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1
Introduction
Performance evaluation was carried out at both link level and system level in NOMA SI [1]. Extensive simulation results and observations were drawn in the TR [2]. At link level, the performance seems similar across different NOMA schemes as long as appropriate code rate is used and the TBS is not very high. At the system level, between low code rate spreading (LCRS, with spreading factor = 1) and symbol level low cross-correlation spreading, the latter shows significant gain. However, between LCRS and sparse code multiple access (SCMA), their performances are similar. In this contribution, we provide the explanation of these observations.
2
LCRS vs. symbol level spreading
Figure 1 is the pictorial of LCRS or bit-level processing based NOMA schemes where only two users are considered without losing the generality. Information bits of UE1 and UE2 typically can be encoded with plenty of parity bits so that the code rate is kept low. UE1 and UE2 share the same time-frequency resources, e.g., their signals (after going through different channel fading) are superimposed at gNB receiver. 
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Figure 1 Pictorial of LCRS or bit-level processing based NOMA schemes
If we ignore the spatial-domain MMSE at gNB over multiple Rx antennas which is common to all the NOMA receivers, the receivers for LCRS or bit-level processing based NOMA schemes can be: 
1) Hard interference cancellation (hard-IC), e.g., decoder only outputs hard bits; 
2) Iterative detection and soft decoding, such as ESE + SISO or EPA+SISO, where the decoder can output soft bits (e.g., log-likelihood ratio, LLR). 
The burden of decoupling UE1’s and UE’s data rests mainly on the decoder. Given the rather low code rate, the channel code is often strong enough to separate the users’ data. Soft IC like ESE/EPA may further exploit the potential of channel code and achieve better performance albeit with higher implementation complexity.
For linear symbol level spreading (with SF > 1) with low cross-correlation, generally there is less room for parity bits due to the spreading, as depicted in Figure 2. UE1 and UE2 are spread with different sequences (as shown with different directions of shading) whose cross-correlation is low. 
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Figure 2 Pictorial of NOMA schemes with linear symbol level spreading (different directions of shading mean the different spreading sequences)
Ignoring the spatial processing at gNB, the receivers for symbol level spreading schemes with low cross correlation can be:
1) Spreading code-domain MMSE hard-IC, e.g., decoder only outputs the hard bits 

2) Iterative spreading code-domain MMSE EPA + SISO. 

The burden of separating UE1’s and UE’s data is more evenly distributed between the detector and the decoder, since MMSE itself can suppress the interfering users when their spreading sequences have low cross correlation with that of the target user. 
For SCMA, its spreading sequences do not have low cross correlation property. At the receiver, it relies on the inner iterations inside EPA detector to refine the LLR, although such implementation requires more processing than MMSE detector.
Observation 1: symbol level low cross-correlation spreading together with spreading domain MMSE receiver can suppress the interference from other users, although potentially operating at higher code rate than LCRS.
3
Link level and system level performance 
At link level, no matter what NOMA scheme is used, inter-cell interference is usually modelled as additive white Gaussian noise (AWGN). The lack of structure in AWGN is illustrated in Figure 3 (using formal language, its covariance matrix is an identity matrix --- “white”). Hence, regardless of receiver types, inter-cell interference at link level cannot be effectively reduced by the detector. Between LCRS and low cross-correlation linear spreading schemes, the benefit of low code rate in LCRS and the benefit of MMSE interference suppression in the linear spreading are often comparable, when the number of users and total spectral efficiency are not very high. This leads to the similar performance of LCRS and low cross-correlation spreading at link level in many cases of link level evaluations. At very high total spectral efficiency cases, low cross-correlation spreading shows some gains over LCRS, as listed in Table 1. 
Between LCRS and SCMA, their operating code rate is similar. Hence, their link level performance is similar in many cases. At very high total spectral efficiency cases, SCMA shows performance gains, as listed in Table 1.
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Figure 3 Pictorial of inter-cell interference (modelled as AWGN) at link level

Table 1 Simulation cases in which NOMA outperforms LCRS at link level
	Tx scheme
	Receiver type
	BLER vs. SNR gain against LCRS

TBS (bytes), #UEs: gain (dB)

	Low cross-correlation spreading (multiple schemes in this family tested)
	MMSE hard IC
	60 bytes, 6 UEs: 1 dB

75 bytes, 6 UEs: 2 dB

	SCMA
	EPA
	40 bytes, 10 UEs: 0.5 dB
60 bytes, 6 UEs: 0.5 dB

60 bytes, 8 UEs: 3 dB
75 bytes, 6 UEs: 2 dB

	Low cross- correlation spreading (only MUSA tested)
	EPA
	40 bytes, 10 UEs: 0.5 dB
60 bytes, 6 UEs: 0.5 dB

60 bytes, 8 UEs: 3 dB
75 bytes, 6 UEs: 2 dB


Observation 2: at link level, low cross-correlation spreading shows performance gain over low code rate (LCRS) only when TBS and the number of UEs are large. 

Observation 3: at link level, SCMA shows performance gain over low code rate (LCRS) only when TBS and the number of UEs are large. 

