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1
Introduction
In [1] it was pointed out that OFDM-based waveforms are the most suitable choice for New Radio. In [2] we have discussed multi-service driven waveform requirements for below 6GHz and proposed to study the benfits of UE/service-specific numerology, as well as the benefits of subband-wise filtering with the Universal Filtered (UF)-OFDM candidate technology. In [3][20] we provide initial performance evaluations for comparing against other candidate waveform technologies.
The purpose of the following contribution is to clarify the UF-OFDM concept, helping to improve common understanding. We will discuss transmitter and receiver complexity, pre-/postfix, filter choice and options for delay spread protection, as well as pre-equalization of the filter at transmitter side. This contribution also aims to remove existing misconsceptions on UF-OFDM and Universal Filtered Multi-Carrier (UFMC).
2
Discussion
2.1 
Basic transceiver description
The basic principle for the generation of flexible OFDM waveforms has been shown in [1]. The block diagram in figure 1 depicts the transceiver part for a particular subband input, supporting an optional single carrier variant via DFT-spreading (DFT-s) and a per-subband filter.
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Figure 1 – Generic UF-OFDM transmitter block diagram
Input of Q subcarriers is the modulation symbol vector 
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. In case the optional (hatched) DFT-s block is active and spreads with the DFT-matrix 
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, SC-FDMA is used, otherwise the signal is of multi-carrier type. With subband-wise filtering by Toeplitz matrix 
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being active, UF-OFDM-signals are generated with band-pass filters of length 
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. Otherwise standard OFDM is applied. For a flat pass-band, pre-equalization of the filter is done by diagonal matrix 
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, discussed in section 2.5. In principle, both cyclic prefix (CP) and zero postfix (ZP) can be used with and without filtering, discussed in section 2.2. The FFT size is N, while the time guard (ZP or CP) is of length L. The matrix 
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denotes the appropriate rows of the NxN Fourier matrix for subband k. The use of a cyclic prefix, generated by matrix 
[image: image9.wmf]xN

L

N

)

(

C

+

Î

Ξ

, is equivalent to the use of a zero postfix in terms of delay spread protection [6]. In case of UF-OFDM, both options are possible, discussed in section 2.2. The overall variants are:
· CP-OFDM:                   
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single carrier: 
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· UF-OFDM with ZP (aka UFMC): 
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· UF-OFDM with CP:            
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single carrier: 
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2.2 
Zero Postfix or Cyclic Prefix?
Note that the subband-filtered variant with CP [5] is often denoted f-OFDM. What is the impact when a CP or ZP is used? It has been shown [6] that a zero postfix is equivalent to the use of a cyclic prefix in terms of delay spread protection [6] (the former offering better recovery of deeply faded subcarriers). In combination with windowing and filtering in [7] performance of ZP and CP has been shown to be very close in many settings. A minor difference is that subband-filtering + ZP is more robust against carrier frequency offsets (CFO) than subband filtering + CP. For higher carrier frequencies when analog beamforming is used, a “silence” or “low power” time period is useful for analog beam switching intervals. Subband-filtering + ZP also offers the best compatibility to be combined with zero-tail DFT-s [13], as discussed in section 2.4. (Note also that subband-filtering + ZP has a burst duration which is shorter by L samples compared to subband filtering + CP, but this small difference does not affect the symbol rate so is just a minor detail.)
The differences between ZP and CP are minor, but due to minor benefits when applying subband filtering, we use a ZP, but consider CP as an option.
Proposal: Both ZP and CP variants should be investigated as viable options.

2.3 
Low complex N-FFT receiver
The basic ZP-UF-OFDM receiver has often been described by taking the N+L-1 receive samples and padding them with zeros in order to carry out a 2N-FFT where the odd-numbered output values contain the demodulated but not yet equalized subcarrier symbols.

We want to point out that an equivalent solution can also be obtained using an N-FFT [11], with exactly the same FFT size as unfiltered CP-OFDM. The receive sample vector 
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is turned into a length N vector 
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by copying the tail to the beginning of the symbol
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as depicted in figure 2.
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Figure 2 – Principle of N-point FFT reception for UF-OFDM: The symbol tail is added to the beginning

This leads to the same low receiver complexity as unfiltered CP-OFDM, as adding the tail is negligible. It requires below 0.4% number of real operations of a N-FFT.

