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In RAN #72, NB-IoT is officially announced frozen. NB-IoT uses OFDMA with 15kHz subcarrier spacing for downlink and 3.75kHz and 15kHz subcarrier spacing with down to single tone for uplink. 
New multiple access schemes are discussed in New Radio study item. Several new multiple access schemes are proposed, targeting to improve capacity and better support grant-free/contention based uplink. A LS [1] is agreed in RAN # 72, that, 
Within the scope of the NR Study, NB-IoT and eMTC should be used as the reference benchmark for assessing the performance of new proposals according to mMTC use case.  
In this contribution, we provide evaluation result on SC-FDMA (NB-IoT) based uplink multiple access scheme.  
Introduction on NB-IoT uplink
For NB-IoT, SC-FDMA is used as uplink multiple access scheme. In order to reduce UE complexity, NB-IoT device assume 200kHz RF bandwidth. Single tone 3.75kHz and 15kHz are used for UEs in extreme or extended coverage, which can provide a low PAPR but high spectral efficiency with a low data rate. In extreme or extended coverage, UE may always transmit with maximal transmission power. Transmission power is boosted onto a smaller bandwidth to improve power density, which can provide a high SINR at receiver for extreme or extended coverage. For example, under the assumption in TR 38.913 [2], the required SINR for 164dB is about -8dB and -14dB for 3.75kHz and 15kHz respectively. At higher SINR, the channel estimation performance is better and a better link level performance can be expected. 
Observation #1: Single tone 3.75kHz and 15kHz are introduced in NB-IoT for UE in extended or extreme coverage, which can provide a better performance and higher capacity. 
Multi-tone with 15kHz is used to serve for UE in normal coverage, which can provide higher data rate at high SINR For example, 1000 bits can be transmitted within 4 PRBs with about 0.8 code rate. Multiple TTI lengths are introduced with different tone number. For example, for single tone, TTI is 8ms for 15kHz and 32ms for 3.75kHz with 112 REs (including RS) and 4ms, 2ms TTI length with 168REs for 3 and 6 tones. Different number of tones provide a better scheduling flexibility for eNB within 200kHz system bandwidth. 
Observation #2: Multiple TTI lengths are introduced in NB-IoT to provide better scheduling flexibility within a smaller bandwidth. 
Evaluation on throughput
In TR 38.802 [3], the throughput is evaluated as sum throughput v.s. SNR at given BLER level under different overloading factor. 
· Sum throughput v.s. SNR at given BLER level under different overloading factor.
· Overload factor is defined as
· For spreading case:  number of data layers (users) / spreading length (number of REs)
· For non-spreading case: number of data layers (users) on each RE
For NB-IoT system, we simulated BLER performance with 100% overload and 200% overload cases with and without power offset. For 200% overload case, two UEs occupies the same time/frequency resource and carry same TBS. eNB decodes two UEs with a SIC receiver. Other simulation assumption can be found in appendix. Figure 1 and Figure 2 showed the throughput v.s. SNR (of UE1) with real channel estimation with solid and dash curve respectively. Green curves showed the case that SINR of UE 2 is 3dB lower than UE 1 and the black curves showed the performance with equal SINR between UEs. From the figures we can see that, nearly 200% throughput can be achieved at higher SNR with 200% overloading. In addition, Figure 3 showed that 170% capacity gain can be achieved with single Rx with 200% overloading with different power offset. In the simulation, same code rate is assumed. Although there are still some capacity gain, it is hard to achieved 10% BLER. 10% BLER is expected to be achieved with low code rate of UE 2. That is, power domain multiple access is suitable to pair UEs in different coverage, where the UE in poor channel condition with a lower data rate. 
[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK4][bookmark: OLE_LINK5]In Figure 1 and Figure 2, since UE 2 is 3dB less than UE 1, the sum throughput v.s. SNR of UE 1 is lower than no power offset cases. For a fair comparison, Figure 4 plotted the curve of sum SE v.s. MCL @ 10% BLER. For no power offset cases, the required SINR is average per UE SINR @ 10% BLER. And for 3dB power offset case, the required SINR is (SINR of UE 1 + SINR of UE2 -3dB)/2, where assuming the 3dB power offset is because  UE 2 suffered a 3dB worse path loss, that is, 3dB larger of MCL. Details of the methodology can be found in [4]. Figure 4  showed that, with 3dB power offset, the average MCL is better than no power offset case, e.g., 0.93~2.8dB gain with 3 subcarriers and 1.1~1.2dB gain with 12 tones. 
Observation # 3 NB-IoT can provide nearly double throughput with 200% overloading with equal and 3dB power offset between two UEs with both single Rx and two Rx. 
Observation # 4: UL NOMA over NB-IoT with 3dB power offset can provide 0.93~2.8dB gain on MCL compared with no power offset case with same spectral efficiency. 
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[bookmark: _Ref458436388]Figure 1 Sum throughput with SE= 0.5bps/Hz with real channel estimation
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[bookmark: _Ref458436389]Figure 2 Sum throughput with SE= 0.25bps/Hz with real channel estimation
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[bookmark: _Ref458697278]Figure 3 Sum throughput with single Rx with SE= 0.25bps/Hz with real channel estimation 

