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Introduction
[bookmark: _Ref129681832]In [1], the newly approved SI about NR (new radio access technology) has some agreements about waveform as the follows:
· The following OFDM-based waveforms should be used as RAN1 NR waveform performance reference:
· OFDM with CP
· DFT-s-OFDM with CP
· All waveform in RAN1 #84bis/#85 meeting can be evaluated based on agreed assumptions
· Note: Each company should provide details on the DFT-spreading, guard interval, Tx/Rx filtering and/or windowing applied to OFDM waveform for evaluation

In [2], the following agreements about waveform are achieved:
· [bookmark: OLE_LINK73][bookmark: OLE_LINK74]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 mainly focus on the new waveform design for the mMTC usage scenario. For providing mMTC services, connection density is an important and challenging KPI. Multiple technologies should be used together to achieve it. In the area of multiple access (MA) technology, many non-orthogonal MA schemes have been proposed [3]-[6]. However, in the area of waveform, there is no such candidate optimized for connection density yet. On the other hand, battery power and coverage are also the main optimization goals of mMTC [7]. This makes the waveforms with low PAPR very attractive since low PAPR leads to long battery life, high PA efficiency [7][8] and possible cost reduction. 
Waveform design for mMTC
In this section, we will describe our new waveform design for mMTC, including the motivation and the proposed waveform, i.e., real-domain OFDM (r-OFDM) and discrete cosine transform precoded r-OFDM (DCT-r-OFDM). According to our analysis, the subcarrier spacing of OFDM can be halved to keep orthogonality only in the real domain. By doing so, the resource element (RE) density can be doubled. This will benefit the mMTC service which has an optimization goal of connection density.
Background and motivation
[bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK54]Currently, OFDM-based waveforms have been considered in NR for their high spectral efficiency with reasonable complexity. This property comes from the minimized subcarrier spacing together with inter-subcarrier orthogonality in the complex domain.  The expression for the k-th subcarrier with the rectangular window is:


[bookmark: OLE_LINK58][bookmark: OLE_LINK55]where T is the symbol duration time, F is the subcarrier spacing, k is subcarrier index and K is the total number of all subcarriers. Therefore, the frequency domain correlation of any two subcarriers and  can be written as:


[bookmark: OLE_LINK17][bookmark: OLE_LINK119][bookmark: OLE_LINK120]The real and imaginary parts of  are shown in Figure 1 respectively. 
 [image: ]
[bookmark: _Ref449640544][bookmark: _Ref449640466][bookmark: OLE_LINK8][bookmark: OLE_LINK9]Figure 1. Subcarriers’ correlation in frequency domain
[bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK18][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK28]It can be seen that both real and imaginary parts of  are zero at multiples of .Thus  is the minimized subcarrier spacing to achieve orthogonality in complex domain for OFDM. On the other hand, zero-crossing points of real part are located at multiples of , which means the minimized subcarrier spacing to achieve orthogonality in the real domain can be halved compared to that in complex domain. 

[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Observation 1: OFDM’s subcarrier spacing can be halved when only keeping orthogonality in the real domain.
This halved subcarrier spacing waveform is called real domain OFDM (r-OFDM) in this contribution.
Description of r-OFDM 
The signal of K-subcarrier conventional OFDM can be expressed as:

where  could be a complex number modulated on k-th subcarrier . 
Then r-OFDM is obtained by halving the subcarrier spacing and transmitting real-valued data. Given the same total bandwidth and symbol duration time, r-OFDM can accommodate  subcarriers which can be formulated as:

where  is k-th subcarrier data and real-valued.  The received signal in AWGN is:

where  is additive white Gaussian noise. The k-th subcarrier data can be detected by:

[bookmark: OLE_LINK101][bookmark: OLE_LINK102]where  is the noise part after k-th de-filter.
In this way, the resource element (RE) density of the proposal is doubled over that of the OFDM as shown in Figure 2. 
[image: ]
[bookmark: _Ref450915142]Figure 2 Resource grid of OFDM (left) and r-OFDM (right)
Description of DCT-r-OFDM
Similarly to DFT-s-OFDM in LTE uplink, in order to reduce PAPR, a discrete cosine transform (DCT) matrix based pre-coding/spreading is performed before r-OFDM modulation at the transmitter, as shown in Figure 3. DCT was chosen instead of DFT because it is a real domain transform and has the same subcarrier spacing as that of r-OFDM. And DCT is a well-known method to reduce PAPR of multicarrier systems [9]-[12] due to its energy compaction property [9] [10]. It is also found that, in terms of PAPR reduction, DCT is better than DFT [9].
[image: ]
Figure 3 Transmitter of DCT-r-OFDM

