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1	Introduction
At the RAN plenary #80, a new work item on “Rel-16 enhancements for NB-IoT” was approved. According to the work item description ‎[1], one objective is to study NR and LTE specifications to identify possible issues related to coexistence of NB-IoT with NR.
In this contribution, we discuss coexistence requirements for allowing an NB-IoT carrier to be embedded inside an NR carrier. We analyse how these requirements are supported in the Rel-15 specifications. This contribution first discusses the subcarrier spacing and numerology in NR and NB-IoT systems. Then, it describes DL subcarrier alignments, UL subcarrier alignments, and the concept of NR reserved resources that allows NR UEs to rate-match around NB-IoT resource elements.
[bookmark: _Ref178064866]2	Subcarrier spacing and numerology
Compared to LTE numerology where only one type of subcarrier spacing (15 kHz) is considered, NR supports different types of subcarrier spacing. Consequently, slot (or sub-slot in NR) length can be different between NR and NB-IoT, depending on numerology. Nonetheless, in case of 15 kHz subcarrier spacing, NR and NB-IoT use the same OFDM symbol duration and subframe duration, as shown in  Figure 1 . For instance, frame and subframe are, respectively, 10 ms and 1 ms in both NR and NB-IoT systems. The subframe, OFDM symbol, and cyclic prefix durations are identical to those in LTE and NB-IoT.  Resource elements of NR, LTE, and NB-IoT can be aligned in time-frequency resource maps. With such identical numerologies on 15 kHz subcarrier spacing, NR and NB-IoT systems can readily coexist.
[image: ]
[bookmark: _Ref521532530]Figure 1: Frame structure in NR which is identical to NB-IoT for 15 kHz subcarrier spacing.



Observation 1: NR with 15 kHz subcarrier spacing has the same frame, subframe, OFDM symbol, and cyclic prefix durations as those in NB-IoT. It is therefore possible to align resource elements of NR and NB-IoT in time-frequency resource maps.

3	DL subcarrier alignments
In the following, we list the frequency bands currently used by NR, NB-IoT, and common bands between these two systems used in the coexistence scenario. Then, we provide an example for the raster offset and show that it is possible to place an NB-IoT carrier so that the NB-IoT channel raster requirement can be met. 
[bookmark: REF3]Table 1 and Table 2 show the NR frequency bands ‎[2], ‎[3].  Table 3 shows NB-IoT bands ‎[2], and Table 4 lists the frequency bands used by both NR and NB-IoT. In this case, the NR system bandwidths that can also be used by NB-IoT are: 5, 10, 15, 20, 25, 30, and 40 [MHz]. 
Table 1 and Table 2, we also list the channel rasters that represent steps and frequencies that can be used by a UE to determine the RF channel positions in the uplink and downlink. The channel raster of NR depends on the frequency band. From Table 4 that shows the common frequency bands for NR and NB-IoT, it is clear that FR 2 is not defined for NB-IoT.
It should be noted that, using guard band (GB) operation mode for NB-IoT while placing NB-IoT inside NR bands (i.e., inband) provides flexibility since there is no dependency on LTE reequipments.
An NB-IoT UE searches for NB-IoT carriers on a 100 kHz channel raster and, thus, a feasible centre frequency for UE can be expressed as 100*m, with m being an integer number. As we can see from Table 4, except for band 41, channel raster for bands which are common for NR and NB-IoT is 100 kHz. We note that, while NR and NB-IoT have different rasters in band 41, it is still possible to have aligned rasters. For instance, considering the fact that 20*15=3*100, the 20th point on the NR raster grid collocates with the 3rd point of the NB-IoT raster grid. 
[bookmark: _Ref521532601]Table 1: NR frequency bands in FR1
	NR operating band
	Uplink (UL) operating band
BS receive / UE transmit
FUL_low   –  FUL_high
	Downlink (DL) operating band
BS transmit / UE receive
FDL_low   –  FDL_high
	Duplex Mode
	Raster
[kHz]

