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Introduction

In the RAN1#86 meeting, the following agreement was made [1]:

	Agreement:
· Additional waveforms may be supported by NR for e.g. other services (e.g. mMTC)



In the RAN1#86b meeting, the following agreement was made [2]:

	R1-1610500	WF on Numerology for forward compatibility	InterDigital, Mitsubishi, Nokia, Alcatel-Lucent Shanghai Bell, Intel
Also supported by KDDI

Agreements:
· RAN1 has not so far identified any forward compatibility issues for the potential introduction of new waveforms including zero-length CP in the future.



In this contribution, we update the results presented in [2] to demonstrate how frequent insertion of the unique word in UW-DFT-s-OFDM is beneficial for the high speed train scenario. It should be noted that the frame length considered in this discussion is a reference number chosen for evaluation and is not chosen to influence the frame structure and numerology decisions in the current RAN1 discussion. The “frame” length considered in this contribution is 7, 14 and 15.
Channel estimation using UW in the high speed train scenario

The high speed train scenario has been discussed extensively in 3GPP and details of RRH–relay communication has been agreed in [2,5]. The following problems must be considered in the high speed train scenario: 

1. High Doppler shift
2. Frequency channel estimation

The unique word (UW) inserted in UW-DFT-s-OFDM can be used to perform frequent channel estimation and Doppler shift correction. Due to insertion of UW in every DFT-s-OFDM block, UW can be used as guard between data parts instead of CP, and null CP length, or CPless waveform, can be achieved. In this study, we attempt to use UW to perform both Doppler shift correction and channel estimation in the scenario agreed in [2].

 The unique word in UW-DFT-s-OFDM can be used for channel estimation, as explained in [6]. The unique word can be placed as shown in Figure 1. In this contribution, we used the Zadoff-Chu sequence as the unique word sequence, split the sequence in half [6] and place them at the head and tail of the block. In the figure below,  represents the number of data symbols in a DFT-s-OFDM block and  represents the length of UW.

[image: ]
[bookmark: _Ref462947457]Figure 1 Unique word placement in each block before DFT

In essence, UW can be considered as time domain pilot symbols. Thus, well known time domain channel estimation schemes can be used. Furthermore, it should be noted that UW can be used for symbol synchronization due to the knowledge of UW at the receiver side. 

Observation 1 : UW can be used for DFT-s-OFDM symbol synchronization and channel estimation in the time domain




[bookmark: _Ref462752342]Figure 2 Receiver diagram with AFC

The block diagram of the receiver with AFC is shown in Figure 2. In this contribution, post-AFC channel estimates obtained from UW in the frame were averaged as shown below,

 							(1)

where K denotes the number of channel estimates obtained in the frame. In this contribution we have chosen .
Descriptions of the high speed train scenario and simulation assumptions
 In this section, simulation parameters are shown in Table 1. The channel models and parameters agreed in [2, 4] are used in the simulation. 
[bookmark: _Ref458529909]Table 1 Link level simulation results used in this contribution
	FEC, modulation 
	Turbo code, 256QAM, 64QAM, 16QAM, QPSK

	Channel estimation
	UW-DFT-s-OFDM: Estimated with UW
OFDM: Estimated with RS

	Channel model
	CDL-D shown in [2], (ASD, ASA, ZSA, ZSD)=(5, 5, 1, 1), K-factor=13.3dB

	Center frequency, simulation BW, carrier separation
	[bookmark: _GoBack]30GHz, 80MHz, 60kHz

	Relay and RRH antenna elements
	128

	Antenna architecture for RRH and relay
	(8,16,1,1,1)

	Moving direction of the train
	Moving at direction of 

	RRH antenna element radiation pattern
	




	Relay antenna element radiation pattern
	




	Phase noise model
	BS model in R1-164041

	AFC
	CP is used for AFC for OFDM and DFT-s-OFDM. UW is used for AFC for UW-DFT-s-OFDM.

