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1. Introduction 
During the 3GPP RAN1 #84bis meeting, discussions on waveform study for new radio (NR) access technology were initiated, and the following agreements were made for consideration and evaluation for potential waveform [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, we discuss requirements and desired properties of waveforms for high frequency bands, and, as a continuation of [7], we discuss in details Guard Interval (GI) DFT-S-OFDM as a candidate waveform for high frequency bands.

2. Considerations on waveform for high frequency bands (>40GHz)
Propagation channel and beamforming
Propagation of signals at millimeter wave (mmWave) frequencies is fundamentally different than at lower bands, e.g.,<6GHz. Millimeter wave signals experience much higher path loss, e.g. additional 20dB or more propagation loss than the signal at 2 GHz. Additionally, they are more susceptible to higher blockage loss due to shadowing, especially in urban deployments. 
The smaller wavelengths at millimeter frequencies allow the use of very large antenna arrays while being compact in form factor. Consequently, system operation relies on beamforming gain derived from large antenna arrays to combat high path loss and achieve reasonable coverage. The choice of the antenna array architecture as well as the beamforming algorithm/mode of operation, impacts the waveform design in high frequency band NR systems, via PAPR and effective channel delay spread.
PAPR
In mmWave frequencies, low PAPR property of the waveform is expected to be very important, as PA efficiency in mmWave frequencies can be quite low, in the order of 10-15 % [2]. In addition, efficiency drops even lower as the PA is operated further away from saturation point, dropping about 50 % for every 6 dB of PA backoff. Such low PA efficiency will have a negative impact on device power consumption but also on base station power consumption and management. 
Phase noise
Higher carrier frequencies experience increased local oscillator phase noise. Empirically, phase noise power increases by 6dB for every doubling of the oscillator frequency [3]. Phase noise causes a rotation in the signal constellation, and results in an ICI. A larger phase noise at mmWave frequencies implies a wider sub-carrier spacing in a multi-carrier waveform design, which in turn results in smaller symbol duration. In order to minimize the spectral efficiency loss, due to GI/CP overhead, it is preferable to design a system (or use a waveform) that has a flexibility to adapt the GI/CP length to certain extent.
FDM capability
A capability to multiplex multiple users in the frequency domain is important in high frequency band NR systems, considering a large bandwidth allocated per carrier. Additionally, FDM can improve coverage, with concentration of transmit power over a narrower band for uplink transmission.
Low latency processing
Low latency support is one of the key requirements for NR system design. Shorter sub-frame duration and faster processing are the two key elements to enable low latency communication. A wider sub-carrier spacing, at mmWave bands, naturally results in a shorter subframe duration. Faster processing of samples requires capability to perform channel estimation, time and frequency tracking without needing to buffer a complete sub-frame data.

Taking into account the above mentioned aspects, Guard interval (GI) DFT-S-OFDM [4] is a good candidate waveform for high frequency bands (>40GHz), considering a balanced trade-off between PAPR and spectral efficiency, FDM & UL power spectral density boosting capabilities, flexible GI overhead adaptation, and support of low latency processing.
3. GI DFT-S-OFDM 
In this section, we provide GI-DFT-S-OFDM transceiver details including GI sequence selection and GI sequence based carrier frequency offset tracking, and performance benefits of GI-DFT-s-OFDM waveform in terms of overhead reduction, PAPR, and high accuracy frequency tracking.
3.1. Transceiver operation and symbol structure
Transmitter










The Quadrature Amplitude Modulated (QAM) data symbols are succeeded by zero symbols, the length of which is , where  is the desired GI length,  is the size of DFT spreading, and  is the size of the IFFT.  In general, . The size of DFT spreading  is equal to the number of subcarriers allocated to that particular UE (for both uplink and downlink). The QAM symbols block including zero symbols is then passed through a DFT-spreader. The DFT-spread data is then mapped onto subcarriers. The time domain samples  are then generated via an IFFT operation of size . A known GI sequence is added to the last  samples of , whose power is not exactly zero, but significantly lower than the average power of the rest of the samples. 
Symbol structure
In conventional OFDM system, tail part of each symbol is cyclically shifted and concatenated in the beginning of the symbol, i.e., cyclic prefix, as shown in Figure 3 (b). This operation converts a linear convolution channel into a circular convolution, enabling single tap frequency domain equalization. In GI-DFT-s-OFDM, a carefully designed known guard interval (GI) sequence is appended at the tail of each symbol, as shown in Figure 3 (a). Since GI sequence is part of size N FFT window, flexible GI length adaptation is feasible without changing symbol timing. Furthermore, GI maintains the circular convolution property, which allow single tap equalization similar as CP-OFDM.  
Receiver
We now describe the receiver implementation, also illustrated in Figure 2. The receiver processes symbols in blocks of size N samples, consisting of the data symbols and GI. We assume that the frequency offset has been corrected to tolerable limits with synchronization signal. Frequency offset tracking using the GI sequence will be discussed in subsection 3.4. The receiver operations are summarized below:
· FFT operation is performed to convert the time domain received signal into frequency domain.
· Frequency domain equalization (zero forcing or Minimum Mean Squared Error (MMSE)) is performed.
· Now the contribution of the GI on the data subcarriers is subtracted. For downlink, only one GI is used for all UEs and thus the UE only needs to know that particular GI to subtract its contribution from the received signal. For uplink, the base station needs to subtract the contribution of all the GIs from different UEs. 
· The signal is then processed as in DFT-s-OFDM, i.e. an IDFT operation is performed to obtain the QAM data symbols.
GI sequence
The GI sequence should be designed to have the following desirable properties in order for it be a good sequence for time/frequency tracking:
· Good time domain auto correlation for good time/frequency tracking.
· Good cross-correlation properties between different GIs to reduce interference from GIs transmitted on same resources in other (and for FDM multiplexed UEs in uplink, same) cell.
We propose to use Zadoff-Chu (ZC) sequences that have all the above desirable properties, as a GI sequence.
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[bookmark: _Ref447315826]Figure 1 GI DFT-S-OFDM transmitter 
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[bookmark: _Ref447316182]Figure 2 GI DFT-S-OFDM receiver 



