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1 Introduction

At the RAN1 #85 meeting, the following agreements were made regarding grant-less uplink transmission [1]:

· Autonomous/grant-free/contention based UL non-orthogonal multiple access has the following characteristics.
· A transmission from UE does not need the dynamic and explicit scheduling grant from eNB

· Multiple UEs can share the same time and frequency resources

· For autonomous/grant-free/contention based UL non-orthogonal multiple access, the following should be studied

· Collision of  time/frequency resources from different UEs, solutions potentially including 

· E.g., code, sequence, interleaver pattern

· UL synchronization (DL synchronization assumed)

· Case 1: Timing offsets between UEs are within a cyclic prefix

· Case 2: Timing offsets between UEs can be greater than a cyclic prefix, FFS the exact model of timing offsets 

· Requirement for power control
· Case 1: Perfect open-loop power control, i.e., equal average SNR between UEs for potentially link level calibration

· Case 2: Realistic open-loop power control with certain alpha and P0 values

· Case 3: Close-loop power control

· Receiver impact
In this contribution, we present our link level simulation results for various UL non-orthogonal multiple access (NOMA) schemes.  
2 Discussion on UL NOMA schemes
As described in our companion contribution [2], several options can be considered for uplink NOMA schemes, including low code rate spreading and short sequence based spreading: 
· Low code rate spreading: to spread information bits over the entire non-orthogonal transmission zone with repetition and rate matching, i.e. combining channel coding with spreading via low rate codes to maximize the coding gain. Further, a UE-specific channel interleaver or scrambling can be employed for improved multi-user signal separation at the receiver.
· Short sequence based spreading: to apply direct spreading of modulation symbols with multiple orthogonal or quasi-orthogonal codes and to transmit the spread symbols in time-frequency resources allocated for non-orthogonal transmission. As illustrated in Figure 1, the incoming symbols from a QAM modulator are spread using p orthogonal codes. Then the spread symbols are added to each other before subcarrier mapping, and IFFT operation for OFDM based waveform. Note that for SC-FDMA waveform, additional DFT-spreading block is inserted prior to subcarrier mapping. 
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Figure 1. Sequence based spreading for UL NOMA: OFDM waveform
3 Link level simulation results 

In this section, we present link-level simulation results for various NOMA schemes, including low code rate (LCR) spreading and short sequence-based spreading. For short sequence-based spreading, we further compare the performance with quasi-orthogonal and orthogonal spreading sequence. The simulation assumptions are outlined in the Appendix of this contribution. 
LCR and short sequence-based spreading
Figure 2 and Figure 3 illustrate link level performance for LCR and short sequence based spreading NOMA schemes for 4 PRBs and 8 PRBs, respectively. In the simulation, for short sequence based spreading, orthogonal sequence using Hadamard code is applied for spreading factor of 4 and 8; while for spreading factor of 12, phase rotation of a same base sequence as defined for length-12 PUSCH DM-RS is assumed for spreading code. 
From the figures, it can be seen that LCR based NOMA scheme outperforms short sequence based spreading scheme, especially for relatively small resource size. This is primarily due to the fact that with relatively small resource, maximal coding gain is not achieved for short sequence based spreading option. In particular, with 120 bits, 4 PRBs and spreading factor of 4, certain encoded bits would be punctured after 1/3 mother Turbo code. 
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Figure 2. NOMA link level performance with LCR and short sequence based spreading: 4 PRBs
For relatively large resource, e.g., 8 PRBs, however, the performance gap between LCR based and short sequence based spreading NOMA schemes is further reduced. In this case, maximal coding gain can be provided by short sequence based spreading option. 
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Figure 3. NOMA link level performance with LCR and short sequence based spreading: 8 PRBs
Figure 4 illustrates link level performance for LCR and short sequence based spreading NOMA schemes with spreading factor of 8 and 12, respectively. In the figure, the link level performance difference between LCR and short sequence based spreading options is marginal. 
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Figure 4. NOMA link level performance with LCR and short sequence based spreading: 16 and 24 PRBs
Observation 1
· LCR based NOMA scheme outperforms short sequence based spreading NOMA scheme, especially for small resource size.

· For large resource size, performance difference between LCR based and short sequence based spreading NOMA scheme NOMA scheme is small. 

· To achieve decent decoding performance, maximum coding gain should be provided for short sequence based spreading NOMA scheme.  

