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Introduction
In the “Revised WID: Additional enhancements for NB-IoT” [1] one of the objectives is to specify performance improvement aspects   of the coexistence of NB-IoT with NR.

· Specify NB-IoT resource reservation for at least FDD/TDD NB-IoT non-anchor carriers, at least in DL, to avoid resource overlap between NR and NB-IoT when NB-IoT is deployed within an NR carrier [RAN1, RAN2].

In this contribution, we discuss further aspects of improved NB-IoT resource reservation.
[bookmark: _Hlk4692030]Improved NB-IoT resource reservation
The ability to reserve resources in NR 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. 
NR transmissions for which to reserve NB-IoT resources
An NB-IoT system includes one anchor carrier which contains NSSS, NPSS, NPBCH, SIB1-NB and NRS.  In order to avoid any performance degradation in NB-IoT while coexisting with NR these key signals should be protected. An anchor carrier only occupies one PRB, hence, one NR PRB can be semi-statically reserved for the NB-IoT anchor carrier. In other words, one dedicated PRB within the NR carrier for the NB-IoT anchor carrier. In this case, there will not be any collision between NR transmissions and NB-IoT transmissions on the anchor carrier.
When NB-IoT operates in a multi-carrier mode, there can also be multiple non-anchor carriers a long with the anchor carrier. The possibility of collision between NR and NB-IoT transmissions increases with the number of NB-IoT non-anchor carriers, which are placed inside NR. One way to avoid collision between NB-IoT and essential NR transmissions such as SSB and CORESET is to reserve resources on non-anchor carriers to avoid NB-IoT transmissions. While resource reservation can also be considered in an NB-IoT anchor carrier, it can degrade the performance of NB-IoT due to its impact on key signals such as NPSS a NSSS. Hence, NB-IoT resource reservation on non-anchor carriers is preferred. However, the need for having resource reservation in NB-IoT depends on the NR system bandwidth as well as the number of NB-IoT non-anchor carriers. For low NR system bandwidth (e.g., 5 and 10 MHz), resource reservation in NB-IoT will be necessary for an efficient coexistence between NR and NB-IoT. Meanwhile, for large number of NB-IoT non-anchor carriers, resource reservation in NB-IoT can ensure avoiding collision between NR and NB-IoT transmissions.

[bookmark: _Toc16872143]NB-IoT resource reservation is specified only for non-anchor NB-IoT carriers.

NR CORESET
One example where it may be beneficial to be able to use NB-IoT and NR in the same RB 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.
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 NB-IoT in an undesired way.
[bookmark: _Hlk1041556]Alternatively, 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 NB-IoT UE to be notified of this pattern in order not to degrade the performance by configuring reserved resources for NR. 

[image: ]
Figure 1: Example of NR CORESET and LTE control region.

NR SSB
Moreover, in NR, the Synchronization Signal Block (SS block or SSB) which consists of synchronization signals (PSS and SSS) and PBCH should be protected. 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 2 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 and deployed frequency band, up to 64 SS blocks can be transmitted within a SS burst set. During initial cell selection process, the default periodicity for SSB is 20 ms.

[image: ]
[bookmark: _Ref527646860]Figure 2: SS block structure in NR.


[bookmark: _Hlk11672063]NR PDSCH DMRS
In NR, Demodulation Reference Signals (DMRS) for PDSCH are used for channel estimation and coherent demodulation at UE. PDSCH DMRS are transmitted only in the resource blocks which are used for PDSCH. NR has various DMRS configurations with different time-frequency patterns. Figure 3 shows an example of DMRS time-frequency positions. DMRS occupies only few symbols of a subframe.

[image: ]
[bookmark: _Ref11831376]Figure 3: An example of PDSCH DMRS time-frequency positions.

Granularity for NB-IoT resource reservation in NR with 15 kHz SCS
Resource reservation in NB-IoT could potentially be specified on subframe level, slot level, or symbol level. Subframe-level resource reservation is already possible in NB-IoT using the concept of invalid subframe. Having a finer resource reservation (e.g., slot-level or symbol-level) can have two advantages: 1) it improves the resource utilization in NR and NB-IoT coexistence, and 2) it facilitates the coexistence of NR URLLC services with NB-IoT. Nevertheless, introducing slot-level and symbol-level reservation require changes in the NB-IoT system and increase the complexity.
Here, we determine the potential performance improvement of NB-IoT when resource reservation is done with a granularity smaller than the subframe-level. Our analysis is based the following considerations:
· We focus on CORESET#0 that corresponds to the CORESET configured in MIB. Time domain periodicity:  every NR slot. 

