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1 Introduction

A new study item on New Radio (NR) Access Technology was approved [1]. 
During SI, so far many features have been discussed for three usage scenarios, i.e., eMBB (enhanced Mobile Broadband), mMTC (massive Machine Type Communications) and URLLC (Ultra-Reliable and Low Latency Communications). Since large TBS may be required for eMBB, HARQ needs to be enhanced compared to LTE.

For DL transmission in LTE, UE normally sends one-bit HARQ-ACK per TB to the eNB and then the eNB schedules the TB again for HARQ retransmission. Naturally, this retransmission of the whole TB naturally results in unnecessary transmission of code blocks (CB’s) included in the TB. Therefore, it cannot avoid the waste of time-frequency resources for the eNB to transmit CB’s already successfully decoded in the initial transmission. NR can enhance HARQ functionality. 

Regarding scheduling and HARQ procedure in NR, it has been discussed whether and how to support more than one HARQ-ACK bits per TB, where the agreements in RAN1#86bis are shown as follows. 

	· At least asynchronous and adaptive HARQ is supported for eMBB.

· NR supports at least UL transmission of at least single HARQ-ACK bit.

· Consider whether/how to support more than one HARQ-ACK bits per TB.

· Consider whether/how to support single HARQ-ACK bit per multiple TBs, e.g., HARQ-ACK bundling.


Also in RAN1-NR#1, the followings were agreed for multi-bits HARQ-ACK feedback per TB. 

	· RAN1 will down select following options to utilize HARQ-ACK feedback with more than one bit per TB until the next meeting

· Option 1: CB-group based re-transmission (Samsung) 

· Option 2: Decoder state information feedback (Nokia)

· Option 3: CB-level outer erasure code (Qualcomm)

· Option 4: Any combination of Option 1-3

· Other options are not precluded

· Note that if RAN1 will not reach consensus in the next meeting, no support of utilization HARQ-ACK feedback with more than one bit per TB in Rel-15



This contribution considers aspects of CB-group (CBG) based retransmission for eMBB. 
2 Discussions 
2.1 Background 

In LTE, a transport block (TB) is the unit of data transmission in the physical layer, where a TB consists of one or several code blocks (CBs). One bit is typically used to indicate HARQ-ACK information for a TB. Once a gNB does not receive HARQ-ACK or receive NACK from an eMBB UE, the gNB retransmits the corresponding TB. 

Different from LTE, NR considers scheduling with various TTI lengths. As shown in Figure 1, one example is the multiplexing of eMBB and URLLC, where the TTI length of URLLC can be much shorter than that of eMBB. Then, interference from a URLLC transmission affects only a part of a eMBB transmission. Even for eMBB, different TTI lengths can be used (specifications can be agnostic to a particular service type when defining different TTI lengths) so that a small part of the desired eMBB data can be affected by other eMBB interferences, which may result in decoding failure of only a single CB in a TB. 
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Figure 1: Example of interference to eMBB UE with different lengths of TTI
In LTE, when decoding fails even for a single CB of a TB, the TB is retransmitted. This can result to unnecessary data retransmissions particularly in NR where data TB sizes can be larger (e.g. due to larger operating BWs) or due to CB-specific interference from another transmission with shorter TTI. One reason is that NR can have much larger transmission bandwidth, e.g., up to 100MHz or even GHz in above 6GHz frequency band, and then a relatively much larger number of CBs per TB is expected. For instance, up to 80 CBs per TB for maximum transmission BW of 100 MHz (or somewhat less than 80 CBs for CB size > 6144 bits with LDPC) while there are 16 CBs per TB in LTE. Consequently, the importance of CBG based retransmission is magnified in NR, even though its benefits have already been seen in LTE. NR has agreed to consider CBG based HARQ-ACK, in addition to the TB level HARQ-ACK. For these reasons, partial retransmissions can be considered in NR.
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Figure 2. Examples of CBG-based retransmission

