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1	Introduction
Recently the Rel-15 WID for further NB-IoT enhancements was approved with working agreement [1]. One of the objectives stated is the specification of necessary support for NB-IoT to be used in microcell, picocell, and femtocell deployments. In this contribution, we discuss aspects related to the support of small cells in NB-IoT.
2	Discussion
[bookmark: _GoBack]NB-IoT has been specified in Rel-13 and enhanced in Rel-14 with the objective of deploying the technology in macrocells. As such, coverage analysis for the three modes of operation – in-band, guard-band, and stand-alone – and the design of NB-IoT channels and signals have assumed deployment in macrocells. However, similar to LTE, there is a motivation to support NB-IoT deployment in small cells. Some use cases include the following.
· NB-IoT picocells or femtocells (any mode of operation) deployed to fill coverage holes.
· NB-IoT microcells or picocells (e.g., in-band or guard-band operation) where LTE cell is deployed for capacity enhancement.
Several new considerations arise for deployment of NB-IoT in small cells. These are discussed below.
2.1	Downlink imbalance between macrocells and small cells
The typical transmit power of macrocells assumed in link budget analysis is 46 dBm. Furthermore, antenna gains for macrocells are typically in the range 12-18 dBi. On the other hand, the transmit power of small cells is substantially smaller – typically 37 dBm for microcells, 33 dBm for picocells, and 15 dBm for femtocells. Moreover, small cells use antennas that have much smaller gains than a typical sectorized antenna deployed in macrocells – typically in the 0–5 dBi range. Clearly, this presents a potentially large disparity in the downlink to a UE between a macrocell and a small cell. The result is that downlink coverage is substantially smaller for small cells than for macrocells, as illustrated in Figure 1.
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[bookmark: _Ref477879366]Figure 1. Impact of DL power imbalance on coverage areas for a macrocell and a small cell.
When considering the differences in both the transmit power and the transmit antenna gain, the DL imbalance between a macrocell and, for example, a picocell may be on the order 20 dB. For cell attachment based on RSRP, in a heterogeneous network consisting of both macrocells and picocells, this means that the path loss must be 20 dB stronger on the link to the best picocell relative to a link on the best macrocell for the UE to attach to the picocell. The result is a substantially smaller coverage area for the picocell. When both macrocells and picocells employ the same carrier, the picocells end up with a much smaller load. PSD boosting does not make any difference to this issue if the same boosting is applied at both macrocells and picocells.
Table 1 shows the link budget analysis for in-band mode of deployment corresponding to the limit of NPDSCH coverage in different types of cells. The largest number of repetitions (1024) is assumed for transmission of a TBS of 256 using the largest TTI (10 ms). Typical transmit powers are assumed for each type of cell. The table shows the large imbalance in the maximum path loss (MPL), which includes antenna gains, among the different types of cells due to the differences in transmit powers and antenna gains. It is noted, however, the maximum coupling loss (MCL) corresponding to the coverage limit in the macrocell exceeds the 164-dB requirement by a substantial margin.
[bookmark: _Ref477953618]Table 1. Link budget for NPDSCH corresponding to coverage limit for in-band mode.
	Type of cell
	Macrocell
	Microcell
	Picocell

	TBS (bits)
	256
	256
	256

	Number of resource units
	10
	10
	10

	Number of repetitions
	1024
	1024
	1024

	Transmitter
	 
	 
	 

	Max Tx power (dBm)
	46
	37
	33

	System bandwidth (MHz)
	10
	10
	10

	(1) Actual Tx power (dBm)
	35
	26
	22

	(2) Base station antenna gain (dBi)
	12
	5
	5

	Receiver
	 
	 
	 

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

	(4) Receiver noise figure (dB)
	5
	5
	5

	(5) Interference margin (dB)
	0
	0
	0

	(6) Occupied channel bandwidth (Hz)
	180,000
	180,000
	180,000

	(7) Effective noise power
	-116.4
	-116.4
	-116.4

	= (3) + (4) + (5) + 10 log ((6))  (dBm)
	
	
	

