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1 Introduction

This contribution shows the PDCCH capacity results for a 10MHz carrier.  The simulation methodology is as follows - For a fully loaded Macro-cell network (25 UEs/cell) and Case 3 deployment scenario, system simulations are used to determine the number of CCE per PDCCH PDF. Then, the resultant CCE distribution is used to compute the PDCCH blocking probability based on the UE specific and Common Search Space restrictions for different UE loading.  
2 Discussion

2.1 Number of CCEs available (NCCE_AVAIL) for PDCCH
For 10MHz LTE carrier with eNBs configured with 3 control symbols (i.e. PCFICH, n=3), #PHICH groups =4 (i.e. NH=0.5), and 4Tx antennas, there are a total of 37 CCEs (NCCE=37) as shown in Table 1 below. The Table also shows the number of available CCEs for other example configurations (e.g. system bandwidth, number of Tx antennas (NANT)).
Table 1 – Number of CCEs vs. System BW for a given PHICH overhead
	 
	 
	 
	 
	MaxUEs Sched.
	#PHICH

	System BW
	NCCE
	NCCE
	per Subframe
	Groups

	(MHz)
	(#RBs)
	(n=3, NANT =4)
	(n=3, NANT =2)
	(#UL + #DL)
	(NH =0.5,1)

	5
	25
	18
	21
	6+6
	2  (NH =0.5)

	10
	50
	37
	42
	10+10
	4  (NH =0.5)

	15
	75
	54
	62
	14+14
	10  (NH =1.0)

	20
	100
	73
	84
	18+18
	13  (NH =1.0)


For accurate modeling of PDCCH capacity, some assumptions must be made about the usage of common search space resources (16CCEs in CSS) for sending broadcast control and carrier aggregation configuration/activation messages. Less than 30% of the subframes per radio frame include SIB transmissions (SIB1 transmission + two SIB-x (x>1) transmissions given 8 transmissions per SIB-x in each 40ms SIB window) per subframe.  Assuming two RACH, two Pages and one CA configuration/activation message per radio frame and each requiring 4 CCEs (given use of DCI 1C, 4 Tx antenna eNBs, and power boosting as needed) then (3+2+2+1)*4=32 CCEs out of 10*37 CCEs (i.e. 370 CCEs in a Radio Frame) are used, thus leaving 34 CCEs per sub frame available for UESS DL/UL PDCCH (i.e. NCCE_AVAIL =34). Thus, the simulations are performed based on 37 CCE per subframe and the final result is adjusted to account for the average 3 CCEs used for CSS messages. 
2.2 CCE Allocation Probablity for 3GPP Case 3

In Table 2 below the CCE allocation probability is given for Case 3 for different grant sizes for downlink grants (62 bits) and uplink grants (44 bits).  This means ~1.6 CCEs/DL Grant and ~1.3 CCEs/UL Grant.
Table 2 - CCE Allocation Probability (%) for 3GPP Case 3 for 10MHz System BW 
	Aggregation Level
	1
	2
	4
	8

	43 bit grant
	89.4
	10.2
	0.40
	0.04

	62 bit grant
	53.1
	41.7
	5.0
	0.01


PDCCH FER for two grant sizes measured in the system level simulation is shown in Table 3 below.
Table 3 – PDCCH FER for 3GPP Case 3
	 
	 
	3GPP Case3

	43 bit Grants
(UL) 
	allCCE
	0.07%

	
	1_CCE
	0.07%

	
	2_CCE
	0.02%

	
	4_CCE
	0.02%

	
	8_CCE
	0.00%

	
	
	

	62 bit Grants 
(DL)
	allCCE
	0.14%

	
	1_CCE
	0.25%

	
	2_CCE
	0.01%

	
	4_CCE
	0.01%

	
	8_CCE
	0.21%

	 
	 
	


