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1 Introduction

In RAN1 #56bis meeting, about DL control signaling on PDCCH for LTE-A, it was agreed that：
· A PDCCH is transmitted within one component carrier
· FFS: Mapping/coding of PDCCH information related to PDSCH from each CC

· Separate PDCCH for each CC

· One PDCCH indicates same CC

· One PDCCH indicates same or different CC

· Overhead increase corresponds to the number of CC

· Common PDCCH (e.g. commonly coded) on one CC

· PDCCH indicates multiple CC

· Study overhead reduction, error coupling/propagation, scheduling flexibility, 
blocking probability, PDCCH blind decoding reduction, …
Based on the conclusions above, in this contribution we provide a prime/secondary PDCCH design for LTE-A. 
2 Comparison of the PDCCH options 
In [1] ~ [7], comparative analysis of common and separate PDCCH structure for component carrier aggregation was presented. As a modified scheme of common PDCCH, Primary / Secondary PDCCH structures were presented in [5] ~ [7]. Based on the following criteria, comparison of Primary/ Secondary PDCCH and separate PDCCH structure is provided:
· DCI Overhead :
Common PDCCH can achieve overhead reduction by removing redundant information fields like CRC and TPC command for PUCCH. A larger granularity of resource allocation will lead to further overhead reduction. However, if the size of common PDCCH is fixed, the payload size may be even larger than that of separate PDCCH on average since each DCI must contain scheduling information for all component carriers regardless of how many was actually scheduled. If the size of common PDCCH is dynamic, the number of required blind decoding will be unacceptable. With Primary/Secondary PDCCH approach, the overhead of the secondary PDCCH can scale with the number of scheduled component carriers while the number of blind decoding attempts is kept low. 
When designing secondary DCI, in order to provide adequate scheduling flexibility, each component carrier should have independent H-ARQ and TBS support. Besides, component carriers may have different bandwidth and channel quality, independent resource allocation for each component carrier may be necessary. A larger granularity of resource allocation may put some restricts on scheduling flexibility and cause some resource waste. To be compatible with LTE Rel-8 and reduce the resource waste, a possible granularity might be suggested twice larger as the granularity defined in LTE Rel-8 with the same bandwidth when a UE is scheduled among multiple component carriers. 
· Number of Blind Decoding:
In general, without any restriction, the number of blind decoding attempts will scale linearly with the number of component carriers if separate PDCCH is applied. Moreover, LTE-Advanced will possibly require new DCI formats to support new features such as CoMP, 8x-antennas, enhanced beamforming and multi-user MIMO. Furthermore, uplink SU-MIMO will require its own DCI format (potentially of new size), and even non-contiguous PRB allocation in uplink could make changes to the DCI formats. New DCI format means more blind decoding attempt and makes the situation even worse. With Primary/Secondary PDCCH approach, significant lower blind decoding attempts can be achieved, and it is quite flexible to support more DCI format sizes on each component carrier, this can help to reduce the number of transmission modes in LTE-Advanced from PDCCH point of view.  
· Scheduling Flexibility:
The main advantage of using separate PDCCH lies in the scheduling flexibility at the eNB. However， Primary/Secondary PDCCH may also has similar scheduling flexibility under some particular rules：
· Due to different radio characteristics among the component carriers (especially for non-contiguous component carriers), the eNB should have the flexibility to select the most appropriate DCI format and provide independent HARQ for the component carrier. With Primary/ Secondary PDCCH approach, independent HARQ for each component carrier is also supported, and Primary PDCCH can inform the UE about the DCI format of each scheduled component carrier on the current subframe. There is no difference at this point of view between two structures. 
· Another advantage of using separate PDCCH is the ability to perform dynamic PDCCH load balancing among the component carriers on a subframe basis. This allows the eNB to dynamically manage the load and performance of the control channel on each component carrier. With Primary/ Secondary PDCCH approach, Load balancing can also be achieved: UE-specific prime component carrier (where the prime PDCCH located) can be switched from one component carrier to another by using higher-layer signaling; component carrier where Secondary PDCCH located can be assigned dynamically by instruction information carried on prime PDCCH.
· Due to larger DCI payload size, common PDCCH may have higher PDCCH blocking probability than separate PDCCH. With Primary/ Secondary PDCCH approach,，some methods can be used to reduce blocking probability：

