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1. Introduction

Carrier aggregation is one of the key features of LTE-Advanced to support wider bandwidth than supported by Rel-8 LTE. In Rel-8 LTE FDD, PDCCH transmission on a DL carrier corresponds to the PDSCH scheduling in the same DL carrier or the PUSCH scheduling in the linked UL carrier. However, in LTE-A, there may exist multiple DL component carriers (CCs) and multiple UL CCs in a cell and eNB should be able to schedule multiple DL/UL CCs to a UE in a subframe.

In RAN1 #56bis meeting, there was discussion on how to transmit and encode PDCCH for multiple carrier aggregation in LTE-A. As a result, the following conclusion was derived. 

· Basic agreement : A PDCCH is transmitted within one CC (Component Carrier)
· FFS : Mapping/coding of PDCCH information related to PDSCH from each CC 
· Separate PDCCH for each CC
· Common PDCCH (e.g. jointly coded) on one CC
In this paper, we review on separate and common PDCCH encoding methods [1-15] with comparison on features of two PDCCH candidates, such as overhead, scheduling flexibility (e.g. blocking problem), error propagation, and blind decoding. Based on this, we present our basic preference on PDCCH structure for scheduling multiple DL/UL CCs in LTE-A, and suggest further consideration issue for optimization of PDCCH structure in aspect of decoding complexity.

2. PDCCH structures for multiple component carriers
For simultaneous scheduling of multiple CCs in carrier aggregation situation, how to encode DCI and construct PDCCH for multiple CCs is considered as an important issue in LTE-A. Basically, it is already agreed that a PDCCH is transmitted within one DL CC. In general, following two PDCCH design alternatives are envisioned for encoding of the DCI: separate PDCCH [3][4][5][8][12] and common PDCCH [6][7][10][11][13]. 

Alt. 1) Separate PDCCH (S-PDCCH)
With this method, PDCCH in one DL CC schedules PDSCH/PUSCH in one CC for a UE. That is, multiple PDCCHs should be separately encoded and transmitted to schedule PDSCH/PUSCH in multiple CCs for a UE in a subframe. In addition, effect of the reception error of a PDCCH is restricted to PDSCH/PUSCH in the corresponding CC. That is, reception of the PDSCH/PUSCH scheduled in different CCs to a UE is independent to each other. Definition and characteristics of S-PDCCH is summarized as below.
· Each DCI is separately encoded for each CC 
· One PDCCH indicates one scheduled CC
· The design concept of Rel-8 structure can be maintained as much as possible
· Search space, CCE aggregation, DCI format, and etc. 

· CRC overhead scales with the number of scheduled CCs

· Number of blind decoding attempts UE has to perform scales with the number of DL CCs
Alt. 2) Common PDCCH (C-PDCCH)

With this method, the scheduling information of multiple CCs for a UE is encoded jointly and transmitted by a single PDCCH on a DL CC. Therefore, this method reduces PDCCH CRC overhead when compared with S-PDCCH in case of multiple CC scheduling. Definition and characteristics of C-PDCCH is summarized as below.

· Single DCI is jointly encoded for multiple CCs
· One PDCCH indicates multiple scheduled CCs
· Transmitted through one (any or preconfigured specific (e.g. anchor) CC) of multiple DL CCs
· May need the introduction of larger CCE aggregation levels than 8
· Depending on the DCI payload size which is varied according to the number of scheduled CCs
· Scheduling restriction is to be more serious (e.g. blocking problem) 

· If PDCCH is missed, all the scheduled TBs are lost
· This yields error propagation for all the scheduled CCs
· Fixed CRC overhead, regardless of the number of scheduled CCs

· Number of blind decoding attempts at UE side may not increase significantly with the number of DL CCs by fitting DCI payload size in C-PDCCH fixed or adopting primary PDCCH to aid decoding of C-PDCCH
In order to reduce blind decoding burden of pure C-PDCCH, several approaches are recently proposed [6][7][9][10][15]. One of these is two-step C-PDCCH approach in which primary PDCCH (P-PDCCH) is adopted to aid easy decoding of C-PDCCH. In the first step, UE performs blind decoding of P-PDCCH transmitted though anchor DL CC. A P-PDCCH may contain index of DL CC carrying C-PDCCH, indication of CCs scheduled by C-PDCCH, CCE aggregation level and/or CCE position for C-PDCCH, and etc.. Then, only for the DL CC indicated by P-PDCCH and using information obtained in P-PDCCH, UE performs blind decoding of C-PDCCH in the second step. Another is fixed C-PDCCH approach which has a fixed DCI payload size, regardless of the number of scheduled CCs. 
3. Comparison of two PDCCH encoding candidates 