[bookmark: _Ref458696449]Figure 4 Sum throughput v.s. MCL with real channel estimation
Evaluation on link budget
For mMTC, one of the design target is to support a data rate of 160bps at 164dB MCL. Figure 5 and Figure 6 , showed per UE data rate vs MCL and sum spectral efficiency vs MCL with single tone 3.75kHz and 15kHz, as well as 3/12 tones case. Other simulation assumptions and MCL calculation can be found in Table 2 and Table 3 in appendix. From the results we can see that at ~164dB MCL, 3.75kHz and 15kHz can support a data rate of 0.31kbps and 0.22kbps with spectral efficiency 0.083bps/Hz and 0.015bps/Hz respectively. At extreme coverage, 3.75kHz can provide a better performance than 15kHz, which is because at a higher working SINR, the performance of channel estimation is better. In addition, 3.75kHz and 15kHz subcarrier spacing is expected to provide similar data rate at the same coverage level with 4 times throughputs gain with 3.75kHz. As a result, in extended or extreme coverage case (e.g., MCL>155dB), smaller occupied bandwidth, i.e., 3.75kHz single tone, can provide a higher spectral efficiency with similar data rate. In normal coverage, e.g., MCL<155dB, the data rate provide with 3.75kHz subcarrier spacing is limited. A larger bandwidth, e.g., 15kHz subcarrier spacing with single or multi-tone, can be used to provide a higher data rate. 
Observation # 5: NB-IoT can achieve 164dB MCL with both 3.75kHz and 15kHz single tone with a data rate of 0.31kbps and 0.22kbps with spectral efficiency 0.083bps/Hz and 0.015bps/Hz respectively. 
Observation # 6: Smaller occupied bandwidth can provide a higher spectral efficiency in extended coverage.
In addition, Figure 5 and Figure 6 also provided evaluation results on per UE data rate and sum spectral efficiency in normal coverage (<147dB MCL) with 3 tones and 12 tones. Double throughput can be achieved by overloading two the same code rate on the same time/frequency resource. Since the MCL is calculated for per UE required SINR at 10% BLER, the required SINR for MCL calculation for 200% overloading is average per UE SINR at 10% BLER. Details of the methodology can be found in [4]. With the simulation setting in Table 1, 3 tones with 100% overloading can provide a data rate of 11.25~41kbps at MCL 140.97dB ~ 147.6dB with spectral efficiency 0.91bps/Hz~0.25bps/Hz. 12 tones with 100% overloading can provide a data rate of 45kbps~164kbps at MCL 136.6dB ~143.45dB with same spectral efficiency as 3 tones. That is, smaller bandwidth can achieve a better MCL with lower data rate under the same spectral efficiency.
Observation # 7: Smaller bandwidth can achieve a better MCL with the same spectral efficiency limited per UE data rate.
For 200% overloading cases, both 3 tones and 12 tones can provide double spectral efficiency at the same data rate with 2-3dB MCL degradation with no power offset. With 3dB power difference, double spectral efficiency can be provided with <0.65dB MCL degradation. Moreover, compared with single tone case, multi-tone can provide a higher data rate, but spectral efficiency may be same or lower than single tone case. It is because the occupied bandwidth is much larger than the data rate increase at a given MCL. In good channel condition, the spectral efficiency is limited due to the limited modulation scheme and limited UE numbers by power domain multiple access. 
[bookmark: OLE_LINK1]Proposal # 1: Capture the above results and observations of NB-IOT in TR 38.802 as benchmark for UL multiple access evaluation for mMTC scenario. 
Proposal # 2: New multiple access schemes need to provide per-UE data rate v.s. MCL curve and sum SE v.s. MCL curve and benchmark with NB-IoT. 

