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1. Introduction
In 3GPP RAN1 #84bis meeting it was agreed to study waveforms for new radio (NR) access technology. The following agreement was made for consideration and evaluation of potential waveforms [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 usecases (e.g., mMTC use case)
In this contribution, waveform design requirements for high frequency bands (>40 GHz) are discussed and a circularly shaped single carrier waveform, so called block-wise single carrier (BWSC), is proposed for high frequency bands. It is shown that this low PAPR single carrier waveform can fulfil high frequency band requirements with subband scheduling capability.
2. Waveform design requirements for frequencies above 40 GHz
As discussed in [2] and [3], multiple requirements should be considered for waveform design beyond 40 GHz bands. High carrier frequency brings new system design challenges due to different behaviour of propagation environment [4]:
· Noise-limited network: Beamformed transmission and reception over a massive MIMO (m-MIMO) structure is an essential element of high bands to compensate the large air propagation loss [5]:
· As opposed to low frequency band interference limited networks, a highly beamformed high band network is noise/power limited.
· In a noise-limited network, transmit power level is crucially important to fulfil link budget/coverage requirements.
· Delay spread of a beamformed channel is very small even in non-line-of-sight (nLoS) scenario.
· High level of impairments: A small radius high band access point is not commercially feasible unless massive number of RF components are economically cost effective. Low cost of RF architecture and circuitry as well as technical challenges to design IF and RF components in high frequency bands lead to relatively larger hardware impairments in comparison to low band (<6 GHz) carrier frequencies. The impairments are listed as follows:
· Severe power amplifier (PA) nonlinearity with low power efficiency,
· Large carrier frequency offset (CFO) of local oscillators, and
· Much stronger power spectral density of phase noise with larger loop bandwidth.
· Lack of frequency selectivity: According to [6], channel hardening effect in m-MIMO leaves negligible channel variations over the frequency domain. Consequently, frequency dependent precoding and opportunistic subband scheduling might become less beneficial.
· The benefits of subband precoding and frequency-selective scheduling might be less beneficial even with fully digital beamforming. Notably, this observation does not preclude the necessity of frequency domain user multiplexing (FDM).
· Hybrid beamforming architecture (combination of analog and digital beamforming) with smaller number of RF chains might be required to limit the energy consumption of high speed digital-to-analog converters (DAC) and analog-to-digital converters (ADC). Analog beamforming further avoids the system to fully exploit the frequency selectivity of over-the-air m-MIMO channels. Analog beamforming is equivalent to a wideband precoder.
Based on the above observations, the following requirements should be considered for waveform design:
· Low PAPR: Large power back-off may reduce the negative impacts of nonlinear PAs but it achieves at the expense of link budget and coverage loss which are crucially important for a noise-limited high-band network with large propagation loss. Therefore, a low peak-to-average power ratio (PAPR) waveform is required to drive a PA as much as possible and improve coverage of the network with minimum performance degradation and lower out-of-band emission caused by a nonlinear PA.
· Robustness to phase noise and CFO: In high bands, phase noise level and loop bandwidth of oscillators and PLLs are significantly higher than that of traditional wireless systems in the lower bands [7],[8]. As a result, phase noise is a fast changing random process that has to be tracked in time domain even within a symbol block duration. Traditional frequency domain pilots are not suitable for time domain tacking of phase poise. In any waveform proposal, ‘time-trackable’ training samples are required to track and compensate fast changing phase noise even within a symbol block time duration. In addition, frequency spacing of OFDM based waveform should be large enough to manage large CFO, Doppler shift, and phase noise and avoid significant ICI.
· Fractional bandwidth allocation for uplink: Since the system bandwidth is very large, any proposed waveform should be able to allocate a fraction of available system bandwidth to a particular uplink user.  It helps power-limited uplink users to improve their coverage by increasing the power spectral density (PSD) over a narrower allocated bandwidth. Also, frequency domain user multiplexing and hence multiple FDM users can be supported in combination with spatial/beam user multiplexing.
3. Overview of existing waveform proposals
Having the above design requirements, for the following reason, waveforms other than OFDM should be also considered as candidates for high band frequencies:
· High PAPR: OFDM waveform suffers from high PAPR which severely degrades system performance at the presence of low cost nonlinear PAs and low power/low resolution ADCs. High nonlinearity also produces out-of-band leakage which may violate spectral mask of the system. Large power back-off may reduce impacts of nonlinear impairments at the expense of link budget and coverage loss which are crucially important for a noise-limited high-band network with large propagation loss.
· Sensitivity to phase noise: Sensitivity to phase noise is another practical challenge of OFDM in high bands [9]. At the presence of strong phase noise, carrier spacing should be large enough to avoid ICI. Large carrier spacing reduces the symbol duration leading to larger overhead from the cyclic prefix (CP). Common phase compensation is possible through frequency domain reference symbols (RS), however, time tracking of phase noise within an OFDM symbol block is not practically feasible.