[bookmark: _Ref450916825]Figure 3 Transmit symbol structure for GI-DFT-s-OFDM versus CP-OFDM
3.2. PAPR
The PAPR of a waveform can be dependent on the beamforming strategy used. In this section, we compare the PAPR of OFDM and GI-DFT-s-OFDM waveforms using different types of antenna architectures. Note that DFT-s-OFDM and GI-DFT-s-OFDM show almost identical PAPR performance and thus we do not include DFT-s-OFDM PAPR results here. We assume a uniform planar array with 16 (horizontal) x 4 (vertical) antennas. It is assumed that 4 UEs are being served simultaneously using multi-user (MU) MIMO transmission. For HAA type 1, all 64 antennas are connected to each baseband chain, and all the baseband chain outputs are added together before transmission. For HAA type 2, each baseband chain is connected to 16 antennas on x-axis. An IFFT of size N = 1024 is used for data transmission, where the center 600 subcarriers are loaded with data symbols. Figure 4 shows the PAPR comparisons for OFDM and GI-DFT-s-OFDM for different antenna configurations. 
It can be seen that the PAPR of GI-DFT-s-OFDM waveform when using HAA Type 2 remains unchanged (as compared to single antenna transmission using GI-DFT-s-OFDM) due to sub-array structure, whereas the PAPR of GI-DFT-s-OFDM increases with using HAA type 1. For OFDM, the PAPR plots for all the three configurations: OFDM single antenna transmission, HAA type 1 and HAA type 2, overlap. It can be seen that for all antenna configurations, GI-DFT-s-OFDM has 1~3dB lower PAPR than OFDM.
[image: papr1]
[bookmark: _Ref450921415]Figure 4 Comparison of PAPR between OFDM and GI-DFT-s-OFDM waveform using 16-QAM
3.3. Guard interval (GI) adaptation
In this section, we analyse the overhead reduction achieved by employing flexible adaptation of the GI sequence lengths, as compared to the system using fixed length CP. In Figure 5, we show the cumulative distribution functions (CDF) of RMS delay spread of effective channels resulting from different beamforming algorithms. The CDF plots in Figure 5 are generated for a dense urban type of propagation environment, using mmWave channel model [5] at 28GHz of carrier frequency. The inter-site distance is assumed to be 100 meters. Three different down-link transmission schemes namely, omni-directional, HAA type 1, and HAA type 2 are considered. The base-station is assumed to be equipped with 32 size uniform linear array antennas and have a perfect channel knowledge for beamforming purpose. Additionally, for HAA type 2 architecture we assume availability of 1 RF chain, while for HAA type 1, we assume that all antenna elements are connected to 4 RF chains. 
For overhead comparison, the fixed CP duration is set to 240 nanoseconds (nsec), which is equal to four times of the RMS delay spread of 99%-tile UE with omni-directional transmission [6]. For GI DFT-S-OFDM waveform, we consider per-user based GI length adaptation for user data communications (i.e. beamformed transmissions). For low signalling overhead of used GI lengths, we only allow GI length to be chosen from a pre-determined finite set of values, e.g., {20, 40, 60, 80, 100, 120, 160, 240} (nsec) for beamformed transmissions, and use 240 nsec for omni-directional transmission, e.g., common control/data communications. We assume that 10% of traffic is omni-directionally transmitted, and HAA type 1 and HAA type 2 are used for 45% of traffic each. 
For the CP-DFT-s-OFDM based system with 750 kHz subcarrier spacing and 240 nsec fixed CP duration, the total symbol duration including CP is 1.57us, and the CP overhead with respect to the total symbol duration is 15.3%. For the same subcarrier spacing, the GI-DFT-s-OFDM based system with flexible GI configuration has an average GI duration of 46.3 nsec, which is approximately 80% overhead reduction compared to the fixed CP duration. Based on the distribution of omni-directional and beam formed transmission traffic, flexible adaptation of GI length can provide significant benefit in terms of CP overhead reduction.
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[bookmark: _Ref450917873]Figure 5 CDF of RMS delay spread for a dense urban type of propagation environments
3.4. [bookmark: _Ref450917658]Frequency and time tracking based on GI sequence
Frequency offset estimation/tracking using initial synchronization signals is coarse, and a residual carrier frequency offset (CFO) remains. This necessitates transmission of additional reference symbols to compensate for the CFO. The known GI sequence at the end of each GI-DFT-s-OFDM symbol can be used for time/frequency tracking, eliminating the need for special training symbols for CFO compensation. GI sequence based CFO tracking can achieve high estimation accuracy (residual error of 0.01% or lower of the sub-carrier spacing at 0dB SNR) as shown in Figure 6, assuming that the initial residual CFO is 20% of the sub-carrier spacing. This would potentially reduce the DMRS density, when the channel coherence time is sufficiently large, and lead to improvement of the overall spectral efficiency of the system using GI-DFT-s-OFDM waveform. Additionally, since the GI sequence is transmitted in every GI-DFT-s-OFDM symbol the CFO estimation/tracking can be performed more frequently, enabling a low-latency system design.
[image: GILengthCFO_ABS]
[bookmark: _Ref450925176]Figure 6 Absolute error normalized by the sub-carrier spacing as a function of SNR
3.5. Numerology 
In GI DFT-S-OFDM, as GI is a part of symbol, more symbols will be padded within one subframe compared to CP-OFDM.  Using 15KHz subcarrier spacing and power of 2 scaling as an example, the resulting numerologies for GI-DFT-s-OFDM are shown in Table I. Compared to LTE, with 20MHz bandwidth and 15KHz subcarrier spacing, GI-DFT-s-OFDM have 15 symbols per subframe instead of 12 or 14 symbols in CP-OFDM case.
Table I: Example numerology with different subcarrier spacing
	Scaling factor
	1
	4
	32