[bookmark: _Ref458437208]Figure 5 Per UE data rate v.s. MCL with 3/12 tones, 15khz and 3.75kHz single tone with real channel estimation

[bookmark: _Ref458518966]Figure 6 Spectral efficiency v.s. MCL with 3/12 tones, 15kHz and 3.75kHz single tone with real channel estimation
Conclusion
In this paper, we provided evaluations on NB-IoT system with and without overloading, and in normal or extreme coverage case. We observed that: 
Observation #1: Single tone 3.75kHz and 15kHz are introduced in NB-IoT for UE in extended or extreme coverage, which can provide a better performance and higher capacity. 
Observation #2: Multiple TTI lengths are introduced in NB-IoT to provide better scheduling flexibility within a smaller bandwidth. 
Observation # 3 NB-IoT can provide nearly double throughput with 200% overloading with equal and 3dB power offset between two UEs with both single Rx and two Rx. 
Observation # 4: UL NOMA over NB-IoT with 3dB power offset can provide 0.93~2.8dB gain on MCL compared with no power offset case with same spectral efficiency. 
Observation # 5: NB-IoT can achieve 164dB MCL with both 3.75kHz and 15kHz single tone with a data rate of 0.31kbps and 0.22kbps with spectral efficiency 0.083bps/Hz and 0.015bps/Hz respectively. 
Observation # 6: Smaller occupied bandwidth can provide a higher spectral efficiency in extended coverage.
Observation # 7: Smaller bandwidth can achieve a better MCL with the same spectral efficiency limited per UE data rate.
Based on the observations, we proposed that:
Proposal # 1: Capture the above results and observations of NB-IOT in TR 38.802 as benchmark for UL multiple access evaluation for mMTC scenario. 
Proposal # 2: New multiple access schemes need to provide per-UE data rate v.s. MCL curve and sum SE v.s. MCL curve and benchmark with NB-IoT. 
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Appendix
Table 1 Simulation assumption 
	Parameters 
	Values or assumptions 

	Carrier Frequency 
	2 GHz 

	Waveform 
	SC-FDMA 

	Channel coding
	Turbo

	Numerology 
	15kHz and 3.75kHz as NB-IoT

	System Bandwidth 
	200kHz 

	Total allocated bandwidth for 
transmission 
	System BW is 200khz
Per UE occupied BW is 3.75kHz and (1, 3, 12)*15kHz

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

	Target spectral efficiency 
	0.5bps/Hz and 0.25bps/Hz (2RUs and 2 repetitions) for throughput evaluation 
Spectral efficiency is one of the metric for MCL evaluation, which is calculated by simulation.

	BS antenna configuration 
	2 Rx 

	UE antenna configuration 
	1Tx 

	Transmission mode 
	TM1 (refer to TS36.213) 

	Suggested SNR distribution of multiple UEs 
	Equal average SNR (short-term variation remains) 
Unequal average SNR 3dB different between two UEs

	Propagation channel & UE velocity 
	TDL-C (400ns) 3km/h for multi-tone
TDL-C (400ns) 1Hz Doppler for single tone 

