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1
Introduction
The co-existence study for narrow-band IOT (NB-IOT) is undergoing in RAN4 under the NB-IOT WI [1] to study potential co-existence impact between NB-IOT systems and legacy LTE/GSM/UTRA systems.  In last RAN4 meeting, many agreements on methodologies and simulation assumptions of NB-IOT co-existence study have been reached [2][3][4].  

For NB-IOT in-band and guard band operations, the simulation methodology for co-existence study is agreed in [2].  Based on the agreement, the general simulation methodology shall include three steps, as indicated in [2]:
1. Computing the amount of power leakage:

a. From NB-IOT to the N-th adjacent LTE PRBs. 

b. From LTE to NB-IoT.

This step does not involve MonteCarlo simulation.

2. Use system level MonteCarlo simulation to compute:

a. the SINR distribution at n-th adjacent LTE PRB

b. SINR distribution for NB-IoT users

3. Determining the degradation:

a. LTE throughput degradation due to NB-IOT

b. NB-IoT degradation
Based on this methodology, this contribution provides more detailed modeling on power leakage of NB-IOT for in-band and guard band operations.  Power spectrum density (PSD) is used to evaluate the power leakage between NB-IOT and LTE per PRB basis.  The power leakage modeling is applied to system-level simulations, which shall be used to evaluate system performance for NB-IOT co-existence with legacy systems.
2
UL NB-IOT Waveform

It has been agreed that only uplink shall be studied for in-band and guard band operations [2].  The uplink study depends on detailed UL waveform design, which is still on-going in RAN1.  However, RAN1 has reached certain agreements on NB-IOT UL design [5], which is applied to the revised NB-IOT WID [7], as indicated below (from [7]):
· 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.
· FFS: Additional mechanisms for PAPR reduction.
· The UE shall indicate the support single-tone and/or multi-tone, details to be discussed by RAN WGs
Based on the RAN1 agreements [5], there will be two possible UL waveform designs:
1. Multi-tone: 15 kHz spacing with SC-FDMA like design;
2. Single tone: 3.75 kHz and 15 kHz carriers.
These two uplink designs may have different uplink impact, which shall validate different treatments in the co-existence study.  We shall study the potential impact of the two types of uplink waveform by addressing the UL power leakage between systems.
Please also note that RAN1 has not finalized uplink design, which may eventually impact RAN4 co-existence study.
3
UL Power Leakage: NB-IOT ( LTE

This section studies the power leakage from NB-IOT to LTE at PRB level, as indicated in [2].  NB-IOT is the aggressor; and LTE is the victim in the study.  At the current stage, there will be two options for NB-IOT UL transmission: i) 15 kHz spacing; and ii) single tone with 3.75 kHz carrier and 15 kHz carrier.
We use PSD (power spectrum density) to investigate the power leakage of NB-IOT.  Figure 1 illustrates the PSD of NB-IOT with 15 kHz spacing SCMA design.  Single PRB allocation of in-band NB-IOT is used here.  The power spectrum density is estimated with a periodogram, with assumption of QPSK transmission.  LTE-like SCMA is assumed for NB-IOT uplink.  No Tx impairments are assumed for uplink transmission.
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Figure 1    PSD of NB-IOT with occupancy of 1PRB
Based on Figure 1, the power leakage of neighbor PRBs can be calculated based on the PSD, as listed in Table 1:
Table 1    Power Leakage of NB-IOT at Neighbor PRBs

	PRB neighbor
	Leakage Power (dB)

	0
	0.0

	1
	-15.7

	2
	-25.8

	3
	-29.7

	4
	-32.3

	5
	-34.3

	6
	-35.9

	7
	-37.3


The power leakage is a function of n-th adjacent PRB, following the methodology defined in [2].  From Table 1, at the first adjacent PRB, the NB-IOT leakage power is -15.7dB.  The PRB leakage power is calculated by averaging power in all subcarriers in the PRB, and normalized to the power of original PRB.

