transfer between PDCCH’s, the number of used CCEs and eventually, the value n of control symbols can eventually be decreased leading to a reduced control channel overhead.  If the number of CCE’s is not enough to support the scheduled UEs on the PDSCH (i.e. n>3 is needed), the most PDCCH resource demanding UE is removed from the pool of scheduled UEs and the PDCCH resource allocation starts over with one less PDSCH user.
After PDSCH scheduling and PDCCH resource allocation and associated power control, an embedded link simulator is used to implement the encoding and mapping of the PDCCH, PHICH, PCFICH, RS and PDSCH. The PDCCH encoding, CCE grouping and mapping to RE’s are performed according to [1].  The PCFICH and PHICH is mapped to RE’s depending on the CELL_ID according to [2] and it should be noted that the primary and interfering cells map the PCFICH and PHICH to different resource elements which will give some small amount of interference randomization of the PDCCH. 
After mapping of the PDCCH and the PDSCH for each UE in the cell under study (i.e. the primary cell), a single link simulation is executed, taking into account realistic and fast fading intercell interference which is encoded and mapped (but eventually with a different PDCCH interleaver and using a different CELL_ID) as in the primary cell. The PDCCH is then decoded for each UE and the corresponding CRC check is performed. If the PDCCH is decoded correctly, the simulator execute the corresponding PDSCH link simulation and report the resulting ACK or NACK. If the PDCCH is not decoded correctly, a NACK is reported (it is assumed that the UE ID detection is ideal).  

The following  CCE to RE interleavers were evaluated in this contribution:
I. Using no CCE to RE interleaver at all (for reference)
II. Interleaver according to [1] without CELL_ID dependent cyclic shifts (cell common interleaver)

III. Interleaver according to [1] with CELL_ID dependent cyclic shifts (cell dependent interleaver) – current working assumption
IV. Costas sequence based interleaver [3] with CELL_ID dependent cyclic shifts (cell dependent interleaver) – alternative working assumption
3 Results 
The results are given as the PDSCH cell and cell edge user (5%) throughputs in Tables 1 and 2 below.  As can be seen, using a PDCCH interleaver gives 5-6 % cell throughput gain over no interleaver at all, and this is the interleaver gain.  The gain for the average user comes from the frequency diversity the interleaver provides, which reduce the PDCCH error probability. 
For the cell edge users, inter cell interference randomization becomes an even more important aspect of the interleaver design, and using a cell specific cyclic shift gives some improvement in cell edge user throughput compared to the cell common interleaver. The Costas interleaver gives on the other hand, a doubling in the interleaver gain for cell edge users compared to the existing interleaver in [1].     
Table 1 Average cell PDSCH throughput

	Scheme 
	Cell throughput 
	Relative cell throughput compared to no interleaver 

	I. No interleaver 
	12.59 Mb/s 
	 - 

	II. Sub-block interleaver, no cyclic shift (same interleaver in all cells) 
	13.23 Mb/s 
	5.1 % 

	III. Sub-block interleaver, cyclic shift depending on cell ID (as in TS 36.211) 
	13.26 Mb/s 
	5.3 % 

	IV. Costas interleaver,  cyclic shift depending on cell ID 
	13.41 Mb/s 
	6.5 %


Table 2 Cell edge user PDSCH throughput

	Scheme 
	Cell edge user throughput 
	Relative cell throughput compared to no interleaver 

	I. No interleaver 
	513 kb/s 
	 - 

	II. Sub-block interleaver, no cyclic shift (same interleaver in all cells) 
	558 kb/s 
	8.8 % 

	III. Sub-block interleaver, cyclic shift depending on cell ID (as in TS 36.211) 
	565 kb/s 
	10.1 % 

	IV. Costas interleaver,  cyclic shift depending on cell ID 
	615 kb/s 
	19.9 %


4 Conclusion
Evidence has been provided that show a doubling of the cell edge user interleaver gain if the current interleaver for RE to CCE mapping in TS 36.211 is replaced with the alternative Costas interleaver. 
In other words, the results in this contribution demonstrates that there are scenarios where the PDCCH from different cells collides and gives a problematic interference situation for the PDCCH decoder. 
Therefore it is well justified to adopt the alternative, (Costas) CCE interleaver anticipated in the previous RAN1 decision to be the actual DPCCH interleaver described in Section 6.8.5 of TS 36.211.      
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6 Appendix:
Simulator assumptions
	Number of Cells
	3*19 = 57

	Number of UEs per sector
	4

	Antenna Structure
	1x1

	Channel Model
	TU

	Inter site distance
	500 m

	Cyclic prefix
	Short

	Centre Frequency
	2 GHz

	Transmit Bandwidth
	10 MHz

	Transmission Power
	40 Watts (46 dBm)

	Lognormal Shadowing
	8dB

	Noise Figure
	9 dB

	Transmit Antenna Gain
	0 dBi

	Receive Antenna Gain
	14 dBi

	Penetration loss
	20 dB

	Path-Loss
	128.1+37.6log10(R), R in km

	Scheduler
	Proportional Fair

	Channel Estimation
	Ideal

	Traffic Model
	Full Buffer

	CQI type
	Wideband CQI plus Full CQI (one CQI per 3 PRB)

	CQI Feedback Delay and Interval
	2 ms and 5 ms respectively 

	UE speed
	15 km/h

	Number of HARQ retransmissions
	3

	HARQ
	Chase combining

	Number of dominant interfering cells (which models fast fading and realistically modulated and power controlled PDCCH plus full buffer PDSCH traffic)
	1

	Cell ID primary cell
	1

	Cell ID dominant interfering cell
	22

	Number of PHICH
	12 (constant)

	PHICH mapping
	To 1st OFDM symbol only

	PHICH detection performance
	Ideal

	PCFICH detection performance
	Ideal

	PDCCH UE ID detection performance
	Ideal














































































































