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1 Introduction

In RAN2-NR Ad Hoc, discussions took place on how to support performance requirements of URLLC. It was agreed that packet duplication is supported for both user plane and control plane in NR-PDCP. It was also agreed to study redundancy schemes operating below PDCP considering the performance of the physical layer.

This contribution analyzes different possible redundancy schemes operating below PDCP, more specifically focusing on the MAC sublayer. Duplication in PDCP is addressed in a companion contribution [3]. Observations are made on the relative merits and impacts of the different schemes and a TP is proposed to be included for the TR.
2 Overview of redundancy schemes
In this section an overview of redundancy schemes that are possible to implement at the MAC sublayer is provided. The required functionality is discussed in the next section.

2.1 Duplication
A duplication scheme operating at the MAC sublayer allows multiple transmissions of a transport block over different resource sets to provide diversity against fading, interference and/or link blockage (shadowing). The different resource sets can be separated in time, frequency and/or space domains. Such schemes are considered for NR to support traffic with stringent reliability and latency requirements (URLLC). 
Redundancy in time should not be expected to be useful against fading since the coherence time of the channel is (in most scenarios) larger than the latency constraints of URLLC traffic. However, it can still provide benefits in presence of interference that is uncorrelated between consecutive time units. Such interference pattern may be more common when the spectrum is used by other URLLC users.
Redundancy in frequency can also be useful against bursty interference. In addition, depending on the frequency separation it may provide a diversity gain against fading. This should be expected at least in case of redundancy over carriers from different frequency bands. When both transmissions are performed simultaneously, one disadvantage is that transmitting over multiple disjoint frequency resources is not power-efficient such that this scheme is not feasible for UE’s in power-limited situations.
Redundancy in space (e.g. from spatially separated TRP’s or beams) can provide diversity against large scale fading or link blockage. This may be available with carrier aggregation or coordinated multi-point in heterogeneous deployments. 

At the receiver, the transmissions can be soft-combined or processed separately. Soft combining can improve performance by using the signal energy from all transmissions. However, in some cases one of the transmissions can be severely impaired by interference which could result in buffer corruption. For this reason, separate processing may be more reliable in scenarios with bursty and potentially strong interference. 
2.2 Block coding at MAC 

Duplication of data can be seen as a simple repetition coding. When more than 2 resource sets are available, instead of replicating the same data for all transmissions one can consider introducing a block coding stage at the MAC sublayer where the data (MAC PDU) is first split into a K blocks from which K+L MAC-coded blocks are generated and transmitted over K+L resource sets. At the receiver side, the data can be recovered if at least K transmissions are successfully received. One simple example of this for the case of 3 resource sets is to split the data into 2 blocks and generate an additional block as the sum of the 2 blocks (parity code). In the case of more resource sets, codes such as Reed-Solomon or fountain codes could be used. Each MAC-coded block can be sent to the physical layer as a separate transport block. An example of this scheme for 4 resource sets (K = 3, L =1) in time domain is shown in Figure 1.
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Figure 1. Block coding at MAC.
This type of scheme may be more efficient than simple duplication in scenarios with larger number of resource sets and sparse and bursty interference since the probability of interference hitting more than a few resource sets is very low. For N resource sets, duplication (without soft-combining) requires a N-fold increase of energy per information bit, whereas block coding approximately requires only (N/K)-fold increase, with N = K+L. 
Observation 1:
· Redundancy in space and/or frequency domain improve robustness against fading, shadowing and interference;

· Redundancy in time domain improves may robustness against bursty interference;

· Separate processing may provide more robustness than soft combining in scenarios with strong bursty interference;

· Block coding at MAC sublayer can improve robustness compared to (duplication) in scenarios with bursty interference.
3 Required functionality
3.1 Duplication

One first considers duplication schemes where a transport block is transmitted over multiple resource sets. Generally speaking, the HARQ framework used in LTE can already support most of the required functionality, whether the data is intended to be soft-combined or not at the receiver side. We consider both uplink and downlink for the cases of single carrier and multiple carriers in the following.
· Single carrier

