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1 Introduction

On the RAN1 56bis meeting, about the PDCCH design principle for carrier aggregation aspect, it was decided that one PDCCH shall be transmitted within one component carrier (CC), and FFS for the mapping/encoding issue of PDCCH information related to PDSCH from each CC. Based on the meeting conclusions and the opinions from other companies [1]-[11], some further considerations for the PDCCH design are given in this contribution, including error coupling/propagation, blocking probability etc., and then our preference is provided.
2 PDCCH encoding issue
As stated in [1], the joint PDCCH scheme can be divided into the dynamic size one where the payload size varies according to the number of scheduled CCs and different DCI formats, and the fixed size one where the payload size is based on the number of semi-static monitored CCs. 
In this section, some further discussions are given for the separate and joint PDCCH schemes from several aspects, focusing on the joint PDCCH located on one CC.
2.1 PDCCH blocking probability
The PDCCH blocking occurs when it is impossible to schedule a UE at aggregation level k because there are no CCEs free at level k in its search space. In this section, the PDCCH blocking probability impact to the UE throughput is analyzed and simulated for the N separate PDCCHs which are located on N CCs and the joint PDCCH located on one specific CC.
· Theoretical analysis:

Consider the situation of 2 CCs, where the throughput for one UE on one CC is normalized to one. For the joint PDCCH scheme, the blocking probability is P0, while P1 and P2 are blocking probabilities for the separate PDCCH scheme corresponding to each CC.
For the joint PDCCH scheme, a blocking event means that no CC can be scheduled and the average CC throughput is 
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For the separate PDCCH scheme, a blocking event means that the corresponding CC cannot be scheduled and, the average CC throughput can be calculated as 
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Extending to the general N-CC situation, the average CC throughput of joint PDCCH scheme becomes 
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and for the separate PDCCH scheme, it can be shown that the average CC throughput becomes 
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. Thus, when the PDCCH blocking probabilities on multiple CCs for the separate PDCCH scheme are same (say P1), the throughput comparison is (1 - P0) vs. (1 - P1). Hence, the comparison of the PDCCH blocking probabilities can be made for one PDCCH (separate or joint) scheduled on one CC, which is evaluated below.
· Simulation assumptions and results:

In the simulation, it is assumed that several LTE UEs (e.g. the parameter of UE number is listed in the Table 1) are firstly scheduled with the probability distribution 2:1:1:1 for the respective aggregation level 1, 2, 4 or 8, and we evaluate the blocking probability of one additional LTE-A target UE with CCE aggregation level 1/2/4 for separate PDCCH and 2/4/8 for joint PDCCH, to see whether it can be scheduled successfully or not. Furthermore, the greedy scheduling algorithm which is adopted in the simulation considers UEs scheduled in turn, and we don't consider adjusting the CCE locations in the PDCCH search space of the already scheduled UEs, when the next UE are to be scheduled. Larger PDCCH CCE levels are assumed for the joint PDCCH corresponding to 2-CC in the simulation compared to the separate PDCCH. In the simulations for the additional target LTE-A UE we assume that the joint scheme requires the twice as big CCE level as the separate scheme. The simulation assumptions and results are stated below:
Table 1. Simulation assumptions for blocking probability
	Number of CCs
	1

	BW of the CC
	20MHz

	Total CCE number
	80

	CCE level distribution (1/2/4/8)
	2:1:1:1

	UE number
	10 and 20

	Simulation time
	5000TTIs

	CCE level for separate PDCCH
	1、2 and 4-CCE

	CCE level for joint PDCCH
	2、4 and 8-CCE

	Search space for (1/2/4/8-CCE)
	6/12/8/16CCEs


Table 2. Simulation results for blocking probability
	
	Separate 1-CCE vs. Joint 2-CCE
	Separate 2-CCE vs. Joint 4-CCE
	Separate 4-CCE vs. Joint 8-CCE

