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1	Introduction
In the work item on “Additional enhancements for NB-IoT” [1] one of the objectives is to study NR and LTE specifications to identify possible issues related to coexistence of NB-IoT with NR.
The earlier RAN1 agreements for NB-IoT are as follows:

Observation:
From RAN1 perspective, no issues were identified that would prevent the coexistence of NR and NB-IoT.
Agreement:
RAN1 studies additional specification enhancement for improving the performance of coexistence of NB-IoT with NR.
Agreement: 
The following aspects are studied to improve the performance of coexistence of NB-IoT with NR:
· Resource reservation in NB-IoT.
· Overlap of NR SSB with NB-IoT.

In this contribution, we discuss coexistence requirements for allowing an NB-IoT carrier to be embedded inside an NR carrier. We analyze how these requirements are supported in the Rel-15 specifications. Based on the previous RAN1 agreements, this contribution focuses on two important study items: 1) Overlap of NR SSB with NB-IoT, and 2) Resource reservation in NB-IoT. In Section 2, this contribution first discusses the subcarrier alignment in downlink NR and NB-IoT coexistence. Then, to avoid overlapping between NB-IoT and NR SSB, an effective approach for placement of NB-IoT within an NR carrier is proposed. In Section 3, this contribution describes the concept of NR reserved resources that allows NR UEs to rate-match around NB-IoT resource elements. In addition, resource utilization is analyzed for various scenarios of reserved resources.
2	Subcarrier alignments in downlink
A. Background
The proposed solution addresses the subcarrier grids alignment as well as RB alignment in NR and NB-IoT coexistence. First, this approach shows that it is possible to identify NR subcarriers between which the NB-IoT carrier can be placed. The feasible locations of NB-IoT carrier (that ensure the subcarrier grid alignment) are determined based on the indexes of NR subcarriers. Then, for any arbitrary number of NR RBs, the indexes of RBs which can be aligned with NB-IoT are derived. In this case, for various NR and NB-IoT frequency bands, the list of RB indexes where we can have RB alignment is provided.
In Table 1 we list the frequency bands used by both NR and NB-IoT [2],[3].  For each band, we show the possible channel bandwidths for 15 kHz subcarrier spacing. As we can see from Table 1, the possible supported channel bandwidths for NR and NB-IoT coexistence are: 5, 10, 15, 20, 25, and 30 MHz.
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.
An NB-IoT UE searches for NB-IoT carriers on a 100 kHz channel raster and, thus, a feasible center frequency for UE can be expressed as 100 *m, with m being an integer. As we can see from Table 1, the raster step for the considered common bands for NR and NB-IoT is 100 kHz. 

[bookmark: _Ref525113051][bookmark: _Ref525112860]Table 1: Frequency bands used by both NR and NB-IoT
	Band
	Uplink (UL)
	Downlink (DL) 

	Channel bandwidth for 15 kHz subcarrier spacing [MHz]
	Raster
[kHz]