· UE-specific prime component carrier assignment based on the PDCCH load of each component carrier；

· Component carrier where Secondary PDCCH located can be assigned dynamically by instruction information carried on prime PDCCH (could be the best component carrier with strongest CQI to improve efficiency and robustness). Furthermore, the CCE position of Secondary PDCCH can be informed by instruction information carried on prime PDCCH and will help to make full use of available CCE resource regardless the position limitation of Rel-8. 
· Separating DL assignment and UL grant to reduce DCI size.
· DCI Performance:
In [3], it is mentioned that Primary/ Secondary PDCCH structure introduce an additional dependency in the decoding chain: The UE would need to first decode correctly PCFICH, then Primary PDCCH, based on which the Secondary PDCCH can be decoded. Clearly to avoid significant coverage/performance losses, the P-PDCCH should be very robustly coded. This robust coding would then imply very high total PDCCH overhead. However, according to our simulation results (demonstrated in chapter 4), link performance of Primary/ Secondary PDCCH at the same effective coding rate is very close to that of the separate PDCCH. For example, as illustrated in Figure 1 ，where performance loss of 0.6dB is observed at the 1% BLER. From a system perspective, missed detection of Primary or Secondary PDCCH happens less frequently but has more severe impact (all scheduled PDSCH lost), missed detection of separate PDCCH happens more frequently but have smaller impact. However, since the overall missed detection rate is low (e.g. 1%), it is expected that PDCCH errors under both methods will have similar effect on overall system performance.  
Separate PDCCH structure has another severe problem. Since multiple component carriers are aggregated, mean time between false positive CRC checks decreases as more blind decoding attempts needed. False positive may cause for example erroneous dynamic ACK/NACK transmission on PUCCH and even worse, unauthorized transmissions in the uplink. Primary/ Secondary PDCCH structure not only can reduce the number of blind decoding attempts that directly results in less false positive CRC checks, but also provide two CRC check that basically eliminate the chance of false positive CRC checks.
As stated above, Primary and Secondary PDCCH structure can provide potential overhead reduction and low number of blind decoding attempts. Compared to separate PDCCH, this structure can also achieve similar scheduling flexibility and performance by careful design .so we propose primary and secondary PDCCH structure to be adopted in LTE-Advanced. 
3 Primary and Secondary DCI Design 
Based on discussions above, we provide a Primary/Secondary PDCCH scheme. Following examples are based on 20MHz (110RBs) component carrier bandwidth.
3.1 prime DCI design

· Prime DCI:
· DL assignment/UL grant index：1bit

· DL/UL prime DCIs are separate and have same payload size

· DCI format index per component carrier：2bits

· e.g.：00- no DCI ,01-format x,10-format y,11-format z）

· Secondary component carrier index( where Secondary PDCCH located): 1~3bits
· The number of bit depends on the number of assigned component carriers
· Position index (Combination of CCE aggregation level and position )of Secondary PDCCH: 6bit
· e.g.: as defined in Rel-8, The CCEs corresponding to PDCCH candidate m of the search space 
[image: image1.wmf])

(

L

k

S

 are given by
[image: image2.wmf](

)

{

}

CCE,

mod/

kk

LYmNLi

êú

×++

ëû

, where
[image: image3.wmf]k

Y

 is defined by UE’s 
[image: image4.wmf]RNTI

n

, 
[image: image5.wmf]0,,1

iL

=-

L

 and 
[image: image6.wmf]()

0,,1

L

mM

=-

L

. 
[image: image7.wmf])

(

L

M

 is the number of PDCCH candidates to monitor in the given search space.
· 6 bit can be used to identify the m value of each aggregation level, with this field, Secondary PDCCH position is explicit signaled and only one decoding attempt is needed. for example:

· 0~5: for aggregation level 1, 
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· 6~33: for aggregation level 2 ,
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· 34~53: for aggregation level 4, 
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· 54~63: for aggregation level 8, 
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The payload size of Prime DCI may be different depending on the component carriers assigned to the UE by higher –layer signaling, or can be fixed regardless the actual component carriers assigned. Prime DCI format is given in Table 3-1.

