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Introduction
In the draft agenda for RAN1#86, it is stated:
“Focus on the set of scale factors n in fc=15*2^n that will be supported in Phase I, whether we have symbol alignment across the scalings or not”
In this contribution, symbol level alignment between different NR numerologies is discussed. Issues are brought up that should be taken into account when deciding whether the NR numerologies should be aligned on symbol level or if it is not necessary. 
Assumptions on Numerology and sub-frame structure
In RAN1#85 following working assumption on numerology is stated in the Chairman’s notes:
Working assumption:
· In the case of subcarrier spacing 15 kHz and 14 symbols per 1ms, the following applies:
· Baseline: Symbol boundary is aligned with LTE of normal CP
 
Symbol boundary alignment of working assumption
If the LTE based numerology with NCP is applied for the 15 kHZ sub-carrier spacing, the symbol boundaries during a 0.5ms period are calculated to:
Tsymb_end,SCS=15kHz(n)=71.88 us + n * 71.35 us, with n=0,…,6 	(1)
The symbol boundaries during a 0.5ms period are non-uniformly distributed. The same pattern is then repeated every 0.5 ms.  
For NR, a set of sub-carrier spacing scaling factors M will be defined. The exact values for M are still for further study, but it is reasonable to assume that both large and small numbers are needed in order to meet the requirements of the various use-cases such as eMBB and mMTC. It is not unlikely that M could take on at least the values from the set {0.25, 0.5, 1, 2, 4}.
For a given sub-carrier spacing scaling M, the symbol boundaries as shown in Equation (1) are either stretched (M<1) or compressed (M>1) with 1/M. The symbol level boundaries of the scaled numerologies are defined below in Equation (2).
Tsymb_end,SCS=15kHz*M(n)=(71.88 us + n * 71.35)/M us, with n=0,…,6 	(2)
As a consequence of the symbol boundary constellation for LTE/NCP, the symbol boundaries of differently scaled numerologies as shown in Equation (2) do not align with each other.
Furthermore, the basic numerology with LTE/NCP has a regularity of 0.5ms, after 0.5ms, the symbol boundaries repeat with the same constellation. For the sub-carrier spacing scaled numerologies, this repetition period is also scaled with 1/M. 
Thus, for:
· SCS=3.75 kHz with M=0.25, the symbols boundaries repeat every 2ms.
· SCS=7.5 kHz with M=0.5, the symbols boundaries repeat every 1ms.
· SCS=15 kHz with M=1, the symbols boundaries repeat every 0.5 ms.
· SCS=30 kHz with M=2, the symbols boundaries repeat every 0.25 ms.
· SCS=60 kHz with M=4, the symbols boundaries repeat every 0.125 ms.

This is illustrated below in Figure 1 for the example of M=1 and M=0.25. 
[image: ]Figure 1 – Symbol level alignment every 2ms between SCS = 15 kHz (M=1) and SCS = 3.75 kHz (M=0.25) 

Observation 1: 
· Using the LTE-numerology results in non-aligned symbol boundaries between differently scaled sub-carrier spacings.
· Assume to have two differently scaled numerologies M1 and M2 taken from the set M={0.25, 0.5, 1, 2, 4} and assume that  they are symbol level aligned at t=0, then it can only be guaranteed that they are aligned again at t=0.5ms/min{M1,M2}. For example, if M1=0.25 and M2=1, then they will be aligned every 2ms.

Sub-frame alignment of working assumption
The frame structure has not been decided in 3GPP. For the working assumption on numerology, the most likely sub-frame structure is to use 7 OFDM symbols per sub-frame. This sub-frame structure is assumed in this document. 
The sub-frame length could then be scaled with the sub-carrier spacing. This is illustrated below for some of the possible sub-carrier spacing values that could be used for NR.
on[image: ]
Figure 2 – Possible sub-frame structure based on the numerology working assumption for NR. Symbols between differently scaled numerologies do not align. Shorter sub-frames cannot be created by using less than 7 symbols 
Following observations can be done for the sub-frame structure based on the numerology working assumption 
Observation  2: 
· For the working assumption, the smallest number of OFDM symbols that can be used efficiently per sub-frame is 7  
· For the working assumption and a sub-frame length of 7 symbols, the sub-frame boundaries of one numerology do not align with symbol boundaries of another  numerology

