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1. Introduction
In RAN1#84bis, it was agreed that for NR, multiple OFDM numerologies can be used in the same frequency band [1]. An OFDM numerology may include aspects like:
· Subcarrier spacing
· OFDM symbol duration(s)
· Cyclic prefix (CP) duration(s)
· The number of symbols per subframe
· Combinations of sampling rate and DFT size
Different numerologies are required in NR due the diverse requirements [2]. For example, low-latency applications may require a shorter OFDM symbol duration and/or fewer symbols per subframe than an MTC application. Furthermore, different deployment scenarios and carrier frequencies may require different numerologies. For example, deployment scenarios with large channel delay spreads require a longer CP duration than scenarios with short delay spreads.
In order to support multiplexing of different services with diverse requirements in the same frequency band, it is necessary to support the multiplexing of different numerologies in the same frequency band. In our companion contribution [3], we propose that the study should consider both time- and frequency-multiplexing of different numerologies on the same carrier. In this contribution, we focus on the frequency multiplexing of different numerologies in the same frequency band.
2. [bookmark: _Ref450154210]Guard-bands Between Numerologies
If multiple OFDM numerologies are frequency multiplexed in the same band, the orthogonality of OFDM is typically lost. Instead, inter-numerology interference (INI) is introduced, even if there are no time/frequency errors or interference between consecutive symbols. INI is different from traditional intra-band cross-carrier interference in that the different numerologies are dynamically or semi-statically frequency multiplexed in the same carrier.
For simplicity, we assume that a numerology is used in a sub-band whereas another numerology is used in an adjacent sub-band, possibly with a guard band between. However, it should not be excluded that different numerologies could be simultaneously used in the same sub-band in some cases, for instance if sufficient interference suppression is obtained by multiple antenna techniques. 
The proper size of a guard band between two adjacent numerologies depends on various factors, such as
· The numerology parameters.
· The received power difference between the numerologies
· The bandwidths used by the numerologies
· The time/frequency errors between numerologies
· The waveform and filtering used
· The performance requirements
Several of the factors above are related to the dynamic/semi-static MAC scheduling and/or the semi-static RRC. Hence, it makes sense to let the MAC scheduler and/or RRC be in control of the management of guard-bands between numerologies. 
3. Frequency Grids of Different Numerologies
Nominally, the subcarriers in baseband of a numerology are located on a ∆f1*m grid, where ∆f1 is the subcarrier spacing and m is an integer. Another numerology, with different subcarrier spacing ∆f2, has subcarriers on the grid ∆f2*m. Depending on the subcarrier spacings ∆f1 and ∆f2, the center frequencies of subcarriers may coincide more or less often. For instance, if ∆f2 = 4*∆f1, then every fourth subcarrier of the 1st numerology will coincide with a subcarrier of the 2nd numerology. However, if for instance ∆f1 =15 kHz and ∆f2=17.07 kHz, then only every 256th subcarrier of the 1st numerology will coincide with a subcarrier of the 2nd numerology.
4. [bookmark: _Ref450591606]Resource Allocation for Multiple Numerologies With RB-width Scaling with M
The resource allocation framework based on resource blocks (RBs) provides an efficient way to communicate resource allocations. Therefore, we assume that some sort of RB concept will be needed for NR. However, the definition of an RB is traditionally tightly connected to the numerology. Hence, when multiple different numerologies are scheduled, the concept of RBs needs to be revisited. Please note that only the frequency domain aspect of RBs is considered here.
For example, consider the simultaneous scheduling of three numerologies where ∆f2 = 2*∆f1 and ∆f4 = 4*∆f1. Assuming that an RB has a certain number of subcarriers  (e.g. 12 as in LTE), the RBs of the scaled numerologies (M=2 and M=4) would be twice and four times as wide as an RB of the first numerology, respectively, i.e. fRB_4=2*fRB_2=4*fRB_1. This is illustrated in Figure 1 where the three numerologies are time and frequency multiplexed. Since also the symbol duration is scaled with M, the RB duration in time is scaled with a factor 2 and 4 for M=2 and M=4, respectively. Note that guard subcarriers are typically needed regardless if all numerologies are of the same family, i.e. related through scaling, due to INI. Also note that NR subframes and subframe aggregation in time is not considered in this contribution, instead please see [3] for more discussions on the number of symbols per subframe. The subframes in the following figures and examples are 8 symbols long. This is just an example for illustration. 

[bookmark: _Ref450574589]Figure 1 – Three numerologies in the same family (scaling M=1, M=2 and M=4) are time and frequency multiplexed. Scaling with M results in M times shorter (in time) and M times wider (in frequency) RBs. A guard-band between adjacent numerologies is typically needed, due to INI. 
Assuming an RB structure as in LTE, the carrier bandwidth is divided into NRB_M RBs. Following the principle illustrated in Figure 1, there are NRB_1 RBs for scheduling numerology M=1, NRB_2 RBs for scheduling numerology M=2 and NRB_4 RBs for scheduling numerology M=4, with NRB_1 =2* NRB_2 = 4* NRB_4. Since there are fewer RBs for higher M, the scheduling granularity is coarser for higher M (wider RBs) than for lower M (narrower RBs). This is illustrated in Figure 2, where NRB_1=2* NRB_2=4* NRB_4.

