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1. Introduction
In a contribution submitted to RAN1 AH_NR Meeting in January 2017 [1], the idea of DCI aggregation is introduced and discussed. In this contribution, more details on the implementation and the evaluation results are provided. 

DCI aggregation means the scheduling information for multiple downlink/uplink transmissions are aggregated, jointly coded and transmitted. We will show DCI aggregation has the benefits of channel coding gain enhancement and CRC overhead reduction, particularly when the DCI payload size is small. Since, in the 2-stage DCI, the size of the first-part DCI is generally small, application of DCI aggregation to the 2-stage DCI is suitable. Simulation results demonstrating the gain are provided.
2. Discussion on DCI aggregation
In LTE, each PDCCH carries a single DCI. When multiple UEs are scheduled simultaneously in a TTI, each scheduling message is enclosed in a DCI and transmitted on a separate PDCCH. This single DCI transmission has some disadvantages when the DCI payload size is small. For example, the channel coding gain is less explored with a small payload size. Moreover, as each DCI is protected by a 16-bit CRC, the CRC overhead is significant when the payload size is small. These two aspects are individually elaborated in the following two sections.

2.1 
Channel coding gain enhancement
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Figure 1. The required SNR for the Polar code and TBCC to achieve 1% BLER w.r.t. the information block length

The Polar code has the property that the coding gain is proportional to the length of the information block. Figure 1 shows the performance of the Polar code and TBCC w.r.t. the length of the information block. The vertical axis of the figure is the required SNR to achieve 1% BLER in an AWGN channel, and the horizontal axis is the information block length. It is seen, for TBCC, the required SNR to achieve 1% BLER ceases to decrease when the size of the information block reaches a certain value, whereas the curve for the polar code keeps dropping with the increase of the information block length. Therefore, we can see the coding gain of the polar code grows with the information block size. 
[image: image2.emf]Scheduling info.

Payload of DCI 1

CRC

RNTI

Scheduling info.

Payload of DCI 2

CRC

RNTI


Figure 2. An example of DCI aggregation
In the 2-stage DCI, the first part of the DCI generally has a small payload size, and the channel coding gain can be boosted if multiple first-part DCIs are aggregated. This idea is depicted in Figure 2.
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Figure 3. Three PDCCH formats
Below we provide the simulation results when DCI aggregation is used to exploit the channel coding gain. Figure 3 shows three PDCCH formats that will be evaluated. The evaluation result of the format to be demonstrated in Figure 4 will be represented by a curve with the corresponding colour (i.e., red, black, and blue curves). In all three formats, the DCI payload size is 20 bits. The three DCI formats are detailed below.
· Red curve: This corresponds to the setting in the LTE, i.e., no DCI aggregation, 16-bit CRC, TBCC, and one CCE can accommodate 72 coded bits. 
· Black curve: DCI aggregation is not used. The channel encoder is the Polar code. To make the most use of Polar code’s advantage, the length of CRC is 20 bits, and one CCE carries 60 coded bits. The reason for a 20-bit CRC is to reduce the list decoding false alarm rate in Polar decoding. 
· Blue curve: DCI aggregation is used. The length of CRC for each DCI is 16-bit. Besides the per-DCI CRC’s, a 6-bit CRC computed from the aggregated DCI’s is appended. One CCE carries 60 coded bits. 
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Figure 4. Simulation results for three PDCCH formats given in Figure 3
Figure 4 gives the simulation results for the three PDCCH formats in Figure 3. In the legends, “CA_SCL” stands for CRC-aided successive cancellation list. It is an implementation method of the Polar code [2]. Discussion is itemized below.

· 3 left-most curves: One DCI is transmitted. The parameters of the corresponding PDCCH formats of the three curves can be easily inferred from Figure 3. One PDCCH are transmitted over 8 CCEs. Note that, for the red curve, a CCE can accommodate 72 bits, while a CCE carries 60 bits for the black and blue curves. 
· Red and black curves: Since the Polar code has a larger coding gain than TBCC, the SNR required for 1% BLER is almost the same for the two curves, although the Polar code has a less radio resource (480/576=0.83 of the TBCC).
· Blue curve: The blue curve has a slightly worse performance than the black curve due to a larger CRC overhead (16+6 bits vs. 20 bits), which leads to a higher code rate. 
· 3 curves in the middle
· Red and black curves: One PDCCH is transmitted in 4 CCEs. Again, the numbers of coded bits used for the two curves are different.
· Blue curve: Two DCIs are aggregated and transmitted over 8 CCEs. Due to the channel coding gain enhancement attributed to DCI aggregation, the blue curve has a slightly better performance than the black curve even though with a higher code rate. Moreover, it performs as well as the red curve although only 83% radio resource is used per DCI.
· 3 right-most curves
· Red and black curves: One PDCCH is transmitted in 2 CCEs. The coding gain of the Polar over TBCC is not obvious when the information block is short. Therefore, the black curve has a 0.8 dB loss compared with the red curve at 1% BLER due to a less amount of the radio resource.
· Blue curve: Four DCIs are aggregated and transmitted over 8 CCEs. Owing to DCI aggregation, the blue curve has a much better performance than the black curve, although they consume the same amount of the radio source per DCI. Moreover, the blue curve performs as well as the red curve with only 83% radio resource per DCI.
Observation 1: DCI aggregation has the benefit of channel coding gain enhancement.
2.2 
CRC overhead reduction

