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Introduction
One of the requirements for NR channel coding scheme(s) is latency [1]. 
In this contribution, we discuss the latency requirement on channel decoder for data channel and control channel based on the special subframe/slot, so-called self-contained subframe/slot structure. 
Latency Requirement
1.1 Data Channel Coding 
It has been discussed the feasibility of the special subframe type with fast HARQ-ACK, as known as “self-contained structure” where HARQ ACK/NACK is transmitted over a guard period in the same subframe/slot as shown in Figure 1 [2]. Even if the self-contained structure is introduced in the specification, the actual support of it may depend on UE capability and so on. However, from the decoding latency perspective, this structure is the worst case. So, we discuss the latency requirements based on this frame structure. 
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Figure 1: Self-contained structure for downlink
As shown in Figure 2, self-contained subframe/slot consists of DL data part (yellow), guard period (white) and UL control part (blue). In order to support fast HARQ ACK/NACK, the time required for decoding NR PDSCH (1) and the time required for encoding NR PUCCH (2) including round trip delay should be less than guard period (GP). Here, the decoding time of NR PDSCH (1) contains processing time needed for channel estimation, demodulation and channel decoding.



Figure 2: Timing analysis for self-contained approach
We use some notations and assumptions as follows:
· TRTD : Round trip delay (6.67 µs with the assumption of 1km cell radius)
· TGP : Guard period (one OFDM symbol)
· TD : Decoding time
· TDM : Demodulation time
· TCE : Channel estimation time
· TEN : Encoding time
If it is assumed that the channel decoding time (TD) is half of the time needed for NR PDSCH decoding (=TD +TMD + TCE) and NR PUCCH encoding (TEN), then decoding time (TD) should satisfy the condition below: 
TD ≤ (TGP - TRTD )/2
With the above assumptions, the maximum allowable decoding time (TD) for each subcarrier spacing fsc is shown in Table1. 
Table 1:  Decoding latency requirements
	fsc (kHz)
	Guard Period (µs)
	Decoding time (µs)

	15
	67
	30.16

	30
	33
	13.16

	60
	16
	4.66

	120
	8
	0.665



1.2 Control Channel Coding 
In “self-contained structure”, UL data is transmitted in the same subframe/slot with the corresponding DL control transmissions, as illustrated Figure 3. 
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Figure 3: Self-contained structure for uplink
As shown in Figure 4, self-contained subframe/slot consists of DL control part (blue), guard time (white) and UL data part (yellow). In order to support fast transmission of UL data, the time required for decoding NR PDCCH (1) and encoding NR PUSCH (2) including round trip delay should be less than the guard period (GP). Here, the decoding time of NR PDCCH (1) includes processing time needed for channel estimation, demodulation and channel decoding.


Figure 4: Timing analysis for self-contained approach

In order to drive the latency requirement for control channel coding, the number of blind decoding (TBD) for the control channel should be considered. Here, TBD = 44 is assumed. Suppose that channel decoding time (TD) is half of the time use for NR PDCCH decoding (=TD + TMD + TCE) and NR PUSCH encoding (TEN), then decoding time (TD) should satisfy the condition below: 
TD ≤ (TGP - TRTD )/( TBD+1)
With the above assumptions, the maximum allowable decoding time (TD) for each subcarrier spacing fsc are given in Table 2. 
Table 2:   Decoding latency requirements
	fsc (kHz)
	Guard Period (µs)
	Decoding Time (µs)

	15
	67
	1.34

	30
	33
	0.58

	60
	16
	0.2

	120
	8
	0.03



Decoding Latency of Channel Coding
1.3 Data Channel Coding 
In this section, we summarize the decoding latency of turbo, LDPC, and polar decoders introduced in [3]. 

Turbo Code
Notation for our calculation is given below.
· I: iteration number
· K: number of information bits
· r: radix realization of the recursion units
· P: number of APP decoders

Since there are P APP (a posteriori probability) decoders in one turbo decoder, one APP decoder handles K/P bits. If we adopt radix-2 and radix-4 decoding algorithms, 1-bit and 2-bit can be processed in one clock cycle, respectively. When employing a non-sliding window (NSW) decoding, the decoding latency of the turbo decoder is given as follows [4]:


LDPC Code
The row-parallel architecture [5], [6], [7], [8] provides a high throughput up to tens of Gbps, while its routing complexity can still be kept low, permitting a high energy and area efficiency. To enhance the throughput, we reduce the number of effective row blocks by using row-merging technique and apply dual frame processing to improve the efficiency [5], [9]. When the number of effective row blocks is L (= the number of layers in layered decoding) and the number of decoding iteration is I, the latency can be obtained as follows [5], [9]:

where Ns denotes the number of processing clocks at each layered decoding step. 

Polar Code
Polar codes can be decoded by successive cancellation (SC) decoding or improved by SC list (SCL) decoding. Notation for our calculation is given below.
· N: block length of mother polar code (the power of two)
· P: parallel processors

The minimized latency achievable by P parallel processors of SC decoder (a simple two input check/variable node processor) is 

In the SCL decoding, the decoder selects L best paths from 2L paths forking from the previous L most-likely paths where L is the list size. So the latency due to path metric sorting should be taken into account as  



We assume the parallel sorter such as radix 2L sorter [10] that can complete a single sorting in one clock cycle whatsoever at the price of complexity increase. Then the decoding latency is given as

 [clock cycles].

