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Introduction
In RAN1 #89, the following was agreed with respect to NB-IoT small cell support [1] –
Agreements:
· The number of repetitions in the DL and UL for small cells is not increased
· NOTE: This may imply a reduction in MCL for small cells compared to wide area basestations.
· Inform RAN4 
· FFS other aspects of small cells to identify possible RAN1 impacts. 
In this contribution, we provide our views on this topic and make some proposals.
[bookmark: _Ref490063182]Discussion
2.1	Imbalance between UL and DL in 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 with all other conditions being the same. 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 DL coverage area for the picocell.
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 potentially large range 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



Observation 1: The MCL corresponding to the coverage limit on the DL varies over a large range depending on the transmit power and antenna gain in different types of 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 at least some DL channels. 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. As noted above, it was agreed that the number of repetitions will not be increased. On the other hand, the MCL for UL channels is relatively less affected – the only impact on the MCL 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), which may degrade by a few dB. Therefore, an MCL target of 164 dB may still be achievable for UL channels in small cells. 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 but not within DL coverage of a small cell, as illustrated in Figure 2. Thus, based on the current agreements, this coverage imbalance will exist for small cells.
Observation 2: The reduced transmit power in small cells causes a coverage imbalance between the UL and DL.

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, as illustrated in Figure 2. This interference problem can then be mitigated through uplink power control in the macrocell, as discussed in Section 2.2.
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[bookmark: _Ref477880158]Figure 2. Imbalance between UL and DL in a small cell leading to potential uplink interference issue.
Based on Table 1 and as noted earlier, the NPDSCH supports an MCL in macrocells that is significantly larger than the design target. This excess margin may partially or fully make up for the DL deficiency in a 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.
Observation 3: For some DL channels, the MCL deficiency in small cells relative to the design target of 164 dB is partially offset by the over design of coverage enhancement.
One option to counter the UL/DL imbalance that has been suggested is to allow the UE to connect to different cells on the UL and DL. This UL/DL decoupling approach is not desirable from the perspective of higher layer complexity, however.
Another option is to reduce the target MCL for the small cells. Although the difference in MCL between macrocell and a particular small cell may be large, e.g., more than 10 dB, due to eNB transmit power difference, the MCL that the downlink channels can achieve is likely to less than 10 dB under the current target MCL of 164 dB, as observed above. For the same type of eNB, the reduction in MCL for the uplink channels due increase in noise figure is expected to be smaller than the downlink reduction. Therefore, the smaller transmit power of small cells should be the primary consideration for reducing the target MCL for small cells. Reducing the target MCL by the difference in eNB transmit power between macrocell and small cells may not be necessary, however. This reduction may be too aggressive, however, leading to situations where the MCL target for one class of eNBs (e.g., microcell) can be easily met by an even lower class of eNBs (e.g., picocell).
Proposal 1: Reduce the target MCL for small cells based on the reduction in transmit power for a class of eNBs. The reduction can be less than the difference in transmit power from the macrocell eNB.
2.2	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 of NB-IoT cells, consisting of macrocells and small cells, additional regulation of the UL power may be necessary to mitigate interference effects or to address coverage issues 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 3 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 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 3. Interference to macrocell from UL transmission by a UE in the small cell.
In the second scenario, illustrated in Figure 4, 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 4. Interference to small cell from UL transmission by a UE in the macrocell.
It is noted that these two interference scenarios are not unique to NB-IoT but are common to heterogeneous networks in general. In LTE, power control techniques described above are used to mitigate interference effects. A similar approach can also be followed in NB-IoT.
In NB-IoT, the UE transmit power  for NPUSCH transmission in NB-IoT UL slot  for the serving cell is given as follows.
If the number of repetitions of the allocated NPUSCH RUs is greater than 2
	 [dBm]
otherwise
	 [dBm]	
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 (i) , provided by higher layers for the serving cell  through system information, and (ii) , 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. It can also limit the UE transmit power  in the cell. This enables the UE to adjust the transmit power to mitigate the two interference scenarios discussed above when the number of NPUSCH repetitions is not greater than 2, i.e., when the UE is not in large coverage enhancement. While the current power control parameters signaled by the network are adequate for this purpose, additional measurement reporting from the UE, such as path loss from the strongest neighbor cell, may be required.
Proposal 2: Consider enhanced UE reporting, such as path loss from the strongest neighbor cell, to support UL power control in small cells for mitigating potential interference effects in heterogeneous deployments.
As seen above, when the number of NPUSCH repetitions is greater than 2, the UE transmit power for NPUSCH transmission is restricted to , which is the configured UE transmit power for the serving cell . The configured transmit power may be smaller than the maximum power of the UE to limit the UL interference to neighboring cells (or to balance UL and DL coverage, as noted earlier). In the third scenario of interest, an NB-IoT UE may require a large coverage enhancement primarily because of large outdoor-to-indoor penetration loss (e.g., due to the UE being in the basement or inside a closet). In this case, even if the UE transmits at the configured power , the interference to a neighboring cell is also expected be greatly attenuated because of the same large penetration loss. Measurement reporting of path loss from the strongest neighboring cell, as discussed above, would also be helpful in confirming this. Thus, if the small-cell NB-IoT UE has been configured to transmit at a power  that is less than its full power, it would be helpful to the UL in such cases to allow the UE to transmit at a higher power, which would not have significant interference impact to neighboring cells. It would, however, be desirable for the network to retain control of whether NB-IoT UEs in small cells may use a higher transmit power. Two alternatives can be considered for this:
Alternative 1: Each cell indicates via higher layer signaling whether individual UEs in small cells are permitted to transmit at a power level that is higher than the configured power .
Alternative 2: Each cell configures a second transmit power  that UEs in deep coverage enhancement can use.
These alternatives allow the network to disallow the UEs from using a higher transmit power if it determines that it is leading to higher interference in neighboring cells. One of the two alternatives can be specified.
Proposal 3: The network configures the use of higher UE transmit power by small-cell UEs in deep coverage enhancement.
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.
Conclusions
In this contribution, we discuss support of small cells in NB-IoT and make the following observations and proposals.
Observation 1: The MCL corresponding to the coverage limit on the DL varies over a large range depending on the transmit power and antenna gain in different types of cells.
Observation 2: The reduced transmit power in small cells causes a coverage imbalance between the UL and DL.
Observation 3: For some DL channels, the MCL deficiency in small cells relative to the design target of 164 dB is partially offset by the over design of coverage enhancement.
Proposal 1: Reduce the target MCL for small cells based on the reduction in transmit power for a class of eNBs. The reduction can be less than the difference in transmit power from the macrocell eNB.
Proposal 2: Consider enhanced UE reporting, such as path loss from the strongest neighbor cell, to support UL power control in small cells for mitigating potential interference effects in heterogeneous deployments.
Proposal 3: The network configures the use of higher UE transmit power by small-cell UEs in deep coverage enhancement.
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