· Low benefit of frequency selective scheduling/precoding: Frequency selective scheduling/precoding and optimal frequency domain equalization are major advantages of OFDM in frequency dispersive fading channels. For high bands with less dispersive channels, OFDM might lose these advantages over other waveforms [10].
For the above reasons, single carrier (SC) waveforms (either SC or OFDM-based SC waveforms such as SC-FDMA) seem to be better candidates for high frequency bands. Null-CP SC [11] is a waveform proposal for high frequency bands. Null-CP SC is a single carrier waveform with zero tail (ZT) to enable frequency domain equalization (FDE). This waveform addresses PAPR issue and flexible CP length for different propagation scenarios of high band transmission. As shown in Figure 1,  null-CP (or ZT) is part of the symbol block for receiver FFT processing and frequency domain equalization. The disadvantages of null-CP SC can be listed as follows: i) with equivalent length of ZT and CP, the symbol structure of null-CP SC may suffer from higher overhead, ii) null-CP SC does not provide subband scheduling capability to support power-limited uplink users, iii) frequent on-off behaviour of the transmit signal is not practically matched with RF circuitry requirements, and iv) since every symbol block starts or ends with low power ZT, accurate time synchronization is practically more difficult. In addition to the above reasons, the ineffectiveness of ZT and linear pulse shaping for null-CP SC is discussed in details in the following section.
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[bookmark: _Ref455753189]Figure 1. Symbol structure of null-CP SC in comparison with CP-OFDM and SC-FDMA
In this contribution a block-wise single carrier (BWSC) waveform with low PAPR is proposed to meet the requirements of waveform design for high bands. As in OFDM, data-based CP is attached to every BWSC block to enable FDE, while it maintains the overhead of modulation lower than null-CP SC. In addition, data-CP BWSC offers a consistent power across time which is more aligned with RF front end. Capability of subband scheduling and fix chip rate independent of the allocated bandwidth are other major benefits of this SC waveform.
4. Block-wise single carrier (BWSC) waveform
Channel equalization in general is a challenge for SC carrier modulation especially in a very dispersive fading channel. As an approach to enable FDE with a single tap equalizer per frequency bin, a block of SC signal has to be circularly periodic. As illustrated in Figure 2, a CP/GI/ZT is attached to a block of data samples. SC with null-CP or ZT is proposed in [11] and SC with GI is already adopted to IEEE 11ax WiFi standard [14].
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[bookmark: _Ref455764188]Figure 2. SC waveform with CP, GI, or ZT to enable FDE
This stream of data is passed through a pulse shaping filter at the transmitter, over-the-air channel, and receive matched filter as illustrated in Figure 3. The total delay spread of the end-to-end channel depends on the delay spread of the channel as well as the impulse response durations of the shaping and matched filters. Consequently, the duration of CP/CI/ZT should cover extra delays caused by the shaping and matched filters. This may lead to extra overhead and lower spectral efficiency of high band scenarios for the following reasons: i) duration of a symbol block is short and comparable to CP duration, and ii) to have a tight spectral mask with minimum guard band, a large order of shaping/matched filters is required, leading to further overhead of desired CP length.
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[bookmark: _Ref455934085]Figure 3. End-to-end flow of SC waveforms
In this contribution circular convolution and data-based CP insertion is adopted to a block-wise SC (BWSC) waveform. Similar to OFDM, data-based CP is defined as a periodic extension of a block of SC waveform. Data-CP BWSC provides the same advantage of CP/GI/ZT SC in terms of FDE capability, while it avoids the disadvantage in terms of inefficient filtering for spectral shaping. Using circular convolution for shaping and matched filtering, the effective CP length is not reduced and preserved solely to combat delay spread of over-the-air channel. Therefore, as discussed in details in the appendix, in BWSC an excess CP overhead due to shaping and matched filters is avoided. It consequently leads to better system efficiency and lower sidelobes of the spectrum by freely increasing the length of the shaping filter without any extra cost of CP overhead. In addition, as opposed to null-CP with on-off behavior, the consistent power level of data-CP BWSC blocks is more RF friendly and lets the receiver to reuse well-known OFDM techniques for time synchronization as well as other CP-based procedures. The transmitter and receiver procedures of BWSC are shown in Figure 4. The upsampling rate depends on the interested out-of-band bandwidth for the spectral shaping. Time windowing follows the same procedure as CP-OFDM to avoid discontinuity between adjacent symbol blocks. The detailed description of BWSC is reported in the appendix.
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[bookmark: _Ref455989558]Figure 4. Schematic Tx and Rx procedure for BWSC waveform
Typical numerology
FDE enables single-tap equalization for SC waveforms over each frequency bin. Using 480 kHz frequency bin, an example numerology for BWSC is listed in Table I. A relatively wide frequency bin is required to be robust against phase noise and frequency offset.
[bookmark: _Ref456015398]Table I. Example numerology for BWSC
	Scaling factor
	

