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Introduction
In RAN1#85, some agreements were made regarding the frame structure and RS location [1]:
Agreements:
· At least the following is studied for NR in order to reduce decoding latency
· [bookmark: _GoBack]RS used to start to demodulate a data transmission is located at the beginning of the time interval to which the data and associated RS for demodulation is physically mapped
· Other additional RS design associated with data demodulation is not precluded

In [2]-[4], we discussed UW DFT-s-OFDM and indicated that there are multiple benefits using UW DFT-s-OFDM including
· Better spectral containment to support mixed numerologies [5] 
· More flexible and efficient in terms of using different UW lengths for different UEs in UL based on their own channel conditions (i.e., uplink signals are still orthogonal.) 
· Flexible UW length without affecting the TTI duration
In this contribution, we show that UW DFT-s-OFDM also enables efficient resource and energy usage by using the UW for phase correction or channel estimation at the receiver. We discuss the channel estimation and phase tracking algorithms in time varying channels for UW DFT-s-OFDM [2]-[8],[10] by exploiting DMRS and UW sequence assuming DMRS is located at the beginning of the time transmission interval. We show through numerical analysis how UW can be used for phase tracking in time-varying channels without increasing the reference symbol overhead.
Discussion
When the channel is time-varying, the channel estimation performance may degrade drastically with the existing LTE uplink frame structure. This is due to the fact that there is only one DMRS symbol in each slot, which may be insufficient when the channel variation within a TTI is significant. On the other hand, the UW DFT-s-OFDM symbol has a fixed sequence, i.e., unique word sequence, which is continuously being transmitted as part of each symbol. Therefore, the UW DFT-s-OFDM symbol inherently provides finer resolution in both time and frequency which allows receiver to compensate the phase drifts within the TTI. 
In Figure 1, the basic DFT-s-OFDM transceiver structure is illustrated. The sequences for UW and DMRS are stored in a table and used for generating UW signal and DMRS signal. During the DMRS transmission, DFT-spread block is bypassed and the DMRS sequence is directly mapped to the subcarriers in the frequency domain, which is similar to LTE uplink.

[image: ]
[bookmark: _Ref458704018]Figure 1. Basic UW DFT-S-OFDM Transceiver

In this contribution, we consider that DMRS [10] is included at the beginning of TTIs. This assumption is in line with the latest agreement from RAN1#85 [1]. The UW signal (including head and tail) is generated based on the last portion of the DMRS signal in time domain in order to maintain the circular property of the signal. The positions of the DMRS and UW signals are illustrated in Figure 2.
[image: ]
[bookmark: _Ref458704235]Figure 2. DMRS and UW Locations in the subframe
Channel Estimation and Phase Tracking with Unique Word
[image: ]
[bookmark: _Ref458704329]Figure 3.	 Block diagram for DMRS-based channel estimation and UW-based tracking
In this section, we discuss how the DMRS and UW is utilized at the receiver to estimate the channel and track the phase in mobile scenarios and consider a receiver design illustrated in Figure 3. After the signal passes through the channel, one may express the values on the subcarriers corresponding to the non-zero samples of DMRS in frequency, i.e.,  as

where ,  is the channel frequency response for the subcarriers that are modulated by the non-zero DMRS,  is the DMRS sequence, and  is the noise where its variance is . A general form of the linear estimator can then be expressed as

where  is the regularization matrix. Different estimators, e.g., LMMSE, mismatched MMSE, regularized LS can be employed at the receiver. After the variable  is estimated, the estimated channel response on the position of non-zero subcarriers needs to be interpolated. One approach is to use DFT structure for a smoothing matrix to obtain the channel frequency response on the band of interest [9]. 
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[bookmark: _Ref458704605]Figure 4.	 UW-based phase tracking
As the next step, in order to compensate for the time variation of the channel within the TTI, a phase tracking block can be employed which measures the phase drift on the received UW sequence after the equalization. The conceptual diagram on UW-based phase tracking is shown in Figure 4. In this diagram, the phase error on the UW sequence ( including head and the tail) for th TTI can be estimated by using a weighted averaging expressed as 

where

and  is the th element of the transmitted unique word sequence,  is the th element of the received unique word sequence, and  is the length of unique word sequence. Then, the channel coefficients for the th UW DFT-S-OFDM of the th TTI are updated as

where  is the number of UW DFT-S-OFDM symbols considered for the channel update.
Simulations
In this section, link level simulations for the discussed channel estimation and tracking algorithms above are investigated. We assume that channel estimation and tracking are done per TTI basis in order to consider a pessimistic scenario which may not allow the receiver to average the channel estimation results across multiple TTIs (e.g., URLLC traffic). The detailed simulation configuration is included in Appendix.
In Figure 5a and Figure 5b, we show the constellation diagrams after the equalization for one TTI when UW-based tracking is disabled and enabled at the receiver, respectively. It is clearly shown that when UW-based phase tracking is enabled, the phase drifts due to the time-varying channel are compensated. 
[image: ] [image: ]
a) UW-based phase tracking is disabled.         b) UW-based phase tracking is enabled
[bookmark: _Ref458705016]Figure 5. Constellation diagrams (TDL100E, 70 Hz) 
The BLER performance is provided in Figure 6 and Figure 7 for different modulation orders, i.e., 16QAM and QPSK, when the maximum Doppler shift  is set to 70 Hz and 20 Hz. As shown in both Figure 6 and Figure 7, the BLER performance degrades when only DMRS is considered for channel estimation and the maximum Doppler shift is 70 Hz. On the other hand, UW-based phase tracking mitigates the impact of the time varying channel on channel estimation and the BLER performance with UW-based tracking is improved as compared to that with only DMRS (i.e., 4 dB gain for 16 QAM @  Hz, 1 dB gain for QPSK @  Hz). When the mobility is less, UW-based tracking still works with DMRS-based channel estimation jointly, and provides a slight improvement as the channel variation within TTI is slower when compared to the previous case.   
[image: ]
[bookmark: _Ref458705179]Figure 6. BLER for DMRS-based channel estimation and UW-based phase tracking for 16QAM
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[bookmark: _Ref458705188]Figure 7. BLER for DMRS-based channel estimation and UW-based phase tracking for QPSK

Conclusion
In this contribution, we evaluated the performance of channel estimation and phase tracking for UW DFT-s-OFDM. The presented results suggest that the UW enhances the channel estimation performance in a time-varying channel and can be used to lower the DMRS overhead.
Proposal: Candidate waveforms such as UW DFT-s-OFDM that could potentially lower the reference symbol overhead should be studied for NR.
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Appendix: Link Level Simulation Configuration
The evaluation parameters for link level simulations used in this contribution is given in Table 1.
[bookmark: _Ref450666646]Table 1 Link Level Simulation Parameters
	Parameters
	Values or assumptions

	Carrier Frequency
	2 GHz

	Waveform 
	UW DFT-s OFDM (Head:1, Tail:4)

	System Bandwidth
	10 MHz

	Propagation channel & UE velocity
	TDL100E, 20 & 70 Hz 


	Receiver type
	Linear MMSE

	Numerology
	15 symbols per TTI

	Data transmission bandwidth 
	720 kHz 

	Antenna  configuration
	1T1R 

	MIMO mode
	SISO

	MCS 
	16QAM, coding rate 1/2 

	Channel Overhead 
	DMRS is included at the beginning of each TTI

	Channel estimation
	Mismatched LMMSE

	Phase tracking
	 symbols
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