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1 Introduction
In 3GPP RAN1#AH Jan17 [1], the following agreements for UL repetitions were made for NR-PUSCH

· For an UL transmission scheme with/without grant
· K repetitions including initial transmission (with the same or different RV and FFS with different MCS) (K>=1) for the same transport block are supported, 

· FFS the way K is determined

RAN1 has not agreed on repetitions for NR-PDSCH, nor agreed on minimum timing for HARQ for DL and UL. 

The UR-LLC reliability target for general case is 99.999% with a User Plane latency of 1 ms – i.e. 0.5ms for UL, and 0.5ms for DL [2]. RAN1#NR AH Jan17 made agreements on NR-PDCCH

· To ensure the reliability requirement of NR-PDCCH for URLLC, at least the following aspects should be supported
· Defining a compact DCI format  targeting low BLER operation 
· The highest aggregation level should target a BLER of Y for this compact DCI format
· FFS  Y, Y<1% 
· FFS highest  aggregation levels, e.g., 16,32
· FFS other enhancements 
This contribution considers fixed repetitions, HARQ re-transmissions, and diversity solutions to meet the UR-LLC reliability and latency requirements. The link between BLER targets for NR-PDSCH and NR-PDCCH is also considered.
2 Ultra High Reliability 
Achieving ultra-reliable transmissions for most connected devices in a cell requires robust solutions when weak signal conditions are experienced in fading radio channels. Strong modulation and coding to alleviate thermal noise impact on receiver performance at low SNR and diversity over independent channel fading periods in time domain, frequency domain, or spatial domain are considered solutions.
Figure 1 shows block error rate performance with accumulated code rates using a 1/3 Turbo Convolutional Code (TCC), QPSK modulation and 2Tx-Rx SFBC in EPA 5Hz fading channel profile.  The packet size is 32 bytes. The accumulated code rate is obtained by repetitions of minislots (i.e. bundled minislots) in time domain or frequency domain. A 2-symbol minislot and 12-symbol slot for NR-PDSCH with Sub-Carrier Spacing of 15 kHz with TTI=1 ms are simulated. Parameters for 2-symbol minislot simulations are shown in Table 1. Log-Likelihood Ratio combining is done at the receiver after Maximum-Ration Combining stage and before turbo convolutional decoding stage. Ideal channel estimation with front-loaded reference signal was assumed. 
Meeting URLLC reliability requirement of 99.999% with SNR values as low as -5 dB ensure that most devices in the cell can support URLLC services. The 10-5 BLER requirement for SNR < -5 dB can be achieved by 12 repetitions of 2-symbol mini-slot in frequency domain. A 2-symbol minislot allows higher FD diversity with an SNR gain of around 2 dB compare to a 14-symbol slot, and also allows lower latency as will be discussed in next section. Using only FD diversity, an SNR gain of around 2 dB compared to using FD and TD repetitions for same accumulated code rate 0.025. 2Tx-2Rx SFBC provides large spatial diversity gain compare to 1Tx-2Rx.    
Observation 1: 99.999% reliability at low SNR can be achieved with strong modulation and coding, 2-Tx SFBC diversity and bundled 2-symbol mini-slots with existing LTE numerology.
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    Fig. 1: URLLC reliability with Time Domain, Frequency Domain, and spatial diversity, SCS=15 kHz, TTI=1 ms.
3 Low Latency 
Rel-14 sTTIandPT WI is in active phase in RAN1. TR 36.881 has captured RAN1 agreements on minimum timing for minislot scheduling and 1ms slot scheduling as follows [3]
· The minimum timing for UL grant to UL data and for DL data to DL HARQ is n + k sTTI for short TTI operation;

·  Processing time >= the legacy processing time linearly downscaled with TTI length
·  4 <= k <= 8

· Minimum timing n+3 for 1ms TTI is supported
· n+2 is FFS
2-symbol sTTI and 1-slot sTTI for sPDSCH/sPDCCH  and 2-symbol sTTI, 4-symbol sTTI, and 1-slot sTTI for sPUCCH/sPUSCH were recommanded in TR 36.881. 

