
	
3GPP TSG-RAN WG1 #83	R1-157398
15 - 22 Nov 2015
Anaheim, US

Source:                    	Ericsson 
Title:  	NB-IoT - System level evaluation and comparison - standalone
Document for:        	Discussion
Agenda Item:         	6.2.6.1.1
[bookmark: _Ref409106980]Introduction
At RAN#69, a new work item named NarrowBand IOT (NB-IOT) was approved, see [1]. The objective is to specify a radio access for cellular internet of things that addresses improved indoor coverage, support for massive number of low throughput devices, low delay sensitivity, ultra-low device cost, low device power consumption and (optimized) network architecture. 
NB-IOT should support 3 different modes of operation: 
1.	“Stand-alone operation” utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers
2.	“Guard band operation” utilizing the unused resource blocks within a LTE carrier’s guard-band 
3.	“In-band operation” utilizing resource blocks within a normal LTE carrier
NB-IOT currently includes two uplink options under consideration, SC-FDMA, and FDMA with GMSK modulation, and two downlink options, OFDM with 3.75 kHz subcarrier spacing, and OFDM with 15 kHz subcarrier spacing. In this contribution, a multi-cell system capacity comparison between the NB-IOT design options is presented. The simulation assumptions as described in [2] are fully adopted. 
Simulation assumptions
Coupling loss model
Coupling loss distributions according to the system-level simulation parameters specified in Annex D of [2] are shown in Figure 1. Note that according to [2], Scenario 2 is the most challenging scenario since it has a higher percentage of UEs having higher extra wall penetration loss. We will use Scenario 2 with 0.75 building penetration loss (BPL) correlation in the below discussion and evaluation.
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[bookmark: _Ref426710034]Figure 1: Coupling loss distributions for cases studied in GERAN 
(based on Annex D of [2]).
Traffic model
The traffic models adopted in the evaluation include Mobile Autonomous Reporting (MAR) periodic model and Network Command (NC) model. The split of devices between MAR periodic and NC is 80% for MAR and 20% for NC. 
The MAR periodic reporting traffic model is based on a Pareto distribution with shape parameter alpha of  2.5 and minimum application payload size of 20 bytes with a cut off of 200 bytes, i.e. payloads higher than 200 bytes are assumed to be 200 bytes. The inter-arrival time periodicity may be 1 day (40%), 2 hours (40%), 1 hour (15%), and 30 minutes (5%). A DL application layer ACK for an uplink periodic reporting event is assumed in 50% of UL MAR periodic reports generated. The application downlink ACK payload size is assumed to be 0 bytes. The total packet size (above equivalent of SNDCP layer) is the overhead due COAP/DTLS/UDP/IP and is immediately sent after the base station successfully receives an application UL packet.
The size of the downlink Network Command is assumed to be 20 bytes and the distribution of the periodic inter-arrival time is the same as for MAR periodic model. The distribution of the application payload size in response to the Network Command, where applicable, is the same as application payload size distribution of MAR periodic in Table E.2-1 of [2]. 
Furthermore, a Gb architecture is assumed. We assume that header compression is not used, and thus the protocol overhead amounts to 65 bytes.
All these simulation assumptions follow sub-clauses 5.2.2 of [2].
Additional simulation assumptions
All the simulation assumptions relevant to system capacity analysis as described in [2] are used in our analysis. In this subsection, we list additional simulation assumptions used in our analysis. 
The DL MCS combinations used in the evaluation are presented in Table 1. Note that the modulation is always assumed to be QPSK. The UL MCS combinations used in the evaluation are presented in Table 2. 
Table 1: DL MCS used for the evaluation
	Link direction
	Code rate (with QPSK modulation)