	Max number of HARQ transmission 
	1

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

	Overloading factor
	100%, 200%



[bookmark: _Ref458437214]Table 2 Sum spectral efficiency and per UE data rate v.s. MCL with 100% and 200% overloading
	Scheme 
	SC=3 100%
	SC=12 100% 
	SC=3 100%
	SC=12 100%
	SC=3 200%
	SC=12 200%
	SC=3 100%
	SC=12 100%
	SC=3 200%
	SC=12 200%

	Sum SE (bps/Hz)
	0.911
	0.911
	0.5
	0.5
	1
	1
	0.25
	0.25
	0.5
	0.5

	Per UE data rate(kbps)
	41
	164
	22.5
	90
	22.5
	90
	11.25
	45
	11.25
	45

	Transmitter
	　
	　
	　
	　
	　
	　
	　
	　
	　
	　

	(1) Tx power  (dBm)
	23
	23
	23
	23
	23
	23
	23
	23
	23
	23

	Receiver
	　
	　
	　
	　
	　
	　
	　
	　
	　
	　

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174
	-174
	-174
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5
	5
	5
	5
	5
	5
	5
	5

	(4) Interference margin (dB)
	　
	　
	0
	0
	0
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	45000
	180000
	45000
	180000
	45000
	180000
	45000
	180000
	45000
	180000

	(6) Effective noise power = (2) + (3) + (4) + 10 log(5)  (dBm)
	-122.47 
	-116.45 
	-122.47 
	-116.45 
	-122.47 
	-116.45 
	-122.47 
	-116.45 
	-122.47 
	-116.45 

	(7) Required SINR (dB)
	4.5
	2.9
	0.45
	-1.5
	3.045
	0.1216
	-1.95
	-4
	-0.375
	-2.867

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-117.97 
	-113.55 
	-122.02 
	-117.95 
	-119.42 
	-116.33 
	-124.42 
	-120.45 
	-122.84 
	-119.31 

	(9) MCL= (1) - (8) (dB)
	140.97 
	136.55 
	145.02 
	140.95 
	142.42 
	139.33 
	147.42 
	143.45 
	145.84 
	142.31 



Table 3 Sum spectral efficiency and per UE data rate v.s. MCL with 3dB power offset
	Scheme 
	SC =3 2 UEs 3dB offset
	SC =3 2 UEs 3dB offset
	SC =12 2 UEs 3dB offset
	SC =12 2 UEs 3dB offset

	Sum SE (bps/Hz)
	1
	0.5
	1
	0.5

	Per UE data rate(kbps)
	22.5
	11.25
	90
	45

	Transmitter
	　
	　
	　
	　

	(1) Tx power  (dBm)
	23
	23
	23
	23

	Receiver
	　
	　
	　
	　

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5
	5

	(4) Interference margin (dB)
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	45000
	45000
	180000
	180000

	(6) Effective noise power = (2) + (3) + (4) + 10 log(5)  (dBm)
	-122.47 
	-122.47 
	-116.45 
	-116.44727

	(7) Required SINR (dB)
	0.871
	-1.3
	-1.095
	-3.972

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-121.60 
	-123.77 
	-117.54 
	-120.42 

	(9) MCL= (1) - (8) (dB)
	144.60 
	146.77 
	140.54 
	143.42 



[bookmark: _Ref458428738]Table 3 Sum spectral efficiency and sum data rate in different MCL
	Scheme 
	3.75kHz Single tone
	15kHz Single tone

	Sum SE (bps/Hz)
	0.083
	1.03
	1.467
	0.0146
	0.367
	1.67

	Per UE data rate(kbps)
	0.3125
	3.875
	5.5
	0.21875
	5.5
	22

	Transmitter
	　
	　
	　
	　
	　
	　

	(1) Tx power  (dBm)
	23
	23
	23
	23
	23
	23

	Receiver
	　
	　
	　
	　
	　
	　

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5
	5
	5
	5

	(4) Interference margin (dB)
	0
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	3750
	3750
	3750
	15000
	15000
	15000

	(6) Effective noise power = (2) + (3) + (4) + 10 log(5)  (dBm)
	-133.26 
	-133.26 
	-133.26 
	-127.24 
	-127.24 
	-127.24 