	n1
	1920 MHz – 1980 MHz
	2110 MHz – 2170 MHz
	FDD
	100

	n2
	1850 MHz – 1910 MHz
	1930 MHz – 1990 MHz
	FDD
	100

	n3
	1710 MHz – 1785 MHz
	1805 MHz – 1880 MHz
	FDD
	100

	n5
	824 MHz – 849 MHz
	869 MHz – 894 MHz
	FDD
	100

	n7
	2500 MHz – 2570 MHz
	2620 MHz – 2690 MHz
	FDD
	100

	n8
	880 MHz – 915 MHz
	925 MHz – 960 MHz
	FDD
	100

	n12
	699 MHz – 716 MHz
	729 MHz – 746 MHz
	FDD
	100

	n20
	832 MHz – 862 MHz
	791 MHz – 821 MHz
	FDD
	100

	n25
	1850 MHz – 1915 MHz
	1930 MHz – 1995 MHz
	FDD
	100

	n28
	703 MHz – 748 MHz
	758 MHz – 803 MHz
	FDD
	100

	n34
	2010 MHz – 2025 MHz
	2010 MHz – 2025 MHz
	TDD
	100

	n38
	2570 MHz – 2620 MHz
	2570 MHz – 2620 MHz
	TDD
	100

	n39
	1880 MHz – 1920 MHz
	1880 MHz – 1920 MHz
	TDD
	100

	n40
	2300 MHz – 2400 MHz
	2300 MHz – 2400 MHz
	TDD
	100

	n41
	2496 MHz – 2690 MHz
	2496 MHz – 2690 MHz
	TDD
	15,30

	n51
	1427 MHz – 1432 MHz
	1427 MHz – 1432 MHz
	TDD
	100

	n66
	1710 MHz – 1780 MHz
	2110 MHz – 2200 MHz
	FDD
	100

	n70
	1695 MHz – 1710 MHz
	1995 MHz – 2020 MHz
	FDD
	100

	n71
	663 MHz – 698 MHz
	617 MHz – 652 MHz
	FDD
	100

	n75
	N/A
	1432 MHz – 1517 MHz
	SDL
	100

	n76
	N/A
	1427 MHz – 1432 MHz
	SDL
	100

	n77
	3300 MHz – 4200 MHz
	3300 MHz – 4200 MHz
	TDD
	15,30

	n78
	3300 MHz – 3800 MHz
	3300 MHz – 3800 MHz
	TDD
	15,30

	n79
	4400 MHz – 5000 MHz
	4400 MHz – 5000 MHz
	TDD
	15,30

	n80
	1710 MHz – 1785 MHz
	N/A
	SUL 
	100

	n81
	880 MHz – 915 MHz
	N/A
	SUL 
	100

	n82
	832 MHz – 862 MHz
	N/A
	SUL 
	100

	n83
	703 MHz – 748 MHz
	N/A
	SUL
	100

	n84
	1920 MHz – 1980 MHz
	N/A
	SUL
	100

	n86
	1710 MHz – 1780 MHz
	N/A
	SUL
	100



[bookmark: _Ref521532625]Table 2: NR frequency bands in FR2
	NR operating band
	Uplink (UL) and Downlink (DL) operating band
FUL_low   –  FUL_high
FDL_low   –  FDL_high
	Duplex Mode
	Raster
[kHz]

	n257
	26500 MHz – 29500 MHz
	TDD
	60,120

	n258
	24250 MHz – 27500 MHz
	TDD
	60,120

	n260
	37000 MHz – 40000 MHz
	TDD
	60,120

	n261
	27500 MHz – 28350 MHz
	TDD
	60,120


[bookmark: _Ref521532642]Table 3:  NB-IoT frequency bands
	NB-IoT Band
	Uplink (UL)
	Downlink (DL) 

	Duplex Mode

	n1
	1920 - 1980 MHz
	2110 - 2170 MHz
	HD-FDD

	n2
	1850 - 1910 MHz
	1930 - 1990 MHz
	HD-FDD

	n3
	1710 - 1785 MHz
	1805 - 1880 MHz
	HD-FDD

	n5
	824 - 849 MHz
	869 - 894 MHz
	HD-FDD

	n8
	880 - 915 MHz
	925 - 960 MHz
	HD-FDD

	n11
	1427.9 - 1447.9 MHz
	1475.9 - 1495.9 MHz
	HD-FDD

	n12
	699 - 716 MHz
	729 - 746 MHz
	HD-FDD

	n13
	777 - 787 MHz
	746 - 756 MHz
	HD-FDD

	n17
	704 - 716 MHz
	734 - 746 MHz
	HD-FDD

	n18
	815 - 830 MHz
	860 - 875 MHz
	HD-FDD

	n19
	830 - 845 MHz
	875 - 890 MHz
	HD-FDD

	n20
	832 - 862 MHz
	791 - 821 MHz
	HD-FDD

	n25
	1850 - 1915 MHz
	1930 - 1995 MHz
	HD-FDD

	n26
	814 - 849 MHz
	859 - 894 MHz
	HD-FDD

	n28
	703 - 748 MHz
	758 - 803 MHz
	HD-FDD

	n31
	452.5 - 457.5 MHz
	462.5 - 467.5 MHz
	HD-FDD

	n41
	2496 MHz – 2690 MHz
	2496 MHz – 2690 MHz
	TDD

	n66
	1710 - 1780 MHz
	2110 - 2200 MHz
	HD-FDD

	n70
	1695 - 1710 MHz
	1995 - 2020 MHz
	HD-FDD


[bookmark: _Ref521532658]Table 4: Frequency bands used by both NR and NB-IoT
	Band
	Uplink (UL)
	Downlink (DL) 