· For 15 kHz SCS, one NR slot is equivalent to one NB-IoT subframe (i.e., two NB-IoT slots).

· For performance evaluation, we consider the following common CORESET configurations [2] in Table 1.

· Case A SSB pattern: 4 SSBs within 5 ms with 20 ms periodicity. 

· 10 MHz NR system bandwidth, and NB-IoT with one anchor PRB and 5 non-anchor PRBs (total 6 PRBs).

· We determine the number of time-frequency resources (i.e., REs) available for NB-IoT in each 20 ms period. 

· We find the NB-IoT performance improvement in terms of throughput (number of REs) by adopting slot-level and symbol-level resource reservation, compared to the subframe-frame level NB-IoT resource reservation.

[bookmark: _Ref7197413]Table 1: Set of resource blocks and slot symbols of CORESET for Type0-PDCCH search space set when {SS/PBCH block, PDCCH} SCS is {15, 15} kHz for frequency bands with minimum channel bandwidth 5 MHz or 10 MHz [2].
	Index
	
Number of RBs 
	
Number of Symbols  

	0
	24 
	2 

	1
	24 
	2 

	2
	24 
	2 

	3
	24 
	3 

	4
	24 
	3 

	5
	24 
	3 




Note that depending on the location of NB-IoT, there might be overlap between NB-IoT and NR CORESET PRBs in frequency domain. Let N be the number of NB-IoT PRBs that overlap with NR CORESET. Clearly, N can be any integer from 0 (no overlap in frequency domain) to 6 (full overlap).

· Case 1: Subframe-level resource reservation in NB-IoT
· Number of REs available for NB-IoT in each 20ms = (6-N)*12*14*20

· Case 2: Slot-level resource reservation in NB-IoT
· Number of REs available for NB-IoT in each 20ms = [(6-N)*12*14*20]+[ 12* N*7*20]

· Case 3: Symbol-level resource reservation in NB-IoT
· Number of REs available for NB-IoT in each 20ms = [(6-N)*12*14*20]+[12*N*(14*20-4*4-p*20)] , where p is the number of CORESET symbols in each NR slot.

Table 2: Performance improvement compared to subframe-level (CORESET index 0-2).
	Number of NB-IoT PRBs overlapping with NR CORESET/SSB
	Improvement using slot-level (instead of subframe-level) resource reservation
	Improvement using symbol-level (instead of subframe-level) resource reservation

	0
	0%
	0%

	1
	10%
	16%

	2
	25%
	40%

	3
	50%
	80%

	4
	100%
	160%

	5
	250%
	400%

	6
	Not possible to deploy NB-IoT using subframe-level, but possible with slot-level
	Not possible to deploy NB-IoT using subframe-level, but possible with symbol-level



Table 3:  Performance improvement compared to subframe-level (CORESET index 3-5).
	Number of NB-IoT PRBs overlapping with NR CORESET/SSB
	Improvement using slot-level (instead of subframe-level) resource reservation
	Improvement using symbol-level (instead of subframe-level) resource reservation

	0
	0%
	0%

	1
	10%
	14%

	2
	25%
	36%

	3
	50%
	72%

	4
	100%
	145%

	5
	250%
	364%

	6
	Not possible to deploy NB-IoT using subframe-level, but possible with slot-level
	Not possible to deploy NB-IoT using subframe-level, but possible with symbol-level




Observation 1 [bookmark: _Hlk6757427][bookmark: _Toc6772048][bookmark: _Toc16872133]For improved coexistence with NR with 15 kHz SCS, the performance improvement of NB-IoT by adopting slot-level or symbol-level (instead of subframe-level) resource reservation depends on the CORESET and SSB configurations, number of non-anchor carriers, and the position of NB-IoT anchor and non-anchor carriers inside NR.
[bookmark: _Toc6772061][bookmark: _Toc13562348][bookmark: _Toc13565716][bookmark: _Toc16603920][bookmark: _Toc16872144][bookmark: _Toc16785387][bookmark: _Toc16785993][bookmark: _Toc7430135][bookmark: _Toc16785388][bookmark: _Toc16785994][bookmark: _Toc16786482][bookmark: _Toc16786548][bookmark: _Toc16786599][bookmark: _Toc16786651][bookmark: _Toc16786688][bookmark: _Toc16786730][bookmark: _Toc16786751][bookmark: _Toc16786772][bookmark: _Toc16787585][bookmark: _Toc16785389][bookmark: _Toc16785995][bookmark: _Toc16786483][bookmark: _Toc16786549][bookmark: _Toc16786600][bookmark: _Toc16786652][bookmark: _Toc16786689][bookmark: _Toc16786731][bookmark: _Toc16786752][bookmark: _Toc16786773][bookmark: _Toc16787586][bookmark: _Toc11835003]For improved coexistence with NR with 15 kHz SCS, specifically considering the time domain patterns of NR CORESET, SSB, and PDSCH DMRS, which are present within few symbols of a subframe, introduce symbol-level NB-IoT resource reservation to improve the NR/NB-IoT coexistence.