	1
	1920 - 1980 MHz
	2110 - 2170 MHz
	5, 10, 15, 20
	100

	2
	1850 - 1910 MHz
	1930 - 1990 MHz
	5, 10, 15, 20
	100

	3
	1710 - 1785 MHz
	1805 - 1880 MHz
	5, 10, 15, 20, 25, 30
	100

	5
	824 - 849 MHz
	869 - 894 MHz
	5, 10, 15, 20
	100

	8
	880 - 915 MHz
	925 - 960 MHz
	5, 10, 15, 20
	100

	12
	699 - 716 MHz
	729 - 746 MHz
	5, 10, 15
	100

	20
	832 - 862 MHz
	791 - 821 MHz
	5, 10, 15, 20
	100

	25
	1850 - 1915 MHz
	1930 - 1995 MHz
	5, 10, 15, 20
	100

	28
	703 - 748 MHz
	758 - 803 MHz
	5, 10, 15, 20
	100

	66
	1710 - 1780 MHz
	2110 - 2200 MHz
	5, 10, 15, 20
	100

	70
	1695 - 1710 MHz
	1995 - 2020 MHz
	5, 10, 15, 20, 25
	100



In this contribution, we claim the method of determining the NB-IoT system position with in an 5G NR carrier that minimize or eliminate the interference between the two systems.
Our subsequent analysis is based on the following considerations:
· The raster defines a subset of RF reference frequencies that can be used to identify the RF channel position in the uplink and downlink. The RF reference frequency for an RF channel maps to a resource element on the carrier [2]. Hereinafter, the channel raster is referred to as a point on the raster grid which defines the RF reference frequency.  
· One NR RB in frequency domain consists of 12 subcarriers. Note that an NR resource block is a one-dimensional measure spanning the frequency domain only, while LTE uses two-dimensional resource blocks of 12 subcarriers in the frequency domain and one slot in the time domain.
· The number of RBs is denoted by N𝑅𝐵.
· The indexes of the middle RB for even and odd numbers of RBs are, respectively, N𝑅𝐵/2 and (N𝑅𝐵 −1)/2.
According to [1], 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 located at subcarrier index #6 in RB with index (N𝑅𝐵 −1)/2.  
Considering the fact that in NR the number of subcarriers is an even number, the carrier center is located between the two middle NR subcarriers. In this case, we can show that the carrier center frequency is related to the channel raster by:
  							  (1)
where  is the NR carrier center frequency and  is the frequency where NR channel raster is located.

The design of NB-IoT initial access channels, e.g., NPSS, NSSS, and NPBCH allows a raster offset of 2.5 kHz, -2.5 kHz, 7.5 kHz, or -7.5 kHz from the 100 kHz raster grid. Thus, an NB-IoT anchor carrier can be placed at 100n±2.5 kHz or 100n±7.5 kHz, where n is an integer. In NB-IoT, the DL anchor carrier is located in the center of NB-IoT channel, i.e. the channel center point is located between 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.

B. Subcarrier alignment
[bookmark: _Hlk520815113]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 center frequencies for the NB-IoT carrier, placed between subcarriers k and k+1 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:

  					(2)
 					(3)
 					(4)
 		            			     			   	               (5)

Now, suppose that the feasible NB-IoT center is between NR subcarrier indexes k* and k*+1.  Note that k can be index of any NR subcarrier while k* is the index of a desired subcarrier which is considered for alignment. In this case  we can show that k* is in a set of all integer numbers generated by:
                                                              , , , or    			  	                        (6)
where r is an integer. For instance, for  using   , the NB-IoT carrier center can be placed between NR subcarriers k* = 6 and k*+1= 7 (relative to the channel raster). 
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Figure 1: NB-IoT carrier center between two NR subcarriers.

Note that the maximum and minimum feasible values for k* depend on the NR channel bandwidth. Based on an NR channel bandwidth (and number of RBs), we can find a feasible range for k* such that an NB-IoT carrier is located within the NR carrier.
For a 180 kHz NB-IoT carrier, the maximum and minimum frequencies of an NB-IoT resource block are, respectively, , and .

The frequency of an NB-IoT carrier center, placed in the middle of two NR subcarriers, can be given by:
  [kHz]	         		 (7)
where  is an integer, and  is the NR raster frequency (on a 100 kHz raster grid).
To ensure that an NB-IoT carrier is fully placed within an NR carrier, we should have:



[bookmark: _GoBack]where  is the NR channel bandwidth.
Subsequently, we find a feasible range for :

Therefore, the locations of an NB-IoT carrier center can be determined using (6)-(8).
We also note that for some positions of an NB-IoT carrier center we can have both subcarrier grids and resource block (RB) alignments between NR and NB-IoT. Figure 2 shows an illustrative example in which both subcarrier and RB alignments are achived in NR and NB-IoT coexistence.
Next, we investigate the efficent palcement of the NB-IoT inside NR while consdiering any possible overlap between NB-IoT and NR SSB.
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[bookmark: _Ref528147154]Figure 2: Both subcarrier and RB alignments for NR and NB-IoT coexistence