	Bandwidth of a frequency bin for FDE [kHz]
	

	System bandwidth [MHz]
	640

	Occupied bandwidth [MHz]
	 of

	Number of QAM symbols (or useful frequency bins) per block
	1200

	Symbol length (without CP) [s
	2.08333

	CP length [ns]
	TBD



The occupied bandwidth is the Nyquist bandwidth of QAM symbol transmission while the system bandwidth is larger due to the roll-off factor of the shaping filter. The typical roll-off factor is 10%, i.e. the occupied bandwidth is not less than 90% of the system bandwidth.
PAPR distribution
The PAPR of BWSC is compared to SC-FDMA in Figure 5. The numerology is as Table I. The upsampling rate is 2. The shaping filter of BWSC is RRC with roll-off factor . The chip rate of waveforms are equally adjusted to have a fair comparison of waveforms in terms of PAPR. Here are the observations:
· BWSC shows much lower PAPR compared to SC-FDMA 
· Alternative constellation rotation [11] can extensively improve PAPR of SC waveforms especially for BPSK.
· With the same spectral efficiency, BWSC with BPSK  is preferred to QPSK . The reason is very low PAPR of BPSK . This feature helps to extensively improve coverage of cell edge users with limited transmit or receive powers.
· As opposed to OFDM, PAPR of BWSC depends on the modulation level. Therefore, the transmit power level and hence PA power back-off can be adjusted according to the modulation level. It is beneficial especially for a cell-edge user whose modulation level is most likely low due to its relatively lower channel quality.
· SC-FDMA with QPSK shows relatively lower PAPR compared to 16-QAM. Also, QPSK  slightly improves PAPR over QPSK. However, PAPR of SC-FDMA is still much higher than BWSC. In addition, PAPR of SC-SCMA with BPSK modulation is not improved with respect to QPSK even if  rotation is applied (curves not shown for BPSK).
· Table II compares the lowest PAPR of the three waveforms at CCDF of . The gain of BWSC over SC-FDMA is 4 dB. It can improve coverage of a high band network with a high propagation loss.
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[bookmark: _Ref456014700][bookmark: _Ref456017521]Figure 5. PAPR of BWSC versus other baseline waveforms
Table II. Lowest PAPR of BWSC SC-FDMA and OFDM at  CCDF
	Waveform
	BWSC
	SC-FDMA
	OFDM

	Lowed PAPR [dB]
	4.425 (BPSK )
	8.425 (QPSK 
	12.425 (regardless of modulation)

	Gain vs OFDM [dB]
	8.00 
	4.00
	0.00


Power spectrum density in the presence of non-ideal PA
The impact of PA nonlinearity on the spectrum of the transmitted signal is evaluated in Figure 6. The PA model is Rapp as reported in [15] for the downlink of above 6 GHz bands. According to these results, with BWSC, PA can be driven further especially for lower modulations. In this figure, OBO is defined as output back-off with respect to the output saturation level of PA. The simulation setup is as follows:
· Numerology as Table I
· BWSC shaping filter is RRC with roll-off factor 0.1
· Length of RRC filter is 
· Upsampling rate is 8
· Tail of time window is  samples
· CP length is  samples or 4.16%

