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Introduction
During the RAN1#84bis, several contributions on the topic of waveform design for the physical layer of the NR system were discussed. Given multiple requirements and aspects of the waveform design, the following initial agreements for consideration and evaluation of potential waveforms were reached to initiate a comprehensive and a balanced approach for this study [1]:
· Waveform is based on OFDM 
· Multiple numerologies are supported
· Additional functionality on top of OFDM such as DFT-S-OFDM, and/or variants of DFT-S-OFDM, and/or filtering/windowing, and/or OTFS is further considered
· Complementary non-OFDM based waveform is not precluded for some specific use cases (e.g., mMTC use case)
· Link level simulation is used for waveform evaluation. 
· Whether and how to do system level simulation for waveform is FFS.
· Four evaluation cases can be used in link level simulation depending on evaluation purposes of each usage scenario, which are 
· Case 1a, 1b: single numerology case
· 1a: Downlink 
· 1b: Uplink, only one UE with narrow bandwidth is located at the edge of wide frequency band. It is assumed that no wide-band filter upon the whole frequency band. 
· Case 2: DL mixed numerology case 
· Case 3: UL single numerology case (asynchronous reception between UEs)
· Case 4: UL mixed numerology case (synchronous reception between UEs)
    (refer to their illustrations in pages 5 – 9 in R1-163558)
In this contribution, we present our general analysis and simulation results for the Unique Word (UW) DFT-S-OFDM waveform and compare its performance against other candidate waveforms. The system benefits of UW DFT-S-OFDM are separately discussed in more details in our companion contribution [2]. 
A Review on NR Waveform System Requirements 
There are many system design considerations influencing the decision in selection of a waveform. Here, we summarize the expected key attributes and features of an efficient waveform,
· The frequency containment of a waveform directly influences the spectral efficiency of a system. It is expected that a waveform exhibits a clear concentration of its energy in the frequency domain, and minimizes the amount of the leakage to adjacent channels so that the interferences due to using different numerologies and large frequency offset can be mitigated.
· Similarly, a waveform needs to be well contained in the time domain to minimize the inter-symbol-interference.
· Given the potential existence of multiple services, it is essential that a waveform to feature a flexible structure to easily adapt to different services without impacting the timing structure of the overall system.
· To extend the battery life and also reduce the PA cost in a UE, it is essential that a waveform possesses a low PAPR property.
· Since not all the UEs experience a similar channel, it would be valuable if the cyclic-prefix (CP) or guard-time interval be adopted on per UE basis and adjustable to change of the environment to reduce the overhead and improve the system efficiency.      
In the following sections, we provide an overview of the UW DFT-S-OFDM waveform to show how it fairs against the expected system requirements as well as other waveform candidates.
UW DFT-S-OFDM Waveform 
1.1 UW DFT-S-OFDM Waveform
UW DFT-S-OFDM is among the main OFDM-based candidates considered for the UL operation in NR. The proposed UW DFT-S-OFDM can be viewed as an improved version of the ZT DFT-S-OFDM [3] that maintains the attractive features of the ZT DFT-S-OFDM while offering significantly reduced inter-symbol-interference and the possibility of carrying additional information in the form of a UW. 
Figure 1 shows the overall structure of a transmission system based on the UW DFT-s-OFDM. The detailed signal processing procedure can be found in [4], however a brief summary of the overall steps related to transmit and receive operations can be summarized as follows. At the transmitter, for a given data vector, a redundant vector is estimated, where  is a fixed (and frequency mapping independent) transformation matrix and  is the UW sequence. The matrix is defined such that the outcome of the transformation  leads to a significant suppression of the tail of each OFDM symbol in the time domain. Then, the vector is permuted and fed to a DFT block. The permutation operation, represented by, is devised to position the elements of the redundant vector at the extremities of each DFT block, while the data elements are mapped to the inner inputs. The remaining steps are similar to the regular ZT DFT-S-OFDM where  and  represent, sub-band mapping and IFFT functions, respectively. At the receiver, a set of mirror operations are performed to arrive at , an estimate of the transmitted data symbol.   



Figure 1 – The overall structure of a transmission system based on UW DFT-s-OFDM
1.2 System Aspects and Applications of a UW 
In a system employing UW DFT-S-OFDM waveform, the possibility of embedding a UW at no cost to the availability of data resources yields an opportunity to use the UW as an enabler for other applications. The embedded UW may have an independent power setting from the data part. As shown in Figure 2, the power of the UW can be easily scaled if needed, where  indicates an equal energy setting as that of data. 
[image: ]
Figure 2 – UW insertion with different power scaling factor ()

Many applications may be envisioned for a UW, however here we only outline a few potential use cases.
· A UW can be employed as a time domain preamble to be used for pre-detection timing acquisition. Hence, it could be defined such that it would exhibit good correlation properties in time domain to aid fast acquisition and tracking. 
· A UW may be used as a means for post-detection fine frequency tracking. In such application, upon detection of the UW at the receiver, it may be used to provide an estimate of the residual frequency error required for frequency tracking. 
· Besides potential synchronization applications, a UW may be used for channel sounding where it may be possible to continuously track channel variations at a faster rate between regular CSI measurement opportunities.
· A UW may also be used as a user ID that may be beneficial for applications such as PRACH to mitigate contention between two UL users.
· Another application of UW may be for grant-less UL transmission mechanism to assist the base station in timing determination as well as user identification.  

