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Introduction
A study item on Next Generation New Radio Access Technology was agreed in RAN Plenary #71 meeting [1]. In this SID, waveform design based on OFDM is one of fundamental areas that need to focus on. In RAN1#85 meeting, the way-forward on email discussion for waveforms [2] was discussed and some agreements were as the following:
· Use an email discussion to collect information from each company on the details of their proposed/simulated waveform(s), including
· used parameters
· Tx/Rx structure
· Corresponding performance
· Companies are encouraged to provide inputs to this email discussion as early as possible
· The purpose of this email discussion is to facilitate waveform discussion in future meetings. No conclusion is expected out of this email discussion

We have given the Tx/Rx structure of FB-OFDM in this email discussion. This contribution discusses the Tx/Rx structure of FB-OFDM and the parameters of pulse function in more details.

Tx structure of FB-OFDM
2.1 Tx signals of FB-OFDM
In RAN1#84bis and RAN1#85 meetings, FB-OFDM based waveform scheme [3][4] was proposed. In FB-OFDM, each subcarrier is independently filtered where a bank of filters is needed to filter multiple subcarriers. The baseband signal of contiguous FB-OFDM waveform can be formulated by 
                                          (1)
where  represents the RE on k-th subcarrier and l-th time symbol. T is the time symbol interval.  is the subcarrier spacing. g(t) is the pulse shaping function. 
Assuming the OFDM sample interval is , which satisfies   and gives  and , the discrete form of (1) is 
                    (2)
where . For ,  can be obtained by cyclically arranging the  output elements of IDFT{}. 
It can be seen that the above equation (2) would be equivalent to CP-OFDM, if 
          (3)
2.2 Tx structure of FB-OFDM
FB-OFDM transmitter can be implemented as in Fig. 1. The complex data symbols in one sub-frame are passed through an IFFT processing block. Then the IFFT data in time domain go through windowing processing according the chosen pulse shaping function.
 (
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)
Fig. 1 Block diagram for FB-OFDM transmitter
[image: ]
Fig. 2 Principle of windowing processing 

The principle of windowing processing module is shown in Fig. 2. In this figure, the number of OFDM symbols in a subframe is assumed 14, similar to LTE. So the adjacent symbol interval T is bigger than original symbol duration T0 as shown in Fig. 2. When rectangular pulse function is adopted, FB-OFDM would fall back to CP-OFDM in LTE as shown is Fig. 2. When the root-raised cosine pulse function is adopted, which is longer than adjacent symbol interval, the adjacent symbols data will overlap after windowing processing. 

Observation 1: Compared to CP-OFDM, the only difference of FB-OFDM at transmitter is that CP is replaced by windowing processing. While CP addition processing can ensure non-overlapping between OFDM symbols, windowing processing can adapt to symbol data regardless of overlapping or not. So CP addition processing can be taken as a special case of windowing processing.

2.3 Complexity and flexibility
Regardless of the length of the chosen pulse function or whether the adjacent symbols data will overlap, the windowing processing can be implemented by simple polyphase filter[5][6].
The complexity of FB-OFDM transmitter can be analyzed according to the method in [7]. As shown in [7], compared to CP-OFDM, the additional computation required for Tx-WOLA is (WOLA length) per symbol and F-OFDM requires [image: ] number of additional computations per symbol where (filter length) x (symbol length) =512 x 1024 for 10MHz bandwidth. If 5 times of the length of symbol interval is used for g(t), FB-OFDM requires 5 x (symbol length) number of more computations per symbol compared to CP-OFDM. So the complexity of FB-OFDM transmitter is lower than F-OFDM and a bit higher than Tx-WOLA.

Observation 2: Regardless of the length of the chosen pulse function or whether the adjacent symbols data will overlap, the windowing processing can be implemented by simple polyphase filter. The complexity of FB-OFDM transmitter is low.

Different pulse functions can be selected under different scenarios, which provides additional flexibility over CP-OFDM. For example, root raised cosine shape function can be utilized when strict out-of-band leakage is required. When timing and frequency offsets are limited and the link improvement target is on link peak rate, rectangular pulse function can be adopted and FB-OFDM can fall back to the CP-OFDM. Apart from pulse shape, symbol interval T in FB-OFDM can also be adjusted. When the channel condition is good, T can be set smaller than T0 to realize Fast-Than-Nyquist (FTN) transmission and to improve system capacity. On the contrary, T can be set larger than T0 to make the subcarriers and the symbols orthogonal.