[image: ] [image: ]
[bookmark: _Ref456086605]Figure 6. PSD of waveforms after PA
Phase noise
For high frequency bands, the phase noise level of used oscillators and PLLs is significantly higher than <6 GHz bands. As a result, phase noise is a fast changing random process that has to be tracked in time domain even within a symbol block. Traditional frequency domain pilots of OFDM waveform are not suitable for time domain tacking of phase noise within a symbol block. In this contribution, time domain tracking reference signals (TRS) are introduced in BWSC to track and compensate fast changing phase noise even within a BWSC symbol block. TSR are time domain symbols that are equally distributed among QAM symbols before the BWSC modulation. The density of TRS might change depending on UE/TRP category and their hardware qualities in terms of phase noise level. The Tx procedure for TRS insertion is shown in Figure 7.
[image: ]
[bookmark: _Ref456188668]Figure 7. Time domain reference symbols (TRS) are distributed in time domain
among data stream before BWSC modulation
At the receiver after BWSC demodulation and channel equalization the time domain sequence is available for phase noise estimation, time tracking, and compensation. The Rx procedure for phase noise manipulation is as follows:
1- Phase noise is estimated at the TRS symbols by simply measuring the relative phase rotations.
2- As the phase noise samples are correlated, well-known interpolation methods (mean estimation, MMSE-based interpolation, linear interpolation ….) [16] are used to estimate and track the phase noise process at the time location of data samples. Statistical properties (auto-correlation or power spectral density (PSD)) of phase noise can be estimated for MMSE interpolation of phase noise [17].
3- Phase noise is compensated at the data symbols using the estimated phase noise sequence.

The performance of BWSC in the presence of phase noise is illustrated in Figure 8 for 16QAM×3/4 and 64QAM×3/4 MCSs. The phase noise model was proposed by Samsung in [8] with model-A category. The carrier frequency is 70 GHz and the waveform numerology is according to Table I. The length of the TRS sequence is . The training symbols are uniformly distributed among  data symbols. The space between reference symbols is  samples. The channel is AWGN and turbo code follows the LTE standard. MMSE interpolation improves the performance especially for higher SNR ranges where AWGN noise is less dominant.

