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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 following agreements were made for NB-IoT in RAN1 #95.
	RAN1 continues to study the following techniques for performance improvements of NB-IoT resource allocation until the next meeting:

· Resource reservation at symbol level/slot level/subframe level/subcarrier level
· Whether the resource reservation for NB-IoT is dynamic or semi-static (if supported)
· Whether and how to support NB-IoT transmission in a portion of the subframe
· Impact of resource reservation to legacy UEs
· Whether NB-IoT transmission is postponed or dropped in reserved resources
· Whether resource reservation is used for anchor/non-anchors




In this contribution, we focus on the following aspects in the coexistence of NR with NB-IoT: 1) Performance improvements of NB-IoT resource allocation, and 2) Analyzing the subcarrier alignment between NB-IoT and NR when using different numerologies (e.g., subcarrier spacing).

Performance improvements of NB-IoT resource allocation: 15 kHz NR subcarrier spacing
NR resource reservation for deploying NB-IoT
In NR, the concept of reserved resources was introduced to facilitate forward compatibility and 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 1, 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 1: 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

NR resource utilization: resources available for NR UEs 
Here, 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, and 15 kHz subcarrier spacing. 

In Table 1 we provide the list of main parameters for NR and NB-IoT coexistence.
[bookmark: _Ref525053464]
[bookmark: _Ref525920395]Table 1: List of parameters.
	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



We consider three NR resource reservation scenarios:

· Scenario 1: PRB-level reserved resources:
In this case, NR resources are reserved at PRB level using Bitmap 1 (as supported in Rel-15 NR).

· 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 (as supported in Rel-15 NR). 

· Scenario 3: PRB-level + OS-level reserved resources + RE level (if it is extended in Rel-16 for NRS):
In this case, NR resources are reserved at PRB level and OFDM symbol (OS) level using Bitmap 1 and Bitmap 2 (as supported in Rel-15 NR) and moreover we assume that NR resources can be reserved at RE-level for NRS (not supported in Rel-15 NR).

In Table 2, we summarize the NR resource utilization for various resource reservation scenarios when deploying an NB-IoT carrier. For instance, for 10 MHz NR channel bandwidth with 106 resource blocks, only 0.3% of NR resources needs to be reserved for NB-IoT. This corresponds to 99.7% resource utilization for NR (i.e., 99.7% of resources are available for NR transmissions). As we can see, the NR resource utilization increases by increasing the NR channel bandwidth.

[bookmark: _Ref535322421]Table 2: NR resource utilization (%) in coexistence with NB-IoT.
	NR channel bandwidth
	PRB-level reserved resources
	PRB-level + OS-level reserved resources
	PRB-level + OS-level reserved resources + RE level

	5 MHz (25 RBs)
	96
	98.22
	98.71

	10 MHz (52 RBs)
	98.08
	99.15
	99.38

	15 MHz (79 RBs)
	98.74
	99.44
	99.6

	20 MHz (106 RBs)
	99.06
	99.58
	99.7

	25 MHz (133 RBs)
	99.25
	99.67
	99.76

	30 MHz (160 RBs)
	99.38
	99.72
	99.8

	40 MHz (216 RBs)
	99.54
	99.8
	99.85

	50 MHz (270 RBs)
	99.63
	99.84
	99.88




1. [bookmark: _Toc1170347]It is possible to configure NR reserved resources to avoid collision with NB-IoT transmissions.

1. [bookmark: _Toc1170348]The NR resource utilization in coexistence with NB-IoT increases as the NR system bandwidth increases.

1. [bookmark: _Toc1170349]With Rel-15 PRB-level NR resource reservation, the minimum NB-IoT overhead is already quite small, for example less than 1% for all NR system bandwidth larger than 15 MHz.

1. [bookmark: _Toc1170350]With Rel-15 PRB- and OS-level NR resource reservation, the minimum NB-IoT overhead is even smaller, for example less than 1% for all NR system bandwidth larger than 5 MHz.

1. [bookmark: _Toc1170351]Additional gains from RE-level NR resource reservation are relatively marginal compared to Rel-15 PRB- and OS-level NR resource reservation mechanisms.

