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Discussion
[bookmark: _GoBack]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 both now and in the future across all services required to be supported by the new 5G RAT.

In the RAN1 April 2016 meeting it was agreed that it is necessary to support more than one value of subcarrier-spacing (SCS), and a set of alternative proposals were included in the corresponding Chairman Notes [1]. The use cases of scaled numerology multiplexing in the same carrier have been debated as well as the need for a clean-slate numerology design to ensure uniform symbol duration and power of 2 scaling in number of symbols per subframe. It is worth noting that our notion of a subframe is the smallest schedulable unit of time for a given service, where control can occur once within any subframe.

In this contribution, we presented some use cases for 1) the need for multiplexing two different types of subframes for different service multiplexing, 2) short SF scaling via # of symbol scaling, and 3) short SF scaling via SCS scaling. We further evaluate the benefits of symbol boundary alignment and subframe boundary alignment in order to achieve clean and efficient numerology multiplexing. Overall, the results suggest a need for power of 2 symbols per subframe scaling as a clean way to be forward compatible to support various NR features and verticals.
Scaled numerology multiplexing design in the same carrier
In NR, due to scalable numerology, there are two ways to achieve latency reduction for URLLC service. This section tries to present the following aspects:
1) Multiplexing of two different types of subframes in the same carrier
2) Short subframe by keeping the same SCS and scaling number of symbols
3) Short subframe by keeping the same number of symbols and scaling the SCS
Multiplexing two different types of subframes in the same carrier
There are different proposals of different subframe multiplexing. In our view, in order to support eMBB and URLLC, they need to be multiplexed in the same carrier as shown in Figure 1. Where yellow part of eMBB occupies one long SF, while when short SF URLLC traffic arrives, they need to be frequency division multiplexed (FDM)ed as well as time division multiplexed (TDM)ed in order to meet the latency requirement of URLLC. 