The minimum unit of retransmission can be a CB, a CB-group (CBG), an OFDM symbol, or a mini-slot. Considering UE coverage, feedback overhead, and determination of errors, CBG-based retransmission is appropriate (with configurable scalability, it can also include CB-based retransmission). 
In Figure 2, CBG-based retransmission is illustrated, where there are 6 CBs and decoding for CB 2 and CB 3 fails. Assumed CBG of 2 CBs as the HARQ-ACK feedback unit, only CB 2 and CB 3 need to be retransmitted. A DCI format scheduling retransmission can include information for CBGs that are retransmitted. Some evaluation results for throughput gains from CBG-based retransmission are presented in the next subsection.
A retransmission unit affects the required number of HARQ-ACK feedback bits from a UE and the scheduling indication from a gNB as more bits are required for HARQ-ACK feedback and scheduling indication. The number of HARQ-ACK feedback bits per TB from a UE can be dimensioned according to the UL coverage requirements from the UE (this will also affect potential gains from CBG-based retransmissions). 
2.2 Link-level evaluation  

For AWGN or, approximately, for Ricean channels with a strong LOS component, CB errors occur independently with a same probability and it is straightforward to analytically derive a probability for a number of CB errors, given a target TB BLER. For example, for 10 CBs per TB and CB BLER of 1%, the probability of 1, 2, or more than 2 CB errors is respectively ~9.1%, ~0.42%, and <0.001%. Although CB errors are more correlated for fading channels, a similar trend is observed, for example for the TDL-C channel model and 8 CBs and 37 CBs per TB on 100 PRBs and 500 PRBs respectively, as shown in Figure 3.
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(a) 100 PRBs                                                                           (b) 500 PRBs
Figure 3: Evaluation results of error probability of CBs according to total PRB number

Observation 1: A small amount of error CBs leads to the transmission failure of the whole TB with high probability.
It indicates from the above results that the CBG-based retransmission can be more efficient than TB based retransmission, but of course, the performance gain is eventually determined by the total overhead for ACK feedback. Therefore, in the following the case of one TB on 500 PRBs with 37 CBs, i.e., Case 2 in Table 1, is taken as an example for LLS evaluation, to show the benefit still exists for CBG based retransmission with a limited number of ACK feedback bits. The normalized spectrum efficiency is used as a metric, which is defined as efficient transmission payload (the data bits of correctly decoded) divided by the number of transmitted/retransmitted CBs, which can be used as the measurement of physical resource. 

It is shown in Figure 4 that the spectrum efficiency can be improved with CBG based HARQ retransmission by 10% at the target SNR of 10% BLER (and even more at a lower SNR), even for eMBB only transmission which is not multiplexed with URLLC transmission. The detailed evaluation assumptions are provided in the Annex A.
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Figure 4: Comparison of TB based reTX and CBG based reTX with different ACK feedback overhead
Observation 2: The transmission efficiency can be improved with CBG based HARQ with limited ACK feedback overhead, for the eMBB transmission not multiplexed with URLLC.
2.3 System-level evaluation of CBG-based retransmission 

This subsection provides system-level results for CBG-based partial retransmission and TB-based full retransmission of a TB. 

Evaluation assumptions given in [3] are used in case of indoor hotspot scenario. The 6 TRPs layout of indoor hotspot is given in Figure 5. Remaining evaluation assumptions are provided in the Annex B. To evaluate and compare performance of partial retransmission, full retransmission is considered as baseline and URLLC traffic punctures on-going eMBB transmission. 
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Figure 5: TRP placement in indoor hotspot scenario
For HARQ combining, it is assumed that an eMBB UE can know whether and where (affected CBs) URLLC transmission occurs in a previous transmission of the eMBB TB (e.g. by URLLC arrival indication or by toggled CBG-based NDI). This can enable the UE to avoid combining CB(s) punctured by URLLC traffic. That is, the UE can flush out CB(s) punctured by URLLC and then decode only retransmitted CB(s). On the other hand, decoding of CB(s) that failed due to reasons other than URLLC puncturing (e.g. due to fading or poor SINR) can be combined with retransmitted CB(s). 

 In case of partial retransmission, remaining resources can be used for transmission of another TB for the same UE or for a different UE. Figure 6 illustrates the basic HARQ combining for full retransmission and for partial retransmission. 
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Figure 6  Basic procedures for combining of full retransmissions and partial retransmissions 