Table3-1:
Prime DCI format

	
	NRB

	
	220
	330
	440
	550

	Field
	Bit-width
	Bit-width
	Bit-width
	Bit-width

	DL assignment/UL grant
	1
	1
	1
	1

	component carrier DCI format index
	4
	6
	8
	10

	Secondary PDCCH component carrier index
	1
	2
	2
	3

	Position index
	6
	6
	6
	6

	CRC
	16
	16
	16
	16

	Total:
	27
	29
	31
	36


3.2 Secondary DCI design

To maximize scheduling flexibility, each component carrier shall have independent DCI formats similar to those defined in Rel-8 when single component carrier is assigned to a UE. When multiple component carriers are assigned to a UE, independence of DCI formats for each component carrier shall be maintained, except for larger resource allocation granularity in comparison to Rel-8 for overhead reduction. One possible granularity is to be twice larger as the granularity defined in LTE Rel-8 with the same bandwidth. Following are three examples based on Rel-8 DCI format 0/1A, 1 and 2.
· Secondary DCI based on Rel-8 Format 1A:
· MCS ， Resource allocation header per component carrier
· HARQ process ID，New data indicator and redundancy version per component carrier
· Common TPC across component carriers
· Format(reserved)：this field can be used to facilitate mixed DL/UL assignment when format 0/1A is used 
· Resource allocation per component carrier.

· same granularity as defined in LTE Rel-8
DCI format 0/1A is given in table 3-2.
Table 3-2 secondary DCI for format 0/ 1A
	
	NRB

	
	110
	220
	330
	440
	550

	Field
	Bit-width
	Bit-width
	Bit-width
	Bit-width
	Bit-width

	Format(reserved)
	1
	1
	1
	1
	1

	Distributed transmission
	1
	2
	3
	4
	5

	Resource allocation  
	13
	26
	39
	52
	65

	MCS
	5
	10
	15
	20
	25

	HARQ process id
	3
	6
	9
	12
	15

	New data indicator
	1
	2
	3
	4
	5

	Redundancy version
	2
	4
	6
	8
	10

	TPC 
	2
	2
	2
	2
	2

	Downlink Assignment Index
	0
	0
	0
	0
	0

	CRC
	16
	16
	16
	16
	16

	Total:
	44
	69
	94
	119
	144


· Secondary DCI based on Rel-8 Format 1:
· MCS ， Resource allocation header per component carrier
· HARQ process ID，New data indicator and redundancy version per component carrier
· Common TPC across component carriers

· Resource allocation per component carrier.

· 8 RB granularity for more than one component carrier assigned, 14 bits for Resource allocation of each component carrier
DCI format 1 for DL-SCH assignments for one codeword is given in table 3-3.
Table 3-3 secondary DCI format for format 1
	
	NRB

	
	110
	220
	330
	440
	550

	Field
	Bit-width
	Bit-width
	Bit-width
	Bit-width
	Bit-width

	Resource allocation header
	1
	2
	3
	4
	5

	Resource allocation  
	28
	28
	42
	56
	70

	MCS
	5
	10
	15
	20
	25

	HARQ process id
	3
	6
	9
	12
	15

	New data indicator
	1
	2
	3
	4
	5

	Redundancy version
	2
	4
	6
	8
	10

	TPC 
	2
	2
	2
	2
	2

	Downlink Assignment Index
	0
	0
	0
	0
	0

	CRC
	16
	16
	16
	16
	16

	Total:
	58
	70
	96
	122
	148


· Secondary DCI based on Rel-8 Format 2:
· Two code words are defined per component carrier
· HARQ process ID are defined per component carrier
· HARQ swap flag
· 1 bit per component carrier to indicate whether the two code words of that component carrier should be swapped
· New data indicator and redundancy version are per code word per component carrier
· Precoding information is defined per component carrier
· Number of reserved bits (which may have to be larger) is:
· 2 bits for rank indicator (RI)

· N*4 bits for precoding information, where N is the number of component carriers
· Resource allocation per component carrier.