Uplink scenario
In the coexistence scenario, NR uplink signals/channels (e.g. PRACH and SRS) can be protected by proper scheduling.  Let’s consider PRACH which is used to carry random access preamble from UE to gNB to allow uplink timing synchronization between UE and gNB. For the random access preamble, NR supports two different sequence lengths with various formats.  The time-frequency structure of PRACH depends on the length of sequence as well as the format configuration. For long preamble (suitable for large cells), PRACH can occupy 6 or 24 RBs, depending on the subcarrier spacing. For short preamble (suitable for normal/small cells), PRACH spans over 12 RBs. 
Depending on NR and NB-IoT system bandwidths, overlap between NB-IoT and NR PRACH in UL can be avoided in frequency domain. For example, in coexistence of 10 MHz NR (with 52 RBs) and NB-IoT (with few anchor and non-anchor RBs), collision between UL NB-IoT and NR PRACH can be prevented by allocating different RBs. 
Moreover, invalid UL NB-IoT subframe configuration in TDD can be used to protect NR signals. In FDD, however, currently there is no UL invalid subframe configuration.  Having UL FDD valid/invalid subframe configuration can be beneficial for protecting NR signals, especially when deploying multi-carrier NB-IoT in small NR system bandwidths (e.g., 5 MHz). In fact, having valid/invalid subframe feature for NB-IoT in both UL and DL FDD provides flexibility in deploying NB-IoT inside an NR carrier.

Observation 2 [bookmark: _Toc6912869][bookmark: _Toc7793611][bookmark: _Toc16872134]Collision between NR and NB-IoT uplink transmissions can be avoided in frequency and/or time domain by the scheduler.  
Observation 3 [bookmark: _Toc16872135]In TDD, invalid UL NB-IoT subframe configuration can also be exploited to avoid collision between NR and NB-IoT.
[bookmark: _Toc6912881][bookmark: _Toc7793617][bookmark: _Toc16872145]Introduce UL valid/invalid subframe configuration can be introduced for NB-IoT FDD to increase the coexistence flexibility.

Granularity for NB-IoT resource reservation in NR with SCS higher than 15 kHz 
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. In NR, frame, subframe, and slot are, respectively, 10 ms units, 1 ms units, and 14 OFDM symbols. Clearly, the NR symbol duration decreases by increasing the SCS. 

[image: ]
Figure 4: Time-frequency domain of NR (30 kHz SCS) and NB-IoT (15 kHz).

One of the key benefits of higher SCS is that transmission latency decreases by decreasing the symbol duration. Therefore, higher SCS is useful for supporting NR URLLC services. In this regard, it is important to ensure efficient coexistence between NR and NB-IoT. To this end, NB-IoT resource reservation can be considered to avoid collision between NB-IoT and NR transmissions. 

From NR perspective
Clearly, the performance of NR services can be maintained if collision between NB-IoT and NR transmissions is prevented. This can be done by reserving NB-IoT resources for NR transmissions. Since by increasing the NR SCS the NR transmissions occur within a shorter duration, collision between NR and NB-IoT can be avoided without reducing the time duration of reserved NB-IoT resources. Hence, from NR point of view, there is no need to scale down the granularity of NB-IoT resource reservation when increasing the NR SCS (as shown in Figure 5). 
[image: ]
[bookmark: _Ref16603965]Figure 5: NB-IoT resource reservation in 15 and 30 kHz NR SCS cases.

From NB-IoT perspective
For NB-IoT, scaling the resource reservation granularity is beneficial in terms of resource utilization. By increasing the NR SCS NR transmissions occur within a shorter duration and, hence, NB-IoT resources need to be reserved for a shorter time. Therefore, as we can see from Figure 6, more resources will be available for NB-IoT transmissions. 

