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1. Introduction
 In RAN4 #64bis, several companies presented simulation results for DM-RS PDSCH demodulation performance when there is timing or frequency error between CRS and DM-RS antenna ports in non-colocated antenna deployment scenarios. Based on the observation from initial simulation results, refined simulation assumptions were agreed as summarized in [1]. In this contribution, we present simulation results for timing and frequency error in non-colocated antenna prots deployment. 

2. Simulation conditions
2.1. Antenna ports quasi-colocation assumption
 In the simulation, we assume UE behavior B of antenna ports quasi-colocation assumption as described in RAN1 LS [2]. In behavior B, CRS, CSI-RS, and PDSCH DMRS shall not be assumed as quasi co-located wrt {Delay spread, Doppler spread, Doppler shift, Average gain, 
Average delay} with the following exception: PDSCH DMRS and a particular CSI-RS resource indicated by physical layer signalling may be assumed as quasi co-located wrt {Delay spread, Doppler spread, Doppler shift, Average delay}. Thus, UE can track timing or frequency offset and other large-scale channel properties from CSI-RS resources and apply that information when linkage between DM-RS PDSCH and particular CSI-RS is indicated in PDCCH. We also simulated demodulation performance of UE that falsely assumes colocation of CRS and DM-RS antenna ports even when behaviour B is configured by network.
 Simulation configuration follows reference deployment model in RAN1 LS [2] as illustrated in Figure 1. Following is assumed in the simulation. 
· CRS is transmitted only from TP1
· CSI-RS and DM-RS/PDSCH are transmitted only from TP2
· Channel from TP1 and TP2 are independent but have same delay and Doppler spread. 

· Downlink signal from TP1 and TP2 have timing error and/or frequency error between them. 
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Figure 1: Reference deployment. Each point transmits DMRS only when PDSCH is transmitted from that point.
2.2. Simulation assumption
 Simulation assumptions are listed in Table 1, which are subset of agreed simulation assumption in [1]. It should be noted that performance of both behaviour A and B are evaluated to highlight the effect of wrong UE behaviour. 

Table 1: Simulation assumption for RAN4#65

	Parameters
	Proposals

	System bandwidth
	· 10MHz

	Transmission mode
	· TM9 rank 1 transmission on port 7

	Antenna configuration
	· 2x2

	Number of CRS ports
	· 2

	Number of CSI-RS
	· 2 CSI-RS ports
· CSI-RS period = 5ms

	MCS
	· QPSK 1/3 : MCS 4

· 16-QAM 1/2 : MCS 13

· 64QAM 3/4 : MCS 26

	Allocated PRBs
	· 50 / 3 

	precoding
	· 2 Tx random precoding 

	Max HARQ transmission
	· 4

	Channel model
	· EPA / EVA / ETU 
· Low correlation

· Doppler frequency = 5Hz

	Scenarios
	· UE Behaviour A

· UE Behaviour B

	Timing offset (us)
	· [-2,2], step size 0.5 us 

	Frequency error (Hz)
	· [0,200], step size 50Hz  

	Timing error compensation
	· CSI-RS based one-shot frequency offset estimation
· post-FFT timing error correction by tone-wise phase rotation 

	Frequency error compensation
	· DM-RS based one-shot frequency offset estimation

· post-FFT frequency offset correction by symbol-wise phase rotation


UE operation in behaviour B can be summarized as

· UE tracks timing and frequency using CRS. Frequency offset correction before FFT and FFT window timing are determined from timing and frequency error information tracked via CRS. 

· Frequency error between CRS and DM-RS is estimated using DM-RS. One shot estimation is used since inter-SF filtering is not always allowed for DM-RS.
· Timing error between CRS and DM-RS is estimated using linked CSI-RS. One shot estimation is used in the simulation but estimation performance can be enhanced by time domain filtering, which would be particularly required for smaller system bandwidth. 

· Single FFT implementation is assumed and only post-FFT timing and frequency error correction is applied. No attempt is made to remove ICI/ISI introduced by FFT in the presence of large timing or frequency error. 
On the other hand, UE operation in behaviour A is same as Rel-10 UE operation, wherein timing and frequency are tracked by CRS and no extra effort is made to remove possible timing and frequency error between CRS and DM-RS antenna ports. 
3. Simulation results and discussion
3.1. Effect of timing error

