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[bookmark: _Ref298777854]Introduction
Numerology decisions for NR are critical for a successful and efficient support of the wide range of deployment options, and for a flexible frame structure design that can be leveraged seamlessly across all services. Scalable numerology is a new design tool for 5G due to its flexibility and scalability. In the RAN1 84b and 85, scalable numerology (SCS scaled by power of 2, fs = fo * 2m) is considered as a working assumption. It is also agreed that multiple OFDM numerologies multiplexed in the same frequency range should also be supported. In this contribution, we discuss some basic numerology scaling and alignment designs for scaled numerology family that would provide more flexibility and forward-compatibility.
Symbol boundary alignment
Efficient multiplexing of different numerology in the same carrier is very useful for a variety of use cases for which some additional numerology design requirements need to be met. For low latency and better system utilization, symbol boundary alignment is highly desirable [1] for both FDM and TDM multiplexing of different numerologies should be supported as in Figure 1.
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Figure 1. FDM and TDM of different numerologies
When numerology is scaled from one base numerology to scaled numerology family, it is desirable to have alignment at the base numerology symbol boundary. E.g., in LTE, symbol 0 always has a slightly longer duration than other symbols. Scaling could be done with or without symbol boundary alignment as shown in Figure 2.
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Figure 2. Numerology scaling with and without symbol boundary alignment
As can be seen above, symbol boundary alignment at base numerology makes the design more modular when it comes to numerology multiplexing. The following use cases would benefit from scalable numerology symbol alignments:
Efficient numerology multiplexing could be achieved with symbol boundary alignment. Long symbol numerology could easily be replaced by power of 2 scaled short symbols without leaving a gap or cutting into CPs (as shown in Figure 1). Such application could include:
a. To multiplex URLLC short subframe with scaled SCS and normal eMBB numerology. -- [2]
b. To multiplex scaled numerology control with data for efficient eMBB self-contained SF turn-around -- [3]
c. To multiplex NR (e.g. SCS = 30kHz) in LTE (SCS = 15kHz) MBSFN subframe with symbol boundary alignment:
i. For example, with CFI = 1, the first MBSFN symbol in LTE will overlap with 3 NR symbols (SCS = 30kHz) w/o symbol-level alignment, hence 3 out of 28 in 1 ms will be punctured. With symbol alignment, only 2 out of 28 symbols will be punctured by LTE’s first symbol.
d. Low implementation complexity as the processing is aligned at the base numerology symbol boundary.
e. To achieve better interference confinement. One short symbol interference only impacts one long symbol at most, one long symbol interference only impacts at most power of 2 short symbols (as shown in Figure 1).
Proposal 1: Symbol boundary alignment for NR scaled numerology family
Center of subcarrier alignment
Similar alignment could be defined over the frequency domain for subcarrier spacing placements/alignments across different numerologies.
First off, SCS numerologies could be dynamically changing in the same carrier, however, the grid defining how the tones are located should be predefined. Also due to the scalable numerology, it is natural to have center of subcarriers aligned at the grid, wider SCS being a subset of narrower SCS in a nested manner as shown in Figure 3.

 
Figure 3 example of fixed subcarrier center grid for different numerologies
Proposal 2: tones of scaled numerology have center of subcarrier aligned on the grid of base numerology with wider SCS being a subset of narrower SCS in a nested manner.




Figure 4 shows an example of how tones are aligned on the grid of the base numerology when they are multiplexed in the same carrier. Red tones represent the base numerology, and blue tones represent the 2x numerology at . Notice that blue tones always fall on the grid of the red tones. The alignment of subcarriers between numerologies is illustrated in the figure below, i.e., for a scaling by 2 we have every other subcarrier being aligned in frequency. (Note the use of 8 subcarriers per RB is just an example.)
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[bookmark: _Ref458525538]Figure 4 example multiplexing of SCS and 2x SCS scaled numerologies in-band
RB Scaling and alignment
RB scaling with numerology
Keeping the number of tones per RB constant allows similar pattern of the reference signals to be reused across various numerologies, which simply the overall design. Figure 4 shows an example where each RB contains 8 sub-carriers, regardless of the numerology. Also, all the RS, waveform structure will simply scale with the scaling of SCS.
Keeping the number of tones per RB constant also allows simpler scaling of numerologies than fixed total bandwidth per RB. For example, assuming each RB is defined to have fixed bandwidth of  (i.e. 8 tones with base numerology), then with 8x numerology, each RB will only occupy 1 tone. This is clearly not a scalable design.
Each numerology has its RB partition, and eNB scheduler will allocate RB to each user corresponding to the user-specific numerology.
For simple scheduling implementation, it is desirable to define the RB grid (or resource partitioning) of different numerologies independently, as shown in Figure 3 and Figure 5. This allows a consistent RB partitioning of a given spectrum, which can simplify the control channel design. For example, UE of numerology 2f0 below does not need to know the presence of other numerologies to be able to locate the RBs granted to it.
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[bookmark: _Ref458545818]Figure 5 RB partition of scaled numerology
Figure 6 provides an example of multiplexing 3 different users with different sub-carrier spacings. Notice that each users’ allocated RB will always fall on the RB grid corresponding to their own numerologies, respectively. This also indicates there could zero or non-zero guard tones in between adjacent users, which is up to the scheduler’s decision. For example, eNB could schedule two low MCS UE’s of different numerology in adjacent RB without causing significant performance degradation.
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[bookmark: _Ref458531592]Figure 6 example RB allocation to 3 users with scaled numerologies
Proposal 3: fixed number of tones per RB regardless of numerology.
Proposal 4: RB partition is fixed for each numerology, and schedule allocates RB based on user-specific numerology in the unit of integer number of RBs for that numerology.
Similar views regarding frequency tone/RB alignment across different numerologies have been discussed in [4] [5].
Subframe multiplexing
Subframe interval and boundary alignment
Figure 7 shows an example, in order to achieve further latency reduction from 0.5ms unit, numerology scaling could achieve 0.25ms SF. However, due to 7 symbols per 0.5ms in LTE numerology, it becomes impossible to evenly partition the 0.5ms-subframe further without ending up with non-integer number of symbols per SF. This causes 14% efficiency loss (for SF scaled by number of symbols as well as the long TTI that gets punctured by the scaled SCS short TTI) as shown in Figure 7.


Figure 7. Issues of subframe multiplexing based on scaled LTE numerology
In the same carrier, URLLC subframe duration should be defined in terms of the number of eMBB-symbol it spans, for example 1, 2 or 4 eMBB symbols.
Proposal 5: in the same carrier, URLLC subframe boundary aligned at integer number of eMBB symbols for efficient multiplexing
Conclusion
[bookmark: _Ref442441852][bookmark: _Ref441562466]Proposal 1: Symbol boundary alignment for NR scaled numerology family

Proposal 2: tones of scaled numerology have center of subcarrier aligned on the grid of base numerology with wider SCS being a subset of narrower SCS in a nested manner

Proposal 3: fixed number of tones per RB regardless of numerology

Proposal 4: RB partition is fixed for each numerology, and schedule allocates RB based on user-specific numerology in the unit of integer number of RBs for that numerology

Proposal 5: in the same carrier, URLLC subframe boundary aligned at integer number of eMBB symbols for efficient multiplexing
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