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1. Introduction

The objective of this document is to present initial evaluation results of waveform study that is a part of the approved SID on Next New Radio Access Technology [1]. We aim at developing common technical understandings of pros and cons of waveforms by means of initial numerical evaluations performed according to the waveform-relevant evaluation methodologies derived from the approved SID on Scenarios and Requirements for Next Generation Access Technologies [2] as well as related agreements that were made in the RAN plenary meetings in January and March 2016. The evaluation methodologies include scenarios and KPIs and are summarized in our accompanying contribution [8].
2. Evaluated waveforms
In this section we describe the evaluated waveforms and their principles as well as implementations. We start with Cyclic Prefix – Orthogonal Frequency Division Multiplexing (CP-OFDM) as a baseline waveform then followed by Window OFDM (W-OFDM), two different filtered OFDM (F-OFDM) variants and finally Filter Bank Multicarrier with Offset QAM (FBMC/OQAM).

2.1. CP-OFDM
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Figure 1. CP-OFDM transmitter block diagram.
Orthogonal frequency division multiplexing (OFDM) has been adopted for different wireless standards such as WiFi, WiMax and Long Term Evolution (LTE). On one hand, with the use of cyclic-prefix (CP), OFDM provides numerous advantages such as an efficient implementation through fast Fourier transforms (FFT) to combat severe multipath fading for broadband transmission and its good affinity with multiple-input multiple output (MIMO) systems. Figure 1 shows the simple transmitter block diagram of CP-OFDM.
On the other hand, it is also widely recognized that CP-OFDM suffers from various disadvantages. The high out-of-band (OOB) leakage poses the need to use large guard bands and makes the usage of narrow band white spaces difficult. The use of the cyclic prefix degrades the overall spectral efficiency, and in the cases of asynchronous or high mobility users the accumulated inter-carrier interference (ICI) degrades the overall system performance. In addition, the numerology of CP-OFDM cannot be changed flexibly over adjacent bands without insertion of large guard bands. 
2.2. W-OFDM
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Figure 2. W-OFDM transmitter block diagram.
In LTE systems, usually a windowing is applied to the time domain signal of CP-OFDM, as shown in Figure 2, to satisfy the spectral emission mask. We refer to this system as W-OFDM. W-OFDM inherits the advantages of CP-OFDM with more suppressed OOB leakage due to windowing which may make the transmission more suitable to, for example, asynchronous multiple access. However, depending on the length of the applied window and channel propagation delays, some Inter Symbol Interference (ISI) may be introduced in addition to the similar drawback of CP-OFDM with the accumulated ICI under high mobility scenarios.
2.3. F-OFDM
F-OFDM can be seen as a compromise between no filtering as for pure CP-OFDM and subcarrier filtering as done for FBMC/OQAM. For F-OFDM, the filtering is applied to a subband consisting of a group of subcarriers.

The whole system bandwidth is split into several subbands of certain width; each subband is filtered separately and the sum of these filtered subbands is transmitted according to frequency resource allocation.

The choice of the filter is quite flexible, and it is chosen with the aim to minimize OOB radiation and in-band distortion. Also, the actual performance of the different filters for F-OFDM highly depends on the considered scenario and the particular filter design.

The lower OOB radiation compared to CP-OFDM makes it more suitable for asynchronous multiple access transmissions. It inherits the benefits of CP-OFDM such as good affinity to MIMO and provides higher spectrum efficiency by maintaining the amount of in-band distortion limited with proper choice of additional filtering. In addition, flexible numerology could be supported between different subbands.
However, and similarly to CP-OFDM, in the case of high mobility users the accumulated ICI degrades the overall system performance.