· 8 RB granularity for more than one component carrier assigned, 14 bits for Resource allocation of each component carrier
DCI format for DL-SCH assignments for MIMO (Open Loop and Closed Loop) is given in Table 3-4.
Table 3-4 secondary DCI format for DL-SCH assignments for MIMO
	
	NRB

	
	110
	220
	330
	440
	550

	Field
	Bit-width
	Bit-width
	Bit-width
	Bit-width
	Bit-width

	Resource allocation header
	1
	2
	3
	4
	5

	Resource allocation  
	28
	28
	42
	56
	70

	TPC 
	2
	2
	2
	2
	2

	HARQ process id
	3
	6
	9
	12
	15

	HARQ swap flag
	1
	2
	3
	4
	5

	Downlink Assignment Index
	0
	0
	0
	0
	0

	MCS – 1st codeword
	5
	10
	15
	20
	25

	New data indicator - 1st codeword
	1
	2
	3
	4
	5

	Redundancy version - 1st codeword
	2
	4
	6
	8
	10

	MCS – 2nd codeword
	5
	10
	15
	20
	25

	New data indicator - 2nd codeword
	1
	2
	3
	4
	5

	Redundancy version - 2nd codeword
	2
	4
	6
	8
	10

	Precoding information
	6
	10
	14
	18
	22

	CRC
	16
	16
	16
	16
	16

	Total:
	73
	98
	137
	176
	215


Table 3-5 shows the overhead reduction provided by prime-secondary DCI compared to the multiple single component carriers (Rel-8) grants (assuming one assignment for each 110RB component carrier). It can be seen that for all considered cases there is an overhead reduction about 20%~30%, increasing with the number of component carriers. 
Table3- 5: Overhead reduction provided by the prime-secondary DCI 
over multiple single component carrier assignments
	
	Prime-secondary DCI format 1A
	Prime-secondary DCI format 1
	Prime-secondary DCI format 2

	220 RBs
	-17bits
	10 bits (9 %)
	12bits (8%)

	330 RBs
	2bits (1%)
	42 bits (24 %)
	46 bits (21 %)

	440 RBs
	31bits (18%)
	74 bits (32 %)
	80 bits (27 %)

	550 RBs
	70bits (32%)
	106 bits (37%)
	114 bits (31 %)


3.3 prime and secodary PDCCH transport scheme
As illustrated in table3-5, when a UE is scheduled on single or two component carriers, overhead (payload size or required number of CCE) of prime-secondary PDCCH may be even larger than that of separate PDCCH. Furthermore, due to the limitation of CCE aggregation level, sometimes using single secondary DCI may not provide low enough code rate unless introducing higher CCE aggregation level. However, higher CCE aggregation level means that the PDCCH blocking probability will increase substantially due to the large number of contiguous CCEs required. To solve these problems, one possible transport scheme may be: 
· When a UE is assigned one or two component carriers, relevant procedure will be the same as LTE Rel-8 i.e. using separate PDCCH.

· When scheduled on multiple component carriers, UE is informed by high-layer signaling about the indexes of assigned component carriers (including indexes of anchor component carrier and prime component carrier), transmission mode of each component carrier, and other necessary messages.
· On anchor component carrier, relevant procedure will be the same as LTE Rel-8.

· On prime component carrier, relevant procedure will be the same as LTE Rel-8 i.e. Prime DCI format for UE-specific search space and DCI format 0/1A for common and UE-specific search space. When UE is in bad geometry, more than one prime DCI (two is enough) can be sent on prime component carrier, each is corresponding to a secondary DCI and provide necessary code rate.
· Secondary DCI can be sent on any component carrier assigned to the UE.
With this transport scheme ,when a UE is scheduled on one or two component carriers, PDCCH overhead is equal to that of separate PDCCH. In other cases, generally 20%~ 30% overhead reductions can be achieved. When a UE is scheduled on more than one component carrier, blind decoding attempts required is equal to that of two component carriers using separate PDCCH structure and will not scale linearly with the number of assigned component carriers.
4 
Simulation results
In order to test the performance of the proposed prime-secondary PDCCH scheme BLER simulation were run according to the assumptions in Table 4-1 and shown in figure 1 ~ 8.
Table 4-1. Parameters for simulation
	Parameter
	Value

