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Introduction
Purpose
The objective of this document is to evaluate at the link level the waveform Zero-Tail DFT-Spread OFDM (ZT-OFDM) in a loosely synchronized Uplink scenario with single numerology, as part of the approved SID on Next New Radio Access Technology [1]. The evaluation is carried out according to the methodology agreed during the 3GPP TSG RAN WG1 Meeting #84bis and defined as follows [2].
Agreements:
•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)
Although the Case 3 described above refers to asynchronous reception, some degree of synchronization is assumed in the present evaluation. In the remainder, it is assumed that open-loop synchronization in the Uplink. That is, user equipments (UE) estimate the frame timing at their location from Downlink reference signals but do not perform any Timing-Advance procedure jointly with the base station (BS) prior to data transmission. The concept of open-loop synchronization has been proposed for 5G Uplink transmissions and explained in more details in [3,4].  
Motivation
The main principle of ZT-OFDM is that the Cyclic-Prefix (CP) of each multi-carrier symbol commonly used in OFDM-based transceivers is replaced by a flexible low power tail (LPT). The LPT is generated at the transmitter by DFT-spreading of an input sequence in which some well-chosen elements are set to zero. The performance and many advantageous properties of ZT-OFDM are described in more details in [5-7]. In the following, we explain how ZT-OFDM can prove beneficial in an Uplink scenario with Open-Loop Synchronized transmissions.
Let us consider a scenario with multiple Open-Loop Synchronized (OLS) UEs transmitting simultaneously to a BS in adjacent resources. The maximum Uplink delay (in samples) in the cell is denoted  and is determined by the maximum distance at which a UE is able to synchronize on and decode the Downlink reference signals from the BS. Each multicarrier symbol is formed from  discrete time samples. To ensure the scalability of the system with regard to the number of simultaneous transmissions, it is beneficial for the BS to process Uplink transmissions in parallel, similarly to LTE-Advanced receiver processing, so as to minimize its processing delay and its power consumption. 
Nevertheless, transmissions from different OLS UEs are subject to different propagation delays, so that they cannot be sampled without loss using a same -point receive sampling window. However, if for each multicarrier symbol the signal energy is distributed so that the power in the last  samples is negligible, then almost all of the energy of each transmission is captured by the receiver within a same time window, thus enabling parallel processing of all transmissions. Also, this would potentially allow the time/frequency multiplexing of OLS and closed-loop synchronized (CLS) UEs, thus providing higher flexibility of transmission resource management. 
One may note that the use of a cyclic-prefix (CP) with length equal to  may achieve the same result. However, it would do so at the cost of increased power consumption. Also, the CP size would require to be selected so as to fit all potential cell sizes, thus leading overall to an important loss of spectral efficiency for the system. The fact ZT-OFDM enables to drastically reduce the signal energy in the tail of the signal and does not have the drawbacks of a CP-based solution strongly motivates its evaluation in the scenario described above.
Evaluated Cases
In this contribution, the impacts of several design options for ZT-OFDM are investigated. 
ZT-OFDM with per-subband DFT-Spreading
In the first investigated design, DFT-spreading is carried out on a per-subband basis, which is referred to as subband-wise spreading (SBS). A subband (SB) here indicates a resource block (RB) as commonly defined in LTE-Advanced. The case of SBs being defined as multiple contiguous RBs is left for future considerations. 
The total number of subcarriers in the system is denoted . The transmitter structure, illustrated in figure 1, is equivalent to that of a conventional DFT-spread OFDM transmitter, with the addition of a mapping block at the input of the DFT block. Each RB is assumed to contain  subcarriers. The processing for a given SB consists in the mapping of a -element () data sequence and a -element zero sequence to the input of a -point DFT. The -element DFT output sequence is then mapped to the input of a -point IDFT. The IDFT output sequence is then converted from parallel to serial before being converted to the analog domain and transmitted. The structure of the receiver is that of a conventional DFT-spread OFDM receiver, with the addition of a demapping block at the output of the receive -point IDFT. It mirrors closely the structure of the transmitter and its illustration thus is omitted.
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Figure 1 : ZT-OFDM with per-subband DFT-spreading (SBS) for a given UE
The key point of the transceiver structure is that the mapping of the data sequence to the DFT input is chosen so as to generate a LPT in the transmitted waveform (see Section 4 for illustrations of the resulting time-domain waveform). More details on the configuration of a ‘Zero-Tail’ mapping can be found in [5-7]. The overhead of the technique is measured by the overhead ratio .
ZT-OFDM with full-band DFT-Spreading
In the second investigated design, DFT-spreading is carried out on the full bandwidth used by a given UE, which is referred to as full band spreading (FBS). Given a total of  RBs per UE, the transmitter processing, illustrated in figure 2, is described as follows. A data sequence of  elements () is mapped to the input of -point DFT block (where ). The DFT output sequence is then mapped to the input of a -point IDFT, from which the processing is equivalent to the SBS case. The structure of the receiver again mirrors that of the transmitter and its illustration is omitted. 
Compared to the SBS case, the FBS case provides finer control of the overhead ratio  (defined as  for in the FBS case), but may suffer more degradation in propagation environments with relatively small coherence bandwidth. Indeed, the IDFT operation at the receiver spreads the noise enhanced on deeply faded subcarriers to all symbols, which may lower the overall post-processing SNR. This drawback is in fact inherent to DFT-Spread OFDM and remains an issue for ZT-OFDM. In addition, distortion of the signal’s spectrum influences the shape of the LPT, which may also increase the signal’s distortion in the presence of a reception delay.
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Figure 2 : ZT-OFDM with full-band DFT-spreading (FBS) for a given UE
Pole-based Tail Truncation
If the transmitter is equipped with a power amplifier with constant DC power supply which may be turned OFF and ON dynamically and has a relatively short turn-ON transition time, then it may be beneficial in terms of energy efficiency to avoid completely the transmission of the LPT samples. This is particularly true for scenarios with large cells incurring a large maximum Uplink delay and thus requiring a long LPT. 
Truncation of the LPT implies in-band distortion as well as potentially increased out-of-band (OOB) radiations. However, if the truncation is performed at a sample with very low power, then the waveform preserves a relatively smooth transition to zero and the increase in OOB radiations is then limited. 
Fortunately, the successive DFT and IDFT operations at the transmitter produce a time-domain waveform  consisting of a sum of Dirichlet sinc waveforms [8], each of them modulated by a given DFT input symbol, as showed in equation (1) for a DFT input vector .


