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Introduction
In RAN #71, the technology study item for 5G new RAT(NR) has been approved [1]. URLLC (ultra-reliable low latency communication) requirements has been discussed in RAN plenary in June 2016:
“ The time it takes to successfully deliver an application layer packet/message from the radio protocol layer 2/3 SDU ingress point to the radio protocol layer 2/3 SDU egress point via the radio interface in both uplink and downlink directions, where neither device nor Base Station reception is restricted by DRX.
For URLLC the target for user plane latency should be 0.5ms for UL, and 0.5ms for DL. Furthermore, if possible, the latency should also be low enough to support the use of the next generation access technologies as a wireless transport technology that can be used within the next generation access architecture.
NOTE1:	The reliability KPI also provides a latency value with an associated reliability requirement. The value above should be considered an average value and does not have an associated high reliability requirement.”
“Reliability can be evaluated by the success probability of transmitting X bytes [2] within 1 ms, which is the time it takes to deliver a small data packet from the radio protocol layer 2/3 SDU ingress point to the radio protocol layer 2/3 SDU egress point of the radio interface, at a certain channel quality (e.g., coverage-edge).
The target for reliability should be 10^-5 within 1ms.
A general URLLC reliability requirement for one transmission of a packet is 10^-5 for X bytes (e.g., 20 bytes) with a user plane latency of 1ms.”
In this contribution, we conduct link-level simulations with the aim to achieve the reliability target for URLLC. Specifically, we want to study the foundamental trade-off between latency and the SNR requiremented to achieve the 10^-5 reliability. 
Simulation Setting
Table 1 listed the evaluation plan as mentioned in the WF[7] in RAN1#86, and the scope of our evaluation is marked in bold text. The detailed simulation parameters are listed in Table 2. We use both LDPC and Polar as the channel coding scheme to evaluate the URLLC performance, where the design details of the LDPC and Polar code used in this study can be found in [3] and [6], respectively. 

[bookmark: _Ref463024041]Table 1 URLLC evaluation plan
	K: information bit length
	256, 400, 1600

	Modulation and coding rate
(1st transmission)
	QPSK, 16QAM, 64QAM
1/12, 1/6, 1/3
Other MCS not precluded
Comparison should be made for the same spectrum efficiency



[bookmark: _Ref463024558]Table 2 Simulation parameters
	Parameter
	Value

	Sampling Frequency
	FFTLength * Tone spacing

	FFT length
	2048

	Numerology
	60 KHz NCP

	System Tones
	2048

	Fading Channel
	TDL-C with 300 nsec RMS delay spread

	Doppler Profile
	Jakes model with 55 Hz Doppler spread

	Number of BTS antennas
	2

	Number of UE antennas
	2

	Number of Layers
	1

	Number of Codewords
	One codeword

	Antenna correlation
	low

	Overhead
	No pilot/control overhead

	Coding
	LDPC (flooding,50 iterations, sum-product)
Polar (16-bit CRC, List size 32)

	Interleaving  within a CB
	random permutation

	HARQ
	RV: 0,1,2,3

	Channel Estimation
	Genie Channel & Genie noise

	Demapper
	MMSE



Latency-Reliability Trade-off
It is envisioned that URLLC services will user short transmission duration, i.e., mini-slot, to meet the stringent latency requirement [5]. As an example, Figure 1 shows an example of the URLLC transmission procedure. If the mini-slot length is large, then it will be hard to achieve the latency requirement, given that the number of HARQ (re)transmissions will be limited. On the other hand, if the mini-slot length is too small, then HARQ RTT to mini-slot ratio may increase. In our study, we try to answer the following three questions:
· What the suitable mini-slot length is, in order to achieve the 10^-5 CBER reliability requirement
· What is the performance comparison of LDPC, Turbo, and Polar with 10^-5 CBER target
· Should ECP be considered for URLLC

In our link-level simulation, across different mini-slot lengths, we assume that the frequency allocation for a CB is consecutive in frequency, and is hopped across the whole bandwidth across HARQ transmissions. 