Symbol and sub-frame alignment of alternative numerology
Other numerologies like alternative 2 and 3 (described e.g. in R1-164271) propose to employ 16 symbols per ms of uniform duration. This has following advantages:
· Symbol boundaries between differently scaled sub-carrier spacings  M = {0.25, 0.5, 1, 2, 4} always align (for 2^m sub-carrier spacing scaling)
· Sub-frames with fewer than 8 symbols (e.g. 4, 2) can be created. By doing so sub-frames between differently scaled numerologies may consist of a different number of symbols and therefore, even sub-frames of differently scaled numerologies can be aligned. 

This is illustrated below in Figure 3.
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Figure 3 - Possible sub-frame structure based on numerology alternative 2/3 for NR. Symbols between differently scaled numerologies always align. Shorter sub-frames can be created by using fewer symbols. 

Discussion
Overview – impact of symbol boundary alignment
The key-findings of the discussion from the following sub-sections are summarized in the table below:
	
	Aligned symbols between numerologies
	Non-aligned symbol between numerologies

	Sub-frame lengths
	Sub-frame with few nr of symbols can be created. Sub-frames of differently scaled numerologies can be aligned in time by using different number of symbols.  
	Minimum nr of symbols/SF is 7. Sub-frames in one numerology do not align with symbols of numerology.

	
	- Subframes with fewer symbols give more flexibility to adopt for channel conditions when supporting URLLC
- Sub-frame alignment gives more efficient resource utilization when multiplexing different services.

	Co-existence with LTE
	1ms alignment with the LTE-TDD UL/DL switching pattern is possible for all NR numerologies
In frequency domain, guard band is genrally needed. 
	1ms alignment with the LTE-TDD UL/DL switching pattern is not possible for SCS scaling smaller than 7.5 kHz
In frequency domain, a guardband is generally needed. Only for SCS=15 kHZ and NCP a guard band to LTE/NCP  is not needed.

	
	-Symbol level alignment always results in 1ms alignment with LTE (either on sub-frame or symbol level). Using LTE NCP as basic numerology, however, does not give alignment with 1ms for small sub-carrier spacing
-Coexistence with NR in the frequency is the same, generally needed

	Interference cancellation
	If numerologies are aligned on symbol level, IC techniques are easier to implement. The UE can assume a certain timing of the interfering numerologies. 
	The UE has no knowledge about the timing of other numerologies. More complex to implement IC techniques when symbol boundaries are not aligned.

	
	Interference cancellation easier when having symbol level alignment

	Interference mitigation / coordination
	Assume different transmission points using different numerologies on the same resources. Interference coordination between nodes and placement of pilots is easier.
	More complicated to apply interference coordination between nodes and to specify the pilots for the different numerologies.

	
	Interference mitigation/coordination easier when having symbol level alignment

	Implementation cost
	For transmission of multiple numerologies from the same node: Better hardware resource pooling and managing possible when symbol boundaries are aligned.
	If time overlap between symbols of different numerologies, it could be more complicated to support this efficiently in HW.

	
	Possible lower implementation complexity for aligned symbol boundaries

	Control overhead
	If UE can assume symbol timing of different numerologies might implicate that less control signaling is needed. Potentially less control overhead.
	Might be needed that control info must be signaled rather it could be assumed/derived directly form the UE. Potentially higher control overhead.

	
	Possible less control overhead for aligned symbol boundaries, since more information is known a priory

	Multiplexing of different TTIs
	Shorter sub-frames can be created. Easier multiplexing of different use cases. Symbol level alignment allows for e.g. more efficient puncturing when multiplexing different use case such as URLLC and eMBB.  
	When not having symbol alignment between numerologies, it is less efficient to perform puncturing when multiplexing different numerologies. 