Performance evaluation of DCT-r-OFDM vs. DFT-s-OFDM
For real domain modulation schemes such as BPSK, DCT-r-OFDM can have doubled spectral efficiency over that of DFT-s-OFDM due to its halved subcarrier spacing. We did some simulations to verify the performance of DCT-r-OFDM with BPSK and take DFT-s-OFDM as the baseline for comparison in terms of BLER, bandwidth and PAPR. Simulation parameters are listed in Table 1.
Table 1 simulation parameters
	Parameters
	Values or assumptions

	Carrier frequency
	4GHz 

	System Bandwidth 
	1.4 MHz 

	Subcarrier spacing 
	15KHz for DFT-s-OFDM
7.5KHz for DCT-s-OFDM

	DFT size/Total subcarrier number
	128 

	Data subcarrier
	72

	Modulation order 
	BPSK

	TB size
	300bits

	Antenna configuration
	1Tx 1Rx

	Channel Model
	TDL-A 3km/h


 


 [image: ]   
Figure 4 (a). BLER performance of BPSK + DFT-s-OFDM and BPSK+DCT-r-OFDM



[image: ]
[bookmark: _Ref450563329]Figure 4 (b). PSD of BPSK + DFT-s-OFDM and BPSK+DCT-r-OFDM
[bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK46]
[bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK182][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK183][bookmark: OLE_LINK129]It is evident in Figure 4 that, compared with conventional DFT-s-OFDM, DCT-r-OFDM has almost identical performance but halved bandwidth. This can be beneficial for some special use cases such as mMTC services, which do not require high data rate. When low order modulation such as BPSK is applicable, each device’s data transmission bandwidth can be halved without loss of performance. As a result, DCT-r-OFDM has a potential to support twice the number of connected devices than DFT-s-OFDM in the same total bandwidth. Potentially, DCT-r-OFDM could enable an enhancement on connection density [13] for mMTC. On the other hand, BPSK is a good candidate for the uplink control channel. For example, in NB-IoT, BPSK is used for NPUSCH format 2 to carry uplink control information [14]. If using DCT-r-OFDM with BPSK, uplink control signaling capacity could also be doubled.

Observation 2: When real domain modulation is applicable, DCT-r-OFDM has the potential to support double the number of concurrently connected devices over DFT-s-OFDM.

[bookmark: OLE_LINK33][bookmark: OLE_LINK34]As pointed out by [7] [8], PAPR is one of the main optimization goals of mMTC. Low PAPR can provide wider coverage, save power consumption and allow small-size devices [10]. From energy compaction point of view, DCT is a better transform than DFT [9]. Thus low PAPR can be achieved by DCT-r-OFDM. From Figure 5, it can be seen that the PAPR of DCT-r-OFDM is about 1.8 dB lower than that of DFT-s-OFDM when CDF is 90%.
[image: ]
Figure 5. PAPR of BPSK + DFT-s-OFDM and BPSK+DCT-r-OFDM 

[bookmark: OLE_LINK15][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK90]Observation 3: Compared to DFT-s-OFDM, DCT-r-OFDM has a lower PAPR.

[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusion
Based on the analyses and comparisons above, we have the following observations: 
[bookmark: OLE_LINK5]Observation 1: OFDM’s subcarrier spacing can be halved when only keeping orthogonality in the real domain.
Observation 2: When real domain modulation is applicable, DCT-r-OFDM has the potential to support double the number of concurrently connected devices over DFT-s-OFDM.
Observation 3: Compared to DFT-s-OFDM, DCT-r-OFDM has a lower PAPR.

This leads to the following conclusion:
Conclusion: DCT-r-OFDM waveform has the following advantages: 
· Potentially supporting double the number of devices and control signaling capacity;
· Lower PAPR;
We propose to study and evaluate the OFDM-based real domain orthogonal waveforms due to its advantages as above.  
[bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK65][bookmark: OLE_LINK66]Proposal: Real domain orthogonal waveform for mMTC should be further investigated. 
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