[image: ]
[bookmark: _Ref16603979]Figure 6: NB-IoT resource reservation in 15 and 30 kHz NR SCS cases.


Observation 4 [bookmark: _Toc16872136]For improved coexistence with NR with SCS higher than 15 kHz, the performance of NR services (e.g., URLLC) in higher NR SCS cases can be maintained while using the same granularity of NB-IoT resource reservation used for the 15 kHz NR SCS case. 
Observation 5 [bookmark: _Toc16872137]For improved coexistence with NR with SCS higher than 15 kHz, from NR perspective, the granularity of NB-IoT resource reservation does not need to be decreased when increasing the NR SCS.  
Observation 6 [bookmark: _Toc16872138]For improved coexistence with NR with SCS higher than 15 kHz, from NB-IoT perspective, for a higher NR SCS, a smaller granularity of NB-IoT resource reservation will be beneficial in terms of resource utilization. 
[bookmark: _Toc16872146]For improved coexistence with NR with SCS higher than 15 kHz, to improve the coexistence of NR and NB-IoT for various NR SCSs, introduce symbol-level NB-IoT resource reservation to improve the NR/NB-IoT coexistence

NB-IoT resource reservation using bitmaps
A flexible way to indicate reserved resources in NB-IoT is to use a set of bitmaps. In particular, a bitmap with a specific length can point out to time-domain resources (symbols, slots, or subframes) which should not be used by NB-IoT UEs (an illustrative example is shown in Figure 7). In the current NB-IoT system the bitmap length is 10 or 40 bits for indicating valid/invalid subframes within one or four frames. In order to support slot-level resource reservation with the same time span (on one-level bitmap), an optional bitmap parameter of length 20 or 80 bits can be introduced. To support symbol-level resource reservation with full granularity on one-level bitmap, the bitmap length would need to be 140 or 560. Clearly, the bitmap length increases by decreasing the granularity of resource reservation. In Figure 7, we show the bitmap length needed for various granularities of NB-IoT resource reservation.

[image: ]
[bookmark: _Ref11759651]Figure 7: NB-IoT resource reservation using bitmap (an illustrative example).

Table 4: Bitmap length for various granularities of NB-IoT resource reservation (one-level bitmap case).
	Granularity of resource reservation
	Bitmap length

	One OFDM symbol
	140 (within one frame), or 560 (within four frames)

	Two OFDM symbols
	70 (within one frame), or 280 (within four frames)

	Seven OFDM symbol (slot-level)
	20 (within one frame), or 80 (within four frames)

	Subframe-level (14 OFDM symbols)
	10 (within one frame), or 40 (within four frames)



It is also possible to have a two-level bitmap (bitmap 1 and bitmap 2) in which the first bitmap indicates the subframes and the second bitmap shows the reserved symbols within those subframes identified by the first bitmap.

Table 5: Bitmap length for various granularities of NB-IoT resource reservation (two-level bitmap case).
	Granularity of resource reservation
	Bitmap 1 length
	Bitmap 2 length

	One OFDM symbol
	10 (within one frame), or 40 (within four frames)
	14

	Two OFDM symbols
	10 (within one frame), or 40 (within four frames)
	7

	Seven OFDM symbol (slot-level)
	10 (within one frame), or 40 (within four frames)
	2

	Subframe-level (14 OFDM symbols)
	10 (within one frame), or 40 (within four frames)
	No need for bitmap 2




Observation 7 [bookmark: _Toc16872139]One way to indicate NB-IoT resource reservation is via bitmap which is already used for invalid/valid subframes.
Observation 8 [bookmark: _Toc11834990][bookmark: _Toc16872140]The bitmap length for reserving NB-IoT time-domain resources depends on the granularity of resource reservation as well as the number of subframes (e.g., one or four) in which the resources are reserved.
Observation 9 [bookmark: _Toc11834991][bookmark: _Toc16872141]To support granularity of one OFDM symbol within one subframe a bitmap parameter of length 140 bits will be required (for one-level bitmap). To slot-level resource reservation within one subframe, the bitmap length should be 20 bits.
Observation 10 [bookmark: _Toc16872142][bookmark: _GoBack]A two-level bitmap scheme can be considered for reserving NB-IoT resources.
[bookmark: _Toc16786735][bookmark: _Toc16786756][bookmark: _Toc16786777][bookmark: _Toc16787590][bookmark: _Toc16786736][bookmark: _Toc16786757][bookmark: _Toc16786778][bookmark: _Toc16787591][bookmark: _Toc11835004][bookmark: _Toc16872147]If bitmap-based mechanism is used, determine the granularity of NB-IoT resource reservation based on the maximum allowable bitmap length in NB-IoT.

