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1 [bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Introduction
In this contribution, we discuss the polar code for NR control channels and compare it with other candidate coding schemes for control channel. We will start with presentation of some criteria to select the candidate codes, after full evaluations, we will show that polar code outperform other potential candidate for 5G NR control channel.
2 Discussion 
The coding scheme for NR control is crucial for entire NR system performance; we have made a full evaluation for different candidate coding schemes in terms of:
· Coding Gain – enhances the system capacity and coverage and fit the URLLC data channels.
· False-Alarm and Miss-Detection Rates - lower the probability of collision on PUSCH and PUCCH under 10-3[1].
· Detection Latency –meets the shorter TTI in NR over a searching space larger than the LTE systems. 
· Fine Granularity –allows a more flexible resource allocation for control channels. 
2.1 Evaluation of Polar Code for NR Control Channel
Coding Gain
The polar code design for NR control channels is the same PC-based polar code [2] for eMBB small blocks. This construction uses a self-parity-check function to increase its minimum coding distance. It has many advantages including fine granularity, good coding gain, and it is an SNR-independent design and does not use CRC bits to select the list paths at the decoder (no CRC bits used for error correction). 
In [3], a simulation assumption was defined for NR control channel simulation. But, we won’t consider to using LVA (list-Viterbi-algorithm) decoding algorithm for (enhanced)-TBCC, because it uses its CRC bits for the path selection and to increase its false-alarm rate.  
Table 1   Simulation Assumptions for NR Control Channel 
	Channel
	AWGN

	Modulation 
	QPSK

	Coding Scheme
	TBCC/E-TBCC
	LDPC1
	LDPC2
	LDPC3
	Polar

	Code rate
	1/24, 1/12, 1/6, 1/3, 1/2, 2/3

	Decoding algorithm
	Viterbi
	LOMS 
Offset 0.22 Iteration 25
	LNMS 
Iteration 20
	LOMS 
Offset 0.5 Iteration 20
	PC-SCL 
list8/32

	Info. block length (bits w/o CRC) 
	1, 2, 4, 8, 16, 32, 48, 64, 80, 120, 200


Note that E-TBCC used in the simulation has a constraint length of 7 and extended mother code rate. 
We simulate polar codes with decoders with list 8, and list 32. Analysis of the implementation aspects of polar codes is given in [4].  
Figure 1 shows the BLER performance for information block of 64 bits (K = 64 bits) of polar and TBCC schemes. Polar with L8 outperforms both TBCC and E-TBCC. At 1e-4 BLER, the gains for L8 vs. E-TBCC are 1.6 dB, and the gains of L32 vs. E-TBCC are up to 2dB. Gains are larger as the coding rate decreases. Only at code rate 2/3 polar L8 and TBCC or E-TBCC has similar performance, while L32 is better of about 0.4 dB. The gain of L32 over L8 for polar is of about 0.4dB. 
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Figure 1 	Performance of Polar codes and TBCC
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Figure 2 Performance of Polar codes and LDPC
Figure 2 shows the BLER performance for information block of 64 bits (K = 64 bits) of polar with list 8 and 32, and three LDPC schemes: LDPC1 [5], LDPC2 [6], and LDPC3 [7]. For all coding rates, polar with L8 has better performance that the LDPC schemes, with gains up to 1.6 dB at 1e-4 BLER. For polar with L32 the gains are up to 2 dB at 1e-4 BLER. Simulation results for info block lengths equal to 80, 120 and 200 are shown in the Appendix. 
Additional BLER results comparison between Polar and Reed-Muller code can be found in [8], where it is shown that Polar outperform RM code 0.1-0.4dB in different cases.
Observation -1: 
Under control channel simulation assumption with no CRC:
· Across all block lengths (8,16,32,48,64,80,120,200) and all code rates (2/3,1/2,1/3,1/6,1/12) 
· Polar(L=32) outperforms TBCC/E-TBCC;
· 	Polar(L=8/32) outperforms LDPC;
· At block length=16,64,80,120,200 and all code rate (2/3,1/2,1/3,1/6,1/12)
· 	Polar(L=8) outperforms (or performs similarly as) TBCC/E-TBCC;
· At block length=32,48 and low code rate (1/6,1/12)
· Polar(L=8) outperforms (or performs similarly as) TBCC/E-TBCC;