For the downlink the network can control whether the UE soft-combines the transmissions or not by indicating the same HARQ process for all transmissions or different HARQ processes, respectively. In the latter case, in case both transmissions are successfully received the duplicate can be removed at PDCP. 
For the uplink, the network can request multiple transmissions from the UE by indicating the same HARQ process and can determine itself whether to soft-combine or not the different transmissions. 
For both downlink and uplink, multiple transmissions in the same TTI would require allowing reception of multiple grants or assignments for the same TB, or alternatively introduction of a DCI containing multiple grants or assignments.
· Multiple carriers

Multiple transmissions of a transport block across different carriers can be supported using similar principles as for the single carrier case. However, a HARQ entity (and a HARQ process) now needs to be associated to more than one carrier. The main impact of this is potentially increased signalling overhead compared to LTE. In LTE carrier aggregation, the number of HARQ processes actually scales with the number of serving cells but the process ID space does not need to be increased since there is one-to-one mapping between a HARQ process and a serving cell on which the transmission takes place. Removing the one-to-one mapping between a HARQ process and a serving cell will thus require additional overhead and/or other solutions to properly identify a HARQ process. 
Duplication across multiple carriers can provide more frequency diversity compared to the single carrier case due to the larger frequency separation. However, the most important benefit occurs when the carriers are operated from separate TRP’s since diversity in space is then also provided.

Multiple transmissions across different carriers in the dual connectivity case needs to be performed at PDCP [3]. Duplication at PDCP could also be applied in case of carrier aggregation but is less efficient than MAC duplication since soft-combining is not available. In addition, there can be significant waste of resource since all duplicates need to be successfully transferred on all carriers, whereas in the case of MAC duplication the scheduler can stop the retransmissions as soon as one is successfully received. 
For these reasons, and given that the additional complexity involved is limited, duplication across carriers at the MAC level appears to be an attractive feature for the transmission of ultra-reliable traffic in carrier aggregation scenarios.
Observation 2:

· For duplication within the same carrier, HARQ framework similar to LTE is sufficient;

· For duplication across carriers, HARQ framework similar to LTE can be used as a starting point with additional functionality to properly identify a HARQ process associated to multiple carriers;

· Duplication across carriers provides diversity in space when carriers are operated from separate TRP’s.

3.2 Block coding at MAC
The main impact of supporting block coding in MAC is the introduction of the block encoder/decoder itself. The impact on other functionalities such as HARQ may be limited. One simple approach is to use the same HARQ process for all MAC-coded blocks and report HARQ-ACK at the level of the MAC PDU, i.e. report ACK after a sufficient number of MAC-coded blocks have been successfully decoded. This approach avoids the need for including additional information to explicitly identify a code block. Another impact is that the number of bits available to the MAC PDU (prior to the encoding stage) needs to be adjusted as a function of the code rate K/(K+L) of the block code.
The approach of block coding in MAC is particularly attractive in scenarios where simple duplication is inefficient. Duplication in frequency domain may not be feasible in deployments without carrier aggregation or in power-limited scenarios for the uplink. In that case redundancy in multiple (more than 2) time units may be required to meet the reliability requirement of URLLC. Using simple duplication would be very inefficient, resulting in loss of spectral efficiency and uplink coverage. Thus this scheme should also be supported in addition to duplication across carriers.
Observation 3:

· Block coding achieves better spectral and power efficiency than duplication when diversity over more than 2 resource sets is required.
4 Conclusion

Based on the above analysis our view is that both MAC duplication across carriers and MAC block coding should be supported in NR. We propose to capture the main observations in the TR as per the following TP and further study specification impacts during the WI phase.
Proposal: Capture the following TP in TR 38.804:
<Start text proposal>
	X.Y Redundancy at MAC layer
Redundancy schemes considered for the MAC sublayer include duplication and block coding.

With duplication, the same transport block is transmitted over multiple sets of time/frequency resources thus providing diversity in time and frequency domains. Duplication within the same carrier and TTI can be achieved by allowing multiple grants or assignments for the same MAC PDU. Duplication across different carriers requires associating a HARQ entity to more than one carrier and appropriate signaling to properly identify the HARQ process associated to a transmission. Duplication across different carriers also provides diversity in space when the carriers are operated by geographically separated TRP’s.
With block coding, a MAC PDU is split into K MAC PDU blocks that are encoded in K+L MAC-coded blocks. The MAC-coded blocks are submitted to the physical layer as separate TBs. Block coding achieves better spectral and power efficiency than duplication when diversity over more than 2 resource sets is required.




<End text proposal>
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