	
	More efficient resource utilization when having aligned symbol boundaries



Comparing the key findings for aligned and non-aligned symbol boundaries in the table above, it is found that symbol level alignment between scaled numerologies is a very efficient tool to support all the different use cases of NR. 
Therefore, the following proposal is made:
Proposal 1: 
· Symbol level alignment between the numerologies shall be supported for NR 

Specific issues for symbol alignment
In this section, some issues from the table in section 3.1 are elaborated 
1.1.1  Co-existence with LTE
In time domain:
In one previous contribution R1-163227 (Ericsson), it has been stated “5G new RAT deployments can happen in the same band as LTE. With adjacent carrier LTE TDD – depending on interference isolation – 5G new RAT must adopt the same UL/DL switching pattern as LTE TDD does. Every numerology where (an integer multiple of) a subframe is 1 ms can be aligned with regular subframes in LTE.”
From observation 1 it can be seen that with the current working assumption, it is not possible to support this requirement for a SCS smaller than 7.5 kHz.  

And in RAN#85 it has been agreed:
· For the numerology with 15 kHz and larger subcarrier spacing ,1 msec alignment is supported

From the above consideration, following is observed:

Observation  3: 
· With the current working assumption for the NR numerology, NR with SCS smaller than 7.5 kHz should not be deployed in the same band as LTE TDD. It would break against the 1ms alignment that is desired for NR deployment in the same band as LTE.

In our view this is an unnecessary restriction on the deployment flexibility of NR. If NR deployment should be possible in the same band as LTE TDD, then this should be the case for all NR numerologies and not for just a sub-set of them.
Proposal 2: 
· For all NR numerologies, 1ms alignment is supported. This alignment can either be on sub-frame level or on symbol level in case NR sub-frames span more than 1ms 

The current working assumption on numerology does not support this. However, the numerologies proposed in alt2/3 have this characteristic. This is illustrated in the figure below. The upmost figure represents the sub-frame structure for the working assumption with M=0.25. It can be seen that no sub-frame alignment with LTE on 1ms is achieved and furthermore, that the LTE sub-frames are neither aligned with the NR symbol boundaries. This can make co-existence also more complicated.
On the other hand, the alternatives 2/3 do naturally achieve symbol level alignment with LTE (option 2 in figure below) on a 1ms basis. Furthermore, since these numerology alternatives also offer the possibility to create shorter sub-frames by using fewer symbols, also sub-frame alignment with LTE can be achieved. This is illustrated as Option 1 in the figure below, for M=0.25 where one sub-frame consists of 4 symbols.    
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Figure 4 – Alignment with LTE for different NR numerology candidates. The current working assumption with M=0.25 does not support LTE alignment on a 1-ms basis. Alternatives 2 and 3, offer different options to support 1ms alignment.
As an outcome of the above discussion we have the following proposal:
In frequency domain:
In the previous section, it has been shown that the time-domain properties of alternatives 2/3 are better suited for co-existence with LTE. In this section, the frequency domain properties and the need of a guard band shall be addressed. 
It has often been mentioned in 3GPP discussions that LTE and NR should support the same numerology in order to avoid guard bands when they are deployed on adjacent channels.
The guard band would be needed to mitigate inter-numerology interference. However, only when NR is using the LTE numerology, no guard band is needed. For any other NR numerology (whether it is another CP for the same sub-carrier spacing or if it is a scaled numerology), a guard band is needed. This, would limit the flexibility and resource utilization of NR significantly
Observation  4: 
· For efficient usage of NR flexibility a guard band between an adjacent LTE band is needed.

1.1.2  Neighbored TPs using the same resources
In the previous section, the special case of NR deployment in the same band with LTE-TDD has been discussed. In this section, considerations about symbol level alignment with different numerologies within NR are made.
Consider as an example the deployment scenario shown in the figure below. UE1 is served by a transmission point TP1, TP1 is using Numerology 1. UE1 happens also to be in the coverage area of another transmission point, TP2. TP2 is serving UE2 and transmitting with Numerology 2. UE2 uses numerology 3 to send data to TP2. 
UE1 receives then interfering signals from both TP2 and from UE2. Both TPs are using the same resources. With the current working assumption, the symbol timings will in general not be aligned between the different numerologies.  
[image: ]
Figure 5 – Two TPs serving two UEs and use different numerologies