In general, FB-OFDM has the features of low OOB leakage, excellent robustness against synchronization errors in time domain and frequency domain. FB-OFDM can show excellent performance in some scenarios such as narrow frequency bands, low cost devices which have difficulty in time and frequency synchronization. Furthermore, FB-OFDM can have flexible frame structure such as larger subcarrier spacing for high Doppler vehicle without interfering adjacent subbands.

Observation 3: FB-OFDM shows excellent performance in some scenarios such as narrow frequency bands, low cost devices which have difficulty in time and frequency synchronization and flexible frame structure services.

Rx structure of FB-OFDM
As illustrated in Fig. 3, the received baseband signal is passed through matched pulse function processing. Then FFT, frequency domain equalization and detect can be conducted as LTE receiver. So compared to CP-OFDM, the only difference of FB-OFDM receiver is that CP removing is replaced by matched pulse function processing.
 (
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Fig 3 Block Diagram for FB-OFDM Receiver
Similar to the transmitter, we can also utilize polyphase filter in the receiver to implement the matched filter processing.The matched pulse function processing module can use these algorithms include match filtering, MMSE and ZF.
The complexity of receiver can be analyzed according to the method of [7]. Compared to CP-OFDM, the additional computation required for Rx-WOLA is (WOLA length) per symbol and F-OFDM requires [image: ] number of more computations per symbol where (filter length) x (symbol length) =512 x 1024 for 10MHz bandwidth. If ZF algorithm is used in matched pulse function processing module for 1 subframe including 14 symbols, FB-OFDM requires 14 x (symbol length) number of more computations per symbol compared to CP-OFDM. So the complexity of FB-OFDM receiver is lower than F-OFDM and a bit higher than Rx-WOLA.
Observation 4: Compared to CP-OFDM, the only difference of FB-OFDM in receiver is that CP removing is replaced by matched pulse function processing which can be implemented by simple polyphase filter. CP removing can also be taken as a special case of matched pulse function processing. The complexity of FB-OFDM receiver is low.
The chosen pulse function and related parameters are introduced in the next section.
Pulse function of FB-OFDM


Different pulse functions can be selected under different scenarios, which provides additional flexibility over CP-OFDM. For example, root raised cosine shape function can be utilized when strict out-of-band leakage is required. When timing and frequency offsets are limited and the link improvement target is on link peak rate, rectangular pulse function can be adopted and the relationship  holds ( ), then the operation of polyphase filter is equivalent of CP adding and FB-OFDM falls back to the CP-OFDM in LTE. This means CP-OFDM can be considered as a special case of FB-OFDM. The pulse function has significant influence on waveform performance. Therefore, the design of pulse function that offers lower out-of-band leakage and better receiving performance should be one direction of the further study.
The root raised cosine function (RRCF) has good features of frequent localization and orthogonality between symbols. The root raised cosine based function (RRCBF) selected for our FB-OFDM simulation is designed as the product of a time domain RCF (raised cosine function) and a frequency domain RRCF. The frequency domain RRCF is transformed into time domain, using Fourier transform and multiplied with the time domain RCF.
The RCF in frequency domain can be expressed as follows.

   (4)




In above, is the roll-off factor, which is in the range of . is 50% of the half-amplitude width of the raised cosine function in frequency domain. As its name states, RRCF is the square root of the raised cosine function, which means . Inverse Fourier transform can be utilized to transform frequency domain RRCF into a time domain function.

    (5)


It needs to note that although frequency domain RRCF offers good locality in frequency but its time domain locality is poor. As  is confined in a finite area in frequency domain, its time domain representation  will span over the entire time domain. Therefore a time domain RCF is multiplied to improve time locality. 
The time domain RCF can be represented as follows.

   (6)






Similar to the frequency domain RRCF, is the roll-off factor respectively. is 50% of  the half-amplitude width of the function in time domain. We also have , in which is the length factor of the pulse function (L is also called overlapping factor) and is the symbol interval. The resultant pulse RRCBF function can be formulated as follows.