[image: ] [image: ]
(a)                                                                                                (b)
[bookmark: _Ref456263827]Figure 8. Impact of phase noise and benefit of TRS
In lower SNR region where AWGN is dominant, common phase compensation with mean PN estimation is close enough to MMSE interpolation as shown in Figure 8.a for 16QAM×3/4 MCS level. As SNR increases for 64QAM×3/4, PN becomes more dominant in comparison with AWGN additive noise. In this scenario, MMSE interpolation outperforms common phase compensation as illustrated in Figure 8.b. Notably, MMSE interpolation is only applicable to SC waveforms with time domain TRS feature. All waveforms almost perform identically with common phase compensation (red curve of Figure 8.b). In summary, due to time domain TSR feature, SC waveforms including BWSC bring strong advantage over OFDM in the presence of strong phase noise which is an issue for high bands beyond 40 GHz. Further details of phase noise study is reported in [18]. 
Subband Scheduling for BWSC
As opposed to OFDM or other multicarrier waveforms, SC waveforms spreads a time-domain data symbol (e.g. QAM symbol) across the entire system bandwidth; making the subband scheduling and frequency domain multiplexing (FDM) more difficult.
Since the system bandwidth is very large at high band frequencies, the subband scheduling is a key feature for the uplink transmission. Subband scheduling helps power-limited uplink users to improve their coverage by increasing the power spectral density (PSD) over a narrower allocated bandwidth. With FDM, multiple users are supported if multiple RF chains are available at a receive node to form multiple Rx beams; one toward each multiplexed user.
In the following a simple baseband processing approach is proposed to enable subband scheduling for BWSC. Spectrum shaping/filtering techniques can be used in combination with BWSC modulation to form the spectrum of a user within a subband of the entire system bandwidth. The concept of the FDM-like user multiplexing over BWSC waveform is illustrated in Figure 9. The incoming stream of user  is first upsampled by rate . The total number of QAM symbols after upsampling is  where  is the number of symbols for BWSC modulation.
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[bookmark: _Ref446406783]Figure 9. FDM-like user/stream multiplexing for BWSC waveform
The circular filter forms the spectrum of the stream  to locally occupy a specific subband of the system bandwidth. Stream  is upsampled by rate before subband filtering. Upsampling is equivalent to repetition of the spectrum in the frequency domain. The subband filter picks the intended subband after repetition and filters out the rest of the subbands for a particular incoming stream. Same as uplink OFDMA, the subband filters can be selected as overlapped but orthogonal filters to enable efficient synchronous uplink transmission. For this particular scenario, the subband filters are defined as follows:
·  for  subbands
· ,   orthogonal filters
· , for  overlapped/orthogonal subbands with equal bandwidth
·  for all users
Using the orthogonal subband filters, the spectrum of the subbands are illustrated in Figure 10 assuming 8 active subbands. BWSC pulse shaping is applied on top of the subband filtering.
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[bookmark: _Ref446407124]Figure 10. Spectrum of overlapped/orthogonal subbands for FDM-like uplink BWSC
The power of every stream is concentrated within a smaller part of the system bandwidth. It is especially helpful for uplink users with limited transmit power, where they cannot use the entire system bandwidth to transmit their data. As the result of subband filtering with overlapped/orthogonal subbands, the PAPR of the BWSC signal maintains the same as the original wideband BWSC. Note that for particular orthogonal/overlapped subbands, the combination of upsampling and subband filtering is equivalent to CDMA spreading. In the receiver, the subband processing is equivalent to a correlator. Therefore, the above structure provides a simple baseband processing technique to enable an efficient orthogonal subband scheduling for uplink users.
As another scenario, subbands can be non-overlapping with some guard band between adjacent subbands. This scenario enables asynchronous uplink transmission. Notably, signals of users arrive from different directions to an eNB. Consequently, users can practically be separated in both frequency and/or space for high band networks. The design of the frequency response of the subband filters is a well-known signal processing problem.
5. Conclusion
This contribution discusses requirements for waveform design of high carrier frequency band beyond 40 GHz. BWSC is proposed with the following observations:
Observation 1: BWSC is a single carrier waveform with FDE capability.
Observation 2: BWSC is a low PAPR waveform. The PAPR of BWSC is lower than SC-FDMA. Low PAPR helps to improve coverage of noise-limited high band users.
Observation 3: PAPR of BWSC is further reduced by using BPSK  and QPSK  modulations.
Observation 4: Transmit power of BWSC can be adaptively adjusted according to the modulation level and its corresponding PAPR. Cell-edge users with low modulation levels can benefit from lower PAPR and hence further increase of their transmit power while using low modulations.
Observation 5: Compared to OFDM and SC-FDMA, BWSC is less sensitive to PA nonlinearity in terms of out-of-band emission. It helps to reduce power back-off of amplifier by using BWSC waveform.
Observation 6: Tracking RS (TRS) can be used to effectively estimate, track and compensate phase noise even within a BWSC symbol block.
Observation 7: BWSC is compatible with subband scheduling.
Observation 8: Subband scheduling is required for uplink power-limited users to improve the network coverage.
Observation 9: Subband scheduling of BWSS can enable: i) spectrally efficient uplink synchronous transmission with orthogonal/overlapped subbands, or ii) asynchronous transmission with non-overlapped subbands where frequency guard bands and frequency localized filters isolate adjacent subbands from each other.
Observation 10: PAPR of BWSC is not impacted as the result of the sub-channelization.

