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1 Introduction
In the revised WID “Revised WI: NarrowBand IoT (NB-IoT)” ([1]) approved in RAN #70 meeting, at least the following are supported:
· 3 different modes of operation
· 180 kHz UE RF bandwidth for both downlink and uplink

· OFDMA on the downlink

· 15 kHz sub-carrier spacing for all the modes of operation (with normal or extended CP). 

· For the uplink: 

· Single tone transmissions are supported. Two numerologies should be configurable by the network for single-tone transmission: 3.75 kHz and 15 kHz. A cyclic prefix is inserted. Frequency domain sinc pulse-shaping in the physical layer description.

· Multi-tone transmissions are supported, based on SC-FDMA with 15 kHz UL subcarrier spacing.

· An NB-IoT UE only needs to support half duplex operations
In this contribution, we discuss considerations on channel raster for NB-IoT system.
2 Channel raster for In-band operation mode
2.1   Downlink
The fixed channel raster of 100 kHz should be reused for NB-IoT. In LTE system, the centre frequency of any PRB is not an integer multiple of 100 kHz, and for different PRBs, the frequency offset between the centre frequency of the PRB and the nearest integer multiple of 100 kHz may be different. Therefore, if PSS/SSS is transmitted in one PRB, there will be a fixed frequency offset between the channel raster and the frequency centre of NB-PSS/NB-SSS transmitted. Such a fixed frequency offset will have some negative impact on the detection performance, resulting in longer searching time as well as larger UE power consumption. The simulation results are given in Figure 1 and Table 1. And the simulation assumptions are listed in Annex A.

Table 1: Comparison of NB-PSS network synchronization in time (ms) for in-band deployment with/without additional frequency offset due to channel raster in the absence of interference.

	CDF percentage
	Random FO
	Random + 2.5kHz FO
	Random +7.5kHz FO

	50%
	40 (2*20)
	80 (4*20)
	80 (4*20)

	90%
	160 (8*20)
	540 (27*20)
	660 (33*20)
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Figure 1 Comparison of PSS detection performances

In LTE system, frequency centre of DC subcarrier is integer multiples of 100 kHz. Similar to LTE system, we propose that the frequency centre of centre subcarrier of NB-IoT system locates in integer multiples of 100 kHz. For NB-IoT, the centre subcarrier is the 6th or 7th subcarrier of the narrowband including consecutive 12 subcarriers. In practice, it can be specified that the 6th subcarrier is the centre subcarrier. In this contribution, frequency of a subcarrier means the frequency centre of a subcarrier.
Since the centre frequency of the system bandwidth is an integer multiple of 100 kHz in LTE system, from DC subcarrier towards two sides, the frequency of the last subcarrier in every 20 subcarriers meets the requirement of integer multiple of 100 kHz, as shown in Figure 2. The frequency is 
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where k is an integer, 
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 is the centre frequency of the system bandwidth, the unit is MHz.
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Figure 2 Subcarriers that meet the requirement of integer multiple of 100 kHz for in-band operation
Indices of the centre subcarriers for odd system bandwidth and even system bandwidth are shown in Table 2 and Table 3, respectively.
Table 2 the index of the centre subcarriers for odd system bandwidth,
	System bandwidth
	Subcarrier index within a PRB

	
	1
	2
	5
	6
	9
	10

	
	Corresponding PRB index

	3MHz
	14
	/
	12
	2
	/
	0

	5MHz
	19, 24
	4
	17, 22
	2, 7
	20
	0, 5

	15MHz
	44, 49, 54, 59, 64, 69, 74
	4, 9, 14, 19,24, 29
	42, 47, 52, 57, 62, 67, 72
	2, 7, 12, 17, 22, 27, 32
	45, 50, 55, 60, 65, 70 
	0, 5, 10, 15, 20, 25, 30


Table 3 the index of the centre subcarriers for even system bandwidth,

	System bandwidth
	Subcarrier index within a PRB

	
	0
	3
	4
	7
	8
	11

	
	Corresponding PRB index

	10MHz
	5, 10, 15,20
	33, 38, 43, 48
	3, 8, 13, 18
	31, 36, 41, 46
	1, 6, 11, 16
	29, 34, 39, 44

	20MHz
	5, 10, 15, 20, 25, 30, 35, 40, 45
	58, 63, 68, 73, 78, 83, 88,93, 98
	3, 8, 13, 18, 23, 28, 33, 38, 43
	56, 61, 66, 71, 76, 81, 86, 91, 96
	1, 6, 11, 16, 21, 26, 31, 36, 41
	54, 59, 64, 69, 74, 79, 84, 89, 94


