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Introduction
In RAN1#86b it has been agreed that NR should support an extended CP and the specific service/scenario for its application is FFS.  
	Agreements:
· From Phase 1, physical layer design should support an extended CP
· Extended CP will be only one in given subcarrier spacing
· FFS: Exact for the services/scenarios for extended CP




In this contribution, a use case for the introduction of an extended CP is presented and also the design of the extended CP is proposed for this scenario. 
Discussion
Use case for extended CP
In RAN1 #86 it has been agreed that SCS = 60 kHz shall be applicable in the LTE band [2]
	Agreements:
· It should be possible to deploy NR with 60 kHz subcarrier spacing in the channel that have the same delay spread that LTE can handle with the normal CP length as one use case




In the RAN1#86b meeting [1], it has been agreed that dynamic resource sharing in DL between eMBB and URLLC shall be supported. 



	Agreements:
· From network perspective, multiplexing of transmissions with different latency and/or reliability requirements for eMBB/URLLC in DL is supported by  
· Using the same sub-carrier spacing with the same CP overhead
· FFS: different CP overhead
· Using different sub-carrier spacing 
· FFS: CP overhead
· NR supports both approaches by specification
· NR should support dynamic resource sharing between different latency and/or reliability requirements for eMBB/URLLC in DL 




In order to meet the timeline requirements of URLLC, many companies prefer a SCS of 60 kHz for this service. For that subcarrier spacing, the benefits of having a longer CP duration than the scaled NCP have been presented e.g. in [3]-[7].

Observation 1:When deploying a numerology with SCS=60 kHz at a sub-6 GHz band, the benefit of having support for a larger CP has been recognized by various companies.   

In the companion contribution [8], it is shown that most efficient multiplexing scheme for URLLC and eMBB is dynamic resource sharing with puncturing of eMBB symbols.
Based on the agreements and observation shown above, we make the following proposal: 
Proposal 1: Use case for the extended CP 
· Multiplexing of eMBB and URLL deployed below 6 GHz
· Multiplexing by puncturing eMBB
· SCS for eMBB 15/30  kHz, SCS for URLLC = 60 kHz 
Design of the extended CP
The agreement from RAN1#86 says that the SCS = 60 kHz should be deployable in a radio channel that can be handled by LTE NCP. This means that the CP duration of SCS = 60 kHz should be somewhat comparable to the CP length of LTE-NCP at 15 kHz. 
Another important criterion is that for the given delay spread of the radio channel, the choice of extended CP should allow for transmission of a maximum number of URLLC symbols during the available time. In the companion contribution [8], it is proposed that URLLC is transmitted during 2 eMBB symbols with 15 kHz SCS. The corresponding eMBB symbols are punctured. Thus, the URLLC transmission efficiency during this time shall be maximized. As illustrated in Figure 1 below, this is accomplished by using a reasonable CP length and maximizing the number of symbols that can fit into the available time-gap.  
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Figure 1 – Multiplexing eMBB/URLLC by puncturing eMBB. The URLLC efficiency during the available time shall be maximized through 1) Using a reasonable CP length and 2) Transmitting the max number of possible symbols
Proposal 2: The extended CP length shall enable maximum transmission efficiency for the identified URLLC use case
· Use a CP duration that is capable to handle the delay spread of the channel
· Maximize the number of URLLC symbols that can be transmitted during the available time

Several options for CP overhead and CP duration at SCS = 60 kHz are listed in Table 1 below. In the left column the scaled LTE-NCP is shown. It has the shortest CP duration of 1.17 us. Then in following columns, the CP length is successively increased. Until, finally, right-most, the scaled LTE-ECP is represented. The options in between all show different versions of what we call “semi-extended” CPs. They have not as long CP duration as the LTE-ECP, meaning that they have less overhead.  