	(8) Device antenna gain (dBi)
	0
	0
	0

	(9) Required SINR (dB)
	-22.2
	-22.2
	-22.2

	(10) Receiver sensitivity = (7) + (9) (dBm)
	-138.6
	-138.6
	-138.6

	(11) Rx processing gain
	0
	0
	0

	(12) MCL = (1) – (10) + (11) (dB)
	173.6
	164.6
	160.6

	(12) MPL  = (1) + (2) + (8) - (10) + (11) (dB)
	185.6
	169.6
	165.6



The above problem is not unique to NB-IoT but also exists in LTE. The solution in the case of LTE is to apply a cell selection offset (CSO) for biasing the attachment to picocells. The CSO parameter q-OffsetCell for UEs in the idle mode is broadcast to the UE as part of neighbor cell information in SIB4 (for intra-frequency cell reselection) and SIB5 (inter-frequency cell reselection). Applying the CSO effectively expands the range of the picocell.
A consequence of using a CSO is that UEs in the expanded area of the picocell suffer from strong macrocell interference, as illustrated in Figure 2. In LTE, the solution to this problem is the use of enhanced inter-cell interference cancellation (eICIC), where some subframes in the macrocell are configured as almost blank subframes, where they do not carry any PDSCH. The interference to picocells is naturally reduced in such subframes and they can be used to schedule UEs at the edge of the cell or in the expanded cell coverage area. While signaling on the X2 interface allows macrocells and picocells to coordinate the use of almost blanks subframes, additional signaling is also needed within the picocells to enable them to perform CSI measurements in restricted subframes. The restricted measurement sets allow the UE to make measurements separately in the protected subframes and unprotected subframes, rather than over a mix of the two types of subframes. The corresponding CSI reports help the picocell eNB in identifying whether a UE needs to be scheduled in a protected subframe and to properly perform link adaptation.
[image: ]
[bookmark: _Ref477944044]Figure 2. Expansion of DL coverage for small cell through application of CSO.
The above discussion carries over to NB-IoT as well. Without employing a CSO for the NB-IoT carrier picocells, the capacity of the NB-IoT carrier may not be efficiently utilized. Furthermore, with the use of a CSO to bias cell selection, the support of eICIC may be required to mitigate interference to UE is poor radio conditions in the picocells.
Proposal 1: The need for cell selection biasing in NB-IoT smalls and the support for eICIC should be further studied.
2.2	Imbalance between UL and DL in small cells
As seen above, an effect of the reduced transmit power and antenna gains in the small cells is that the MCL target of 164 dB for NB-IoT coverage can no longer be met with the existing techniques for the DL channels due to a large reduction in transmit power. That is, even when using the largest number of repetitions supported for the channels, the MCL for DL channels can be less than 164 dB. On the other hand, the MCL for UL channels is relatively less affected – the only impact is from the potentially poorer receiver sensitivity for small cells, resulting from higher noise figure (especially femto eNBs, which may have low-cost design targets). This may lead to a large imbalance between the UL and DL. That is, the UL coverage may be much better than the DL coverage in a small cell leading to scenarios where a UE may be within UL coverage (e.g., in coverage enhancement) but not within DL coverage of a small cell, as illustrated in Figure 3. When the small cell is deployed in an area not adequately served by a macrocell, the UL/DL coverage imbalance on the small cell presents a problem that is absent with macrocell-only deployments. Alternatively, when the UE is within macrocell coverage, the best cell on the DL may be the macrocell whereas the best cell on the UL may be the small cell. Therefore, the forced attachment to the macrocell can cause an UL interference problem to the small cell.
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[bookmark: _Ref477880158]Figure 3. Imbalance between UL and DL in a small cell leading to different best serving cells for the two links.
Based on Table 1 and as noted in Section 2.1, the NPDSCH supports an MCL that is significantly larger than the design target. This margin may partially or fully make up for the DL deficiency in the small cell. For example, it is seen that the MCL in the microcell example achieves the target whereas it falls short by a few dB in a picocell. Similar conclusions can also be drawn for the NPDCCH. In the case of the NPBCH, the DL deficiency in small cells will cause an increase in acquisition time. 
One option to ensure the coverage target is met for both UL and DL is to further enhance coverage only on the DL in small cells. This may require enhancing the coverage of all the DL channels. While completely bridging the UL-DL coverage gap may not be practical, it is possible to consider at least shrinking the gap to partially mitigate the problems discussed above. For example, one or two additional repetition numbers could be supported on the NPDCCH and NPDSCH. While coverage for NPBCH can be enhanced by relying only on additional decoding attempts, it may significantly increase the acquisition time, which is not desirable. Therefore, more repetition of the NPBCH also in small cells can be considered.
Proposal 2: Consider shrinking the coverage gap between the DL and UL of small cells through further coverage enhancement of DL channels.
2.3 ON/OFF support in small cells
LTE includes support for turning small cells OFF and ON. When there is very little or no traffic in a small cell, it may be more efficient to turn the small cells off to save power or reduce interference from reference signals in the small cells. Any remaining connected UEs are handed over to the best macrocell. The small cell enters a dormant period during which it turns OFF its normally transmitted signals. It transmits only a discovery signal with a relatively long period (40–160 ms), and no other reference signals in between, to enable UEs to detect the presence of the small cell. The network monitors measurement reports of the discovery signal during this dormant mode and may turn the small cell back ON based on some criterion related to the measurement reports. The avoidance of transmission of reference signals in every subframe in the cells that are turned OFF can significantly reduce interference to UEs in other cells. When the small cell is turned back ON, there is a transition period during which the UE acquires necessary information for it to start communicating with the small cell.
NB-IoT UEs may enter long DRX cycles with the expectation to be able to quickly start receiving or transmitting data when they wake up. If small cell ON/FF is supported, there would be additional delay and UE power consumption before the small cell is turned ON and the UE is able to set up or resume connection with it and start transmitting or receiving data. Furthermore, while non-IoT traffic supported in LTE may go through periods of little or no load, IoT traffic can be expected to be more uniformly distributed over time and, as such, there may be fewer opportunities to turn OFF the NB-IoT carrier in small cells. Any benefits to reduction of interference from turning of NB-IoT small cells may therefore be outweighed by additional delay and power consumption costs incurred by UEs.
Proposal 3: Do not consider ON/OFF support in NB-IoT small cells.
2.4	Uplink power control considerations
Open loop power control for the UL is currently specified in NB-IoT. With this approach, the UE determines the UL transmit power based on parameters it obtains from the network and on its own measurements. In a heterogeneous network, consisting of macrocells and small cells, additional regulation of the UL power may be necessary to mitigate interference effects that are unique to such scenarios.
The first scenario to consider is one where the small cell eNB is located relatively close to the macrocell eNB. In this case, a UE that is located between the two eNBs and attached to the small cell may cause strong interference to the macrocell UE UL in the same resources, particularly if that UE is at the cell edge and transmitting at or close to maximum power. Figure 4 depicts this scenario. Thus, in this scenario, a UE served by the small cell causes interference to the macrocell UL. This interference can be mitigated by if the small-cell UE uses a relatively smaller transmit power. The transmit power of the UE can then be made a function of, for example, the path loss measured by the UE from the strongest neighbor cell and reported back to its serving cell.
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[bookmark: _Ref478069633]Figure 4. Interference to macrocell from UL transmission by a UE in the small cell.
In the second scenario, illustrated in Figure 5, a small cell that is located close to the edge of a macrocell may suffer from interference from macrocell UEs. A macrocell UE at the edge of the cell may transmit at close to maximum power. This UE may be prevented from being served by the small cell, e.g., if the small cell is a femtocell with a closed subscriber group. In this case, to overcome the additional interference from such UEs, the transmit power of the UE served by the femtocell can be increased. The increase in transmit power can be function of, for example, the ratio of interference-power to thermal noise measured by the femtocell.
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[bookmark: _Ref478069844]Figure 5. Interference to small cell from UL transmission by a UE in the macrocell.
In NB-IoT, the transmit power used for NPUSCH when the number of repetitions of the allocated NPUSCH RUs is less than or equal to 2 is determined as
		