Miss Detection/False Alarm Rates
The CRC appended to the data blocks is the same for all coding scheme. In the polar decoder, as in the decoder of other coding schemes, the CRC bits are only used for error detection, hence it is expected that a PC-based polar code has similar false-alarm (FA) and miss detection (MD) rates as LTE-TBCC if the same number of CRC bits is applied. Next, we show the evaluation results of MD and FA rates for polar code and TBCC code. 
Figure 3 illustrates the false-alarm and miss-detection rates with an information block lengths=32/64/80 bits, code rate=1/6, and 16-bit CRC, for polar code and TBCC code. In this simulation, a false-alarm rate is defined as the ratio of the number of the events that a UE incorrectly detects a control channel but PASS CRC check over the total number of trials. A miss detection rate is defined as the ratio of the number of events that a DCI (downlink control information) sent for a UE is missed by this very UE over the total number of trials.
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Figure 3	Error detection comparison between polar codes and TBCC
Observation -2: Polar code has similar or even better false-alarm and miss-detection rates than TBCC code. 
Several companies claim that the LDPC have inherent parity check property, we evaluate the parity check capability of LDPC matrix provided in [5]. Figure 4 shows the FAR of the LDPC matrix parity check come closer to BLER curves with SNR increasing. In the low SNR region, about 80% incorrectly decoded blocks can be detected by parity matrix, this inherent parity check property is merely equivalent to about log2(8)=3 bits CRC. As the SNR increases, this parity check property further decrease to 1 bit CRC. 
Also, we shall notice that, if early stopping is applied during LDPC decoding iteration, there will be performance loss for error detection, for example, when executing 50 iterations, the loss of parity check capability is equivalent to about log2(50)=5 CRC bits.
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Figure 4 Error detection performance of LDPC
Observation-3: The inherent parity check capability of LDPC is limited and depends on the operating SNR, becoming negligible as the SNR increases. 
For polar codes, a PM-aided blind detection scheme can be used to improve the error detection rates and this would allow lowering the requirement for CRC bits number. On top of the PC-based polar code construction for NR data channel, the frozen sub-channels are used to build an inherent parity-check property for the UEID detection. According to polarization theory, it is unnecessary to transmit zeros on the frozen sub-channels. Rather, any sequence can be transmitted over them without performance loss, if both encoder and decoder use the same sequence. This sequence can contain UEID-related information. If a SC (successive cancellation) decoder is processing a codeword by a wrong sequence, its SC metric will increase even in low SNR conditions; this allows eliminating un-desired UE before executing CRC check.  
Encoder:  
· Determines the sub-channels of the information-set, PC-frozen-set, and frozen set, and the bits of the puncture/shorten-set given a block length (information bits + CRC bits) and code rate [3]. 
· Applies the self-parity bits onto the PC-frozen-set sub-channels and appends the CRC bits; 
· Masks the UE-ID onto both CRC-bits and frozen-set sub-channels (repetition or truncation of UE-ID may be required to fill up these the frozen sub-channels) 
· Executes Arikan encoding to have a code-word and punctures/shortens it;
Decoder with a blind detection: 
· Determines the sub-channels of the information-set, PC-frozen-set, and frozen set, and the bits of the puncture/shorten-set given a block length (information bits + CRC bits) and code rate [3]. 
· Obtain the received symbols from each possible search position, calculates a threshold path metric value for the SC path metric, then de-mask the frozen-set sub-channels with user’s own ID, and calculates the path metric;
· Only choose the received symbols with the calculated PM value smaller than threshold path metric for decoding all the information bits including CRC bits, and then execute the CRC check for determination.
This scheme reduces the number of CRC check attempts for all candidate CCEs. 
Detection latency
There are two types of DCI lengths to be detected in both common search spaces (CSS) and user specific search space (USS) in a LTE system: 
· DCI_1A-like-length+DCI_1C-like-length for CSS search;
· DCI_1A-like-length+DCI_X-like-length for USS search (where X belongs to 1/1B/2/2A); 
An SC decoder is implemented with about 3000 Flip-flops [9] and completes decoding within (2*N-2)/4 cycles (SC-SSC). If time is closed at 1GHz, an N=1K codeword is completed in 512ns. In the worst case defined in LTE system, there are maximum 22 physical allocations to be tested and each allocation has two different code rate possibilities. Two SC decoders for each physical allocation can share some channel LLR input. Then both can sequentially detect 22 physical allocations within 12 us at an extreme low hardware cost. 
Observation-4: ASIC evaluation shows that, Polar with list decoding can easily fulfill the latency requirement for NR control channel;
Granularity
Figure 5 shows the required SNR to achieve BLER=10-4 for polar codes (QPSK, AWGN channel) as a function of the information block length from 8 to 200 bit.
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Figure 5 Granularity of Polar codes for Control Channels
Observation-5:  Polar codes have stable performance over the block length range with fine granularity.
3 Conclusion
In this contribution, we examine PC-enable polar code as a candidate coding scheme for control channel and compare it with the existing TBCC coding scheme used in LTE. We found that the polar code scheme satisfies all the mentioned requirements of NR control channel and have observations as below:
Observation-1: 
Under control channel simulation assumptions with no CRC:
· Across all block length (8,16,32,48,64,80,120,200) and all code rate (2/3,1/2,1/3,1/6,1/12) 
· Polar(L=32) outperforms TBCC/E-TBCC;
· Polar(L=8/32) outperforms LDPC;
· At block length=16,64,80,120,200 and all code rate (2/3,1/2,1/3,1/6,1/12)
· Polar(L=8) outperforms (or performs similarly as) TBCC/E-TBCC;
· At block length=32,48 and low code rate (1/6,1/12)
· Polar(L=8) outperforms (or performs similarly as) TBCC/E-TBCC;
Observation -2: Polar code has similar or even better false-alarm and miss-detection rates than TBCC code. 
Observation-3: The inherent parity check capability of LDPC is limited and depends on the operating SNR, becoming negligible as the SNR increases.
Observation-4: ASIC evaluation shows that, Polar with list decoding can easily fulfill the latency requirement for NR control channel;
Observation-5:  Polar codes have stable performance over the block length range with fine granularity.
Hence, we have the following proposal:
Proposal: Control channel information of NR adopts polar as the channel coding method.
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Appendix 
· Additional BLER results of polar codes and TBCC with different block lengths follow.
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· Additional BLER results of polar codes and LDPC with different block lengths follow.
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