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Introduction
In RAN1 #85 meeting, IGMA has been introduced in [1] and some initial link-level simulation results were given. In this contribution, more LLS evaluation results of IGMA are presented. In the end, the complexities of detectors used in the simulations are analyzed.
Performance comparison with OMA
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]The basic intention of IGMA, or general all non-orthogonal multiple access (NoMA) schemes, is to serve multiple UEs in the same time-frequency resources, which is fundamentally different from the orthogonal multiple access (OMA), particularly OFDMA in current cellular network. Thus, in order to verify the performance of IGMA, the performance comparison between IGMA and OFDMA is given as shown in Fig. 1. 
In the simulation comparison, the received power per RE and the spectrum efficiency per UE are kept the same for both IGMA and OFDMA. This could build the fair comparison between two MA schemes, because in general, both schemes simulate under the case that the same number of UEs transmit the same size of information bits in the same time- frequency resource using same power. To make it even fairer, the distributed manner is adopted as shown in Fig. 2, so that the frequency diversity gain can be achieved for OFDMA. The other detailed simulation assumptions are referred to Appendix.
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Fig. 1 The BLERcomparison between IGMA and OFDMA   Fig. 2 The resource assignment for IGMA and OFDMA
[bookmark: _GoBack]Note that the definition of SNR in Fig. 1and Fig. 3 is the received SNR per RE, which is different from the SNR definition, i.e., the average SNR per UE, used in other figures in this contribution. As shown in the results, IGMA could outperform OFDMA in terms of BLER performance and sum throughput. In addition to the benefits from multi-user detection, the performance gap is also part of the outcome of lower coding rate in IGMA, i.e., channel coding gain. 
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Fig. 3 The sum throughput comparison between IGMA and OFDMA
Observation 1: IGMA has potential gain over OFDMA in terms of BLER performance and sum throughput.
Performance in realistic channel estimation case 
In this section, the performance under the case of realistic channel estimation is presented. Following the well-studied ZC sequence based DMRS that is adopted in LTE, the realistic channel estimation for IGMA is extended based on the conventional DMRS design. As discussed in [2], it is vital to keep the orthogonal DMRS for different UEs, especially when the UEs share the same time-frequency resources, because the accuracy of the channel estimation has key impact to the performance of any MA scheme. 
In this simulation, 6UEs are considered to share the same 6PRBs to transmit signals. Thus, 6 orthogonal DMRS signal designs are needed. Borrowing the ideas of DMRS design for MU-MIMO and the SRS, the Orthogonal Cover Code (OCC）, Comb-like structure and cyclic shift (CS) are adopted to enhance the DMRS capacity for IGMA. Two versions of DMRS design are used in the simulation: 1) V1 denotes the case of using the combination of OCC and CS and 2) V2 denotes the case of using the combination of OCC, Comb-like structure and CS as shown in the Fig. 4. For V1, three cyclic shifted versions of a same ZC sequence combine with a length-2 OCC to support overall 6 orthogonal DMRS. For the same purpose, 2 CS versions of a same ZC sequence, a length-2 OCC (i.e., [+1 +1] [+1 -1]) and a RPF-2 Comb-like structure (i.e., each UE will occupy 1/2 of the available DMRS RE resources) are combined together in V2. The receiver will first estimate the channel state information (CSI) in DMRS symbols, and exploit the interpolation to estimate the CSI on other REs. In practical, less CS will generate higher accuracy of estimated CSI due to larger resolution gap. On the other hand, adding comb-like feature in the DMRS setting, the capacity of DMRS could increase but the accuracy of estimated CSI needs to check if any degradation happens, because the receiver has to perform frequency-domain interpolation in addition to the time-domain interpolation.
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Fig. 4 The illustration of DMRS setting used in the simulation
Regarding the channel estimation method, the common MMSE method is utilized, i.e., , where  is the estimated channel for one RE,  is the DMRS signal element in that RE,  denotes the Hermitian operation (in here equivalent to just conjugate) and  represents the noise power. 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]In the following, the BLER performances under realistic channel estimation are presented. By using ESE detector as shown in Fig. 5, the performances are almost overlapping in the TDL-A DS{10ns} case for both perfect CSI and estimated CSI. Even in the TDL-C DS{300ns}, the gap between realistic channel estimation case and perfect CSI case is acceptable, i.e., around 1.5dB @BLER=10-1 and 2 dB @BLER=10-2. Clearly, with more iteration times used in the simulation, the performance is expected to improve for estimated CSI case, i.e., compare the case of 10IT (IT means iteration time) with the case of 20IT. Moreover, the performances of DMRS setting V1 and V2 are almost identical to each other, which may indicate both DMRS designs have similar effect.
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[bookmark: OLE_LINK38][bookmark: OLE_LINK39]Fig. 5 Realistic channel estimation case of rate 1/6 via ESE detector in TDL-A (left) and TDL-C (right)
The Chip-by-Chip MAP detector is adopted in Fig. 6, the case of ideal DMRS signal estimation combining with interpolation is also tested in this simulation. As both results show, the interpolation operation has almost no impact to the performance when compared to the perfect CSI case. This implies that the performance loss in the estimated CSI case is mainly due to the inaccuracy of channel estimation on DMRS signals.
[image: ] [image: ]
Fig. 6 Realistic channel estimation case of MAP detector with rate 1/6 (left) and rate 1/3 (right)
With channel coding rate increased to 1/3, the performance loss due to the inaccurate channel estimation does not grow much larger @BLER=10-1, i.e., still around 2 dB. According to above simulation results, it can be seen that IGMA’s performance is acceptable under real channel estimation case. On the other hand, it also implies that the study of DMRS enhancement, e.g., comb-like manner, is desperately needed with the purpose of preserving the gain of non-orthogonal multiple access scheme in practical scenarios. 
