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1. Introduction

According to the discussion in RAN1#86 on numerology for NR, some agreements and preliminary assumptions start coming into form, e.g.:

Agreements:
· Subframe duration in ms for a reference numerology with subcarrier spacing (2m*15)kHz is exactly 1/2m ms
· RAN1 strives how to enable efficient time alignment between transmissions with different CP overheads
· NR numerology scalability should allow at least from [3.75 kHz] to480 kHz subcarrier spacing 
· Necessity of support for less than 15 kHz subcarrier spacing  (e.g., 3.75 kHz) should be studied
· Note that scalability does not mean everything should be scalable (e.g., RS density, UE/gNB processing time, signalling overhead)
· A slot can contain all downlink, all uplink, or {at least one downlink part and at least one uplink part}

· FFS regarding the number of switching points, multiplexing of different use cases (e.g., multiplexing eMBB and URLLC use cases) and/or numerologies in the time domain
Working assumption:
· Alignment within a subframe

· Symbol level alignment across different subcarrier spacings with the same CP overhead is assumed within a subframe duration in a NR carrier

· FFS: Unlicensed spectrum case
It’s FFS to support multiplexing of numerologies (e.g. for different types of channels and signals including RS, control and data) in the time domain within a slot. In a NR system with multiple numerology sets, keeping identical subcarrier spacing for data symbols and RS symbols in a slot may bring a lot of issues. In this contribution, we discuss the potential problems of using the same subcarrier spacing for data and RS symbols in a slot for NR, and propose to decouple the numerology setting of data and RS.
2. Potential problems of using a same subcarrier spacing for data and RS symbols in a subframe
A direct consequence of aligning the subcarrier spacings of data and RS symbols in a RB is that the subcarrier spacings of RS symbols in different numerology regions are different. However, RS design with multiple numerology sets will bring interference and complexity problems: Firstly, RS is more sensitive to “inter-numerology interference” because the interference cannot be coordinated by dynamic scheduling as for data. Secondly, the number of RS designs will multiply, and dramatically complicate the NR standards and implementations.
Problem 1: Adjacent-channel interference between RS with different subcarrier spacings
Interference will be present between adjacent subbands if they are configured to different subcarrier spacings. Interference between data symbols may be coordinated with dynamic scheduling while that between RS symbols cannot in some cases, as shown in Fig.1. And the inter-RS interference will introduce more severe performance degradation than the inter-data interference, due to channel estimation errors. Therefore the RS symbols are much more sensitive to inter-numerology interference. 
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Fig.1: Inter-numerology interference between RS symbols in adjacent subbands (Intra-cell interference)
Problem 2: Inter-cell interference between RS with different subcarrier spacings
Another interfering scenario is inter-cell interference between RS with different subcarrier spacings. As illustrated in Fig.2, two neighboring cells may be configured to different subcarrier spacings in the same time-frequency region according to their bandwidth and service requirements. 
RS in LTE/LTE-A systems combats co-channel inter-cell interference by employing time-frequency domain orthogonality or/and low-correlation sequences. However, all the orthogonal and low-correlation design is based on the assumption that the interfering RS REs are in the same time-frequency shape. RS REs with different time-frequency shapes (e.g. A 60kHz RS is 4 times the width of a 15kHz RS in frequency domain, while 1/4 the length of the latter in time domain) can only partly overlap to each other. Low-correlation sequence design does not work in this case. Frequency domain shift (as cell-specific RS in R8 LTE) can hardly be applicable either. 
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Fig.2: Inter-numerology interference between RS symbols in neighboring cells (Inter-cell interference)
Problem 3: Complexity issue of multi-numerology RS design
Definitely RS patterns for 30kHz or 60kHz subcarrier spacing need to be redesigned. In LTE/LTE-A with single numerology set, dozens of antenna ports have been designed including that for CRS, DMRS, CSI-RS, SRS, etc. Shall we design a similar number of new RSs for 30kHz and 60kHz subcarrier spacings respectively? That will multiply the number of RS designs, and dramatically complicate the NR standards and implementations. Evaluating and down-selecting RS designs for different numerology sets also introduce a heavy standardization burden.
Observation 1: RS REs with different subcarrier spacings are in different time-frequency domain shapes and cannot fully overlap to each other. Hence legacy interference mitigation approaches (e.g. frequency domain shifting and low-correlation sequence) cannot combat inter-numerology interference between RSs (in both adjacent channel interference and inter-cell interference scenarios). 
Observation 2: Multi-numerology RS will multiply the number of RS designs, thus dramatically complicate the NR standards and implementations.
3. Different subcarrier spacings for data and RS symbols in a subframe
In order to effectively suppress the inter-RS interference and simplify the RS design in a multi-numerology NR system, a unified RS set with an identical subcarrier spacing is more agreeable, even when data is configured with different subcarrier spacings. It implies that using different subcarrier spacings for the data and RS REs in a specific time-frequency domain region (e.g. a RB) should be allowed, as shown in Fig.3. For example, symbols with subcarrier spacing A and symbols with subcarrier spacing B are multiplexed within a subframe. Two examples are shown in Fig.3: In a 15kHz subcarrier spacing-dominant subframe, some symbols are configured to 15kHz subcarrier spacing containing data/control REs, while other symbols are configured to 60kHz subcarrier spacing containing some RS REs. The REs in 60kHz symbols not used for RS can be used for data/control; In the other example, the similar scheme is used but RS REs are with 15kHz subcarrier spacing is used for RS REs while 60kHz for most of data REs.
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Example (a): 15kHz data + 60kHz RS                                  Example (b): 60kHz data + 15kHz RS
Fig.3: Using different subcarrier spacings for data and RS symbols in a subframe
An advantage of the above approach is to enable the effective inter-RS interference mitigation. Decoupling the subcarrier spacing configurations of RS and data symbols in a subframe enables an identical subcarrier spacing setting of RS REs despite of different subcarrier spacings for data REs. 
An example for the adjacent channel interference scenario is depicted in Fig.4 (taking 60kHz RS for example). Although the data REs in the two adjacent subbands are with 15kHz and 60kHz subcarrier spacings respectively, the RS REs in the two bands can be all set to 60kHz subcarrier spacing. The inter-numerology interference between RS REs is avoided accordingly.
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Fig.4: Using the same subcarrier spacing for RS REs in regions with different subcarrier spacings for data REs avoids inter-numerology interference
The example for the inter-cell interference scenario is depicted in Fig.5 (also taking 60kHz RS for example). The data REs in the two neighboring cells are with 15kHz and 60kHz subcarrier spacings respectively, whereas the RS REs in the two cells are all set to 60kHz subcarrier spacing. The inter-numerology interference between RS REs is avoided. And the approaches such as low-correlation sequences and frequency shifting can be used to combat the inter-cell interference.
[image: image6.jpg]Inter-cell interference in RS REs with the same subcarrier spacing.
The same time-frequency domain shape of RS enabl
gation approaches (c.g. low-correlation sequence.

