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1
Introduction

In RAN1#69, good progress was made regarding quasi-colocated antenna ports with a good number of agreements on what the UE may assume about quasi-colocation  of antenna ports of the same type. On the other hand many issues are still outstanding. In this contribution we discuss the remaining issues of quasi-colocated antenna ports. Our simulation results are shown in the companion contribution [1]. The remaining aspects can be divided basically into two categories: quasi-colocation of antenna ports of the same type and quasi-colocation of antenna ports of different types. In Section 2 we deal with the first category while in Section 3 we discuss quasi-colocation of antenna ports of different types.
2
Quasi-colocation of antenna ports of the same type
In RAN1#69, it was already agreed that CRS ports can be assumed quasi-colocated with respect to all long-term properties, i.e. delay spread, received power, frequency shift, Doppler spread, and received timing within the serving cell. 

Regarding quasi-colocation of PDSCH DMRS antenna ports 7-14, two proposals were made:

1)
- DMRS for PDSCH may be assumed as quasi colocated within a subframe w.r.t to {delay spread, receiver power, frequency shift, Doppler spread, received timing}.
2) 
- DMRS for PDSCH may be assumed as quasi-colocated within PRG w.r.t to {delay spread, received power, frequency shift, Doppler spread, received timing}, 
- DMRS for PDSCH may not be assumed as quasi-colocated between different PRGs, w.r.t to any of properties {delay spread, received power, frequency shift, Doppler spread, received timing} 
A common FFT timing may be used by the UE for reception of non quasi-colocated DMRS ports according to Alt.2.
It was agreed to have alternative 1 as the baseline and left FFS whether alternative 2 is supported additionally. Also it was left FFS when this behaviour is used. Furthermore, the quasi-colocation of ePDCCH DMRS antenna ports is an open issue that has not been addressed yet.

Finally, CSI-RS were divided into two cases:
- 
For CoMP measurement set it was agreed that between CSI-RS resources CSI-RS ports 15-22 shall not be assumed quasi-colocated w.r.t delay spread, received power, frequency shift, Doppler spread and received timing. For CoMP measurement set, quasi-colocation assumptions for CSI-RS ports within a CSI-RS resource were not discussed yet.
-
For CoMP resource management set it was agreed that between CSI-RS resources CSI-RS ports 15-22 shall not be assumed quasi-colocated w.r.t delay spread, received power, frequency shift and Doppler spread. Whether received timing should be added to the list was left open. Also a working assumption was made that within a CSI-RS resource CSI-RS ports 15-22 may be assumed quasi-colocated w.r.t delay spread, received power, frequency shift, Doppler spread and received timing.
In the following we discuss each of the open topics.

2.1
Quasi-colocation of DMRS antenna ports
Regarding whether the UE may assume quasi-colocated PDSCH DMRS antenna ports only within each PRG or also between PRGs, the following observation was made and recorded in the chairman’s notes:

“Observation: support to alt.2 vs. alt.1 depends on trade-off between performance gain with frequency selective DPS and impact on channel estimation due to the more restrictive quasi co-location assumptions of alt.2 vs alt.1. More study is needed for agreement. Aspects related to UE complexity and testing complexity should be also considered.”

Indeed, alternative 2 is basically motivated by enabling frequency-selective dynamic point selection as opposed to wideband dynamic point selection only. Hence, the gains of frequency-selective DPS should be weighed against the loss caused by the impact of more restrictive quasi-colocation assumptions on demodulation performance as well as against the resulting UE complexity and testing complexity. 
In [1] we have shown our link-level results on the impact of DMRS-based timing estimation on PDSCH demodulation performance as well as system-level results on the gains of frequency-selective dynamic point selection compared to wideband dynamic point selection. The results are essentially showing that if DMRS-based timing estimation is restricted to PRG size subbands as opposed to allowing the UE to estimate timing across PRGs, there is a small additional loss. More importantly, the system-level results in [1] are very clearly showing that in presence of CQI errors, frequency-selective DPS performs in fact worse than wideband DPS even without additional loss caused  by worse timing estimation. Hence there is no need to restrict the estimation to within one PRG.
Observations:

· In presence of CSI errors, performance of frequency-selective DPS is worse than that of wideband DPS.

· Restricting PDSCH DMRS quasi-colocation assumption to within a PRG would imply additional loss.
· Restricting the quasi-colocation assumptions within one PRG is clearly not justified.

