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1. Introduction
This contribution aims at providing initial link level evaluation result for NR waveform with agreed evaluation assumptions. To design the waveform which can satisfy such diverse set of scenarios and requirements defined in TR 38.913 [1], 3 evaluation cases (Case1a, Case1b, Case2) are initially agreed as examples for NR waveform evaluation in RAN1 #84bis Busan meeting [2]. In Case 1a and 1b, the emission mask is adopted in order to evaluate the out of band emission (OOBE) characteristics of each waveform. For Case 2, two numerologies are put together to evaluate performance of each waveform under interference. Due to lack of consensus on power amplifier (PA) modeling so far, this contribution focuses on link level evaluations with Case 2.
2. Evaluated Waveforms
In this section, we briefly describe the waveform candidates evaluated in this report. Specifically, we will first describe the signal formation of CP-OFDM, which is used as the baseline waveform in our study. The other evaluated waveform, F-OFDM, is then introduced.
1.1. CP-OFDM
Orthogonal frequency division multiplexing (OFDM) is one of the most popular multi-carrier waveform in wireless communication systems due to its implementation friendly structure on both transmitter and receiver side. With Cyclic Prefix (CP) added to the beginning of an OFDM symbol, it further allows simple equalization on the receiver side for multipath channels with long delay profiles. Due to these advantages, CP-OFDM is chosen to be the waveform for WiFi, WiMax and Long Term Evolution (LTE). A standard CP-OFDM modulator is shown in Figure 1.
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Figure 1: Block Diagram for CP-OFDM System
Despite its advantages described above, CP-OFDM also possess several major disadvantages, including high signal PAPR, slow side-lobe roll-offs (or equivalently, high OOB leakage), severe ICI in high mobility environments, and spectral efficiency degradation due to insertion of CP. Furthermore, when multi-numerology CP-OFDM system is considered, mutual interference between OFDM symbols of different numerologies becomes a major cause of performance degradation. The interference is due to loss of orthogonality between OFDM symbols with different parameters, such as subcarrier spacing and CP length.
1.2. F-OFDM

Filtered OFDM (F-OFDM) is a direct extension of CP-OFDM by placing an extra filter at the output of the CP-OFDM modulator. A standard F-OFDM modulator is shown in Figure 2. One immediate advantage of F-OFDM waveform over CP-OFDM is its relatively low OOB leakage due to the extra filtering. However, since the filter is part of the concatenated channel, it reduces the maximum channel delay allowed for inter-symbol interference (ISI) free operation, given a fixed CP length. These factors provide a major tradeoff in the filter design criteria for F-OFDM systems.
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Figure 2: Block Diagram for F-OFDM system
When multi-numerology F-OFDM system is considered, as in CP-OFDM, mutual interference between F-OFDM symbols of different numerologies causes performance degradation due to loss of orthogonality. However, it is expected that the extra filtering at the transmitter of an F-OFDM system may be used to suppress the interference from the F-OFDM symbol with different numerology, and therefore provides potential performance gain over CP-OFDM under such scenario.
3. Evaluation Results
In this section, we present our evaluation assumptions first, then show the evaluation results. As stated in the introduction, the target scenario of this contribution is Case 2 which does not have a spectrum emission mask.
3.1. Evaluation Assumptions

In the scenario we evaluated, two symbols of the underlying waveform with different numerologies are placed next to each other in frequency domain (as shown in Figure 3), and are being transmitted synchronously in time domain (see Figure 4). As can be seen from Figure 4, the symbol length corresponding to numerology 1 is longer than that corresponding to numerology 2 by a factor of 4, and symbol boundary of the long symbol is always aligned with symbol boundary of the short symbol.
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Figure 3: Multi-Numerology Testing Scenario in Frequency Domain
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Figure 4: Multi-Numerology Testing Scenario in Time Domain
Table 1 listed detailed parameters of the evaluated 4 cases in this report. In short, we evaluated the performance of multi-numerology scenario with various modulation orders, code rates, and number of subcarriers allocated for each user. Simulation results and analysis are giving in the next section. Note that for both CP-OFDM and F-OFDM, the receivers perform standard OFDM demodulation without any interference filtering, suppression, or cancelation.
Table 1: Simulation assumptions

