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1 Introduction

Designing the DCI fields for scheduling should follow the downlink and uplink guidelines listed in [1] with some captured in Appendix A. The DCI fields for the downlink are first examined. Unlike operations in the licensed band, scheduling for LAA is made more complex by limited channel availability and dynamic interference conditions.
To mitigate some aspects of this complexity, scheduling enhancements can be made. This contribution analyzes other aspects that need enhancements in the standards and presents proposals to ensure reliable scheduling.
2 Design factors
The agreements in [1] state that both self-scheduling and cross-carrier scheduling can be considered since LAA is based on a carrier aggregation framework. Although both are supported for licensed operations, cross-carrier scheduling of an unlicensed carrier from a licensed carrier has several advantages as presented in this section.
2.1 Reliability
The performance of receiving the (E)PDCCH in the presence of interference on a unlicensed carrier is a factor for the type of scheduling used. For the licensed band, interference mitigation techniques already developed for LTE can ensure the block error rate performance for the (E)PDCCH can be managed on that carrier. However, ensuring the reliability of the (E)PDCCH on an unlicensed carrier is more difficult.
Once the eNB acquires the unlicensed channel, the interference observed by eNB is below some threshold. However, the UE targeted for (E)PDCCH and PDSCH transmissions may have interference from other sources (a hidden node problem) [5]. With self-scheduling, the block error rate performance for a UE receiving the DCI could increase under these circumstances. Because the interference characteristics can vary more rapidly in the unlicensed band, it is unclear whether distributing the control channel across frequency (PDCCH or distributed EPDCCH) or concentrating in a band (localized EPDCCH) can mitigate the effects of interference. Further, since channel is acquired for a short duration, feedback may not provide information about short term interference in a timely manner.
Observation 1: Based on the eNB’s ability to manage interference, cross-carrier scheduling using a licensed carrier is favored over self-scheduling in the unlicensed band.
Also related is the duration of the channel obtained by the eNB, typically a window of up to 10 ms. Based on the number of HARQ processes and the duration of the window, the eNB has one opportunity to transmit a HARQ process.
 If a DCI is not received by the UE within the window, then the benefits of HARQ are diminished, e.g., the UE can neither decode the data nor store data in the soft buffer. Although this problem of not receiving the DCI occurs on licensed carriers, the impact is more significant on unlicensed carriers because the HARQ process could span tens of milliseconds. For example, if a channel were available every other 10 ms window, and a retransmission were needed for successful decoding, then the minimum time needed would be 3 windows (~30 ms). If a DCI were missed for either the first transmission or retransmission, then the minimum time would be 5 windows (~50 ms). In contrast, the same scenario on a license carrier would have a minimum time of 24 ms.
Observation 2: The inability to receive DCI for an unlicensed SCell can lengthened the HARQ process due to delays of acquiring the unlicensed carrier.
With self-scheduling on the unlicensed carrier, simulation studies to analyze the effects of interference on the control channel may be needed. One possibility to ensure higher reliability for self-scheduling is to increase the aggregation level, which can consume additional CCEs.
2.2 Partial subframes

Since channel acquisition can occur anywhere in a subframe, on average seven symbols are available for downlink transmission. Even after accounting for the overhead of channel acquisition, there may be one or more symbols available for data transmission before the beginning of next subframe. Discussions of scheduling data for this partial subframe [2][5] show new scheduling behavior would be needed. There are some benefits for self-scheduling on the partial subframe [2].
2.3 Channel occupancy
Given the regulations about the amount the channel is occupied (c.f. section 4.1.1 [1]), maximizing the resources (e.g., (E)CCEs) used by self-scheduling can be challenging for a scheduler. Using PDCCH as an example, when the control region is two symbols and two CRS ports are used, there are no CRS REs on the second symbol. It is quite possible that second symbol is mostly unoccupied. The task for the scheduler is to determine how to use a large number of CCEs across multiple symbols without introducing blocking of the desired UEs. For the licensed band, the scheduler often attempts to minimize the number of CCEs (size of control region) so that more REs are available for PDSCH and to serve many UEs in the subframe. With cross-carrier scheduling, the scheduling constraint for maximizing control channel occupancy can be avoided.
Observation 3: Cross-carrier scheduling can lessen the effects of the channel occupancy requirements for the control channel.

