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1
Introduction
During RAN4#62bis, the discussion continued on geographically separated antennas and focused on UE performance impacts [1], while RAN4 was awaiting a response from RAN1 to the LS in [2]. During RAN1#68bis, the latter LS got discussed and RAN1 issued a first reply in [3] which clarifies the exact meaning of colocated antennas: a new definition of “quasi-colocated antennas” was agreed in order to avoid any implication on the geographical location of the antennas. Quasi-colocated antennas were defined as follows:
“If two antenna ports are “quasi-colocated”, the UE may assume that large-scale properties of the signal received from the first antenna port can be inferred from the signal received from the other antenna port”.

Above, the “large-scale properties” are understood to consist of some or all of:

· Delay spread 

· Doppler spread 

· Frequency shift

· Average received power 

· Received Timing

However the feedback to the questions in the LS [2] related to 1. quasi-colocation assumptions between CS/CSI-RS/DM-RS antenna ports and 2. most relevant scenarios in terms of antenna port deployments were left unanswered and discussion will continue during RAN1#69. 
In this contribution we analyse UE impacts of quasi-colocation/non-quasi-colocation between given pairs of antenna ports. The focus is on UE timing for demodulation/CSI determination which is seen as one of the most critical aspects to consider.
2
Discussion

In Section 2.1 we start by clarifying the UE impacts of non-quasi-colocated antenna ports focusing on Tx/Rx timing aspects for demodulation/CSI. In Section 2.2, similarly to reference [1], we discuss the feasibility of different assumptions on quasi- /non-quasi-colocation between pairs of antenna ports, and whether RAN4 needs to consider associated performance requirements or not.

2.1
UE impact of non-colocated antenna deployments
2.1.1
UE estimation of channel statistics

Obviously from network perspective the possibility to map logical antenna ports to any colocated or non-colocated physical antenna ports would provide more flexibility. However from UE implementation perspective this comes with a significant cost and may not even always be feasible. Up to LTE Release 10, UEs may be estimating statistics required for CSI-RS or UE-specific RS –based channel estimation from CRS due to implicit assumption of quasi-colocated antenna ports. At least the following channel statistics typically need to be estimated by the UE:

-
Delay spread of the channel (or equivalently frequency correlation properties);

-
Doppler spread of the channel (or equivalently time correlation properties);

-
Time and frequency error (fine time and frequency synchronization);

-
Signal-to-interference-and-noise ratio (SINR) or more generally interference covariance matrix for CSI feedback as well as for demodulation.

The above statistics allow the UE to parameterize its channel estimator such that the derived channel estimation filter coefficients match as close as possible the power-delay and Doppler profiles of the channel impulse response to be estimated. A critical aspect relates to above mentioned time and frequency tracking typically performed over reference signals: the estimated fine time and frequency synchronization parameters are typically taken into account when deriving CSI feedback or when performing demodulation.

Obviously channel statistics corresponding to antenna ports at different physical locations will be completely different: Different physical locations induce different propagation delays and hence different timing, possibly different frequency errors due to imperfectly synchronized oscillators and also potentially different propagation conditions. Hence, from this perspective the UE should, in the estimation of the statistics, only rely on antenna ports that can be safely assumed to be quasi-colocated. However, the complexity arises from the fact that some antenna ports have not been designed for estimation of such statistics due to the low density (CSI-RS) or limited available resources (DM-RS within 1 PRB). Hence without any assumptions about quasi-colocation of antenna ports, the estimation tasks at the UE side are made significantly more complex and may even go beyond feasible limits.