	Raster
[kHz]

	n1
	1920 - 1980 MHz
	2110 - 2170 MHz
	100

	n2
	1850 - 1910 MHz
	1930 - 1990 MHz
	100

	n3
	1710 - 1785 MHz
	1805 - 1880 MHz
	100

	n5
	824 - 849 MHz
	869 - 894 MHz
	100

	n8
	880 - 915 MHz
	925 - 960 MHz
	100

	n12
	699 - 716 MHz
	729 - 746 MHz
	100

	n20
	832 - 862 MHz
	791 - 821 MHz
	100

	n25
	1850 - 1915 MHz
	1930 - 1995 MHz
	100

	n28
	703 - 748 MHz
	758 - 803 MHz
	100

	n41
	2496 - 2690 MHz
	2496 - 2690 MHz
	NR: 15, 30, and 
NB-IoT: 100

	n66
	1710 - 1780 MHz
	2110 - 2200 MHz
	100

	n70
	1695 - 1710 MHz
	1995 - 2020 MHz
	100



According to ‎[2], for NR carriers with an even number of RB (N𝑅𝐵), channel raster is located at subcarrier index #0 in RB with index N𝑅𝐵/2.  For NR carriers with an odd number of RB, channel raster is located at subcarrier index #6 in RB with index (N𝑅𝐵 −1)/2. Note that, here, subcarriers in the RB are indexed from 0 to 11.
The design of NB-IoT initial access channels, e.g., NPSS, NSSS, and NPBCH facilitates a raster offset of 2.5 kHz, -2.5 kHz, 7.5 kHz, or -7.5 kHz. Thus, an NB-IoT carrier can be placed at 100n±2.5 kHz or 100n±7.5 kHz, where n is an integer. In NB-IoT, channel raster located in the center of NB-IoT carrier, i.e. between the middle two NB-IoT subcarriers. Raster offset of ±2.5 or ±7.5 kHz is allowed for in-band and guard-band operation modes. Next, we find a condition under which NR and NB-IoT DL subcarrier alignment is achieved.
Let k be an integer that represents the NR subcarrier index relative to NR channel raster. Clearly, the NR subcarriers are located at frequencies 100m+15k [kHz] (m is an integer). Clearly, the possible frequencies for the NB-IoT carrier, placed between subcarriers k-1 and k can be expressed by .  Considering the fact that an NB-IoT carrier can be placed at 100n±2.5 kHz or 100n±7.5 kHz, a feasible subcarrier index must satisfy one of the following equations:






Now, suppose that the feasible NB-IoT center is between subcarrier indexes k*-1 and k*.  Subsequently, we can show that k* is in a set of all integer numbers generated by  , , , or   , where r is an integer. For instance, for  using   , the NB-IoT center can be placed between  subcarriers 6 and 7 (relative to the NR channel raster).
As an example, we consider an NR carrier bandwidth of 20 MHz with 106 resource blocks. In  Table 5, the green arrows shows the middle of two consecutive subcarriers. From Table 5, we can see that raster offsets 2.5, 7.5, -2.5, and -7.5 kHz are observed which can be accommodated in the NB-IoT system. As we can see from Table 5, the subcarrier on -2.5 kHz raster offset (with a red colour) is between 6th and 7th subcarrier from the channel raster.
We note that, in addition to one anchor carrier, several non-anchor carriers can also be configured for NB-IoT in a cell.  Compared to the anchor carrier, non-anchor carriers are more  flexible and there are significantly less restrictions on their locations.

[bookmark: _Hlk520801044]Observation 2: It is possible to identify NR subcarriers between which the NB-IoT carrier can be placed. Therefore, NR and NB-IoT DL subcarrier grids can be aligned.