d Time
(Subcarier spicing-=13kHz for data/control)
i L T
I * T
i I I
N /I T
Cell 2
A Tin

Frequency

>

=60kHz for data/control)

es the interference
quency shifting).

Data/control RE
with subcarrier
spacing=15kHz

Data/control RE
with subcarrier
spacing=60kHz

—

RS RE with
subcarrier
spacing=60kHz

Cell 1
(Subcarrier spacing
T5kHz for data/control)

(=)

Cell 2

(Subcarrier spacing

)

Neighboring cells using different
subcarrier spacing for data/control
in the same time-frequency region




Fig.5: Using the same subcarrier spacing for RS REs in cells with different subcarrier spacings for data REs enables inter-numerology interference mitigation approaches (e.g. low-correlation sequence, frequency shifting)
By decoupling the subcarrier spacing configurations of RS and data/control channels, it also becomes possible to optimize the numerology sets for RS and data/control channels separately. 
Finally, if the numerology of RS does not need to be aligned with that of data/control channels, we can standardize much less numerology sets for RS than that for data/control. Thus the number of RS patterns and corresponding designs can be minimized and the complexity will be substantially reduced.
Proposal 1: Study the feasibility of decoupling the subcarrier spacing configurations of RS and data/control REs in a certain time-frequency region (e.g. RB). Study the feasibility of setting subcarrier spacing of the symbols containing RS REs different from other symbols in a subframe. 
Proposal 2: Study the feasibility of using the same subcarrier spacing for RS REs in the time-frequency regions or cells with different data/control subcarrier spacings. Strive to minimize the number of numerology sets for RS to reduce the complexity.
4. Feasibility of OFDM channel estimation based on RS with a different subcarrier spacing
The feasibility of setting different subcarrier spacings for RS and data/control symbols in a subframe depends on whether a channel estimate based on RS with subcarrier spacing A can be used to demodulate a symbol with subcarrier spacing B. We try to investigate the feasibility with the following simulation.
The simulation compares the channel estimation performance of Case 1 (Single-subcarrier-spacing frame) and Case 2 (Multi-subcarrier-spacing frame). In Case 2, data symbols with 15kHz subcarrier spacing and RS symbols with 60kHz subcarrier spacing are mixed into one subframe.
· Case1: Single-subcarrier-spacing subframe
Legacy LTE 1ms subframe including 14 symbols with 15kHz subcarrier spacing . Antenna port 7 RS is used for channel estimation.
· Case 2: Multi-subcarrier-spacing subframe
As shown in Fig.6, 1ms subframe including 13 data symbols with 15kHz subcarrier spacing and 4 RS symbols with 60kHz subcarrier spacing (Symbol 8, 9, 16, 17). RS REs are  continuously allocated in the four 60kHz symbols which are used for channel estimation. The channel estimation results are used for the demodulation of the thirteen 15kHz symbols. Here we assume the duration and CP length of a 60Hz symbol are both 1/4 of a 15kHz symbol (CP is scaled with subcarrier spacing).
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Fig.6: Multi-subcarrier-spacing subframe for simulation of Case 2
The simulation assumptions are list in Table 1.
Table 1: Simulation assumptions
	Parameters
	Values