To compare the relative performance of full retransmission and partial retransmission, 5%, 50%, 95% and average UPT are provided according to two types of eMBB RUs. Note that RU for URLLC traffic is assumed to be 10% for all cases. That is, URLLC packet is transmitted in 10% of slots. This may also be viewed in general as inter-cell or intra-cell interference having different TTI length. 
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Figure 7: Performance results when RU of full retransmission is 53% and RU of partial retransmission is 47%
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Figure 8: Performance results when RU of full retransmission is 86% and RU of partial retransmission is 81%
As shown in Figure 7 and Figure 8, partial retransmission provides performance gain over full retransmission for all traffic load cases. The performance gain increases as traffic load increases. This is because partial retransmission is able to minimize unnecessary retransmissions by transmitting only failed CBs from a previous transmission. In addition, with partial retransmission, some resources can be used for a gNB to transmit new TBs. Accordingly, partial retransmission can provide a lower delay required to finish a single file transmission than full retransmission. It is expected the CBG-based retransmission will outperform use of outer code. This is because CBG-based retransmission allows HARQ combining and, by toggling an NDI bit, the UE can avoid keeping CBs that are punctured and corrupted by a strong signal in its buffer. CBG-based retransmission will require more feedback overhead than the use of outer code but the overhead can be controlled through the CBG size and UEs receiving TBs that are large to require several CBG-based HARQ-ACK information bits are not expected to be SINR limited. Further, even for CBG-based HARQ-ACK feedback, maximum HARQ-ACK payloads are expected to typically remain in the tens of bits, depending on the number of cells, and this is much smaller than the tens of thousands of bits that can be saved from avoiding full retransmission of a TB.
Observation 3: For all traffic loads, CBG-based retransmission offers better UPT than full (TB-based) retransmission.
Observation 4: CBG-based retransmission is expected to outperform use of outer code in case of punctured CBs and reception of random data with high SINR.
Proposal 1: NR support CBG-based HARQ-ACK feedback. 
2.4 Issues to support CBG-based retransmission 

RAN2 impact 


In LTE, MAC specification describes how to perform HARQ combining of a TB between initial transmission and HARQ retransmission [4]. HARQ combining is performed according to HARQ process number and NDI. For CBG-based retransmission, MAC specification can maintain a similar procedure as for HARQ combining for a TB. If multi-bit HARQ-ACK corresponds only to CBGs of a single TB, RAN2 can trivially address CBG-based retransmission. For example, if the third case in Figure 9 (mixed TB transmission) is not allowed, it is trivial to support CBG-based retransmissions. 
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Figure 9: Illustration of HARQ combining
Proposal 2: Multi-bit HARQ-ACK feedback is for a single TB.
Detailed scheduling method

RAN1 needs to specify the overall behavior of the gNB and the UE for CBG-based retransmissions. One issue is the information provided in a multi-bit HARQ-ACK feedback and how to configure the number of HARQ-ACK bits per TB. The proper number of HARQ-ACK bits per TB may vary with the service type, TTI length, etc. The number of HARQ-ACK bits also can be indicated dynamically or semi-statically, and explicitly or implicitly. Another issue is how a gNB indicate to a UE the CBGs that are retransmitted. The above information can be delivered by using the DCI scheduling CBG retransmissions. One solution is that the gNB configures the number of HARQ-ACK bits to the UE by higher layer signaling according to the UE coverage and when the gNB schedules a TB to the UE, the DCI format includes information about the CBGs that are transmitted. Another issue of CBG-based retransmission is how to avoid the gNB-UE misunderstanding in any RRC (re)configuration duration. TB-based retransmission can be used as a default mode when a UE detects a fallback DCI format. For example, gNB can rely on the DCI scheduling system information or the fallback DCI used for unicast scheduling like LTE DCI 1A for all TMs to support TB-based scheduling to avoid ambiguity. 
CRC attachment

The unit of retransmission is closely related to how a UE generates HARQ-ACK feedback and how a gNB informs the CBs that are retransmitted. One aspect that needs to be considered for partial retransmission is how to determine CBs of a TB. In LTE, CRC checking can determine whether or not a TB is successfully decoded. In Figure 10, the procedure of CB segmentation and CRC attachment in LTE is illustrated. In LTE, CRC for each CB was introduced for early decoding termination while the CRC of a TB was introduced in order to have high reliability for HARQ-ACK information. A receiver is able to check whether or not decoding for each CB failed by checking a 24-bit CRC attached to each CB. After decoding all CBs, the receiver can check the decoding with another 24-bit CRC, which is attached to the TB. By double checking both the CB-CRC and the TB-CRC, the receiver can expect to reduce the error probability for false CRC checks on the TB decoding outcome. In NR, CRC design needs to be further studied for partial retransmission. 
If similar CRC addition is adopted for NR as for LTE, CB or CBG can be considered as the minimum unit of retransmission. In that case, the number of CB’s in each CBG determines the total required number of bits for HARQ-ACK feedback and scheduling indication.
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Figure 10: CB segmentation of TB and CRC attachment in LTE
Proposal 3: Consider whether or not CBG-level CRC is required.
3 Conclusions
In this contribution, CBG-based retransmission of a TB for eMBB was discussed. It can be summarized as below.
Observation 1: A small amount of error CBs leads to the transmission failure of the whole TB with high probability.
Observation 2: The transmission efficiency can be improved with CBG based HARQ with limited ACK feedback overhead, for the eMBB transmission not multiplexed with URLLC.
Observation 3: For all traffic loads, CBG-based retransmission offers better UPT than full (TB-based) retransmission.
Observation 4: CBG-based retransmission is expected to outperform use of outer code in case of punctured CBs and reception of random data with high SINR.
Proposal 1: NR support CBG-based HARQ-ACK feedback.
Proposal 2: Multi-bit HARQ-ACK feedback is for a single TB.
Proposal 3: Consider whether or not CBG-level CRC is required.
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Annex A: Link-level evaluation assumptions

