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1 Introduction

In RAN4 meeting #66, the way forward on the time offset and frequency shift was agreed in principle as follows.
· Timing offset and frequency shift are assumed for RLM test and demodulation and CSI test: 
· Option 1: (timing offset, frequency shift) = ([2.5~3]μs for both aggressor cells, [200Hz~300Hz]), where only considering the positive time offsets;
· Option 2: timing offset between the aggressor cell and serving cell is in the range of [-3, 3]us, frequency offsets are between [-300, 300]Hz. 

· Companies are encouraged to discuss the UE behaviors in handling timing offset and frequency shift in CRS interference mitigation 
In this contribution, we investigate the impacts of time offset and frequency shift on UE demodulation/CSI performance.
2 Impacts of time offset and frequency shift on CRS-IC
In this section, we will discuss the UE behaviours in handling time-offset and frequency-shift. According to RAN4 agreement in Rel-11, UE is assumed to use the single FFT for CRS-IC. In order to guarantee the demodulation performance of serving cell, UE should set the FFT window and track the frequency based on the received serving cell signal. So the time offset and frequency shift mainly affects the reconstruction of the aggressor cell CRS-es. In Table 1 and Figure 1, the impacts and the compensation methods for time offset and frequency shift are summarized.
Table 1: Summary of the impact and compensation methods of time offset and frequency shift

	Impairment descriptions
	Impacts
	Compensation methods

	Time offset when the aggressor cell signal arrives ahead of serving cell signal
	Cause signal distortion which results in 
· Error of reconstructed signal on CRS RE in ABS 
· Increase of the noise floor on non-CRS RE-s in CRS symbols 
	Track the aggressor cell timing, and estimate PDP and implement the proper Wiener filter, or other post-FFT compensations

	
	Cause ISI which results in

· Increase of the noise floor in non-CRS symbols ahead of CRS symbol and the last symbol
	Difficult to mitigate

	
	Signal distortion results in 
· Time and frequency synchronization error
	Difficult to mitigate

	Time offset: the aggressor cell signal arrives after serving cell signal
	Cause phase rotation or frequency selective across the sub-carriers
	Track the aggressor cell timing, and estimate PDP and implement the proper Wiener filter, or other post-FFT compensations

	
	Cause ISI if the delay spread plus time offset is significantly beyond CP size, which results in

· Increase of the noise floor in some symbols
	Difficult to mitigate

	Frequency shift
	Cause phase rotation across the OFDM symbols, which impacts time tracking and reconstruction of CRS by using filter across OFDM symbols
	Track the aggressor cell frequency shift and conduct post-FFT compensation across OFDM symbols

	
	Cause ICI which results in
· Increase of noise floor in CRS symbols
	Unless the time domain compensation was used, the effects ICI could not be eliminated
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Figure 1: Analysis of main impacts caused by time offset and frequency shift
From the above analysis, the keys to mitigate the impacts of time and frequency offset on FeICIC demodulation would be:

· Keep accurately tracking time offsets and frequency shifts of the aggressor cells and the serving cell;

· Conduct the correct post-FFT compensation, e.g., PDP estimations on aggressor cells, proper channel estimation filter.

In principle, some impacts could not be removed due to the limitation of cyclic prefix and single FFT operation, which includes the error of reconstructed signal on CRS RE-s in ABS due to the distortion, the increase of noise floor due to signal distortion, ICI and ISI, and synchronization estimation error due to signal distortion.
We try to investigate the above hard limitations for reconstruction of one aggressor cell ABS. We assume that UE can accurately know the time offsets and frequency shifts of the serving cell and aggressor cells. The subframes before and after ABS are fully loaded. The PDP estimation on the aggressor cell and Wiener filter are implemented in the following simulations. The external noise is assumed to be extremely high. Table 2 summaries the simulation assumptions.
Table 2: Simulation assumptions for evaluation of aggressor cell signal processing 
	Parameter
	Value

	Physical channel
	PDSCH

	System bandwidth
	10MHz

	Propagation condition
	EPA and ETU

	Antenna and CRS configuration 
	2×2 low for aggressor cell and two CRS ports

	Interference condition
	EI1/Noc → +∞

	Time offset and frequency shift
	Different values

	FFT timing and frequency sync
	Tied to serving cell CRS and ideal timing and frequency tracking; 

	Receiver
	Rel-8/9 baseline receiver with and without CRS-IC, post-FFT compensation


