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1. Introduction
In order to support LTE-Advanced components such as up to eight layer MIMO and CoMP, additional reference signals (RS) have to be defined. Although the details of the RS design still require further study, the RS design framework agreed in RAN1 #56bis gives some guidance. There is however still a need for progressing the issue further and in particular addressing the somewhat controversial issue of CSI RS design. This contribution therefore brings up a number of discussion points related to CSI RS including comparing signaling overheads for different choices concerning CSI RS.

2. CSI RS Framework Design Goals

The design of the CSI RS framework needs to fulfill a number of goals in order to provide for efficient system operation. Potential design goals include

· Full use of all PAs

· Minimize overhead

· Interference measurability

· RS interference for CoMP

A main issue seems to be whether Rel-8 CRS is allowed to be used for CSI measurements and if so under what circumstances Rel-8 CRS may be used.  Before going into details it is noted that in general it seems natural to expect that the use of Rel-10 CSI has a better chance of fulfilling all the above design goals than Rel-8 CRS as the latter was designed without any LTE-Advanced operation in mind. To so why this is indeed the case, the design goals are discussed one by one in the following subsections.

2.1. Possibility to Fully Exploit all PAs

The downlink control channels rely on the up to four Rel-8 cell-specific RS. When more than 4 Tx antennas is present, antenna virtualization techniques have to be used to map the RS to all the antennas in order to more fully utilize the available power amplifiers (PAs). This is an issue also for 4 Tx and less since reducing overhead is an important reason for why the number of Rel-8 antenna ports needs to be kept low in LTE-Advanced friendly scenarios. Even the use of only 1 Rel-8 antenna port and relying on the new Rel-10 RS design should therefore be supported. 

Antenna virtualization includes standard transparent techniques such as small delay CDD or even broad beams. The UE is thus not aware of whether antenna virtualization is used or not on these antenna ports since the antenna virtualization is tacitly absorbed into the channel estimates of the corresponding antenna ports. At the same time, the transmission from the eNodeB is likely to target the actual channel and not a transformed, virtualized version of it. In other words, the PDSCH transmissions, including its associated UE specific RS would not pass through the antenna virtualization transform. The UE feedback should therefore reflect the actual channel as opposed to including virtualized channels. Note that this is also in line with the text in the TR36.814 which only mentions complementary use of Rel-8 RS in conjunction with demodulation RS. In any case, further discussions seem to be needed before it can be concluded that possibility for such re-use of Rel-8 antenna ports is needed. 

Using for example small delay CDD to perform antenna virtualization on antenna ports 0 and 1 would mean that those antenna ports see a higher frequency-selectivity than the actual channel. This will degrade the performance of precoding since its ability to track the channel variations is hampered, requiring potentially much higher overhead to compensate for the increased frequency-selectivity. Even worse would be to partly use Rel-8 antenna ports 0—3 as well as new Rel-10 antenna ports for CSI RS. This would destroy the channel properties that normally are to be expected such as similar long-term delay spread on all antenna ports, similar path-loss, spatial correlation properties etc. Those kinds of channel properties may thus not be possible to exploit for e.g. efficient compression of the CSI feedback.

Observation

· Baseline is that UE measurements for CSI feedback are not to be performed using Rel-8 antenna ports in combination with Rel-10 CSI antenna ports (no mixed use of Rel-8 CRS and Rel-10 CSI RS for CSI measurements)

· Re-use of Rel-8 antenna ports FFS

· FFS whether possible to solely use Rel-8 antenna ports 0 — 3 for CSI feedback measurements when total number of CSI antenna ports per cell equals the number of configured Rel-8 antenna ports.

2.2. Minimize Overhead

An RS design requiring as little overhead as possible is clearly attractive. Table 1 illustrates the overhead as a function of the number of cell specific (CS) antenna ports, N, visible to the UE for CSI measurements when all subframes are normal subframes (i.e., no MBSFN subframes)
. The overhead is calculated for three different alternative system configurations assuming normal cyclic prefix:

1. Rel-8 cell specific RS for CSI and demodulation: Only Rel-8 CRS are used, i.e., there are N such RS configured in the cell for CSI measurements as well as for demodulation.

2. Rel-8/9 cell specific RS for CSI and UE specific for demodulation: N  Rel-8 CRS and 1 or 2 UE specific RS (according to the decision in [2], the overhead is 12 REs regardless of 1 or 2 UE specific RS)

3. Rel-10 optimized: 1 Rel-8 CRS and 1 or 2 UE specific RS and N Rel-10 CSI RS. The CSI RS is taken to be 1/840 per CSI RS antenna port in accordance with [2]. This is a configuration aiming at minimal overhead while making use of the new Rel-10 CSI RS for CSI measurements so as to support multiple antennas per sector,.

The table makes it obvious that for N = 4 antenna ports using 4 Rel-8 CRS in conjunction with UE specific RS leads to high overhead. It is roughly 5% worse than using only 2 Rel-8 CRS and it is 8.5 – 9.6% worse than the Rel-10 optimized configuration. The question is really if 4 Rel-8 CRS is an attractive configuration at all. In general it is noted that the Rel-10 optimized configuration has rather constant overhead and is on par with the configuration giving smallest overhead but using Rel-8 CRS for measurements, i.e., the Rel-10 CSI RS antenna ports induce negligible extra overhead. 

