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[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
For the uplink, two options are being considered: FDMA with GMSK modulation (as described in 3GPP TR 45.820 section 7.3 [2]), and SC-FDMA (including single-tone transmission as a special case of SC-FDMA). SC-FDMA is used in LTE uplink.
In this contribution, we analyse the link performance and coverage of FDMA with GMSK. We use the stand-alone operation as an example, which allows a fair comparison with results included in [2].
Simulation assumptions
Link-level simulation assumptions follow Table 7.3.6.1.5-1 in [2]. A highlight is included in Table 1.
[bookmark: _Ref434414944]Table 1: Simulation assumptions for evaluation of M-PUSCH performance.
	Parameter
	Value

	Channel model
	TU 1Hz

	Timing error
	Randomly chosen from two values: +1/8 symbol and -1/8 symbol

	F_est_error
	±45 Hz

	Frequency hopping
	Disabled

	SNDCP payload 
	85 bytes

	Physical layer packet size
(including CRC)
	100 bytes



 The MCSs used are according to Table 7.3.3.1-2 of [2].
[bookmark: _GoBack]Coverage class with MCL 144 dB: MCS 9 (GMSK with code rate 2/3, bonding factor 8, i.e. GMSK symbol rate 30 kHz, and repetition factor 1)
Coverage class with MCL 154 dB: MCS 6 (GMSK with code rate 2/3, bonding factor 1, i.e. GMSK symbol rate 3.75 kHz, and repetition factor 1)
Coverage class with MCL 164 dB: MCS 3 (GMSK with code rate 1/3, bonding factor 1, i.e. GMSK symbol rate 3.75 kHz, and repetition factor 3)
[bookmark: _Ref429119571]Evaluation results
Link-level evaluation results of FDMA with GMSK are shown in Figure 1. The results for coverage classes with MCL 144 dB and 154 dB match almost exactly with [2]. According to Table 7.3.6.1.5-4, at 144 dB coupling loss (i.e. SNR=5.3 dB, bonding factor 8) the BLER of 105-byte data is 5.5%. In Figure 1, the BLER at 5.3 dB SNR is 3.8%.  According to Table 7.3.6.1.5-5, at 154 dB coupling loss (i.e. SNR=4.3 dB, bonding factor 1) the BLER of 105-byte data is 8%. In Figure 1, the BLER at 4.3 dB SNR is 7.5%. For coverage class with MCL 164 dB, our results differ slightly with the results in [2]. The required SNR for achieving 10% block error rate (BLER) is -6.4 dB according to Figure 1; whereas it is ‑7 dB according to [2].
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[bookmark: _Ref434417204]Figure 1: Performance of FDMA with GMSK for different coverage classes.
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[bookmark: _Ref434504548]Figure 2: Performance of SC-FDMA.
The link budget for coverage limited UEs with GMSK is calculated in Table 1. We also list two SC-FDMA configurations side-by-side for comparison, both based on single subcarrier transmission. The details of these configurations are given in Table 1.
Table 2: SC-FDMA configurations used for performance comparison.
	
	SC-FDMA with
246 bps above SNDCP
	SC-FDMA with
436 bps above SNDCP

	Modulation
	Pi/2-BPSK
	Pi/2-BPSK

	Bandwidth
	2.5 kHz
	2.5 kHz

	# of Physical layer bits
	800
	800

	Code rate
	800/5520
	800/3120

	# of Repetition
	1
	1

	TTI
	2760 ms
	1560 ms



Link simulation results for the two SC-FDMA configurations are shown in Figure 2. The first SC-FDMA configuration has the same data rate as FDMA with GMSK, whereas the second configuration has the same MCL as FDMA with GMSK. Note that both SC-FDMA single subcarrier configurations have close to 0 dB PAPR as shown in [3]. 
It can be seen that if the comparison is based on the same SNDCP data rate, SC-FDMA has 2.7 dB higher coverage than FDMA with GMSK. The performance difference can be attributed to the following factors
1. Fundamental performance difference between pi/2-BPSK (without ISI) and GMSK (with ISI). ISI impacts GMSK in two ways. First, it results in reduced minimum Euclidean distance between signal vectors. Thus, the demodulation performance is degraded. Second, it introduces estimation noise in channel estimation process. Thus, it requires a higher pilot overhead to manage the estimation noise. In fact, this is acknowledged in [2], see subclause 7.3.3.1.3.4. Note that using a larger pilot overhead for GMSK only reduces estimation noise, and cannot remove the estimation noise due to ISI completely. The presence of ISI in estimated channel coefficients further degrades demodulation performance. Note that without equalization, GMSK demodulation performance is sensitive to phase error in estimated channel coefficient. Such a phase error allows the strong quadrature-channel interference to leak in and degrades the performance.
2. Difference in pilot overheads. In the SC-FDMA design, the pilot overhead is one pilot symbol in every 7 OFDM symbols, i.e. 14.3%. In the FDMA with GMSK design, 4 pilot symbols are inserted for every 11 data symbols (see subclause 7.3.3.1.3.5 in [2]), giving a pilot overhead of 26.7%. More pilot overhead results in the data symbols accumulating energy at a slower rate.
Each of the factors mentioned above (reduced Euclidean distance, estimation noise due to ISI, pilot overhead) is individually a fraction of dB, but they eventually add up to amount to a bigger difference as shown in Table 3.

Observation 1: For fixed SNRDCP data rate, SC-FDMA achieves better coverage than FDMA with GMSK.

If performance comparison is performed based on the same coverage (e.g. 164.7 dB MCL), Table 1 shows that SC-FDMA has 77% higher data rate than FDMA with GMSK.
Observation 2: At MCL approximately 164 dB, SC-FDMA has significantly higher data rate than FDMA with GMSK.

[bookmark: _Ref434568046]Table 3: Link budget comparison, FDMA with GMSK versus SC-FDMA
	
	FDMA with GMSK
	SC-FDMA
	SC-FDMA
	

	Transmitter
	
	
	
	

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

	Receiver
	
	
	
	

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

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

	(4) Interference margin (dB)
	0
	0
	0
	

	(5) Occupied channel bandwidth (Hz)
	3750
	2500
	2500
	

	(6) Effective noise power
= (2) + (3) + (4) + 10 log((5)) (dBm)
	-135.3
	-137.0
	-137.0
	

	(7) Required SINR (dB)
	-6.4
	-7.4
	-4.7
	

	(8) Receiver sensitivity
= (6) + (7) (dBm)
	-141.7
	-144.4
	-141.7
	

	(9) Rx processing gain (dB)
	0
	0
	0
	

	Maximum coupling loss
	
	
	
	

	(10) MCL = (1) – (8) + (9) (dB)
	164.7
	167.4
	164.7
	

	Data rate at the SAP to the SNDCP (bps) 
	246
	246
	436
	





Conclusions
In this contribution, the performance of FDMA with GMSK is analysed. The performance as documented in [2] is confirmed in our evaluations. The performance of FDMA with GMSK is compared to SC-FDMA based on the same SNDCP data rate or based on the same coverage. We can make the following two observations based on the simulation results.
Observation 1: For fixed SNRDCP data rate, SC-FDMA achieves better coverage than FDMA with GMSK.
Observation 2: At MCL approximately 164 dB, SC-FDMA has 77% higher data rate than FDMA with GMSK.

We propose that the above two observations are included in the chairman’s notes.
Proposal1: Observations 1 and 2 are included in the chairman’s notes.
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