We consider two variants of F-OFDM. The first variant of F-OFDM which we consider here is Universal Filtered – OFDM (UF-OFDM). It uses no CP in contrast to CP-OFDM, but instead, apply zero padding between symbols in the time domain. The filter is chosen such that it has a short time response so that the filter tails are fully covered within the zero padding. Consequently, the symbols do not overlap in time domain and no ISI occurs for frequency flat fading channels. Figure 3 shows the transmitter block diagram of UF-OFDM.
At the receiver side, we consider in this contribution that no additional filtering is applied, but only a 2N-point FFT operation, where N denotes the IFFT size at the transmitter, followed by frequency domain processing similar to CP-OFDM. The receiver complexity is higher compared to CP-OFDM due the use of larger FFT size in this specific implementation. Other receiver implementations with similar complexity as for CP-OFDM were also investigated. 
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Figure 3. UF-OFDM transmitter block diagram.
The second variant of F-OFDM is f-OFDM. It keeps the CP as in CP-OFDM and applies a filter with much longer time response compared to the first variant, but still much shorter than the ones usually used for FBMC/OQAM. As the filter tails exceed the CP length, there will be certain amount of ISI even for frequency flat fading channels, but the impact can be kept rather small by a proper choice of the filter. Figure 4 shows the transmitter block diagram of f-OFDM.
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Figure 4. f-OFDM transmitter block diagram.
At the receiver side, the received signal is first passed through a filter which could be matched to the transmitter filter. The resulting signal is then passed through the regular CP-OFDM receiver.
In this contribution, F-OFDM with capital “F” means the both variants UF-OFDM and f-OFDM.
2.4. FBMC/OQAM
FBMC/OQAM is a multicarrier modulation scheme where per subcarrier filtering is applied on both transmitter (synthesis filter) and receiver (analysis filter) sides. The prototype filters are usually chosen long in the time domain to achieve better localization in frequency domain which target scenarios such as asynchronous transmission without the need of perfect synchronization, use of fragmented spectrum, cognitive radio, high mobility, i.e., high Doppler frequencies and efficient adaptation of basic parameters like subcarrier spacing or symbol duration within the same band. In addition, high spectral efficiency is achieved due to the absence of the CP.
All these desired features of FBMC/OQAM, however, come at the price of the relaxation of the orthogonality condition from the complex field using QAM to the real field using OQAM. This has the impact that several techniques that have been developed for CP-OFDM such as transmit diversity from the orthogonal design (i.e., Alamouti) and scattered pilot-based channel estimation cannot be directly applied to FBMC/OQAM. The main reason behind this is the presence of the so-called intrinsic interference. In addition, the system complexity is also a critical aspect. FBMC/OQAM transmitter complexity can be made comparable with CP-OFDM with certain implementation techniques, however, the increased receiver complexity remains as a drawback. Figure 5 shows the FBMC/OQAM transmitter block diagram based on the polyphase implementation.
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Figure 5. FBMC/OQAM transmitter block diagram.

3. Simulation assumption

In this section, we present the common simulation parameters which are used for the different investigated scenarios, as shown in Table I. The LTE turbo code is used with the rates and the modulation and coding scheme (MCS) values according to the 3GPP specification [3]. 
Other relevant simulation parameters specific for the different investigated properties and scenarios are highlighted in the respective subsections.

Table I. Simulation assumptions.
	Waveforms
	OFDM, W-OFDM, UF-OFDM, f-OFDM, FBMC/OQAM

	Carrier frequency
	2.6 GHz

	System bandwidth
	10 MHz

	Transmission bandwidth
	9 MHz (600 subcarriers used)

	 FFT Size
	1024

	Subcarrier spacing
	15 kHz

	Frame structure
	LTE downlink frame structure

	Pilot grid
	LTE downlink scattered pilot grid

	Channel coding
	LTE Turbo coding including LTE rate matching for any TBS

	Modulation
	QPSK – 16QAM – 64QAM – 256QAM

	Cyclic prefix
	LTE normal CP

	W-OFDM window
	Raised-cosine window – with roll-off factor β = 0.05

	UF-OFDM prototype filter
	Dolph-Chebyshev - Filter length 80 – Side lobe attenuation 40 dB

	f-OFDM prototype filter
	Low pass (von Hann window) - Filter length 512

	FBMC/OQAM prototype filter
	PHYDYAS - Filter length 4094


Different scattered pilot solutions for FBMC/OQAM channel estimation have been already proposed in the literature, e.g., [4] [5] [6]. In our simulations, we use the solution proposed in [4] where one precoding symbol from the neighborhood of the pilot symbol is used to force the intrinsic interference at the pilot position on the receiver side to be zero. The channel estimation procedure at the receiver side is exactly the same as for CP-OFDM and F-OFDM approaches and is performed in the following order:

1) Estimate the channel at the pilot positions

2) Interpolate in the frequency domain

3) Interpolate in the time domain

4. Initial evaluation results

In this section, we compare the characteristics and the performances of the investigated waveforms under different scenarios. Different waveform properties are compared: spectrum properties, time domain properties and Peak-to-Average Power Ratio (PAPR). The performance of the different waveforms is also compared under different 5G scenarios such as broadband communication, high mobility and asynchronous access transmission.

