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Introduction
At the RAN#71 meeting, the new SI of  “Study on NR New Radio Access Technology” [1] was approved with fundamental physical layer signal structure for new RAT as one of the targeting areas, including
· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access
· FFS: other waveforms if they demonstrate justifiable gain
Simulation cases and assumptions have been agreed in [2][3][4]. The calibration assumption of waveform simulation under all cases has been agreed in [5][6]. According to [7], companies are encouraged to provide their waveform information, including
· Used parameters
· Tx/Rx structure
· Corresponding performance
In this contribution, we are going to elaborate our implementation in the calibration simulations of f-OFDM and W-OFDM.

f-OFDM
For f-OFDM, the subband filter is designed via a time-domain windowed ideal low-pass filter, generally based on Huawei’s design from [8]. 
The filter taps are given by

where
·  is the order of the filter (which is usually even) and thus  is the length of the filter;
·  is the impulse of an ideal low-pass filter with bandwidth ;
·  is a time-domain window with length ;
·  is the center frequency of the target bandwidth, in the unit of number of subcarriers;
·  is the IFFT size for OFDM baseband signal.
The formula derived above is a non-causal filter. In the simulation, it is achieved via a left-shift by  samples of the filtered time domain sequence. The detail of the parameters mentioned above is shown in Table 1.
[bookmark: _Ref457895136]Table 1 Detail of parameter configuration for f-OFDM
	Parameter
	Description

	
	In the simulation,  is set to 512.

	 and 
	The bandwidth  is the single-sided bandwidth in the unit of number of subcarriers, which is the sum of one half of the subcarrier number of the target PRB and the tone offset. In the simulation, the tone-offset is set to 37.5kHz, which translates to 2.5 subcarrier spacings for 15kHz systems. For case 1a,  and for other cases, . The expression of  can be written as follows once  is determined.


	
	 is a 0.6-powered raised cosine window with rolled-off factor . The expression is simplified to 


	
	If the target subcarrier range is , 

Normally  is not an integer as , but when , i.e., DC is within the allocated bandwidth,  is an integer as DC is not used for transmission, resulting .

	
	In the simulation,  is set to 1024.

	NOTE: For the interfering user, the filter tap is also generated based on the previous configuration, although ,  and  are scaled, yet the relative ratio is fixed.



In the simulation, both transmitter (TX) and receiver (RX) perform the subband (case 1b/2/3/4) and wide-band (case 1a) filtering. The receiver operation is similar to traditional CP-OFDM with an extra time-domain filtering. Since the filter is defined in a non-causal way, the group delay is 0, and the boundary of CP and OFDM can be defined as before filtering. Therefore, after the multi-path channel and the receiver filtering, the CP part is discarded and succeeding OFDM symbol is fed into the demodulation module.

W-OFDM
For W-OFDM, both the transmit window (TX WOLA) and the receive window (RX WOLA) are applied, based on Orange’s design from [9]. TX and RX use the same time domain square root raised cosine (SRRC) window, the length of which is slightly longer than the OFDM symbol.
Transmitter
For the transmitter, the OFDM symbol is extended with -point cyclic prefix (CP) and -point cyclic suffix (CS). The window gain at the OFDM symbol edge is set to a value around , so that after the receive window, it will be  and a perfect OFDM symbol reconstruction is possible via an overlap add (folded sum) operation. To achieve the symmetry at the front and the rear edges, we let , and the time-domain windowing gain  is imposed on the first sampling of the OFDM symbol and the first sampling of CS, as shown in Figure 1. It is worth noting that all samplings in both CP and CS, and a part of equal length in the OFDM symbol are affected by the time domain window. 
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[bookmark: _Ref457855980]Figure 1 W-OFDM sampling and windowing

The window parameters are shown in Figure 2. The SRRC window is defined by a rolled-off factor , which we assume is 0.125 in the design.  and  can be derived from  and . The window edge length is  on both sides, excluding all 0’s and 1’s.
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[bookmark: _Ref457856615]Figure 2 Illustration of TX windowing and RX windowing
In the time domain, adjacent W-OFDM symbols overlap with  samplings, where  is the CP length defined in the traditional CP-OFDM waveform. There is no specific region served as the regular CP to combat the channel delay spread, and therefore, it is required that both windowed CP and CS cover the channel delay spread.
Receiver
For the receiver, the same window is imposed on the time-domain synchronized sequence. For ideally synchronized transmission, the concatenation of two SRRC (TX SRRC and RX SRRC) windows yields a raised cosine (RC) window with the property of anti-symmetry around the front and the rear edges of the OFDM symbol. This anti-symmetry enables a perfect reconstruction of the receive OFDM symbol, as Figure 2 shows. The TRX-windowed CP is added to the rear of the OFDM symbol, while the TRX-windowed CS is added to the front of the OFDM symbol; this operation is referred to as overlap-add or folded-sum, well known in the W-OFDM and FC-OFDM design.
The presence of RX windowing is to minimize the inter-symbol interference (ISI) due to the time domain overlapping. Using the same window for both TX and RX also results in a matched filter at each subcarrier. To be more specific, the transmit window shapes the subcarrier-wise spectrum, and the receive window matches the transmit subcarrier and maximizes the signal-to-interference-plus-noise power ratio (SINR).
Time domain synchronization
Due to the structure of W-OFDM, the whole symbol actually has both CP and CS, and thus the time-domain synchronization of the receiver should be revised. The channel is time-shifted to have both pre-paths and post-paths, so that the receive window capture the majority of the power of the desired symbol. CP is used to absorb the post-paths (causal part) while CS is used to absorb the pre-paths (anti-causal part). Unlike traditional CP-OFDM, neither CP nor CS is discarded; instead, they are used in the receive window. The interference from both ISI and ICI can be reduced to a negligible power through receiver time synchronization, even in the rich multipath environment (TDL-C 1000ns).
One simple way to maximize the power of the desired symbol, is to let the mean delay of the channel be zero via the proper time-domain shift, as Figure 3 shows. The left part of Figure 3 shows the channel impulse response (CIR) of a causal channel, and the mean delay  is larger than 0, which is usually referred to as mean excess delay. For the right part of Figure 3, we left shift the channel by  samples, which leads to an equivalent shift of the receive symbol and thus the shifted CIR has zero mean delay. In this way, the receive window also sufficiently rejects the interference power from adjacent W-OFDM symbols.
The time-shift value can be calculated via ideal channel estimation or reference signal (RS). For ideal channel estimation,

For RS-based estimation, algorithms can be developed according to the RS pattern, which is beyond the scope of this contribution.
O
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[bookmark: _Ref457897177]Figure 3 Illustration of time synchronization (channel time-domain offset)

Conclusions
In the contribution, we have provided the detailed configurations for f-OFDM and W-OFDM in the waveform calibration. For f-OFDM, both TX and RX filtering are applied for the subband or the wide-band. For W-OFDM, the window shape is elaborated, and both TX and RX windowing are used based on the designed window. Besides, the time-domain synchronization issue for W-OFDM is discussed.
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