	Parameters
	Case1
	Case2
	Case3
	Case4

	Carrier frequency
	4 GHz

	Data transmission bandwidth
	Numerology1: 1RB

Numerology2: 6RB
	Numerology1: 1RB

Numerology2: 6RB
	Numerology1: 6RB

Numerology2: 6RB
	Numerology1: 6RB

Numerology2: 1.5RB

	
	Note: 1RB = 12 subcarriers

	MCS
	1: 16QAM 2/3
2: 16QAM 2/3
	1: 16QAM 2/3

2: 64QAM 3/4
	1: 64QAM 1/2

2: 64QAM 1/2
	1: 64QAM 1/2

2: 64QAM 1/2

	Channel coding
	LTE turbo code

	Subcarrier spacing
	Numerology1:15kHz, Numerology2: 60kHz 

	Guard time interval
	Numerology1: LTE normal CP, Numerology2: ¼ LTE normal CP

	TTI length
	1ms for Numerology1, 0.25ms for Numerology2

	Guard band
	0

	Antenna config.
	1T1R

	Channel
	EPA with 3km/hour mobility

	Others
	Ideal channel estimation with zero control overhead

	F-OFDM prototype filter
	One filter for each subband (4.5MHz bandwidth). Numerology1: Equiripple filter, order = 120. 
Numerology2: Equiripple filter, order = 40


3.2. Performance Comparisons

In this section, we provide simulation results and their corresponding implications. From Figure 5, we have the following observations. First, for user with numerology 1 (15 KHz subcarrier spacing), it can be seen that F-OFDM provides roughly 0.5dB gain over CP-OFDM for both test scenarios (case 1 & 2). Second, for user with numerology 2 (60 KHz subcarrier spacing), the performance curve of F-OFDM and CP-OFDM are practically identical. Note that the second observation stands true even with different modulation orders and code rates, as can be seen from Figure 5. Finally, the effect of modulation order and code rate on performance could be seen clear by comparing the curves corresponding to numerology 2 in case 1 & 2. Specifically, higher order modulations and higher rate codes are more vulnerable to interference under multi-numerology scenarios.
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Figure 5: Performance of Multi-Numerology Scenario for test cases 1 (left) & 2 (right).
Similar observations could be made from Figure 6. Specifically, we see again that for numerology 2 (60 KHz subcarrier spacing), there is virtually no performance gain provided by F-OFDM over CP-OFDM. We can also see in test case 3 that for user with numerology1, F-OFDM again provides visible performance improvement over CP-OFDM, even though the gain is smaller as compared to the cases shown in Figure 5. This is due to the fact that for numerology 1 in case 3, the user is allocated more subcarriers (6 PRB) than the user in case 1 (1PRB). Therefore, the effect of interference on performance is less significant, and less gain could be observed by using F-OFDM.
In summary, from our simulation results, we observe that F-OFDM does not provide universal performance improvements over CP-OFDM. Specifically, under multi-numerology scenarios and with no interference mitigation efforts on the receiver side, F-OFDM does not show performance improvement over CP-OFDM for users with larger subcarrier spacing (or equivalently, shorter symbol duration).

[image: image6.png]BLER

15Kz BRB B4QAM 1/2, BOKHz BRB B4QAM 172
10

 15KHz BRE B4GAM 172, BOKHz 18 Subcarrier B4QAM 172

10
—&— F-OFDM 15kHz —&— F-OFDM 15kHz
—#— F-OFDM 60kHz —#— F-OFDM 60kHz
—E— CP-OFDM 15kHz —E— CP-OFDM 15kHz
—+— CP-OFDM 60kHz —+— CP-OFDM 60kHz
[T 4
102 i i i H 102 i i i H
16 18 20 22 24 26 16 18 20 22 24
SNR (48) SNR (48)

26




Figure 6: Performance of Multi-Numerology Scenarios for test cases 3 (left) & 4 (right).
	
	


4. Conclusion
In summary, based on the above evaluation result we have the following observations and proposals:
Observation: Under multi-numerology scenarios and with no interference mitigation efforts on the receiver side, F-OFDM does not show performance improvement over CP-OFDM for users with larger subcarrier spacing.
Proposal: Benefit of F-OFDM in multi-numerology scenarios should be further studied.
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