[bookmark: _Ref450577914]Figure 2 – Scheduling granularity for numerologies in the same family, with scaling M=1, M=2 and M=4. Each dotted box indicates an RB for (a) M=1, (b) M=2 and (c) M=4.
The reduced scheduling granularity (in the frequency domain) for higher M may result in inefficient and inflexible resource allocation. This is illustrated in Figure 3. 

[bookmark: _Ref450587825]Figure 3 – Example resource allocation when numerologies M=1 (red) and M=4 (blue) are mixed (no M=4 (blue) RBs allocated!). Since M=1 (red) is allocated in a distributed fashion with every 4th RB occupied, no RB for M=4 (blue) is available for scheduling, unfortunately. As a result, a lot of spectrum is left unused. Note that one RB for M=4 spans four RBs for M=1.
5. RB-width Configuration for Resource Allocation for Multiple Numerologies 
Instead of scaling the RB-width with M, we propose a more flexible approach with a configurable numerology-specific RB definition. The RB-width (Hz) for a numerology M is semi-statically configured as:
·  
where
·  is the nominal RB-width (Hz) for numerology with scaling M, such as in section 4, with  being a nominal number of subcarriers per RB, for instance 12,
· K and L are configurable positive integers.
It is assumed that from the RB-width, also the frequency ranges of different RBs can be derived. 
[bookmark: _Ref450692872]Proposal 1 – The RB-width (Hz) for a numerology can be semi-statically configured with a factor K/L, with K and L positive integers, that is multiplied to the nominal RB-width (Hz).
Returning to the example of Figure 3, assume that the RB-width for numerology M=4 is configured with K/L=1/4. This would mean that each RB for M=4 would span  subcarriers. Figure 4 illustrates an example resource allocation, where a lot of resources can be allocated to the M=4 numerology, due to the increased scheduling granularity with K/L=1/4. A drawback of increased scheduling granularity (K/L<1) is increased control overhead.

[bookmark: _Ref450593189]Figure 4 - Example resource allocation when numerologies M=1 (red) and M=4 (blue) are mixed. The RB-width for M=4 is configured with K/L=1/4, which results in equal RB-width for the M=1 and M=4 numerologies. As a result, all spectrum can be used.
In another example, the RB-width for numerology M=1 instead is configured with K/L=4. This would mean that each RB for M=1 would span  subcarriers. This is similar to resource block grouping (RBG) in LTE. Figure 5 illustrates an example resource allocation. A benefit of reduced scheduling granularity (K/L>1) is reduced control overhead.

[bookmark: _Ref450593666]Figure 5 - Example resource allocation when numerologies M=1 (red) and M=4 (blue) are mixed. The RB-width for M=1 is configured with K/L=4, which results in equal RB-width for the M=1 and M=4 numerologies.
Note that in general it should not be required that K/L is selected so that the resulting RB size corresponds to a numerology that is actually used. The users of a numerology do not need to know which other numerologies that are in use.
For various combinations of K/L and a contiguous block of allocated RBs (being defined using the reconfigured RB-width), the resulting edge subcarriers may be cut in a fraction of a subcarrier. How to handle such edge truncation needs to be defined. For instance, any fractions of subcarriers at the edges of a contiguous block of RB could be left unused. This is illustrated in Figure 6. Since anyway additional guard subcarriers are likely to be needed between numerologies, the loss from such truncation seems relatively minor. 

[bookmark: _Ref450595616]Figure 6 – With some combinations of K/L and allocated RBs (allocated RBs defined using the configured RB-width), the edges of the allocated band have fractions of a subcarrier. These may be truncated and included in the guard-band.
For example, consider a numerology with subcarrier spacing ∆f=17.07 kHz configured with K/L=225/256. With this configuration, the configured RBs would match the LTE RBs, which are 180 kHz wide (assuming =12). However, a block of allocated LTE RBs would typically have fractions of 17.07 kHz subcarriers at the edges, which would be truncated away. Again note that such a removed fraction of a subcarrier would add to the guard-band to the adjacent numerology. Even so, such a configuration would enable dynamic scheduling of a numerology like ∆f=17.07 kHz into an LTE carrier with 180 kHz RBs. 
[bookmark: _Ref450692883]Observation 1 – The 17.07 kHz numerology can employ LTE RB (180 kHz) based resource allocation, with K/L = 225/256.
As a concrete example, consider Figure 7, where the ∆f=17.07 kHz numerology has been configured with K/L=225/256. In one subframe, the LTE RBs 1 to 3 are dynamically allocated to the ∆f=17.07 kHz numerology. This would correspond to subcarriers 12 to 42, depending on the truncation and guard subcarrier configuration. 