	UW information
	Zadoff Chu sequence, M=84 symbols for NCP model

	Number of data symbols, IDFT
	1200, 2048 samples

	CP size for OFDM and DFT-s-OFDM
	144 samples

	Maximum speed
	600 km/h

	Number of OFDM, DFT-s-OFDM, UW-DFT-s-OFDM symbols/frame
	7(OFDM, UW-DFT-s-OFDM) ,14 (OFDM), 15 (UW-DFT-s-OFDM)

	RS distribution
	UW only (UW-DFT-s-OFDM), front loaded or scattered (OFDM)



BLER performance of UW-DFT-s-OFDM against OFDM with front loaded RS channel estimation with AFC
	
 In this section, performances of UW-DFT-s-OFDM are compared against that of OFDM when RS inserted in the first OFDM symbol in the frame, i.e., front loaded RS, is used for channel estimation. In the simulation, AFC is used to correct residual the frequency offset. Reference symbol placement for OFDM or DFT-s-OFDM is shown in Figure 3. As illustrated in the figure, RS is placed in the first symbol in the frame and channel estimation is performed using the RS. The obtained channel estimate,  is used for FDE for all symbols in the frame.



[bookmark: _Ref463531877]Figure 3 RS placement for OFDM or DFT-s-OFDM

As explained in Section 2, channel estimates obtained from UW are averaged, using the formula in (1). Graphic description of locations of UW and channel estimates are shown in Figure 4. The average channel estimate, , is used for FDE for all symbols in the frame.


[bookmark: _Ref463532020]Figure 4 Channel estimation using UW for UW-DFT-s-OFDM as expressed in (1)

We also compare the frame duration for OFDM and UW-DFT-s-OFDM in Figure 5. It can be seen from the figure that block duration of OFDM is longer than that of UW-DFT-s-OFDM. Length of UW, which is used as CP, is also the same as the length of CP in OFDM. Due to lack of CP in for UW-DFT-s-OFDM, the frame duration is shorter than OFDM.



[bookmark: _Ref463534982]Figure 5 Comparison of frame duration in the simulation setup for OFDM and UW-DFT-s-OFDM

 In this contribution, BLER performances at v=510km/h are investigated. Figure 6 shows BLER comparison between UW-DFT-OFDM and OFDM with QPSK 1/2. From Figure 6, UW-DFT-s-OFDM has a slight performance gain over OFDM. The performance advantage of UW-DFT-s-OFDM is due to improvement in channel estimation from averaging. It should be noted that strong LOS component converts the multipath channel into AWGN-like channel and UW embedded in DFT-s-OFDM symbols are sufficient to provide robustness against multipath and channel estimation.
Figure 7 shows BLER comparison between UW-DFT-OFDM and OFDM with 16QAM 2/3. From Figure 7, UW-DFT-s-OFDM has about 2dB gain over OFDM. Figure 8 shows BLER comparison between UW-DFT-OFDM and OFDM with 64QAM 2/3. From Figure 8, UW-DFT-s-OFDM has about 2dB gain over OFDM. 
In Figure 9, UW-DFT-s-OFDM has about 1dB gain over OFDM at around SNR=20dB. The error floor seen in the UW-DFT-s-OFDM is due to lack of accuracy in channel estimates, which may become critical at very high SNR operation for high order modulation. It should be noted that UW-DFT-s-OFDM reaches BLER= at around 24dB.