In case quasi-colocated PDSCH DMRS antenna ports could not be assumed by the UE between PRGs w.r.t some or all long-term properties, it makes sense to look a bit closer what is actually feasible from UE perspective and on the other hand what is actually needed, i.e. which long-term properties could be actually different in frequency-selective DPS scenarios.
· Delay spread: Clearly delay spread can be different if the transmissions on two PRGs are arriving from two different transmission points.
· Received power: Received power can also be different if the transmission on two PRGs is coming from two different transmission points. It should be noted that received power does not really impact channel estimation as long as the received power stays within practical limits set by for example AGC/ADC. It should further be noted that even with alternative 1, probably no assumptions should be made by the UE regarding received power as even within a PRG, two antenna ports can be received with a substantially different power for example in case of spatial multiplexing.
· Frequency shift: Typically the UE deals with frequency shifts by pre-rotating the received signal before FFT with a phase modulation corresponding to the frequency shift. If this is not done before FFT, it will cause inter-subcarrier interference which will require more complex post-FFT equalization. Obviously, doing such pre-FFT compensation with multiple different frequency shifts within one subframe (within one OFDM symbol) is not possible. In case different frequency shifts can not be assumed to be sufficiently close to each other, the UE would need to resort to complex post-FFT inter-subcarrier interference suppression algorithms which would not be feasible in practice. Thus it is our view that in any case the network should take care that frequency shifts are sufficiently small between the transmitting points such that the UE may assume only a single frequency shift.
· Doppler spread: Doppler spread happens mostly due to UE speed and local scattering close to the UE antennas. As such it can be considered quite independent of the physical transmission points from which the transmissions are coming. Hence Doppler spread could be assumed similar by the UE in our view.
· Received timing: Obviously received timing could be different in case the transmissions on two PRGs are arriving from two different transmission points.
Based on the results and discussion above, our proposal is as follows:

Proposal: DMRS antenna ports 7-14 may be assumed quasi-colocated within a subframe at least with respect to

-
Delay spread, frequency shift, Doppler spread, received timing.
Related to the ePDCCH DMRS antenna ports 107-110, it could also be envisioned that for instance DL and UL grants that are transmitted in different PRB pairs could be transmitted from different transmission points. On the other hand it was already agreed that for ePDCCH resource mapping the UE will need to be aware of the cell ID of the transmitting point, hence such operation would only be applicable under the serving cell anyway. However, UE reception of ePDCCH should be as robust as possible and it is highly undesirable to introduce additional uncertainties by restricting the quasi-colocation assumptions that the UE can make in ePDCCH reception. On the other hand it must be noted that multiple DL/UL grants transmitted to the UE may be transmitted in different PRB pairs and may be subject to for instance different ePDCCH power control. Therefore no assumptions about the received power should be made within a subframe. As a summary we propose:
Proposal: DMRS antenna ports 107-110 may be assumed quasi-colocated within a subframe with respect to

-
Delay spread, frequency shift, Doppler spread, received timing.
-
Due to ePDCCH power control, quasi-colocation w.r.t received power shall not be assumed.
2.2
Quasi-colocation of CSI-RS antenna ports 15-22
For CoMP measurement set, the outstanding issue is whether CSI-RS ports can be assumed quasi-colocated within one CSI-RS resource. Basically no specification support has been included so far for doing joint transmission CoMP within one CSI-RS resource, and in our view no additional specification support is needed also from the perspective of quasi-colocated antenna ports. Coherent joint transmission CoMP was already discussed during multiple past meetings and it was finally agreed not to specify inter-CSI-RS resource phase feedback in Release 11. The same issues for instance to propagation delays, imperfect synchronization and lost phase coherence apply also to this case, and therefore the benefits of this case in practical deployments can be questioned. This would also add to the test case count in RAN4. Hence we do not believe that RAN4 needs to consider this scenario for defining minimum performance requirements. However, we note that nothing is actually preventing from deploying CoMP in this way even if RAN4 does not define separate performance requirements for the case.

Proposal: For CoMP measurement set and CoMP resource management set, CSI-RS antenna ports 15-22 within a CSI-RS resource may be assumed quasi-colocated with respect to
· Delay spread, received power, frequency shift, Doppler spread, received timing.
The remaining issue for CoMP resource management set is whether CSI-RS ports 15-22 can be assumed quasi-colocated also w.r.t received timing between CSI-RS resources. This issue seems to relate to what kinds of algorithms are assumed to be used for CSI-RSRP measurement. Related to that, algorithms do exist that are robust towards timing errors of at least ±3 µs [2], and from that point of view it does not matter much what kind of assumptions can be made. Thus we have no strong view on this issue.
3
Quasi-colocation of antenna ports of different types

In RAN1#69, quasi-colocation of antenna ports of different types was not yet discussed. Again it makes sense to look at each of the long-term properties separately:
First, as has been already mentioned, Doppler spread is typically dependent mainly on the local scattering close to the UE as well as on the UE speed. These are not much dependent on the antenna port used for transmitting the signal. Hence quasi-colocation between antenna ports of different types could be assumed with respect to Doppler spread. In such case the practical reference for Doppler spread at the UE side would be CRS antenna ports 0-3.

