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Introduction
In RAN #71, a new study item New Radio (NR) Access Technology was approved. In RAN1 #85, and 86, 86bis several contributions showed the performance of channel coding schemes for control channel or for short block lengths.
In this contribution, we analyze the performance of enhanced tail-biting convolutional code for control channel encoding for NR.
Channel Coding Schemes 
[bookmark: _Ref378529477]In previous meeting, two candidate channel coding schemes for control channel were discussed. The candidate channel coding schemes are 
a. Tail-Biting Convolutional Code:  In this scheme, the information bits are encoded using a tail-biting convolutional code. The tail-biting principle implies that the last bits of the information block length are used as the initial states of the shift registers of the convolutional code. This scheme is similar to LTE control channel. HSPA control channel also uses convolutional code for channel encoding, the tail bits are zero padded. Table 2 shows the comparison of channel code parameters for HSPA and LTE.  We expect the NR continue to improve the performance of TBCC. Hence we list the channel coding parameters as variable.  We describe these details for enhanced TBCC in the next section. 

b. Polar Code:  These are pretty new channel coding schemes which are shown to achieve performance close to channel capacity. Previous contributions have shown promising performance for low block lengths. In addition, we found that acceptable performance is achieved with list decoders rather than simply using successive cancellation (SC) decoder, which limits the applicability of Polar codes for control channel as we prefer the control channel decoding should be less complex. 




Table 1 Control Channel Characteristics for HSPA, LTE and NR
	Property
	HSPA
	LTE
	NR

	FEC
	Convolutional code
	Convolutional code
	Convolutional code

	Tailing method
	Zero padding
	Tail-biting
	Tail-biting

	Constraint length
	9
	            7
	 variable 

	Mother code rate
	1/3
	     1/3
	 variable 

	Rate matching
	Algorithm based (unequal error protection)
	    Circular Buffer
	 Circular Buffer

	Generator Polynomials
	[557,663,711]
	       [133,171,165]
	Variable

	Modulation
	QPSK
	     QPSK
	Variable
(QPSK, 16QAM)

	Link Adaptation
	No
	No
	Yes


We evaluated the performance of polar codes with SC decoder and found that the performance is inferior to TBCC with constraint length 7 (existing LTE control channel) for block length of 40 bits. Hence in this contribution, we focus mainly on enhancing the performance of TBCC for NR.
Enhancements to Tail-biting Convolutional Code for NR Control Channel
In this section, we present our analysis of TBCC enhancements using link level simulations. The simulation assumptions are outlined in Table 2. 
Table 2 Link level simulation assumptions 
	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	Duplex 
	FDD

	Channel
	AWGN

	Information block length 
	40 bits

	Modulation
	QPSK, 16QAM

	Code rate
	1/3, 1/6, 1/9


Effects of Mother Code Rate 
When choosing the channel code, one aspect we need to decide is whether to single mother channel coding scheme with mother code rate or use multiple code rates optimized for that code rate?  To address this issue, we simulated the performance of 1/6 and 1/9 code rates derived from 1/3 code rate of constraint length 7. i.e.  The output coded bits of 1/3 mother code are repeated 2 and 3 times respectively. Figure 1 shows the performance with 1/3 1/6, 1/9. Since more parity bits are added for 1/6 and 1/9, the performance improvement can be obtained over 1/3 code rate.  
[image: ]
Figure 1 FER performance of 1/3, 1/6 and 1/9 rate TBCC with mother code of rate 1/3

Figure 2 shows the performance comparison of code rate 1/6 when we use the optimized generator polynomial described in [2].  It can be observed that the performance is improved when we use an optimized polynomial rather than repeating from the mother code. 
[image: ]
Figure 2 FER performance of 1/6 rate TBCC with optimized generator polynomial
Similarly Figure 3 shows the performance of code rate 1/9. In this case also the performance is improved by using an optimized generator polynomial. ACLR requirement for peaceful co-existence between adjacent systems.  Hence both the systems satisfy the ACLR requirement.
[image: ]
Figure 3  FER performance of 1/9 rate TBCC with optimized generator polynomial
 
