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Introduction

In this document, we discuss TBCC enhancement candidates for NR. Three enhancements to LTE TBCC are investigated. The performance of the candidates are shown in comparison to the LTE TBCC.

TBCC Enhancement Candidates

· Enhancement 1
The LTE TBCC can be enhanced by extending the mother code rate from 1/3 to lower code rates. One candidate is to extend the LTE constraint length 7 TBCC with the list of polynomials shown in Table 1.
· Enhancement 2
The LTE TBCC can be enhancement by adopting convlutional code of larger constraint length, while keeping the mother code rate of rate 1/3. One candidate is the constraint length 9 TBCC with the first 3 polynomials [561, 753, 712] (octal) in Table 2.
Note that in UMTS, constraint length-9 tailed convolutional codes with both rate ½ and rate 1/3 are used. Our analysis has shown that the proposed rate 1/3 constraint length 9 code given by [561, 753, 715] is better than the UMTS rate 1/3 constraint length 9 code given by [557, 663, 711]. See Annex.
· Enhancement 3
The LTE TBCC can be enhancement by adopting convlutional code of larger constraint length, as well as lowering the mother code rate beyond rate 1/3. This is essentially the combination of Enhancement 1 and Enhancement 2.  One candidate is the constraint length 9 TBCC with the list of polynomials shown in Table 2.

[bookmark: _Ref450923204]Table 1 Nested polynomials for TBCC with constraint length 𝛎+1=7
	n
	Polynomial
	df
	
	

	1
	133
	-
	-
	-

	2
	171
	10
	11
	36

	3
	165
	15
	3
	7

	4
	117
	20
	2
	3

	5
	135
	25
	1
	1

	6
	157
	30
	1
	2

	7
	135
	36
	4
	8

	8
	123
	40
	1
	1

	9
	173
	46
	3
	6

	10
	135
	51
	2
	4

	11
	171
	56
	2
	3

	12
	135
	61
	1
	1



Table 2 Nested polynomials for TBCC with constraint length 𝛎+1=9
	n
	Polynomial
	df
	
	

	1
	561
	-
	-
	-

	2
	753
	12
	11
	33

	3
	715
	18
	4
	11

	4
	517
	24
	2
	3

	5
	675
	30
	1
	2

	6
	513
	36
	1
	1

	7
	657
	43
	2
	4

	8
	745
	49
	1
	1

	9
	753
	56
	4
	8

	10
	473
	62
	3
	6

	11
	745
	68
	2
	3

	12
	753
	74
	1
	2



Performance of the TBCC Enhancement Candidates

The performance of the Enhancement 1, 2, and 3 is simulated and compared to that of LTE TBCC. The comparison is shown for information block lengths K= {40, 60, 80, 120} bits in Figure 1 – Figure 4.
In Figure 5, Es/N0 (dB) improvement of Enhancements 1, 2, 3, as compared to LTE TBCC for code rate ¼ to 1/9. The Es/N0 (dB) is measured at FER = 10-3.
The study shows that for transmission rate ¼ to 1/9:
· Enhancement 1 provides 0.1 – 0.2 dB gain compared to LTE TBCC.
· Enhancement 2 provides 0.5 – 0.7 dB gain compared to LTE TBCC.
· Enhancement 3 provides 0.7– 0.9 dB gain compared to LTE TBCC.
[image: C:\Users\eyufbla\Documents\MATLAB\chanCoding\simulation_code\TBCC\TBCC\CERQPSK\figures\FER_awgn_qpsk_m6_m8_R_rep_tbccNoCRC_viterbi_k40.bmp]
Figure 1. FER performance of Enhancements 1, 2, 3, as compared to LTE TBCC. Info block size K=40 bits. 
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Figure 2. FER performance of Enhancements 1, 2, 3, as compared to LTE TBCC. Info block size K=60 bits. 
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Figure 3. FER performance of Enhancements 1, 2, 3, as compared to LTE TBCC. Info block size K=80 bits. 
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Figure 4. FER performance of Enhancements 1, 2, 3, as compared to LTE TBCC. Info block size K=120 bits. 
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          (e)				            (f)
Figure 5. Es/N0 (dB) improvement of Enhancements 1, 2, 3, as compared to LTE TBCC for code rate ¼ to 1/9. The Es/N0 (dB) is measured at FER = 10-3.