In this section, we provide exemplary comparison of S-PDCCH and C-PDCCH based on some numerical results in terms of:
· CRC overhead 
· PDCCH size 
· Blind decoding 
· Error propagation 
(1) CRC overhead 
Tables 1 and 2 compare CRC overhead over DCI size of S-PDCCH and C-PDCCH according to the number of scheduled CCs (e.g. TBs) when DCI formats 1A and 2 are used, respectively. Here, DCI formats 1A and 2 consist of 28 and 57 information bits, respectively, and 16 bit CRC is applied. In addition, for 2-step C-PDCCH, it is assumed that P-PDCCH is composed of 30 bits including CRC. First of all, CRC overhead of S-PDCCH is fixed to 36.4% (format 1A), and 21.9% (format 2), regardless of the number of scheduled CCs while that of pure C-PDCCH is varied from 36.4% to 10.3% (format 1A), and from 21.9% to 5.3% (format 2). On the other hand, for 2-step C-PDCCH, overhead increases due to P-PDCCH transmission. For fixed C-PDCCH, overhead much increases because a number of unnecessary bits is padded to fit fixed DCI size and also regarded as overhead. 
Table 1 : CRC overhead comparison of S-PDCCH and C-PDCCH (DCI format 1A)

	
	S-PDCCH
	Pure C-PDCCH
	2-step C-PDCCH
	Fixed C-PDCCH

	# of CCs
	DCI size [bits]
	CRC

Overhead 
	DCI size [bits]
	CRC

Overhead 
	DCI size [bits]
	CRC

Overhead 
	DCI size [bits]
	CRC

Overhead 

	1
	44
	36.4%
	44
	36.4%
	74
	43.2%
	156
	82.1%

	2
	88
	36.4%
	72
	22.2%
	102
	31.4%
	156
	64.1%

	3
	132
	36.4%
	100
	16%
	130
	24.6%
	156
	46.2%

	4
	176
	36.4%
	128
	12.5%
	158
	20.3%
	156
	28.2%

	5
	220
	36.4%
	156
	10.3%
	186
	17.2%
	156
	10.3%


Table 2 : CRC overhead comparison of S-PDCCH and C-PDCCH (DCI format 2)

	
	S-PDCCH
	Pure C-PDCCH
	2-step C-PDCCH
	Fixed C-PDCCH

	# of CCs
	DCI size [bits]
	CRC

Overhead 
	DCI size [bits]
	CRC

Overhead 
	DCI size [bits]
	CRC

Overhead 
	DCI size [bits]
	CRC

Overhead 

	1
	73
	21.9%
	73
	21.9%
	103
	31.1%
	301
	81.1%

	2
	146
	21.9%
	130
	12.3%
	160
	20%
	301
	62.1%

	3
	219
	21.9%
	187
	8.6%
	217
	14.8%
	301
	43.2%

	4
	292
	21.9%
	244
	6.6%
	274
	11.7%
	301
	24.3%

	5
	365
	21.9%
	301
	5.3%
	331
	9.7%
	301
	5.3%


· Observation on CRC overhead
· CRC overhead of pure C-PDCCH is always smaller than S-PDCCH. However, CRC overhead reduction/increase by BD-reduced C-PDCCH approaches depend on the number of aggregated CCs.
(2) PDCCH size 
Tables 3 and 4 compare achievable code rate of S-PDCCH and C-PDCCH according to CCE aggregation levels when DCI formats 1A and 2 are used, respectively. Especially, in case of 2-step C-PDCCH, code rate is considered only for the second step excluding P-PDCCH in the first step. Thus, achievable code rate in 2-step C-PDCCH is same with pure C-PDCCH case. Focusing on CCE aggregation level of 8 which is the maximum in Rel-8, the minimum achievable code rate by S-PDCCH is 0.08 for format 1A and 0.13 for format 2, regardless of the number of scheduled CCs. Considering the case that 5 CCs are scheduled, to meet the minimum code rate supported in Rel-8, C-PDCCH needs up to CCE aggregation level of 32 which consists of 288 REGs and occupies 1152 REs. Besides, in case of pure C-PDCCH and 2-step C-PDCCH, achievable code rate by a CCE aggregation level is varied according to the number of scheduled CCs. As a result, there are much higher code rate which is not supportable and much lower code rate which is unnecessary. In other words, unlike S-PDCCH, CCE aggregation levels for C-PDCCH should be differently managed according to the number of scheduled CCs. 
Table 3 : Code rate comparison of S-PDCCH and C-PDCCH (DCI format 1A)
	