	Component carrier bandwidth
	20 MHz

	Component carrier frequency
	2.0 GHz

	FFT size
	2048

	Channel model
	3GPP TU 3 km/h

	Channel estimator
	Ideal

	Prime/secondary DCI code type
	Tail-biting convolutional code according to Rel´8

	Prime DCI payload sizes (bits)
	36

	secondary DCI payload size (bits)
	According to table3-1 ~ table 3-4

	# of OFDM symbols for the control channel
	3

	# of TX antennas at Node B
	2

	# of RX antennas at UE
	2


4.1 BLER evaluation
The expected overall BLER of prime/secondary structure can be computed as
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For small BLER values, overall BLER can be approximated as the sum of the prime and secondary BLER values. As illustrated in figure 1(left-side drawing), prime /secondary PDCCH at the same effective coding rate is a little worse than that of the separate PDCCH. However, since the performance loss is small (0.6dB is observed at the 1% BLER), it is not expected to be a major factor in selecting a PDCCH structure. Furthermore, as illustrated in figure 1(right-side drawing), overall BLER depends on the one with higher code rate, effect of reducing code rate of single PDCCH (prime or secondary)will be marginal. since the payload size of secondary DCI is much larger than that of prime DCI, here comes a simple principle of code rate selection for prime/secondary PDCCH: for a given BLER, the code rate of secondary PDCCH should meet the requirement, and the code rate of prime PDCCH can be equal or a little lower than that of secondary PDCCH.
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Figure 1.Performance comparison between separate and common PDCCH
4.2 performance evaluation
The actual DCI code rate is obtained as usual by rate matching to the available bits in the PDCCH. For prime/secondary PDCCH, the actual DCI code rate is calculated according to table 3-1~table 3-5 and listed in appendix.  

The BLER of separate PDCCH for DCI formats 1A, 1 and 2 for aggregation 2 and 4 is simulated. The target BLER (1% BLER) is used to select the proper code rate of prime and secondary PDCCH. 
· format 1A
Two cases are simulated:

1. Separate PDCCH with CCE aggregation level 2, prime PDCCH with CCE aggregation level 2, secondary PDCCH with CCE aggregation level 4.

· As illustrated in figure 2(left-side drawing),for assignment of 2 component carriers，P-S PDCCH has a little performance advantage over Separate PDCCH at the cost of 2 extra CCE overhead；for assignment of 3 component carriers, P-S PDCCH has slight performance loss(approximate 0.6dB) with the same CCE overhead as Separate PDCCH 
2.
Separate PDCCH with CCE aggregation level 4, prime PDCCH with CCE aggregation level 4, secondary PDCCH with CCE aggregation level 8.
· As illustrated in figure 2(right-side drawing),similar results can be achieved as case 1
It is obvious that when scheduling less than 3 component carriers with format 1A, P-S PDCCH structure suffers a little performance loss. With the transport scheme mentioned in chapter 3, this problem can be alleviated.
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Figure 2.Performance comparison between separate and common PDCCH for format 1A
· format 1

Two cases are simulated:

1. Separate PDCCH with CCE aggregation level 2, prime PDCCH with CCE aggregation level 2, secondary PDCCH with CCE aggregation level 4.

· As illustrated in figure 3(left-side drawing), for assignment of 2 component carriers, P-S PDCCH has a significant performance advantage over Separate PDCCH at the cost of 2 extra CCE overhead; for assignment of 3 component carriers, P-S PDCCH has slight performance advantage with the same CCE overhead; for assignment of 4 component carriers, 2 CCE overhead reduction with slight performance loss (approximate 0.6dB) can be achieved.
2.
Separate PDCCH with CCE aggregation level 4, prime PDCCH with CCE aggregation level 4, secondary PDCCH with CCE aggregation level 8.

