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[bookmark: _GoBack]During the 3GPP RAN #71 meeting, a new Study Item “New SID Proposal: Study on new radio access technology” [1] was approved, in order to develop a new RAT (NR) which supports a broad range of use cases including enhanced mobile broadband, massive machine-type-communications, ultra reliable and low latency communications. The new RAT will consider frequency ranges up to 100 GHz. It is proposed that initial work in the study item allocates high priority on gaining a common understanding on what is required in terms of radio protocol structure and architecture. In our contribution to RAN # 84bis [2], we presented our views on waveform for NR. In this document, we look into filtered-OFDM options for low/mid bands and provide some preliminary results for the same. We present our views on waveform for high frequency bands in our companion document in [3].
OFDM waveform candidates
Orthogonal Frequency Division Multiplexing (OFDM) has been researched and deployed in a multitude of systems (for e.g., downlink LTE, WiFi, etc.) owing to a number of advantages that it offers: low complexity transmit signal generation through an Inverse Fast Fourier Transform (IFFT), simple separation of the transmitted data symbols at the receiver using a Fast Fourier Transform (FFT), single tap equalization at the receiver, etc. A cyclic prefix (CP) is added before the start of the OFDM symbol, which provides protection against multi-path delay spread. The CP is part of the data concatenated at the beginning of the symbol that converts the linear convolution with the channel into a cyclic convolution. As a result, the frequency selective channel is converted to multiple flat channels, and thus single tap equalization can be done at the receiver. Thus, OFDM can efficiently support the mobile broadband services (MBB) by effectively dealing with multi-path fading with a simple single-tap equalizer and allowing easy adoption of high order MIMO schemes. For the DL mMTC scenario, a simple receiver is desired for extremely low cost connected objects, and transmit beamforming along with spatial multiplexing can increase the coverage and accommodate a higher number of UEs. Thus, OFDM may be a suitable solution for the DL mMTC scenario. Similarly, OFDM is suitable for the DL URLLC scenario, as OFDM’s simple transmitter and receiver structures are beneficial to meet stringent processing delay requirements for the URLLC applications. There might be a need to efficiently multiplex various subcarrier spacings (for different applications like massive-MTC, low-latency, eMBB, URLLC, etc.). To this end, there are multiple OFDM-based waveform candidates proposed for NR like Universal Filtered Multi-Carrier (UFMC) [4], Generalized Frequency Division Multiplexing (GFDM) [5], windowed-OFDM (w-OFDM) [6], filtered OFDM (f-OFDM) [7], etc. All these waveforms try to improve the out of band emission properties of OFDM to facilitate easy multiplexing of different subcarrier spacings. With the low out-of-band emission properties, guard band can be reduced leading to higher spectral efficiency and multiple numerology can be multiplexed together efficiently. While keeping the receiver processing complexity low (atleast for DL operation) is paramount to NR waveform design, we discuss w-OFDM and f-OFDM next.
Windowed-OFDM
The OFDM signal spectrum should be shaped prior to transmission to lower the out of band emissions. The OFDM spectrum roll-off can be controlled at baseband by using the windowing and overlapping of consecutive OFDM symbols, as illustrated in Fig. 1. This concept is not alien to LTE systems and is described in TR 25.892 [6]. Windowing eases out the abrupt phase differences at the OFDM symbol boundaries and brings down the out of band emissions. It does come at the cost of time-domain overheads, however, the window length W can be absorbed in the CP duration, leading to no extra overheads.
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Fig. 1. Windowing in consecutive OFDM symbols
A lot of different windowing functions can be used for shaping the OFDM spectrum – for e.g., triangular window (i.e. using linear head and tail weighting functions)), raised cosine window, etc. Fig. 2 provides the spectrum shaping resulting from using these two time-domain windows. the spectrum of an OFDM signal without windowing is also illustrated. It is clear that in the absence of a spectrum shaping method, the intrinsic spectrum of the OFDM signal would not meet the required emission mask (for e.g., the ACLR requirement of 45 dB for LTE). However, the use of ramp-up and ramp-down weighting functions does bring a significant reduction in the out-of-band energy present at baseband. Moreover, increasing the window size for this ramp-up and ramp-down can also help lower the out-of-band emission properties, as illustrated in Fig. 3 for the triangular window. 
[image: ]
Fig. 2. OFDM spectrum with windowing 
[image: ]
Fig. 3. OFDM spectrum with different triangular window lengths