4.1. Signal confinement

The power spectral density of the investigated waveforms are compared with that of CP-OFDM as shown in Figure. 6. FBMC/OQAM shows a considerable reduction in the OOB leakage compared to CP-OFDM. The OOB leakage reduction in the cases of f-OFDM and W-OFDM is not as much as FBMC/OQAM but is highly dependent on the filter/ window used. The lower OOB leakage enables several new scenarios such as asynchronous multiple access and high mobility as we will also observe in the numerical performance evaluation in the later subsections.
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Figure 6. Spectrum properties of the waveforms.
Observation 1: W-OFDM, F-OFDM and FBMC/OQAM could much improve the OOB emission compared to traditional CP-OFDM.
Observation 2: F-OFDM could reach overall better OOB performances compared to W-OFDM.
An example of the time domain signal amplitude of the investigated waveforms for a short burst of three symbols is shown in Figure 7. For scenarios where short burst transmission and/ or extremely low delays are of interest, F-OFDM approaches are more suitable than FBMC/OQAM. This is because long filters are typically used for FBMC/OQAM as seen from Figure 7, which decreases the overall efficiency and increases the delay in case of uplink and very short bursts. 
[image: image7.emf]
Figure 7. Example of time domain properties of the waveforms for short burst of three symbols.
Observation 3: W-OFDM and F-OFDM are more suited for short burst transmission compared to FBMC/OQAM.

4.2. PAPR
Multi-carrier transmission schemes have the drawback of high PAPR which makes the transmitter power amplifier design challenging, especially for UEs (uplink). In LTE and LTE-A, a DFT spread is introduced to OFDM in the uplink in order to reduce the PAPR. DFT-s-OFDM (or SC-FDMA) is a single carrier like transmission scheme that can be combined with OFDM and inhereits its benefits.
Figure 8 shows the PAPR performance of the evaluated waveforms with and without DFT spread. We assume a DFT spread size of 160 and no pilot symbols. We could clearly observe that all the waveforms without a DFT spread have very similar PAPR performance. When we introduce DFT spread, the OFDM based waveforms still have quite similar PAPR performance, however with FBMC/OQAM the PAPR reduction is much smaller. This could be considered as an additional drawback of FBMC/OQAM. In [7], another spread based on the filter bank and not on DFT is introduced for FBMC/OQAM. The achieved PAPR reduction is better compared to          DFT-s-FBMC/OQAM, however it remains not as good as in the cases of the OFDM based waveforms.
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Figure 8. PAPR of the different waveforms with and without DFT spread.
Observation 4: Without DFT spread, all the waveforms have similar PAPR performance.
Observation 5: Introducing DFT spread to F-OFDM and W-OFDM has similar PAPR impact compared to CP-OFDM.
Observation 6: Introducing DFT spread to FBMC/OQAM lead to much lower PAPR reduction compared to the other waveforms.

4.3. SISO
From this subsection until the end of this contribution we focus on performance evaluation under different scenarios setups. Single input single output (SISO) could be considered as a basic setup to start with. The main simulation parameters are shown in Table I. In addition, we assume a linear Zero-Forcing (ZF) receiver and two different fading channel models: 3GPP Extended Pedestrian A (EPA) and 3GPP Extended Vehicular A (EVA). Different maximum Doppler frequencies (i.e. user mobility) and MCS values are also considered.
Figures 9 and 10 show the BLER performance for the different evaluated waveforms under the EPA channel model with a maximum Doppler frequency of 7 Hz which corresponds to user mobility of 3 km/h at 2.6 GHz. We assume five different MCS values:
· MCS 5: 

QPSK and code rate = 0.3183

· MCS 12: 

16QAM and code rate = 0.3591

· MCS 17: 

64QAM and code rate = 0.3687

· MCS 27: 

64QAM and code rate = 0.7658

· MCS 22 Rel. 12: 
256QAM and code rate = 0.6370
We could observe that all the evaluated waveforms have similar performances under MCS values with low coding rates. However, f-OFDM shows a small degradation with high coding rates. Due to the filtering, the edge subcarriers of the filtered subband have lower power which lead to the performance degradation observed in the previous results. Such degradation is observed only in the cases of high coding rates.

Introducing tone offset subcarriers (empty subcarriers) at the edges of the subband could reduce the performance loss as shown Figure 11. The tone offsets are introduced inside the filter passband bandwidth which makes the filter bandwidth wider leading to a more flat power over the used data subcarriers.

Observation 7: The BLER performances of W-OFDM, UF-OFDM and FBMC/OQAM is close to traditional CP-OFDM, while f-OFDM suffers loss for high coding rates.

Observation 8: Introducing tone offset subcarriers improves the f-OFDM BLER performance with high coding rates. The loss compared to other waveforms becomes minor. 
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Figure 9. EPA 7 - 3 km/h at 2.6 GHz.