Also, as was already discussed, UE can not compensate for multiple different frequency shifts and from that perspective, it should be possible for the UE to assume substantially similar frequency shift from all transmission points. For instance, the UE would need to be following serving cell CRS in each subframe anyway. If there is a substantially different frequency shift associated with a signal coming from a different antenna port in the same subframe, single FFT processing becomes difficult at the UE side. As another example, the UE might need to monitor ePDCCH in the subframe. Resource mapping of ePDCCH already mandates that the transmission has to come from the serving cell and hence also with the frequency shift associated with the serving cell. Having a signal with a different frequency shift in the same subframe would again make single FFT processing very complex at the UE side.Thus, quasi-colocation between antenna ports of different types could be assumed also with respect to frequency shift. A typical UE implementation would then utilize CRS antenna ports 0-3 as the reference. This also means that the network has to ensure sufficient frequency accuracy between the transmission points that may be transmitting to one particular UE.
On the other hand, received timing, delay spread and received power are all directly related to which transmission point is transmitting the signal. Hence quasi-colocation w.r.t. to these properties can not be always directly assumed. Especially, quasi-colocation of DMRS ports 7-14 or 107-110 and CRS ports 0-3 as well as quasi-colocation of CSI-RS ports 15-22 and CRS ports 0-3 may not be assumed by the UE with respect to these properties.
Observations: 
· Doppler spread is not highly dependent on the transmitting antenna ports.

· Depends mainly on the local scattering close to the UE and the UE speed.

· Network has to ensure sufficient frequency accuracy between transmission points transmitting to the UE within any subframe.
· UE has no practical means to compensate for multiple different frequency shifts within one subframe.
Hence our proposals are:

Proposals: 
· DMRS antenna ports 7-14 and 107-110 as well as CSI-RS antenna ports 15-22 may be assumed quasi-colocated with CRS antenna ports 0-3 with respect to frequency shift and Doppler spread.

· DMRS antenna ports 7-14 and 107-110 and CSI-RS antenna ports 15-22 shall not be assumed quasi-colocated with CRS antenna ports 0-3 with respect to delay spread, received timing and received power.

The final issue is what the UE may assume about quasi-colocation between DMRS antenna ports 7-14 or 107-110 and CSI-RS antenna ports. It has already been observed that there is a direct relation between these antenna ports as they typically map to the same physical antenna ports and are also directly linked in CSI feedback where the UE will need to assume PDSCH DMRS port –based demodulation when calculating CQI feedback using CSI-RS –based measurements. The main open question is whether the UE will rely on DMRS ports alone, or whether the UE may rely on estimating the long-term properties from CSI-RS and use those in demodulation.
Related to this, it has to be noted that for CQI purposes the UE will anyway have to estimate these statistics from CSI-RS. In particular, timing will have to be estimated so that the timing error can be compensated for before calculating the CSI. Otherwise CQI feedback could become mismatched compared to the actual demodulation where the UE will actually pre-rotate the signal using the estimated timing error. Obviously for channel estimation purposes some CSI-RS –based estimate of the delay spread needs to be available as well. Hence we observe that the UE will have the estimates available, the issue is merely telling the UE which CSI-RS resource can be taken as the reference, i.e. which ones of the available estimates can be utilized during demodulation.
Related to signaling of the CSI-RS resource reference, it was already agreed in RAN1#69 to introduce signaling of CRS positions of at least one cell to the UE. As described in [3], in our view this signaling is done such that each CSI-RS resource is associated with a set of CRS parameters and the UE is indicated by the DCI which CSI-RS resource is assumed to be transmitting. Hence exactly the same signaling can then be used also to indicate which CSI-RS resource should be assumed as timing reference in demodulation. Thus the signaling comes for free. To further illustrate this, the signaling table from [3] is copied here for reference, see Table 1.
Our simulation results in [1] clearly illustrate the benefits of the DCI signaling as almost perfect timing compensation is obtained in that case. In fact, without the signaling the performance loss due to timing errors may in fact totally offset the gains of wideband DPS. Hence from CoMP performance perspective, it seems of utmost importance to signal to the UE a robust timing reference that can be assumed in demodulation. On the other hand it is noted that also UE complexity is reduced since DMRS-based estimation of long-term channel properties is not needed.
Table 1. An example of the signaling that provides information about both CRS parameters as well as the CSI-RS resource reference for timing and delay spread estimation.

