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1 Introduction
During April 2016 RAN1-84bis, initial discussions took place on the channel coding schemes for the new radio interface. It was agreed that LDPC, Polar, Convolutional and Turbo codes, possibly enhanced versions of these, or non-LTE versions, would be candidates for 5G new RAT data transmissions. The use of a combination of these channel coding schemes as well as the use of outer coding were also identified as candidates for investigation.  
The use of outer coding for NR was discussed in several contributions [5][10][11] in RAN1-84bis. In this contribution, we discuss the benefits and trade-off’s when using outer coding as a means for bursty interference handling and in particular when multiplexing different traffic types on the same NR channel.
2 Background
The R14 NR study item comprises multiple usage scenarios, including enhanced mobile broadband (eMBB), massive machine-type-communications (mMTC) and ultra reliable and low latency communications (URLLC). These usage scenarios have very different requirements in terms of latency and coverage.

For example, URLLC operation will require very low user plane latency (<0.5 ms), but there is no particularly stringent coverage requirement as long as a given reliability level can be met. In consequence, URLCC will typically result in short bursts of data transmission in L1 (~0.1 ms). There is limited opportunity for HARQ re-transmissions. Very tight requirements are imposed onto scheduling delay. 

The opposite however applies to some mMTC scenarios where extreme coverage levels with high MCL may be required, yet latency requirements for successful data delivery can be in the order of seconds or ten’s of second only. 
For the case of eMBB, latency requirements are more relaxed. Low latency for packet transfers is mainly beneficial at the initial stage of data transmission in order to avoid the TCP slow start affecting overall user throughput delay for successful packet transfer. Given the significant amounts of data transferred for an eMBB user, typically long bursts of data are transferred. This results in wide instantaneous bandwidth occupation and long (0.5-1 ms) DL or UL transfer intervals for eMBB UEs.
These usage scenarios to be supported in NR create challenges to achieve and maintain spectrum efficiency during system operation. In real-life deployment scenarios, the network may have to support multiple types of traffic at the same time, such as URLLC and eMBB or mMTC and eMBB. Flexibility and future-proof design for NR are key requirements in order to support a wide variety of anticipated service scenarios.

Multiplexing different eMBB, mMTC and URLCC users can in principle be accomplished by segregating resources, e.g. in frequency domain by assigning different NR frequency channels or bands to different services. It may be argued that in some cases, such as when coverage for mMTC users is to provided, this approach is inevitable given that lower sub-1GHz bands are natural candidates for services that require extreme or high coverage levels. 
Desite these considerations, it is clear that the ability for NR to efficiently multiplex and support different services like eMBB and URLCC on the same NR channel is key. The low to medium rate intermittent traffic generated by many factory and machine-type communication use cases will generally result in short interference bursts on an NR channel, i.e. some TTIs will contain eMBB and URLCC data packets while many other TTIs will only contain eMBB data. It should not be forgotten that the ability to multiplex small intermittent traffic in certain TTIs or transmisison intervals also results in the need to support DL grants and UL assignments with high granularity in frequency and time-domain. This indirectly results in larger payloads for the DL control channels which is best avoided.

In consequence, we think that NR will benefit from the introduction of outer coding to allow for error correction using erasure codes for some types of transmissions, i.e. data transmissions which cannot benefit from gains such as observed with large Turbo or LDPC codewords or where HARQ cannot operate in presence of tight maximum Uu transfer delays such as observed for URLCC. In addition, erasure codes would allow for a meaningful reduction in control channel overhead.
Erasure codes provide for error detection and correction. One example are Reed-Solomon codes which are known since the 1960s and for which efficient implementations are available. These have found many important applications such as error-coding for DVDs, DSL or as QR codes. Outer coding using RS codes has also been employed in wireless conmmunications such as GSM Phase 2 or DVB-S. The advent of Turbo-coding when being first introduced in R99 for 3G WCDMA and then HARQ in R5 HSDPA, later also the increased use of LDPC has to some extent obsoleted RS codes. One other example for erasure codes are U-plane above-IP Fountain codes, and in particular Raptor codes for (e)MBMS in a DL broadcast / multicast setting. We note that the use of Turbo coding and HARQ is heavily conditioned on the assumption that re-transmissions are possible in terms of Uu transfer delays.

In the following section, we provide a dimensioning example on the use of outer coding using RS codes to illustrate how efficient service multiplexing in the presence of bursty puncturing / interference can be achieved.
3 Motivation for outer coding in NR
For NR, the low to medium rate intermittent traffic generated by many factory and machine-type communication use cases will generally result in short interference bursts on a given channel, i.e. some TTIs will contain eMBB and URLCC data packets while many other TTIs will only contain eMBB data (Figure 1).
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Figure 1: NR service multiplexing with flexible DL and UL transmission intervals and FDM
It is clear from Figure 1 that in the logic of LTE design the eMBB and URLLC UEs can be multiplexed through FDM, i.e. by assigning different RBs or RB groups in a variable-length TTI. Assigning the different UEs 1-3 to the different variable-length TTIs, i.e. through TDM is another possibility (not shown in Figure 1). There are however several undesired consequences from such an approach.