	S-PDCCH
	Pure C-PDCCH

(same with 2nd step in 2-step CPDCCH)
	Fixed 

C-PDCCH

	# of CCs
	-
	1
	2
	3
	4
	5
	1~5

	DCI size [bits]
	44
	44
	72
	100
	128
	156
	156

	1 CCE
	0.61
	0.61
	1
	1.39
	1.78
	2.17
	2.17

	2 CCEs
	0.31
	0.31
	0.5
	0.69
	0.89
	1.08
	1.08

	4 CCEs
	0.15
	0.15
	0.25
	0.35
	0.44
	0.54
	0.54

	8 CCEs
	0.08
	0.09
	0.13
	0.17
	0.22
	0.27
	0.27

	16 CCEs
	0.04
	0.04
	0.06
	0.09
	0.11
	0.14
	0.14

	32 CCEs
	0.02
	0.02
	0.03
	0.04
	0.06
	0.07
	0.07


Table 4 : Code rate comparison of S-PDCCH and C-PDCCH (DCI format 2)

	
	S-PDCCH
	Pure C-PDCCH

(same with 2nd step in 2-step CPDCCH)
	Fixed 

C-PDCCH

	# of CCs
	-
	1
	2
	3
	4
	5
	1~5

	DCI size [bits]
	73
	73
	130
	187
	244
	301
	301

	1 CCE
	1.01
	1.01
	1.81
	2.6
	3.39
	4.18
	4.18

	2 CCEs
	0.51
	0.51
	0.9
	1.3
	1.69
	2.09
	2.09

	4 CCEs
	0.25
	0.25
	0.45
	0.65
	0.85
	1.05
	1.05

	8 CCEs
	0.13
	0.13
	0.23
	0.32
	0.42
	0.52
	0.52

	16 CCEs
	0.06
	0.06
	0.11
	0.16
	0.21
	0.26
	0.26

	32 CCEs
	0.03
	0.03
	0.06
	0.08
	0.11
	0.13
	0.13


For C-PDCCH, in order to avoid introduction of larger CCE aggregation levels, DCI payload compression/optimization or scheduling format restriction for scheduled CCs can be additionally considered. However, this alternative needs new design of DCI payload contents and may yields performance degradation and/or scheduling restriction.
· Observation on PDCCH size
· Scheduling restriction (e.g. blocking problem) is to be more serious for C-PDCCH because relatively larger CCE aggregation levels than Rel-8 may be required 
· Otherwise, DCI contents should be redesigned for C-PDCCH size reduction, and many technical points for the redesign exist
(3) Blind decoding 
For easy analysis of blind decoding (BD), we only consider UE-specific PDCCH search space in which the maximum number of required BD attempts is 32 ((6+6+2+2) x 2) in Rel-8 by considering 4 (1, 2, 4, 8) CCE aggregation levels and 2 DCI formats. In particular, in case of C-PDCCH, we consider scheduling of DL PDSCH only (excluding UL PUSCH scheduling), and it is assumed that C-PDCCH is only transmitted through anchor DL CC. Same transmission mode for all CCs is assumed, but scheduling format is determined per CC. In addition, two different scheduling formats 1 and 1A with different sizes are available for scheduling of each DL CC. Note in C-PDCCH that DCI consists of multiple scheduling formats whose number is same with that of scheduled CCs. 
First of all, assuming aggregation of 5 CCs, the number of required BD attempts for S-PDCCH becomes 160 ((16 x 2) x 5). In case of pure C-PDCCH, assuming that each scheduling format in DCI can be distinguished by implicit indicating, the number of required BD attempts becomes 320 (16 x (2+3+4+5+6)). This is because UE should perform BD of all possible DCI sizes varying according to the number of scheduled CCs. For example, when 2 CCs are scheduled, BD should be performed for 3 possible DCI sizes (“1A+1A” or “1A+2”(= “2+1A”) or “2+2”). On the other hand, in case of fixed C-PDCCH, the number of required BD attempts is reduced to 16 because DCI size is fixed all the time regardless of the number of scheduled CCs. Tables 5 provide required BD attempts of 2-step C-PDCCH when a fixed DCI format for P-PDCCH is assumed. As shown in the table, BD attempts are reduced from 32.5% to 13.8% over S-PDCCH according to contents of P-PDCCH. Here, considering both PDSCH and PUSCH transmissions in DL/UL CCs together, it is expected that BD figures of C-PDCCH may increase approximately 2 times. Besides, it should be also considered whether C-PDCCH (and P-PDCCH) is designed per link or not. 
Table 5 : BD attempts of 2-step C-PDCCH according to P-PDCCH contents
	Contents of P-PDCCH
	Required BD attempts for 2-step C-PDCCH
	BD over
S-PDCCH