Observation:

· Estimation of channel statistics is made significantly more complex under the assumption of non-quasi-colocated antenna ports.
2.1.2
UE operation under single FFT timing assumption
In addition to the definition of quasi-colocated antennas, RAN1 agreed the following [3]:

“RAN1’s understanding is that a CoMP capable UE may operate with a single FFT timing per receive antenna port to perform all CSI and demodulation related operations. “

Some further clarifications seem necessary here before discussing the timing aspects further: Any UE, while receiving CoMP transmissions, would also have to, for instance, monitor serving cell common channels. This means that the single FFT timing per receive antenna has to always follow the serving cell timing, i.e. serving cell PSS/SSS and antenna port 0 timing. According to the above, a CoMP capable UE would perform all CSI and demodulation related operations using this single FFT timing. Since CSI-RS –based RRM measurements (CSI-RS RSRP) are intended for CoMP measurement set selection, and performing CoMP measurements on a CSI-RS resource that cannot be included in the CoMP measurement set due to timing offsets would not be very useful, we believe the UE should be able to assume the same single FFT timing also for CSI-RS RSRP measurements. Of course some CSI-RS resources will be then received with a time offset. It is noted that RAN4 is currently evaluating the impacts of such timing errors on CSI-RS RSRP accuracy.

Since there is only a single FFT timing that follows the serving cell timing, in many cases at least a subset of CSI-RS resources would be received with a timing offset (that is within the CP such that CSI estimation is still possible with the single FFT). Therefore, also CoMP transmissions from such CSI-RS resources will arrive at the UE with a timing offset. This is illustrated in Figure 1 where the pico cell serves as the serving cell whereas the macro cell (CSI-RS resource) is part of CoMP measurement set and the macro cell is also transmitting PDSCH to the UE. Since the UE follows the serving (pico) cell timing within its FFT window, the transmissions from the macro will arrive to the UE with a timing offset. In reference [4] the impact of such time offsets was investigated via link-level simulations and it was observed that even 1µs to 2µs time offsets (still within the CP) can cause significant loss in demodulation performance, especially for the high-order modulations frequently encountered in CoMP scenarios. This is due to the linear phase ramp in frequency created by the timing offsets which may cause raw channel estimates to combine non-coherently in the channel estimation filtering, hence ruining channel estimation performance. Typically the UE might adjust the timing before channel estimation and demodulation to compensate for such timing offsets (after the FFT), however if the UE is not aware of the correct timing, this cannot be done.

Observations:

· The single FFT timing at the UE side should follow serving cell PSS/SSS (and antenna port 0) timing.
· Also CoMP RRM measurements follow the same single FFT timing.

· E.g. CSI-RS RSRP.

· UE needs to be able track timing within CP after this single FFT before demodulation.

· Without proper timing adjustments there can be a significant performance loss.
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Figure 1: Illustration of the timing difference within the CP caused by propagation delays and transmit point synchronization inaccuracies. If not compensated, the time difference may cause significant performance loss [4].

2.2
Quasi-/non-quasi-colocation between antenna ports
In this section we discuss whether pairs of CRS, CSI-RS and DM-RS antenna ports may be assumed quasi-colocated or non-quasi-colocated by the UE, as well as the need for corresponding UE performance requirements. 
2.2.1
Common reference signals

During the study item on downlink MIMO enhancements, rank reporting in case of received power imbalances between antenna ports was studied as part of real-life issues of DL-MIMO. It was found out that some UEs cannot handle rank reporting properly in presence of such power imbalances, and in fact major throughput losses were observed in such deployments with distributed antennas for some UE implementations. Essentially, these measurement results show that deploying a shared cell ID network with CRS antenna ports 0-3 physically pulled apart does not make sense as long as there are Release 8/9/10 UEs connecting to it. In addition, proper support of non-quasi-colocated CRS ports would also require changes to e.g. RSRP definition in TS 36.214 that currently implicitly assumes quasi-colocated CRS ports. This would also require additional RAN1/RAN4 work.
On the other hand, in Release 11, network deployments with non-quasi-colocated antennas could be supported with CSI-RS and UE-specific RS –based operation. In this case, if the CRS antenna ports are kept quasi-colocated, also the legacy UEs are able to operate in the same network with good performance. As such there does not seem to be any strong need to additionally support non-quasi-colocated CRS antenna ports. 
Proposal:

· No UE performance requirements under the assumption of non-quasi-colocated CRS ports.