	Downlink
	0.01
	0.02
	1/30
	1/12
	1/6
	1/3
	1/2
	0.7
	0.93



Table 2: UL MCS used for the evaluation
	SC-FDMA 2.5 kHz
	FDMA with GMSK

	Modulation
	Code rate
	Modulation 
	Code rate

	BPSK
	0.21
	GMSK
	0.11

	QPSK
	0.26
	GMSK
	0.17

	QPSK
	0.33
	GMSK
	0.33

	QPSK
	0.50
	GMSK
	0.67

	QPSK
	0.67
	GMSK
	0.93

	QPSK
	0.93
	
	



The link-to-system (L2S) models for the uplink are based directly on the link-level simulation results in Figure 2 and Figure 3. The GMSK results in Figure 3 are very similar to the results presented in [2]. For example, according to Table 7.3.6.1.5-5 in [2], at 154 dB coupling loss (i.e. SNR=4.3 dB, bonding factor 1) the BLER of 105-byte data is 8%. In Figure 3, the BLER at 4.3 dB SNR is 7.5%. 
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[bookmark: _Ref434618857]Figure 2: Uplink link results for SC-FDMA single subcarrier transmission, used as the L2S model
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[bookmark: _Ref434618859]Figure 3: Uplink link results for FDMA transmission without bonding and with GMSK, used as the L2S model
The link-to-system (L2S) models for the downlink evaluations are calibrated based on link-level simulation results included in [2] for UEs who need 164 dB coupling loss, and [3] for UEs who need 144 dB and 154 dB coupling loss. The L2S model used in the system-level simulations is compared to link simulation results in Figure 4 for the downlink. The L2S model matches link simulation results almost perfectly. 
[image: ]
[bookmark: _Ref434619793]Figure 4: Comparison of L2S model and actual link simulation results (DL).
Imperfect link adaptation is assumed for both uplink and downlink, and we model the link adaption error as a normally distributed random variable, which has zero mean and 3dB standard deviation. This error term is added to the true SINR before selecting MCS. The MCS is selected that would give the highest data rate, assuming the SINR estimate is correct.
For uplink we assume 28.6% overhead for random access, control channels and reference symbols, and thus 71.4% of the radio resources can be used for data symbols for M-PUSCH. 
There is also an inherent additional overhead with the FDMA option, since it is designed with 5 kHz subcarrier spacing and a symbol rate of 3.75 kHz. Thus, FDMA only supports 0.75 symbols per hertz. The SC-FDMA option, on the other hand, supports 0.933 symbols per hertz (with cyclic prefix overhead of 1/15, 7%). That FDMA supports 20% fewer symbols per time-frequency resource is accounted for as an additional overhead.
For downlink, we assume 24.6% for reference symbols, common channels, and control channels. Thus, 75.4% of the total resource elements can be used for data symbols for M-PDSCH. 
Simulation results
Uplink capacity
[bookmark: _GoBack]System-level simulations are used to analyse the achievable system capacity. Uplink capacity results are shown in Figure 5. The vertical black line represents the target number of devices within a sector taken from Table E.1-1 in [2]. It can be seen that both UL options meet the capacity target with reuse 1, but SC-FDMA by far outperforms FDMA with GMSK. Since the option with FDMA and GMSK has been proposed to operate with fractional frequency reuse, with a reuse factor of 3, the capacity comparison is performed also for this case in Figure 5. 
In Figure 6 we see how the user throughput for the worst percentile users varies with traffic load. We see that GMSK with reuse 1 can handle about 106,000 devices per cell, while SC-FDMA handles almost the double, 207,000 devices per cell. In Figure 7 we see that when FDMA with GMSK is configured for reuse 1/3, the capacity is just 49,000 devices per cell, which is below the capacity target of about 52,500 devices per cell. 
Observation: SC-FDMA has about twice the capacity compared to GMSK for the same frequency reuse factor.
Observation: With the overhead assumed in this contribution, GMSK doesn’t fulfil the capacity requirement for reuse 1/3.
[bookmark: _Ref412710916][image: ]
[bookmark: _Ref429234139]Figure 5: Comparison between SC-FDMA and FDMA+GMSK uplink capacity (in #messages/hour), based on scenario 2 with 0.75 BPL correlation
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[bookmark: _Ref434630457]Figure 6: Comparison between SC-FDMA and FDMA+GMSK uplink capacity (worst percentile user throughput), based on scenario 2 with 0.75 BPL correlation