Based on the above observations, the following proposals are listed:
Proposal 1: Adopt BWSC waveform for both downlink and uplink of carrier frequencies above 40 GHz.
Proposal 2: Use  shifted BPSK and  shifted QPSK to further reduce PAPR with BWSC waveform.
Proposal 3: Use distributed tracking RS with BWSC for tracking and compensation of phase noise.
Proposal 4: Use subband scheduling technique with BWSC to improve coverage of uplink power-limited users.
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6. Appendix: Detailed description of BWSC
To realize a basic single carrier (SC) modulator, discrete-time symbols (e.g. QAM symbols) with clock period  are modulated by an analog pulse shaping filter . Root raised cosine (RRC) filter is a typical modulating filter with limited bandwidth  but unlimited time span. The roll-off factor  determines the excess bandwidth above Nyquist rate  and hence the efficiency of the system which is defined as  symbol/sec/Hz for . With a larger roll-off factor, RRC filter decays faster in time (better time localization) but at the expense of larger system bandwidth or equivalently lower efficiency. RRC filter meets the Nyquist criterion such that inter-symbol interference (ISI) is perfectly zero after matched filter, i.e. .
To enable baseband processing of data symbols for SC modulation, pulse shaping filter has to be implemented in the discrete time domain as an FIR filter. The minimum sampling rate of an RRC filter is  to avoid aliasing. The closest integer number to  is , and hence in practice  can be sampled at rate  with upsampling rate . To limit the length of the filter, the sampling interval is bounded to  where  represents the truncation parameter. The discrete impulse response of FIR filter is defined as  for ,  with 4 filter taps. As illustrated in 0 time truncation expands undesired sidelobes in frequency domain. With a larger number of filter taps the power of sidelobes decays faster.
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[bookmark: _Ref448221873]Discrete time RRC filter with  and upsampling rate 2.
One advantage of the baseband SC modulation is the capability to process blocks of data symbols separately. As shown in 0, pre or postfixes are attached to an original block of data symbols prior to the modulation process. To generate a block of modulated baseband signal, symbols are upsampled by a factor of  and passed through a discrete FIR pulse shaping filter. State of the filter is reset to zero at the beginning of every block to avoid any overlap among the adjacent blocks.
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[bookmark: _Ref448232138]Block processing of data symbols with baseband SC modulation
At the receiver, these blocks of modulated data are processed separately to extract their original data symbols. The role of pre or postfixes are to facilitate baseband processing at either the transmitter or the receiver.
Data-CP BWSC waveform takes advantage of circular convolution for pulse shaping at the transmitter and matched filtering at the receiver. The high-level procedure of data-CP BWSC modulation is shown in 0. A block of  QAM symbols is extended periodically with pre and postfix insertions followed by the baseband pulse shape filtering. Since the input of the filter is periodic, the output is periodic, as well. Hence, a period of the output signal is enough to demodulate and extract the original QAM symbols at the receiver. The output of the pulse shaping filter is truncated to remove the overhead of the periodic extension.
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[bookmark: _Ref448413729]Procedure of data-CP BWSC modulation
The detail procedure is illustrated in the following figures. As shown in 0, the original  QAM symbols are periodically extended by  post fix and  prefix samples.  periodic prefix and postfix enable circular convolution and extra  prefix symbols are added to deal with delay spread of fading channel and maintain circular convolution and the FFT processing capability at the receiver.
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[bookmark: _Ref448478337]Periodic extension of  original QAM symbols of a BWSC block
After period extension and upsampling, the QAM symbols are modulated by a pulse shaping filter as shown in 0. The first  samples are removed as they are redundant and just added at the period expansion stage to realize circular convolution. The resulted modulated signal is a BWSC symbol of duration  with no overhead of pulse shaping filter as used to exist for null-CP scheme. A data-CP BWSC symbol block contains  of CP interval attached to the  main data interval of the signal to mitigate ISI with FFT processing and FDE.
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[bookmark: _Ref448478430]Upsampling, pulse shaping and truncation of periodically extended QAM symbols for data-CP BWSC modulation
The length of the shaping filter has no impact on the efficiency of the system. Therefore, the desired sidelobe of RRC filter can be obtained by a large  while  is kept small to maintain the overhead of the bandwidth expansion as small as possible. As depicted in 0, average power of a BWSC block is consistent over time making it more favorable for time synchronization, RF processing, etc.
Baseband reception processing of data-CP BWSC waveform is shown 0. Like the transmit side, the baseband signal at the receiver is also at upsampling arte 2. CP removal, period expansion to enable circular de-convolution, matched filtering, and truncation of samples are the steps to be taken at the receiver.
[image: ]
[bookmark: _Ref448482696]Baseband processing for data-CP BWSC demodulation
As the first step, the CP portion of a BWSC symbol is removed as shown in 0. The process is very similar to OFDMA demodulation except that it is done over the upsampled signal.
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[bookmark: _Ref448482777]CP removal for data-CP BWSC demodulation
To enable circular deconvolution, the BWSC symbol is periodically extended with pre and postfix insertion as shown in 0. The number of prefix and postfix samples is  to cover up the impact of the tails of the matched filter.
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[bookmark: _Ref448484720]Period extension of a BWSC symbol after CP removal
The periodically extended block is passed through the matched filter and down-sampled to obtain  samples. The last  sample represent the original transmitted QAM symbols as shown in 0. The down sampling is arbitrary and might be skipped to enable certain baseband processing over the upsampled signal for timing alignment, frequency recovery, etc.
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[bookmark: _Ref448484902]Matched filtering, down-sampling and truncation for data-CP BWSC demodulation
Thanks to the modulation/demodulation procedures and CP insertion, circular convolution condition is held and consequently a simple FDE can be applied to a block of  samples after the baseband demodulation process.
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