[bookmark: _Ref450691795]Figure 7 – Illustration of the numerology with ∆f=17.07 kHz frequency multiplexed into the LTE RB grid. The LTE subcarriers are on the m*15 kHz grid, whereas the Alt 3 subcarriers are on the m*17.07 kHz grid, with m an integer. Truncation and guard subcarrier are only needed at the edges of the allocated band.
It is important to note that guard-bands between numerologies due to INI are required even if other numerologies in the 15 kHz family, such as 30 or 60 kHz are multiplexed into an LTE carrier with 15 kHz subcarrier spacing. 
The RB-width configuration with K/L may be useful also for other purposes than the resource allocation of multiple numerologies. Even if a single numerology is used on a carrier, it may be suitable to redefine the RB size, for instance if the carrier bandwidth is not divisible by the nominal RB-width of the numerology. In general, by configuring the RB-width used in the resource allocation, it is possible to trade off the control overhead with resource allocation flexibility. For example, by converting the RB-width to the whole carrier bandwidth (K/L = NRB_M), the scheduling is transformed into TDMA with lower control overhead. On the other extreme, RB-width equal to a subcarrier can be configured (K/L = 1/). It is also important to note that if subframe aggregation is used in the time-domain, then correspondingly increased resource allocation granularity in the frequency domain does not increase the overall overhead, since the resource allocation is sent less often.
[bookmark: _Ref450692892]Observation 2 – RB-width configuration can be used to adapt RB-width to carrier bandwidth.
[bookmark: _Ref450833060]Observation 3 – RB-width configuration can be used to adapt resource allocation control overhead.
6. Discussion on Co-existence with LTE and NB-IoT
Following the proposed approach with RB-width configuration, it is possible to allocate LTE RBs to many different numerologies, including such with subcarrier spacing 17.07 kHz or 17.5 kHz. This makes it possible to dynamically schedule such numerologies into an LTE carrier. A guard-band is typically required, except if only the 15 kHz numerology with the same CP duration as the LTE RB (NCP or ECP) is used for NR. Note that a guard-band is needed in the following cases:
· 15 kHz LTE/NB-IoT RBs (NCP) and adjacent 15 kHz NR RBs (ECP)
· 15 kHz LTE/NB-IoT RBs (NCP) and adjacent 30 kHz NR RBs (NCP)
· 15 kHz LTE/NB-IoT RBs (ECP) and adjacent 15 kHz NR RBs (NCP)
· 15 kHz LTE/NB-IoT RBs (ECP) and adjacent 30 kHz NR RBs (ECP)
· 3.75 kHz NB-IoT RBs (NCP) and adjacent 15 kHz NR RBs (NCP)
Even if the NR RBs next to the LTE RBs use 15 kHz and the same CP so that a guard-band is not needed, a guard-band is still needed if any other NR numerology (e.g. 30 kHz) is used next to the 15 kHz NR RBs. This is illustrated in Figure 8. In order to avoid non-15 kHz NR numerologies next to the 15 kHz LTE RB, scheduling restrictions may need to be imposed, which may deteriorate performance. For example, bandwidth limitations to URLLC using higher scaling (M=2 or M=4) may impact latency performance.

[bookmark: _Ref450598416]Figure 8 – Illustration of co-existence with an LTE RB, for instance NB-IoT. The guard-band to the LTE-RB can be avoided only if the adjacent NR RB always uses 15 kHz, as in (a). However, such scheduling restrictions may have a negative impact on NR performance. By using a guard-band between the LTE RB and the NR RBs, as in (b), unrestricted scheduling of differently scaled NR numerologies is possible.
[bookmark: _Ref450692902]Observation 4 – Even with an NR numerology based on 15 kHz subcarrier spacing, there are many important cases where a guard-band between NR and LTE/NB-IoT is still needed, such as scaled numerologies.
7. Discussion on Forward Compatibility 
Flexible frequency-domain multiplexing of different numerologies is also important for forward compatibility. With the proposed approach with RB-width configuration, initial NR numerologies can be frequency multiplexed with future numerologies, with new and unforeseen RB definitions. Forward compatibility aspects of numerology and frame structure is discussed in more detail in [4].
8. Conclusions
· Proposal 1 – The RB-width (Hz) for a numerology can be semi-statically configured with a factor K/L, with K and L positive integers, that is multiplied to the nominal RB-width (Hz).
· Observation 1 – The 17.07 kHz numerology can employ LTE RB (180 kHz) based resource allocation, with K/L = 225/256.
· Observation 2 – RB-width configuration can be used to adapt RB-width to carrier bandwidth.
· Observation 3 – RB-width configuration can be used to adapt resource allocation control overhead.
· Observation 4 – Even with an NR numerology based on 15 kHz subcarrier spacing, there are many important cases where a guard-band between NR and LTE/NB-IoT is still needed, such as scaled numerologies.
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