C. Avoiding overlap between NR-IoT and NR SSB.
In NR, the Synchronization Signal Block (SS block or SSB) consists of synchronization signals (PSS and SSS) and PBCH. Time synchronization and frequency synchronizations are done using PSS and SSS. Also, PBCH carries basic system information such as master information block (MIB) and determines essential parameters for initial access of the cell including the downlink system bandwidth, and the system frame number.
In frequency domain, one SSB block occupies 20 contiguous resource blocks which is equivalent to 240 subcarriers. In time domain, one SSB block spans over 4 OFDM symbols. Among the four symbols, one symbol is for PSS, one symbol is for SSS, and 2 symbols are for PBCH. Figure 3 illustrates the time and frequency structure of the NR SSB block. 
To support initial access and beam management, NR supports SS burst set which consists of multiple SS blocks confined within a 5 ms window. Depending on the system bandwidth, up to 64 SS blocks can be transmitted within a SS burst set.
The possible locations of SSB within an NR carrier can be identified based on the synchronization raster.

[image: ]
[bookmark: _Ref527646860]Figure 3: SSB block structure in NR.

In the following, given the location NR SSB,  we determine the possible positions of an NB-IoT carrier that the NB-IoT resource block does not overlap with the NR SSB. In particular, we use an example to show the possibility of placing an NB-IoT carrier inside the NR while avoiding any overlap between NR SSB and NB-IoT resource block.

According to [2], for below  3 GHz NR frequency bands, the synchronization raster is located on the following frequencies,:


where  is an integer, and .  

Also,  is located on the first subcarrier of the RB number 10 of the SSB block (which corresponds to 11th  RB of the SSB block). 

Therefore, the minimum and maximum frequencies of the SSB (i.e., SSB edges), based on Figure 4, are:




Note that each RB consists of 12 subcarriers which is equivalent to 180 kHz.
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[bookmark: _Ref527988189]Figure 4: Position of SSREF in SSB.

Now, we identify the possible locations of an NB-IoT carrier center such that while ensuing the subcarrier grids alignment between NB-IoT and NR,  the NB-IoT RB do not overlap with NR SSB.

Based on our discussion on the subcarrier grids alignment between NR and NB-IoT, the feasible NB-IoT carrier center is between NR subcarrier indexes k* and k*+1 (relative to the NR raster). To achieve subcarrier grids alignment, k* must be an integer generated by the one of the following terms:
                                                            { , , , or   }		  	                        
where r is an integer.

The frequency of an NB-IoT carrier center, placed in the middle of two NR subcarriers, can be given by:
  [kHz]
where  is an integer, and  is the NR raster frequency (on a 100 kHz raster grid).
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[bookmark: _Ref528140060]Figure 5: Feasible locations of an NB-IoT RB to avoid overlap with NR SSB in coexistence scenario.


As an example, we consider deployment of NR and NB-IoT within band n1 [2110 - 2130 MHz], considering a 20 MHz NR channel bandwidth. In this case, we consider 2130, [MHz]. Thus we have:



Since the SSB is placed within the NR band, the following conditions must be satisfied assuming the 20 MHz NR channel bandwidth:
=
 

One example for the position of SSB that satisfies the above conditions is found by using and . In this example, we have:

, 
, 

For a 180 kHz NB-IoT carrier, the maximum and minimum frequencies of an NB-IoT resource block are, respectively, , and . As shown in Figure 5, to avoid overlap between an NB-IoT RB with the NR SSB, one of the following conditions needs to be satisfied:
      (Case 1)
Or
       (Case 2)

which lead to: 


  (Case 1)


  (Case 2)
Also, from (8) we have:


 For :

Therefore, in the following cases the NB-IoT carrier will not overlap with the NR SSB (in the considered example):
· Case 1:            										  (9)

· Case 2:	    										 (10)

In this example, using (6)-(10), for the following k* values we avoid any overlap between NR SSB and NB-IoT, while guaranteeing subcarrier grids alignments for NR and NB-IoT:
-60   -47   -40   -27   -20    -7     0    13    20    33    40    53    60,…,}.
In addition, we can place the NB-IoT carrier center such that both subcarrier grid and RB alignments are achieved for NR and NB-IoT. For instance, for  , we have both subcarrier grid and RB alignments in NR and NB-IoT coexistence, while avoiding overlap between the NB-IoT and NR SSB.