[image: ]
[bookmark: _Ref434630459]Figure 7: Comparison between NB-LTE reuse 1 and NB-CIoT reuse 3 uplink capacity. 
As we have seen, fundamentally, the SC-FDMA uplink is much more spectrally efficient than the FDMA+GMSK uplink. One reason is the difference in symbols per time-frequency resource, noted above. Another reason is that GMSK limits the performance by allowing only 1 bit per symbol. In [2], the maximum code rate for the FDMA+GMSK design is 2/3. Here we adjust that to 0.93, to make a fair comparison to the SC-FDMA option that supports 0.93 code rate, as in LTE. 
SC-FDMA supports 0.933 symbols per hertz with a 7% cyclic prefix. With 1/7 reference symbol overhead, QPSK modulation, and coding rate 0.93, that results in a maximum spectral efficiency of 1.49 bps/Hz.  
The maximal spectral efficiency for NB-CIoT uplink before accounting for frequency reuse is 0.37 bps/Hz. This is calculated based on Table 7.3.3.1-2 in [2], according to which GMSK modulation achieves 1.83 kbps per 5 kHz bandwidth or 14.7 kbps over 40 kHz (bonding factor 8), and consequently a maximum spectral efficiency of 0.37 bps/Hz. We adjust this number by assuming 0.93 as the maximum code rate instead of 2/3, and arrive at a spectral efficiency of 0.51 bps/Hz. The spectral efficiency comparison is summarized in Table 2.
Table 2: Maximum uplink spectral efficiency
	Maximum UL spectral efficiency assuming max code rate of 0.93 [bps/Hz]

	SC-FDMA
	FDMA with GMSK

	1.49
	0.51



Thus, based on the same frequency reuse factor, SC-FDMA has much higher maximum spectral efficiency than FDMA with GMSK. There are many UEs in the system that are in a coverage location where they can have high SINR and these UEs benefit from a much more spectrally efficient design.
Observation: SC-FDMA has 3 times higher maximum spectral efficiency, which translates into a capacity advantage.
Downlink capacity
Downlink capacity is shown in Figure 8. It can be seen that the capacity target of 52500 devices per cell can be easily met with the 15 kHz DL option. For DL, the difference between reuse 1 and reuse 3 is less evident as the main limitation is total available power at the base station.
[image: ]
[bookmark: _Ref434631515]Figure 8: Downlink capacity (in #messages/hour), based on scenario 2 with 0.75 BPL correlation.
The performance for UEs at very bad coverage locations are examined in more details in Figure 9 and Figure 10. The performance is evaluated at the target system capacity, i.e. 52,500 devices per sector, and we see that the user data rate is satisfactory.

 [image: ]
[bookmark: _Ref434632031]Figure 9: Downlink performance of UEs at coverage limited locations. Performance is evaluated at the target system load of 52500 devices per sector.
[image: ]
[bookmark: _Ref429235063]Figure 10: Uplink performance of UEs at coverage limited locations. Performance is evaluated at the target system load of 52500 devices per sector.
 
Conclusions
In this contribution, the capacity of the different NB-IOT physical layer design options is analysed through system-level simulations. 
Observation 1: SC-FDMA has twice the uplink capacity compared to FDMA with GMSK. This is especially the case when comparing purely the UL modulation design options, and keeping all other assumptions, such as frequency reuse factor, are the same.
Observation 2: When SC-FDMA is compared to the main operation mode of reuse 1/3 of FDMA with GMSK, the capacity difference is a factor 4 or more.
Observation 3: SC-FDMA has 3 times higher maximum spectral efficiency, which translates into a capacity advantage.
Observation 4: With the overhead assumed in this contribution, GMSK doesn’t fulfil the capacity requirement for reuse 1/3.
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