[image: image10]
Figure 10. EPA 7 - 3 km/h at 2.6 GHz.
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Figure 11. EPA 7 - 3 km/h at 2.6 GHz - MCS 27 - Different tone offsets for f-OFDM.
Figures 12, 13 and 14 show the BLER performance for the different evaluated waveforms under the EVA channel model with a maximum Doppler frequencies of 289 Hz (i.e. 120 km/h at 2.6 GHz), 722 Hz (i.e. 300 km/h at 2.6 GHz) and 1500 Hz (i.e. 622 km/h at 2.6 GHz),  respectively. We assume the three different MCSs with coding rates in the range of 1/3 (i.e. MCS 5, 12 and 17).

We could observe that all the evaluated waveforms have similar performances under reasonable user mobility. However, under extreme user mobility FBMC/OQAM shows a gain compared to the OFDM based waveforms due to its higher robustness to high Doppler frequencies, and therefore it is more suitable for high mobility scenarios.
Observation 9: Under extreme high mobility, FBMC/OQAM outperforms other waveforms.
[image: image12.emf]-5 0 5 10 15 20

10

-3

10

-2

10

-1

10

0


Figure 12. EVA 289 - 120 km/h at 2.6 GHz.
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Figure 13. EVA 722 - 300 km/h at 2.6 GHz.
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Figure 14. EVA 1500 - 620 km/h at 2.6 GHz (MCS 5).
4.4. MIMO
The increasing number of users and their extensively growing data consumption demand from the future 5G networks require high throughput. Higher throughput and data rates are achieved for example through the use of high order modulation formats and MIMO schemes, therefore, alternative 5G waveforms are required to efficiently support these features as well. In this subsection, we compare the performance of the waveforms under a 2x2 open loop MIMO spatial multiplexing with linear MMSE receiver setup. We assume EPA fading channel model with maximum Doppler frequency of 7 Hz and three different MCS values: 

· MCS 5: 

QPSK and code rate = 0. 3327
· MCS 12: 

16QAM and code rate = 0. 3755
· MCS 17: 

64QAM and code rate = 0. 3855
Figure 15 shows the performance of the waveforms in terms of the BLER. We could observe that all the waveforms have comparable performance and none is outperforming the others for the evaluated MCS values. However, due to the relaxation of the orthogonality condition from the complex field using QAM to the real field using OQAM, non-linear MIMO schemes like Alamouti or sphere detection that have been well-developed for CP-OFDM cannot be easily combined with FBMC/OQAM in a straightforward manner.

Observation 10: All considered waveforms perform similar with 2x2 MIMO spatial multiplexing and linear receivers. Observations 7, 8 and 9 for SISO are also valid here.

Observation 11: Non-linear MIMO schemes like Alamouti or sphere detection cannot be easily combined with OQAM modulation. This is drawback for FBMC/OQAM.
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Figure 15. EPA 7 - 3 km/h - 2x2 Open Loop MIMO.
4.5. Relaxed synchronization

Current cellular systems were designed mainly for human centric communications, but 5G systems are also required to provide efficient support for machine type communications. Machine-to-machine (M2M) applications, Internet of Things (IoT) and wireless sensor networks are considered important 5G uses cases. In such scenarios, the battery consumption of the connected device, which could be an inexpensive wireless sensor, is more crucial than in the case of smartphones or tablets. One approach to mitigate battery consumption is to reduce the amount of control signaling, like the synchronization signaling, between the device and the network. The new waveform is then required preferably to support asynchronous access transmission with relaxed synchronization to some extent, e.g., without timing advance in LTE. 
In this subsection, we compare the performance of the waveforms under the asynchronous access transmission scenario. Table II summarizes the simulation parameters in addition to Table I. We assume EPA fading channel model with maximum Doppler frequency of 7 Hz. The assumed MCS value is 16 (16QAM, code rate of 0.5543).

Figures 16, 17 and 18 show the performance of the waveforms in terms of BLER with the interfering user having same transmit power, 20 dB and 40 dB higher transmit power than the user of interest, respectively. We could clearly observe that W-OFDM, UF-OFDM, f-OFDM and FBMC/OQAM outperform CP-OFDM due to their lower OOB leakage. However, it is clear that FBMC/OQAM and f-OFDM need a much smaller number of guard band subcarriers to achieve the same performance as the synchronous CP-OFDM compared to the other evaluated waveforms.
Table II. Asynchronous access simulation parameters.
	Number of uplink users
	2

	Number of users of interests
	1

	Number of interfering users
	1

	Bandwidth per user
	720 KHz (48 subcarriers allocated per user)

	Time delay
	512 samples (half a symbol)

