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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
In this contribution a solution is proposed how numerologies with different sub-carrier spacing can be multiplexed in the frequency domain. The concept is first presented for numerologies that are generated by scaling of a common basic sub-carrier spacing (i.e. only f1 is used – as decided for the current working assumption). Then, for the purpose of forward compatibility, it is investigated how this mechanism can be extended to arbitrary basic sub-carrier spacing (e.g. f1 and f2 can be used as basic sub-carrier spacing) 
2. [bookmark: _Ref450154210]Guard-bands Between Numerologies
If multiple OFDM numerologies are frequency multiplexed in the same band, the orthogonality of OFDM is lost. This is the case no matter if the numerologies are derived through scaling from the same basic sub-carrier spacing (e.g. 15kHz ,30kHz, 60kHz) or from different basic sub-carrier spacing. Please also note that even if the same sub-carrier spacing is used but different symbols lengths are employed, the orthogonality is lost and inter-numerology interference (INI) is introduced. The INI between numerologies will always be introduced, even if there is no time/frequency error or interference between consecutive symbols.
Therefore, when two numerologies are used in adjacent sub-bands, a guard band between them is generally needed. 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, windowing, pulse shaping and filtering 
· 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.
Observation 1:
· The size of a required guard band is not static, but depends on parameters that are selected by the scheduler (e.g. the MCS)
Proposal 1:
· The MAC scheduler and/or RRC shall be in control of the management of guard bands between numerologies.
3. Frequency Grids of Different Numerologies
Assume that the sub-carriers spacing for differently scaled numerologies are generated according to:

   (1)
This scenario has also already been discussed in R1-164623 by Ericsson. The sub-carrier spacing of the scaled numerology is an integer multiple of the basic sub-carrier spacing. Thus, the frequency grids for different sub-carrier spacing fall on top of each other. The frequency grids for 3 numerologies (basic SCS + 2 scaled versions) are illustrated in Figure 1 below. It can be seen that the center sub-carrier frequencies used for a wider spacing are integer multiples of the center frequencies used for a narrower sub-carrier spacing. 
[image: ]
Figure 1 – Frequency grids for SCS scaled numerologies are integer multiples of the basic SCS=f1
Due to the need of a guard band between the numerologies, differently scaled numerologies can in general not be placed directly adjacent to each other, a deployment scenario as shown in Figure 2 below is not meaningful for most cases (the figure below is basically copied from R1-164623).  
[image: ]
Figure 2 – Adjacent deployment of differently scaled numerologies may not be meaningful without guard band
Observation 2:
· Also for scaled numerologies, a guard band is needed in general
The size of the guard is for further study and is influenced, as mentioned in section 2 above, by several parameters. Also it should be kept in mind, and as already pointed out in R1-164623, spectral confinement of the transmitting aggressor numerology is not enough if INI should be avoided (or kept reasonable small). Also the receiving victim numerology needs improved filter functions.
As it is stated in Proposal 1, the management of the guard band should be handled by the eNB scheduler. It should be made transparent for the UE.
Since the needed guard band size is not defined yet, and also since it is expected to change dynamically according to the parameters listed in section 2, in this contribution, the parameter fg is used to represent the needed guard spectrum. 
NR should support multiple use cases with different numerologies at the same time. These use case have varying traffic demands, therefore it makes sense that the scheduler handles the RB allocation for different numerologies as well as the needed guard band between them.
As an example, assume that two numerologies with Num1 with fsc1=f1 and Num2 with fsc2=2*f1 shall be multiplexed in FDM, the needed guard band is fg. The guard band can be chosen in multiples of the basic sub-carrier spacing f1. It must be ensured that at least k sub-carriers are used as guard, so that k*f1 > fg. 
Let’s assume for that example that the smallest k that meets this condition is k=1. If the scheduler would select k=1, Num2 would become misaligned with its frequency grid as it is shown in the upper drawing of Figure 3 below. The red arrows illustrate the frequency grid for the sub-carriers of Num2 (fsc=2*f1), it can be seen that the spectrum center for Num2 is shifted with a fractional sub-carrier. This is a situation we would like to avoid. For instance, a 60 kHz tone should not be shifted from its original grid when there are 30 kHz tones present. Each sub-carrier spacing should have a fixed frequency grid that is not shifted.
If a slightly larger guard band would be selected, no tones need to be shifted. In the bottom drawing of Figure 3, k=2 is used, the sub-carriers of both Num1 and Num2 appear on their original frequency grids.
[image: ]
Figure 3 – Inserting a guard band between two numerologies Num1 and Num2. In the upper figure, the smallest possible guard band (k=1) is inserted, leading to a fractional frequency shift of the sub-carriers of Num2. With k=2 as shown in the bottom figure the frequency grid alignment is maintained for all numerologies.
Proposal 2:
· A fixed frequency grid for each numerology shall be defined
· The guard shall be selected such, that a numerology remains located on its frequency grid

4. [bookmark: _Ref450591606]Resource mapping to RBs and Guard band allocation for scaled sub-carrier spacing