The gain of DCI aggregation can be further enhanced if the CRC overhead is reduced. This relies on UE grouping. Specifically, UEs are divided into groups; each group has a group identity, and each UE in a group has its own user identity. The concept of UE grouping has been employed in LTE DCI format 3/3A. The tpc-RNTI and tpc-Index, signaled to an UE by RRC, can be regarded as the group identity and the user identity in a group, respectively. 
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Figure 5. An example of DCI aggregation

The idea of DCI aggregation with CRC overhead reduction is illustrates in Figure 5. Each scheduling information is appended by the user identity of the scheduling information’s owner. Multiple DCIs are aggregated, and the CRC parity bits calculated from the aggregated DCI is scrambled by the group identity known to all of the intended receivers. 
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Figure 6. A PDCCH format
Below we provide the simulation results when DCI aggregation is further used to reduce the CRC overhead. Figure 6 shows a PDCCH format that will be evaluated. DCI aggregation is used. The length of CRC for each DCI is 6-bit, which is scrambled by the 6-bit user identity of the intended receiver. Besides the per-DCI CRC’s, a 16-bit CRC computed from the aggregated DCI’s is appended. This 16-bit CRC is scrambled by the group identity. 
Compare the PDCCH format in Figure 6 and the third format in Figure 3 (i.e., the one labelled as ‘Blue curve’). When 2 DCIs are aggregated, the former has 6*2+16=28-bit CRC, while it is 16*2+6=38-bit in the latter. A 10-bit overhead is saved. Note that the format of Figure 6 makes use of not only the CRC overhead reduction but also the channel coding gain enhancement.  
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Figure 7. Simulation results for three PDCCH formats: the first two formats in Figure 3, and the one in Figure 6
Figure 7 shows the performance for the PDCCH formats of the first two in Figure 3 and the one in Figure 6. The red and black curves are exactly the same as those in Figure 4. The three green curves in Figure 7 from the left to the right stand for the cases that 1 DCI, 2 DCIs, and 4 DCIs are transmitted over 8 CCEs. 
· 3 left-most curves: The green curve has a slightly worse performance than the black curve due to a larger CRC overhead (6+16 bits vs. 20 bits), which leads to a higher code rate. 
· 3 curves in the middle: For the green curve, two DCIs are aggregated and transmitted over 8 CCEs, and the total length of CRC is 6*2+16=28 bits. Compared with the LTE PDCCH (i.e., the red curve), the green curve provides a gain over 0.5 dB at 1% BLER with a less radio resource (83%) per DCI. 
· 3 right-most curves: The green curve represents that four DCIs are aggregated and transmitted over 8 CCEs. The total length of CRC is 6*4+16=40 bits. Compared with the LTE PDCCH (i.e., the red curve), the green curve provides a gain of 1 dB at 1% BLER with 83% radio resource per DCI.
Observation 2: When the CRC overhead reduction is used in DCI aggregation, 0.5 dB and 1 dB gain can be observed at 1% BLER when 2 DCIs and 4 DCIs are aggregated, respectively.
Based on the observations drawn from the simulation results, we have the proposal below.

Proposal: Apply DCI aggregation in 2-stage DCI.  

3. Conclusion
In this contribution, the idea of DCI aggregation was discussed. DCI aggregation means the scheduling information for multiple transmissions are aggregated, jointly coded and transmitted. The benefits of DCI aggregation include the channel coding gain enhancement and the CRC overhead reduction. Simulation results showed DCI aggregation provides significant gain when both benefits are utilized. Even when only the channel coding gain enhancement is pursued, the performance improvement is very obvious. Since, in the 2-stage DCI, the size of the first-part DCI is generally small, DCI aggregation is beneficial to the 2-stage DCI.
Based on the discussion in the contribution, we had the following observations and proposal.
Observation 1: DCI aggregation has the benefit of channel coding gain enhancement.
Observation 2: When the CRC overhead reduction is used in DCI aggregation, 0.5 dB and 1 dB gain can be observed at 1% BLER when 2 DCIs and 4 DCIs are aggregated, respectively.

Proposal: Apply DCI aggregation in 2-stage DCI.  
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