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1. Introduction
At the RAN1#86 meeting, following agreements were achieved [1]:
	Agreements:
· The number of subcarriers per PRB for NR study are 12, 16

Agreements:
· For subcarrier spacing of 2n * 15kHz, subcarriers are mapped on the subset/superset of those for subcarrier spacing of 15kHz in a nested manner in the frequency domain

Agreements:
· In one carrier when multiple numerologies are time domain multiplexed,
· RBs for different numerologies are located on a fixed grid relative to each other
· For subcarrier spacing of 2n * 15kHz, the RB grids are defined as the subset/superset of the RB grid for subcarrier spacing of 15kHz in a nested manner in the frequency domain
· Note that following numbering in the figure is just an example
· FFS: frequency domain multiplexing case
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Agreements:
· No explicit DC subcarrier is reserved both for DL and UL




In this contribution, we discuss frequency-domain aspects of NR frame structure. Time-domain aspects are discussed in our companion paper [2].

2. Frequency-domain aspects
2.1. DC handling
It was agreed in RAN1#86 that no explicit DC subcarrier is reserved for both DL and UL. In this subsection, we discuss possible DC handling for scalable numerologies.
Due to the RAN1#86 agreement, subcarriers for scalable numerologies shall be mapped on the nested manner. Figure 1 illustrates some examples on how DC can be assumed. Fig. 1 (a) is the case where DC is mapped on a specific subcarrier position for any SCS. By this setting, one subcarrier is not usable for any SCS. Either rate matching or puncturing on this subcarrier, or allowing worse performance of this subcarrier is necessary. RS or other important signals should be designed such that it is not mapped on this subcarrier position.
Fig. 1 (b) is the case where DC is mapped on a half-subcarrier shift of a specific SCS (i.e., f0 in this example). By this setting, no subcarrier is wasted for DC with SCS = f0. However, for other SCS values, DC is not mapped on zero-cross point. If DC is set as such, surrounding subcarriers will be impacted by the DC setting since actual subcarriers have sync-function waveform in the frequency-domain and are not zero at this position.
Fig. 1 (c) is the case where DC is shifted so that it comes at a half-subcarrier position, depending on which SCS the terminal transmits/receives. It is up to the terminal transmitting/receiving the signal on which position DC is set. If this assumption is acceptable, care of DC is not necessary at all.
Note that common DC for all SCSs where it is on a half-subcarrier position is not aligned with the previous agreement on nested subcarrier structures (see Fig. 1 (d)).
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(a) DC on a particular subcarrier for all SCSs.
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(b) DC on a half-subcarrier shift of a specific SCS.
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(c) DC on a half-subcarrier shift of each SCS, where it is not common among different SCSs.
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(d) DC on a half-subcarrier shift for any SCSs, where this is no longer nested subcarrier structures.
Fig. 1	Examples of DC handling.

Proposal 1: RAN1 to make common understanding on DC handling for scalable numerologies taking into account the above analysis.

2.2. Number of subcarriers per PRB
The remaining issue on PRB is the number of subcarriers per PRB. 12 and 16 are on the table. Each option has different pros/cons.
12 subcarriers per PRB is good for UL coverage especially for UL control channel and/or UL data channel. For lower carrier frequencies such as existing LTE bands, it is desirable to ensure UL coverage comparable with that for LTE. In case of LTE, PUCCH or 1PRB PUSCH is transmitted using 12 subcarriers per symbol and over 14 symbols. If the number of subcarriers becomes 16, for a given transmit power, the PSD needs to be reduced compared to LTE PUCCH or 1PRB PUSCH; the PSD of 16 SCs per PRB is -1.25dB compared to that of 12 SCs per PRB with the same transmit power. And more than that, using LTE PRB size makes the whole system including LTE and NR to be simpler. Note that use of LTE numerology was already agreed; SCS = 15kHz and the symbol-length of SCS = 15kHz with NCP is exactly same as in LTE. This may ease the migration from LTE to NR or the introduction of LTE-NR dual connectivity operation. 
16 subcarriers per PRB has better scalability for scalable numerologies. 16 offers symmetric design of reference signals for 1, 2, 4, 8, (and possibly 16) antenna ports in frequency-domain on one symbol within a PRB. Furthermore, assuming 15kHz SCS as a baseline, 16 can ensure nested structure of SC/PRB for less than 3.75kHz (note: in case of 12 subcarriers per PRB, nested structure of SC or PRB cannot be kept if SCS < 3.75kHz is supported). As mentioned above, 16 may have lower PSD for a given transmit power, but it could have lower coding rate for a given payload, which may lead to better performance. Another potential benefit of 16 subcarriers per PRB would be a nested reference signal design. For example, consider RS mapping pattern for SCSs of f0, 2f0, 4f0, and 8f0. Thanks to the nested structure, subcarriers of SCS 8f0 are the subset of those for SCS f0, 2f0, and 4f0. For SCS 8f0, since SCS is large, RS may be mapped on all subcarriers of one symbol. In order to align RS positions among different SCSs, RS for f0, 2f0, and 4f0, should be mapped on the subcarriers where they are at the same positions with the RS REs of SCS 8f0. If the number of subcarriers per PRB is 12, the index of RS subcarriers of SCS f0 determined by RS subcarriers of SCS 8f0 is 1 and 9 for RB1, RB3, …, and 5 for RB2, RB4, …, as seen in Fig. 2 (a). However, if the number of subcarriers is 16, the index of RS subcarriers of SCS f0 determined by RS subcarriers of SCS 8f0 is 1 and 9 for any RB, as seen in Fig. 2 (b). In case of LTE, RSs (CRS, CSI-RS, and DMRS) are designed such that they are symmetric per PRB, and can be aligned among surrounding cells, in order to achieve accurate CSI measurement and/or channel estimation. As described above, if the same principle is important for NR among scalable SCSs, 16 SCs per PRB may offer better scalability.
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(a) 12 SCs per PRB.
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(b) 16 SCs per PRB.
Fig. 2	RS alignment among scalable SCSs with 12 or 16 SCs per PRB.

