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1. Introduction

In the previous RAN4 meetings support of mixed numerologies and associated in-band RF requirements were discussed. In RAN4 #83 meeting a WF on the support of mixed numerologies was agreed [1]:
	· RAN4 will study the in-band requirement for SS and data channel only if SS and data use different numerologies
· It is possible we may not have requirements on data and SS with different numerology, even though different numerology on data and SS is supported. 

· FDM’ed mixed numerologies for downlink and uplink data channel from BS perspective can be supported without additional in-band RF requirements compared to single numerology.
· UE shall be able to TX and RX with one of these numerologies.
· Whether or not mixed numerologies operation using FDM is supported from a UE point of view is FFS

· Spectrum utilization for mixed numerology is FFS


In this paper we address the remaining open issues including mixed numerology support from the UE perspective, introduction of the RF requirements and also provide simulation results to illustrate the benefits of using guard bands and spectrum confinement techniques to allow numerology multiplexing.
2. Discussion

In the previous RAN4 meeting two main use cases of mixed numerology FDM operation were considered in application to the in-band RF requirements definition:
· Case 1: Data/Data mixed numerology FDM

· Case 2: Data/SS mixed numerology FDM
Below, we share our views on the feasibility of the two use cases from the network perspective, UE implementation perspective; mixed numerology operation impact on the performance and related in-band RF requirements.
2.1 Case 1: Data/Data mixed numerologies FDM
The main rationale to introduce Data/Data mixed numerology FDM in NR are as follows:

· Multiplexing of transmissions to/from UEs with different service requirements (e.g. latency)

· Multiplexing of transmissions to/from UEs with different propagation conditions (e.g. velocity)

· Enabling joint support of services with different requirements at one UE (e.g. eMBB/URLLC)
In accordance to the latest RAN4 agreements Case 1 can be supported in Rel-15 from the BS perspective without any additional requirements comparing to the single numerology for both DL and UL. Meanwhile, the support of mixed numerologies at the UE side is FFS [1]:
	· FDM’ed mixed numerologies for downlink and uplink data channel from BS perspective can be supported without additional in-band RF requirements compared to single numerology.
· UE shall be able to TX and RX with one of these numerologies.
· Whether or not mixed numerologies operation using FDM is supported from a UE point of view is FFS


In accordance to the RAN1 design the support of mixed numerologies is expected to be enabled via the “bandwidth part” concept and the existing design does not imply that UE should support FDM of mixed numerologies:

	· Each bandwidth part is associated with a specific numerology (sub-carrier spacing, CP type)…

· FFS if multiple bandwidth parts with same or different numerologies can be active for a UE simultaneously 

· It does not imply that it is required for UE to support different numerologies at the same instance.


Observation #1
· Data/Data mixed numerologies FDM is possible from the network/BS perspective. 
· Current RAN1 design does not imply that UE is required to support different numerologies at the same instance
2.1.1 Impact on UE implementation

The support of FDM of different numerologies in one channel bandwidth at the UE side may be rather demanding from the computational perspective. In particular, to perform simultaneous transmission or reception of FDM’ed signals with different numerologies in one channel bandwidth, UE would be required to perform multiple simultaneous FFT/IFFT time-to-frequency or frequency-to-time conversions in parallel (multi-FFT implementation). In Figure 1 we illustrate an example of the scenario, when the signals with 15 kHz and 30 kHz SCS are FDM’ed. The combined time domain signal includes a superposition of the the respective signals with different mumerologies. To perform simultaneous transmissions or reception of 15kHz and 30 kHz OFDM symbols, UE would be required to perform the following operations:

1) N x 15kHz symbol FFT/IFFT conversions with NFFT1  (where N is the number of 15 kHz OFDM symbols)
2) 2 x N x 30kHz symbols FFT/IFFT conversions with NFFT2 = NFFT1 / 2
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Figure 1. Mixed numerology FDM time/frequency signals conversion
Hence, support of simultaneous transmission or reception on the FDM’ed signals with different numerologies would require extra UE implementation complexity compared to single numerology transmission/reception. Furthermore, UE implementation complexity would depend on the number of simultaneously supported numerologies.
Observation #2
· Support of FDM of different numerologies for Data/Data channels leads to increased UE implementation complexity which depends on the number of different simultaneously supported Data channels numerologies.

FDM of different numerologies from the UE perspective is required to enable simultaneous support of eMBB and URLLC services at one UE. However, we would like to note that not all UEs may be required to provide simultaneous support of the eMBB/URLLC services and designing a generic NR UE in a way to mandate the support of numerology FDM operation may be not justified. Such design may lead to a waste of computational resources and a more flexible approach to balance UE computational capabilities should be considered. Hence, taking into account complexity considerations, we recommend that the support of FDM of different numerologies for Data/Data case should not be mandated for all UEs. The respective consideration should be taken into account in the future RAN4 and also RAN1/2 work such that impact of mixed numerologies FDM operation on the UE implementation are taken into account in the NR design.