The PDF Control channel SNR vs. #CCEs allocated for 3GPP Case 3 are shown in Figure 1 (Uplink Grant: 43 bits) and Figure 2 (Downlink Grant: 62 bits) below:
[image: image1.emf]
Figure 1 – Control channel SNR vs. #CCEs allocated for 3GPP Case 3: 43bits (UL grant)
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Figure 2 – Control channel SNR vs. #CCEs allocated for 3GPP Case 3: 62bits (DL grant)
2.3 PDCCH Blocking
The UESS search locations in that CC have to be increased beyond Rel8 with SU-MIMO) to accommodate additional PDCCHs for MU-MIMO in Rel-10 and beyond.  Figure 3 shows that new CCE candidate locations can be added to existing Rel8 locations for each aggregation level (Details in the Annex A).   It is shown that for the Rel-8 (6,6,2,2) search space size  that an additional 16 Grants (8 DL and 8 UL) can be handled (i.e. No CA UESS, Rel-8-L (Max 10 PDCCHs) + 16 extra PDCCHs) above and beyond the on average 9 DL grants and 6 UL grants needed to supported Rel-8 SU-MIMO full buffer traffic users as shown in Figure 4 with a 2 consecutive subframe blocking probability of 3%.
[image: image3.emf]0.0%

1.0%

2.0%

3.0%

4.0%

5.0%

6.0%

Rel-8-H(Max 

18 PDCCH)

Rel-8-L (Max 

10 PDCCH)

Rel-8-L + 4 

Extra 

PDCCHs

Rel-8-L + 8 

Extra 

PDCCHs

Rel-8-L + 12 

Extra 

PDCCHs

Rel-8-L + 16 

Extra 

PDCCHs

Rel-8-L + 20 

Extra 

PDCCHs

Consecutive Subframe Blocking Probability

Loading Scenario

No CA UESS

Cross-Carrier CA UESS (no sharing)

Cross-Carrier CA UESS (with sharing)


Figure 3 – Blocking Performance of Different Search Space Configurations 
(Blocking in 2 consecutive subframes)
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Figure 4 – Number of Grants/UEs scheduled per Subframe PDF
2.3.1 PDCCH Capacity
From Figures 3 and 4 an additional 16 grants (8 DL and 8 UL) can be supported beyond the 9 DL and 6 UL grants needed to support SU-MIMO full buffer traffic type users.
3 Conclusions
Based on system simulations with explicit PDCCH modeling (modeling was down to REG level using subblock interleaver and convolutional decoder instantiation per PDCCH [3]) and blocking simulations it was determined that PDCCH capacity for 10MHz LTE carrier with 4Tx antenna eNBs is approximately 17 DL (62-bit) grants and 14 UL (43-bit) grants if 37 CCEs are available for UESS per subframe. Considering CSS message (~3 CCEs per subframe), it is expected that ~ 34 CCEs are available for UESS, then the actual PDCCH capacity is lower and is approximately 16 DL and 12 UL grants on average.  This assumes 1.6CCEs/DL Grant (62-bit) and 1.3CCEs/UL Grant (43-bit) are used.
The number of Grants/UEs scheduled per Subframe PDF for DL and UL in Figure 4 for Case 3 can be shifted to the right on the x-axis by 6 to 7 grants.  Note for smaller cells (like DS Case 1) the number of grants supported will be higher.  More grants are also expected to be supported for a bursty traffic model compared to a full buffer traffic model
4 References

[1]  R1-104224, “Comparison of Non-contiguous PUSCH resource allocation techniques”, Motorola, 3GPP RAN1#61bis, Dresden, Germany, July 2010.

[2]  R1-103168, “Blind decoding and Search Spaces for Carrier Aggregation”, Motorola, 3GPP RAN1#61, Montreal, Canada, May 2010.

[3]  Liu et al, “Design and Analysis of LTE Physical Downlink Control Channel”, IEEE VTC 2009.
ANNEX A – Search Space Blocking Performance via Simulations
This Annex describes space blocking performance simulations. 
Simulation Methodology:

Simulations are performed for 10MHz carrier bandwidth with n=3 and 4 Tx antennas. For this scenario, a total of 37 CCEs are available for scheduling on the CC configured with CIF. Two paired CCs (CC0 UL, CC0 DL, CC1 UL, CC1 DL) are assumed for the simulations. PDCCH grants and assignments for both CC0 and CC1 are scheduled from CC0.

Table A-1 shows PDFs for #UL and #DL PDCCHs scheduled per subframe. These PDFs were extracted from previous Rel8 system simulations. For the Rel8-L and Rel8-H cases shown in Section 2,  #PDCCHs scheduled per subframe for CC0 are generated from these PDFs . Number of CC0 Rel8 PDCCHs per subframe is limited to a maximum of 10 for the Rel8-L case. This is done in order to model slightly lower loading situations where additional carrier aggregation UEs are accommodated.  