[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Observation 1: Performance is improved by using an optimized generator polynomial for each code rate.
Mother Code Rate Selection for Low Code Rates
For extremely low code rates using an optimized generator polynomials might be cumbersome. To analyse this scenario, Figure 4 shows the performance comparison, when the 1/9 code rate is derived from 1/6 mother code and 1/3 mother code. It can be observed that performance of 1/9 is better when he code is derived from 1/6 mother code as the coding gain to optimized polynomials is better than the repetition code.  
[image: ]
Figure 4 FER performance of 1/9 rate TBCC with mother code rates of 1/3 and 1/6

Observation 2:  For extremely low code rates, choosing a mother code rate close to the desired code rate is beneficial
Effects of Modulation for Low Code Rates
Another aspect which we would like to emphasize for NR is using higher order modulations for control channel. For evaluating the performance using higher order modulation, we simulated the performance with 16 QAM.  Figure 5 shows the performance comparison with 1/6 when the code is derived from a mother code rate of 1/3. Also shown is the performance when we use optimized generator polynomial for code rate 1/6.  As expected the performance is better for 1/6 code rate with optimized generator polynomial. Observe that the performance gain is significant in this case compared to QPSK.
[image: ]
Figure 5 FER performance of 1/6 rate TBCC with 16 QAM

Observation 3:  Significant performance gains can be obtained by using higher order modulation with optimized generator polynomials 
Effects of Constraint Length on TBCC 
 It is well known that the TBCC performance can be enhanced by increasing the constraint length. However, note that in this case, the complexity at the decoding side increases as the number of trellis states increases exponentially.  Figure 6 shows the performance comparison with constraint length 7 and constraint length 9. Note that, we used the generator polynomials as described in [2]. 
[image: ]
Figure 6 FER performance of 1/3 code with constraint lengths 7 and 9
Observation 4:  Performance of TBCC can be improved by increasing the constraint length
Choosing Optimal Polynomials for a Given Constraint Length 
 Note that the generator polynomials chosen in [2] are based on nested property. 	This implies that for given code rate 1/n, the generator can reuse the polynomials of 1/(n-1).  However, in our view, we can avoid this nested structure and find an optimized polynomials for a given code rate based on the distance spectrum as outlined in [3]. Based on the same principle, we found that the polynomial [575, 623,727] is better compared to the polynomials proposed in [2]. Figure 7 shows the performance of the proposed code for constraint length equal to 9 and code rate equal to 1/3. 
[image: ]
Figure 7 FER performance with the polynomial [575, 623,727] 
If generator polynomials are optimized for each code rate, we recommend RAN1 to choose the polynomials which gives the best performance rather than based on the principle of nested property. 
 Based on the same principle, we plotted the upper bound on the bit error rate (BER) based on the distance spectrum. Figure 8 shows the BER upper bound with the proposed polynomial [575, 623,727]. Note that this design will be useful for URLLC type of applications.
[image: ]
Figure 8 BER upper bound based on distance spectrum of the code
Observation 5:  Generator polynomials optimized for each individual code rate based on distance spectrum gives better performance compared to the generator polynomials found using nested property
Performance Comparison with Polar Code 

Figure 9 shows the performance of polar code with list decoder at code rate of 1/3. Also plotted the performance of TBCC with code rate of 1/3. It can be observed that the performance is almost similar, however the performance of TBCC is slightly better. Note that we used a list size of 8 for polar decoder. Similarly Figure 10 shows the performance with code rate equal to 1/6. In this case too the performance of TBCC is slightly better than polar code. 