	Scheduled CC indication + CCE aggregation level
	BD for P-PDCCH : 16

BD for C-PDCCH : 6 (max possible CCE candidates) x 6 (max possible DCI sizes) = 36

Total BD = 52
	32.5%

	Scheduled CC indication + DCI size
	BD for P-PDCCH : 16

BD for C-PDCCH : 16 (all CCE candidates) x 1 (known DCI sizes) = 16

Total BD = 36
	20%

	Scheduled CC indication + CCE aggregation level + DCI size
	BD for P-PDCCH : 16

BD for C-PDCCH : 6 (max possible CCE candidates) x 1 (known DCI sizes) = 6

Total BD = 22
	13.8%


In particular, in order to reduce BD attempts in pure C-PDCCH by reducing the number of possible DCI sizes, scheduling formats for scheduled CCs can be restricted. However, this alternative needs may increase scheduling restriction and performance degradation.
· Observation on blind decoding
· BD attempts can be reduced if BD-reduced approaches such as P-PDCCH concept is additionally adopted 
· This observation doesn’t consider how to apply BD reduction for both DL and UL scheduling
(4) Error propagation 
In S-PDCCH, TB errors are independent for scheduled CCs because PDCCH is encoded per CC and separately transmitted. However, for pure C-PDCCH and fixed C-PDCCH, propagation of TB errors is inevitable for multiple CCs if UE misses PDCCH. Moreover, in case of 2-step C-PDCCH, detection or decoding error of P-PDCCH is additionally coupled with C-PDCCH error cases. 
· Observation on error propagation
· For C-PDCCH, careful consideration is necessary in terms of losing all the scheduled TBs when missing PDCCH
(5) Our Suggestion 
Consequently, based on observation of above numerical comparison of S-PDCCH and C-PDCCH, we summarize our suggestion on PDCCH structure for LTE-A as below.
· Separate PDCCH is basic PDCCH structure for LTE-A
· This is mainly because S-PDCCH has simplicity and easy CCE management per DL CC compared to C-PDCCH
· In addition, it is expected that UEs with Nx PDSCH reception capability may be able to support BD of Nx PDCCH
· However, UE capability scenarios and PDCCH decoding latency due to increased BD of PDCCH should be considered carefully
· Further optimization on blind decoding of separate PDCCH should be studied further
· Necessity of further optimization on blind decoding should be discussed further

· Potential optimization schemes (e.g. for some UE capabilities or in case of large number of monitored CCs)
· Introduction of P-PDCCH approach for BD overhead reduction of S-PDCCH
· P-PDCCH information size may match S-PDCCH information size not to increase BD attempts 

· Adaptive application for a BD reduction method 

· Limitation on BD candidates (CCE aggregation level, BD attempt per aggregation level, CCE position, etc.)
· PDCCH-to-CCE mapping in reference DL CC is correlated with the mapping in the other CCs. 

· A BD reduction scheme can be applied only when the number of total required BDs is larger than a reference threshold value 

· The reference threshold value can be driven by UE capability or cell/eNodeB signaling.

4. Summary
In this paper, we review separate and common PDCCH in terms of overhead, scheduling impact, error propagation, and blind decoding. Furthermore, we summarize our suggestion on PDCCH structure for LTE-A. 
· Separate PDCCH is basic PDCCH structure 
· Further optimization on blind decoding of separate PDCCH is FFS
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