Performance Evaluation
In this section, we present our link-level performance results of the proposed UW DFT-S-OFDM waveform for cases 1b and 4. The detailed simulation assumptions are included in the Appendix 7.1.   
1.3 Case 1b
As defined in [5], in Case 1b, a single UE located at the edge of frequency band occupying part of the frequency band is considered. Furthermore, it is also assumed that no wide-band filtering is performed on the whole system spectrum band. 

Block Error Rate Analysis
Figure 3 shows BLER performance of UW DFT-S-OFDM against windowed CP OFDM and windowed DFT-S-OFDM in frequency selective channels. We also have included the results for UW DFT-S-OFDM (w =0) that by referring to Figure 1, represents the case with no inserted UW, i.e., w=0. For the analysis, high modulation orders in medium/high frequency selective channels are considered to better reflect the difference in performance and sensitivity of the studied waveforms. 
As Figure 3 (a)-(b) indicate, both variants of UW DFT-S-OFDM and UW DFT-S-OFDM (w=0) perform as well as or better than the other studied waveforms. As demonstrated in Figure 3(a), in a mild frequency selective channel, all the waveforms exhibit a similar performance. However in a highly selective channel as shown in Figure 3 (b), despite employing a lower order of modulation, the UW DFT-S-OFDM outperforms the other waveforms. 

Observation 1: UW DFT-S-OFDM is a more reliable waveform for transmission in highly frequency selective channels. 

[image: ][image: ]  
     (a)                                         (b)
Figure 3 – BLER performance of the UW DFT-s-OFDM
   
OOB Emission Performance
As discussed earlier, another important aspect of a waveform is its frequency containment that could directly affect spectral efficiency of the system. An effective measure of OOB emission can be attained by the ACLR measurement. As shown in Figure 4, the ACLR is evaluated as the ratio of the power of the main to the adjacent channel. 
[image: ]
Figure 4 – ACLR measurement definition

Figure 5 shows ACLR measurement results for studied waveforms. In the chart, the prefix W indicates a transmit and receive windowing operation with a length of L on a base waveform. The parameter “Gue” specifies the guard band between the main and the adjacent channel in unit of number of subcarriers. For UW DFT-S-OFDM waveforms, in the notation HxTy, x and y signify the number of samples used for the head and tail sized of the UW, respectively.

As the results in Figure 5 demonstrate, the ACLR figure of all the waveforms improves as the size of the guard band increases. For a given size of the guard band, UW DFT-S-OFDM offers the highest ACLR performance for most cases. The windowed CP OFDM and CP DFT-S-OFDM could outperform UW DFT-S-OFDM waveform only for Gue=10 subcarriers (15 kHz as baseline) and using L=64 samples (~ 88% of CP length). However, choosing a long windowing length of L=64 is not often practical, as it leads to performance degradation in channels with notable delay spread.

While ACLR provides a quantitative metric to evaluate OOB emission, we could also compare the waveforms based on their power spectral density plots. Figure 6 shows the power spectral density of the studied waveforms confirming the superior performance of the UW DFT-S-OFDM waveforms.

Observation 2: UW DFT-S-OFDM supports a superior performance in terms of OOB emission.  
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Figure 5 – ACLR measurements 
[image: ]
Figure 6 – Spectrum shape of the studied waveform 
PAPR
PAPR directly impacts the battery life as well as the cost of a UE, and hence it is an important aspect of a waveform, especially for mMTC applications. A common approach for PAPR characterization of a waveform is in the form of cumulative probability function. 

Figure 7 (a)-(d) show cumulative probability function for 4-256 QAM modulation formats. Evidently, the PAPR of all waveform candidates grows with increasing the modulation order. UW DFT-S-OFDM matches PAPR performance of the windowed DFT-S-OFDM for all high order modulation cases. In case of 4-QAM, the windowed DFT-S-OFDM offers a slightly better PAPR that is often irrelevant as the main driver for PAPR characterisation of a waveform is often based on the expected highest order of modulation.

It may also be noted that UW DFT-S-OFDM (w=0) exhibits a slightly poorer PAPR performance than that of UW DFT-S-OFDM. This is caused by the insertion of zeros in the time domain, which leads to an increase in the PAPR relative to the UW based waveform. Still an important observation is that the PAPR characteristics of UW DFT-S-OFDM (w=0) are significantly better than windowed CP-OFDM waveform.

Observation 3: UW DFT-S-OFDM matches PAPR performance of the windowed DFT-S-OFDM.
 