2.2.2
CSI-RS

RAN1 has agreed that multiple CSI-RS resources can be configured to the UE for purposes of supporting multi-point CSI feedback for CoMP. Hence by definition, CSI-RS ports corresponding to different CSI-RS resources cannot be assumed quasi-colocated by the UE. A subset of CSI-RS resources may also exhibit additional time offset within the CP compared to PSS/SSS timing that would require correction at the UE for proper CSI estimation. RAN4 may start the corresponding work on UE performance requirements (e.g. CSI) under CoMP work item once feedback is received from RAN1 on the most relevant deployment scenarios. On the contrary, the antenna ports within one CSI-RS resource need to be assumed as quasi-colocated and RAN4 should not work on additional UE performance requirements assuming larger than currently allowed 65ns time alignment error between ports – similar reasoning is made in reference [1].
Proposals:
· RAN4 may investigate UE performance requirements (CSI) for CoMP under non-quasi-colocated CSI-RS resources once feedback on the most relevant deployment scenarios is received from RAN1.
· A subset of CSI-RS resources may exhibit additional time offset within the CP compared to PSS/SSS timing.

· No UE performance requirement under the assumption of non-quasi-colocated CSI ports within one CSI-RS resource.

2.2.3
DM-RS

CSI-RS and UE-specific RS are inherently linked and this linkage is visible in the specification, that is, in CQI reference resource definitions already in Release 10. Essentially this relates to the fact that when reporting CSI feedback, UE will need to assume UE-specific RS –based demodulation for the transmissions done using CSI-RS antenna ports. Hence in CSI feedback, UE implicitly has to assume quasi-colocation between the CSI-RS resources assumed to be transmitting according to the transmission scheme assumed in CQI calculation and the UE-specific RS ports. However, in practice the eNB might choose the transmitting CSI-RS resources (points) even on PRB pair level, and this may be transparent to the UE. 
Observations:

· In CSI feedback UE has to make an assumption about the quasi-colocation of CSI-RS and DM-RS.
· On the other hand, the network may choose freely the transmitting CSI-RS resources (points).
If the UE would have the information about transmitting CSI-RS resources, obviously timing could be based on CSI-RS timing measurements. The problem may still be, as mentioned, that UE might not always be aware of the exact transmitting CSI-RS resources on every PRB pair. We emphasize not knowing a proper timing reference in CoMP demodulation could compromise the usefulness of the whole feature of CoMP transmission. Hence we essentially identify two options: 
1. First option is that CSI-RS are allowed to be used as a timing reference, essentially meaning that the UE would assume quasi-colocation between a certain CSI-RS resource and the UE-specific RS used for transmission. We note that the timing estimation range is readily halved compared to CRS due to 12 subcarrier spacing instead of 6 subcarrier spacing. This would practically limit CoMP deployments to cases where the timing differences are within half of the CP. Additionally, due to low density the noise suppression capabilities are highly reduced which would significantly impact timing estimation performance especially when system bandwidth is low. Some signalling would also be needed to inform the UE about which CSI-RS resource can be used as timing references. Note that RAN1 has not yet discussed control signaling for CoMP.
2. Second option is that the UE only relies on UE-specific RS. In this case the UE will either have to estimate the timing from only 12 samples of UE-specific RS per PRB, or rely for instance on a uniform PDP –based channel profile assumption in channel estimation. Either way, significant performance loss is expected due to the limited number of samples that can be used for timing estimation, or due to the highly pessimistic assumption about the large-scale channel characteristics.
Estimating the required statistics at PRB pair level, including timing, from UE-specific RS seems rather infeasible. We also note that deriving timing for DM-RS demodulation from CRS is not feasible either in CoMP operating dynamic point selection (DPS) scheme in scenario 4 where CRS are transmitted in an SFN fashion.
Observations:

· PRB level timing estimation over DM-RS is practically not feasible;
· CSI-RS may lack the required density, especially for proper time tracking.
· UE needs to be aware of which timing reference to use in demodulation.