	(7) Required SINR (dB)
	-8.88 
	1.19 
	5.08 
	-13.94 
	-3.95 
	4.98 

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-142.13 
	-132.07 
	-128.18 
	-141.18 
	-131.19 
	-122.26 

	(9) MCL= (1) - (8) (dB)
	165.13 
	155.07 
	151.18 
	164.18 
	154.19 
	145.26 




[bookmark: OLE_LINK6][bookmark: OLE_LINK7]Figure 7 SNR vs BLER with per UE SE =0.25bps/Hz and sum SE = 0.5bps/Hz with two UEs

Figure 8 SNR vs BLER with per UE SE =0.5bps/Hz and SE=1bps/Hz with 2 UEs

Sum SE(@10%BLER) v.s. MCL

SC=3 1 UE	145.01787486224657	147.41787486224655	0.5	0.25	SC=12 1 UE	140.94727494896694	143.44727494896694	0.5	0.25	SC=3 2 UEs no offset	142.42287486224654	145.84287486224656	1	0.5	SC=12 2 UEs no offset	139.32567494896693	142.31427494896695	1	0.5	SC=3 3dB offset	144.59687486224658	146.76787486224657	1	0.5	SC =12 2 UEs 3dB offset	140.54227494896693	143.41927494896692	1	0.5	SC=3 1 UE	145.01787486224657	147.41787486224655	0.5	0.25	SC=12 1 UE	140.94727494896694	143.44727494896694	0.5	0.25	SC=3 2 UEs no offset	142.42287486224654	145.84287486224656	1	0.5	SC=12 2 UEs no offset	139.32567494896693	142.31427494896695	1	0.5	MCL (dB)


Sum SE(bps/Hz)




Per UE Data rate v.s. MCL

SC=3 1 UE	145.01787486224657	147.41787486224655	22.5	11.25	SC=12 1 UE	140.94727494896694	143.44727494896694	90	45	SC=3 2 UEs no offset	142.42287486224654	145.84287486224656	22.5	11.25	SC=12 2 UEs no offset	139.32567494896693	142.31427494896695	90	45	3.75kHz Single tone	165.13968732272281	155.06968732272281	151.1796873227228	0.3125	3.875	5.5	15kHz Single tone	164.17908740944318	154.18908740944318	145.25908740944317	0.21875	5.5	22	SC =3 2 UEs 3dB offset	144.59687486224658	146.76787486224657	22.5	11.25	SC =12 2 UEs 3dB offset	140.54227494896693	143.41927494896692	90	45	MCL (dB)


Data Rate (kbps)




Sum Spectral efficiency (@10%BLER) v.s. MCL

SC=3 1 UE	145.01787486224657	147.41787486224655	0.5	0.25	SC=12 1 UE	140.94727494896694	143.44727494896694	0.5	0.25	SC=3 2 UEs no offset	142.42287486224654	145.84287486224656	1	0.5	SC=12 2 UEs no offset	139.32567494896693	142.31427494896695	1	0.5	3.75kHz Single tone	165.13968732272281	155.06968732272281	151.1796873227228	8.3000000000000004E-2	1.03	1.4670000000000001	15kHz Single tone	164.17908740944318	154.18908740944318	145.25908740944317	1.46E-2	0.36699999999999999	1.67	SC =3 2 UEs 3dB offset	144.59687486224658	146.76787486224657	1	0.5	SC =12 2 UEs 3dB offset	140.54227494896693	143.41927494896692	1	0.5	MCL


Spectral efficiency (bps/Hz)