Proposal #1:
UE is not mandated to support simultaneous reception of multiple Data channels with different numerologies. 

UE is not mandated to support simultaneous transmission of multiple Data channels with different numerologies.
2.1.2 Impact on performance 

In this section we provide results of the analysis of the link-level performance for the case of Data/Data mixed numerologies multiplexing. The following simulation scenarios and assumptions were used for the analysis:
· Scenario #1: DL FDM transmission of signals with 15 kHz and 60 kHz numerologies in the same channel bandwidth (based on the DL Case 2 scenario in TR 38.802 Section A.1.1).
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Figure 2. Data/Data mixed numerologies DL scenario
· Resource allocation: 

· Signal 1: 15 kHz SCS – 48 PRBs (8.64 MHz)

· Signal 2: 60 kHz – 12 PRBs (8.64 MHz)
· Power allocation: Equal power is allocated for both signals.

· Guard band between signals with different numerologies: 0 kHz, 180 kHz, 360 kHz

· Scenario #2: UL FDM transmission of signals with 15 kHz (wanted) and 30 kHz (interference) SCS in the same channel bandwidth with power imbalance between the wanted and interference signals (based on the UL Case 4 scenario in TR 38.802 Section A.1.1)
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Figure 3. Data/Data mixed numerologies UL scenario
· Resource allocation: 

· Wanted signal: 15 kHz SCS – 4 PRBs (720 kHz)
· Interference signals: two signals located on the right/left edges of the wanted signal with 30 kHz SCS and 2 PRB (720 kHz)
· Power allocation: Interference signals are 5 dB higher than wanted signal.

· Guard band between signals with different numerologies: 0 kHz, 180 kHz, 360 kHz

· FRC: 

· FRC #1: 64QAM, CR=0.6, MIMO rank 1

· FRC #2: 256QAM, CR=2/3, MIMO rank 1

· Waveform: CP-OFDM
· Antenna model: 1x2

· Channel model: TDL-A 29ns
· Spectrum shaping/confinement:
	Case
	TX shaping
	RX shaping

	1
	No
	No

	2
	Windowing
	No

	3
	No
	Windowing

	4
	Windowing
	Windowing


The simulation results for different test cases are illustrated in Figure 3.
	SCENARIO #1

	15 kHz wanted signal. 64QAM

	Guard band: 0 kHz
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	Guard band: 180 kHz
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	Guard band: 360 kHz
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	15 kHz wanted signal. 256QAM

	Guard band: 0 kHz

[image: image7.emf]18 20 22 24 26 28 30 32 34 36 38 40

SNR, dB

10

-2

10

-1

10

0

B

L

E

R

NR init test, 256QAM, GB 0 kHz

No Interf

Case 1

Case 2

Case 3

Case 4


	Guard band: 180 kHz
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	Guard band: 360 kHz
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	60 kHz wanted signal. 64QAM
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	Guard band: 180 kHz
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	Guard band: 360 kHz
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	60 kHz wanted signal. 256QAM

	Guard band: 0 kHz
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	Guard band: 180 kHz
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	Guard band: 360 kHz
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	SCENARIO #2

	15 kHz wanted signal. 64QAM

	Guard band: 0 kHz
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	Guard band: 180 kHz
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	Guard band: 360 kHz
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	15 kHz wanted signal. 256QAM

	Guard band: 0 kHz
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	Guard band: 180 kHz
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	Guard band: 360 kHz
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	Figure 4. Link-level simulation results


Observation #3
· Scenario #1 (DL) link-level performance

· Mixed numerology FDM operation has limited impact on the 64QAM demodulation performance
· Mixed numerology FDM has negative impact on the 256QAM demodulation performance

· In case of no guard band, the 256QAM demodulation performance is substantially degraded

· At least 180 kHz guard band should be used to allow 256QAM operation under mixed numerologies FDM scenarios
· Joint TX and RX spectrum shaping based on windowing approach provide performance improvement on top of using guard bands via additional reduction of ICI among different numerologies. However, the overall performance improvement is relatively limited for most of considered scenarios.
· Scenario #2 (UL) link-level performance

· Mixed numerology FDM operation has impact on 64QAM and 256QAM demodulation performance

· In case of no guard band, the demodulation performance is substantially degraded. At least 180 kHz guard band should be used to allow 64QAM/256QAM operation under mixed numerologies FDM

· Joint TX and RX spectrum shaping based on windowing approach provide performance improvement on top of using guard bands via additional reduction of ICI among different numerologies. Under some scenarios, a substantial performance improvement can be achieved.

