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Introduction
A study item of “Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things” [1] has finished in GERAN. During this SI, several solutions have been proposed, such as, NB-CIoT, NB-LTE and EC-GSM [2]. Partially following this SI, a new work item on narrow band IOT (NB-IOT) has been approved in RAN #69 [3].
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Besides ‘standalone’ operation scenario which was considered in the GERAN SI, NB-IOT would be operated in two more new scenarios, i.e. ‘in-band’ and ‘guard-band’ [3]. Regarding downlink transmission, OFDMA would be utilized. Two numerologies for OFDM-based downlink signal, 15 kHz subcarrier spacing and 3.75 kHz subcarrier spacing, are proposed. By RAN #70, a down-selection or decision on inclusion of both would be done based on technical analyses and evaluation [3].
In this paper, we focus our attention to the feasibility of deploying downlink NB-IOT carrier with 15 kHz or 3.75 kHz subcarrier spacing in ‘in-band’ and ‘guard-band’ scenarios.
LTE carrier-related operations
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(a) In-band operation
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(b) Guard-band operation
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	[bookmark: _Ref430865614]Figure 1 LTE carrier-related operations


In-band operation
Figure 1(a) shows an example of in-band operation. In this case, an NB-IOT carrier occupies a single or several LTE RBs [3]. To evaluate downlink solutions of NB-IOT, a critical criterion is how to maintain backwards compatibility to legacy LTE UEs. 
NB-IOT signal is FDM with the legacy signal. For the purpose of being transparent to legacy users, the potential collision between the NB-IOT signal and the whole-bandwidth-spreading legacy signal, for example the legacy PDCCH and CRS, must be avoided. Legacy CRS could be troublesome because CRS always spreads the whole time-frequency resource within a subframe following its comb-type pattern. Comparatively, the avoidance of PDCCH may be easier than CRS due to the clear dividing line between the legacy PDCCH region and other time-frequency resource. 
Proposal #1: ‘In-band operation’ of NB-IOT carrier should be transparent to legacy LTE UEs.
Observation #1: Potential collision between legacy PDCCH/CRS and NB-IOT signal should be completely avoided to maintain the backwards compatibility to legacy LTE users.
Guard-band operation
‘Guard band operation’ utilizes the unused resource blocks within a LTE carrier’s guard-band [3]. Like ‘standalone operation’, all resource within a ‘guard band operated’ NB-IOT carrier is dedicated to NB-IOT service because of the absence of legacy LTE signal. The differences between ‘guard band operation’ and ‘standalone operation’ are
· ‘Guard band operation’ could increase the spectrum usage ratio of LTE bands, while ‘standalone operation’ requires dedicated frequency resource.
· Spectrum requirements of legacy LTE may need to be re-examined on account of the deployment of ‘guard band’ NB-IOT.
· ‘Guard band operation’ NB-IOT might share power from the legacy LTE carrier it adheres to.
· [bookmark: OLE_LINK6][bookmark: OLE_LINK7]‘Guard band operation’ NB-IOT may bear more interference from the legacy LTE carrier if numerologies of NB-IOT and legacy LTE are different.
· Additional guard/gap between guard band NB-IOT and legacy LTE might be correspondingly required.
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Considerations on downlink NB-IOT carrier
Downlink NB-IOT solution with 3.75 kHz subcarrier spacing
In general, the CP length of downlink OFDM symbol depends on several factors, such as the maximum delay spread of multipath channel in line with the target deployment circumstance and the possible signal extension caused by time-domain window filtering. Hence, OFDM-based carrier with small subcarrier spacing is able to enjoy low CP overhead due to its OFDM symbol duration. On the other hand, small subcarrier spacing would require higher accuracy of frequency synchronization.
[bookmark: OLE_LINK8]However, 3.75kHz is very difficult for operating in band. As discussed in the previous section, legacy CRS with 15 kHz-subcarrier spacing should be completely bypassed by the in-band deployed NB-IOT carrier. Figure 2 provides an example where a block of time-frequency resource are divided into three-by-four 15 kHz-subcarrier-spacing REs and twelve 3.75 kHz-subcarrier-spacing REs. In this example, the same CP overhead ratio of both cases is assumed. In Figure 2 (a), the block filled with grid lines represents a legacy CRS RE. It is obvious that avoiding the legacy CRS RE is almost impossible to the carrier with 3.75 kHz subcarrier spacing unless its small subcarriers from #4 to #7 are left vacant. Voiding all frequency resource overlapping with legacy CRS REs would lead to considerable waste of time-frequency resource and, therefore, seems not practical.
Observation #2: In-band deployment of the downlink NB-IOT carrier with 3.75 kHz subcarrier spacing would be very difficult in order to maintain backwards compatibility to legacy LTE users.
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(a) Resource with 15 kHz subcarrier spacing
(The block filled with grid lines represent a legacy CRS RE.)
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(b) Resource with 3.75 kHz subcarrier spacing


