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Introduction

One of the targets for NR design is to allow for a very low latency. While not all services supported by NR may need a very low latency, e.g., mMTC, the channel coding technique should be designed to allow very low decoding latency to enable those that do require low latency.  In RAN1#84bis, it was agreed that selection of 5G new RAT channel coding scheme(s) will consider encoding/decoding latency. 
For both turbo codes and LDPC codes, encoding latency is negligible. Only decoding latency needs to be carefully considered to ensure low latency.  In this paper, we discuss the latency requirement on channel decoder of data channel.
Latency Requirement
Frame structure design for NR is significantly influenced by the desire to reduce latency compared to LTE [2][3]. For NR frame structure design, it has been recommended that it should be possible to transmit the hybrid-ARQ acknowledgement quickly after receiving the downlink data transmission, roughly 1 OFDM symbol after the end of data reception [2], as illustrated in Figure 1. For very high subcarrier spacings with a correspondingly short OFDM symbol duration, the OFDM symbol duration may be so short that it is not possible to finish decoding and other receiver processing during 1 OFDM symbol. For those cases, the number should be somewhat larger than 1 OFDM symbol. 
To support a very low latency, extensive use of pipelining in the receiver is necessary. The proposed frame structure allows such pipelining among the various physical layer processing components, such as channel estimation, demonulation, channel decoding, ACK/NACK generation, etc.  The low-latency frame structure and extensive pipelining disallows channel interleaving across the entire subframe. The multiple codewords associated with a given transport block should not be interleaved across all the OFDM symbols in the subframe. Instead, each codeword should be contained within a single OFDM symbol, as illustrated in Figure 2. If the OFDM symbol duration is too small, then a codeword may be mapped to a slightly larger number of OFDM symbols, e.g., 2 OFDM symbols.  With this layout, demodulation and decoding of each codeword can start immediately after each OFDM symbol is received, and there is no need to wait for the buffering of all OFDM symbols in a subframe before decoding can start. 
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[bookmark: _Ref458759075]Figure 1.Fast ACK/NACK requirement in frame structure design.
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[bookmark: _Ref458759600]Figure 2.Mapping of modulation symbols of the codewords of a transport block to the subframe resource.

Channel coder is a key component in the receiver. Hence decoding latency should be sufficiently low, take a fraction (e.g., half) of the total receiver processing delay budget. Assuming the total processing latency of a codeword is one or two OFDM symbol duration, and assuming half of the latency can be allocated to the decoder, 
· If overall latency is 1 OFDM symbol, then the decoding latency t for subcarrier spacing fsc is:
· fsc = 15 kHz: t ~= 67/2 = 33 µs;
· fsc =  30 kHz: t ~= 33/2 = 16 µs;
· fsc =  60 kHz: t ~= 16/2 = 8 µs;
· If decoding latency is 2 OFDM symbol, then the decoding latency t for subcarrier spacing fsc is: 
· fsc = 15 kHz: t ~= 134/2 = 67 µs; 
· fsc = 30 kHz: t ~= 66/2 = 33 µs;
· fsc = 60 kHz: t ~= 32/2 = 16 µs;
Depending on the subcarrier spacing, and the final decision on frame structure and HARQ timeline, the channel decoder

Decoding Latency of Data Channel

Turbo code
A selection of recently published high-throughput decoder implementations are listed in Table 1 below. Here the maximum info block size of K=6144 is assumed. Comparing the decoding latency in Table 1 with the decoding latency requirement in Section 2, it is observed that turbo decoder can satisfy the decoding latency requirement of data channel of NR.

Table 1. Decoding latency of selected high-throughput turbo decoders
	Implementation
	Info block size K
	Throughput (Gbps)
	Decoding latency (s)