SE =0.25 bps/Hz

UE 1 SC=3 no offset	-7	-5	-3	-1	1	3	0.62333300000000003	0.37466699999999997	0.221333	0.11866699999999999	6.5402000000000002E-2	3.7143000000000002E-2	UE 2 SC=3 no offset	-7	-5	-3	-1	1	3	0.60066699999999995	0.37333300000000003	0.20866699999999999	0.127333	6.4748E-2	3.9523999999999997E-2	UE 1 SC=12 no offst	-7	-5	-3	-1	1	3	0.40400000000000003	0.216	0.105333	5.6529000000000003E-2	3.1556000000000001E-2	1.575E-2	UE 2 SC=12 no offest	-7	-5	-3	-1	1	3	0.38266699999999998	0.20200000000000001	0.104	5.0331000000000001E-2	2.3036000000000001E-2	1.2500000000000001E-2	UE 1 SC=3 3dB offset	-7	-5	-3	-1	1	3	0.57533299999999998	0.41399999999999998	0.20733299999999999	0.112667	6.0276999999999997E-2	2.5555999999999999E-2	UE 2 SC=3 3dB offset	-8	-6	-4	-2	0	2	0.72533300000000001	0.502	0.31933299999999998	0.18505099999999999	0.11056000000000001	0.06	UE 1 SC =12 3dB offset	-7	-5	-3	-1	1	3	0.401333	0.22600000000000001	0.112	5.2082999999999997E-2	2.1593999999999999E-2	1.2381E-2	UE 2 SC=12 3dB offset	-8	-6	-4	-2	0	0.52466699999999999	0.308	0.180729	9.2853000000000005E-2	4.4285999999999999E-2	single UE SC =3	-8	-7	-6	-5	-4	-3	-2	-1	0	1	0.61799999999999999	0.49299999999999999	0.376	0.30299999999999999	0.19500000000000001	0.13700000000000001	9.5000000000000001E-2	6.3291E-2	4.6729E-2	2.6610000000000002E-2	Single UE SC =12	-8	-7	-6	-5	-4	-3	-2	-1	0	0.432	0.311	0.22500000000000001	0.159	9.9601999999999996E-2	6.0715999999999999E-2	4.3999999999999997E-2	2.7609000000000002E-2	1.8131999999999999E-2	SNR(dB)


BLER




SE =0.5 bps/Hz

UE 1 SC=3 no offset	-4	-2	0	2	4	6	0.60533300000000001	0.41	0.23066700000000001	0.126667	0.08	4.2941E-2	UE 2 SC=3 no offset	-4	-2	0	2	4	6	0.58733299999999999	0.39466699999999999	0.223333	0.125333	7.4666999999999997E-2	4.4117999999999997E-2	UE 1 SC=12 no offset	-4	-2	0	2	4	6	0.404667	0.192667	9.8667000000000005E-2	5.2999999999999999E-2	3.2330999999999999E-2	0.02	UE2 SC=12 no offset	-4	-2	0	2	4	6	0.39333299999999999	0.17866699999999999	0.109333	5.9346999999999997E-2	2.8451000000000001E-2	1.9730000000000001E-2	UE 1 SC=3 3dB offset	-4	-2	0	2	4	6	0.53400000000000003	0.372	0.21199999999999999	0.11933299999999999	6.6667000000000004E-2	3.6316000000000001E-2	UE 2 SC=3 3dB offset	-5	-3	-1	1	3	5	0.7	0.48333300000000001	0.33600000000000002	0.21333299999999999	0.13211000000000001	0.08	UE 1 SC=12 3dB offset	-4	-2	0	2	4	6	0.38133299999999998	0.221333	0.10133300000000001	4.9800999999999998E-2	2.5151E-2	1.1613E-2	UE 2 SC=12 3dB offset	-5	-3	-1	1	3	0.48599999999999999	0.29333300000000001	0.15687300000000001	9.3310000000000004E-2	6.2903000000000001E-2	Single UE SC=3	-5	-4	-3	-2	-1	0	1	2	3	4	0.55100000000000005	0.438	0.33500000000000002	0.21199999999999999	0.16500000000000001	0.115	8.4000000000000005E-2	5.6000000000000001E-2	3.9400999999999999E-2	2.5132000000000002E-2	Single UE SC=12	-5	-4	-3	-2	-1	0	1	2	3	0.34599999999999997	0.27500000000000002	0.17299999999999999	0.12	8.5000000000000006E-2	5.3850000000000002E-2	3.5001999999999998E-2	0.02	1.485E-2	SNR(dB)


BLER
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