Table 1 – Different CP option for SCS = 60 kHz
Of particular interest as a (E)CP candidate for the envisioned use-case is the 49 symbs/ms design (called 49-CP in the rest of this contribution). It has almost the same CP duration as the scaled LTE-ECP and therefore a similar performance can be expected. This anticipated behaviour is confirmed by simulations shown in Appendix 1. There, the link level performance of scaled LTE-ECP is compared with the 49-CP. For the given channels (4 GHz, TDLA, 300ns DS and 1000ns DS) the results do not differ between them
Observation 2: Using a semi-extended CP with 49 symbols per ms has about the same CP duration as the scaled LTE-ECP and also the same link level performance.
As it now has been concluded that the 49-CP has the same link level performance as the LTE-ECP, it shall now be studied how many URLLC can be transmitted during the given time, i.e. during 2 OS @ 15 kHz SCS.
A scaled LTE-ECP at SCS=60 kHz gives space for 6 symbols and has a total duration of 125 us. However, the available time for a URLLC transmission is defined by the symbol duration of the eMBB baseline numerology, i.e. 142.8 us. Thus, the for URLLC available gap is not fully utilized. This is illustrated in Figure 2 below.  


Figure 2 - Multiplexing scaled LTE-ECP with 2 symbols of 15 kHz SCS gives only space for the transmission of 6 ECP symbols and leaves a part of the transmission gap unused
Following observation can be made:
Observation 3: Scaled LTE-ECP@60kHz SCS uses the available transmission time not efficiently
· A mismatch exists between the transmitted URLLC symbols and the boundaries of the eMBB baseline numerology
· Only 6 URLLC symbols can be transmitted.
When, on the other hand, the 49-CP is used, the resource utilization is much better. Then, 7 transmission units (e.g. slots) consisting of 7 symbols each can be defined for 1ms. The transmission units of the 49-CP align then always with 2 OS@15 kHz. Thus, instead of 6 URLLC symbols for scaled LTE-ECP, 7 symbols can be transmitted with the 49-CP.
Observation 4: 49-CP uses the available transmission time efficiently
· The transmitted URLLC symbols are aligned with the boundaries of the eMBB baseline numerology
· 7 URLLC symbols can be transmitted 
Observation 5: 49-CP has 16,67% higher transmission capacity than scaled LTE-ECP.
Details about the design of the 49-CP are shown on Appendix 2. Besides its superior transmission capacity it also has benefits regarding the alignment with the eMBB baseline numerology and the slot structure. This is shown in Figure 3 below. During 1ms, each slot of the 49-CP aligns with 2 OS @ 15 kHz. This is not the case for the LTE-ECP.
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Figure 3 – Alignment between ECP and baseline eMBB. The 49-CP aligns perfectly with the baseline eMBB numerology (upper drawing) whereas the scaled LTE-ECP does not align with the baseline eMBB numerology (lower figure)
Observation 6: During 1ms,
· for 49-CP, the transmission units (slots) align with 2 symbols of 2 OS@15 kHz.
· for scaled LTE-ECP, the transmission units (slots) do not align with 2 symbols of 2 OS@15 kHz.
In Appendix 2 it can further be observed that for the 49-CP,  the same slot structure concept as the already agreed concept for the scaled NCP is applicable. This simplifies the standardization work.  
Observation 7: Using a semi-extended CP of 49 symbols / ms, the slot structure is the same as already agreed for the NCP family:
· Using 7 symbols per slot
· Giving all excess samples to the CP for the first symbol in the slot.
Based on the above discussion and observations, we make the following proposal:
Proposal 3: Adopt the 49-CP as extended CP for SCS = 60 kHz in NR 

Finally, it shall be noted that the design principle for the 49-CP also is applicable for SCS = 120 kHz. For such a use case, the 49-CP will is scaled with symbol alignment and 98 symbols per ms are supported. 