In Figure 2, we show the average error of the reconstructed CRS with respect to different time offsets and frequency shifts under EVA channel and ETU respectively. The square root of normalized mean square error is denoted by
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where s is the actual received signal on CRS RE after FFT, x is the output of wiener filter on CRS RE and ES is the average energy received on CRS RE. The equation is quite similar to the concept of EVM. In Figure 2, the positive time offset (delay) means that the aggressor cell signal arrives after the serving cell signal, while the negative value means the reverse case. 
In general, the impact of negative time offset is more significant than the positive value due to the loss of CP protection. But the error of the reconstructed CRS will rapidly increase when the positive time offset is beyond CP size due to ISI from the pervious subframe. And under ETU channel the error of the reconstructed CRS for negative time offset is not significantly different from that for positive time offset because of the large delay spread. Besides, the effect of frequency shift on CRS reconstruction is negligible. The error magnitude is lower than 4% of the average CRS magnitude in ABS under EPA and ETU, which is lower than the assuming Tx 6% EVM. Putting together they are approximately translated into 7% EVM for the worse case. 
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Figure 2: Average error of the reconstructed CRS in the aggressor cell ABS

In Figure 3, we show the increase of noise floor due to signal distortion and ICI by providing the square root of MSE on non-CRS RE-s of the CRS symbols after FFT under EVA and ETU. The square root of MSE is denoted by
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where y is the actual received signal on the observed RE-s. When the time offset is positive and within 0~ CP size, the noise floor is raised by ICI due to frequency shift. The noise magnitude for positive time offset is below 2% of the CRS magnitude under EPA and below 4% of the average CRS magnitude in the range of 0~3μs under ETU. But the noise magnitude increases with the increasing positive time offset due to ISI from the previous full-loaded subframe. When the time offset is negative, the noise magnitude is around 14% of the average CRS magnitude which is translated to -17dB noise floor (noise to signal ratio) with respect to average CRS power in ABS. Assuming that the serving cell ES/Noc = 8dB and the aggressor cell EI/Noc = 12dB, the ES/Noc on non-CRS RE-s in CRS symbols is approximately 6.8dB where there is 1.2dB SNR loss. If the single Noc level is used, the resulted performance loss for the demodulation test and CSI test would be marginal.
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Figure 3: Noise floor increase on non-CRS RE-s in CRS symbols of ABS
In Figure 4, we show the increase of noise floor caused by ISI in non-CRS OFDM symbols after FFT. The noise magnitude is below 2% of the average CRS magnitude when time offset is in the range of –CP size to CP size.
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Figure 4: Noise floor increase in non-CRS symbols of ABS
From the above analysis, the following observations can be obtained:
· Observation 1: The interference signal on CRS RE-s in ABS could be accurately reconstructed by using the proper channel estimation method when the time offset in within –CP size to CP size and the frequency shift is within -300Hz to 300Hz.
· Observation 2: Minus time offset generally results in the increase of the noise floor from ABS. The noise floor increase on non-CRS RE-s in CRS symbols is relatively higher than that in CRS symbols. But the overall noise floor increase level is limited and the resulted impact on demodulation performance and CRS reporting accuracy would not be significant.
It can be noticed that the impact of time offset and frequency shift on CRS-IC performance is greatly different from the impact on CoMP performance. The reconstruction of the interference signal would not be sensitive to time offset and frequency shift, but the demodulation performance is.
3 Simulation results
In this section, we further evaluate the impacts of the different time offsets and frequency shifts on the demodulation performance with CRS-IC. Firstly, we assume the ideal estimations of time offsets and frequency shifts for the serving cell and two aggressor cells. Table 3 provides the basic simulation assumptions. Figure 5 ~ Figure 7 show the simulation results for PDSCH, PDCCH/PCFICH, and PHICH with CRS-IC under the different time offsets and frequency shifts respectively.
Table 3: Simulation assumptions for PDSCH, PDCCH/PCFICH, and PHICH
	Common Parameters
	Value

	Duplex mode
	FDD

	System bandwidth
	10MHz

	Power allocation
	No downlink power boosting

	Noc 
	Single Noc level

	ABS pattern for aggressor cells
	[11111111 11111111 11111111 11111111 11111111]

	Time offset and frequency shift
	(0us, 0Hz) for both aggressors
(+3μs, +300Hz) for both aggressors
(+3μs, +300Hz) for the first, (-3μs, -300Hz) for the second

	FFT timing and frequency sync
	Tied to serving cell CRS and ideal timing and frequency tracking; 

	Receiver
	Rel-8/9 baseline receiver with and without CRS-IC, post-FFT compensation