Proposal 1: Channel raster of 100 kHz is reused.
· For narrowband carrying NB-PSS/NB-SSS, 100 kHz channel raster should exactly hit the centre subcarrier of NB-PSS/NB-SSS, and the centre subcarrier is the 6th or 7th subcarrier of the narrowband including consecutive 12 subcarriers.
If centre subcarrier of DL NB-IoT system (i.e., the 6th subcarrier) locates in subcarrier #5 in a LTE PRB, DL NB-IoT would be aligned with the PRB; otherwise, some subcarriers of DL NB-IoT system would overflow to the neighboring PRB. Table 4 summarizes the number of candidate downlink narrow bands for each overflow conditions for different LTE system bandwidths, Table 5 shows corresponding PRB indices satisfying the specific overflow conditions for different LTE system bandwidth

Table 4 Number of candidate downlink narrow bands satisfying different overflow conditions for different LTE system bandwidths
	System bandwidth
	3 MHz
	5 MHz
	10 MHz
	15 MHz
	20 MHz

	Aligned with PRB
	1
	2
	
	7
	

	Overflowed subcarriers ≤ 1 
	2
	4
	4
	14
	9

	Overflowed subcarriers ≤2 
	2
	4
	12
	14
	27

	Overflowed subcarriers ≤3 
	2
	5
	12
	20
	27

	Overflowed subcarriers  ≤4  
	3
	8
	12
	33
	27

	Overflowed subcarriers ≤5 
	4
	10
	16
	40
	36

	Overflowed subcarriers ≤ 6 
	4
	10
	20
	40
	45


Table 5 Corresponding PRB indices satisfying different overflow conditions for different LTE system bandwidths
	System bandwidth
	3 MHz
	5 MHz
	10 MHz
	15 MHz
	20 MHz

	Aligned with PRB
	12
	17, 22
	
	42, 47, 52, 57, 62, 67, 72
	

	PRB indices for 1 overflowed subcarriers 
	2
	2, 7
	3, 8, 13, 18
	2, 7, 12, 17, 22, 27, 32
	3, 8, 13, 18, 23, 28, 33, 38, 43

	PRB indices for 2 overflowed subcarriers 
	
	
	31, 33, 36, 38, 41, 43,46, 48
	
	56, 58, 61, 63, 66, 68, 71, 73, 76, 78, 81, 83, 86, 88, 91, 93, 96, 98

	PRB indices for 3 overflowed subcarriers 
	
	4
	
	4, 9, 14, 19,24, 29
	


The narrow bands with relatively less overflow subcarriers (e.g., less than or equal to 3) can be chosen for NB-PSS/NB-SSS transmission. Compared with the solution that NB-PSS/NB-SSS is aligned with PRB boundary of LTE [2], there would be more candidate narrow bands if the centre subcarrier of NB-PSS/NB-SSS locates in integer multiple of 100 kHz. It would be beneficial for resource allocation of legacy UEs. 
The PRB with the overflow subcarriers can be scheduled to legacy UEs, and the overflow subcarriers occupied by NB-PSS/NB-SSS signals would be punctured. The performance of legacy UEs can be ensured by using low code rate. Considering that NB-IoT system only occupies one PRB and the number of NB-IoT overflow subcarriers is less, the overall impact would be small.

In addition, in order to further reduce the impact on legacy UEs, other downlink channels except for NB-PSS/NB-SSS/NB-PBCH can be aligned with PRB boundary of LTE. The frequency offset between the narrow bands of NB-PDCCH/NB-PDSCH/NB-SIB and NB-PSS/NB-SSS/NB-PBCH would be indicated by NB-PBCH. As shown in Figure 3, NB-PSS/NB-SSS/NB-PBCH are transmitted in yellow region and other downlink signals are transmitted in  PRB #8, the frequency offset is one subcarrier.

As discussed in Rel-13 eMTC, the retuning time is within two OFDM symbols. Considering legacy PDCCH regions, retuning has no impact on NB-SIB/NB-PDCCH/NB-PDSCH.
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Figure 3 Location of narrowband for different downlink channels
Proposal 2: Downlink channels except for NB-PSS/NB-SSS/NB-PBCH can be transmitted within the narrowband aligned with LTE PRB. The frequency offset would be indicated by NB-PBCH.
According to above discussion, the centre subcarrier of NB-PSS/NB-SSS/NB-PBCH is the sixth subcarrier of the 12 subcarriers which corresponds to subcarrier #4 in PRB #8 as shown in Figure 3. When UE decodes NB-PSS/NB-SSS, two options can be considered:
Option 1: Frequency centre of the UE receiver is set to integer multiples of 100 kHz. For example, centre frequency of the UE receiver is equal to the frequency of subcarrier #4. In this case filter in the receiver should ensure reception of 13 subcarriers.
Option 2: Frequency centre of the UE receiver is set to integer multiples of 100 kHz + 7.5 kHz, For example, centre frequency of the UE receiver is between subcarrier #4 and #5.  In this case filter in the receiver should ensure reception of 12 subcarriers.

