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[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Introduction
In [1] a polar code construction and rate-matching method was introduced that supports a nested frozen-bit-set selection from a single ordered sequence. The rate-matching method offers both fine-granularity support and SNR-independent rate-matching. Simulation results with a CA(CRC-aided)-SCL decoder were given in [2], [3] and [4] for eMBB, mMTC, and uRLLC. In [5] a chained polar construction for the NR control channels was presented that allows a PC(parity-check)-SCL (Successive-Cancellation List) decoder to reach or outperform a CA-SCL decoder. This contribution gives a single polar code construction which integrates both methods into a design for both NR data channel and NR control channel. 
 Polar code construction
Figure 1 shows a conventional polar code construction, in which all the bit positions are partitioned into three sets, information-bit set, frozen-bit set, and CRC-bit set. The frozen-bit set takes the lower reliable positions, while information-bit set and CRC-bit set take the higher reliable ones. The algorithm in [1] provides a simple, SNR-independent, and nested method to produce these reliabilities. The CRC-bit set tends to occupy the most reliable positions to help select the correct path at the final stage for an error correction. 

  
[bookmark: _Ref462432026]Figure 1. Polar code with CRC bits  
Figure 2 shows a PC (Parity-Check)-polar code construction, in which a sub-set of the frozen-bit set is selected, the “PC frozen-bit set”, over which a parity-check function is set up for error correction. At each parity-check bit position, all the previously decoded bits involved into the parity-check function over this bit would help prune the list decoding tree along an SC (Successive-Cancellation) decoding path. The paths with some wrongly decoded bits are more likely to be eliminated on the fly. Obviously, the parity-check function must be forward-only to be consistent with any SC-based decoder. 


Figure 2. Parity-Check polar code  
A well-constructed polar code with a proper parity-check function over some well-chosen frozen bits increases its minimum-coding-distance, thereby improving the coding performance (coding gain and BLER curve slope). In fact, appending CRC bits as in Figure 1 can be seen as a special case of this PC-polar Code. 
In [5] a chained polar code was presented, in which a long code word is divided into several shorter code words (segments) and all segments are decoded in parallel. As shown in Figure 3, these segments are concatenated with some parity-check function called “cross-parity-check” function, while the parity-check function applied to bits within a single segment is called “self-parity-check” function. The information bits of one segment are cross-checked onto the PC-frozen-bit sets of another segment.  


[bookmark: _Ref462442755]Figure 3. Example of concatenated polar code with 2 segments
This technique reduces the decoding latency because segments can be decoded in parallel. Both the self-parity-check function and the cross-parity-check function are forward-only so that the SC nature of the polar decoder can be kept. Further details are given in the following sections.
The following notations are used throughout this paper: 
K:		information bits length
M:		code block length
N:		mother code block length, equal to 
L:		List size of SCL decoder   
R: 		code Rate (K/M) 
R’:		mother code rate (K/N) 
Q:		ordered bits position sequence
P:		puncture-set 
W:		parity-check matrix 
n:		number of the segments
Parity-Check polar code  
The procedure of a PC-polar code construction is similar to the procedure in Section 2 in [1] except that a PC-frozen-set will be selected. The PC-frozen-bit set is selected as follows.
Step 1 From an ordered bits position sequence (Q), given R and K, determine the punctured-bit set (P) as in [1]. 
Step 2 Determine a frozen-bit set, called PC-frozen-bit set, and a information-bit set from the Q sequence. 
1) Given the Q sequence in Step1, partition the bit positions into three subsets from low to high reliability


Figure 4. Bit partitions
2) Find the least row-weight in the (K)-subset and denote it as dmin, where the row-weight is the number of “ones” in the row of the bit positions (sub-channels) of its Kronecker matrix. And then count n as the number of bit positions in the (K)-subset with the same row-weight as dmin.
3) Compute Fp = ceil(Log2(N*K)/2) and Pre-flag PC-frozen bits
a) If n<Fp, select and flag (Fp+n)/2 sub-channels with row-weight dmin according to descending reliability order as frozen bits; also select and flag (Fp-n)/2 sub-channels with row-weight 2×dmin according to descending reliability order as PC-frozen bits.
b) If n≥Fp, select and flag Fp  sub-channels with row-weight dmin according to descending reliability order as PC-frozen bits.
4) Determine the position for information, PC-frozen and frozen bits
a) Select the information bit positions one by one from the rightmost to the leftmost (in a reliability descending order) skipping the flagged bit positions, until the number of the information bit positions reaches K. 
b) Flag the remaining bit positions to be the frozen bits firstly.
c) [bookmark: _GoBack]Select from the frozen bit positions that have a row-weight equal to PC-frozen bits (Pre-flag in step 2.3 ) as additional PC-frozen bits.
d) According to the information, PC-frozen and frozen bits set, prepare the bits sequence {a0,a1,,,aN-1} for encoding, insert the K information bits into it and mark the PC-frozen and frozen bits.
Step 3 Apply a parity-check function over the PC-frozen-bit set prior to encoding them [1] as illustrated in Figure 5. 


[bookmark: _Ref462442108]Figure 5.  Polar code encoder with self-parity check function setup
A cyclic shift on a register with length of a prime value is used for the parity check function. Assume {a0,a1,,,aN-1} is the bit sequence obtained in Step 2.
1. Initialize a p-length cyclic shift register, y[0],…,y[p-1], to 0
1. for i = 0 to N-1
read the i-th bit, ai
cyclic left shift the register
if ai is an information bit: the bit is unchanged, update y [0] = (ai XOR y[0])
if ai is a PC-frozen bit: set ai =y [0]
if ai is a frozen bit: set ai = 0
end for
The equivalent cycle shift register operation is shown below.


