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1 Introduction
In RAN1#87 meeting, support of extended cyclic prefix (ECP) for 60 kHz subcarrier spacing was agreed as follows:

· Possible use cases for the extended CP include
· Multiplexing of eMBB and URLLC deployed below 6 GHz
·  SCS for eMBB 15(NCP)/30/60kHz, SCS for URLLC = 60 kHz
· Transmission of URLLC with 60 kHz SCS

· High speed scenarios for 30kHz and 60kHz
· Support extended CP at least for 60 kHz SCS
· UE support for ECP may depend on UE type/capability
· FFS how to configure UE using different CP overhead
· FFS the length of ECP
· FFS extended  CP for other scenarios/numerologies
In this contribution, we discuss numerology and time alignment for cases that ECP for 60 kHz subcarrier spacing is employed in mini-slots or slots. The discussion also addresses whether the same ECP numerology is applicable if ECP should be supported for both mini-slot and slot structures. 
	
	
	
	
	


2 Numerology for 60 kHz ECP
One of main use cases of ECP is to multiplex eMBB and URLLC with different numerologies where eMBB employs 15 kHz subcarrier spacing (SCS) with normal CP (NCP), and URLLC employs 60 kHz SCS with ECP [1][2]. Two approaches below were discussed in the last RAN1#87 meeting:
· Option 1: three 60 kHz ECP symbols are aligned with a single 15 kHz NCP symbol
· Option 2: seven 60 kHz ECP symbols are aligned with two 15 kHz NCP symbols 
The both cases guarantee that 60 kHz ECP symbols are aligned with 15 kHz NCP symbols at 15 kHz symbol boundaries. This helps efficient and simple multiplexing of URLCC and eMBB traffic because only the required number of 15 kHz symbols are affected by a mini-slot comprising 60 kHz ECP symbols. When aligning 60 kHz ECP and 15 kHz NCP symbols, the CP length of 15 kHz NCP symbols affects that of 60 kHz ECP symbols. In addition to the above two cases, the following case and some other combinations are possible:
· Ten 60 kHz ECP symbols are aligned with three 15 kHz NCP symbols, which results in the similar CP length as LTE NCP.
An approach to take for 60 kHz ECP numerology can be decided taking into account latency benefits, CP overhead, implementation complexity, etc.
In 15 kHz NCP numerology, the first symbol takes a longer CP duration than the other six symbols as shown below [3]:

Table 1: Numerology for 15 kHz NCP symbols
(sample duration Ts = (30.72 MHz)-1, FFT size = 2048).
	Symbol index 
within 0.5 ms
	CP duration
	Useful signal duration
	Total symbol duration

	l=0
	5.208 s
(160 Ts)
	66.667 s
(2048 Ts)
	71.875 s
(2208 Ts)

	l=1,2…,6
	4.688 s
(144 Ts)
	
	71.354 s
(2192 Ts)


Based on the above numerology for 15 kHz NCP symbols, numerologies for 60 kHz ECP symbols can be derived, and are presented below.
Option 1: alignment of three 60 kHz ECP symbols and a single 15 kHz NCP symbol
Figure 1 below shows aligning one 15 kHz NCP symbol with three 60 kHz ECP symbols based on Option 1.
[image: image1.emf]2208

T

s

2192

T

s

0.5 ms

15 kHz SCS

(NCP)

60 kHz SCS

(ECP)

#

3

#

2

#

1

#

2

mini-slot 

case 1

mini-slot 

case 2


Figure 1: 60 kHz mini-slot symbol numerology for Option 1.
In Figure 1, symbols in the same color has the same CP duration, but the three different colors represent that each of the corresponding symbols has a different duration in CP than the other two types. As seen in Figure 1, duration of each symbol is affected by the 15 kHz symbol with which the 60 kHz ECP symbols should be aligned. Due to longer CP duration of the first 15 kHz NCP symbol within the 0.5 ms duration, the very first 60 kHz ECP symbol (#1 in Figure 1) has the longest CP duration than the other symbols. Also, in mini-slot case 2, the first symbol takes two more samples than the other two symbols as provided in Table 2 below, as the total number of samples within the 15 kHz symbol is not divisible by 3. 
Based on the 15 kHz symbol numerology provided in Table 1, the ECP numerology for the 60 kHz symbols in Figure 1 can be obtained as in Table 2 below. The total number of samples for three 60 kHz ECP symbols aligned with one 15 kHz symbol is equal to the number of samples for the corresponding 15 kHz symbol. 
Table 2: Numerology for 60 kHz ECP symbols in Figure 1. 
	Symbol 
type
	CP duration
	Useful signal duration
	Total symbol duration
	CP overhead

	#1
	7.682 s
(236 Ts)
	16.667 s
(512 Ts)

	24.349 s
(748 Ts)
	31.6%

	#2
	7.096 s
(218 Ts)
	
	23.763 s
(730 Ts)
	29.9%

	#3
	7.161  s 
(220 Ts)
	
	23.828 s
(732 Ts)
	30.1%


As seen in Table 2, 60 kHz symbols for Option 1 has much longer CP duration than that of 15 kHz NCP symbol, and the CP overhead is around 30% of the total symbol duration. Considering that 15 kHz NCP is sufficient in most deployment scenarios, this huge CP duration and large overhead seems an unnecessarily excessive use of the resource. Low latency benefit achievable by Option 1 is somewhat offset by the worse resource efficiency than Option 2 to be presented below. 
The following Figure 2 illustrates a 60 kHz ECP slot structure configured by using the numerology of Option 1 provided in Table 2. If Option 1 is to be adopted as the numerology for 60 kHz ECP, then that numerology can be applied to slots configured with 60 kHz ECP symbols as well.
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Figure 2: Slot numerology based on Option 1.