	Subcarrier spacing (Case 1)
	15kHz

	Symbol duration (Case 1)
	66.67µs

	CP length (Case 1)
	4.69µs

	Subcarrier spacing for data symbols (Case 2)
	15kHz

	Data symbol duration (Case 2)
	66.67µs

	CP length for data symbols (Case 2)
	4.69µs

	Subcarrier spacing for RS symbols (Case 2)
	60kHz

	RS symbol duration (Case 2)
	16.67µs

	CP length for RS symbols (Case 2)
	1.17µs

	Antenna configuration
	4x2 ULA array

	Transmission mode
	TM10 single layer transmission based on antenna port 7

	Modulation and code rate
	16QAM/0.5, 64QAM/0.5

	HARQ
	OFF

	Channel model
	EPA5/EVA5

	Channel estimation
	Realistic

	Receiver
	MMSE

	CRS ports
	2 ports

	PDCCH symbols
	2


The simulation results with EPA5 channel model are illustrated in Fig.7. It suggests that the 60kHz RS (Case 2, blue curves) can provide almost the same BLER performance as the 15kHz RS (Case 1, red curves) does. In case of EVA5, using 60kHz RS leads to a slight degradation especially for 64QAM. A reason of the degradation is because a much shorter CP (1.17µs) is used for 60kHz RS than that for 15kHz RS (4.69µs), which cannot effectively cover the larger delay spread of a EVA channel. 
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(a) LTE-EPA                                                                      (b) LTE-EVA
Fig.6: Link performance comparison between single and multi-subcarrier-spacing subframes
In Fig.7, the channel estimation performance of 60kHz RS with 4.69µs CP (RS numerology as in Table 2 and other simulation assumptions as in Table 1) is evaluated for EVA5 channel model. Here we simply assume the 4.69µs CP is applicable for the 60kHz RS symbols. Of course the real symbol-level numerology is needed to be re-designed. The simulation results suggest that if the same 4.69µs CP length is used for 60kHz RS as for 15kHz (Case 3, green curves), the channel estimation performance loss over the 15kHz RS further shrinks to a negligible level.
Table 2: Simulation assumptions for 60kHz RS with normal CP (Case 3)
	Parameters
	Values

	Subcarrier spacing for RS symbols (Case 3)
	60kHz

	RS symbol duration (Case 3)
	16.67µs

	Subcarrier spacing for RS symbols (Case 3)
	60kHz

	CP length for RS symbols CP (Case 3)
	4.69µs
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Fig.7: Link performance comparison between single and multi-subcarrier-spacing subframes (60kHz RS with shorter than and the same CP length as 15kHz RS)
Observation 3: In case of the same CP length adopted, RSs with subcarrier spacing A and B yield almost the same channel estimation performance regarding the demodulation of data symbols with subcarrier spacing B.
Proposal 3: Optimize numerology sets for RS and data/control channels separately. The design (e.g. CP length, symbol position, etc) of RS symbols should be optimized independent of its subcarrier spacing configuration.
5. Conclusions
Observation 1: RS REs with different subcarrier spacings are in different time-frequency domain shapes and cannot fully overlap to each other. Hence legacy interference mitigation approaches (e.g. frequency domain shifting and low-correlation sequence) cannot combat inter-numerology interference between RSs (including in adjacent channel interference and inter-cell interference scenarios). 
Observation 2: Multi-numerology RS will multiply the number of RS designs, thus dramatically complicate the NR standards and implementations.
Proposal 1: Study the feasibility of decoupling the subcarrier spacing configurations of RS and data/control REs in a certain time-frequency region (e.g. RB). Study the feasibility of setting subcarrier spacing of the symbols containing RS REs different from other symbols in a subframe. 
Proposal 2: Study the feasibility of using the same subcarrier spacing for RS REs in time-frequency regions or cells with different subcarrier spacings for data/control REs. Strive to minimize the number of numerology sets for RS to reduce the complexity.
Observation 3: In case of the same CP length adopted, RSs with subcarrier spacing A and B yield almost the same channel estimation performance regarding the demodulation of data symbols with subcarrier spacing B.
Proposal 3: Optimize numerology sets for RS and data/control channels separately. The design (e.g. CP length, symbol position, etc) of RS symbols should be optimized independent to its subcarrier spacing.
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