It can be seen that windowing provides the benefit of low out-of-band emissions, without the need of changing any receiver processing that can continue to be similar to conventional OFDM. Thus, windowing options should be considered to lower out-of-band emission in NR.
Observation 1: Simple time-domain windowing causes significant reduction in out-of-band emissions in OFDM.
Proposal 1: Time-domain windowing should be considered for lowering out-of-band emissions in OFDM because of simplicity of implementation at the transmitter and no change in receiver operation.

Filtered-OFDM
Sub-band filtering can be used to lower the out-of-band emission properties of OFDM [7]. With subband-based filtering, independent OFDM systems are closely contained in the assigned bandwidth. The transmitter and receiver structure for f-OFDM is shown in Fig. 4. 

[image: ]
Fig. 4. Transceiver for f-OFDM
The effect of filtering on out of band emissions is well studied in literature and different filters can be designed to optimize out-of-band emission requirements. Fig. 5 illustrates the improvement in out of band emissions when using a windowed-sinc filter of order 160. 

[image: ]
Fig. 5. OFDM spectrum with filtering

It should be noted that effectiveness of frequency localization can be severely affected by a non-linear PA, which causes spectral regrowth (especially for the UL). With a non-linear PA, inter-carrier interference may still remain as a bottleneck for the asynchronous multiple access. Thus, RAN1 evaluation to justify potential introduction of a new multi-carrier waveform for the new RAT should be conducted with taking practical PA models into account. We use practical PA characteristics to plot the out-of-band emission for both OFDM and f-OFDM and observe that the frequency localization disappears when using non-linear PAs. Fig. 6 illustrates power spectral density of one such snapshot of the signal at the output of PA, when the PA is operating at a power backoff of 10.67 dB. Note that the PA saturation point is 30. 67 dBm.

[image: ]
Fig. 6. Spectral regrowth as an effect of non-linear PA
Observation 2: Non-linear PA can lead to high out of band emissions, even when filtering is used.
Proposal 2: RAN1 evaluation for potential support of non-orthogonal multi-carrier waveform should take into account practical PA models.
We next investigate a scenario when tx-filter is used, but no matched rx-filter is used in Fig. 4. We investigate this by performing BLER evaluations with simulation assumptions shown in Table 1. 

Table 1: Simulation Parameters
	Parameter
	Value

	System bandwidth 
	20 MHz

	Channel Model
	ETU 5 Hz

	Subcarrier Spacing
	15 kHz

	CP length 
	6.67 us

	Antenna configuration
	1 Tx, 1 Rx

	Channel Estimation
	Perfect 

	Modulation 
	64 QAM

	Code rate 
	1/3

	Tx Filter
	None for OFDM
Window-sinc filter of order 160 for f-OFDM [7]

	Rx Filter
	None for OFDM
None for f-OFDM

	Number of PRBs
	100 for OFDM
108 for f-OFDM



It can be seen from Fig. 7 that there is negligible effect on the BLER performance. More evaluations need to be done for relevant channel models to validate the performance for various channels and scenarios.
[image: ]
Fig. 7. BLER performance comparison of OFDM and f-OFDM
Proposal 3: RAN1 evaluations for filtered-OFDM should study the need for knowledge of transmit filters at the receiver. 

Conclusion
In this document, we studied effect of windowing and filtering on OFDM waveform spectral properties. We re-list the observations and proposals below.
Observation 1: Simple time-domain windowing causes significant reduction in out-of-band emissions in OFDM.
Observation 2: Non-linear PA can lead to high out of band emissions, even when filtering is used.
Proposal 1: Time-domain windowing should be considered for lowering out-of-band emissions in OFDM because of simplicity of implementation at the transmitter and no change in receiver operation.
Proposal 2: RAN1 evaluation for potential support of non-orthogonal multi-carrier waveform should take into account practical PA models.
Proposal 3: RAN1 evaluations for filtered-OFDM should study the need for knowledge of transmit filters at the receiver. 
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