   (7)



By combining two functions with good locality in time domain and frequency domain respectively, the RRCBF pulse function reaches a good balance between time and frequency locality. Though multiplying the time domain RCF will cause a bit of interference to orthogonality between symbols, the ZF algorithm of receiver can eliminate the interference well. The RRCBF pulse function is illustrated in Fig.4, which plots the time and frequency curve of  with α=0.25, β=0.1, L=5, f0=1/T, T=1/14ms. In time domain, the energy is mostly contained in an interval of while the frequency domain power falls sharply out of bandwidth.
[image: ][image: ]
Fig.4 Time and frequency domain response of modified root raised cosine pulse RRCBF
As shown in formula (2), g(t) is transformed to g(t-nT) for different OFDM symbols. For the 14 symbols of a subframe, we set the index respectively as (-7, -6, -5, -4,-3,-2,-1, 0, 1, 2, 3, 4, 5, 6), then the pulse functions of the 14 symbols turn to gn(t-nT), where n=-7 to 6.
If the sub-frame interval is 1 millisecond (ms) for FB-OFDM (the same as LTE), one subframe will last (1+4/14) ms (adopting the same parameters mentioned in the previous paragraph). This means the energy of one sub-frame will extend into adjacent sub-frames, which is shown by the simple energy skeleton of three consecutive sub-frames in Fig.5. We can see that the signal on two sides of a sub-frame will overlap with the preceding and succeeding sub-frame respectively.

Fig.5 The Simple Energy Skeleton of Three Consecutive Subframes

In TDD scenarios, strict temporal containment of symbols is desired. Hence a pulse function with small value for overlapping factor can be selected to use. Another alternative is cutting tail on the boundary of TTI. In our simulation, cutting tail on the boundary of subframe is selected to use. A raise cosine function window is applied to cut the tail of the sub-frame as Fig. 6.
 (
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)
Fig. 6 Applying a raise cosine function window to cut the tail of the sub-frame

The time domain RCF window can be represented as follows.

   (8)





Similar to eq. (6), is the roll-off factor respectively. is 50% of  the half-amplitude width of the function in time domain. We also have , in which S is the symbol number in a subframe and is the symbol interval and so the length of the RCF is the same as the subframe. In our simulation, these parameters are set as S=14, γ=0.01, .
As mentioned above, for the 14 symbols of a subframe, we have set the index respectively as (-7, -6, -5, -4,-3,-2,-1, 0, 1, 2, 3, 4, 5, 6), which are unsymmetrical to t=0. So we shift the variable t, then the RCF window turns to the following

     (9)
So, by applying a raise cosine function window to cut the tail of the sub-frame, the pulse functions of the 14 symbols respectively turn to the following

     (10)
where n = -7 to 6. The pulse functions of eq. (10) adapt to both FDD and TDD system and can be realized as a defined parameter in polyphase filter without adding more complexity.
Observation 5: Once the pulse function is selected, it can be realized as a defined parameter in polyphase filter without adding more complexity for Tx and Rx of FB-OFDM.
Conclusion
This contribution is concluded with the following observations:
Observation 1: Compared to CP-OFDM, the only difference of FB-OFDM at transmitter is that CP is replaced by windowing processing. While CP addition processing can ensure non-overlapping between OFDM symbols, windowing processing can adapt to symbol data regardless of overlapping or not. So CP addition processing can be taken as a special case of windowing processing.

Observation 2: Regardless of the length of the chosen pulse function or whether the adjacent symbols data will overlap, the windowing processing can be implemented by simple polyphase filter. The complexity of FB-OFDM transmitter is low.

Observation 3: FB-OFDM shows excellent performance in some scenarios such as narrow frequency bands, low cost devices which have difficulty in time and frequency synchronization and flexible frame structure services.
Observation 4: Compared to CP-OFDM, the only difference of FB-OFDM in receiver is that CP removing is replaced by matched pulse function processing which can be implemented by simple polyphase filter. CP removing can also be taken as a special case of matched pulse function processing. The complexity of FB-OFDM receiver is low.
Observation 5: Once the pulse function is selected, it can be realized as a defined parameter in polyphase filter without adding more complexity for Tx and Rx of FB-OFDM.
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