	PDSCH Parameters
	Value

	Transmission mode and MCS
	PDSCH TM2 link adaptive, two PDCCH symbol

	Resource allocation
	50PRB

	HARQ
	Maximum 4 re-transmission

	Propagation condition
	EVA5/ETU5 for serving cell and aggressor cells

	Antenna configuration
	2×2 medium for serving cell and aggressor cells

	Interference condition
	EI1/Noc = 12dB, CRS colliding

EI2/Noc = 10dB, CRS non-colliding

	PDCCH Parameters
	Value

	Transmission scheme and FRC
	SFBC, three PDCCH OFDM symbol, R.15-1, FDD

	Propagation condition
	EVA5 2×2 low for serving cell and aggressor cells

	Interference condition
	EI1/Noc = 5dB, CRS colliding

EI2/Noc = 3dB, CRS non-colliding

	PHICH Parameters
	Value

	Transmission scheme and FRC
	SFBC, three PDCCH OFDM symbol, R.19, FDD

	Propagation condition
	EPA5 2×2 low for serving cell and aggressor cells

	Interference condition
	EI1/Noc = 5dB, CRS colliding

EI2/Noc = 3dB, CRS non-colliding
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Figure 5: PDSCH simulation results with CRS-IC under the different time offsets and frequency shifts
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Figure 6: PDCCH/PCFICH simulation results with CRS-IC under the different time offsets and frequency shifts
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Figure 7: PHICH simulation results with CRS-IC under the different time offsets and frequency shifts

It is observed that the time offsets with +3us for the first aggressor cell and -3us for the second and frequency shifts with +300Hz for the first aggressor cell and -300Hz for the second have a little larger impact (less than 0.5dB under the agreed interference levels) on the FeICIC demodulation performance compared with no time offset or frequency shift case. But the performance difference would be marginal if the correct time and frequency tracking and conducting post-FFT compensation were implemented.
In Table 4, we also provide the link adaptive simulation results by using the realistic time and frequency tracking over the aggressor cell CRS together with the post-FFT compensation used above. We consider a little worse case for tracking on top of Table 3. We assume that all three cells are configured with the colliding CRS and we evaluate the TM3 rank-2 link adaptive performance since it may be more sensitive to the errors from the ABS signal reconstruction. The CRS-IC performance losses are given compared to the performance where there is no time offset and frequency shit. It is noticed that the performance loss is small under time offset of ±3μs and 300Hz with the realistic tracking.
Table 4: CRS-IC performance loss of TM4 rank-2 over without time offset and frequency shift with realistic tracking
	SNR
	Performance loss of (Time offset, frequency shift) for 1st aggressor cell and 2nd aggressor cell

	
	(+3μs, 0Hz), (-3μs, 0Hz)
	(0μs, +300Hz), (0μs, +300Hz)
	(+3μs, +300Hz), (-3μs, +300Hz)

	0
	3.44%
	3.95%
	4.85%

	4
	2.25%
	1.57%
	2.48%

	8
	2.84%
	0.91%
	3.22%

	12
	1.10%
	0.80%
	3.19%

	16
	0.23%
	1.16%
	2.32%

	20
	1.42%
	0.24%
	0.35%

	24
	0.55%
	0.60%
	0.96%


In sum, we have the following observation:
· Observation 3: The CRS-IC performance losses under positive and negative values of time offsets and frequency shifts given in the last meeting are not significant compared to the case where there is no time offset and frequency shift, if the correct tracking and post-FFT compensation are implemented.

· Observation 4: Among two options given in the last meeting, Option 2 may result in the worse CRS-IC performance compared to Option 1. But the difference is marginal.
And the implementations of tracking and post-FFT compensation under Option 1 and Option 2 are the same. Therefore, we think that either option would be feasible for the tests.
· Proposal: Either Option 1, i.e., (timing offset, frequency shift) = ([2.5~3]μs for both aggressor cells, [200Hz~300Hz]), where only considering the positive time offsets, or Option 2, i.e.,  timing offset between the aggressor cell and serving cell is in the range of [-3, 3]us, frequency offsets are between [-300, 300]Hz, is feasible.
4 Conclusion
In this contribution, we investigate the impacts of time offset and frequency shift on FeICIC CRS-IC demodulation performance. The following observations and proposals are provided.
· Observation 1: The interference signal on CRS RE-s in ABS could be accurately reconstructed by using the proper channel estimation method when the time offset in within –CP size to CP size and the frequency shift is within -300Hz to 300Hz.

· Observation 2: Minus time offset generally results in the increase of the noise floor from ABS. The noise floor increase on non-CRS RE-s in CRS symbols is relatively higher than that in CRS symbols. But the overall noise floor increase level is limited and the resulted impact on demodulation performance and CRS reporting accuracy would not be significant.

· Observation 3: The CRS-IC performance losses under positive and negative values of time offsets and frequency shifts given in the last meeting are not significant compared to the case where there is no time offset and frequency shift, if the correct tracking and post-FFT compensation are implemented.

· Observation 4: Among two options given in the last meeting, Option 2 may result in the worse CRS-IC performance compared to Option 1. But the difference is marginal.

· Proposal: Either Option 1, i.e., (timing offset, frequency shift) = ([2.5~3]μs for both aggressor cells, [200Hz~300Hz]), where only considering the positive time offsets, or Option 2, i.e.,  timing offset between the aggressor cell and serving cell is in the range of [-3, 3]μs, frequency offsets are between [-300, 300]Hz, is feasible.
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