Observation

· Rel-10 CSI RS antenna ports induce negligible overhead

· 4 Rel-8 CRS together with UE specific RS leads tos high overhead

Table 1: RS Overhead for various configurations assuming normal cyclic prefix.
	
	Overhead [%]

	#UE CSI measurement antenna ports
	N  Rel-8 CRS
	N  Rel-8 CRS  + 1/2 DRS
	1  Rel-8 CRS + 
1/2 DRS + 

N Rel-10 CSI RS

	N = 1
	4.76
	11.9
	12.0

	N = 2
	9.52
	16.7
	12.1

	N = 4
	14.3
	21.4
	12.4

	N = 8
	-
	-
	12.9


Obviously, the overhead depends on the number of MBSFN subframes in which PDSCH transmission is allowed. This offers a possibility to reduce the overhead penalties associated with Rel-8 CRS. Thus, from an overhead perspective, it could be claimed that Rel-8 CRS could be used instead of Rel-8. Note however that there are a number of issues that in several cases limit the gains in practice of solely relying on this approach

· Maximum number of MBSFN subframes in a radio frame is only 6 out of 10

· The MBSFN subframes may be occupied with MCH transmissions for Rel-9/10 UEs

· Interference measurability of Rel-8 CRS in control region (discussed more in detail below)

· Full use of PA resources as explained above

Thus, although the decided use of MBSFN subframes for PDSCH transmissions appears attractive, it does not automatically imply that it is straightforward to rely on Rel-8 CRS for CSI measurements. 

2.3. Interference Measurability

For link adaptation and scheduling, the channel quality is needed at eNodeB. This includes knowledge about the channel strength as well as interference plus noise.  For a Rel-8 UE to estimate interference it typically measures the received signal on REs containing the cell specific RS for antenna ports 0 –3. This has been demonstrated to lead to problems with pessimistic CQI in networks with low load, which in turn leads to substantial performance degradations in user throughput [3] (c.f. [4]
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[5]). The core of the problem relates to the fact that Rel-8 CRS suffers from RS to RS interference, interference which is not present on the REs associated with the PDSCH. Even if frequency shifted RS is used, the RS to RS interference is much stronger than the interference the PDSCH sees resulting in highly pessimistic CQIs. The introduction of Rel-10 CSI RS however enables the pessimistic CQI problem to be taken into account in the RS design. 

As previously mentioned, an approach for reducing overhead associated with the use of Rel-8 CRS is to exploit PDSCH transmissions in MBSFN subframes. When it comes to interference measurability, such an approach appears not to be straightforward since the remaining CRS is transmitted within the control region and consequently would measure a lot of interference coming from PDCCH transmissions instead of the actual interference which is dominated by PDSCH transmissions. Note that the transmission characteristics of PDCCH and PDSCH are likely to be widely different, in terms of transmission covariance as well as in power. 

Observation

· Difficult to use CSI measurements in MBSFN subframes relying on Rel-8 CRS

· Interference measurement would reflect the interference situation in the control region as opposed to the interference in the data region

2.4. Minimize RS Interference for CoMP

T has been claimed that there are a number of issues with Rel-8 CRS in conjunction with CoMP. In particular, because of different RS shifts in the different cells in the CoMP cooperating set, interference between PDSCH and Rel-8 CRS may be severe [6]. Several different remedies are possible. Nevertheless, if Rel-8 CRS turns out to indeed be problematic in this respect, this would provide further indication that Rel-8 CRS are not designed with CoMP in mind and hence it appears risky to let the RS design framework rely on them. Instead, minimizing the use of Rel-8 CRS by using as many MBSFN subframes as possible would reduce the potentially detrimental impact on CoMP. 

Observation

· Why be artificially forced to rely on the presence of Rel-8 CRS if it turns out to be problematic to combine with CoMP?

3. The Two Way Forwards
The RS design framework was heavily discussed in RAN1 #56bis meeting. The discussions culminated with two way forwards on the RS design framework [7]
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[8]. They were in many ways identical except for the controversial part related to CSI RS. This section compares the two CSI RS alternatives in the two way forwards. 

· Alternative 1 [7]:
Strives for using the new CSI RS only when there are 8 antenna ports configured for CSI measurement in the cell. Otherwise the Rel-8 CRS is used for CSI measurements

· In the case of 8 antenna ports for CSI measurements, there appears to be several alternatives possible:

· CSI measurements rely only on Rel-10 CSI RS corresponding to Table 2 (Alternative 1a)

· Re-use of Rel-8 CRS mixed with the use of Rel-10 CSI RS as exemplified in Table 3 (Alternative 1b)

· Alternative 2 [8]: This alternative have things in common with Alternative 1a, but also allows the use of the new CSI RS for measurements on 4 and 2 antenna ports. The possible configurations are presented in Table 4 and the highlighted entries represent configurations that differ from Alternative 1a

Table 2:
Alternative 1a

Reference signals used for CSI measurements. 