Observation: Subband-filtered OFDM based on either zero postfix (ZP) or cyclic prefix(CP) both have same FFT-size and complexity at the receiver as basic CP-OFDM.
Note that for low end-devices, when appropriate analog filters are used, the sampling rate can be further reduced, allowing for a reduced downlink receiver complexity.
2.4 
Low complex transmitter implementation variants

2.4.1
Overview of time- and frequency domain transmitter implementation variants

For generating a UF-OFDM signal, efficient transmitter implementation variants exist: Frequency domain based implementation [8], approximation by time-domain windowing (e.g. using 3 different windows) [9] or fast convolution [10] by overlap-add methods.
2.4.2 

Fast convolution

The main idea of fast convolution (FC) is that a high-order ﬁlter can be implemented effectively through multiplication in frequency domain, after taking DFT’s of the input sequence and the ﬁlter impulse response. The time-domain output signal is obtained by IDFT. In practice, efﬁcient implementation techniques, like FFT/IFFT, are used for the transforms, and overlap-save (or overlap-add) processing is applied for processing long sequences. The application of FC to multirate ﬁlters is also well-known in the literature.

In fact, a FC filter bank (FC-FB) can be used as a generic waveform processing engine, which can be configured for processing simultaneously different or differently parametrized waveforms in different frequency channels. In addition to waveform generation, channelization, and pulse-shape filtering, FC-FB can be used also for frequency-domain channel equalization and timing and frequency offset compensation tasks.  Regarding the transmitter side, the main idea is to construct in FFT domain a multiplex consisting of groups of subcarriers, pulse-shaped waveforms, or frequency-channelized arbitrary waveforms. The time-domain transmit signal is then obtained through joint long IFFT, with proper overlapping scheme.  Correspondingly, on the receiver side a wideband received signal multiplex is converted to FFT-domain by joint FFT, after which the channel equalization can be done in a unified fashion for different waveforms through multiplication by the channel equalizer coefficients. Then the subacarrier/subchannel signals are constructed by individual short IFFT processes. 

2.4.3 
Look-up table (LUT) based solution
As NR has to support also mMTC, the transmitter complexity is of importance especially for low end device support. In this case we propose to use combinations of look-up tables and digital frequency shifters [11] for providing a very low overall complexity. An illustrative example is given in appendix A. 
2.4.4
Transmitter complexity overview

Table 1 gives an overview on multi-carrier modulation complexity in terms of real valued operations (thus additions and multiplications).
Table 1: Number of normalized real operations for multi-carrier modulation with N=1024, Q=12, NIFFTo= 64

	Waveform and Implementation Variant
	Number of subbands B=1
	Number of subbands B=50

	CP-OFDM, FFT-based [8]
	1
	1

	CP-OFDM, LUT-based, M=2, P=2 (Appendix A)
	0.294
	-

	UF-OFDM, LUT-based, M=2, P=2 (Appendix A)
	0.315
	-

	UF-OFDM, time domain, G=1 [9]
	1.2
	1.2

	UF-OFDM, time domain, G=3 [9]
	3.7
	3.7

	UF-OFDM, frequency domain [8]
	2.4
	9.5


As shown in table 1, the transmitter complexity for the especially critical case of low end devices with typical narrowband transmission can be brought below FFT-based CP-OFDM complexity (more than factor 3 in the example) for both CP- and UF-OFDM using LUT solution, meaning that transmitter complexity is not an issue with UF-OFDM.