Overall, cross-carrier scheduling has several operational advantages over self-scheduling when LAA is considered. Although both should be supported, cross-carrier scheduling is preferred.
3 DCI design for cross-carrier scheduling

Cross-carrier scheduling can schedule up to 8 carriers per UE. When scheduling multiple UEs and/or when scheduling many carriers, the amount of scheduling resources may become limited. Although scheduling capacity (i.e., number of (E)PDCCH resources available) has been discussed in the context of massive carrier aggregation [3], ensuring that the unlicensed carrier is mostly occupied implies that DCIs for the unlicensed carrier are preferred (they are not blocked) because the eNB may relinquish the that carrier when the bandwidth is not utilized due to no transmission scheduled. To minimize blocking, several approaches can be used
· Limit the number of carriers scheduled in the subframe which is against the purpose of utilizing unlicensed carriers
· Limit the number of users served in the subframe

· Assign a large resource size on a carrier (e.g., instead of scheduling two 50 PRB pairs on two carriers, assign 100 PRB pairs on one carrier)

These approaches can reduce the number of DCIs that are cross-carrier scheduled. However, there is no guarantee that there are enough resources available. Another approach is using a joint DCI [4] in which several DCIs (one DCI per PDSCH per carrier) are concatenated and then transmitted. With concatenation, redundant fields, such as the CRC, are removed. In addition, using reduced granularity for the resource allocation requires fewer bits in the DCI and reduces the joint DCI size. For example, allowing allocations of 25, 50, 75, and 100 PRB pairs may be appropriate for the unlicensed band. 

Other benefits of a joint DCI are:

· No missing assignments (grants) are possible. Either all DCIs are received or none are received. Fewer exceptions will occur.

· Low false detection rate since the number of blind detections is reduced (fewer number of candidate DCIs)

· Reduced blocking (only one DCI). When the number of scheduled carriers is large for a given subframe (from an eNB perspective), it is possible that an eNB is unable to assign CCEs due to search space rules.
· Minimize impact on capacity

Appendix B illustrates an example of joint DCI showing how 8 carriers can be scheduled. Note the number of carriers in the joint DCI (and hence the size of the joint DCI) is RRC configurable. 
Proposal: A joint DCI should be supported for cross-carrier scheduling of multiple unlicensed carriers.
Although the joint DCI appears to use many (E)CCEs, the number of UEs that have traffic scheduled on a particular unlicensed subframe may be small. In order to occupy most of the bandwidth for an unlicensed carrier, it can be easier to schedule large sized transport blocks to a few UEs as opposed to scheduling small sized transport blocks to many UEs from a scheduling perspective. 
4 Conclusion
This contribution examines aspects including increased reliability, the duration of the HARQ process, and channel occupancy when considering self-scheduling and cross-carrier scheduling: 
Observation 1: Based on the eNB’s ability to manage interference, cross-carrier scheduling using a licensed carrier is favored over self-scheduling in the unlicensed band.

Observation 2: The inability to receive DCI for an unlicensed SCell can lengthened the HARQ process due to delays of acquiring the unlicensed carrier.

Observation 3: Cross-carrier scheduling can lessen the effects of the channel occupancy requirements for the control channel.

These observations suggest that cross-carrier scheduling is better for LAA. With increased use of cross-carrier scheduling, the scheduling capacity becomes limited. As a result, approaches such as joint DCI can address the capacity as well as other benefits of increased reliability.
Proposal: A joint DCI should be supported for cross-carrier scheduling of multiple unlicensed carriers.
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Appendix A
Some aspects for the structure of DCI for downlink assignments are based on several agreements listed in section 7.1 of [1]:

The PHY layer options considered for LAA have at least the following characteristics:

-
Support for at least 20MHz system BW option in the 5GHz band

-
System bandwidths < 5 MHz are not considered for PHY layer options in LAA

In addition, section 7.2.1.1 of [1] states guidelines for timing

DL LAA design should assume subframe boundary alignment according to the Rel-12 CA timing relationships across serving cells aggregated by CA. This does not imply the eNB transmissions can start only at the subframe boundary. LAA supports transmitting PDSCH when not all OFDM symbols are available for transmission in a subframe according to LBT. Delivery of necessary control information for the PDSCH should also be supported.

At least for the case where a node uses a load-based LBT scheme (transmit/receive structure is not fixed in time), some signal(s) can be transmitted by an eNB between the time the eNB is permitted to transmit, and the start of data transmission, at least to reserve the channel. The duration of these signals is included in the maximum allowed transmission duration for that burst.

In addition, section 7.2.1.4 of [1] states guidelines for PDSCH

At least the following options are identified as possible candidates for PDSCH transmission in a DL subframe on a LAA SCell

-
A DL transport block is only transmitted on a subset or all of the OFDM symbols in the DL subframe

-
A DL transport block is transmitted on a subset of the OFDM symbols in the DL subframe and all OFDM symbols in the next or the previous subframe

-
A DL transport block is transmitted on a subset of OFDM symbols in the DL subframe and a subset of the OFDM symbols in the next or the previous subframe within a TTI less than or equal to 1ms or in a subset or all OFDM symbols in one subframe
In addition, section 7.2.1.5 of [1] states guidelines for scheduling summarized in Table 1 and HARQ.
Table 1. Scheduling