	Li A. et. al. 2016 [8]
	6144
	20
	0.31

	Ilnseher T. et. al. 2012 [6]
	6144
	2.15
	2.9

	Belfanti S. et. al. 2013 [7]
	6144
	1.013
	6.1

	Studer C. et. al. 2012 [5]
	6144
	0.542
	11.3



There are several parameters in NR that affect turbo decoding latency of a codeword. 
· The information block size directly affects decoding latency. The decoding latency roughly scales linearly with K for turbo decoding. Hence the decoder implementation needs to consider Kmax that a particular application. 
· For eMBB, Kmax is high, hence the decoder has to have high throughput achieve low latency. Advanced hardware implementation like those listed in Table 1 can be used.
· For URLLC, the low latency requirement is stringent, but this is offset by the fact that Kmax is expected to be low. The latest publication [9] describes a FPGA implementation of turbo decoder, where it achieves 1.53 Gbps average throughput and average latency of 0.56 s when decoding URLLC-like packets of K=720 bits. 
· For mMTC, latency is typically much relaxed. Together with the low Kmax, the decoder can afford to have low throughput. Hence for mMTC, decoding latency is of minor concern, and the decoder implementation should be mainly concerned with cheaper implementation for reducing the unit cost of mMTC application.
· Some enhancements have been proposed to LTE turbo code. For example, the mother code rate of LTE turbo code has been proposed to be decreased to 1/5 or 1/7, by adding one or two new parity bits to each of the constituent convolutional codes. This increases each branch metric calculation by one or two addition. Turbo decoding latency will be slightly higher compared to LTE turbo.

Observation 1 Turbo decoder implementation can satisfy flexibility requirement of NR, given Kmax similar to that of LTE.

LDPC code
For LDPC decoders, the throughput and decoding latency is affected by many factors. One prominent factor is the flexible vs inflexible LDPC decoder. 
If the standard does not require flexibility with code sizes and code rates, then the LDPC decoder can be very efficient implementation, for example, unrolled, fully parallelized, and having fixed routing, etc. For instance, in the IEEE 802.3an implementation, only one (N=2048, K=1723) RS-LDPC code is supported. i.e., only a single (size, rate) combination is supported.  This allows very high throughput of LDPC decoder implementation. For example, [10] describes a decoded throughput of T = 78 Gbps and a latency of 0.06 s, where the LDPC code having a block length of K = 1723 and a coding rate of R = 0.84. 
If the standard does require flexibility with code sizes and code rates, then the LDPC decoder carries much overhead to afford the flexibility. The most flexible standards LDPC code set is in 802.16e (i.e., WiMAX), covering 19 information block sizes and 4 code rates. To our knowledge, the best ASIC implementation of WiMAX LDPC decoder [10] has a 65 nm chip area of 3.36 mm2 and achieves an encoded throughput of 1.06 Gbps. The encoded throughput (i.e., on N) should be converted to the decoded throught (i.e., on K), in which case, the decoded throughput of 0.53 Gbps when the coding rate is R = 1/2. Hence the flexible LDPC decoder exhibits orders-of-magnitude lower throughput compared to that of an inflexible decoder, and corresponding higher decoding latency. 
For NR, flexibility with code size and code rate is expected, where the extent of flexibility of LDPC code depends on what use cases the LDPC code is designed for. 
· If LDPC code is only designed for limited cases, then an inflexible LDPC decoder can be built, providing higher throughput and lower latency several times better than that of a turbo decoder. The decoding latency requirement can be easily satisfied, even if a high Kmax is defined, e.g., Kmax = 32,000 or 64,000 bits in the simulation assumption of eMBB. 
· If LDPC code is designed to cover an extensive range of code sizes and code rates, then the LDPC decoder has to be very flexible. In this case, decoding throughput and latency comparable to that of the best turbo decoders are expected. To satisfy the decoding latency, Kmax of LDPC code should be limited to values not much higher than the Kmax of turbo decoders.

Observation 2 Inflexible LDPC decoder can satisfy flexibility requirement of NR, while supporting much higher Kmax than that of LTE.
Observation 3 Flexible LDPC decoder can satisfy flexibility requirement of NR, while supporting Kmax similar to that of LTE.

Conclusion

In this contribution, we discuss the latency requirements of NR frame structure design, and the decoding latency that a channel coding technique has to satisfy. Based on the discussion, we have the following observations:

Observation 1 Turbo decoder implementation can satisfy flexibility requirement of NR, given Kmax similar to that of LTE.
Observation 2 Inflexible LDPC decoder can satisfy flexibility requirement of NR, while supporting much higher Kmax than that of LTE.
Observation 3 Flexible LDPC decoder can satisfy flexibility requirement of NR, while supporting Kmax similar to that of LTE.
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