Figure 1: example of eMBB (yellow) and URLLC (blue/red) multiplexing
One alternative proposal to dynamic subframe in the same carrier is to partition the BW resources in a static or semistatic fashion, and FDM-ing of different subframe types for services such as URLLC and eMBB. The next two studies, however, show that the FDM allocation is less desired and dynamic multiplexing is needed. Figure 2a shows the maximally supportable traffic load (i.e., system capacity in the y-axis) for URLLC services when different system bandwidth is reserved and various subframe durations are used. The percentage shown at each data point is the resulting system utilization in that setting. We observe that the system utilization is generally low at the capacity-achieving point for URLLC, especially when the reserved bandwidth is no larger than 20MHz. Thus, dynamic multiplexing of URLLC and other services such as eMBB is called for to fully utilize system resources.
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Figure 2a. System capacity and the corresponding system utilization for URLLC services under different reserved bandwidth and subframe durations. Simulation setup: All UEs are at -3dB geometry with bursty traffic, 99.99% reliability, and the 500us OTA latency requirement.
Next, we show that the FDM reservation of URLLC services reduces the system capacity greatly due to the loss of trunking efficiency. Figure 2b shows that allowing URLLC to fully utilize the system bandwidth of 20MHz provides more than double capacity gain as compare to a static FDM reservation scheme of 10MHz allocation for URLLC. The capacity difference is especially prominent under tight latency requirements, where a narrow band system could not support stringent latency and reliability requirements at the same time. In addition, it is evident from Figure 1 that doubling the reserved bandwidth yields super-linear capacity gain for URLLC services.
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Figure 2b. System capacity for URLLC services under different OTA latency requirements and reserved bandwidth. Simulation setup: All UEs at -3dB geometry with bursty traffic, 99.99% reliability.
In general, when there are URLLC and eMBB multiplexing in the system, the best way is to multiplex them dynamically. For low latency purpose, they should be scheduled in both FDM and TDM fashion to ensure low latency and high efficiency.
Scaling number of symbols
Scaling the number of symbols, and not the subcarrier spacing, to achieve short SF is a simple way to achieve subframe multiplexing between eMBB and URLLC. Since keeping the same numerology makes it easier to perform orthogonal multiplexing with other nominal latency (eMBB) users without GB or heavy filterling/pulse shaping processing on both sides.
In addition, scaling number of symbols also gives more robust performance under excessive delay spread channel. Figure 3 presents the throughput performance of a family with scaled numerologies with subcarrier spacing of 17.5, 35, 70  and 140 Khz (details shown in the Appendix) for a subframe duration of 0.125 msec, which leads to 2, 4, 8, and 16 symbols respectively in one subframe duration. The CP shortens as the subcarrier scaling increases, which leads to large inter-carrier and inter-symbol interference that significantly limits the performance. In this case, scaling number of symbols and keeping the same SCS = 17.5KHz also gives more spectrum efficiency for URLLC.
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Figure 3. Link-level throughput comparison for a scaled numerology family with a subframe duration of 0.125 msec in a TDL-C channel model with 5 Hz Doppler spread. Details of the simulation scenario are in the Appendix.
Observation 1: short subframes by scaling the number of symbols is easier to multiplex with long subframe and is more robust against high DS.
Scaling Subcarrier Spacing
On the other hand, when further latency reduction outweights the multiplexing simplicity (and robustness against long DS), SCS scaling becomes a useful tool to enable fast pipeline processing of both UL and DL control channels and tightened HARQ RTT timelines. As a result, scaling SCS to get multiple short symbols can be used for further latency reduction for URLLC, as well as reducing latency for eMBB in some scenarios.
As an example, Figure 4a shows that, under the long symbol duration, DL processing shall occur in the second SF, followed by an UL transmission in the third SF and UL processing in the fourth SF, resulting in a 4-subframe RTT. In contrast, Figure 4b shows that short symbol duration allows DL control/pilot/data fully pipelined processing in the first SF and a quick UL transmission and processing in the second SF, reducing the HARQ RTT by half as compared to Figure 4a.
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Figure 4a. The RTT timeline under long symbol duration, which is the same as the subframe duration.
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Figure 4b. The tightened RTT timeline under short symbol duration, which is one-fourth of the subframe duration.
Figure 5 further illustrates, for the same SF duration (62.5us) but different HARQ RTT durations (187.5us vs. 500us), the system capacity and the minimally achievable latency for URLLC could be substantially improved under the shortened RTT. Short RTT duration also supports lower achievable latency because less time is needed to have enough HARQ retransmissions to meet the reliability target. 
Observation 2: short subframes by scaling SCS (i.e. scaling down the symbol duration) further tightens processing timeline and HARQ RTT, which in turn improves URLLC system capacity.
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Figure 5. System capacity under different HARQ RTT timelines and OTA latency requirements
(20MHz BW, UEs at -3dB geometry with bursty traffic, 99.99% reliability).
Based on the use cases, we propose the following:
Proposal 1: NR should support multiplexing of services of different numerologies in the same carrier.
Proposal 2: NR should support short subframes by scaling the number of symbols.
Proposal 3: NR should support low latency services with short subframes by scaling up SCS (i.e., scaling down symbol duration).
Symbol boundary alignment for efficient multiplexing
As discussed in the previous section, efficient multiplexing of different numerology in the same carrier is useful to achieve low latency for NR, for which some additional numerology design requirements need to be met. For low latency and better system utilization, both FDM and TDM of different numerologies should be supported.
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Figure 6. 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 7.
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Figure 7. 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. Efficient low latency TDM numerology multiplexing could be achieved as shown in Figure 6. Interference management also becomes clean. It also incurs less implementation complexity as the processing is aligned at the base numerology symbol boundary.
Proposal 4: scaled numerology should have multi-symbol unit aligned with the symbol boundary of the original numerology for efficient numerology multiplexing.
Subframe multiplexing
Subframe interval and boundary alignment
To further support efficient numerology multiplexing in the same carrier and in different carriers (such as CA cases across different bands or between mmWave and sub-6), it is desirable to have a numerology agnostic scheduler unit that runs at a common interval to schedule these UE’s of different numerology. With LTE based numerology scaling, this becomes challenging.