URLLC using existing LTE numerology – SCS=15 kHz, TTI=1 ms

For rel-15 NR access, details of minislot and slots such as number of symbols and minimum timing for UL grant to UL data, or for DL data to DL HARQ are FFS. The latency analysis in this section assumes rel-14 sTTIandPT WI assumptions for minislot / slot parameters and minimum timing is the baseline for URLLC. 
Table 1 shows DL packet latency and bandwidth required to transmit 32 bytes as shown in Figures 1 in previous section and Figure 2 below. Minimum timing is k=4 for 2-symbol minislot with SCS=15 kHz and TTI=1ms. The control overhead is approximately 14.28% (1/7) and RS overhead 16.66% (1/6).  The DL Packet latency is the sum of Packet transmission time and Packet processing time. Consider the last row in the table as an example

· Number of Resource Elements numRE is 32Bytes * 8/(2 bit/QPSK modulated symbol)/ accumulated code rate 0.025*(6/5 RS overhead) * (7/6 Control Overhead) ~7168 (=2 OFDM symbol@ ~53.78 MHz).
· DL packet latency is (numTDrep-1 + k) * 2 OFDM symbols/15KHz= (1-1+4)*2/15kHz= 0.53 ms

Table 1 shows that URLLC latency requirement can be met with one-shot data transmission without HARQ re-transmission. With accumulated code rate of 0.025, frequency domain repetitions of 2-symbol minislots can achieve 99.999% reliability with approximately 0.5 ms one-way UP latency at low SNR=-5 dB. Bundling 2-symbol minislots in time domain exceeds one-way UP latency requirement. The bandwidth requirement of around 53.76 MHz is high due to redundancy needed to achieve 99.999% reliability with one-shot data transmission. 

	Accumulated code rate
	numTDrep
	numFDrep
	DL packet latency [ms]
	numRE
	BW [MHz]

	0.33
	1
	1
	0.53
	598
	4.48

	0.11
	1
	3
	0.53
	1792
	13.45

	0.05
	1
	6
	0.53
	3588
	26.88

	0.025
	4
	3
	0.93
	7168
	13.44

	
	1
	12
	0.53
	7168
	53.76


Table 1: URLLC DL packet latency and bandwidth – SCS=15 kHz, TTI=1 ms, , minimum timing k=4
HARQ-based transmission can provide reliability with fewer resources. A 2-symbol mini-slot with 6 FD repetitions has 10-4 BLER achieving SNR < -5 dB as shown in Figure 2. An HARQ retransmission following a Nack feedback can be scheduled by gNB to achieve 99.999% reliability by relaxing latency requirement for URLLC application. 
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Fig. 2: URLLC reliability with Time Domain, Frequency Domain, and spatial diversity – SCS=15 kHz, TTI=1 ms.

URLLC using existing NR new numerology – SCS=60 kHz, TTI=0.125 ms

Alternatively, the new numerology with SCS=60 kHz and TTI=0.125 ms could be considered to allow two-shot data transmission without relaxing the URLLC latency requirement – i.e. one transmission and one HARQ re-transmission with HARQ combining.  
Table 2 shows DL packet latency and bandwidth required to transmit 32 bytes with minimum timing n+2 (k=2) for one slot scheduling with SCS=60 kHz and TTI=0.125 ms, 7 symbols per TTI. As in Table 1, control overhead is assumed to be approximately 14.28% (1/7) and RS overhead 16.66% (1/6).  The DL packet latency is 0.25 ms for all accumulated code rates, which allows two-shot data transmission. Assuming BLER target of 10-4 in first transmission with accumulated code rate 0.05, a HARQ re-transmission should achieve 99.999% reliability. Using accumulated code rate 0.05 saves 50% resources (3588 REs / 7168 REs = 0.5) compare to accumulated code rate 0.025. In the next section, HARQ analysis is provided.   
Observation 2: URLLC User Plane latency requirement can be met with bundled 2-symbol mini-slots with existing LTE numerology or bundled slots with new numerology.

Observation 3: URLLC reliability can be met more efficiently with lower BLER target for 1st data transmission with new numerology and two-shot data transmission.

	Accumulated code rate
	numTDrep
	numFDrep
	DL packet latency [ms]
	numRE
	BW [MHz]

	0.33
	1
	1
	0.25
	598
	5.12

	0.11
	1
	3
	0.25
	1792
	5.12

	0.05
	1
	6
	0.25
	3588
	30.72

	0.025
	1
	12
	0.25
	7168
	61.44


Table 2: URLLC DL packet latency and bandwidth – SCS=60 kHz, TTI=0.125 ms, minimum timing n+2

4 HARQ 
In order to receive a packet reliably, a device must be able to receive reliably associated control signalling for data transmission resource assignment on NR-PDCCH and transmitted data on NR-PDSCH. A device may transmit HARQ feedback and further needs to receive reliably associated control signalling for HARQ re-transmission receive assuming asynchronous HARQ operations.  We used a similar latency analysis for URLLC as described in [4]. Consider the following to determine the probability of successful reception of a DL packet.
· PC – probability to receive successfully the associated control signaling for DL assignment
· PD1 – probability to receive successfully 1st data transmission
· PN – probability to receive successfully DL HARQ NACK feedback
· PDTX – probability gNB detects that UE has not received the associated control channel 