Proposal 2: RAN1 to investigate whether substantial merit is found for 16 SCs per PRB. 

2.3. PRB grid
Frequency domain multiplexing, FDM, of multiple numerologies in one carrier is one of the open issues regarding frequency-domain aspects of frame structure, as briefly reviewed the agreements in Introduction. The following two alternatives were discussed in RAN1#86 (according to Chairman’s note):
	Conclusions:
· Proponents are encouraged to study followings
· Alt. 1: Adopt RB grid for FDM as it is agreed in TDM
· Alt. 2: Use RB grid corresponding to the reference numerology for FDM, applied the same grid to TDM, and revisit above agreements for TDM


Although the nested RB grid structure agreed in TDM (also shown in Introduction) is currently under consideration also for FDM, we point out that there are still some possible ambiguities how to locate the subcarrier center frequencies within each RB for different SCSs. In the following, we discuss this aspect using several examples wish some illustrations.
We start with a straightforward approach illustrated in Fig. 3 where we consider four different SCs of f0, 2f0, 4f0, and 8f0, just as an example. Each red circle denotes center SC frequency. The first SCs for all the different SCSs are aligned on the first SC of the reference numerology of SCS of f0. In this approach, however, it is observed that interference to neighbor RBs is strongly biased to the left, i.e. towards the lower frequencies in Fig. 3, in particular for wider SCSs.
Observation 1: Interference to neighbor RBs can be strongly biased in case of FDM of multiple numerologies in one carrier.
[image: ]
Fig. 3 A straightforward approach to align the first SCs of all the SCSs.
To alleviate such strong interference bias for FDM of multiple numerologies, one can consider introducing some offsets for center SC frequencies according to the amount of SCSs. To be more specific, there are 2n choices as offset values for SCS of 2n f0, without exceeding the RB grid boundary based on the reference numerology. For example, for n=1, i.e., SCS of 2f0, there are only two possible offset values; either no offset (as shown in Fig. 3) or offset f0 to the right. The both options for n=1 result in no essential difference; interference is slightly biased to the left (as shown in Fig. 3) or to the right. For n=2 (or 3), i.e., SCSs of 4f0 (or 8f0), there are 4 (or 8) choices as offset values. It should be noted, though, that not all the combinations of the offset values among different SCSs are possible, if we consider the agreed nested SC mapping rule.
Figs. 4 and 5 illustrate two examples of introducing offsets, while satisfying the nested SC mapping rule. In the both figures, the interference to neighbor RBs is more balanced as compared to Fig. 3. Offset values other than Figs. 4 and 5 are also possible.
Observation 2: SCS dependent frequency offsets can mitigate strongly biased interference to neighbor RBs. Such offset values for different SCSs can be chosen to satisfy the nested SC mapping rule.

[image: ]
Fig. 4 An example of offsets to the first SCs for some SCSs, while keeping the nested SC mapping.
[image: ]
Fig. 5 Another example of offset to the first SC, while keeping the nested SC mapping.
When we take a closer look into Figs. 4 and 5, we can make further observations as follows. The interference to neighbor RBs by the SCS 4f0 in Fig. 5 is more biased than that in Fig. 4, but more balanced interference is achieved for the SCS 8f0 in Fig. 5. Considering that interference to neighbor RBs is stronger with wider SC, the offset values in Fig. 5 may lead to less critical interference than in Fig. 4. On the other hand, if 8f0 is not often used or not needed at all, i.e., the offsets in Fig. 4 for up to 4f0 lead to more balanced interference to neighbor RBs. Therefore, proper combination of SCS dependent frequency offset values may depend on the range of SCSs to consider. Besides, the choice of offset values may affect other aspects of NR frame design such as reference signals. Thus, we make the following observations and proposal.
Observation 3: Proper combination of SCS dependent frequency offset values may depend on the range of SCSs to consider.
Observation 4: SCS dependent frequency offset values may affect other aspects of NR frame design such as reference signals.
Proposal 3: Study potential benefits for NR frame design to introduce SCS dependent frequency offsets.

3. Conclusion
In this contribution, we discussed frequency-domain aspects of frame structure, and following observations and proposals were made:
Observation 1: Interference to neighbor RBs can be strongly biased in case of FDM of multiple numerologies in one carrier.
Observation 2: SCS dependent frequency offsets can mitigate strongly biased interference to neighbor RBs. Such offset values for different SCSs can be chosen to satisfy the nested SC mapping rule.
Observation 3: Proper combination of SCS dependent frequency offset values may depend on the range of SCSs to consider.
Observation 4: SCS dependent frequency offset values may affect other aspects of NR frame design such as reference signals.

Proposal 1: RAN1 to make common understanding on DC handling for scalable numerologies taking into account the above analysis.
Proposal 2: RAN1 to investigate whether substantial merit is found for 16 SCs per PRB. 
Proposal 3: Study potential benefits for NR frame design to introduce SCS dependent frequency offsets.
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