Observation: Transmitter complexity increase due to subband filtering is minor. Especially for small number of allocated subcarriers (e.g. a single PRB), which is of key interest for low end devices (e.g. for mMTC) the transmitter complexity can be made lower than regular FFT-based OFDM.
Observation: Both time- and frequency domain implementations of subband-filtered OFDM are valid options, thus both need to be considered.
2.5 
Filter choice and adjustable time-frequency localization 

Filter lengths and impact of multi-path propagation

UF-OFDM was often described in conjunction with Dolph-Chebychev filters, as those filters are optimal in the sense that for a given side lobe level the main lobe width is minimized and as they are adjustable by a single tuning parameter for the side lobe attenuation. Depending on the use case a different filter choice is also possible. E.g. the filters can e.g. be tailored to maximize signal-to-leakage ratio for a given range of timing- and frequency offsets [12]. In case of asynchronity and small allocation sizes, when high MCS are not important, also filter lengths 
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larger than the temporal guard interval make sense [7] at the price of higher vulnerability to delay spreads, and reduced spectral efficiency in very high SNR-scenarios. When protection against multi-path delay spreads is important, a part of the filter can be set to zeros, resulting to 
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. For usability, the number of different options should be minimized, e.g. 2 variants. In the waveform performance comparison [3] we considered two different options for filtering and time guards:
· 
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As the tails of the filters have low power, even when 
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the impact of delay spreads are small. This soft protection, results in an SINR of e.g. >40 dB in the EVEHA case [4].
Note that windowing techniques for CP-OFDM[14][15], e.g. WOLA, are not better in this respect, as the overlap in windowing cuts into the CP protection, as can be seen from the performance results in [3].
ZP-based DFT-s UF-OFDM allows for another flexible option for dealing with delay spreads. When placing zeros at the edges of the DFT-s input, low power tails are generated, denoted zero-tail (ZT-DFT-s) [13], depicted in figure 3.

[image: image27]
Figure 3 – ZT-DFT-s pre-processing option for UF-OFDM, allowing for adaptive delay spread protection.
This allows for user-specific adaptive delay spread protection without changing the overall symbol length.
Observation: All windowing and filtering techniques for improving spectral localization of the waveform compromise in the temporal localization and thus become in principle more vulnerable against ISI, but still have “soft protection”.
Observation: With UF-OFDM, an efficient set of counter-measures to ISI exists: Adjusting numerology, using zero padding inside filter or optional combination with ZT-DFT-spreading. Those techniques can make ISI negligible.
Filter bandwidths and impact on standardization

In principle per-PRB filters can be used, allowing for one generic low pass prototype filter which could easily be specified. However, when the allocation size is more than a single PRB, a subband filter which has a broader pass-band also offers a steeper side-lobe level decay at the pass-band edge, especially when combined with pre-equalization, as described in section 2.5. Less subband filters also have a positive impact on complexity as can be concluded from [8] and table 1.

Hence, it is suggested to also allow wider subband filters. In order to minimize the amount of standardization options we propose to consider standardization of the filter low-pass response for allocation sizes of 1-4 PRBs. (It is for further study whether two or three variants of filter responses should be standardized, e.g.: no filter, short filter, long filter.) When larger allocations are used this can be achieved by using several parallel subband filters, each for its respective part of the allocation. Standardization of the filter allows for better matched processing.
2.6 
Pre-equalization and channel estimation
For a flat pass-band, in UF-OFDM, pre-equalization of the filter can done by diagonal matrix 
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which multiplies each subcarrier symbol, indexed i, by the inverse filter frequency response
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,which is described in [4] for reference symbols, but also beneficial for data symbols in general. The benefits are that equal transmit power per subcarrier is used which prevents an increased number of error events at the pass-band edge, as those errors from weaker edge subcarriers would be detrimental for BER performance. Also, for equalization, the receiver does not need to know or estimate the filter coefficients allowing a simpler interpolation and smoothing in channel estimation.
Figure 4 illustrates that a specific filter choice (SLA 80 dB) would already lead to unacceptable edge subcarrier power without pre-equalization, while with pre-equalization the pass-band is perfectly flat at the price of slightly reduced transition band decay. 
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Figure 4 – UF-OFDM spectrum for 4 PRBs with and without transmit filter pre-equalization

Observation:Pre-equalization of the filter is beneficial for UF-OFDM and hence should be used.
Regarding channel estimation for UF-OFDM it has been shown that OFDM knowledge can be reused [4]. The waveform evaluation should include channel estimation, as done in [3], in order to provide realistic results.
Proposal: Channel estimation should be included in the waveform evaluation in order to have realistic results.