Observation 1:	It is possible to deploy NB-IoT carrier center inside NR such that NR and NB-IoT subcarrier grids can be aligned. Moreover, resource block alignment can also be achieved between NR and NB-IoT. Hence, in the coexistence scenario, we can avoid inter-subcarrier interference between two systems while occupying a minimum number of NR resources.
Observation 2:	An NB-IoT carrier center can be placed such that any overlapping between NB-IoT carrier and NR SSB is avoided. By efficient deployment of NB-IoT inside an NR carrier, we can ensure subcarrier grids alignment and resource block alignment, and also, avoid overlap between NB-IoT and NR SSB.

Proposal 1:	RAN1 does not further consider overlap between NR SSB and NB-IoT. Overlap can be easily avoided due the flexible location of NR SSB and the narrowband (i.e., one PRB) feature of NB-IoT.

3	Resource efficiency
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 6, 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: _Ref528148506]Figure 6: Reserved resources in NR.

NR reserved resource configuration can be used to support NB-IoT embedding. To this end, a set of NR resources can be reserved for non-dynamically scheduled NB-IoT transmissions. In particular, resources must be reserved for:
· NPSS:
· Is transmitted on the last 11 OFDM symbols of subframe 5, in every frame
· Occupies 11 subcarriers


· NSSS: 
· Is transmitted on the last 11 OFDM symbols of subframe 9, in every two frames
· Occupies 12 subcarriers


· NRS:
· Typically, inserted within the last two OFDM symbol of each slot.
· With two antenna ports, the number of REs in one subframe occupied by the NRS is 16. 

· NPBCH:
· Is transmitted on the last 11 OFDM symbols of subframe 0, in every frame
· Occupies 1 PRB
· PBCH is not transmitted on any resource elements assigned to NRS

· SIB1-NB:
· Transmitted on subframe 4 of every two frames. 
· Spans over 14 OFDM symbols in each 20 ms (i.e., every two frames)
· Occupies 12 subcarriers

In the following, we determine the percentage of NR resources that need to be reserved for NB-IoT in various scenarios. We consider the time-frequency resources over a 20 ms interval, 20 MHz NR bandwidth with 106 RBs, and 15 kHz subcarrier spacing. Moreover. we use the following notations:
: number of NR REs.
: number of REs reserved for NB-IoT.
: percentage of NR resources which is reserved for NB-IoT.
 NR resource efficiency when coexisting with NB-IoT.
: number of REs used for NPSS.
: number of REs used for NSSS.
: number of REs used for NRS.
: number of REs used for NPBCH.
: number of REs used for SIB1-NB.
Clearly, we have:  , and  .

In Table 2 we provide the list of main parameters for NR and NB-IoT coexistence.
[bookmark: _Ref525053464]
[bookmark: _Ref525920395]Table 2: List of parameters.
	NR bandwidth 
	20 MHz

	Nrof NR PRBs
	106

	Time interval
	20 ms (i.e., two frames)

	Subcarrier spacing
	15 kHz

	Number of OFDM symbols for NPSS over 20 ms
	22

	Number of subcarriers for NPSS
	11

	Number of OFDM symbols for NSSS over 20 ms
	22

	Number of subcarriers for NSSS
	12

	Number of OFDM symbols for NRS over 20 ms
	2*40-12 = 68 (one or two NRS ports)

	Number of NRS antenna ports
	2

	Number of subcarriers for NRS (for each OFDM symbol)
	2 per NRS port

	Number of OFDM symbols for NPBCH over 20 ms
	22

	Number of subcarriers for NPBCH
	12

	Number of OFDM symbols for SIB1-NB over 20 ms
	14

	Number of subcarriers for SIB1-NB
	12



	
A. Scenario 1: PRB-level reserved resources
In this case, NR resources are reserved at PRB level using Bitmap 1. In this scenario, we can show that:
(number of RBs)×(number of subcarriers in each RB) ×(number of OFDM symbols) = 106×12×(20×14) = 356160.
Note that, here, each 1 ms subframe includes 14 OFDM symbols.
 1×12×(20×14) = 3360
100 = 0.943
 99.057.

