3GPP TSG RAN WG1 Meeting #86		R1-167529
Gothenburg, Sweden, 22nd – 26th August 2016
Agenda Item: 8.1.2.1
Source: MediaTek Inc.
Title: 	An RX based interference mitigation method for waveform with multiple numerologies
Document for: Discussion

1. Introduction
This contribution aims at providing the link level evaluation result for an RX based interference mitigation scheme under the scenario with multiple waveform numerologies. To design the waveform which could satisfy the diverse set of scenarios and requirements defined in TR 38.913 [1], 5 evaluation cases (Case1a, Case1b, Case2, Case3, and Case4) are specified to be used for NR waveform evaluation [2]. We focus on multi-numerology scenario as described in Case 2, where two signals with different numerologies are put next to each other in frequency domain and transmitted simutaneously. With different waveform numerologies, these two signals would interfere with each other, causing performance degradation. Several NR waveform candidates have been proposed, and one of the key evlauation metric for these waveform candidates is their ability to reduce the performance degradation in this mutual interfering scenario.

2. Evaluated Waveform and Scenario
In this section, we briefly describe the waveform and evaluation scenario studied in this report. Specifically, we will first describe the signal formation of CP-OFDM, which is used as the baseline waveform in our study. An overview of the multi-numerology evaluation scenario [2] is then provided in the following sub-section.


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.
[image: ]
[bookmark: _Ref450665415]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.
[bookmark: _Ref458531640]Multi-numerology Evaluation Scenario
As described in [2], under multi-numerology evaluation scenario, two symbols of the underlying waveform with different numerologies are placed next to each other in frequency domain, and are being transmitted synchronously in time domain (as shown in Figure 2). Selected parameters corresponding to each numerology are listed in Table 1. 
[image: ]
[bookmark: _Ref450665440]Figure 2: Testing Scenario with two different waveform numerologies
Note that in this setup, as can be seen from Figure 2, the symbol length corresponding to numerology 1 is longer than that corresponding to numerology 2 by a factor of 2. 
Table 1: Selected Parameters for Multi-Numerology Evaluation Scenario
	System Bandwidth 
	10 MHz

	Subcarrier spacing 
	(UE 1, UE 2): (15 KHz, 30 KHz)

	Guard time interval
	(UE 1, UE 2): (4.7µs, 2.35µs)

	FFT size 
	1024 for 15 kHz SC spacing, 512 for 30 kHz SC spacing

	Data transmission bandwidth 
	UE 1: 48 subcarriers (720 KHz). 
UE 2: 24 subcarriers (720 KHz)

	Bandwidth of Guard Tones between neighboring UEs
	60 KHz

	Antenna  configuration
	1 Tx and 1 Rx

	MCS 
	64QAM;  coding rate=1/2, 2/3

	Control Overhead 
	Zero (all REs are used for data)

	Channel estimation
	Ideal

	Channel Model
	1. AWGN
2. TDL-C with 300 ns delay spread for 1Tx and 1Rx, 3km/h

















3. RX based Interference Mitigation: LMMSE-IM
In this section, we present our RX based interference mitigation method. Specifically, in Section 3.1, we demonstrate that interference causes performance degradation under multi-numerology scenario. In Section 3.2, we formulate the interference in more detail, and introduce our LMMSE based interference mitigation algorithm. Finally, in Section 3.3, we show the simulation results corresponding to the testing scenario described in Section 2.2.
3.1. Mutual interference under multi-numerology scenario 
In a typical single-numerology OFDM system, subcarriers are mutually orthogonal, and thus, symbols do not interfere with each other. This is no longer the case in a multi-numerology OFDM system. For example, consider an OFDM symbol  with symbol length , and another OFDM symbol  with symbol length . If these two symbols are allocated next to each other in the frequency domain and transmitted to user 1 and 2 at the same time (see Figure 2), then both receivers will experience interference from the neighboring OFDM symbol. The interfering signal seen by each receiver depends on its neighboring OFDM symbol and the channel conditions. Detailed formulation of the signal and interference model is given in the next section. Performance degradation due to interference is shown in Figure 3. From the figure, we can see that subcarriers closer to the boundary between two different numerologies suffer more SINR degradation.
[image: ]
[bookmark: _Ref458605619]Figure 3: SINR degradation due to mutual interference in multi-numerology scenario
3.2. RX interference mitigation: an LMMSE based approach
In order to mitigate the interference in multi-numerology scenario described above, we propose a linear interference mitigation method: the linear minimum mean square error interference mitigation (LMMSE-IM). The key ideas of this method are listed as follow:
· In multi-numerology scenarios, neighboring subcarriers with different numerologies carry information of the in-band interference. These neighboring subcarriers can be used to estimate the corresponding in-band interference, and the estimated interference is then mitigated from the in-band subcarriers to obtain the desired signal.
· The optimal approach (in terms of minimizing the MSE) to carry out the above procedure in the linear domain is LMMSE Interference Mitigation (LMMSE-IM).
To describe the LMMSE-IM for the multi-numerology scenario, consider the following OFDM signal:

where  is the constellation symbol,  is the sampling time,  is the size of FFT, and  is the CP length in samples. The symbol duration of  is given by . Now assume two consecutive OFDM symbols  and , each of duration , are allocated next to  in the frequency domain (see Figure 2 for illustration). These signals would pass through a channel with channel response , followed by the addition of additive white Gaussian noise . At the receiver of user 1, CP removal is first performed, followed by an -point FFT. The resulting signal  can be shown to have the following form:

Here,  corresponds to subcarriers allocated to the desired signal and the interfering signal.  is a diagonal matrix representing the frequency domain channel response corresponding to the desired symbol vector . We note that  and  are matrices that depends not only on the channel values at the allocated subcarriers for user 1, but also on the channel values at the allocated subcarriers for user 2. Finally,  is the AWGN vector with each i.i.d. component having zero mean and variance . Since the equation above has the standard linear form, it is straight forward to derive an LMMSE estimator for , given the second order statistics of  and , as well as the knowledge of  and .
The above formulation assumes that the desired signal has symbol duration of length , while the interfering signal has symbol duration . A similar form could be derived when the desired signal has symbol duration  , and the interfering signal has symbol duration . In fact, the derivation could be further generalized, and the linear form remains valid for any multi-numerology scenario.
3.3. [bookmark: _Ref458594973]Simulation Results
In this section, we provide simulation results and their corresponding implications. Figure 4 demonstrates the performance of the proposed LMMSE-IM receiver under AWGN channel. As can be seen from the figure, the interference caused by multi-numerology scenario leads to a performance degradation of 0.6 dB when compared to the case with no interference. With LMMSE-IM receiver, we are able to reduce the performance loss to within 0.1 dB.
[bookmark: _GoBack][image: ]
[bookmark: _Ref458679010]Figure 4: Performance of LMMSE-IM receiver under AWGN channel
Similarly, Figure 5 and Figure 6 demonstrate the performance of the proposed LMMSE-IM receiver under TDL-C fading channel. As can be seen from these figures, at BLER equals 0.01, the interference caused by multi-numerology scenario leads to a performance degradation of 0.8 dB for UE 1, and degradation of more than 4 dB for UE 2. With the proposed LMMSE-IM receiver, we again reduce the performance loss to within 0.1 dB for both UE 1 and UE 2.
[image: ]
[bookmark: _Ref458679600]Figure 5: Performance of LMMSE-IM receiver (15 KHz subcarrier spacing) under TDL-C channel
[image: ]
[bookmark: _Ref458679613]Figure 6: Performance of LMMSE-IM receiver (30 KHz subcarrier spacing) under TDL-C channel
We note that since LMMSE-IM is an RX based interference mitigation solution, it does not need to share the cyclic prefix (CP) budget with the channel delay profile. This allows us to relax the waveform design requirements at the TX side when multi-numerology interference is concerned. In fact, LMMSE-IM could be directly applied to other waveform candidates like F-OFDM, W-OFDM, or DFTS-OFDM for multi-numerology interference mitigation.

4. Conclusion
In summary, based on the above evaluation result we have the following observations and proposals:
Observation 1: Under multi-numerology scenario, RX based LMMSE-IM receiver can effectively recover most of the performance loss caused by mutual interference.
Observation 2: RX based LMMSE-IM receiver does not consume CP budget, and can be applied to other waveforms such as F-OFDM, W-OFDM, and DFTS-OFDM. This allows us to relax the waveform design requirements at the TX side when multi-numerology interference is concerned.
Observation 3: RX based LMMSE-IM receiver requires CSI knowledge of the interfering users.
Proposal: In order to take advantage of LMMSE-IM’s interference mitigation ability, CSI knowledge of the interfering users should be made available to target users.
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