Short sequence-based spreading with orthogonal and quasi-orthogonal spreading codes
Figure 5 and Figure 6 illustrate link level performance for LCR and short sequence based spreading NOMA schemes with orthogonal and quasi-orthogonal spreading sequences for 4 and 8 PRBs, respectively. In the simulations, for quasi-orthogonal spreading sequence with spreading factor of 4, phase rotation of computer searched base sequence (similar to DM-RS sequence as defined in NB-IoT) is applied. 
From the figures, for relatively small resource size, quasi-orthogonal spreading code performs better than orthogonal spreading code with smaller code space. With 8 UEs and spreading factor of 4, two UEs would select identical spreading code for Hadamard based spreading code, which may introduce consistent interference for NOMA. This impact, however, can be diminished when large amount of resource is allocated for NOMA and maximal coding gain is achieved for short sequence based spreading scheme.  
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Figure 5. NOMA link level performance with LCR and short sequence based spreading (orthogonal and quasi-orthogonal): 4 PRBs
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Figure 6. NOMA link level performance with LCR and short sequence based spreading (orthogonal and quasi-orthogonal): 8 PRBs
Observation 2:
· For relatively small resource size, quasi-orthogonal spreading sequence performs better than fully orthogonal spreading sequence due to larger code space provided by quasi-orthogonal spreading sequence. 
Performance with realistic channel estimation 
Figure 7 illustrates link level performance with LCR and short sequence based spreading NOMA schemes with ideal and realistic channel estimation. In the simulations, it is assumed that different UEs select different cyclic shift values for DM-RS sequence generation, which indicates that orthogonality is maintained for DM-RS between UEs. 
From the figures, ~2dB performance degradation can be observed for realistic channel estimation compared to perfect channel estimation.
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Figure 7. NOMA link level performance with ideal and realistic channel estimation: 8 PRBs, EPA-5Hz
Observation 3:
· With orthogonal DM-RS between UEs, ~2dB performance degradation can be observed for realistic channel estimation compared to perfect channel estimation. 

Orthogonal and quasi-orthogonal DM-RS
To further investigate the impact of DM-RS sequence on channel estimation, we further present the link level performance for realistic channel estimation (without advanced interference cancellation) algorithm with orthogonal and quasi-orthogonal DM-RS sequence in Figure 8. 
From the figure, it can be observed that without advanced interference cancellation algorithm for channel estimation, substantial performance degradation can be observed for quasi-orthogonal DM-RS sequence. 
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Figure 8. NOMA link level performance with ideal and realistic channel estimation based on orthogonal and quasi-orthogonal DM-RS
Observation 4:
· Without advanced interference cancellation algorithm for channel estimation, substantial performance degradation can be observed for quasi-orthogonal DM-RS sequence. 

4 Conclusions

In this contribution, we presented our link level simulation results for various UL NOMA schemes for NR. Based on the discussion presented, we summarize our views through the following observations:
Observation 1
· LCR based NOMA scheme outperforms short sequence based spreading NOMA scheme, especially for small resource size.

· For large resource size, performance difference between LCR based and short sequence based spreading NOMA scheme NOMA scheme is small. 

· To achieve decent decoding performance, maximum coding gain should be provided for short sequence based spreading NOMA scheme.  
Observation 2:

· For relatively small resource size, quasi-orthogonal spreading sequence performs better than fully orthogonal spreading sequence due to larger code space provided by quasi-orthogonal spreading sequence.

Observation 3:
· With orthogonal DM-RS between UEs, ~2dB performance degradation can be observed for realistic channel estimation compared to perfect channel estimation. 

Observation 4:
· Without advanced interference cancellation algorithm for channel estimation, substantial performance degradation can be observed for quasi-orthogonal DM-RS sequence. 
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Appendix: Simulation Assumptions
	Parameters
	Values or assumptions

	Carrier Frequency 
	2 GHz 

	Waveform 
	OFDM

	Channel coding
	Turbo

	Numerology 
	Same as Release 13 

	System Bandwidth 
	10 MHz 

	Total allocated bandwidth for transmission 
	4/8/12/24 PRB pairs

	Overhead 
	2 DMRS symbols, no SRS, i.e., 144 available REs per PRB-pair for data transmission

	Target spectral efficiency 

(= required transmission bits per user / total number of resource elements shared for data transmission)
	TBS: 120 bits 
The number of UEs multiplexed: 1 or 8

1 UE for OMA and 8 UEs for NOMA

	Modulation and coding scheme
	QPSK, code rate: 1/8, 1/16, 1/24

	BS antenna configuration 
	2 Rx 

	UE antenna configuration 
	1 Tx 

	Transmission mode 
	TM1 (refer to TS36.213) 

	SNR distribution of Multiple UEs 
	Equal average SNR

	Propagation channel & UE velocity 
	EPA-5Hz and EVA-70Hz. 

	Max number of HARQ transmission 
	1

	Receiver structure
	MMSE-IRC and MMSE-PIC algorithm [2]

	Channel estimation
	Ideal and MMSE channel estimation algorithm
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