Figure 8. Issues of subframe multiplexing based on scaled LTE numerology
Figure 8 shows an example, in order to achieve further latency reduction from 0.5ms unit, scaled numerology scaling could achieve 0.25ms SF. However, due to 7 symbols per 0.5ms in LTE numerology, there is no way to evenly partition the 0.5ms-subframe further without ending up non-integer number of symbols per SF. This is causing 14% efficiency loss (for SF scaled by number of symbols) as shown in Figure 8.
Other ways of aligning subframe scheduling boundaries are possible, which may have other implications, such as unequal subframe duration, which substantially complicates both scheduler side in resource allocation and as well as on UE side on receiver timeline scheduling, which eventually could limits the scalability of NR into different service verticals.
Proposal 5: subframe interval and boundary should aligned irrespective of the underlying PHY numerology for efficiency and simplicity.
Subframe multiplexing efficiency and power of 2 number of symbols scaling
We discussed two approaches to achieve short SF, the benefits of multiplexing two types of short SF and and the need for aligned subframe interval/boundary (agnostic to numerology) to simplify the design. It becomes obvious that legacy LTE numerology poses limitations on numerology scaling down below 7 symbols gracefully and at the same time meeting all the multiplexing requirements.
With the clean slate numerology design, two ways of shortening SF could be achieved in a unified fashion with subframe boundaries aligned at different latency granularities.
Proposal 6: power of 2 symbols numerology should be considered together with NR frame structure, URLLC forward compatibility design.

[bookmark: _Ref378529477]Conclusions
Based on the study of the above use cases of numerology multiplexing, 
Proposal 1: NR should support multiplexing of services of different numerologies in the same carrier.
Proposal 2: NR should support short subframes by scaling the number of symbols.
Proposal 3: NR should support low latency services with short subframes by scaling up SCS (i.e., scaling down symbol duration).
Proposal 4: scaled numerology should have multi-symbol unit aligned with the symbol boundary of the original numerology for efficient numerology multiplexing.
Proposal 5: subframe interval and boundary should aligned irrespective of the underlying PHY numerology for efficiency and simplicity.
Proposal 6: power of 2 symbols numerology should be considered jointly with NR frame structure, URLLC forward compatibility design.
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Appendix
The main parameters for the link-level throughput results in Figure 1 are summarized in the following table. In short, the same bandwidth of 20.160 MHz is being used for a fair comparison across all four numerologies with a subframe duration of 0.125 msec, two transmit antenna in the base station, and two receive antennas at the UE. Link adaptation with one interlace, 10% transport block error rate (TBLER) target and turbo coding with one codeword and 4 retransmissions is employed.
	Profile
	17.5 KHz
	35 KHz
	70 KHz
	140 KHz

	Tones spacing (kHz)
	17.5
	35
	70
	140

	FFTSize
	2048

	Sample Rate (kHz)
	35840
	71680
	143360
	286720

	CP (us)
	5.3571
	2.6786
	1.3393
	0.6696

	# active tones/symbol
	1152
	576
	288
	144

	Active PDSCH BW (kHz)
	20160

	Symbol Length (us)
	62.5
	31.25
	15.626
	7.8125

	CPLength (samples)
	192

	Symbol Length (samples)
	2240

	CPRatio (CP/FFT)
	0.09375

	Physical channels present
	Only PDSCH

	Coding/HARQ
	3GPP Turbo, One codeword, 4 HARQ transmissions (RV: 0,1,2,3)

	Link Adaptation
	10% TBLER (MCS table with 28 entries)

	Subframe duration
	125 us

	Demapper
	LMMSE

	Transmission Mode
	2x2 MIMO, 2 Layers, Open loop precoding

	Channel Model
	TDL-C (DS: 300 and 1000 ns)

	Doppler
	5Hz
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