[bookmark: _Ref463026072][bookmark: _Ref463026068]Figure 1 URLLC transmissions procedure. [5]
The latency of URLLC transmission is directly a function of the number of HARQ (re)transmissions and the mini-slot duration. Under a certain mini-slot length, the relationship between latency and the number of (re)transmissions is captured in the equation below
latency = [(RTT duration/mini-slot duration)*(number of retransmissions)-1]*(mini-slot length)
In our simulation, we consider RTT duration/mini-slot duration = 2 for all mini-slot durations and HARQ processes with 4 retransmissions is assumed. In Figure 3, Figure 4, and Figure 5, we show the CBER performance of LDPC under different QAM size and mini-slot length. In Figure 2, we consolidate the result by plotting the 10-5 CBER achieving SNR as a function of transmission latency under different modulation orders. Three mini-slot option are considered: 7-symbol, 4-symbol, and 2-symbol, which, under the 60KHz SCS assumption, translate into 0.125ms, 0.071ms, 0.035ms mini-slot duration. 
[image: ]
[bookmark: _Ref463028613]Figure 2. 10-5 CBER achieving Es/N0 as a function of latency with LDPC[3]
From Figure 2 we can see that with 7-symbol mini-slot, in order to achieve the reliability target at relatively low SNR, the latency can be as high as 0.875ms, close to the 1ms latency requirement. Whereas for the 4-symbol and 2-symbol option, the maximum latency is 0.5ms and 0.25ms, respectively. Under the same QAM size and the same number of (re)transmission, the SNR requirement increases as the mini-slot length increases, due to the shrinking frequency diversity. If the system has a non-zero queueing delay, then the 7-symbol mini-slot option can barely meet the latency requirement. It is shown in the system level simulation results in [4][5] that queueing delay is a significant portion of overall URLLC UE’s end-to-end delay. Hence, HARQ delay of close to 1ms may not be acceptable to meet 1ms latency bound.
Observation 1: URLLC 7-symbol mini-slot structure can hardly meet 1ms latency requirement if queueing overhead is taken into account
Proposal 1: URLLC frame structure is based on 2/4-symbol based mini-slot (1-symbol mini-slot FFS)
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[bookmark: _Ref463815070][bookmark: _Ref463815066]Figure 3. LDPC-IR HARQ with 4Tx. K=256, N=256*3 per transmission, QPSK
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[bookmark: _Ref463815077]Figure 4. LDPC-IR HARQ with 4Tx. K=256, N=256*3 per transmission, 16QAM
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[bookmark: _Ref463815079]Figure 5. LDPC-IR HARQ with 4Tx. K=256, N=256*3 per transmission, 64QAM


LDPC/Turbo/Polar performance comparison
In this section, we compare the link performance of LDPC, Turbo and Polar with URLLC reliability requirement. Since frequency hopping is assumed and the fact that the Doppler spread is small, the link-level CBER curves for different mini-slot lengths are very close to each other, and thus we limit our focus to the 2-symbol mini-slot option only. 
In Figure 6, we showed the 4-HARQ-transmission CBER curves. For both LDPC and Polar, HARQ IR is used. For Turbo, 7.5 iteration is used and for LDPC, 50-iteration flooding is adopted.  From the curves we can reach the following observation.
Observation 2: 
· LDPC-IR, Turbo, and Polar-IR achieves similar CBER performance at first transmission. 
· Polar-IR is worse than Turbo (7.5-iterations, turbo performance may be slightly improved to get close to LDPC if number of iterations is increased), which is in turn worse than LDPC-IR (50-iterations) at re-transmissions, the reason of which is FFS. 
· No error-floor is observed for either code at 10^-5 CBER.

[image: ] 
[bookmark: _Ref463026604]Figure 6. LDPC-IR HARQ and Polar-IR HARQ with 4Tx. K=256, N=256*3 per transmission, QPSK

NCP/ECP performance comparison
In this section, we focus on the link-level comparison of the NCP and ECP numerology under URLLC traffic consideration. Since in LTE, the ratio of radio resource between NCP and ECP is 7/6, we normalized the NCP and ECP code-rate as shown in the table below so that the data-rate for the two are the same. 
	
	NCP
	ECP

	CP ratio
	7%
	25%

	K: information bit length
	256
	256

	N: coded bit per transmission
	256*3*(7/6)
	256*3



With the above configuration for NCP and ECP comparison, we show the link curves under the two numerologies with the targeting CBER of 10^-5 for different modulation orders in Figure 7. From the figures it is easy to see that, with the normalized data-rate, under the same SNR, NCP provides a better reliability guarantee. This result is consistent with the observation in [5] [8], which leads to our following proposal:
Observation 3: ECP performs worse than NCP for URLLC when the transmission rate is normalized
Proposal 1: URLLC uses NCP scaled numerology
[image: ]
[bookmark: _Ref463031561]Figure 7. Comparison of CBER under NCP and ECP with normalized rate. K=256, N=256*3 per transmission, LDPC code, 64-QAM
Conclusions
Observation 1: URLLC 7-symbol mini-slot structure can hardly meet 1ms latency requirement if queueing overhead is taken into account
Proposal 1: URLLC frame structure is based on 2/4-symbol based mini-slot (1-symbol mini-slot FFS)
Observation 2: 
· LDPC-IR, Turbo, and Polar-IR achieves similar CBER performance at first transmission. 
· Polar-IR is worse than Turbo (7.5-iterations), which is in turn worse than LDPC-IR (50-iterations) at re-transmissions, the reason of which is FFS. 
· No error-floor is observed for either code at 10^-5 CBER.

Observation 3: ECP performs worse than NCP for URLLC when the transmission rate is normalized
Proposal 1: URLLC uses NCP scaled numerology
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