Since the NB-IoT UE assumes integer multiple of 100 kHz would hit the 6th subcarrier of NB-IoT system, UE can decode NB-PSS/NB-SSS by either of the two options.
2.2   Uplink
In uplink, a UL LTE PRB can be used for NB-IoT system. One method is to pre-configure the location of uplink NB-IoT narrowband. For example, a frequency offset between downlink and uplink NB-IoT narrowband can be predefined. But this method is not flexible. For in-band operation, considering different LTE system bandwidth and forward compatibility of potential multi-narrowband operation for NB-IoT in future version, it is preferable to configure the location of uplink NB-IoT narrowband.  Two configuration methods can be considered:
Option 1: To reuse current UL frequency configuration method for LTE as a starting point (i.e., configure the centre UL frequency of LTE system). Based on current method, an additional parameter indicating the offset between the centre frequency of NB-IoT and LTE system is required for flexible configuration. 
Option 2: Similar to current UL frequency configuration method for LTE, “ul-CarrierFreq” is configurable which is integer multiple of 100 kHz and is nearest to the centre frequency of UL NB-IoT. In order to align with LTE PRB, besides “ul-CarrierFreq”, an offset between centre frequency of UL NB-IoT and the nearest integer multiple of 100 kHz is also needed.
Proposal 3: For in-band operation, location of UL NB-IoT system is aligned with one of UL LTE PRBs.

· An additional frequency offset should be configured to indicate the location of UL NB-IoT narrowband. 
3 Channel raster for guard band operation mode
For guard band operation, in order to guarantee the orthogonality between LTE and NB-IoT system, separation between edges of LTE and NB- IoT system should be integer multiple of 15 kHz.
Centre subcarrier of DL NB-IoT still should satisfy the formula in Section 2.1 for guard mode operation.  But the subcarrier overflow issue would not occur. All frequencies within guard band satisfying the formula can be used as the frequency of centre subcarrier of DL NB-IoT.
Table 5 summarizes the frequency of DL NB-IoT’s centre subcarrier for different LTE system bandwidth. For LTE system with 3 MHz bandwidth, the total bandwidth of guard subcarriers in each side is less than 1 PRB which is not enough for NB-IoT system.
Table 5 Frequency of DL NB-IoT centre subcarrier for guard band operation (relative to centre frequency of LTE system)
	System bandwidth
	5 MHz
	10 MHz
	15 MHz
	20 MHz

	Edge frequency of LTE transmission (kHz)
	±2257.5
	±4507.5
	±6757.5
	±9007.5

	centre Frequency of DL NB-IoT centre subcarrier (kHz)
	±2400
	±4800
	±6900, ±7200
	±9300, ±9600,±9900


For uplink, continuous 12 subcarriers in guard band can be configured as UL NB-IoT narrowband.

Proposal 4: Separation between edges of LTE and NB-IoT system should be integer multiple of 15 kHz. Channel raster of 100 kHz is reused for DL. UL NB-IoT narrowband is configurable.
4 Conclusion

In this contribution, considerations on channel raster for NB-IoT have been discussed. In summary, we propose the following:
Proposal 1: Channel raster of 100 kHz is reused.

· For narrowband carrying NB-PSS/NB-SSS, 100 kHz channel raster should exactly hit the centre subcarrier of NB-PSS/NB-SSS, and the centre subcarrier is the 6th or 7th subcarrier of the narrowband including consecutive 12 subcarriers.
Proposal 2: Downlink channels except for NB-PSS/NB-SSS/NB-PBCH can be transmitted within the narrowband aligned with LTE PRB. The frequency offset would be indicated by NB-PBCH.
Proposal 3: For in-band operation, location of UL NB-IoT system is aligned with one of UL LTE PRBs.

· An additional frequency offset should be configured to indicate the location of UL NB-IoT narrowband. 
Proposal 4: Separation between edges of LTE and NB- IoT system should be integer multiple of 15 kHz. Channel raster of 100 kHz is reused for DL. UL NB-IoT narrowband is configurable.
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Annex A
Table 1: Link-level simulation assumptions for stand-alone operation
	Parameter
	Value

	System bandwidth
	180 kHz

	Frequency band
	900 MHz

	Propagation channel model
	TU 1Hz

	Interference
	Noise only

	Antenna configuration 
	1Tx, 1Rx 

	Frequency error
	Alt 1: -18kHz ~ 18kHz

Alt 2: -18kHz ~ 18kHz in addition to +-2.5kHz 

Alt 2: -18kHz ~ 18kHz in addition to +-7.5kHz

	SNR
	Standalone : -12.6 dB1

	Sampling Frequency (Fs)
	1.92 MHz 

	Timing error
	 0 us

	PSS
	2 PSS in subframe #5 and #9

	PSS periodicity
	20ms

	NOTE1: -4.6 dB corresponds to an MCL of 164 dB for in-band operation.
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