	Guard band range (GB)
	0 , 1, 2, 5 and 10 subcarriers

	Power offset of the interfering user
	0 dB, 20 dB and 40 dB
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Figure 16. Asynchronous transmission without the near-far effect.
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Figure 17. Asynchronous transmission with the near-far effect (20 dB).
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Figure 18. Asynchronous transmission with the near-far effect (40 dB).
Observation 12: W-OFDM, UF-OFDM, f-OFDM and FBMC/OQAM outperform CP-OFDM under asynchronous access transmission due to their reduced OOB emissions.
Observation 13: FBMC/OQAM and f-OFDM need much smaller number of guard subcarriers to achieve the same performance as the synchronous CP-OFDM, as compared to UF-OFDM and W-OFDM.
Introducing tone offsets for f-OFDM in this scenario has a different impact compared to the scenario in Section 4.3 (cf. Figure 11, Observation 8). Figure 19 shows the impact of introducing tone offset subcarriers to the same setup as in Figure 17. We could observe that with tone offset subcarriers the performance degrades. As stated earlier, tone offset subcarriers would make the filter bandwidth wider which leads to more interference leakage to the neighboring user. 
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Figure 19. EPA 7 - Asynchronous transmission with the near-far effect (20 dB) - Different tone offsets for f-OFDM.
Observation 14: Introducing tone offset subcarriers degrades the f-OFDM BLER performance under asynchronous access transmission. The wider filter bandwidth increases the interference to the neighboring users.
A summary of the observations from this contribution is shown in the table below.
	Evolving 5G requirements
	CP-OFDM
	W-OFDM
	F-OFDM
	FBMC/OQAM

	
	
	
	f-OFDM
	UF-OFDM
	

	Out-of-band emissions

(Frequency localization)
	High
	Medium
	Low
	Medium
	Low

	Implementation complexity
	Low
	Low
	Medium
	Medium / High
	High

	Compatibility to LTE-A
	High
	High
	Medium
	Low / Medium
	Low

	Asynchronous transmissions suitability
	Low
	Low
	High
	Medium
	High

	Support of MIMO integration
	High
	High
	High
	High
	Low


Proposal 1: CP-OFDM should be considered as the baseline waveform.

Proposal 2: W-OFDM and F-OFDM should be further considered as new waveform candidates.
5. Conclusion 

In this contribution, we present our general views on the waveform design for the Next Generation Access. This includes comprehensive theoretical analysis, numerical evaluations, and comparisons of the waveforms that are frequently discussed in the context of 5G. The following observations and proposals are made based on the discussion.

Observation 1: W-OFDM, F-OFDM and FBMC/OQAM could much improve the OOB emission compared to traditional CP-OFDM.
Observation 2: F-OFDM could reach overall better OOB performances compared to W-OFDM.
Observation 3: W-OFDM and F-OFDM are more suited for short burst transmission compared to FBMC/OQAM.
Observation 4: Without DFT spread, all the waveforms have similar PAPR performance.

Observation 5: Introducing DFT spread to F-OFDM and W-OFDM has similar PAPR impact compared to CP-OFDM.

Observation 6: Introducing DFT spread to FBMC/OQAM lead to much lower PAPR reduction compared to the other waveforms.
Observation 7: The BLER performances of W-OFDM, UF-OFDM and FBMC/OQAM is close to traditional CP-OFDM, while f-OFDM suffers loss for high coding rates.

Observation 8: Introducing tone offset subcarriers improves the f-OFDM BLER performance with high coding rates. The loss compared to other waveforms becomes minor. 
Observation 9: Under extreme high mobility, FBMC/OQAM outperforms other waveforms.
Observation 10: All considered waveforms perform similar with 2x2 MIMO spatial multiplexing and linear receivers. Observations 7, 8 and 9 are also valid here.

Observation 11: Non-linear MIMO schemes like Alamouti or sphere detection cannot be easily combined with OQAM modulation. This is drawback for FBMC/OQAM.
Observation 12: W-OFDM, UF-OFDM, f-OFDM and FBMC/OQAM outperform CP-OFDM under asynchronous access transmission due to their reduced OOB emissions.
Observation 13: FBMC/OQAM and f-OFDM needs much smaller of guard subcarriers to achieve the same performance as the synchronous CP-OFDM compared UF-OFDM and W-OFDM.
Observation 14: Introducing tone offset subcarriers degrades the f-OFDM BLER performance under asynchronous access transmission. The wider filter bandwidth increases the interference to the neighboring users.
Proposal 1: CP-OFDM should be considered as the baseline waveform.
Proposal 2: W-OFDM and F-OFDM should be further considered as new waveform candidates.
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