Conclusion
In this contribution, we make the following observations and proposals:
Observation 1:When deploying a numerology with SCS=60 kHz at a sub-6 GHz band, the benefit of having support for a larger CP has been recognized by various companies.   
Observation 2: Using a semi-extended CP with 49 symbols per ms has about the same CP duration as the scaled LTE-ECP and also the same link level performance.
Observation 3: Scaled LTE-ECP@60kHz SCS uses the available transmission time not efficiently
· A mismatch exists between the transmitted URLLC symbols and the boundaries of the eMBB baseline numerology
· Only 6 URLLC symbols can be transmitted.
Observation 4: 49-CP uses the available transmission time efficiently
· The transmitted URLLC symbols are aligned with the boundaries of the eMBB baseline numerology
· 7 URLLC symbols can be transmitted 
Observation 5: 49-CP has 16,67% higher transmission capacity than scaled LTE-ECP.
Observation 6: During 1ms,
· for 49-CP, the transmission units (slots) align with 2 symbols of 2 OS@15 kHz.
· for scaled LTE-ECP, the transmission units (slots) do not align with 2 symbols of 2 OS@15 kHz.
Observation 7: Using a semi-extended CP of 49 symbols / ms, the slot structure is the same as already agreed for the NCP family:
· Using 7 symbols per slot
· Giving all excess samples to the CP for the first symbol in the slot.
Proposal 1: Use case for the extended CP 
· Multiplexing of eMBB and URLL deployed below 6 GHz
· Multiplexing by puncturing eMBB
· SCS for eMBB 15/30  kHz, SCS for URLLC = 60 kHz 
Proposal 2: The extended CP length shall enable maximum transmission efficiency for the identified URLLC use case
· Use a CP duration that is capable to handle the delay spread of the channel
· Maximize the number of URLLC symbols that can be transmitted during the available time
Proposal 3: Adopt the 49-CP as extended CP for SCS = 60 kHz in NR 
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Appendix 1 – Simulation Results for 49-CP vs LTE-ECP
In this appendix simulation results are shown in which the link level performance of the semi-extended 49-CPs is compared with the scaled LTE-ECP of 48 symbols / ms. This is done for TDLA channels with DS= 300 and 1000ns. The results are shown below in Figure 7. For the large delay spread (right-hand side in Figure 7), it can be seen that the link level performance for 49 symbols/ms and scaled ECP is about the same. Thus, no performance loss due to channel delay spread is experienced when employing the slightly shorter CP for 49 symbols per ms. On the other hand, when multiplexing with other services, this option allows the transmission of 7 symbols within the given time duration as opposed to the 6 symbols of scaled ECP. Thus, when being multiplexed, the transmission efficiency increase of 16.67 % by using the semi-extended CP is confirmed through this simulation. 
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Simulation results: 
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Figure 4 – Comparison of link-level performance between scaled ECP and semi-extended CPs
Appendix 2 – Design details for the 49-CP
In the table below, an example for the slot structure design for the semi-extended CP with 49 symbols per ms is given. The lengths for its 7 slots are aligned with two corresponding consecutive OS symbols @ 15 kHZ. The assumed sample rate is 30720 kHz, the FFT size for the LTE symbols is 2048 and the FFT size for the 60 kHz symbols is 512. Then, for each pair of two consecutive LTE symbols, the number of available samples including CP is counted. The number of samples needed for the 7 FFTs during one slot is 7*512=3584. This value is subtracted from the available samples for the corresponding 2 LTE symbols. What then is left for each slot are the samples that can be spent for the CP. In the example from Table 3, similar to LTE/NCP, all excess CP samples are spent on symbol 0 in each slot. The remaining 6 symbols have the same CP length.
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Table 2 - Slot structure for semi-extended CP with 49 symbols per ms at SCS = 60 kHz
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				SCS [kHz]				Long Symbol		Short 		Slot duration

				3.75

				7.5

				15		1		71.875		71.3541666667		500

				30		2		36.1979166667		35.6770833333		250.2604166667		249.7395833333		500

				60		4		18.359375		17.8385416667		125.390625		124.8697916667		500

				120		8		9.4401041667		8.9192708333		62.9557291667		62.4348958333		500

				240		16		4.98046875		4.4596354167		31.73828125		31.2174479167		500

				480		32		2.7506510417		2.2298177083		16.1295572917		15.6087239583		500





																		0.0666666667

																		2048								0.0666666667

				SCS [kHz]		Long symb [us]		Short symb [us]		Long slot [us] (1 long/6 short symbs)		Short slot [us] (7 short symbs)

				15		71.88		71.35		500.00		500.00										SCS [kHz]

				30		36.20		35.68		250.26		249.74										3.75		7.5		15		30		60		120		240		480

				60		18.36		17.84		125.39		124.87								OFDM [us]		266.68		133.34		66.67		33.34		16.67		8.33		4.17		2.08