If  is an integer, then when the waveform  reaches its maximum, all other waveforms  have zero amplitude. Consequently, for a -point DFT and -point IDFT, if the -th input symbol is zero and  is an integer, then the waveform admits a pole at the -th sample. It follows that LPT truncation at such a sample leads to minimal OOB radiations. If  is not an integer, then . Nonetheless, we refer to the technique aiming at truncating the LPT at a local minimum as Pole-based Tail Truncation (PTT).  
The above property also implies that an appropriate choice of numerology (i.e so that  is an integer) can greatly impact the OOB radiations resulting from a battery-saving truncation of the LPT in the ZT-OFDM waveform.   
Simulation Assumptions and Parameters
The main scenario parameters, summarized in Table 1, are selected similarly to those in the Evaluation Case 3 presented in [2].
That is, three OLS UEs (1 target UE and 2 interferers) using adjacent frequency resources are deployed uniformly within a radius  from a common BS. The target UE occupies the central frequency resources while the interferers transmit on either side. Only the performance of the target UE is evaluated. 
All 3 UEs are assumed aware of the maximum Uplink delay  of the cell and adapt their low power tail accordingly. Practically, this information may be obtained in quantized form by the UEs from, e.g., the Main Information Block broadcasted by the BS in the Downlink and which all UEs decode in order to identify basic transmission parameters.
The 3 OLS UEs transmit in the same subframe in the Uplink, so that their transmissions reach the BS each with a delay equal to twice the propagation delay. Power control is assumed ideal so that the transmissions from all UEs have the same average received power.
At the receiver, all 3 transmissions are processed in parallel. That is, all -th MC symbols are input to the same -point DFT operation. Uplink delay compensation and channel equalization are assumed to be performed per-UE in the frequency-domain. 
Table 1: Simulation Parameters
	Carrier frequency
	4GHz

	TTI length 
	1 ms 

	Subcarrier spacing 
	15KHz

	FFT size
	1024

	Bandwidth per user (including target user and interfering user)
	
720 KHz (48 Subcarriers allocated per user)


	Time Synchronization
	Open-Loop Synchronization

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

	Power offset of the interfering user
	0 dB

	Number of transmission antenna ports
	1T1R

	Modulation and Coding Schemes (MCS)
	QPSK 1/3; 16QAM 1/3 (Turbo-code, as in [9])

	Time offset of interfering user
	Randomly distributed

	Channel Model
	ETU for 3km/h mobility (as in [10])

	Channel estimation 
	Ideal 

	Delay estimation (at BS)
	Ideal

	Guard tone number 
	0 subcarriers

	Cell Radius 
	 4 km 

	Maximum Uplink delay
	 410 samples

	UE distribution
	Random uniform

	Overhead ratio
	

	Number of truncated tail samples
	FBS: 405, SBS: 341 (samples)



The detailed position of zero symbols in the output of the ZT mapping block (as showed in the transmitter structure of ZT-OFDM presented in section 2), is given in Table 2. The indexing starts from  up to .
Table 2: Zero Input Positions
	SBS Case
	Head: [1] , Tail: [8,9,…,12]