B. Scenario 2: PRB-level + OS-level reserved resources
[bookmark: _Hlk524955210]In this case, NR resources are reserved at PRB level and OFDM symbol (OS) level using Bitmap 1 and Bitmap 2. 
356160
 (number of subcarriers in one RB) ×(number of OFDM symbols in each frame) × (number of frames) 
= 12×11×2 = 264
= 12×11×1 = 132
1×12×14=168

= 1×12×(68 – [symbols used by SIB1]) = 12× [68- (4×1)]= 12×64= 768
= 1×12×[(11×2)-(symbols reserved for NRS)]= 12×[ 22-(2×4)] = 168
 1500
100 = 0.42
99.58

C. Scenario 3: PRB-level + OS-level reserved resources + RE level (if it is extended in Rel-16 for NRS)
[bookmark: _Hlk524955758]In this case, NR resources are reserved at PRB level and OFDM symbol (OS) level using Bitmap 1 and Bitmap 2. Moreover, we assume that NR resources can be reserved at RE-level for NRS.
Note that, in Release 15, RE-level resource reservation is introduced only for CRS. Thus, Release 15 does not support RE-level resource reservation for NRS. 
356160
 (number of subcarriers) ×(number of OFDM symbols in each frame) × (number of frames) 
= 12×11×2 = 264
= 12×11×1 = 132
1×12×14=168
= (number of REs in each RB over 0.5 time slot) × (number of RBs) × (number of slots) - [REs used by NPSS or NSSS or SIB1] = 8×1×40 – [2×8+1×8+1×8]= 288
= 1×12×(11×2)-(REs used by CRS) = 264-(16×2) = 232
 1084
100 = 0.3
99.7

Table 3: Resource utilization in NR and NB-IoT coexistence.
	Scenario
	Resources used for NB-IoT (%)
	Resources available for NR (%)

	PRB-level reserved resources
	0.943
	99.057

	PRB-level + OS-level reserved resources
	0.42
	99.58

	PRB-level + OS-level reserved resources + RE level
	0.3
	99.7



Observation 3:	It is possible to configure NR reserved resources to avoid collision with NB-IoT transmissions.
Observation 4:	By exploiting the concept of NR reserved resources and dynamic scheduling, only 0.3% of NR resources need to be reserved for NB-IoT. This corresponds to a 99.7% resource utilization for NR.
4	Conclusion
In this contribution we have investigated the coexistence between NR and NB-IoT systems. In summary, the following observations can be made.
Observation 1:	It is possible to deploy NB-IoT carrier center inside NR such that NR and NB-IoT subcarrier grids can be aligned. Moreover, resource block alignment can also be achieved between NR and NB-IoT. Hence, in the coexistence scenario, we can avoid inter-subcarrier interference between two systems while occupying a minimum number of NR resources.
Observation 2:	An NB-IoT carrier center can be placed such that any overlapping between NB-IoT carrier and NR SSB is avoided. By efficient deployment of NB-IoT inside an NR carrier, we can ensure subcarrier grids alignment and resource block alignment, and also, avoid overlap between NB-IoT and NR SSB. 
Observation 3:	It is possible to configure NR reserved resources to avoid collision with NB-IoT transmissions.
Observation 4:	By exploiting the concept of NR reserved resources and dynamic scheduling, only 0.3% of NR resources need to be reserved for NB-IoT. This corresponds to a 99.7% resource utilization for NR.

[bookmark: _Hlk528956983]Based on our observations we have the following proposal.
Proposal 1:	RAN1 does not further consider overlap between NR SSB and NB-IoT. Overlap can be easily avoided due the flexible location of NR SSB and the narrowband (i.e., one PRB) feature of NB-IoT.
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