Observation 2: The performance of IGMA with realistic channel estimation is acceptable, and DMRS with comb-like strucure and with OCC can be used for non-orthogonal multiple access.
Observation 3: The channel estimation accuracy is vital to NoMA schemes in order to keep the gain in the practical scenarios.
Performance in collision cases
In this section, the simulation results in collision cases are presented to verify the performance of NoMA (here is IGMA). For IGMA, collision denotes that the UEs select or are assigned both the same bit-level interleaver and the same grid mapping pattern. Two collision cases are simulated: 1) each 2 UEs collision, i.e., UE1 and UE2, UE3 and UE4, UE5 and UE6 are collided; and 2) all 6 UEs collision.
As shown in Fig. 7, for each 2 UEs collision case, the performance of MAP detector is basically identical to the non-collision case. Even the simple ESE detector could produce similar performance and the gap only becomes observable in high SNR region, because the system becomes more interference limited in the high-SNR region. Moreover, in the deep collision case (all 6 UEs are collided), the MAP detector could still work well even with certain loss in the low SNR region, i.e., 1.5dB loss @BLER=10-1. The performance is converged in the high SNR region which is expected for the advanced detector like chip-by-chip MAP.
 [image: ][image: ]
Fig. 7 Collision cases via ESE and MAP        Fig. 8 Collision cases under perfect CSI and estimated CSI
However, these results cannot be used to draw any conclusion on grant-free/contention based transmission due to the extremely optimistic assumption: perfect CSI for all UEs. In Fig. 8, the performance of collision cases under realistic channel estimation are given. When each 2 UEs are collided, the gap between perfect CSI and estimated CSI becomes larger compared to Fig. 5, which shows that performance under realistic channel estimation is sensitive to the MA signature (e.g., interleaver, grid mapping pattern etc.) collision. With the collision level getting deeper (all 6 UEs collision), the performance loss will be even larger. Moreover, as mentioned in [2], considering the DMRS resource is usually more limited than the MA signature, it is important to study how to design/enhance the DMRS to support grant-free/contention based non-orthogonal multiple access, as well as the realization of grant-free/contention based scheme.
Observation 4: In the situation of only MA signature collision, the collided UEs are still detectable conditioned on that accurate channel estimation can be obtained by separate DMRS for each UE.
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Performance in multi-cell case with ICI
In the environment of multi-cell scenario, the UE in the neighbouring cell might deliver inter-cell interference to the UE in the target cell. With the NoMA scheme applied, the ICI may get more serious due to more UEs are transmitting in the same time-frequency resources. However, beneficial from the sparsity of grid mapping pattern, IGMA could provide the ability to combat the ICI. The ICI-UE denotes the UE creating ICI to the target cell. The density of grid mapping pattern indicates the ratio between actually occupied RE number dividing the total available RE number, i.e.,  means only one RE is occupied among total 4 available REs and means two REs are occupied among total 4 available REs. By setting lower density of grid mapping pattern, the ICI caused by neighbouring UE might have stronger non-Gaussian characteristic which facilitates easier suppression on ICI. 
As shown in the results Fig. 9, IGMA could be beneficial in combating ICI in multi-cell environment. Moreover, with lower density applied, the gain from non-Gaussian receiver algorithm becomes more obvious.
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Fig. 9 Multi-cell case with ICI under 1 ICI-UE (left) and 2 ICI-UE (right)
Observation 5: IGMA could be beneficial in combating ICI in multi-cell case. 
Complexity analysis
In order to bring the benefit of NoMA into the practical situation, the receiver implementation with feasible complexity is one of the key aspects. Some sort of advanced detectors (good performance but generally with high complexity) are applied in SCMA, PDMA and etc. The issue on whether the detector’s complexity could be handled by the receiver should be carefully evaluated. 
For IGMA, two kinds of detectors are implemented: one is ESE (Elementary signal estimation) detector and the other is the Chip-by-Chip (symbol level) MAP detector. The complexity analysis of these two detectors is given below, given the assumption: K users with 2Q order Gray-mapping constellation.
· ESE detector
· General considered as with low complexity but fair performance
· Can be regarded as single-user detector with Gaussian approximation
· Complexity is proportional to K and Q (I/Q splitting can be used)
· Chip-by-Chip (symbol level) MAP detector
· General considered as with good performance but high complexity
· Equivalent to(2Q)K modulation detector
· Complexity is proportional to (2Q)K
Conclusion
In this contribution, many link level simulation evaluations on IGMA are presented, i.e., comparison with OMA (OFDMA), realistic channel estimation situation, multi-cell case with consideration of ICI. In summary, the observations and proposals are as follows:
Observation 1: IGMA has potential gain over OFDMA in terms of BLER performance under same per-UE spectral efficiency.
Observation 2: The performance of IGMA with realistic channel estimation is acceptable, and DMRS with comb-like strucure and with OCC can be used for non-orthogonal multiple access.
Observation 3: The channel estimation accuracy is vital to NoMA schemes in order to keep the gain in the practical scenarios.
Observation 4: In the situation of only MA signature collision, the collided UEs are still detectable conditioned on that accurate channel estimation can be obtained by separate DMRS for each UE.
Observation 5: IGMA could be beneficial in combating ICI in multi-cell case.
Proposal 1: For NR non-orthogonal multiple access evaluation, aspects of DMRS multiplexing and inter-cell-interference modelling need to be further studied.
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Appendix – Link level simulation setup
Table.1. LLS Evaluation parameters
	Parameters 
	Values or assumptions 