Table A-1 – Distribution of #PDCCHs per Subframe
	 
	CDF for #Scheduled UEs per Subframe(Based on Rel8 simulation. Additional PDCCHs for Rel10 not included)

	 
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	DL
	0.0%
	5.0%
	15.0%
	30.0%
	70.0%
	85.0%
	95.0%
	100.0%
	100.0%
	100.0%

	UL
	4.4%
	16.7%
	28.9%
	38.1%
	48.8%
	60.6%
	71.6%
	83.1%
	92.0%
	100.0%


To study blocking performance with CIF, additional PDCCHs are added to those generated for Rel8-L baseline case in each subframe. Blocking is measured for 
4 extra PDCCHs (1UL+1DL for CC0 and 1UL+1DL for CC1), 
8 extra PDCCHs (2UL+2DL for CC0 and 2UL+2DL for CC1), 
12 extra PDCCHs (3UL+3DL for CC0 and 3UL+3DL for CC1),
16 extra PDCCHs (4UL+4DL for CC0 and 4UL+4DL for CC1) and 
20 extra PDCCHs (5UL+5DL for CC0 and 5UL+5DL for CC1) per subframe. 

Blocking statistics are generated using the following steps:

1. Initialization: UEID, grants, CCE aggregation sizes. For each drop, randomly assign 25 UEIDs.  Then for each UE, assign 4 grants (UL and DL for CC0, and UL and DL for CC1), and assign its CCE aggregation levels associated with UL and DL grants.

2. Determination of number of grants to schedule.  Per subframe, based on the PDF for #DL PDCCHs scheduled per subframe, determine the number of grants to be scheduled for CC0 DL is N1.  Likewise, determine the number of grants to be scheduled for CC0 UL is N2.  

3. Grant selection.  For each subframe, select N1 DL grants for CC0 to add into the CCH scheduler queue. Select N2 UL grants for CC0 to add into the CCH scheduler queue.  Then select N0 extra DL grants for CC0, N0 extra UL grants for CC0, N0 extra DL grants for CC1, and N0 extra UL grants for CC1 to add into the CCH scheduler queue.  That is, each subframe has M=N1+N2+4xN0 grants to be scheduled to use the control region.  However, not all may be actually scheduled due to CCH and HF limitations.  Among the M total grants, denote the number of 1CCE grants as M1, 2CCE grants M2, 4CCE M4, and 8CCE M8.  Note that the grants are selected in a round robin fashion, but any grants that were blocked and have not gone through get high priority and are selected.

4. Hashing.  The CCH scheduler assigns CCEs to the grants selected for the scheduler queue.  A grant is blocked if it cannot fit into its search space due to the presence of other grants. All the blocked grants will be recorded, denoted B1, B2, B4, and B8 for all the aggregation levels.  All grants blocked for consecutive subframes will also be recorded.

5. Blocking rates.  At the end of the simulation drop, blocking rates will be computed as:
sum(M1) / sum(M) for 1CCE aggregation blocking rate, where the sum is over all subframes.  Likely blocking rates for other aggregation levels can be computed.  Multiple drops are simulated and the blocking rates averaged over all drops are computed.  Similarly consecutive blocking statistics can be computed.
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Figure A1 – Consecutive Subframe Blocking Probability for different UESS options
Figure above shows that there is some consecutive subframe blocking reduction benefit to offsetting the search spaces of the cross scheduled CC relative to those of the PDCCH CC.  Also small benefit from using (6,6,2,2) BDs versus (3,3,2,2) BDs for cross scheduled CC search spaces.  Finally, shared SSs show further blocking improvement.
Detailed blocking statistics for each scenario 

Same (6,6,2,2) CCE locations for CC0 and CC1 PDCCHs
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(6,6,2,2) PDCCH locations for CC0, (6,6,2,2) separate locations for CC1
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(6,6,2,2) PDCCH locations for CC0, (6,6,2,2) PDCCH locations for CC1

Both CC0 and CC1 PDCCH locations are shared
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Figure A2 – Control channel SNR vs. #CCEs allocated for 3GPP Case 3: 43bits
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Figure A3 – Control channel SNR vs. #CCEs allocated for 3GPP Case 3: 62bits
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Figure A4 – BLER vs. SNR for DCI Format 1A PDCCH, 10MHz, 43bits, ETU 3km/h, 8CCE, real channel estimation and for SIMO, SFBC, FSTD.  No PCFICH power boosting used for wPCFICH.
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