· As illustrated in figure 2(right-side drawing),similar results can be achieved as case 1
It is obvious that when scheduling multiple component carriers with format 1, P-S PDCCH is better than separate PDCCH.
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Figure 3.Performance comparison between separate and common PDCCH for format 1
· format 2
Two cases are simulated:

1. Separate PDCCH with CCE aggregation level 2, prime PDCCH with CCE aggregation level 2, secondary PDCCH with CCE aggregation level 4.

· As illustrated in figure 4(left-side drawing), for assignment of 2 component carriers, P-S PDCCH has a significant performance advantage over Separate PDCCH at the cost of 2 extra CCE overhead; for assignment of 3 component carriers, P-S PDCCH has almost the same performance as Separate PDCCH with the same CCE overhead.

2.
Separate PDCCH with CCE aggregation level 4, prime PDCCH with CCE aggregation level 4, secondary PDCCH with CCE aggregation level 8.

· As illustrated in figure 4(right-side drawing),similar results can be achieved as case 1

It is obvious that when scheduling multiple component carriers with format 2, P-S PDCCH is better than separate PDCCH.
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Figure 4.Performance comparison between separate and common PDCCH for format 2
When different DCI formats are used for different carriers, code rate of secondary PDCCH will range from that of format 1A combination to format 2 combination depending on the actual DCI types. General, most of the code rate of secondary PDCCH will be close to the middle of the range i.e. code rate of format 1 combination assumed that each carrier is independent scheduled. On the other hand, since the performance of P-S PDCCH mainly depends on the difference of size between secondary DCI format and corresponding Rel-8 DCI format, further investigation should be taken to optimize the design of secondary DCI format.
5 Conclusion
According to the performance analysis and simulation results, we believe that the proposed prime-secondary PDCCH structure can achieve potential overhead reduction , low blind decoding complexity and less false positive CRC checks at the expense of a little performance loss at scheduling flexibility that can be quite well compensated by careful design. As mentioned in chapter 3.3, a transport scheme using mixed structure of separate and prime-secondary PDCCH which can obtain the advantages of both structures is proposed. 
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7 Appendix

                        Table 7-1 code rate based on table 3-2
	PDCCH Structure
	Separate

PDCCH
	                  Prime/Secondary 

PDCCH

	CCE
aggreg level 
	Format 1A code rate
	P-DCI 

code rate
	            S-DCI code rate

	
	
	
	220 RB
	330 RB
	440 RB
	550 RB

	1
	0.61
	0.5
	0.96
	
	
	

	2
	0.31
	0.25
	0.48
	0.65
	0.83
	

	4
	0.15
	0.13
	0.24
	0.33
	0.42
	0.5

	8
	0.08
	0.06
	0.12
	0.17
	0.21
	0.25


Table 7-2 code rate based on table 3-3

	PDCCH Structure
	Separate

PDCCH
	                  Prime/Secondary 

PDCCH

	CCE
aggreg level 
	Format 1 code rate
	P-DCI 

code rate
	            S-DCI code rate

	
	
	
	220 RB
	330 RB
	440 RB
	550 RB

	1
	0.81
	0.5
	0.96
	
	
	

	2
	0.40
	0.25
	0.49
	0.67
	0.85
	

	4
	0.2
	0.13
	0.24
	0.34
	0.43
	0.5

	8
	0.1
	0.06
	0.12
	0.17
	0.22
	0.25


Table 7-2 code rate based on table 3-4

	PDCCH Structure
	Separate

PDCCH
	                  Prime/Secondary 

PDCCH

	CCE
aggreg level 
	Format 2 code rate
	P-DCI 

code rate
	            S-DCI code rate

	
	
	
	220 RB
	330 RB
	440 RB
	550 RB

	1
	
	0.5
	
	
	
	

	2
	0.5
	0.25
	0.68
	0.95
	
	

	4
	0.25
	0.13
	0.34
	0.48
	0.61
	0.74

	8
	0.125
	0.06
	0.17
	0.24
	0.31
	0.37
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