	State
	Non-zero-power CSI-RS resource reference
	Rate matching assumption
	UE assumption about quasi-colocated antenna ports

	00
	1st set of higher layer configured CSI-RS resources
	According to CRS parameters associated with 1st set of higher layer configured CSI-RS resources
	PDSCH DMRS assumed quasi-colocated with 1st set of higher layer configured CSI-RS resources

	01
	2nd set of higher layer configured CSI-RS resources
	According to CRS parameters associated with 2nd set of higher layer configured CSI-RS resources
	PDSCH DMRS assumed quasi-colocated with 2nd set of higher layer configured CSI-RS resources

	10
	3rd set of higher layer configured CSI-RS resources
	According to CRS parameters associated with 3rd set of higher layer configured CSI-RS resources
	PDSCH DMRS assumed quasi-colocated with 3rd set of higher layer configured CSI-RS resources

	11
	4th set of higher layer configured CSI-RS resources
	According to CRS parameters associated with 4th set of higher layer configured CSI-RS resources
	PDSCH DMRS assumed quasi-colocated with 4th set of higher layer configured CSI-RS resources


Hence we can summarize our observations as follows:

Observations:

· UE will need to estimate delay spread and timing from CSI-RS anyway. Hence the estimates are readily available at the UE side.

· Signaling CSI-RS reference to the UE provides clearly better performance than relying on DMRS alone in the estimation.

· Avoid offsetting potential CoMP gains by inaccurate timing estimation.
· The signaling also clearly simplifies UE implementation – the complexity of estimating long-term channel properties from DMRS is avoided.

· No additional overhead is necessarily required for the signaling.
Correspondingly, we propose:
· DMRS antenna ports 7-14 may be assumed quasi-colocated with antenna ports 15-22 according to DCI signaling with respect to delay spread and received timing.
· UE is signalled dynamically which configured non-zero-power CSI-RS resource is taken as the reference.
Finally, as pointed out already, robust reception of ePDCCH should be ensured and from that perspective there should be no need to rely on DMRS-based estimation of long-term properties prior to ePDCCH demodulation. On the other hand, spatial reuse of control channel resource is agreed as one motivation for introducing ePDCCH, hence CRS can not be taken as a reference for timing and delay spread. Furthermore, obviously dynamic signaling can not be used similarly to PDSCH to indicate CSI-RS resource reference. Our proposal is that as part of ePDCCH configuration the UE is configured by higher layers with a CSI-RS resource reference that can be used for timing and delay spread estimation.
Proposal:

· DMRS antenna ports 107-110 may be assumed quasi-colocated with antenna ports 15-22 according to higher-layer signaling with respect to delay spread and received timing.
· UE is signalled via higher layers which configured non-zero-power CSI-RS resource is taken as the reference.
4
Conclusions

In this contribution we have discussed the remaining issues on quasi-colocated antenna ports. Related to quasi-colocation of antenna ports of the same type, we have the following proposals:
Proposals:
· DMRS antenna ports 7-14 may be assumed quasi-colocated within a subframe at least with respect to

· Delay spread, frequency shift, Doppler spread, received timing.
· DMRS antenna ports 107-110 may be assumed quasi-colocated within a subframe with respect to
· Delay spread, frequency shift, Doppler spread, received timing.
· Due to ePDCCH power control, quasi-colocation w.r.t received power shall not be assumed.
· For CoMP measurement set and CoMP resource management set, CSI-RS antenna ports 15-22 within a CSI-RS resource may be assumed quasi-colocated with respect to
· Delay spread, received power, frequency shift, Doppler spread, received timing.

Related to quasi-colocation of antenna ports of different types, we have the following proposals:

Proposals: 
· DMRS antenna ports 7-14 and 107-110 as well as CSI-RS antenna ports 15-22 may be assumed quasi-colocated with CRS antenna ports 0-3 with respect to frequency shift and Doppler spread.

· DMRS antenna ports 7-14 and 107-110 and CSI-RS antenna ports 15-22 shall not be assumed quasi-colocated with CRS antenna ports 0-3 with respect to delay spread, received timing and received power.

· DMRS antenna ports 7-14 may be assumed quasi-colocated with antenna ports 15-22 according to DCI signaling with respect to delay spread and received timing.
· UE is signalled dynamically which configured non-zero-power CSI-RS resource is taken as the reference.
· DMRS antenna ports 107-110 may be assumed quasi-colocated with antenna ports 15-22 according to higher-layer signaling with respect to delay spread and received timing.
· UE is signalled via higher layers which configured non-zero-power CSI-RS resource is taken as the reference.
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