	Combination
	DL
	UL
	Supported

	1
	Self-scheduling
	Self-scheduling
	Yes

	2
	Self-scheduling
	Cross-carrier scheduling
	No

	3
	Cross-carrier scheduling
	Self-scheduling
	No

	4
	Cross-carrier scheduling
	Cross-carrier scheduling
	Yes


For LAA DL HARQ, an asynchronous and adaptive protocol can be applied, similar to DL HARQ for carriers in licensed spectrum. The DL HARQ-ACK timing rules from Rel-12 CA can be reused at least for DL-only LAA transmissions, i.e., the timing between the subframe in which a LAA PDSCH transmission ends and the subframe in which the corresponding HARQ-ACK feedback is transmitted follows the DL HARQ-ACK timing based on Rel-12 FDD-FDD and TDD-FDD CA specifications assuming that the LAA SCell is an FDD SCell.
Appendix B: joint DCI example
An example with an FDD and 100 PRB pairs/carrier is presented in Table 2 for formats 1A and 2C [4].

Table 2. DCI format field size for formats 1A and 2C. (Order of fields for format 2C out of sequence from specification)

	Field
	#bits, format 1A
	#bit, format 2C

	Flag for format0/format1A differentiation
	1
	N/A

	Localized/Distributed VRB assignment flag
	1
	1

	Resource block assignment 
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	13
	13

	Modulation and coding scheme (codeword 1)
	5
	5

	HARQ process number
	3
	3

	New data indicator (codeword 1)
	1
	1

	Redundancy version (codeword 1)
	2
	2

	TPC command for PUCCH
	2
	2

	SRS request
	1
	N/A (FDD)

	Modulation and coding scheme (codeword 2)
	N/A
	5

	New data indicator (codeword 2)
	N/A
	1

	Redundancy version (codeword 2)
	N/A
	2

	Antenna port(s), scrambling identity and number of layers
	N/A
	3

	Total
	29
	38


For 8 carriers, the size of the joint DCI is 8×29=232 bits (format 1A) and 8×38=304 bits (format 2C). Fields that can be added, removed, and modified are presented in Table 3 for format 1A. A similar procedure for format 2c can be performed on the TPC and resource block assignment fields.

Table 3. Modified elements (assume 8 carriers) for format 1A. 

	Field
	#bits
	Add / Remove / Modify
	Size

	flag for format0/format1A differentiation
	1
	Remove all but 1
	-7

	TPC command for PUCCH*
	2
	Remove all but 2
	-14

	SRS request *
	1
	Remove all but 1
	-7

	Format indication
	8
	Add
	8

	Resource block assignment**
	13
	For 5 MHz granularity, 4 bits kept per carrier
	-72

	Total change
	
	
	-92 bits


* assume 1 uplink carrier per group

** The Localized/Distributed VRB assignment flag may not be needed with 5 MHz granularity
Table 4 shows how combinations of format 1A and format 2C can be packed, while still being under a 240 bit payload.

Table 4. General mapping for joint DCI, combinations of format 1A and format 2C, 8 carriers

	Usage
	Field
	Size

	Shared
	flag for format0/format1A differentiation
	1

	Bit flag per cell
	Format indication

	8

	Per ith cell if ith bit in format indication field is 1 (format 1A)
	Localized/Distributed VRB assignment flag
	1

	
	Resource block assignment
	4

	
	Modulation and coding scheme
	5

	
	HARQ process number
	3

	
	New data indicator
	1

	
	Redundancy version
	2

	Per cell if ith bit in format indication field is 0 (for format 2C)
	Localized/Distributed VRB assignment flag
	1

	
	Resource block assignment 
	4

	
	HARQ process number 
	3

	
	Antenna port(s), scrambling identity and number of layers
	3

	
	Modulation and coding scheme
	5

	
	New data indicator
	1

	
	Redundancy version
	2

	
	Modulation and coding scheme
	5

	
	New data indicator
	1

	
	Redundancy version
	2

	Shared
	TPC command for PUCCH
	2

	Shared
	SRS request
	1

	
	Total
	140 to 220


This example illustrates a joint DCI for 8 carriers. When there is no traffic scheduled for a particular carrier in a joint DCI, a separate DCI of format 1A/2C could be used for that carrier but its resource block assignment field is set to zero. While there is standardization work needed to define the order of fields, the size of the fields, and grouping procedure, a joint DCI provides a practical approach to reduce the false detection rate as well as addressing issues such as blocking and capacity. 

� For a 10 ms window, there may be two opportunities assuming a 8 ms round trip time (RTT) and transmissions of the same HARQ process at the beginning and the end of the window. 


� This bit mask indicates format 1A vs. format 2C for each carrier and facilitates how a UE interprets the fields for each carrier.
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