Viterbi Decoding Complexity of TBCC

For decoder complexity of TBCC, regular Viterbi decoder is the most widely used method for decoding convolutional code. Mature and efficient decoder implementation exists for regular Viterbi decoder. For one information bit in one iteration, the Viterbi decoder complexity is:
· Branch metric calculation: 2n additions, where n is the number of output bits for a input bit, i.e., code rate R = 1/n;
· 2v  2 additions for state metric branches; for a code with 2v states, and 2 branches per state;
· State metric update (i.e., selection step): one comparison/selection per state, for a total of 2v comparison/selection (equivalent of addition);
Overall, the decoding complexity is (2n + 32v) per information bit.
For Enhancement 1, 2, and 3, the Viterbi decoding complexity is compared. The LTE TBCC has 200 additions (or its equivalents) in comparison. 
Between Enhancement 2 and 3, Enhancement 3 can achieve roughly 0.2 dB better FER performance, but the decoding complexity grows as the code rate decreases. Since going to a longer constraint length provides most of the performance gain, both Enhancement 2 and Enhancement 3 are acceptable for NR. 
Table 3 Viterbi decoding complexity (unit=additions) of TBCC for one information bit
	Transmitted code rate
	Enhancement 1
	Enhancement 2
	Enhancement 3

	1/3
	200
	776
	776

	1/4
	208
	776
	784

	1/5
	224
	776
	800

	1/6
	256
	776
	832

	1/7
	320
	776
	896

	1/8
	448
	776
	1024

	1/9
	704
	776
	1280



For control channel and data channel with short info block length, the LTE tail-biting convolutional code is enhanced by adopting constraint length-9 polynomials.

Conclusion
Based on extensive analysis presented in this document, we make the following proposals.
1. [bookmark: _GoBack]For control channel and data channel with short info block length, the LTE tail-biting convolutional code is enhanced by adopting constraint length-9 polynomials.
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Annex
The nested rate 1/3 constraint length 9 code given by [561, 753, 715] is better than the UMTS rate 1/3 constraint length 9 code given by [557, 663, 711]. The distance spectrum comparison is provided below.
	
	[561, 753, 715]
	[557, 663, 711]

	d
	
	
	
	

	18
	4
	11
	5
	11

	19
	0
	0
	0
	0

	20
	13
	49
	7
	32

	21
	0
	0
	0
	0

	22
	28
	136
	36
	195

	23
	0
	0
	0
	0

	24
	81
	496
	85
	564

	25
	0
	0
	0
	0

	26
	235
	1652
	204
	1473

	27
	0
	0
	0
	0

	28
	646
	5122
	636
	5129

	29
	0
	0
	0
	0

	30
	1889
	16388
	1927
	17434

	31
	0
	0
	0
	0

	32
	5608
	53870
	5416
	54092

	33
	0
	0
	0
	0

	34
	16007
	167364
	15769
	171117

	35
	0
	0
	0
	0

	36
	46407
	529226
	45763
	539486

	37
	0
	0
	0
	0

	38
	133484
	1642089
	131319
	1667179

	39
	0
	0
	0
	0

	40
	386574
	5104883
	380947
	5187615

	41
	0
	0
	0
	0

	42
	1113762
	15714070
	1100932
	16003037

	43
	0
	0
	0
	0

	44
	3220414
	48331307
	3173395
	49013235

	45
	0
	0
	0
	0

	46
	9297602
	147890952
	9186269
	150271658

	47
	0
	0
	0
	0
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