· PD2 – probability to successfully receive data from 2nd data transmission with HARQ combining
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Figure 2. Probability of one-shot and two-shot data transmissions

One-shot data transmission

The probability of one-shot data transmission received successfully Pa is Pa=PC.PD1
With URLLC reliability requirement Pa=99.999%, then PC=PD1=99.9995% and = BLERD1 = 1-PD1 = 5.10-6  
Two-shot data transmission

HARQ data re-transmission can be done (i) asynchronously with resource assignment indicated via DCI on NR-PDCCH; (ii) synchronously on linked resources without DCI on NR-PDCCH. Asynchronous HARQ is worst case for latency as it requires device to receive associated control signalling for the HARQ re-transmission before it can receive the transmitted data on NR-PDSCH.

The probability of two-shot data transmission received successfully Pb with asynchronous HARQ retransmission is
Pb = PC·PD1 + (1–PC)·PDTX·PC·PD1 + PC·(1–PD1)·PN·PC·PD2 = PC·{PD1 + (1–PC)·PDTX·PD1 + (1–PD1)·PN·PC·PD2}   (1)
We assume HARQ re-transmission reliability PD2 with HARQ combining is X times lower than the 1st transmission reliability PD1, we have 

PD2 = 1 – (1–PD1)/X  



















      
(2)
We further assume control and feedback channels have reliability
PC=PN=PDTX =99.9% 




















(3)

With URLLC reliability requirement Pb=99.999% then substituting (2) and (3) in (1) with values X=1, 10, and 100 we approximately get PD1 (X=1) ~ 99.7%, PD1 (X=10) ~99%, and PD1 (X=100) ~ 97% with corresponding values BLERD1=3.10-3, BLERD1=10-2, and BLERD1=3.10-2 respectively. The value of X mainly depends on the HARQ combining, channel coding and receiver performance.
Observation 4: URLLC User Plane latency requirement can be met with lower BLER target for 1st data transmission with new numerology and two-shot data transmission.
It was assumed above that control and feedback channel reliability target was chosen to be marginally higher than reliability target for 1st data transmission – i.e.  PC=PN=PDTX =99.9%. A prudent control and feedback channel design would allow some margin for reliability target. Design needs to take this into account to optimise reliability and efficiency of control and feedback channel.

Observation 5: Control and feedback channel need to be higher than reliability target for 1st data transmission with some margin. 


Based on the evaluation and analysis presented in the previous sections, we make the following proposals. 
Proposal 1: Spatial diversity and frequency diversity with existing LTE numerology without HARQ support should be considered to meet URLLC reliability and latency requirements.
Proposal 2: Spatial diversity and frequency diversity with new NR numerology and HARQ support to improve efficiency should be considered to meet URLLC reliability and latency requirements.

Proposal 3: Rel-14 sTTIandPT WI agreement on minimum timing for UL grant to UL data, and for DL data to DL HARQ is baseline for minimum timing in rel-15 URLLC.
5 Conclusion
In this contribution, we provided evaluation and analysis for diversity and HARQ solutions targeting URLLC requirements. The following observations and proposals are given for consideration.
Observation 1: 99.999% reliability at low SNR can be achieved with strong modulation and coding, 2-Tx SFBC diversity and bundled 2-symbol mini-slots with existing LTE numerology.
Observation 2: URLLC User Plane latency requirement can be met with bundled 2-symbol mini-slots with existing LTE numerology or bundled slots with new numerology.
Observation 3: URLLC reliability can be met more efficiently with lower BLER target for 1st data transmission with new numerology and two-shot data transmission.

Observation4: URLLC User Plane latency requirement can be met with lower BLER target for 1st data transmission with new numerology and two-shot data transmission.
Observation 5: Control and feedback channel need to be higher than reliability target for 1st data transmission with some margin. 
Proposal 1: Spatial diversity and frequency diversity with existing LTE numerology without HARQ support should be considered to meet URLLC reliability and latency requirements.

Proposal 2: Spatial diversity and frequency diversity with new NR numerology and HARQ support to improve efficiency should be considered to meet URLLC reliability and latency requirements.

Proposal 3: Rel-14 sTTIandPT WI agreement on minimum timing for UL grant to UL data, and for DL data to DL HARQ is baseline for minimum timing in rel-15 URLLC.
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