Option 2: alignment of seven 60 kHz ECP symbols and two 15 kHz NCP symbols
Figure 3 below illustrates cases to align seven 60 kHz ECP symbols with two 15 kHz NCP symbols. The cases of longer mini-slot duration can be simply obtained by concatenating the mini-slots included in the figure.
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Figure 3: 60 kHz mini-slot symbol numerology for Option 2.
As similar to Option 1, numerology of the 60 kHz ECP symbols can be different depending on the 15 kHz NCP symbol with which the 60 kHz ECP symbols are aligned. Due to longer CP duration of the first 15 kHz NCP symbol every 0.5 ms, the first 60 kHz ECP symbol (#1 in Figure 3) has the longest CP duration than the other symbols, and this applies to mini-slot cases 1, 3, and 4 in Figure 3. Especially, when the 60 kHz ECP mini-slot has an interval which includes the long CP symbol (in blue) in the middle of the 1 ms subframe as in mini-slot cases 3 and 4, the numerology of the seven 60 kHz ECP symbols should have the same configuration in the both cases such that the first 60 kHz symbol takes a longer duration and the remaining symbols have a shorter equal duration of symbol type #2 as shown for mini-slot cases 3 and 4. Also, in mini-slot case 2, the first symbol (#3) takes two more samples than the other six symbols (#2) as shown in Table 3 below, as the total number of samples for the corresponding 15 kHz symbol is not divisible by 7. 
Based on the 15 kHz symbol numerology provided in Table 1, the numerology for the 60 kHz ECP symbols in Figure 3 can be obtained as given in Table 3 below. 

Table 3: Numerology for the 60 kHz ECP symbols in Figure 3. 

	Symbol 
type
	CP duration
	Useful signal duration
	Total symbol duration
	CP overhead

	#1
	4.297 s
(132 Ts)
	16.667 s
(512 Ts)
	20.964 s
(644 Ts)
	20.5%

	#2
	3.711 s
(114 Ts)
	
	20.378 s
(626 Ts)
	18.2%

	#3
	3.776  s 
(116 Ts)
	
	20.443 s
(628 Ts)
	18.5%


As seen in Table 3, Option 2 has CP overhead of around 20% of the total symbol duration, which is much smaller than the around 30% CP overhead of Option 1. The numerology of Option 2 can be useful in outdoor scenarios such as URLLC smart grid applications. For this type of applications, it can frequently happen that URLLC devices/UEs are located at far-cell edge. Therefore, seven 60 kHz symbols configuration can be more suitable for this type of applications. It is also noted that the length of seven symbols were considered for LTE latency reduction mostly targeted for far-cell UEs.
Figure 4 below illustrates a slot configured with the numerology for Option 2 for 60 kHz ECP. Whereas 0.5 ms slot is possible with Option 1 as shown in Figure 2, 1 ms is the possible minimum slot duration for Option 2 as seen in Figure 4. This is because the basic unit for the symbol alignment is two 15 kHz NCP symbols and 1 ms duration is the minimum duration which is divisible by the unit of two 15 kHz NCP symbols.
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Figure 4: Slot numerology for Option 2.
It is desirable and beneficial that the symbol numerology provided for Option 2 in Table 3 applies not only to mini-slots, but also to slot structures as well. However, the slot structure of Figure 4 poses a few potential issues. First, the structure is not symmetric around 0.5 ms boundary unlike the 15 kHz NCP subframe as seen in Figure 4. Second, the numerology of the 60 kHz ECP symbols aligned with the long CP 15 kHz symbol in the 2nd 0.5 ms duration can happen to be different than that of a mini-slot, which is mini-slot case 4 in Figure 3. If mini-slot case 4 is to be precluded at least in case that 60 kHz ECP slot is configured, this does not pose an issue.
Other designs for numerology and symbol alignment for 60 kHz ECP and 15 kHz NCP symbols are possible as provided below, assuming the 15 kHz NCP symbols with 144 Ts. Among the candidate numerologies, Option 2 seems to be the most balanced design when taking into account CP overhead, latency and scheduling granularity altogether.
	# symbols @15KHz
	# symbols @60KHz
	Average CP length (in Ts)
	Overhead

	1 (Option 1)
	3
	218.6
	30

	2
	6
	218.6
	30

	2 (Option 2)
	7
	114.2
	18

	3
	9
	218.6
	30

	3
	10
	145.6
	22

	4
	12
	218.6
	30

	4
	13
	162.4
	24


3 Conclusion 

This contribution has discussed numerology and time alignment for cases that ECP for 60 kHz subcarrier spacing is employed in mini-slots or slots. Based on the analyses provided above, we propose:
Proposal 1: (60 kHz ECP symbol alignment)
· Symbol alignment of seven 60 kHz ECP symbols with a unit of two 15 kHz NCP symbols is supported.
· The numerology provided in Table 3 can be adopted for 60 kHz ECP symbols.

Proposal 2: (60 kHz ECP slot)
· The numerology of the 60 kHz ECP symbols can be applied to slots employing 60 kHz ECP symbols as well as mini-slots.
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