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Introduction
In RAN#71, the technology study item for 5G new RAT (NR) has been approved [1]. One important aspect is the channel coding design to meet new requirements from new service verticals in 5G. In RAN#84b, outer erasure code was presented and discussed.
In this contribution, we further study some details of outer erasure coding and its interaction with HARQ.
Outer erasure code for NR new service use cases
The fifth generation wireless systems with a new air interface are being considered for standardization within 3GPP [1]. In order to support new service verticals in a unified 5G air interface framework and to support 5G in new deployment scenarios, new requirements need to be defined for channel code.
A few new requirements are motivating the outer erasure code in NR:
First, new service vertical multiplexing, such as ultra-reliable low latency communication (URLLC) and enhanced mobile broadband (eMBB) multiplexing in the same carrier. Many URLLC transmissions are expected to be control packets of sporadic nature. By definition, URLLC data may occur at any time & should be scheduled at shorter SF duration than eMBB SF duration. eMBB, on the other hand, is scheduled at a longer interval in order to amortize control and RS overhead as discussed also in [4]. When eMBB and URLLC users are multiplexed in the same carrier, eMBB long subframe (SF) UEs could be interfered/punctured by URLLC short SF UEs from the neighbor cell (and/or from the same serving cell) without eMBB UE being informed (and eMBB UE’s may not be able to detect such time bursty interference). One such example is given in Figure 1. Where yellow represents eMBB long SF UE and blue/red color represent URLLC short SF UEs. From eMBB UE point of view, blue and red UE could cause both time and frequency bursty interference/puncturing.


Figure 1: example of eMBB (yellow) and URLLC (blue/red) multiplexing
Outer erasure code design for bursty interference and puncturing handling
The way outer erasure code works is to code across all data code blocks and generate parity code blocks which could protect data code blocks from bursty interference and/or puncturing.
One key here is that each CB is protected by PHY coding (LDPC/Turbo) and some error detection overhead such as CRC (as needed). Whenever one CB decoding fails, these bits are known to be erased instead of code bit errors that are unknown. Thanks to the PHY coding/CRC, which marks the erased CB location, erasure decoding could be used to recover these failed CBs.
One example of outer erasure code based on single parity check code is shown in Figure 3.
Encoding of single parity check code:
C_6 = C_0 + C_1 + … + C_5
Decoding of single parity check code (to recover 1 CB erasure):
Any data CB C_i that is hit by bursty interference/puncturing can be recovered by utilizing the information parity CB C6 via xor operation as follows:
C_i = C_0 + … C_(i-1) + C_(i+1) + … C_5 + C_6
[image: ]
Figure 3: single parity check based outer erasure code to combat bursty interference/puncturing 
There are many codes that are good candidates for outer erasure code other than SPC. For example, Hamming code could correct up to 2 CB erasures. Another example is classic Reed-Solmon code, which delivers optimal erasure decoding for a given (N, K) combination. Also, for implementation, HW implementation of RS erasure decoding could be done very efficiently in modern modem processor. Other code options should be considered for complexity/performance tradeoffs.
Throughput vs. CB erasure probability curves are evaluated in Figure 4. In this example, each TB contains 32 CBs, TB-level HARQ incurs substantial performance loss, while with outer erasure code (RS code is assumed in this study), performance gets substantially improved.
[image: ]
Figure 4: normalized throughput in the presence of CB-level puncturing
Two main reasons to use outer erasure code:
1) It requires small or no UL/DL control overhead to combat bursty interference compared with alternative CB-level HARQ solutions, which requires enormous amount of overhead.
2) It does not impact PHY layer processing timeline and maintains low latency processing as opposed to deep interleaving option, which introduces delay and buffering.
Erasure decoding does add additional complexity, however, compared with PHY layer decoding, the erasure decoding complexity is relatively small.
One key aspect of outer erasure code design is how it interacts with HARQ. We try to address these questions in the following section.
Outer erasure coding and HARQ schemes
There are multiple schemes that can realize the outer erasure coding. Key ones are described below:
1) Fixed overhead outer coding (outer coding decoupled from TB-level HARQ): In this scheme, outer coding is “static” in nature and is ideally suited for cases where bursty-interferer is expected every subframe/TTI or where the long term statistics of the bursty rate is known. The transmitter will statically or semi-statically assign CBs corresponding to parity to recover from erasure CBs that will be encountered (as shown in Figure 5, where 1 parity CB is transmitted for every 6 “information” CBs). In the event, there is no bursty interferer, the parity CBs will result in overhead. Hence this scheme is not the most efficient, however, it is the simplest to implement in terms of required control signaling.
[image: ]
Figure 5: Example of static outer code with 1 parity CB


2) Outer coding based HARQ: in this scheme, HARQ is clubbed with the outer erasure code. The number of CBs that fail in the 1st transmission (e.g. Nfail) will be fed back to the eNB in the ACK/NACK channel. eNB merely needs to transmit back parity CBs required to recover from the Nfail failures in the next transmission cycle. This scheme enables efficient use of the channel and results in minimal wastage. Such a scheme will results in  bits in the feedback channel, to transmit number of failed CBs. Note that UE or eNB could also decide to encode more parity CBs to combat bursty puncturing in future subframes to ensure robustness in reception. Note that this CB-parity based HARQ scheme could also be used in conjunction with TB-level HARQ depending on the number of CB failures, either TB level HARQ or CB-parity based HARQ could be triggered to achieve efficient error recovery.



Figure 6: outer-code based HARQ

3) Scheme w/ feedback compression: in this scheme, the number of parity CBs required is further compressed to < (e.g. NUM_CB/2) and transmitted on UL. This results in savings in feedback overhead with some potential increase in DL transmission payload.
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Proposal 1: Outer erasure code to be studied in NR and evaluated as one design option to handle bursty interference/puncturing with and without different variations HARQ.
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						PC: pilot and control symbol
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						CRS & Ctrl: CRS and Ctrl symbol region

						UERS Ctrl channel

						UERS Data channel

						MC: mission critical 1st transmission
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						1st TTI (250us)																		2nd TTI (250us)																		3rd TTI (250us)																		4th TTI (250us)
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MAC Coding Timeline



						Data CBs						1		2		3		4		5		6		7		8																						9		10		11		12		13		14		15		16

												TB1																																				TB2

				PHY HARQ								TB1, PHY 1st Tx																		TB1, PHY 2nd Tx																		TB2, PHY 1st Tx																		TB2, PHY 2nd Tx																		TB2, PHY 3rd Tx																												decoded CB

										CB		1		2		3		4		5		6		7		8		UL		1		2		3		4		5		6		7		8		UL		9		10		11		12		13		14		15		16		UL		9		10		11		12		13		14		15		16		UL		9		10		11		12		13		14		15		16		UL												failed CB
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																										Outer-code Encode 				1		2		…								13		14												P1		P2		…								P9		P10
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										CB		1		2		3		4		5		6		7		8		UL		1		2		3		4		5		6		7		8		UL		9		10		11		12		13		P1		P2		P3		UL
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		8		Tx Port 01																																								UL 2-symb TTI						GP				CP		Pilot 								CP		ACK								GP

		9		Tx Port 23																		Tx Port 01																												<-                             new UE RxProc=33.86us                                          ->																								<-eNb Rx=12.2us ->
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		per TTI indicator channel to indicate the continuation of previous TTI or change of allocation. O.w., UE relies on blind decode to figure out change of allocation
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