	4 QAM [image: ]
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Figure 7 – PAPR evaluation of the studied waveform 
1.4 Case 4
Per definition in [3], Case 4 involves performance evaluation of a UE that its uplink transmission interfered by corresponding transmissions of two adjacent channels. The adjacent channel transmissions are assumed synchronous but are based on different numerologies. 
Adjacent Interference BLER
Operation with different numerology on the adjacent channels of a given transmission diminishes mutual orthogonality between the adjacent channels and leads to significant signal leakage. The impact of the leakage varies depending on the size of the guard bands as well as the power ratio between the victim and the interfering UEs. Another important feature of a waveform is its amount of mutual interference resulted from simultaneous operation of UEs with mixed numerology. 
Figure 8 shows evaluation results for the operation with mixed numerology. For the results shown in the column (a), the interfering UE’s are assumed to operate at the same power, while for the column (b) an offset power of 10 dB is assumed. As can be seen, the power offset setting as well as the size of the guard band can have a substantial impact on the performance of the victim UE. In all cases, UW DFT-S-OFDM significantly outperforms CP OFDM and CP DFT-S-OFDM. In operation with a small guard band, UW DFT-S-OFDM (w=0) performs slightly better than UW DFT-S-OFDM due to less amount of potential interference caused by UW.
Observation 4: Under operation with mixed numerology UW DFT-S-OFDM significantly outperforms CP OFDM and CP DFT-S-OFDM.

	(a) 0 dB Power Offset
	(b) 10 dB Power Offset
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        Figure 8 – Operation with different numerology 
  
Conclusion 
In this contribution, we presented our evaluation results for the Unique Word (UW) DFT-S-OFDM waveform and compared its performance against other candidate waveforms. Here are some of our observations based on our analysis, 

· Observation 1: UW DFT-S-OFDM is reliable waveform for transmission in highly frequency selective channels. 

· Observation 2: UW DFT-S-OFDM supports a superior performance in terms of OOB emission.  

· Observation 3: UW DFT-S-OFDM matches PAPR performance of the windowed CP DFT-S-OFDM.

· Observation 4: Under operation with mixed numerology UW DFT-S-OFDM significantly outperforms CP OFDM and CP DFT-S-OFDM.

Based on the above observations, we conclude the following:

Proposal: Unique-Word DFT-S-OFDM should be studied as a potential waveform for NR
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Appendix
1.5 [bookmark: _Ref450856314]Simulation Assumptions 

Case 1b
	Assumptions 
	Value 

	Scenario
	[image: ]

	Carrier frequency
	4GHz 

	Duplex 
	FDD

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms as baseline

	Subcarrier spacing 
	Single numerology case: 15KHz as baseline

	Guard time interval
	4.7us (interval of LTE normal CP) as baseline, other intervals are waveform dependent 

	FFT size 
	e.g. 1024 for 15KHz subcarrier spacing

	Data transmission bandwidth 
	48 subcarriers or 720KHz

	Antenna  configuration
	1T1R 

	MIMO mode
	SISO for UL 

	Rank per UE
	N/A

	MCS 
	Fixed. 16QAM: 1/2; 64QAM: 1/2 

	Control Overhead 
	Zero

	Channel estimation 
	Ideal (CIR used in the equalization is refreshed every 1ms)

	Channel Model
	TDL (1T1R), ETU 3Km/h








Cases 4 
	Assumptions 
	Value 

	Scenario
	[image: ]

	Carrier frequency
	4GHz

	Duplex
	FDD 

	TTI length 
	1 ms as baseline, and with 0.5 ms (Left) and 0.25 ms (Right) mixed cases

	Subcarrier spacing 
	Single numerology case: 15KHz as baseline, 

	
	Mixed numerology case: 15KHz (1 ms TTI), 30KHz (0.5 ms TTI) and 60KHz (0.25 ms TTI) 

	Guard time interval
	4.7 μs as baseline, other interval are waveform dependent

	FFT size
	1024 for 15KHz subcarrier spacing
512 for 30KHz subcarrier spacing
256 for 60KHz subcarrier spacing

	Bandwidth per user (including target user and interfering user)
	720 KHz (48 subcarriers allocated per user for baseline 15KHz subcarrier spacing, 24 and 12 subcarriers for 30KHz and 60KHz, respectively)

	Number of uplink users
	3 (1 target user and 2 interfering users)

	Power offset of the interfering user
	0 dB, 10 dB

	Number of transmission antenna ports
	1T1R

	MCS
	Modulation: 16QAM
Coding: TC (½) 

	Control Overhead 
	No 

	Channel estimation 
	Ideal (CIR used in the equalization is refreshed every 1ms)

	Guard tone number 
	[0, 5, 10] Subcarriers

	Channel Model 
	ETU 3Km/h  

	User Resource
	4 RBs (1 ms TTI baseline)






Mixed Mode Numerology Definition:
a) Numerology 0 ( TTI, , ):
[image: ]
b) Numerology 1 ( TTI, , ):
[image: ]

c) Numerology 2 ( TTI, , )
[image: ]
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