	UE number: 10UE
	12.14% vs. 3.92%
	3.92% vs. 28.68%
	28.68% vs. 49.10%

	UE number: 20UE
	33.58% vs. 26.36%
	26.36% vs. 73.80%
	73.80% vs. 94.66%


As seen from the above simulation results, the blocking probability of 1-CCE situation is a bit larger than that of 2-CCE, because the search space for 1-CCE PDCCH (6 CCEs) can be easily blocked by a PDCCH with large CCE level, which is mentioned in [14], but the gain is marginal especially when the number of scheduled UEs is large. However, when the large PDCCH CCE level (level 4 or 8) is adopted, the blocking probability of the joint PDCCH scheme is much larger than that of separate PDCCH scheme, because for 4 or 8-CCE situations, there are only 2 locations of 4 or 8-CCE length in the search space whose freedom is less than the 1 or 2-CCE situations. Furthermore, when the load is heavy in the system, it is not easy to find a piece of contiguous free CCEs for large CCE level (4 or 8), or in another word, the large CCE level PDCCH can be easily blocked by other CCE levels. Regarding the joint PDCCH probably contains large number of CCEs (4, 8 or even larger), the separate PDCCH scheme is preferred from the PDCCH blocking probability point of view.
Note: The initially scheduled UEs are not considered joint or separately scheduled UEs, but rather rel-8 UEs to determine a baseline occupancy of the search space. Further refinement can consider all of these UEs separately or jointly scheduled.

2.2 Overhead/Blind detection/Scheduling flexibility/Standardization work
The joint PDCCH scheme can reduce the PDCCH overhead by using one CRC for multiple DCI formats, but the overhead of the fixed size joint PDCCH may be large when the number of the scheduled CCs is smaller than that of the semi-static monitored CCs. While for the separate encoding PDCCH scheme, the PDCCH overhead scales linearly with the number of scheduled CCs, which may be acceptable since the overhead also increases linearly with the scheduled service data because carrier aggregation is mainly used for high data rate transmission.
For the PDCCH blind detection, the joint PDCCH is maybe encoded according to the number of semi-static monitored CCs, and different DCI formats can be used among multiple CCs, especially when different transmission modes are adopted. Therefore, the number of blind detections for the basic single step joint PDCCH scheme is not always low for all the cases, especially the blind detections are even larger for the dynamic size joint PDCCH. Although the two-step joint PDCCH scheme can be used to reduce the blind detections, it will induce the error coupling issue which will be evaluated in the following Section 2.3. Furthermore, how to deal with the UL_grant (whether jointly encoded or not) is another issue, while for the separate PDCCH, the UL_grant and DCI format 1A is jointly detected. The blind detections for the separate PDCCH scheme scale linearly with the number of semi-static monitored CCs for the UE, which may be acceptable taking the increased UE capability into account. On the other hand, the methods to reduce the blind detections could also be further studied, especially considering power consumption.
Furthermore, the joint PDCCH scheme may introduce some larger CCE levels than that of LTE Rel-8 to guarantee the PDCCH performance such as 16-CCE level, as stated in Section 2.1, and there may be other trivial design such as some new DCI formats, which would impact the compatibility and the standardization work accordingly. In conclusion, separate PDCCH scheme can provide more scheduling flexibility than joint PDCCH scheme for both overhead and blind detection aspect stated above, as well as the blocking probability effect illustrated in Section 2.1, so from these points of view, the separate PDCCH scheme is preferred.
2.3 Error coupling/propagation

The dynamic two-step PDCCH scheme, comprises a first-step PDCCH which may contain some scheduling information and it also points to a second-step PDCCH which contains further control information, is proposed by several contributions [2]-[6], and from the analysis stated in Section 2.2, this scheme is maybe more indispensable for the joint PDCCH scheme to control PDCCH blind detections and overhead. However, there is a vital point that, the performance of the scheme needs to be guaranteed, and the overhead of the first-step PDCCH also needs to be considered [7]-[9]. In this section, the evaluation for the dynamic two-step PDCCH scheme is provided with the assumption of scheduling the same number CCs for the dynamic two-step PDCCH scheme and separate PDCCH scheme.
· Theoretical analysis:
For the two-step PDCCH, the BLER performance is jointly determined by the BLER performance of both the first-step and the second-step PDCCH. It can be calculated as follows:

BLERtwo-step=BLERfirst-step+ BLERsecond-step- BLERfirst-step* BLERsecond-step
If the BLER values of BLERfirst-step and BLERsecond-step are small, the BLERtwo-step value is approximately equal to the sum of BLERfirst-step and BLERsecond-step. In addition, if the BLER performance gap between the first-step PDCCH and the second-step PDCCH is large, the BLER performance of the two-step PDCCH may be mainly dependent on the inferior step BLER performance.
· Simulation assumptions and results:

It is assumed that there are total N CCEs used for the dynamic two-step PDCCH, and the number of actual aggregated component carriers is equal to M. To make a fair comparison with the dynamic two-step PDCCH, there should be N/M CCE(s) for a single separate PDCCH to keep the same number of CCE resources occupied by the separate PDCCHs as for the two-step PDCCH. As a result, transmit power can be compensated to the separate PDCCHs in order to make total transmit power of the separate PDCCHs comes up to that of N CCE(s) carried by dynamic two-step PDCCH. In this document, the parameter offset can be used to denote the offset transmit power of a single separate PDCCH. If the value of offset is larger/lower than 0 dB, it means that the number of CCE resources occupied by a single separate PDCCH is lower/larger than N/M. Therefore, it needs to increase/decrease the transmit power of the separate PDCCH. 
In order to improve the BLER performance of the dynamic two-step PDCCH, power offset can be introduced between the first-step and the second-step PDCCH to make the BLER performance of the first-step PDCCH similar to that of the second-step PDCCH. In this document, the parameters Alpha and Beta are respectively used to indicate power compensation value for the first-step and the second-step PDCCH based on the criteria that the energy of a single information bit is the same for the first-step and the second-step PDCCH. If the value of Alpha/Beta is larger/lower than 0 dB, it means the energy of a single encoded bit carried by the first-step/second-step PDCCH is lower/larger than the average energy of a single encoded bit carried by the two-step PDCCH. Therefore, it needs to increase/decrease transmit power of the first-step /second-step PDCCH. 
Table 3 specifies the parameters configuration which is used to evaluate the BLER performance for dynamic two-step PDCCH and separate PDCCH. In addition, dB will be used as the unit for all power compensation parameters.

Table 3. Parameters for simulation
	Parameter
	Value

	Carrier bandwidth
	10 MHz

	Carrier frequency
	2.0 GHz

	FFT size
	1024

	Channel model
	3GPP ETU70

	Channel estimator
	Ideal

	DCI format for each CC
	1

	# of TX antennas at Node B
	1

	# of RX antennas at UE
	2

	# of OFDM symbols for the control channel
	2

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

	DCI payload sizes for the first-step PDCCH (bits)
	21(including 16 bits CRC; 5bits for explicitly indicating which CCs are scheduled)

	DCI payload sizes for the second-step PDCCH (bits)
	78, 109 and 171(referred to DCI format 1, including 16 bits CRC and corresponding to 2 CCs, 3CCs and 5CCs aggregated, respectively.)

	DCI payload sizes for the single separate PDCCH (bits)
	47(referred to DCI format 1, including 16 bits CRC)


The right side of Fig1-3 shows the BLER performance comparison between two-step joint PDCCH and separate PDCCH when power balancing for two-step joint PDCCH is applied. In the left plot of Fig. 1-3, no power balancing is used for the two-step PDCCH. As can be seen from Fig.1, in case of two CCs are aggregated, the BLER performance of separate PDCCH generally outperforms that of two-step PDCCH, whether power balancing is adopted or not. However, the BLER performance gap between separate PDCCH and two-step joint PDCCH is decreased when power adjustment is used to the  first-step PDCCH and the second-step PDCCH. The BLER performance comparison for two-step PDCCH and separate PDCCH in the case of three CCs aggregated is shown in Fig.2. Apparently, the BLER performance of separate PDCCH still surpasses that of two-step PDCCH. When the number of aggregated CCs is up to five, even though there may have more overhead reduction for two-step PDCCH, the BLER performance of separate PDCCH slightly exceeds that of two-step PDCCH as seen from the left side of Fig.3. Further, adjusting the power allocation between the first-step PDCCH and the second-step PDCCH will make the BLER performance of two-step joint PDCCH is approximate to that of separate PDCCH as seen from the right side of Fig.3.
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Fig.1. BLER performances for 2 CCs aggregated
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Fig.2. BLER performances for 3 CCs aggregated
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Fig.3. BLER performances for 5 CCs aggregated
The simulation results show that  extra mechanisms (such as power balancing, etc.) are needed for two-step PDCCH to efficiently distribute control channel resources and balance the BLER performance of the first-step and the second-step PDCCH, which would incur more processing loads for eNB. In addition, the BLER performance of large information block may be deteriorated compared to that of short information block using the TBCC according to LTE Rel.8 with the same low code rate [12][13]. This is disadvantageous to joint PDCCH, due to its large information block when multiple CCs are aggregated.