				120		9.44		8.92		62.96		62.43								CP [us]		18.75		9.38		4.69		2.34		1.17		0.59		0.29		0.15

				240		4.98		4.46		31.74		31.22								Overhead		0.07		0.07		0.07		0.07		0.07		0.07		0.07		0.07

				480		2.75		2.23		16.13		15.61





																						Scaled NCP		Semi-extended CPs								Scaled ECP

																				symbs/ ms		56		54		52		50		49		48

																				SCS [kHz]		60		60		60		60		60		60

																				OFDM length [us]		16.67		16.67		16.67		16.67		16.67		16.67

																				CP length [us]		1.17		1.85		2.56		3.33		3.74		4.17

																				OFDM+CP		17.84		18.52		19.23		20.00		20.41		20.83

																				Overhead		6.57%		10.00%		13.33%		16.67%		18.33%		20.00%



																				2 NCP @ 30 kHz		142.7083333333		142.7083333333		142.7083333333		142.7083333333		142.7083333333		142.7083333333

																				60 kHz that fit		8		7.70625		7.4208333333		7.1354166667		6.9927083333		6.85

																														6.9927083333
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Coding, modulation, etc

Sampling rate (MHz)

System BW (MHz)

System DFT size

Subcarrier spacing (kHz)

CP duration (us) 4,17 3.91/3.71 3.39/3.32

Symbols per 1 ms 12*4 49 50

Waveform

Tx/Rx antennas 

Channel estimation 

# of used PRBs in frequency 

PRB pair 12 subcarriers x 6 symbols  12 subcarriers x 7 symbols  12 subcarriers x 5 symbols 

slot length (ms) 1/2 1/7 1/10

Control channel REs per TTI 

RS per TTI 

Carrier Frequency (GHz)

Channel model 

Link adaptation 

Performance metric 

Fixed resource allocaiton with MCS adaptation. OLLA enabled

Spectral efficiency = Throughput/BWu , where BWu is the bandwidth for data transmission

LTE PDSCH 
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Samples for CP and FFT (e.g. 

160+144+2*2048) at 15 kHz SCS 4400 4384 4384 4400 4384 4384 4384

7 symbols * 512 FFT for 60 kHz 3584 3584 3584 3584 3584 3584 3584

Samples available for CP in 

every slot

816 800 800 816 800 800 800

Slot0 Slot 1 Slot 2 Slot 3 Slot 4 Slot 5 Slot 6

Symb 0 (CP + 512 FFT) @ 60 kHz 656 640 640 656 640 640 640

Symb 1 (CP + 512 FFT) @ 60 kHz 624 624 624 624 624 624 624

Symb 2 (CP + 512 FFT) @ 60 kHz 624 624 624 624 624 624 624

Symb 3 (CP + 512 FFT) @ 60 kHz 624 624 624 624 624 624 624

Symb 4 (CP + 512 FFT) @ 60 kHz 624 624 624 624 624 624 624

Symb 5 (CP + 512 FFT) @ 60 kHz 624 624 624 624 624 624 624

Symb 6 (CP + 512 FFT) @ 60 kHz

624 624 624 624 624 624 624

CP length symbol 0 [us] 4,6875 4,166667 4,166667 4,6875 4,166667 4,166667 4,166667

CP length symbols1-6 [us]

3,645833 3,645833 3,645833 3,645833 3,645833 3,645833 3,645833

Samples per slot for semi-

extended CP

4400 4384 4384 4400 4384 4384 4384


image1.emf
0       1        2       3       4      5       6       7        8       9      10     11      12     13   

15 kHz SCS

Maximize the URLLC efficiency

1) Reaonable CP duration

2) Maximum nr of symbols 

1 eMBB slot –14 symbols 

eMBB punctured


image2.emf
Scaled NCP Scaled ECP

symbs/ ms 56 54 52 50 49 48

SCS [kHz] 60 60 60 60 60 60

OFDM length [us] 16,67 16,67 16,67 16,67 16,67 16,67

CP length [us] 1,17 1,85 2,56 3,33 3,74 4,17

OFDM+CP 17,84 18,52 19,23 20,00 20,41 20,83

Overhead 6,57% 10,00% 13,33% 16,67% 18,33% 20,00%

Semi-extended CPs