where  is the configured UE transmit power for the serving cell,  is a factor that depends on the subcarrier spacing,  is a parameter for the serving cell comprising the sum of two components,  is provided by higher layers for the serving cell, and  is DL path loss estimated by the UE for the serving cell. The two components of  are , provided by higher layers for the serving cell through system information, and , provided by higher layers through dedicated signaling. For an NPUSCH transmission corresponding to a dynamic grant, this value of  is used. For an NPUSCH transmission corresponding to a random access response grant, . 
From above, it is seen that the small cell can configure the parameter  for a UE through dedicated signaling. This enables the UE to adjust the transmit power to mitigate the two interference scenarios discussed above. While the current power control parameters signaled by the network are adequate for this purpose, additional measurement reporting from the UE may be required.
Proposal 4: Consider enhanced UE reporting to support UL power control in small cells.
In LTE, closed loop power control, in the form of dynamically indicated power adjustments, is used to adjust the UL transmit power when the measured UL SINR is different from the target SINR. It is not supported in NB-IoT because it is expected that the UE would need only a single NPUSCH to transmit all its UL data for many applications. Thus, a closed-loop form of power control would not be very useful even in small cells.
3	Conclusion
In this contribution, we discuss considerations related to the support of NB-IoT in small cells. The following proposals are made.
Proposal 1: The need for cell selection biasing in NB-IoT smalls and the support for eICIC should be further studied.
Proposal 2: Consider shrinking the coverage gap between the DL and UL of small cells through further coverage enhancement of DL channels.
Proposal 3: Do not consider ON/OFF support in NB-IoT small cells.
Proposal 4: Consider enhanced UE reporting to support UL power control in small cells.
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