As seen from the above simulation results, the separate encoding PDCCH scheme is preferred due to superior BLER performance to two-step PDCCH and flexible control channel resources utilization.
In conclusion, taking the above several aspects into considerations, the separate encoding PDCCH scheme is preferred, and the methods to reduce the blind detections could also be considered.

3 PDCCH mapping issue
In section 2, it is concluded that the separate encoding PDCCH scheme is preferred, and then in this section the PDCCH mapping issue based on this assumption is studied, including:

· Option 1: one PDCCH is only associated with a PDSCH on the same CC .

· Option 2: one PDCCH is associated with a PDSCH on the same or different CC.
3.1 Special situations for option 2

If option 2 is introduced, especially when multiple PDCCHs are located on one specific CC, the following problems may occur, including the PCFICH identification and the added carrier index bits.

· PCFICH identification

For efficiently utilizing the control channel resources, independently assigning the PCFICH values is preferred. Under this assumption, for option 1, if the PCFICH detection error occurs on some carrier, the PDCCH decoding would fail resulting one PDCCH DTX state.  

However, for option 2, if PCFICH detection error occurs on those CCs which don’t have a PDCCH transmission, UE will not detect the correct start OFDM symbol of PDSCH in that subframe. As a result, UE will store some unmeaningful data in the buffer and feedback NACK, which may bring some further errors to the subsequent HARQ combinations.
· Additional PDCCH bits for carrier index:

In [10], it is proposed that one PDCCH transmitted from one CC can be used to schedule resources on other CCs, and this would always require additional PDCCH bits as carrier index to map each PDCCH to the data transmission on the respective CCs, which would bring an unnegligible PDCCH overhead.
Furthermore, maybe specific scenarios for option 2 (e.g. heterogeneous network from interference coordination perspective in [11]) should be considered, however, it would not be thought as a typical scenario because the flexible mapping relation between PDCCH and the corresponding PDSCH is not needed in most cases.
3.2 Possible problem consideration for option 2

In Section 3.1, the flexibility which option 2 could provide is precluded for several reasons, and other possible problems when multiple PDCCHs are located on one specific CC would be discussed below:

· PDCCH blocking probability:

If multiple PDCCHs are located on one specific CC which is a possibility for option 2, a larger number of CCEs for the PDCCHs would put some restrictions on the scheduler to avoid collisions for the PDCCH candidates from different UEs. In another word, the PDCCH blocking probability would increase, which may be considered not a big problem when PDCCHs of the UE are located on one UE-specific CC, but the load balance scheme needs to be established carefully. So option 1 also slightly outperforms option 2 from the PDCCH blocking probability point of view.

· Power/interference balance among multiple CCs:

In the case where some UE reside in cell edge, and the PDCCHs of these UEs are located on one specific CC, the CCEs of these PDCCHs may need large transmit power. As a result, if the total transmitter power is constant on that specific CC, there may remain low available power for other PDCCH transmission on that specific CC. Furthermore, it would also lead to the power/interference imbalance among multiple CCs, and it would be even worse unless the load balance scheme is established carefully.
From above point of view, option 1 is the straightforward scheme for the PDCCH mapping issue.

4 Conclusion 
In this contribution, the PDCCH encoding and mapping issues are analyzed from different points of view, which can be concluded as follows, and the brief comparison about the PDCCH encoding and mapping issues are listed as Table 4 and Table 5.
· Proposal 1: the PDCCHs should be separately encoded and the methods to reduce the blind detections could also be considered.
· Proposal 2: a PDCCH should be located on the same CC as the corresponding PDSCH.
Table 4. Attributes comparison of PDCCH encoding issue

	　
	Separate encoding PDCCH
	Joint encoding PDCCH

	Blocking 
probability
	Small
	Large

	
	
	

	Blind PDCCH 
detection
	Large
	Fixed size
	Dynamic size

	
	
	Medium
	Large

	Overhead
	Scale with number of scheduled CCs
	Fixed size
	Dynamic size

	
	
	large (CC number:
Nsche < Nactive)
	Small

	
	
	
	

	Standardization 
effort
	Small
	Large

	
	
	


Table 5. Attributes comparison of PDCCH mapping issue
	　
	one PDCCH only associated with a 
PDSCH on the same CC
	one PDCCH associated with a PDSCH
on the same or different CC

	
	
	

	PCFICH 
identification
	Yes
	No

	
	
	

	Need of carrier
index bits
	No
	Yes
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