Table 5: Raster offset7.5		
37.5
22.5		
-42.5
NB-IoT carrier offset (kHz) from 100 kHz raster)

	
	NR RB index
	NR subcarrier index
	NR subcarrier frequency (relative to the ref frequency)

	
	51
	11
	-195

	
	52
	0
	-180

	
	52
	1
	-165

	
	52
	2
	-150

	
	52
	3
	-135

	
	52
	4
	-120

	
	52
	5
	-105

	
	52
	6
	-90

	
	52
	7
	-75

	
	52
	8
	-60

	
	52
	9
	-45

	
	52
	10
	-30

	
	52
	11
	-15

	channel raster
	53
	0
	0

	
	53
	1
	15

	
	53
	2
	30

	
	53
	3
	45-47.5


	
	53
	4
	60-32.5


	
	53
	5
	75-17.5


	
	53
	6
	90-2.5


	
	53
	7
	10512.5


	
	53
	8
	12027.5			


	
	53
	9
	13542.5


	
	53
	10
	150

	
	53
	11
	165




4	UL subcarrier alignments
In NB-IoT, there is a half-tone shift between UL and DL which facilitates the in-band and guard-band deployment in LTE. Therefore, in order to accommodate the NR and NB-IoT coexistence, the half-tone shift between UL and DL is required in NR.  
According to TS. 38.104 ‎[2] , an optional half-tone shift was introduced in NR uplink in Rel-15, and this can be used for the purpose of coexistence with NB-IoT. In particular, the half-tone shift option was provided for NR frequency bands n1, n2, n3, n5, n7, n8, n20, n28, n66 and n71:
	FREF_shift = FREF + Δshift,  Δshift = 0 kHz or 7.5 kHz
Therefore, NR and NB-IoT can be aligned in uplink in these bands and inter-subcarrier interference will be avoided in case of coexistence.  In other words, both UL and DL alignment (both UL and DL are subcarrier aligned) are possible for bands 1, 2, 3, 5, 7, 8, 20, 28, 41, 66, 71. However, in bands 12, 25, 70, DL alignment is possible, while UL can have a half-tone misalignment. 

Observation 3: Subcarrier alignment between NR and NB-IoT can be achieved in both UL and DL for bands 1, 2, 3, 5, 7, 8, 20, 28, 41, 66, 71.  However, in bands 12, 25, 70 DL alignment is possible, while UL can have a half-tone misalignment.
5	Configure NR reserved resources to allow NR UEs to rate-match around NB-IoT resource elements
In NR, the concept of reserved resources was introduced to facilitate forward compatibility and future radio interface extensions. These reserved resources, which are not used by NR UEs, can also be utilized to facilitate the coexistence of NR and NB-IoT. A flexible way to configure resource reservation in the frequency domain is to use a bit map (bit stream) where each bit represents a resource block (RB). In NR ‎[4], bitmap 1 (RB-level) and bitmap 2 (symbol-level) are used to reserve resources in frequency and time domains, respectively. 
NR reserved resource configuration is needed to support NB-IoT embedding. To this end, a set of NR resources can be reserved for NB-IoT transmissions. Meanwhile, some parts of NR bands which are assigned for NR mandated signals cannot be used by NB-IoT to ensure collision avoidance.
As an example, in Figure 2, we show a set of reserved time-frequency resources that can be allocated to NB-IoT users. In this case, the OFDM symbol bitmap is used to indicate which OFDM symbols are reserved for NB-IoT. In addition, bitmap 1 is used to indicate the reserved RB number. All the remaining REs (not reserved) are available to NR UEs. Considering the fact that NR UEs do not use the reserved resources, there will not be any collision between NR and NB-IoT resource elements. Therefore, the coexistence between NR and NB-IoT is possible while effectively using NR reserved resources. In this case, NR UEs need to do rate-matching around reserved resources.

[bookmark: _Ref521532758]Figure 2: Reserved resources in NR
















Observation 4: It is possible to configure NR reserved resources to avoid collision with NB-IoT transmissions.

6	Conclusion
In this report we have investigated the coexistence between NR and NB-IoT systems. In summary, the following observations can be made.
Observation 1: NR with 15 kHz subcarrier spacing has the same frame, subframe, OFDM symbol, and cyclic prefix durations as those in NB-IoT. It is therefore possible to align resource elements of NR and NB-IoT in time-frequency resource maps.
Observation 2: It is possible to identify NR subcarriers between which the NB-IoT carrier can be placed. Therefore, NR and NB-IoT DL subcarrier grids can be aligned.
Observation 3: Subcarrier alignment between NR and NB-IoT can be achieved in both UL and DL for bands 1, 2, 3, 5, 7, 8, 20, 28, 41, 66, 71.  However, in bands 12, 25, 70 DL alignment is possible, while UL can have a half-tone misalignment.
Observation 4: It is possible to configure NR reserved resources to avoid collision with NB-IoT transmissions.
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