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Introduction
This contribution is an overview of all of our studies submitted for RAN1 #86bis [2][3][4][6][7][8], in order to address the RAN1 #86 conclusion that further study be prioritized for LDPC codes with respect to the EMBB data channel [1].
Conclusion:
· The eMBB data channel coding scheme will be chosen at RAN1#86bis
· including agreeing on the observations that led to the decision. 
· Companies are encouraged to:
· continue analysis and comparison in order to inform the final decision at RAN1#86bis
· provide any remaining details, especially focusing on LDPC (in view of the situation in this meeting) 
· provide any remaining details of the flexibility requirements and how they can be satisfied, and corresponding implementation complexity and any impact on performance
· Note that consideration of combinations of coding schemes is not precluded. 
· In case of changes to proposals already available, companies are encouraged to provide them at least 1 week before the normal submission deadline for RAN1#86bis. 
 
Here we provide further evidence for LDPC selection, highlighting companion contributions which address the many aspects of flexibility, performance, and implementation superiority.
Additionally, we provide new study into the benefits of forward compatibility given the assumption of the LDPC selection for eMBB data channel. We show how the LDPC specification and resulting HW enveloped defined by eMBB can efficiently be reused to address URLLC, MMTC, unlicensed, and sidelink use cases with optimized performance. This underscores how LDPC adoption for EMBB can provide a competitive and robust platform that is forward compatible.
Flexibility and performance
Observation 1 (Fading Performance):- It is observed that the proposed LDPC code design has performance advantages over both Turbo and Polar codes over the AWGN and fading channel scenario when all the codes are decoded using their respective optimal decoder (SP for LDPC, logMAP for Turbo and List SC decoder for Polar codes), thus demonstrating the superiority of the LDPC codes themselves. See contributions [3][4] and [5].
Observation 2 (IR-Hydrid ARQ):- It is observed that the proposed LDPC code designs provides sizeable IR-HARQ gains at all rates. See contribution [6] for details. It is also observed that the proposed LDPC codes offer fine IR-HARQ capability using parity-check extension, from the highest rate to the lowest rate over both the AWGN and fading channels. See contribution [4] for details. Incremental freezing (or re-encoding procedure) approach for IR-HARQ for Polar codes performance can be sensitive at lower rates and lower blocklengths and also sensitive to fine granularity HARQ. For the proposed LDPC codes, the IR-HARQ performance is optimized in the construction of the codes and hence provides good performance for fine IR-HARQ extension.
Observation 3 (Rate and Blocklength granularity):-   It is observed that the proposed LDPC code can support any K and N and rate as prescribed by the limits of the design. See contribution [3] for details. It is also observed in the same contribution that the proposed LDPC code design has robust performance for single-bit blocklength scaling. Turbo codes always operating using a fixed-rate base case, of rate 1/3 in LTE, and provide rate flexibility by puncturing. This limits decoder throughput at high code rates. In addition, turbo blocklength granularity becomes coarser as decoder parallelism increases. Contribution [7] discusses those limitations in detail.
Observation 4 (Compact description):- It is observed that the proposed LDPC design has small description complexity. The proposed design has 3 graphs with 21 bits per edge that need to be stored. See contribution [3] for details. It is also observed in the same contribution that the highest family by itself is capable of supporting all the required eMBB rates and blocklengths.
[bookmark: _GoBack]Observation 5 (Lower rates):- It is observed that the proposed LDPC design can support rates as low as rate 1/12 and blocklengths as small as 64 bits by using the lowest family. See contribution [3] for details. This family can efficiently re-use the decoder area already dimensioned for the eMBB scenario. The lowest and the middle family allows us to cover the blocklengths and rates for the URLLC scenario as well. 
Observation 6 (Lower Latency):-   It is observed that the proposed LDPC design can provide lower latency at lower rates by using the lowest family. The lowest family is defined on a smaller basegraph and hence can allow larger lift values for the same blocklength and thus enabling lower decoding latencies. See contribution [3] for more details. Moving forward, URLLC may support higher rate and higher payload and eventually use unlicensed spectrum wherein low latency is crucial for medium access. The lowest family with larger lifts for obtaining smaller blocklengths and rates can support such a scenario. 