The decoding latency of Turbo/LDPC codes and polar can be reduced by less number of iterations or list size. However, the decoding performance becomes worse for fewer iteration or smaller list size. Thus, both the performance and the latency should be simultaneously considered. Fig. 5-7 show the required SNR at BLER 1% depending on latency. 
Considering both the decoding latency and performance, only the LDPC decoder can meet the latency requirements derived in Section 2 for all subcarrier spaces from 15kHz to 120kHz. LTE turbo decoder satisfies the latency requirements only if subcarrier space is less than or equal to 60kHz.

Table 3: Decoder configuration and simulation condition
	Channel
	AWGN

	Modulation
	QPSK

	Decoder Configurations
	LTE Turbo Code
	Scaled Max Log Map (scaling = 0.75)
K = 6144, r = 2, P = 64

	
	LDPC code [13]
	Offset Min-Sum (Layered; Offset = 0.5)
Ns =4, 6-layer for R=8/9, 16-layer for R=1/3

	
	Polar code
	Sub-optimal, CA-SCL 

	Info. block length (bits w/o CRC)
	6000, 1000



[image: D:\[1] Work\201610_[기고]_3GPP_#86bis_기고문\Latency_K6000_R13.png]
Figure 5: Performance vs Latency (R=1/3, K=6000) 
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Figure 6: Performance vs Latency (R=8/9, K=6000) 
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Figure 7: Performance vs Latency (R=1/3, K=1000) 

Observation 1: Summary of condition to meet the decoding latency requirements for eMBB data channel
	
	LDPC
	Turbo
	Polar

	K=6000
	R=1/3
	120 Hz
	Marginally satisfy
	*
	*

	
	
	60 Hz
	Satisfy
	Satisfy
	

	
	
	30 Hz
	
	
	

	
	
	15 Hz
	
	
	

	
	R=8/9
	120 Hz
	Satisfy
	Marginally satisfy
	*

	
	
	60 Hz
	
	Satisfy
	

	
	
	30 Hz
	
	
	

	
	
	15 Hz
	
	
	Marginally satisfy

	K=1000
	R=1/3
	120 Hz
	Satisfy
	Marginally satisfy
	*

	
	
	60 Hz
	
	Satisfy
	

	
	
	30 Hz
	
	
	

	
	
	15 Hz
	
	
	


* could be unsatisfied for some cases


1.4 Control Channel Coding 
The candidate channel coding schemes for eMBB control channel are LDPC code, turbo code, Polar code, and TBCC. 
LDPC Code
Since block size of control channel is small on the contrary to data channel, the LDPC decoder can be implemented by fully-parallel architectures [11]. Then,  
LDPC Full Parallel Decoding Latency ∼ Ns∙I  [clock cycles]
where I and Ns is the maximum number of iterations and the processing clock cycles for single iteration, respectively. 

TBCC
Notation for our calculation is given below.
· I: the number of wrap-rounds 
· P: the parallelism level 
· L: the length of code block without CRC;
· D : the overlapping length 
The minimized latency achievable by P parallel processors of TBCC decoder is 
.
It is well known that D=30 is sufficient for short/medium code length [12].
Table 4 shows decoding latency for given implementation configuration. It is assumed that the decoder clock frequency is 600 MHz. 
Table 4: Decoding latency of channel coding schemes
	Channel 
Codes
	Implementation Configurations
	Decoding Latency
(clock cycle)
	Decoding Latency
(µs)

	Turbo
	I = 6, K = 100, r = 2, P = 1
	1200
	2

	LDPC
	Full Parallel, I = 40, Ns=2 
	80
	0.13

	Polar
	SC, K=100, N = 512, R=1/3
	1022
	1.7

	
	CA-SCL w/ L=32, K=100, N = 512, R=1/3
	1122
	1.88

	TBCC
	D=30, I=2, L=100, P=4
	170
	0.28

	
	D=30, I=4, L=100, P=4
	340
	0.56




Observation 2: Summary of condition to meet the decoding latency requirements for control channel
	
	LDPC
	Turbo
	Polar
	TBCC

	K=100
	R=1/3
	120 Hz
	*
	*
	*
	*

	
	
	60 Hz
	Satisfy
	
	
	

	
	
	30 Hz
	
	
	
	Satisfy

	
	
	15 Hz
	
	
	
	


* could be unsatisfied for some cases

Observations and Proposals 

Observation 1: Summary of condition to meet the decoding latency requirements for eMBB data channel
	
	LDPC
	Turbo
	Polar

	K=6000
	R=1/3
	120 Hz
	Marginally satisfy
	*
	*

	
	
	60 Hz
	Satisfy
	Satisfy
	

	
	
	30 Hz
	
	
	

	
	
	15 Hz
	
	
	

	
	R=8/9
	120 Hz
	Satisfy
	Marginally satisfy
	*

	
	
	60 Hz
	
	Satisfy
	

	
	
	30 Hz
	
	
	

	
	
	15 Hz
	
	
	Marginally satisfy

	K=1000
	R=1/3
	120 Hz
	Satisfy
	Marginally satisfy
	*

	
	
	60 Hz
	
	Satisfy
	

	
	
	30 Hz
	
	
	

	
	
	15 Hz
	
	
	


* could be unsatisfied for some cases

Observation 2: Summary of condition to meet the decoding latency requirements for control channel
	
	LDPC
	Turbo
	Polar
	TBCC

	K=100
	R=1/3
	120 Hz
	*
	*
	*
	*

	
	
	60 Hz
	Satisfy
	
	
	

	
	
	30 Hz
	
	
	
	Satisfy

	
	
	15 Hz
	
	
	
	


* could be unsatisfied for some cases

Proposal 1: LDPC codes should be selected for eMBB data channel
Proposal 2: The decoding latency requirement should be considered for control channel coding
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