#antenna ports for CSI measurements: NCSI
#Rel-8 CRS configured in the cell: NRel-8 CRS

	
	NCSI = 1
	NCSI = 2
	NCSI = 4
	NCSI = 8

	NRel-8 CRS = 1
	1 Rel-8 CRS
	-
	-
	8 Rel-10 CSI RS

	NRel-8 CRS = 2
	-
	2 Rel-8 CRS
	-
	8 Rel-10 CSI RS

	NRel-8 CRS = 4
	-
	-
	4 Rel-8 CRS
	8 Rel-10 CSI RS


Table 3: 
Alternative 1b

Reference signals used for CSI measurements
#antenna ports for CSI measurements: NCSI
#Rel-8 CRS configured in the cell: NRel-8 CRS

	
	NCSI = 1
	NCSI = 2
	NCSI = 4
	NCSI = 8

	NRel-8 CRS = 1
	1 Rel-8 CRS
	-
	-
	1 Rel-8 CRS, 

7 Rel-10 CSI RS

	NRel-8 CRS = 2
	-
	2 Rel-8 CRS
	-
	2 Rel-8 CRS,

6 Rel-10 CSI RS

	NRel-8 CRS = 4
	-
	-
	4 Rel-8 CRS
	4 Rel-8 CRS,

4 Rel-10 CSI RS


Table 4: 
Alternative 2

Reference signals used for CSI measurements
#antenna ports for CSI measurements: NCSI
#Rel-8 CRS configured in the cell: NRel-8 CRS

	
	NCSI = 1
	NCSI = 2
	NCSI = 4
	NCSI = 8

	NRel-8 CRS = 1
	1 Rel-8 CRS
	2 Rel-10 CSI RS
	4 Rel-10 CSI RS
	8 Rel-10 CSI RS

	NRel-8 CRS = 2
	-
	2 Rel-8 CRS
	4 Rel-10 CSI RS
	8 Rel-10 CSI RS

	NRel-8 CRS = 4
	-
	-
	4 Rel-8 CRS
	8 Rel-10 CSI RS


As seen, alternative 1a/1b does not make use of Rel-10 CRS except for 8 antenna ports for CSI measurement. This also implies that for 1, 2 and 4 CSI antenna ports, the possible benefits of instead relying on Rel-10 CSI RS for measurement are not achieved. As apparent from the discussion on RS design goals above, there are several benefits with the use of a CSI RS design explicitly targeting the LTE-Advanced applications. Out of Alternative 1a and 1b, the latter has the additional disadvantage of relying on mixed re-use of Rel-8 CRS and Rel-10 CSI RS for 8 configured CSI antenna ports, thus making antenna virtualization techniques enabling full use of PA power difficult.

Observation

· Alternative 1a/1b does not give possibility to enjoy benefits of a CSI RS design specifically targeting LTE-Advanced applications except for 8 CSI antenna ports configured in the cell

· Alternative 1b in addition particularly problematic as full use of PA power is challenging

From PA balance point of view, alternative 2 is more attractive. It allows fewer Rel-8 CRS to be configured than the number of CSI antenna ports and hence the Rel-8 CRS can be virtualized and mapped onto a larger antenna array without affecting the CSI feedback. Alternative 2 also appears more attractive from an overhead perspective, giving the opportunity to avoid the high overhead case of 4 Rel-8 CRS together with UE specific RS. Instead, one Rel-8 CRS can be configured leading to the Rel-10 optimized configuration of Table 1.

Regardless of Alternative 1a/1b or 2, the need for supporting Rel-10 CSI feedback for the cases of NCSI = NRel-8 CRS does not appear clear at this stage. If multiple antennas per transmission point turn out to be a prerequisite for reasonable CoMP gains then NCSI = 1 could be ruled out. Configuring 4 Rel-8 CRS in conjunction with UE specific RS seems to punish Rel-10 CoMP UEs with rather large overhead. On the other hand 2 Rel-8 CRS might be reasonable to maintain support for Rel-8 UEs.

 Proposal

· Support CSI measured on 8 Rel-10 CSI RS for the case of 8 antenna ports configured for CSI measurements

· Support measurements on 4 Rel-10 CSI RS for the case of 4 antenna ports configured for CSI measurements.

4. Conclusions
This contribution outlines some refinements on the agreed framework for RS design for LTE-Advanced. The discussions above are summarized as 

· Baseline is that UE measurements for CSI feedback are not to be performed using Rel-8 antenna ports in combination with Rel-10 CSI antenna ports
· Re-use of Rel-8 antenna ports FFS

· FFS whether possible to solely use Rel-8 antenna ports 0 — 3 for CSI feedback measurements when total number of CSI antenna ports per cell equals the number of configured Rel-8 antenna ports.
· Support CSI measured on 8 Rel-10 CSI RS for the case of 8 antenna ports configured for CSI measurements

· Support measurements on 4 Rel-10 CSI RS for the case of 4 antenna ports configured for CSI measurements.
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� It will become clear from the discussion to follow why it might be problematic to rely on MBSFN subframes.