Implementation advantages
Observation 7 (Throughput scaling and IR-HARQ):- It is observed that the proposed LDPC code design can provide throughput scaling by increasing the lift size and also provide efficient IR-HARQ. See contribution [6] for details. The primary advantage of LDPC codes over Turbo codes is that for the same IR HARQ capability, the LDPC can scale to much higher throughputs as the IR HARQ requirement is relaxed. This however is not the case for LTE Turbo codes, since they are limited by always operating on rate 1/3 base code regardless of the actual code rate. IR-HARQ for Turbo codes is inefficient due to wasted energy in processing punctured nodes at the highest rates. For the proposed LDPC code design, the punctured parity-bits do not participate in the high-rate decoder at all and are hence are not processed. Since the system operates at rates higher than 1/3 most of the time, efficient decoding of the high-rate earlier transmissions leads to significant energy savings. The serial decoding algorithm of polar codes limits throughput, which does not scale well with increased decoder complexity.
 Observation 8 (Maintaining throughput at lowest rate):-  It is observed that the proposed LDPC code design can support a throughput of 1Gbps at the lowest rate of 1/5. See contribution [7] for details. In order LDPC codes to replace LTE Turbo codes, it is important to normalize the area efficiency and energy efficiency of an LDPC implementation which provides the same capability. For instance, if an LTE Turbo code can provide 1Gbps throughput, then the LDPC code should equally be able to achieve 1 Gbps throughput at R=1/3 in order to achieve the same flexibility in IR HARQ. 
Observation 9 (Practical Robust Decoders):-  It is observed that the proposed LDPC codes lend themselves to a practical and efficiently implementable decoder. As described in [8] the reduced complexity LDPC decoder uses adjusted Min-Sum decoder to limit the number of outgoing messages from the check node to be two. Hence the implementation complexity of the Adjusted Min-Sum is the same as Min-sum decoder while maintaining performance very close to the SP decoder. The reduced complexity decoder also proposes to use layered schedule for decoding which speeds up the traditional flooding decoder by a factor of two. Finally, the reduced complexity decoder also has a pre-processing step of the received LLR to take care of unknown scaling of the LLRs caused by channel mismatch or unknown gains. With all these practical considerations, the performance of the reduced complexity decoder is close to the performance of the SP decoder. While, the resulting complexity is similar to that of the offset Min-Sum decoder. Contributions [8] and [7] describe the decoding algorithm and discuss decoder implementation, showing the significant latency and throughput advantages of the LDPC decoder compared to the turbo and polar decoder. 
Observation 10 (Decoder Flexibility):- It is observed that the increase in the complexity of hardware implementation of the proposed LDPC codes is about 6-15% more than the complexity of implementing an inflexible LDPC code. Here by flexibility we mean that the LDPC code can support fine rate and blocklength granularity whereas an inflexible LDPC code can support few rates and blocklengths. Contribution [7] provides a detailed analysis of decoder flexibility and shows that LDPC codes offer an unparalleled combination between flexibility, throughput, and implementation complexity. 
Forward compatibility
Observation 11 (MMTC Link Budget):-   Lowest family in the proposed LDPC code design can improve li nk budget with lower code rates and small encoding and decoding complexity for IoE devices. 
Observation 12 (Low latency):-  Lowest family in the proposed LDPC code design can allow larger lift size for smaller blocklengths and can thus allow lower decoding latency. This can later enable unlicensed operation more efficiency and allow URLLC evolution to larger payloads. 

Conclusions
Proposal 1: LDPC codes should be selected as the channel code for the eMBB data channel in NR, as LDPC codes can provide additional performance and implementation advantages beyond the other candidate schemes.
Proposal 2: Further design of LDPC parity check matrices can be considered for future services while efficiently re-using LDPC eMBB data channel hardware. For example, this can include unlicensed operation or evolution of URLLC to larger payloads.
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