Dynamic and semi-static resource reservation for anchor/non-anchor NB-IoT
An NB-IoT system includes one anchor carrier which contains NSSS, NPSS, NPBCH, SIB1-NB and NRS. When NB-IoT operates in a multi-carrier mode, there can also be multiple non-anchor carriers a long with the anchor carrier.
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 such as NSSS, NPSS, NPBCH, SIB1-NB and NRS. For the non-anchor NB-IoT carrier, semi-static NR resource reservation is a reasonable approach. However, when there are multiple non-anchor NB-IoT carriers, semi-static resource reservation may not be efficient. In this case, dynamic resource reservation can be used to improve the NR resource utilization when coexisting with NB-IoT that operates in a multi-carrier mode. Clearly, resource utilization depends also on the number of non-anchor carriers.
While dynamic resource reservation is beneficial in terms of NR resource utilization, it can increase the scheduling complexity. Therefore, adopting dynamic or semi-static resource reservation schemes for anchor and non-anchor NB-IoT carriers should be determined considering resource utilization and scheduling complexity.
[bookmark: _Toc1139862][bookmark: _Toc1139917][bookmark: _Toc1139974][bookmark: _Toc1139863][bookmark: _Toc1139918][bookmark: _Toc1139975][bookmark: _Toc1170352]To properly use dynamic or semi-static resource reservation schemes for anchor and non-anchor NB-IoT carriers, various factors should be considered: resource utilization requirement, number of non-anchor carriers, NR system bandwidth, and scheduling complexity.

1. [bookmark: _Toc1170355]RAN1 to study NR resource utilization when deploying multi-carrier NB-IoT for various NR system bandwidths, and number of non-anchor carriers.

Resource reservation in NB-IoT
The ability to reserve resources in NR as described above is a main enabler for coexistence between NR and NB-IoT. There may, however, be other cases where it would be beneficial if also the NB-IoT system avoids resources that are desired to be used by an NR system. 
[bookmark: _Hlk1041556]One example where it may be beneficial to be able to use NB-IoT and NR in the same PRB is where NR is transmitting the initial CORESET associated with the NR Type0-PDCCH search space, which occurs in a regular pattern depending on the configuration in NR. This initial CORESET can be configured in several ways related to the location and size in terms of number of OFDM symbols and number of PRBs in frequency domain. For example, one configuration extends over one OFDM symbol and 48 PRBs, i.e. essentially the full system bandwidth in a 10 MHz carrier with 15 kHz subcarrier spacing. One way to solve the coexistence is to avoid NB-IoT transmission in all such subframes, for example by declaring them as non-NB-IoT DL subframes. This may, however, restrict the resources available for LTE-M in an undesired way. Similarly, the initial CORESET can be placed in one of the first few symbols and have these reserved for an NB-IoT UE by defining these symbols to correspond to the LTE control region size in an in-band NB-IoT deployment. Again, this may lead to unnecessary unused resources for NB-IoT in some scenarios, for example in subframes where the initial CORESET is not transmitted. 
Another option is to have the eNB transmitting the NB-IoT signal avoid the resource elements overlapping with the transmission pattern of the initial CORESET. It may then be beneficial for a Rel-16 UE to be notified on this pattern in order not to degrade the performance by configuring reserved resources for NR. 
In addition to resource reservations to accommodate the initial CORESET, it may be beneficial to have resource reservations also for other NR resources, for example CSI-RS and TRS. The main benefit would then be to allow a Rel-16 NB-IoT UE to rate match around those resources when scheduled in the same PRBs. Since a legacy NB-IoT UE (Rel-13/14/15) is not aware of these resources, it may not be able to perform such rate matching, and therefore an NB-IoT scheduler may try to avoid this altogether for legacy devices, or at least account for an expected performance loss. 

[image: ]
Figure 2: Example of NR CORESET and LTE control region.

[bookmark: _Toc1170353]It may be beneficial to introduce reserved resources in NB-IoT to enable rate matching around NR resources, such as, for example initial CORESET, CSI-RS and TRS.

1. [bookmark: _Toc1170356]RAN1 to study suitable mechanism for reserving resources in NB-IoT to accommodate at least some of an NR initial CORESET, NR CSI-RS and NR TRS.

Subcarrier orthogonality between NB-IoT and NR: 30 kHz NR subcarrier spacing
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 mini-slot in NR) length can be different between NR and NB-IoT, depending on numerology. Here, we investigate the coexistence of NR and NB-IoT for 30 kHz NR subcarrier spacing. For the 30 kHz NR subcarrier spacing case, orthogonal OFDM symbol duration and subframe duration are shown in Figure 3. In NR, frame, subframe, and slot are, respectively, 10 ms units, 1 ms units, and 14 OFDM symbols. Clearly, slot duration and number of slots in each subframe depends on the subcarrier spacing.