	FBS Case
	Head: [1,2,3] , Tail: [28,29,…,48]




Evaluation Results
In the legend of figures in the remainder of the document, ‘4Q’ indicates QPSK 1/3 and ‘16Q’ indicates 16-QAM 1/3, as specified in the Table 1 of section 3.
Waveform Time-domain characteristics
The time-domain envelopes of the SBS and FBS cases given the parameters in section 3 are showed in figure 3 for illustrative purpose. One may notice that as expected the local minima in the low power tail do not reach zero, since the ratio 1024/48 is not an integer.  
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Figure 3 : Mean Square Magnitude of ZT-OFDM multi-carrier symbol
Impact of Time Misalignment on Block-Error Rate
In this subsection, the performance of ZT-OFDM in terms of Block-Error Rate (BLER) for the scenario described in section 3 are compared to the case in which the Uplink delays are all zeros (i.e, all 3 UEs are sufficiently close to the BS to make their respective Uplink delays completely negligible). Results are given in figure 4. In the legend, the case with random Uplink delay is denoted by ‘TO 1’ and the reference case with zero delay is denoted by ‘TO 0’. 
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Figure 4 : Block-error rate against ratio of energy per bit to noise power spectral density
Observation 1: For both SBS and FBS cases, for all tested MCS, the BLER performance of the case with delay appears limited by an error floor at high  ratios (>15), which does not appear in the case without delay.
Observation 2: For both SBS and FBS cases, the case with delay shows little degradation for QPSK and moderate (around 1 dB) degradation for 16-QAM, for low and moderate  ratios (<15).  
Observation 3: In the presence of delay (‘TO 1’), the SBS case shows a lower error floor than the FBS case, although in the absence of delay, the FBS case shows better performance than the SBS case for high  ratios (>20).
A possible explanation for the performance advantage of the SBS case is that the delay-induced interference on a given subcarrier, when enhanced by the channel equalization, only affects data symbols in the same resource block, instead of the whole band as in the FBS case. In the absence of delay, for high , the noise and interference enhancement effect becomes negligible compared to the beneficial fading-averaging effect of the larger DFT size of the FBS case. 
Impact of Pole-based Tail Truncation on Block-Error Rate
In this subsection, the cases with tail truncation and the case without are compared in terms of BLER in the presence of non-zero Uplink delays (i.e ‘TO 1’ for all tested cases). Results are given in figure 5. The cases with and without PTT are denoted ‘TT 1’ and ‘TT 0’ in the legend, respectively.
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Figure 5 : Block-error rate against ratio of energy per bit to noise power spectral density
Observation 4: For both FBS and SBS cases, for both QPSK and 16-QAM, the block-error rate (BLER) of the target OLS UE is improved by the use of PTT for all tested  ratios. 
Observation 5: When tail truncation is used, the error floor of 16-QAM with SBS is located below BLER = 1e-2.
The performance gain from LPT truncation can be explained as follows. In case the delay is less than the maximum, the waveform of the case without LPT truncation is cut by the receive time window at a sample likely higher than the truncation point of the PTT technique. The absence of a return to zero at the end of the captured waveform results in increased OOB radiations. This explanation is further supported by results on the mean square magnitude of the output of the DFT of the receiver, showed in figure 6 below (for the SBS case). It is observed that in average, the case ‘TT 1’ shows lower leakage in adjacent DFT bins, thus producing less interference for adjacent UEs.
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Figure 6 : Mean Square Magnitude at the output of the DFT of the receiver (centered).
The above observations confirms the development in section 2.3. One may expect even further gain from PTT in case the numerology allows the ratio  to be an integer, as then the OOB radiations would be further reduced.

Conclusion
[bookmark: _GoBack]In this contribution, we discussed the performance of the waveform ZT-OFDM in an open-loop synchronized Uplink scenario with an independently randomly distributed delay for each user. In addition to theoretical hindsight, we provided initial simulation results.
In conclusion, we made the following observations:
Observation 1: In an open-loop synchronized Uplink scenario, ZT-OFDM presents performance close to the case with zero delay for moderate SNR and reaches an error floor (below BLER = 1e-2 for 16-QAM) at high SNR.
Observation 2: In an open-loop synchronized Uplink scenario, the use of low power tail truncation, in addition to providing potential energy saving gains, appears beneficial to the performance when performed at a local minimum of the low power tail of the time-domain waveform.
Proposal: We suggest that in future evaluations, the case in which the ratio of IDFT and DFT sizes at the transmitter is an integer may be considered, as it results in specific time-domain characteristics of the ZT-OFDM waveform with the potential to increase the performance gain obtained by truncation of the low power tail.
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