Observation 1: UW-DFT-s-OFDM yields performance gain over OFDM with front loaded RS


[image: ]
[bookmark: _Ref463532841]Figure 6 BLER vs. SNR, Rate 1/2, QPSK, OFDM with NCP and RS in the first OFDM symbol used for channel estimation, UW is used for channel estimation for UW-DFT-s-OFDM


[image: ]
[bookmark: _Ref463532846]Figure 7 BLER vs. SNR, Rate 2/3, 16QAM, OFDM with NCP and RS in the first OFDM symbol used for channel estimation, UW is used for channel estimation for UW-DFT-s-OFDM


[image: ]
[bookmark: _Ref463532851]Figure 8 BLER vs. SNR, Rate 3/4, 64QAM, OFDM with NCP and RS in the first OFDM symbol used for channel estimation, UW is used for channel estimation for UW-DFT-s-OFDM

[image: ]
[bookmark: _Ref464728430]Figure 9 BLER vs. SNR, Rate 3/4, 256QAM, OFDM with NCP and RS in the first OFDM symbol used for channel estimation, UW is used for channel estimation for UW-DFT-s-OFDM

BLER performance of UW-DFT-s-OFDM against OFDM with scattered RS channel estimation with AFC



[bookmark: _Ref466111197]Figure 10 Comparison of frame duration in the simulation setup for OFDM and UW-DFT-s-OFDM

 In this section, BLER performance of OFDM with scattered RS is evaluated. The frame setup is shown in Figure 10, where 14 and 15 symbols per frame are assumed for OFDM and UW-DFT-s-OFDM, respectively. As in the previous section, channel estimates obtained from UW are averaged over the frame, i.e., 14 channel estimates are averaged in the time domain. In this section, scattered RS is implemented for OFDM. The configurations and densities for RS distributions for a set of 12 carriers for OFDM considered in this section are shown in the following figures. The channel estimates obtained from the scattered RS are averaged over the frame.

[image: ]
[bookmark: _Ref466055948]Figure 11 : OFDM RS distribution A (per frame density = 1/14)
[image: ]
Figure 12 : OFDM RS distribution B (per frame density = 1/28)
[image: ]
[bookmark: _Ref466055950]Figure 13 : OFDM RS distribution C ((per frame density = 1/84)

From the BLER performance results shown in Figure 11 through Figure 13, it is clear that OFDM with RS density 1/14 and 1/28 yield similar channel estimation performance compared to UW-DFT-s-OFDM. The configuration with RS density of 1/84 yields inferior BLER performance compared to UW-DFT-s-OFDM at BLER=. Note that UW-DFT-s-OFDM does not require extra RS insertion for channel estimation. Thus, the spectral efficiency gain achieved by UW-DFT-s-OFDM is clear from the analysis in this section.

Observation 2: UW-DFT-s-OFDM yields spectral efficiency gain over OFDM with scattered RS.

[image: ]
Figure 14 BLER vs. SNR performances between UW-DFT-s-OFDM and OFDM with various distributions of RS, QPSK 1/2

[image: ]
Figure 15 BLER vs. SNR performances between UW-DFT-s-OFDM and OFDM with various distributions of RS, 16QAM 2/3

[image: ]
Figure 16 BLER vs. SNR performances between UW-DFT-s-OFDM and OFDM with various distributions of RS, 64QAM 3/4


Figure 17 BLER vs. SNR performances between UW-DFT-s-OFDM and OFDM with various distributions of RS, 256QAM 3/4

Conclusion 
In this contribution, performances of UW-DFT-s-OFDM with OFDM symbols with front-loaded RS are compared. The simulation results demonstrate that UW-DFT-s-OFDM yields slightly better BLER performance in the high mobility scenario.
In addition, the BLER performance of UW-DFT-s-OFDM is compared against OFDM with scattered pilot symbols. The results have shown that UW-DFT-s-OFDM yields similar or better performance, compared with OFDM with scattered RS. The analysis has confirmed the advantage in spectral efficiency gain achieved by UW-DFT-s-OFDM.

Observation 1: UW-DFT-s-OFDM yields performance gain over OFDM with front loaded RS

Observation 2: UW-DFT-s-OFDM yields spectral efficiency gain over OFDM with scattered RS.
	
Proposal: Consider UW-DFT-s-OFDM for use in the high speed train scenario
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