In terms of RAN4 work, we practically see the possibility of developing performance requirements only for the cases where the UE knows the transmitting CSI-RS resources. Then it would be up to the network to take care of the cases where UE is not aware of exact transmitting CSI-RS resources (also for this case it should be defined which timing the UE should assume). 
Proposals:

· RAN4 can only consider UE demodulation requirements for CoMP demodulation under DM-RS if the UE knows the transmitting CSI-RS resources. 
· UE needs to be informed about the transmitting CSI-RS resources.

· If CSI-RS are to be used as a timing reference, it is noted that the timing estimation range is readily halved and noise suppression capabilities are reduced compared to CRS. This would practically limit CoMP deployments to cases where the timing differences are within half of the CP.
2.2.4
Potential requirement scenarios

Finally, Table 1 below summarizes potential RAN4 requirement scenarios for non-quasi-colocated antenna ports discussed throughout this contribution.
Table 1: Summary of potential requirement scenarios for non-quasi-colocated antenna ports
	
	CRS
	CSI-RS
	DM-RS

	CRS
	No UE requirements assuming non-quasi-colocated CRS ports
	
	

	CSI-RS
	Conditioned on input from RAN1 on most relevant scenarios: UE CSI requirements with time offset within the CP wrt. FFT timing derived from PSS/SSS. (accuracy/range of timing derived from CSI-RS needs to be checked)
	No UE requirements under non-quasi-colocated CSI-RS within the same CSI-RS resources
	

	DM-RS
	No UE requirements (no use case in Rel-11 of demodulation of DM-RS and UE CSI feedback over CRS)
	UE demodulation requirements possible only if UE is signalled a reference for timing (accuracy/range of timing derived from CSI-RS needs to be checked) 


3
Conclusion
In this contribution we analysed the UE impacts of quasi-colocation/non-quasi-colocation between given pairs of antenna ports. The focus was mainly on UE timing for demodulation/CSI determination which is seen as one of the most critical aspects to consider. First, we summarize the observation we made:

Observations:
· The single FFT timing at the UE side should follow serving cell PSS/SSS (and antenna port 0) timing.
· Also CoMP RRM measurements follow the same single FFT timing.

· E.g. CSI-RS RSRP.

· UE needs to be able track timing within CP after this single FFT before demodulation.

· Without proper timing adjustments there can be a significant performance loss.
· In CSI feedback UE has to make an assumption about the quasi-colocation of CSI-RS and DM-RS.
· On the other hand, the network may choose freely the transmitting CSI-RS resources (points).
· Estimation of channel statistics is made significantly more complex under the assumption of non-quasi-colocated antenna ports:
· PRB level timing estimation over DM-RS is practically not feasible;
· CSI-RS may lack the required density, especially for proper time tracking.
· UE needs to be signalled which timing reference to use in demodulation.
Finally, the following proposals were made in terms of requirement scenarios:
Proposals:
· No UE performance requirements under the assumption of non-quasi-colocated CRS ports.
· RAN4 may investigate UE performance requirements (CSI) for CoMP under non-quasi-colocated CSI-RS resources once feedback on the most relevant deployment scenarios is received from RAN1.

· A subset of CSI-RS resources may exhibit additional time offset within the CP compared to PSS/SSS timing.
· No UE performance requirement under the assumption of non-quasi-colocated CSI ports within one CSI-RS resource.

· RAN4 can only consider UE performance requirements for CoMP demodulation under DM-RS if the UE knows the transmitting CSI-RS resources. 

· UE needs to be informed about the transmitting CSI-RS resources.

· If CSI-RS are to be used as a timing reference, it is noted that the timing estimation range is readily halved and noise suppression capabilities are reduced compared to CRS. This would practically limit CoMP deployments to cases where the timing differences are within half of the CP.
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