Firstly, the required scheduling delay for URLLC is expected to be very small or even zero. If URLLC data arrives while an eMBB transmission just started, the latency requirement of URLLC may be more difficult to meet.

Secondly, NR will require variable-length DL and UL TTIs with in-built support for TDM multiplexing of different users in any given variable-length TTI. This is shown in the case of TTI #n in Figure 1. In LTE with fixed-length 1 ms TTIs, an entire RB would be allocated to a single user for the duration of a TTI. In NR, DL assignments and UL grants are needed which can allocate an RB in TDM fashion to more than a single UE during the TTI. This requires much heavier DL signaling for the RB allocation fields and will require additional time-domain allocation information for a TTI resulting in heavier payload for NR DL control messages.

Thirdly, it becomes more difficult to reclaim unused transmission bandwidth in a TTI. In the case of TTI #n and #n+3 in Figure 1, the remainder of the DL RBs granted to URLCC UEs 2 and 3 goes unused in these TTIs if the logic of frequency-domain restricted allocations from LTE is used also for NR.
We think it is less complex and more efficient for NR design in terms of DL control signaling and better spectral efficiency to allow for the possibility to simply puncture low-rate data transmissions into large TBs such as those transmitted to the eMBB UEs. We illustrate this principle in Figure 2.

In TTIs #n and #n+3 where UEs 2 and 3 receive small DL data transmissions, the eNB allocates the NR PDSCH for UE 1 into the variable-length TTI, but punctures the NR PDSCHs for UEs 2 and 3 into the NR PDSCH for UE1. Outer coding is enabled for UE1 prior to channel interleaving and L1 mapping (shown in the lower part of Figure 2). In case the network can determine that no puncturing would occur for a certain transmission, outer-coding could be disabled for this transmission (as shown for TTI #n+1, TTI #n+2 and TTI #n+4).

We note that the use of outer coding in the multiplexing and channel coding chain as shown in Figure 2 would typically correspond to the case of higher layer erasure codes such as Raptor codes. (In case RS codes are used, it could also be modeled as occurring after the channel coding stage, i.e. as part of the L1 mapping (not shown in Figure 2).)
[image: image2.emf]UL

UL Ctrl

DL DL

UL Ctrl

DL

UL Ctrl

TTI #n TTI #n+1 TTI #n+2 TTI #n+3

DL

UL Ctrl

UL

UL Ctrl

DL

TTI #n+4

URLCC UE2

eMBB UE1

URLCC UE3

URLCC UE2

URLCC UE3

Outer coding

Channel 

coding

UE1: TB

L1 mapping

Channel 

coding

UE1: TB

L1 mapping

Channel 

coding

UE1: TB

L1 mapping

Outer 

coding

Channel 

coding

UE1: TB

L1 mapping

Channel 

coding

UE1: TB

L1 mapping


Figure 2: NR service multiplexing with flexible DL and UL transmission intervals and Outer coding

It is one immediate consequence of such an approach that all of the assigned transmission bandwidth in the TTI can be efficiently allocated to the eMBB UE(s), i.e. there are no unused transmission resources. Also, DL control messages for all users can be designed more simple and resulting in less payload, i.e. there is no need to deal with very granular resource allocations.

However, the use of the outer code in particular TTI will result in a small overhead.

As quick example calculation based on [10][11], when using a rate 1/3 Turbo code as the inner code for conventional channel coding, the use of a [15, 11] Reed-Solomon outer code would increase the effective code rate for UE 1 from around 0.27 to about 0.37 in a TTI where UE 2 and 3 puncture its TB. Outer coding will maintain an overall BLER of only 1% as long as the codewords of the inner, Turbo coder, don’t exceed a codeword error rate of around 10% which allows the possibility of around 7-8% of all transmission resources allocated to UE 1 in a TTI being punctured by UE 2 and 3’s data transmission.
The above discussion centered on a downlink transmission scenario. Similar considerations can be made for the uplink. In addition to scenarios where transmissions are coordinated by the same network entity, one should also consider the benefit in scenarios where an eMBB transmission is heavily affected by interference bursts originating from uncoordinated URLLC transmissions controlled by another network entity, or autonomously transmitted by the UE.
Operation with HARQ
HARQ can operate along with outer coding in different ways. The simplest approach is that HARQ operates at the transport block level (as in LTE). The combined use of HARQ and outer coding is beneficial because it can be very difficult for HARQ to recover a transport block if a significant portion of the transmission is punctured (or heavily interfered) in one of the HARQ transmissions, due to buffer corruption. On the other hand, if outer coding is used and the affected portion corresponds to a single encoded “symbol” of the outer code, recovery is possible as soon as sufficient energy is accumulated (over all HARQ transmissions) over the portion of the transmission not affected by the puncturing or interference.
4 Summary and Conclusions
In this contribution, we discussed the benefits and trade-off’s when using outer coding as a means for bursty interference handling and in particular when multiplexing different traffic types on the same NR channel.
In summary we propose,
Proposal 1:

NR supports the possibility of using outer coding in L1
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