At the system level, in the case of LCRS or bit-level processing based NOMA schemes, the inter-cell interference can be illustrated as Figure 4(a) which is similar to that of the link level. In the case of SCMA, the inter-cell interference tends also to be “white” since its spreading sequences do not have low cross-correlation property. Such “white” interference cannot be suppressed at the detector. Since the chance of very high TBS with many simultaneously transmitting UEs is very slim in system level simulations, the gain of SCMA over LCRS is insignificant.

In the case of low cross-correlation spreading, when the same set of physical resource blocks (PRBs) is allocated across cells for NOMA, the inter-cell interference can have certain structure as seen in Figure 4(b) (using formal language, its covariance matrix is non-diagonal, e.g., not full-rank), especially if it is dominated by a small number of interfering UEs in other cells. Then the spreading code domain MMSE receiver is able to suppress this “colored” interference. 
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(a) For LCRS, bit-level processing based NOMA schemes and SCMA 
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(b) For low cross-correlation spreading schemes

Figure 4 Pictorial of inter-cell interference at system level

Depending on whether symbol level scrambling is applied, the timing offset between in-cell users and other-cell users, the inter-cell interference can be mildly structured and highly structured. For instance, when cell-specific symbol level scrambling is used, cross-correlation property between spreading sequences of different cells tends to be randomized. Large time offset (e.g., > normal CP) would also randomize the inter-cell interference. Nevertheless, since the number of dominant interfering users is limited and they are typically not too far away from the target gNB, inter-cell interference is not purely white, and it still shows certain structure. 
If cell specific symbol level scrambling is turned off, cross-correlation property between spreading sequences of different cells can be well maintained. Hence, the inter-cell interference is highly structured. 

For system level simulation of mMTC scenario, higher layer packets are segmented to 20-byte physical layer packets. Figures 5 show that packet drop rate vs. packet arrival rate, under different assumption of inter-cell interference covariance matrix. If inter-cell interference is assumed purely “white” similar to the link level simulation, the spreading scheme, e.g., MUSA, has the similar performance as LCRS, shown in black. This corresponds to the case where the set of PRBs for NOMA would not be aligned between cells, e.g., NOMA of target gNB may be interfered by OMA or other services in neighboring cells. 

When inter-cell interference is assumed not purely “white”, for instance, the same set of PRBs is configured between cells for NOMA, or LCRS, respectively, and symbol level scrambling may be turned on, spreading shows certain gain over LCRS, which is marked in green. 

When inter-cell interference is assumed highly structured, for instance, the same set of PRBs is configured between cells for NOMA, or LCRS, respectively, and symbol level scrambling is turned off, spreading shows quite significant gain over LCRS, which is marked in red.

When inter-cell interference is assumed highly structured, for instance, the same set of PRBs is configured between cells for NOMA, or LCRS, respectively, and symbol level scrambling is turned off, and the interference covariance can be ideally estimated, spreading shows even more significant gain over LCRS, which is marked in blue.
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 Figure 5 PDR vs. PAR performance of different assumptions of inter-cell interference covariance matrix for low cross-correlation spreading (e.g., MUSA)
Figures 6 shows the post-processing SINR (pp-SINR) CDF of baseline (LCRS) and low cross-correlation spreading, e.g, MUSA with SF = 4, under different assumptions of inter-cell interference. “pp-SINR” is measured at the output of MMSE equalizer for each user, taking into account of long term fading and fast fading, MMSE weight, spreading sequences used by each user (intra-cell and inter-cell). 

It is observed from Figures 6 that under the same loading (packet arrival rate, PAR), pp-SINR of MUSA is about 10 dB, 9 dB, 8 dB and 7 dB higher than that of LCRS, at different level of suppression of inter-cell interference. Since the code rate of LCRS is lower than that of linear spreading, LCRS has coding gain of about 7 dB. Even with this, the net gain of low cross-correlation spreading is still about 3 dB, 2 dB, 1 dB as long as the inter-cell interference is not purely white. Such observation is consistent with the PDR vs. PAR performance gain observed.
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Figure 6 CDFs of pp-SINR of low cross-correlation spreading, e.g., MUSA under different assumption of inter-cell interference covariance matrix.

Observation 4: at system level, the gain of low cross-correlation spreading over LCRS is largely due to that the assumption of inter-cell interference. The more the structured the interference covariance matrix is, the higher the gain of spreading is compared to LCRS.
4
Conclusion

In this paper, symbol level low cross-correlation spreading, low code rate (or bit-level processing based NOMA schemes) and SCMA were described at high level. Performance gains of low cross-correlation spreading and SCMA over low code rate (LCRS) at link and system levels were analyzed, with the following observations.
Observation 1: symbol level low cross-correlation spreading together with spreading domain MMSE receiver can suppress the interference from other users, although potentially operating at higher code rate than LCRS.
Observation 2: at link level, low cross-correlation spreading shows performance gain over low code rate (LCRS) only when TBS and the number of UEs are large. 

Observation 3: at link level, SCMA shows performance gain over low code rate (LCRS) only when TBS and the number of UEs are large. 

Observation 4: at system level, the gain of low cross-correlation spreading over LCRS is largely due to that the assumption of inter-cell interference. The more the structured the interference covariance matrix is, the higher the gain of spreading is compared to LCRS.
.
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