Assume that one RB contains a fixed number of sub-carriers, N. Assume further that N is the same in all numerologies.  Hence, the RB width in Hz scales with the sub-carrier spacing 2m:, where f1 is the SCS of the basic numerology, m the scaling factor (e.g. -2, -1, 0, 1, 2) and N the number of sub-carriers used per RB.
Under this assumption, it is proposed that the guard band between two adjacent numerologies is always selected as an integer multiple of the smaller RB width and such that the wider RBs also remain on their original RB grid. This is illustrated below in Figure 4.
[image: ]
Figure 4 – Multiplexing 2 numerologies, using 1 RB of the numerology with the smaller RB width as guard band. The RBs of the other numerology, Num2, remain on their RB grid
Proposal 3:
· Each numerology has its own RB grid. For scaled numerology, wide SCS tones should be aligned with narrow SCS tones and be a subset of such. 
Proposal 4:
· The guard between numerologies is selected as an integer multiple of RBs
· When 2 numerologies with different RB width are co-located, the guard band is selected as an integer multiple of the small RBs width such that all the RBs are on the original grid
As a comment to proposal 4, it should be noted that this approach does not automatically require that a guard band needs to be allocated. This decision is up to the scheduler. Since the different RB grids are “on top of each other”, it is also possible to select a RB allocation without a guard band in between them. In some cases it might be beneficial to reduce the MCS instead and to have two numerologies co-located without a guard band.   
Below, it is shown how the RBs can be assigned to two different numerologies with respect to a guard band fg. Assume that the two numerologies, Num1 and Num2, are placed adjacent to each other, separated by the guard band. Num1 is located on the lower frequencies and Num2 on the higher frequencies. The last RB of Num1 is denoted RB1_high and the first RB of Num2 is denoted RB2_low. The required guard band between them is fg. 
This scenario is illustrated below in Figure 5.
[image: ]
Figure 5 – Multiplexing 2 numerologies with respect to RB width and guardband
The RB widths for the different numerologies are calculated as:


Where N is the number of sub-carriers per RB, e.g. 10, and m1 and m2 are the sub-carrier scaling factors of the basic sub-carrier spacing f1.
The starting position of the last RB of Num1, RB1_high, is calculated to:


In the example above, k1_high is 5.
The starting position of the first RB of Num2, RB2_low, is calculated to: 


In the example above k2_low is 2.
The gap between the 2 numerologies must be larger than the required guard band and the RBs of each numerology shall stay on their RB grid:

      (2)
The above relation can be resolved for k2_low:

    (3)
Thus, given the frequency allocation for numerology 1, the scheduler can calculate the closest possible start position of the first RB of Num2. This start position, k2_low, is smallest integer number fulfilling the relation shown in Equation (3). This relation consists of 2 parts, the first one coming from the required guard band and the second one coming from the different scaling factors of the two numerologies.  
5. Forward compatibility - Resource mapping to RBs and Guard band allocation for arbitrary sub-carrier spacing
Equation (3) has been derived for the case of the working assumption that the different numerologies are created from scaling of a common basic SCS. 
However, if for some reason, it is found that a new CP type should be introduced, then, this should have as little impact on the standard as possible. On option to introduce a new CP length is to keep the timing relationships with the symbols of the already used numerology. If the timing relationships between numerologies remain unchanged, the standardization effort as well the multiplexing of different numerologies should become much simpler. 
Therfore, for forward compatibility, our proposal is in such case to introduce a new CP type with the same symbol boundaries (DFTsize+CP length) as the old CP. This is described in more detail in the companion contribution R1-166406.

However, the introduction a new CP type with these time-domain properties approach leads to different basic sub-carrier spacings f1,f2 with as they are e.g. introduced as Alt3 and Alt4 in R1-164271. In this section it is shown how for forward compatibility reasons, the concept derived for the numerology working assumption can be extended to multiple basic subcarrier spacing. The mechanism to assign RBs is the same as before. Consider the example in Figure 6 below.
[image: ]
Figure 6 – Frequency multiplexing of numerologies with arbitrary sub-carrier spacing
The positions of the highest RB of Num1 and the lowest RB of Num2 are calculated as:


Exactly as in the previously section, also here the frequency gap between Num1 and Num2 must be larger than the required guard band:


In similar manner as in the previous section, the position of the first RB of the new numerology can be calculated to: 

  (4)

Comparing Equations (3) and (4), it is seen that the formulas are almost identical. The only difference is the factor f1/f2 that is introduced in (4). Thus, it is very easy for a scheduler to determine the RB positions of different numerologies, no matter if the sub-carrier spacing is derived from the same or from different basic values.


Observation 3:
· The mechanism for frequency multiplexing of different numerologies the same, no matter if the sub-carrier spacing is derived by scaling from a common basic value or if the numerologies have independent sub-carrier spacing values.
Proposal 5:
· To introduce a new CP length is FFS. However, if it is needed, then the time and frequency domain properties of a candidate solution should be evaluated.
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. 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 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. In order to avoid non-15 kHz NR numerologies next to the 15 kHz LTE RB, scheduling restrictions need to be imposed, which deteriorate the NR performance. For example, bandwidth limitations to URLLC using higher scaling (M=2 or M=4) may impact latency performance.
[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. Conclusions
Observation 1:
· The size of a required guard band is not static, but depends on parameters that are selected by the scheduler (e.g. the MCS)
Observation 2:
· Also for scaled numerologies, a guard band is needed in general
Observation 3:
· The mechanism for frequency multiplexing of different numerologies the same, no matter if the sub-carrier spacing is derived by scaling from a common basic value or if the numerologies have independent sub-carrier spacing values.
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.
Proposal 1:
· The MAC scheduler and/or RRC shall be in control of the management of guard bands between numerologies.
Proposal 2:
· A fixed frequency grid for each numerology shall be defined
· The guard shall be selected such, that a numerology remains located on its frequency grid  
Proposal 3:
· Each numerology has its own RB grid. For scaled numerology, wide SCS tones should be aligned with narrow SCS tones and be a subset of such. 
Proposal 4:
· The guard between numerologies is selected as an integer multiple of RBs
· When 2 numerologies with different RB width are co-located, the guard band is selected as an integer multiple of the small RBs width such that all the RBs are on the original grid
Proposal 5:
· To introduce a new CP length is FFS. However, if it is needed, then the time and frequency domain properties of a candidate solution should be evaluated.
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