[image: ]
[bookmark: _Ref525727031]Figure 3: Frame structure in NR for 30 kHz subcarrier spacing.
In NB-IoT the subcarrier spacing is 15 kHz. Therefore, we cannot easily maintain full orthogonality between NR and NB-IoT in case of 30 kHz NR subcarrier spacing. Nonetheless, it is possible to significantly reduce interference by maximizing the number of aligned subcarriers between NR and NB-IoT. 
One NB-IoT resource block includes 12 subcarriers which is equivalent to a 180 kHz bandwidth. One NR resource block with 12 subcarriers and 30 kHz subcarrier spacing occupies a 360 kHz bandwidth. In this case, placing NB-IoT RB within an NR RB can enhance the resource efficiency thus reducing overhead in the NB-IoT and NR coexistence.
In Table 3 we list the frequency bands used by both NR and NB-IoT [1,2].  For each band, we show the possible channel bandwidths for 30 kHz subcarrier spacing. As we can see from Table 3, the possible supported NR channel bandwidths for NR and NB-IoT coexistence are: 10, 15, 20, 25, and 30 MHz.

[bookmark: _Ref525729443]Table 3: Frequency bands used by both NR and NB-IoT
	Band
	Uplink (UL)
	Downlink (DL)

	Channel bandwidth for 30 kHz NR subcarrier spacing [MHz]
	Raster step
[kHz]

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

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

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

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

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

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

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

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

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

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

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



Next, we find a condition under which the maximum alignment between NR and NB-IoT DL subcarrier grids is achieved. As shown in Figure 4, the maximum number of NR subcarriers, which can be aligned with NB-IoT subcarriers, is six. 
[image: ]
[bookmark: _Ref527472703]Figure 4: Subcarrier grids for NR and NB-IoT.

Let  and  be subcarrier spacing and symbol duration (excluding the cyclic prefix) of NR. Also,  and  are subcarrier spacing and symbol duration (excluding the cyclic prefix) of NB-IoT. We have:






Now, we explore the orthogonality between NR and NB-IoT subcarriers. Let  be an NB-IoT modulated symbol on subcarrier . The interference from subcarrier n of NB-IoT on subcarrier m of NR is:




To ensure orthogonality and avoid intercarrier interference, we should have: 



Clearly, the above condition can be satisfied when n is even. Therefore, the potential interference from NB-IoT on NR is not completely eliminated when both use the same resources.

Let  be an NR modulated symbol on subcarrier . The interference from subcarrier m of NR on subcarrier n of NB-IoT is:





To ensure orthogonality and avoid intercarrier interference, we should have: 




The above condition can be always satisfied when n and m are integers. As a result, with this subcarrier alignment scheme, the potential interference from NR on NB-IoT is eliminated. Moreover, this approach mitigates interference from NB-IoT on NR by maximizing the number of aligned subcarriers between these two systems.   

1. [bookmark: _Toc1170354]When deploying NB-IoT inside NR with 30-kHz subcarrier spacing, it is possible to avoid interference from an NR BS on NB-IoT UE by intelligent deployment of the NB-IoT carrier. However, guard band will be required around the NB-IoT carrier to mitigate interference from an NB-IoT BS on an NR UE. The guard band can be minimized by placing NB-IoT near the center of an NR RB.

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 configure NR reserved resources to avoid collision with NB-IoT transmissions.
Observation 2	The NR resource utilization in coexistence with NB-IoT increases as the NR system bandwidth increases.
Observation 3	With Rel-15 PRB-level NR resource reservation, the minimum NB-IoT overhead is already quite small, for example less than 1% for all NR system bandwidth larger than 15 MHz.
Observation 4	With Rel-15 PRB- and OS-level NR resource reservation, the minimum NB-IoT overhead is even smaller, for example less than 1% for all NR system bandwidth larger than 5 MHz.
Observation 5	Additional gains from RE-level NR resource reservation are relatively marginal compared to Rel-15 PRB- and OS-level NR resource reservation mechanisms.
Observation 6	To properly use dynamic or semi-static resource reservation schemes for anchor and non-anchor NB-IoT carriers, various factors should be considered: resource utilization requirement, number of non-anchor carriers, NR system bandwidth, and scheduling complexity.
Observation 7	It may be beneficial to introduce reserved resources in NB-IoT to enable rate matching around NR resources, such as, for example initial CORESET, CSI-RS and TRS.
Observation 8	When deploying NB-IoT inside NR with 30-kHz subcarrier spacing, it is possible to avoid interference from an NR BS on NB-IoT UE by intelligent deployment of the NB-IoT carrier. However, guard band will be required around the NB-IoT carrier to mitigate interference from an NB-IoT BS on an NR UE. The guard band can be minimized by placing NB-IoT near the center of an NR RB.

Based on our observations and the discussion in the paper we have the following proposals:
Proposal 1	RAN1 to study NR resource utilization when deploying multi-carrier NB-IoT for various NR system bandwidths, and number of non-anchor carriers.
Proposal 2	RAN1 to study suitable mechanism for reserving resources in NB-IoT to accommodate at least some of an NR initial CORESET, NR CSI-RS and NR TRS.
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