Dropping or postponing NB-IoT transmission in reserved resources
NB-IoT transmissions in reserved resources for NR can be either dropped or postponed. While postponing the NB-IoT transmissions can lead to a higher detection performance compared to the dropping operation, it increases scheduling complexity. Particularly, the postpone operation becomes more complicated if symbol-level resource reservation is supported in NB-IoT.  Since in time domain only few symbols need to be reserved for NR CORESET (depending on the configuration) and SSB (4 symbols in 20ms), the detection performance will not be significantly degraded when dropping operation is used.
Therefore, given its low implementation complexity and low impact on the detection performance, the dropping operation can be considered for NB-IoT transmissions in reserved resources (It can be noted that the same approach can potentially be considered for legacy NB-IoT devices as a crude way for eNB/gNB to tackle potential collisions between NB-IoT and NR transmissions.). Also, to avoid implementation complexity and potential backward compatibly issue rate matching may not be considered. 
[bookmark: _Toc7430143][bookmark: _Toc16872148]NB-IoT transmissions in the new finer-granularity reserved resources are dropped (i.e., not postponed) without rate matching.

Conclusions
In this contribution we have investigated the coexistence between NR and NB-IoT systems. In summary, the following observations can be made:

Observation 1	For improved coexistence with NR with 15 kHz SCS, the performance improvement of NB-IoT by adopting slot-level or symbol-level (instead of subframe-level) resource reservation depends on the CORESET and SSB configurations, number of non-anchor carriers, and the position of NB-IoT anchor and non-anchor carriers inside NR.
Observation 2	Collision between NR and NB-IoT uplink transmissions can be avoided in frequency and/or time domain by the scheduler.
Observation 3	In TDD, invalid UL NB-IoT subframe configuration can also be exploited to avoid collision between NR and NB-IoT.
Observation 4	For improved coexistence with NR with SCS higher than 15 kHz, the performance of NR services (e.g., URLLC) in higher NR SCS cases can be maintained while using the same granularity of NB-IoT resource reservation used for the 15 kHz NR SCS case.
Observation 5	For improved coexistence with NR with SCS higher than 15 kHz, from NR perspective, the granularity of NB-IoT resource reservation does not need to be decreased when increasing the NR SCS.
Observation 6	For improved coexistence with NR with SCS higher than 15 kHz, from NB-IoT perspective, for a higher NR SCS, a smaller granularity of NB-IoT resource reservation will be beneficial in terms of resource utilization.
Observation 7	One way to indicate NB-IoT resource reservation is via bitmap which is already used for invalid/valid subframes.
Observation 8	The bitmap length for reserving NB-IoT time-domain resources depends on the granularity of resource reservation as well as the number of subframes (e.g., one or four) in which the resources are reserved.
Observation 9	To support granularity of one OFDM symbol within one subframe a bitmap parameter of length 140 bits will be required (for one-level bitmap). To slot-level resource reservation within one subframe, the bitmap length should be 20 bits.
Observation 10	A two-level bitmap scheme can be considered for reserving NB-IoT resources.

Based on our observations and the discussion in the paper we have the following proposals:

Proposal 1	NB-IoT resource reservation is specified only for non-anchor NB-IoT carriers.
Proposal 2	For improved coexistence with NR with 15 kHz SCS, specifically considering the time domain patterns of NR CORESET, SSB, and PDSCH DMRS, which are present within few symbols of a subframe, introduce symbol-level NB-IoT resource reservation to improve the NR/NB-IoT coexistence.
Proposal 3	Introduce UL valid/invalid subframe configuration can be introduced for NB-IoT FDD to increase the coexistence flexibility.
Proposal 4	For improved coexistence with NR with SCS higher than 15 kHz, to improve the coexistence of NR and NB-IoT for various NR SCSs, introduce symbol-level NB-IoT resource reservation to improve the NR/NB-IoT coexistence
Proposal 5	If bitmap-based mechanism is used, determine the granularity of NB-IoT resource reservation based on the maximum allowable bitmap length in NB-IoT.
Proposal 6	NB-IoT transmissions in the new finer-granularity reserved resources are dropped (i.e., not postponed) without rate matching.
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