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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At RAN1#83, analysis and observations on the channel raster of NB-IoT were made by our previous contribution [1] and RAN1 decided to take the next step actions in the future meeting as following:
Next steps:
NB-IoT channel raster selection should consider cell search performance and complexity as well as the necessary rules for channel raster spacing, frequency offset, and UL/DL separation in each operation mode.
Note that an LS to RAN4 will be required on this subject at an appropriate point in the development of NB-IoT in RAN1.
In this contribution, the channel raster design of NB-IoT is further discussed and solutions for the DL/UL carrier frequency determination based on the channel raster of NB-IoT are provided. 
Channel raster design
100 kHz channel raster is defined for LTE, which means that the LTE UE does the initial cell search on the frequency domain places satisfying the channel raster. For NB-IoT in in-band or guard-band operation mode, due to the limitations imposed by the anchor LTE system, the 100 kHz channel raster cannot be smoothly reused as analyzed by our previous contribution [1]. Three alternatives could be considered for the channel raster design of NB-IoT.
Alt-1: (i) 100 kHz channel raster is assumed by UEs in all three operation modes; (ii) the NB-IoT carrier center frequency hits the 100 kHz channel raster in standalone operation mode; (iii) the NB-IoT carrier is PRB aligned in in-band operation mode; (iv) the edge-to-edge frequency separation of LTE DL and NB-IoT DL is an integer multiple of 15 kHz in guard-band operation mode.
The pros and cons of the Alt-1 design are analyzed as following:
Pros: 
· All three operation modes can reuse LTE 100 kHz channel raster from UE perspective;
· Smooth multiplexing of LTE and NB-IoT in in-band operation mode without PRB fragmentation;
· Orthogonality of the downlink subcarriers of LTE and NB-IoT is maintained in guard-band operation mode;
· No UE complexity increase compared to LTE UE during initial frequency scanning.
Cons: 
· Extra initial frequency offset caused by the misalignment of NB-IoT center frequency and 100 kHz channel raster may degrade the network synchronization performance in in-band operation mode and in guard-band operation mode;
· The extra initial frequency offset means more delta frequency is adjusted to be aligned with the NB-IoT center frequency at the UE’s local oscillator than the 100 kHz channel raster. This may result in over compensation for the sampling rate as the UE has no idea of the misalignment of NB-IoT center frequency and the 100 kHz channel raster. The additional sampling frequency offset (SFO) may degrade the decoding performance of subsequent channels/signals if no extra means is taken.

Alt-2: (i) 100 kHz channel raster is assumed by both eNB and UE in NB-IoT; (ii) the center frequency of NB-PSS/SSS always hit the 100 kHz channel raster; (iii) the NB-IoT physical channels/signals other than NB-PSS/SSS may or may not be aligned with PRB boundary in in-band operation mode.
Pros: 
· No UE complexity increase compared to LTE UE during initial frequency scanning;
· No extra initial frequency offset for the synchronization operation;
· No extra sampling frequency offset for the decoding of other channels/signals.
Cons:
· It cannot be aligned with the subcarrier grid of 15 kHz so  the orthogonality of DL subcarriers between LTE and NB-IoT  could not be maintained in in-band and guard-band operation modes;
· It will lead to resource fragmentation and reduced number of available PRBs for LTE in in-band operation mode.  
· A few bits of information may be required to indicate the frequency offset between NB-PSS/SSS and other channels if the other channels are aligned with PRB boundary in in-band operation mode. The indication is quite likely to be carried by NB-PSS/SSS. 

Alt-3: (i) New channel raster other than 100 kHz is defined for both eNB and UE in NB-IoT; (ii) the channel raster hits the center frequencies of the PRBs that could be used by NB-IoT in in-band operation mode; (iii) the channel raster hits the frequencies that ensure the edge-to-edge separation of LTE and NB-IoT is an integer multiple of 15 kHz in guard-band operation mode. 
Pros: 
· No extra initial frequency offset for the synchronization operation;
· Smooth multiplexing of LTE and NB-IoT in in-band operation mode;
· Orthogonality of the downlink subcarriers of LTE and NB-IoT is maintained in guard-band operation mode.
Cons:
· The number of initial frequency scanning may be increased proportionally if a smaller channel raster (e.g. 2.5kHz) is defined;
· The extra sampling frequency offset may still exist as the synchronization signal in NB-IoT will be insensitive to such a small channel raster spacing (e.g. 2.5kHz);
· An exhaustive list may be needed for each band if certain grid of frequencies is considered as the channel raster, e.g., the center frequencies of a subset of PRBs for each feasible LTE bandwidth in in-band operation mode. Huge specification efforts are expected.
· UE complexity in terms of number of initial frequency scanning will be significantly increased compared to LTE UE.

As shown in our companion contribution [2], the extra initial frequency offset can be safely addressed by our synchronization design[footnoteRef:1] only with minor increase of the initial cell search time. In our other two companion contributions on NB-PBCH [3][4], we show that elimination of sampling frequency offset is necessary before the UE begins to acquire NB-PBCH, i.e. if prior knowledge of the channel raster misalignment could be available. [1:  Additional 7.5kHz CFO (i.e. 25.5kHz CFO in total) and 8.3 ppm SFO were assumed in the evaluations in [2]. No visible performance loss is observed in terms of false alarm rate, detection rate, residual frequency offset and residual timing offset.] 