2.7 
Multi-service support aspects

As discussed in [2], the multi-service supports generates a need for different numerologies. It has been shown that UF-OFDM can deliver this [16]. A principle block diagram for the downlink is illustrated in figure 5.

[image: image31]
Figure 5 – Block diagram for mixing different numerologies in the downlink

It becomes obvious, that the increased processing effort for the device being served by a single numerology x (x = {1, 2}) is reasonable, as only the relevant portion of the spectrum is to be processed by the device with its appropriate FFT size. 


[image: image32]
Figure 6 – Block diagram for mixing different numerologies in the uplink, including optional DFT-spreading
Figure 6 illustrates the uplink mixed numerology case. In case of two different numerologies, two different FFTs have to be carried out at the BS receiver.
The UF-OFDM support for relaxed synchronicity, e.g. for mMTC has been shown in [17]. The benefits of UF-OFDM in terms of guard band reduction, desirable e.g. for eMBB, are addressed in [18], as well as the suitability for short burst communication, which is important in URLLC. UF-OFDM waveform coexistence with CP-OFDM has been demonstrated in [19].
A appropriate simple receiver strategy is possible by adjusting the ‘pre-processing’ blocks in the block diagrams of figure 1 and 5 for this purpose by either windowing [6][13][14] or filtering [6].
The performance of those scenarios is simulated in [3].
3
Conclusion
The contribution is concluded by summarizing our main points.
Observations: 

· Subband-filtered OFDM based on either zero postfix (ZP) or cyclic prefix(CP) both have same FFT-size and complexity at the receiver as basic CP-OFDM.
· Transmitter complexity increase due to subband filtering is minor. Especially for small number of allocated subcarriers (e.g. a single PRB), which is of key interest for low end devices (e.g. for mMTC) the transmitter complexity can be made lower than regular FFT-based OFDM.
· Both time- and frequency domain implementations of subband-filtered OFDM are valid options, thus both need to be considered.
· All windowing and filtering techniques for improving spectral localization of the waveform compromise in the temporal localization and thus become in principle more vulnerable against ISI, but still have “soft protection”.

· With UF-OFDM, an efficient set of counter-measures to ISI exists: Adjusting numerology, using zero padding inside filter or optional combination with ZT-DFT-spreading. Those techniques can make ISI negligible.

· Pre-equalization of the filter is beneficial for UF-OFDM and hence should be used.
Proposal 1: Both ZP and CP variants should be investigated as viable options.

Proposal 2: Channel estimation should be included in the waveform evaluation in order to have realistic results.
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Appendix

A. LUT-based transmitter implementation example

The basic idea of the example described in [11], illustrated in figure 6, is to combine pre-computed “prototype subband” parts, stored in a look-up table (LUT) with dedicated additional processing for obtaining the final sample vectors. Stored modulation vectors of a group of P inputs (either subcarrier input symbols or DFT-spreader input symbols in case of SC-FDMA) from a LUT are used. Then for a particular subband output, the result is summed-up for all Q/P groups of input symbols, and a frequency shift vector a is multiplied element-wise on the sample vector x for obtaining the appropriately frequency-shifted subband sample vector output xshift. 

The resulting overall complexity for generating one UF-OFDM subband with this approach may be only a fraction of a default FFT-based CP-OFDM implementation (see table below). The LUT-based solution is mainly targeting small allocation sizes (e.g. Q=12 subcarriers). Smaller modulation alphabet size M are preferable in terms of memory consumption.
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Figure 6 - Illustration of LUT-based solution

The number of real valued operations can be deduced straightforwardly from Figure 2-2: For CP-OFDM we have 2N(Q/P-1)+6N real operations, for UF-OFDM 2(N+L-1)(Q/P-1)+6(N+L-1). 

The LUT memory contains for CP-OFDM  NMPQ/P samples and for UF-OFDM (N+L-1)MPQ/P samples. With 2 byte for each I/Q part and N= 1024, L=74, M=2 (BPSK), Q=12 this results in 100 kByte for CP-OFDM and 105 kByte for UF-OFDM. Furthermore storing the B frequency shift vectors for CP-OFDM requires NB samples and for UF-OFDM (N+L-1)B samples, leading to 200 and 214 kByte respectively with 2 byte for each I/Q part.
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