	Carrier Frequency 
	2 GHz 

	Waveform 
	OFDM

	Channel coding
	LTE Turbo

	Numerology 
	Same as Release 13 

	System Bandwidth 
	10 MHz 

	Total allocated bandwidth for transmission 
	6RBs (1.08Mhz) 

	Overhead 
	2 DMRS symbols, no SRS, i.e. 144 available RE per RB for data transmission

	Target spectral efficiency
 & supported UE number
	Per UE SE = TB size/(144*No. of RBs*Mapping density)
ESE detector case:
· TB sizes of 6 RBs (without CRC) :{ 62, 84, 120, 148, 165, 192, 228, 264, 300} (bits);
· Mapping density = 0.5 (0.25 is only used for ICI in multi-cell cases)
· Supported UE numbers: {6, 8, 10, 12, 14, 16 } (equivalent overloading factor: {150%, 200%, 250%, 300%, 350%, 400%})
Chip-by-Chip MAP case:
· TB sizes of 6 RBs (without CRC) :{84, 120, 192, 264, 408, 624 } (bits);
· Mapping density = 0.5
· Supported UE numbers: {6, 12} (equivalent overloading factor: {150%, 300%})

	BS antenna configuration 
	2Rx 

	UE antenna configuration 
	1Tx 

	Channel estimation
	Perfect channel estimation
Realistic channel estimation
Ideal DMRS estimation and interpolation

	SNR distribution of Multiple UEs 
	Equal average SNR (short-term variation remains)

	Propagation channel & UE velocity 
	TDL-A with DS{10}ns & TDL-C with DS{300}ns & 3km/h in TR38.900

	Detection method
	ESE detector, Chip-by-Chip MAP

	Given BLER level (to calculate sum throughput) 
	0.1 for 1 transmission
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