 When UE is configured in behavior B, UE can track timing error between CRS and CSI-RS and apply that error information when scheduling of linked DM-RS PDSCH is signaled via PDCCH. In behavior A, UE will not try to correct timing error between CRS and DM-RS antenna ports and only rely on CRS-based timing tracking. There are three factors that can affect PDSCH demodulation performance when there is timing difference between CRS and DM-RS antenna ports.
· Assuming single FFT implementation, ISI/ICI introduced during FFT due to timing error represents unavoidable noise floor. The amount of ISI/ICI is determined by FFT window timing determined from CRS-based timing tracking, delay spread of channel and amount of timing offset between CRS and DM-RS antenna ports. 
· Demodulation performance is also affected by sensitivity of DM-RS channel estimation to timing error in received channel. If channel estimation filter coefficient design is very sensitive to delay spread and timing of actual received channel, larger performance degradation will be observed when there is a mismatch. In behavior B, the amount of mismatch would be residual timing error after compensating timing error measured from CSI-RS. However, in behavior A, mismatch would be timing error between CRS and DM-RS antenna ports introduced by non-colocated transmission and would be much larger than mismatch in behavior B. 
· In behavior B, accuracy of CSI-RS based timing estimate is crucial to post-FFT timing offset compensation. Since processing gain is reduced with smaller system bandwidth, estimation performance will be worse for smaller system bandwidth. Since CSI-RS is periodically transmitted by eNB, UE can rely on time domain filtering to have better timing error estimate. 
 Simulation results for UE behavior A in the presence of timing error are illustrated in Figure 2. Simulation results for only 50 RB allocations are presented here since PRB allocation size does not affect performance. What can be observed from the simulation results are
· Effect of positive and negative timing offset is more or less same for EPA channel. This is because ISI/ICI due to timing error is negligible for EPA channel while the effect of timing offset on DM-RS channel estimation is similar for positive and negative timing offset. 
· Negative timing offset causes larger performance degradation than positive timing offset in EVA and ETU channel especially for 64-QAM 3/4. In EVA and ETU channel, timing error is now causing ISI/ICI since multi-path taps are not fully contained within CP in the presence of timing offset. It’s like taps with more energy falls out of CP when there is negative timing offset. 
· Performance degradation in EPA/EVA channel is more severe than in ETU channel. 
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Figure 2. Performance of behavior A UE under timing offset between CRS and DM-RS antenna ports
 Simulation results for UE behavior B in the presence of timing offset are illustrated in Figure 3. Simulation results for only 50 RB allocations are presented here since PRB allocation size does not affect performance. What can be observed from the simulation results are

· For EPA and EVA channel, there is no performance degradation due to timing error. 
· For ETU channel, performance degradation is observed for 16-QAM ½ and 64-QAM ¾ when there is negative timing offset larger than 1us. 
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Figure 3. Performance of behavior B UE under timing offset between CRS and DM-RS antenna ports

3.2. Effect of frequency error
 When UE is configured in behavior B, UE can track frequency error between CRS and CSI-RS and apply that error information when scheduling of linked DM-RS PDSCH is signaled via PDCCH. However, in general, CSI-RS is not suitable for frequency offset estimation by itself. Since adjacent OFDM symbols for CSI-RS are CDM-spread when number of CSI-RS ports is larger than one, they cannot be used for frequency offset estimation. Furthermore, CSI-RS subframes are separated by at least 5ms and allow estimation of frequency offset only up to +/-100Hz, which is not enough. Thus, in this contribution, we consider DM-RS based frequency offset tracking. Time domain filtering is not attempted since DM-RS is available only when PDSCH is scheduled to the UE. Using both CSI-RS and DM-RS could also be considered for frequency offset tracking but it is not considered in this contribution. In behavior A, UE will not try to correct frequency error between CRS and DM-RS antenna ports and only rely on CRS-based frequency tracking. 

There are three factors that can affect PDSCH demodulation performance when there is timing difference between CRS and DM-RS antenna ports.
· Assuming single FFT implementation, ICI introduced during FFT due to frequency error represents unavoidable noise floor. The amount of ICI is solely dependent on frequency offset between CRS and DM-RS antenna ports since frequency offset measured from CRS is compensated by pre-FFT phase rotation. 
· Demodulation performance is also affected by sensitivity of DM-RS channel estimation to frequency error in received channel. 
· In behavior B, accuracy of DM-RS frequency offset estimation is crucial to post-FFT frequency error compensation. Since DM-RS is available only in SF where PDSCH is transmitted only over allocated PRBs, frequency offset estimation performance would be dependent on PDSCH scheduling. Worst case would be when smallest number of PRBs are allocated in isolated PDSCH transmission. 
 Simulation results for UE behavior A in the presence of timing error are presented in Figure 4. Simulation was run for both 50 RB and 3 RB PDSCH allocations. Only EPA5 low correlation channel was considered since effect of frequency error is same across different channel profiles. What can be observed from the simulation results are
· Frequency offset up to 200Hz causes performance degradation of around 1dB for QPSK 1/3. However, larger degradation is observed for 16-QAM ½ or 64-QAM ¾. Especially for 64-QAM ¾ with 50 RB allocation, UE cannot tolerate even 50Hz offset. 50 RB allocations are more sensitive to 6 RB allocations due to larger TB size.  From the simulation results, it is obvious that wrong UE behavior in non-colocated antenna ports scenario cannot provide acceptable demodulation performance. 

Simulation results for UE behavior B in the presence of frequency offset are illustrated in Figure 5. Simulation was run for both 50 RB and 3 RB PDSCH allocations. What can be observed from the simulation results are

· With DM-RS based frequency offset estimation and post-FFT compensation, there is no performance degradation up to 200Hz even for 64-QAM ¾. 
· One shot DM-RS based frequency offset estimation works well even for 3 PRB allocations. 
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Figure 4. Performance of behavior A UE under frequency offset between CRS and DM-RS antenna ports
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Figure 5. Performance of behavior B UE under frequency offset between CRS and DM-RS antenna ports
4. Conclusion 
 In this contribution, we provided simulation results for non-colocated antenna ports deployments and investigated the effect of timing and frequency offset for proper and wrong UE operation. We recommend to take these simulation results into account in the discussion for non-colocated antenna ports test design. 
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