	[bookmark: _Ref430902713]Figure 2 LTE carrier-related operations


Downlink NB-IOT solution with 15 kHz subcarrier spacing
In an in-band deployment, backwards compatibility would be easy to be achieved for a downlink NB-IOT carrier with 15 kHz subcarrier spacing with same CP length as LTE. Instead of simply being an obstacle signal, legacy CRS falling in NB-IOT carrier region could also be utilized for timing/frequency tracking and demodulation by NB-IOT users. In a guard-band deployment, 15 kHz subcarrier spacing is allowed NB-IOT carrier allocated adjacent to LTE carrier without guard.
A critical issue of downlink NB-IOT carriers with 15 kHz subcarrier spacing may be how to improve the accuracy of timing synchronization. The transmission bandwidth of NB-IOT carrier is 180 kHz. The minimum timing error based on a signal of 180 kHz-width is about 5.56us, comparable with the legacy LTE normal CP (about 4.7us or 5.2us). This would be troublesome to downlink signal receiving, especially, for in-band deployment as well as guard band deployment without gap between legacy LTE carrier and NB-IOT carrier, because normal CP is not a corner case but a usual choice in LTE deployment. While in standalone scenario, utilizing longer CP could alleviate this issue.
Oversampling may be able to solve this issue, which may slightly increase device complexity. Further study is needed to verify the performance and evaluate the complexity increase.
Bandwidth extension is an alternative solution. In in-band or guard band deployment, wide band signals have already been transmitted for LTE users, e.g. the legacy CRS. With a little wider RF, an NB-IOT user can see and further utilize this additional signal to improve the timing accuracy. Slight extension of RF bandwidth may not cause an obvious cost increase. But the potential accuracy improvement needs to be verified further.
Observation #3: The accuracy of timing synchronization could be improved by:
· Longer CP,
· Oversampling, and
· Extending RF bandwidth.


Comparison between downlink NB-IOT solutions with 3.75 kHz and 15 kHz subcarrier spacing
[bookmark: _Ref430909296]Table 1
	
	Pros
	Cons

	DL NB-IOT solution with 3.75 kHz subcarrier spacing
	· Small CP overhead 
(under the assumption of same CP duration).
	· Higher accuracy requirement of frequency synchronization.
(can be solved).
· No backwards compatibility with legacy LTE users in ‘in-band’ operation.

	DL NB-IOT solution with 15 kHz subcarrier spacing
	· Good backwards compatibility with legacy LTE users in ‘in-band’ operation.
· High resource usage ratio in ‘guard-band’ operation.
	· Possible performance loss due to poor timing synchronization
(can be solved).




Table 1 shows the comparison between downlink NB-IOT solutions with 3.75 kHz and 15 kHz subcarrier spacing. Because it is difficult to deploy a downlink NB-IOT carrier with 3.75 kHz subcarrier spacing inside a legacy LTE carrier, single downlink solution with 3.75kHz subcarrier spacing for all operation modes seems hardly possible. Hence, we prefer single downlink NB-IOT solution with 15 kHz subcarrier spacing in view of minimizing the complexity of NB-IOT use devices. 
Proposal #2: Single downlink NB-IOT solution with 15 kHz subcarrier spacing has a higher priority unless any unsolvable issue of this solution is identified or much better performance of other solutions is confirmed.
Conclusion
In this paper, we discuss some issues of deploying downlink NB-IOT carriers in ‘in-band’ scenario and ‘guard-band scenario’. Downlink NB-IOT carriers with 3.75 kHz and 15 kHz subcarrier spacing are considered. We have following observations and proposals:
Observation #1: Potential collision between legacy PDCCH/CRS and NB-IOT signal should be completely avoided to maintain the backwards compatibility to legacy LTE users.
Observation #2: In-band deployment of the downlink NB-IOT carrier with 3.75 kHz subcarrier spacing would be very difficult in view of maintaining the backwards compatibility to legacy LTE users.
Observation #3: The accuracy of timing synchronization could be improved by longer CP, oversampling, and extending RF bandwidth.
Proposal #1: ‘In-band operation’ of NB-IOT carrier should be transparent to legacy LTE UEs.
Proposal #2: Single downlink NB-IOT solution with 15 kHz subcarrier spacing has a higher priority unless any unsolvable issue of this solution is identified or much better performance of other solutions is confirmed.
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