2.1.3 In-band RF requirements
In the previous meeting it was agreed that “FDM’ed mixed numerologies for downlink and uplink data channel from BS perspective can be supported without additional in-band RF requirements compared to single numerology”. This means that in Rel-15 no dedicated mixed numerology in-band requirements for Data/Data scenario will be introduced in order to avoid the possible associated workload in Rel-15 NR WI and meet the accelerated timeline. Meantime, RAN4 will proceed with the introduction of the conventional RF TX/RX requirements based on the single numerology. 

As shown above, numerology FDM can be enabled via proper guard band selection by the gNB scheduler. It is also observed that spectrum shaping/confinement has certain benefits on the overall performance. However, the use of spectrum shaping can already be introduced and verified in the scope of SEM/ACLR/ACS requirements in order to support high spectrum utilization. Hence, we also do not see urgency in introduction of the dedicated multiple numerology requirements in Rel-15 and agree with the recent proposals from the companies to postpone the related requirements to Rel-16 in order to meet the accelerated WI timelines. At the same time, in the Rel-15 framework we still anticipated that “single” numerology IBE/ICS requirements can be introduced and the related requirements should be defined under assumption of using per-numerology spectrum confinement.
Proposal #2:
Rel-15 “single” numerology in-band RF requirements should be defined under assumption of using TX/RX spectrum shaping.


Additional in-band RF requirements for scenarios with FDM’ed mixed numerologies for data channels will be defined in Rel-16.
2.2 Case 2: Data/SS mixed numerologies FDM

From RAN1 design perspective the synchronization signals (incl. PSS/SSS/PBCH) may potentially have different numerology comparing to the data signals transmitted in the same time instance. Furthermore, as discussed above, the numerology multiplexing is expected to be supported via the “bandwidth part” concept, wherein different parts may potentially have different numerologies. The details of the particular design with respect to Data/SS multiplexing are not finalized and whether FDM can happen is up to further RAN1 discussion.
Observation #4
· It is FFS if Data/SS mixed numerologies FDM is supported from the gNB TX and UE RX perspectives
2.2.1 Impact on UE implementation

From the UE implementation perspective Data/SS mixed numerology FDM use case is less demanding comparing to the Data/Data case. Depending on implementation UE may have a specific cell searcher block, which has a dedicated hardware for the PSS/SSS/PBCH signal reception. Hence, the UEs may potentially be capable to support simultaneous reception of Data signals and SS signals with different numerologies without additional implementation complexity comparing to the single numerology use case. Meantime, feasibility of Data/SS FDM’ed reception depends on the UE implementation and pros/cons of simultaneous support of Data/SS reception from the UE perspective need to be further analysed based on the final RAN1 SS design.

Observation #5
· Depending on UE implementation support of Data/SS mixed numerologies FDM at the UE side may require lower implementation complexity comparing to Data/Data mixed numerologies case.
2.2.2 Impact on performance 

For the scenarios with Data/SS mixed numerologies FDM, the high-level mutual impact on the performance is expected to be as follows:

· Impact on Data performance: The overall impact is expected to be lower or comparable to the impact from Data to Data, since SS signals may not occupy all time domain resources and, hence, only a part of OFDM symbols will be affected by the cross-numerology ICI.

· Impact on SS performance: The impact from the different numerology Data transmission to the SS performance is expected to be limited since PSS/SSS and PBCH are usually designed in a way to have robust performance and capable to operate at very low SNR points. Hence, additional cross-numerology ICI on the SS REs is expected to have very limited impact on the performance.

Observation #6
· The impact from the different numerology Data transmission to the SS is expected to be limited since PSS/SSS signals and PBCH will be designed to have robust performance with low SINR operating point
2.2.3 In-band RF requirements
Assuming that FDM of mixed numerologies for Data/SS scenarios is expected to have lower impact on the overall system performance comparing to the Data/Data mixed numerologies scenario, we believe that there is no urgency of introduction of related requirements. In our view, there is no need to differentiate the approaches for the definition of RF requirements for Case 1 (Data/Data) and Case 2 (Data/SS). So, a similar “single” numerology requirements approach can be used for Data/SS mixed numerologies scenario.

Proposal #3:
Do not define dedicated in-band requirements for Data/SS mixed numerology use case
3. Conclusions

In this paper we have provided views on the key remaining open issues including mixed numerology support from the UE perspective, introduction of the RF requirements. In summary, we make the following proposals:

Proposal #1:
UE is not mandated to support simultaneous reception of multiple Data channels with different numerologies. 


UE is not mandated to support simultaneous transmission of multiple Data channels with different numerologies.
Proposal #2:
Rel-15 “single” numerology in-band RF requirements should be defined under assumption of using TX/RX spectrum shaping.


Additional in-band RF requirements for scenarios with FDM’ed mixed numerologies for data channels will be defined in Rel-16.
Proposal #3:
Do not define dedicated in-band requirements for Data/SS mixed numerology use case.
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