Figure 6. Equivalent cycle shift register operations
A PC (parity-check)-SCL decoder used for decoding is described in [5]. The cyclic shift register operation at the decoder is the same as the encoding procedure.
Example: 
The PC function setup is defined by a PC matrix . Assume the code block length is , and the information bit length is . 
Using the construction method in [1], we obtain the bits position sequence Q of sub-channels:
.
The minimum row-weight dmin of sub-channels  is 4, and the number of them is n=3. By definition Fp = ceil(Log2(N×K)/2) = 4, and clearly n<Fp. Therefore, we select floor((Fp+n)/2)=3 sub-channels with row-weight dmin =4 and floor((Fp-n)/2)=0 sub-channels with row-weight 2×dmin = 8 as PC-frozen bits. By descending reliability order, these frozen bits are .
Then, we mark the information and additional frozen bits according to Q. The information-bit set is  and the frozen-bit set is . By selecting the frozen bits with row-weight 4, we further get the PC-frozen-bit set as .
Finally, we use a prime-length cyclic register with p=5 to build parity functions for each PC-frozen bit in . It is easy to see that the cyclic register connects the bits with a constant spacing 5. For , the parity function would be  , and since is a frozen bit and will not engage in the XOR operation in the cyclic register,  also becomes a static frozen bit. For  and , the parity functions are  and , where  and  are information bits.
Using the above method, we construct the parity-check matrix for the polar codes as


[bookmark: _Ref462841683]Figure 7. Parity-Check Matrix for Polar Construction  
From  we obtain  as Frozen bits,  and  as PC-frozen bits with the self-parity-check functions being , as shown in Figure 7.
Concatenated polar code and parallel decoding 
Although a concatenated polar code can have a code length  for any arbitrary integer ,  we fix mi to have equal-size segments in favor of a parallelized decoder architecture. 
[image: ]
Figure 8.  Concatenated polar code with equal-size segments

Every segment has its own PC-SCL decoder. These decoders work in parallel and exchange information at the cross-parity-check bits. 



Figure 9.  Two SCL Decoders in Parallel

Consider the case of two segments as an example. The parallel PC-SCL polar decoder architecture consists of two instances of PC-SCL decoder in parallel. At each decoding step, each PC-SCL decoder extends its list paths and computes its path metrics independently. The two PC-SCL decoders exchange the information to eliminate paths that do not satisfy the cross-PC function. After this operation, the two decoders work independently performing path sorting and pruning in parallel. Since the decoding steps are decreased from N to N/n, the decoding latency is reduced. 

Performance Evaluation
In case of K from 8 bits to 8000 bits and R from 1/12 to 8/9, the simulation results show that polar code has good and stable performance over the entire range of code rates/block lengths, hence showing the capability of covering the whole NR scenario including eMBB, mMTC, uRLLC data and control channel. More simulation results can be found in [7] and [8].
Some optimized rules can be used to find a punctured set P compared to the method described in [1]. A rate-dependent puncturing method for polar codes was proposed in [6]. The method is simple and can achieve good performance for low code rate and small block lengths. 




Evaluation for Self-Parity Enabled Construction (shown in Section 3)
· Simulation results for K = {1000}, List size = {8,32}
 [image: ]
[bookmark: _Ref462443705]Figure 10.  BLER performance for info. block length = 1K with various code rates

· Simulation results for K = {4000}, List size = {8,32}
 [image: ]
[bookmark: _Ref462443708]Figure 11.  BLER performance for info. block length = 4K with various code rates 
In Figure 10 and Figure 11, the red curves refer to the  PC-polar codes as described in Sec. 1 (dotted line is the PC-SCL-8 decoder, solid line is the PC-SCL-32 decoder), the magenta curves refer to the conventional polar codes as in [1] (with CA-SCL-32 decoder), and the blue curves are the turbo reference. We observe that the PC-polar code exhibits a good and stable performance. With a PC-SCL list 8 decoder, it can reach the similar performance of a CA-SCL-list 32 decoder for a conventional polar at high code rates. When both are using list 32 (PC-SCL-32 and CA-SCL-32), the PC-polar code has better performance except at some very low coding rate, and the gain of a PC-polar code becomes larger as the coding rate increases.

Evaluation of Concatenated Polar and Parallel Decoding
We show the performance of concatenated polar codes (shown in Section 4) with two segments by using the encoding and parallel decoding methods described in Sec. 2.  
· Simulation results for code block length () = 4096, list size = 32 [image: ]
Figure 12. Concatenated Polar Performance for 2 segments, Code Block Length = 4096

· Simulation results for code block length () = 8192, list size = 32 
[image: ]
[bookmark: _Ref462443855]Figure 13. Concatenated Polar Performance for 2 segments, Code Block Length = 8192

In Figure 12 and Figure 13, the red solid curve is the 1-segment PC-polar code, and dashed magenta curve is the dual-segment PC-enabled polar code. We fix the code block length to 4096 and 8192 for an easier performance evaluation of the segmentation or chain. Result is that the performance of dual-segment PC-enable polar code is almost the same as one segment one.
Conclusion
This contribution describes a design of polar code for NR control channel and data channel. It is shown that the polar code has good and stable performance with a PC-SCL decoder and supports the fine-granularity rate-matching scheme for all NR scenarios, including eMBB/mMTC/uRLLC and control channel. 
In summary, the proposed design has the following characteristics: 
· Supports a nested fine-granularity rate-matching scheme
· Has a deterministic and simple code construction
· A concatenated encoding scheme can be used to fully parallelize the decoding architecture, reducing latency.
· Achieves good performance and flexibility for NR scenario, information bits length from 8 to 8000 and longer, code rate from 1/12 or lower to 8/9.
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