Please be noted that there is no Tx impairment assumed in the PSD estimation.  It is expected that power leakage will be greater if some Tx impairments (such as PA non-linearity) are considered.
4
UL Power Leakage: LTE ( NB-IOT

This section studies the power leakage when LTE is the aggressor and NB-IOT is the victim.  Under this case, the interference from LTE to NB-IOT depends on where the NB-IOT PRB is located in the LTE bandwidth.
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Figure 2    PSD of LTE with absence of 1 PRB (NB-IOT at the 21st PRB)

Figure 2 shows the LTE PSD with one null PRB at the 21st PRB, where NB-IOT will be assigned.  We use this PSD measurement to estimate power leakage of LTE to NB-IOT.
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Figure 3    LTE PSD with null PRB at (a) 49th PRB; (b) 48th PRB
When the NB-IOT’s PRB is allocated at the band edge, as shown in Figure 3, the power leakage will be different from the case where NB-IOT is allocated in the middle of LTE bandwidth.  Figure 3 (a) is the case that NB-IOT is using the last PRB (the 49th PRB) of LTE; while in Figure 3 (b), NB-IOT is using the second last PRB (the 48th PRB).  Based on the PSD estimation, the power leakage of LTE to NB-IOT can be captured in Table 2 for 10MHz LTE (a total of 50PRB).
Table 2
LTE( NB-IOT Power Leakage

	NB-IOT PRB #
	Leakage Power (dB)

	0; 49
	-15.2

	1; 48
	-12.6

	others
	-12.3


Table 2 indicates that LTE leaking power at the edge PRB is roughly half of that at a middle PRB (3dB difference).  Besides, for the second last PRB, the power leakage is just slightly less than that of the middle PRB.  This indicates that major leakage power is from the nearest neighbor PRB.
5
Guard band operation
Power leakage for NB-IOT guard band operation is discussed in this section.

The guard band operation means that NB-IOT PRB is allocated to the PRB adjacent to allocated LTE bandwidth.  As agreed in [3], the NB-IOT PRB shall be allocated to the PRB adjacent to the last PRB (the 49th) for the 10MHz LTE.
5.1
NB-IOT ( LTE

The power leakage from NB-IOT in LTE’s guard band operation can be derived from the in-band leakage analysis in Section 3.  Following Table 1, the power leakage of NB-IOT at the 50 PRB to neighbor PRB can be shown in Table 3.
Table 3    Power Leakage of NB-IOT for guard band operation

	PRB #
	Leakage Power (dB)

	50 (NB-IOT)
	0.0

	49
	-15.7

	48
	-25.8

	47
	-29.7

	46
	-32.3

	45
	-34.3


If one PRB or multiple PRBs are used as guard, the power leakage of NB-IOT can be adjusted accordingly.
5.2
LTE ( NB-IOT

The power leakage of LTE to NB-IOT in guard band operation can be derived from similar analysis in Section 4.  The power leakage from LTE can be listed in Table 4.  
Table 4    LTE Power Leakage for NB-IOT Guard Band Operation

	N. of Guard PRB
	Leakage Power (dB)

	0
	-15.2

	1
	-22.4

	2
	-24.9


Number of guard PRBs are listed in Table 4.  For 0 guard PRB, there is no guard between LTE and NB-IOT, indicating that the NB-IOT is using the 50th PRB (LTE is using 0~49 PRB for the 10MHz bandwidth).  With 1 guard PRB, the leakage power is significantly reduced when the NB-IOT is operating with a separation of 180 kHz (1 PRB) from LTE’s PRBs.
6
Discussions
This contribution provides detailed modeling on power leakage between NB-IOT and LTE PRB for both in-band and guard band operations.  The power leakage values are listed in tables based on PSD from periodogram measurement.  The power leakage can be used for system-level simulation to study potential network performance degradation for in-band and guard band operations.
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