[image: ]
Figure 9 BLER performance of polar code and TBCC at code rate of 1/3

[image: ]
Figure 10 BLER performance of polar code and TBCC at code rate of 1/6

[bookmark: _GoBack]Observation 6:  Enhanced TBCC performance is better compared to Polar code 

Link Adaptation on Control Channel 
As mentioned in section 2, conventional downlink control channels for LTE and HSPA uses fixed modulation and code rates generated from a signal mother code rate.  Since the network gets information form the UE about channel state information (CSI), the control channel design is unable to exploit the CSI from the UE.  Hence we propose for NR  downlink control can benefit from the CSI at the transmitter. i.e. rather than fixing the modulation and code rate and encoder parameters such as constraint length, polynomials for the tail biting convolutional code, the transmitter can choose dynamically based on the CSI  from the receiver there by adapting these parameters based on channel characteristics. 

However, the control channel is conveys information about the modulation and code rate of the traffic channel. If we apply link adaptation on control channel, the UE needs to use blind decoding on the control channel to decide the parameters. Hence, we propose a two stage transmission of control channel as shown in Figure 11. Where the first part conveys information about the number of OFDM symbols, modulation, code rate and the convolutions code parameters (constraint length, generator polynomials etc.) for encoding the second part. The first part is encoded with a robust modulation format and robust encoding scheme which is fixed and known to the transmitter and the receiver.  For example, the existing frame indicator channel (PCFICH) signal can be used to transmit part 1. Note that existing frame indicator channel conveys information about the number of OFDM symbols needed for downlink control channel by transmitting 2 bits and modulated by QPSK.  We propose to extend the frame indicator channel to more than 2 bits to transmit the modulation, code rate, and the convolution code parameters.


Part 1	

Part 2


Figure 11 Proposed Two stage Downlink control channel structure 

As an example, if the UE is in good channel condition say high SNR, then it can choose index 7 (3 bits) and transmit this information in part 1.  Hence the part 2 is encoded with 16QAM, mother code rate 1/9 with tail biting convolutional code with constraint length 9 and generator polynomials as shown in table 3. 


                           Table 3 Proposed mapping table
	 index
	modulation
	Mother code rate
	Constraint length
	Generator polynomials in octal notation

	0
	QPSK
	1/2
	7
	         [133, 171]

	1
	QPSK
	1/3
	7
	[561, 753, 715]

	2
	QPSK
	1/4
	7
	[561, 753, 715,517]

	3
	QPSK
	1/6
	7
	[561, 753, 715,517,765]

	4
	QPSK
	1/3
	9
	[575, 623, 727]

	5
	16 QAM
	             1/3
	9
	[575, 623, 727]

	6
	16QAM
	             1/6
	7
	[561, 753, 715,517,765]

	7
	16QAM
	1/9
	9
	[561, 753, 715,517,765]



Proposal: Control channel should exploit the CSI
Conclusions
In this contribution we analysed the performance of channel coding schemes for downlink control channel. We found that with enhancements to TBCC, the performance can be improved significantly. In addition, we propose a two stage control channel so that variable modulation, code rate, constraint length can be adapted based on channel condition such that control channel can exploit the CSI.   Our observations are as follows:
Observation 1: Performance is improved by using an optimized generator polynomial for each code rate.
Observation 2:  For extremely low code rates, choosing a mother code rate close to the desired code rate is beneficial
Observation 3:  Significant performance gains can be obtained by using higher order modulation with optimized generator polynomials 
Observation 4:  Performance of TBCC can be improved by increasing the constraint length
Observation 5:  Generator polynomials optimized for each individual code rate based on distance spectrum gives better performance compared to the generator polynomials found using nested property
Observation 6:  Enhanced TBCC performance is better compared to Polar code 
Based on our observations, we have the following proposal:
Proposal 1: We request RAN1 to choose enhanced TBCC as the coding scheme for control channel
Proposal 2:  Link adaptation should be applied on control channel by varying modulation, constraint length and generator polynomials and exact details can be studied further
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