Considering the inherent cons of Alt-2 and Alt-3, we propose to choose Alt-1 for the NB-IoT channel raster design.
Proposal 1: 
· LTE 100 kHz channel raster is assumed by UEs in all three operation modes; 
· The NB-IoT carrier center frequency hits the 100 kHz channel raster in standalone operation mode;
· The NB-IoT carrier is PRB aligned in in-band operation mode;
· The edge-to-edge frequency separation of LTE DL and NB-IoT DL is an integer multiple of 15 kHz.
Proposal 2: 
· The NB-PSS/SSS design takes into account the impact of the extra initial frequency offset caused by the misalignment of the NB-IoT center frequency and 100 kHz channel raster;
· Solutions to address the extra sampling frequency offset are considered.

DL frequency determination
Based on the Alt-1 design, extra initial frequency offsets will be introduced in in-band and guard-band operation modes. The larger the extra initial frequency offset is, the longer network synchronization time is expected. In extreme case, the network synchronization may collapse if the initial frequency offset is too large. Therefore, in order to not prolong the network synchronization too much and meet the latency requirement of UL exception report, it would be better to restrict the PRB locations that could be candidates for the NB-IoT use in in-band operation mode. Table 1 shows the LTE PRB indices corresponding to the minimum frequency offset from the closest 100 kHz channel raster (i.e. 2.5kHz for LTE with 10MHz or 20MHz system bandwidth, 7.5kHz for LTE with 3MHz, 5MHz or 15MHz system bandwidth). Constraining the NB-IoT at these PRB places can strike a good balance between network synchronization performance and NB-IoT configuration flexibility.
[bookmark: _Ref433727043]Table 1. LTE PRB indices (starting from 0) corresponding to the minimum frequency offset
	LTE system bandwidth 
	3MHz 
	5MHz 
	10MHz 
	15MHz 
	20MHz 

	PRB indices with 2.5kHz offset
	/
	/
	4, 9, 14, 19,
30, 35, 40, 45
	/
	4, 9, 14, 19, 24, 29, 34, 39, 44, 55, 60, 65, 70, 75, 80, 85, 90, 95

	PRB indices with 7.5 kHz offset
	2, 12
	2, 7, 17, 22
	/
	2, 7, 12, 17, 22, 27, 32, 42, 47, 52, 57, 62, 67, 72
	/



Proposal 3: NB-IoT NB-PSS/SSS are transmitted in one of the LTE PRBs indexed by Table 1 in in-band operation mode. 

The same principle (i.e. minimizing the extra initial frequency offset) is applied to the guard-band operation mode also. The possible NB-IoT DL carrier center frequencies that are closest to 100kHz channel raster and with edge-to-edge distance of an integer multiple of 15kHz are shown in Table 2.
[bookmark: _Ref433893025]Table 2. NB-IoT possible DL carrier center frequencies in guard-band operation mode
	LTE system bandwidth 
	5 MHz
	10 MHz
	15 MHz
	20 MHz

	NB-IoT carrier center frequency closest to  100kHz channel raster (kHz from LTE center)
	±2392.5
	±
4597.5/4702.5
/4807.5/4897.5
	±
6892.5/6997.5/7102.5/7207.5/7297.5/7402.5
	±
9097.5/9202.5/9307.5/9397.5/9502.5/9607.5/9697.5/9802.5/9907.5



Proposal 4: NB-IoT NB-PSS/SSS are transmitted symmetrically around one of the offsets shown in Table 2 from the LTE center frequency in guard-band operation mode. 
UL frequency determination
As analyzed by our previous contribution [1], the same DL/UL frequency separation as LTE cannot be maintained by NB-IoT FDD in in-band operation mode due to the unused DC subcarrier in LTE DL and 7.5kHz frequency shift in LTE UL. A ±7.5kHz frequency offset exists for NB-IoT DL/UL separation compared to LTE DL/UL separation assuming the same indexed LTE DL and UL PRBs are allocated respectively for NB-IoT DL and UL. The UL center frequency in in-band operation mode can be determined also by new default separations on each operating band taking the ±7.5kHz frequency offset into account. The binary indication of the positive or negative frequency offset is needed.  Alternatively, the UL center frequency could be indicated by downlink. This does not require the same PRBs for DL and UL so providing larger configuration flexibility for NB-IoT UL carrier. The UL frequency determination in guard-band operation mode could follow the same rule as in in-band operation mode.
Proposal 5: NB-IoT UL carrier center frequency for FDD in in-band and guard-band operation mode is determined in either way of:
a) New default DL/UL frequency separation defined for each operating band;or
b) DL configuration.
[bookmark: _Ref129681832]Conclusions
In this contribution, the channel raster design and corresponding DL/UL carrier frequency determination for NB-IoT were discussed and the following proposals were made.
Proposal 1: 
· LTE 100 kHz channel raster is assumed by UEs in all three operation modes; 
· The NB-IoT carrier center frequency hits the 100 kHz channel raster in standalone operation mode;
· The NB-IoT carrier is PRB aligned in in-band operation mode;
· The edge-to-edge frequency separation of LTE DL and NB-IoT DL is an integer multiple of 15 kHz.
Proposal 2: 
· The NB-PSS/SSS design takes into account the impact of the extra initial frequency offset caused by the misalignment of the NB-IoT center frequency and 100 kHz channel raster;
Solutions to address the extra sampling frequency offset are considered.
Proposal 3: NB-IoT NB-PSS/SSS are transmitted in one of the LTE PRBs indexed by Table 1 in in-band operation mode.
Proposal 4: NB-IoT NB-PSS/SSS are transmitted symmetrically around one of the offsets shown in Table 2 from the LTE center frequency in guard-band operation mode.
Proposal 5: NB-IoT UL carrier center frequency for FDD in in-band and guard-band operation mode is determined in either way of:
c) New default DL/UL frequency separation defined for each operating band;or
a) DL configuration.
It is recommended to send an LS to RAN 4 based on these proposals.
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