UE1 has no knowledge about the symbol boundaries of the interfering signals. The only certainty, for the case of synchronised transmission points, is that symbol level boundary will coincide at 0.5ms/M_min, where M_min is the smallest scaling factor used for Num1-3. In between these time-instances, the interfering signals could almost be considered as asynchronous OFDM signals.
Having non-aligned symbol boundaries 
· Makes interference mitigation schemes more complicated (if possible at all), like transmission of pilot symbols in the different numerologies. If symbol boundaries are not aligned, it will be more complicated  to coordinate their transmission
· Makes it more complicated to introduce interference cancellation schemes. If the UE could assume symbol boundary alignment between numerologies, more efficient methods for IC could be deployed. 
· If UE has to search for certain numerologies in other cells, it would become easier, if the UE could take advantage of the timing it has with its own numerology in the current cell.
· Possibly increases control overhead, since the UE would need to acquire information about the numerology timings used on the neighbouring cells rather than just being able to assume symbol level alignment   

Also the implementation complexity could become less for aligned symbols. For a unit supporting several numerologies, hardware resource sharing should be simpler when the symbol boundaries of the different numerologies align.   
Observation  5: 
· Symbol boundary alignment enables more efficient deployment and usage of NR in multiple cells.  

1.1.3  Multiplexing numerologies in FDM
Assume that two numerologies with sub-carrier spacing scaling M=1 and M=2 are transmitted in FDM fashion from the same transmission point. This is compared for LTE/NCP basic numerology and for alternatives 2/3 with 16 symbols per ms of uniform duration. 
For M=2, assume further that LTE/NCP, uses a sub-frame structure of 7 symbols per sub-frame configured as (DL,DL,DL,DL,DL,Gap,UL) and for alternative 2/3 a sub-frame with 8 symbols is used configured as (DL,DL,DL,DL,DL,DL,Gap,UL).
For M=1 it is assumed that both LTE/NCP and Alt2/3 have a long scheduling frame from which only some of the DL parts are shown in the figure below. 
The symbols marked with a “red cross” for M=1 are those that need to be punctured out when M=1 and M=2 are multiplexed in FDM. It can be seen that for NCP, 3 out of 7 (43%) cannot be transmitted whereas for Alt2/3 just 2 out of 8 symbol are blank (25%).
Also it can be seen that the puncturing for M=1 is irregular for the case of LTE/NCP, whereas for Alt2/Alt3, it is regularly distributed. 
[image: ]
Figure 6 – Multiplexing of numerologies with M=1 and M=2. Sub-frame aligned numerologies Alt2/Alt3 are more efficient
Observation  5: 
· Having 2^m symbols per ms gives symbol alignment between scaled numerologies and enables a more efficient multiplexing of differently scaled numerologies.

Conclusions
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]From the discussions in this contribution, we have the following proposals:
Observation 1: 
· Using the LTE-numerology results in non-aligned symbol boundaries between differently scaled sub-carrier spacings.
· Assume to have two differently scaled numerologies M1 and M2 taken from the set M={0.25, 0.5, 1, 2, 4} and assume that  they are symbol level aligned at t=0, then it can only be guaranteed that they are aligned again at t=0.5ms/min{M1,M2}. For example, if M1=0.25 and M2=1, then they will be aligned every 2ms.

Observation  2: 
· For the working assumption, the smallest number of OFDM symbols that can be used efficiently per sub-frame is 7  
· For the working assumption and a sub-frame length of 7 symbols, the sub-frame boundaries of one numerology do not align with symbol boundaries of another  numerology

Observation  3: 
· With the current working assumption for the NR numerology, NR with SCS smaller than 7.5 kHz should not be deployed in the same band as LTE TDD. It would break against the 1ms alignment that is desired for NR deployment in the same band as LTE.

Observation  4: 
· For efficient usage of NR flexibility a guard band between an adjacent LTE band is needed.

Observation  5: 
· Having 2^m symbols per ms gives symbol alignment between scaled numerologies and enables a more efficient multiplexing of differently scaled numerologies.

Proposal 1: 
· Symbol level alignment between the numerologies shall be supported for NR .

Proposal 2: 
· For all NR numerologies, 1ms alignment is supported. This alignment can either be on sub-frame level or on symbol level in case NR sub-frames span more than 1ms 
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