Table.1. LLS Evaluation parameters

	Parameters 
	Values or assumptions 

	Carrier Frequency 
	2 GHz 

	Waveform 
	OFDM

	Channel coding
	LTE Turbo with code rate 1/3

	Modulation
	16QAM

	Numerology 
	15kHz

	System Bandwidth 
	20 MHz/100MHz

	Overhead 
	no RS, i.e. 168 available REs per RB for data transmission

	Total allocated bandwidth & sub-frames for one transmission
	Case 1: 100 PRB (8 CBs) & 1 LTE subframe

Case 2: 500 PRB (37 CBs) & 1 LTE subframe

	Total ACK feedback overhead & CBG configuration
	4 bits for Case 2: CBG sizes are {9,9,9,10}

6 bits for Case 2: CBG sizes are {6,6,6,6,6,7}

8 bits for Case 2: CBG sizes are {4,4,4,5,5,5,5,5}

	UE number
	1

	BS antenna configuration 
	1 Tx 

	UE antenna configuration 
	2Rx 

	Channel estimation
	ideal channel estimation

	Propagation channel & UE velocity 
	TDL-C with DS{300}ns & 120 km/h in TR38.900

	Detection method
	MAP

	Given BLER level (to calculate sum throughput) 
	10% for 1 transmission


Annex B: System-level evaluation assumptions

Performance evaluations of partial transmission and full retransmission in this contribution are performed by using the following evaluation assumptions aligned with [3]. 

Table 2: Evaluation assumptions

	Parameter
	Assumptions

	Layout
	Indoor hotspot (6 TRPs per 120m x 50m)

	System bandwidth
	10 MHz

	Carrier frequency 
	4 GHz

	Inter-site distance
	20 m

	Total BS TX power
	24 dBm

	RS and control 

signaling overhead
	· CRS: 1 Tx antenna ports assumed

· Legacy PDCCH: 3 OFDM symbols

	HARQ RTT
	8 TTI

	Scheduler
	Proportional fair

	Distance-dependent 

path loss
	5GCM InH - Office [referring to Table 7.4.1-1 in TR38.900], with 3D distance between an gNB and a UE

	Shadowing
	5GCM InH – Office [referring to Table 7.4.1-1 in 38.900], with 3D distance for shadowing correlation distance

	Indoor BS antenna radiation pattern
	Omni-directional 

	BS antenna Height
	3 m

	UE antenna Height
	1.5 m

	BS antenna 

element gain pattern
	According to TR36.873

	Antenna gain of UE
	0 dBi

	Fast fading channel between gNB and UE
	5GCM InH – Office according to Table A.1-1 of 36.819

	Antenna configuration
	 1Tx(gNB), 2Rx(eMBB UE)

	Number of eMBB UEs 
	10 UEs per indoor cell

	eMBB UE dropping
	Randomly and uniformly dropped throughout the indoor hotspot geographical area

	CSI report period
	5 TTIs/ms between two consecutive reports

	CSI report delay
	6 TTIs/ms

	eMBB UE receiver
	MMSE-IRC

	eMBB UE noise figure
	9 dB

	eMBB UE speed
	3 km/h

	Duplex mode
	FDD

	Network synchronization
	Synchronized

	Performance metrics
	Mean, 5%, 50% and 95% user perceived throughput

	eMBB traffic model
	FTP model 3 with packet size 0.1 Mbytes
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