	BW
	 20MHz
	80 MHz
	500 MHz

	FFT size
	2048
	2048
	2048

	SC spacing
	15000
	60000
	480000

	Sampling rate
	30720000
	122880000
	983040000

	Sampling time 
	3.2552E-08
	8.13802E-09
	1.01725E-09

	loaded SC
	1201
	1201
	937

	Symbol length
	6.6667E-05
	1.66667E-05
	2.08333E-06

	#symbols/subframe
	15
	15
	48

	TTI duration
	0.001
	0.00025
	0.0001

	Frame duration
	0.01
	0.0025
	0.001

	Occupied BW
	18015000
	72060000
	449760000



4. Demodulation reference signal (DMRS) generation
In order to show that channel estimation is not a big obstacle for DFT-s-OFDM, we will show in the next section some simulation results for a channel estimation algorithm we have developed. But before that we introduce one possible DMRS signal that fits into the symbol block of the waveform.
The DMRS signal is used for channel estimation and subsequent equalization and coherent demodulation of the data. To generate the DMRS signal, we first generate a Zadoff-Chu sequence of length , extend with  zeros, apply the DFT-spread of size , map the signal in the corresponding subcarriers, apply the -size IFFT and add the GI, as shown in Figure 7. 
[image: ]
Figure 7 DMRS generation for GI-DFT-s-OFDM
It can be shown that this generation of the DMRS signal will not strictly maintain the desired CAZAC sequence properties. Nonetheless, it approximates those properties in a way that we are still able to achieve a good channel estimation performance as shown in the next section.
5. Channel estimation performance
For the channel estimation we assume that a DMRS sequence generated as described in the previous section is transmitted. To address the issue of imperfect CAZAC properties, we employ a two-step iterative LMMSE based linear channel estimation algorithm. Our algorithm performs the estimation in the frequency domain but other variations, like time domain, or non-iterative are also possible to be employed. In Figure 8, we show the BER results obtained through LLS using our proposed DMRS signal design and our channel estimation algorithms. We have assumed perfect knowledge of the channel statistics and no Doppler shift nor spread. We have also plotted the BER curve for perfect channel knowledge. One can see that the channel estimation algorithm and the DMRS signal provide the necessary performance to achieve practically the same BER performance as in ideal channel knowledge case.

[image: ]
Figure 8 BER for the proposed DMRS signal and channel estimation algorithm and with perfect channel knowledge.

6. Conclusion
In this contribution, we provide detailed discussions on Guard interval (GI) DFT-S-OFDM including signal generation and reception, symbol structure, numerology, PAPR performance, benefit of GI adaptation,  GI sequence based CFO tracking, and channel estimation performance, including DMRS signal design. In summary, we propose the following:

Proposal: Guard interval (GI) DFT-S-OFDM should continue to be studied as a potential waveform for a high frequency band NR system.
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