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1. Introduction

CSI-RS are transmitted into the data region of normal/MBSFN subframes [9] with configurable periodicity in terms of an integer number of subframes. Whenever they puncture Rel’8 PDSCH, CSI-RS result in additional interference Rel’8 UEs are not aware of which degrades the link quality to some extent. Provided that such performance degradation can be kept at tolerable level, it was shown in [10] that Rel’8 UEs could still be scheduled in CSI-RS subframes. Some other companies have argued in favour of reducing the Rel’8 impact and thus advise setting the maximum allowable CSI-RS density per subframe to e.g. 8 RE/PRB or even lower figure. Two or more (consecutive) subframes are then necessary in case all eight CSI-RS ports are active, and potentially even more if more orthogonal CSI-RS ports are needed for CoMP purpose [5]. The argument for splitting CSI-RS into multiple subframes has thus been that it minimizes the impact to Rel’8 UEs, however all evidence presented so far on this issue relies on link performance studies at subframe level only. This contribution goes beyond the pure link level analysis in order to get insight on the potential impact of CSI-RS puncturing to LTE Rel’8 from a system perspective.

2. CSI-RS design principles and Rel’8 impact 
Current 3GPP guidelines regarding CSI-RS design refer to allowed overhead and CSI-RS operation as follows:
· Estimates of RS overhead for evaluations (figures assume normal CP)

· CSI-RS overhead of 1/840=0.12% per antenna port (8 antenna ports = 0.96%)

· Possibility of assuming a larger/lower overhead in simulations of CSI-RS is not precluded (e.g. a larger time density)

· Example:

· Time density: 1 symbol every 10ms per antenna port: 1/140 

· Frequency density: 1 subcarrier every 6 subcarriers per antenna port: 1/6

· Possibility to configure the periodicity of CSI RS transmissions in terms of an integer number of subframes. 

· Possible to use LTE-Advanced features without any LTE-Advanced subframes

· Cell specific CSI RS possible to transmit in normal, Rel-8, subframes.

· Studies on CSI RS impact on PDSCH transmissions to Rel-8 UEs for various RS densities needed

Minimizing the impact of CSI-RS to LTE Rel’8 transmission has been widely acknowledged among the 3GPP community [1]
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[2]
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[4]. It has been also mentioned that proper link adaptation at eNB can help mitigating the performance degradation [1] due to puncturing the REs for CSI-RS. CSI-RS densities per subframe investigated at link level so far lie within the boundaries of the above agreement on CSI-RS overhead. The above way forward was originally drafted aiming at eight CSI-RS ports sustaining 8-by-x single-cell spatial multiplexing. Relying on this agreement for CoMP CSI-RS design and trying at the same time to ensure a flexible CoMP measurement set providing sufficient CSI-RS orthogonality might prove to be two conflicting goals. 
One recognized CoMP prerequisite is accurate channel measurements for the cells in the CoMP measurement set. While the size of the measurement set and cooperation area remain open for investigation and are not addressed in this paper, current studies [11][12] indicate that the number of cells having orthogonal CSI-RS has to be larger than the size of the CoMP measurement set itself. This leads to the principle of inter-cell orthogonal CSI-RS multiplexing. In the following, we consider from Rel’8 puncturing point of view two main alternatives serving this purpose.
Alternative 1: Inter-cell CSI-RS multiplexing can be achieved by adding a TDM component for the CSI-RS transmission between the cells [5], [6], [7], [8]. This implies that each cell (or small subset of the measured cells) sends CSI-RS in one subframe, while in order to increase the size of the set of cells with orthogonal CSI-RS (reuse cluster), other cells are allowed to transmit CSI-RS in next subframes, leading to a duty cycle of several consecutive subframes until the UE captures the channel information from the entire CoMP measurement set, as depicted in Figure 1 below. While a certain cell transmits CSI-RS, the other cells within the reuse cluster do not transmit anything on corresponding CSI-RS resources, which is referred to as nulling. The latter ensures inter-cell orthogonality and thus lower interference experienced by CSI-RS among the cells of the CoMP measurement set. CSI-RS impact on Rel’8 UE operation is depicted in Figure 2 where the Rel’8 serving cell operation is considered. From this perspective, Rel’8 UE suffers from the whole CSI-RS duty cycle, from both full and nulled CSI-RS transmission. Additionally, this multiplexing alternative is essentially same as the TDM option discussed in [11] but across the subframe boundary and therefore inherits the corresponding pros and cons.
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Figure 1: TDM operation of orthogonal inter-cell CSI-RS transmission. In the worst case CoMP UE has to wait for a duty cycle of four subframes until it captures channel information from the entire measurement set.
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Figure 2: From Rel’8 UE perspective operating in cell 1. TDM operation of orthogonal inter-cell CSI-RS transmission, considering a periodicity of 10ms for the CSI-RS subframe. Solid colour represents CSI-RS transmission for two cells, hash subframes represent nulling at CSI-RS reserved REs within the cell of interest.  

Rel’ 8 performance impact: Alternative 1 will impact Rel’8 PDSCH performance in four consecutive subframes. Link simulation studies (see results in Appendix 3) show that nulling has only slightly lower impact to Rel’8 compared to puncturing, and should then be avoided as well.
Rel’10 impact to CoMP configured UEs: As already mentioned, it will take in this example up to four consecutive subframes for the Rel’10 UE to capture the whole CSI information, introducing unnecessary delay negatively impacting CQI/CSI reporting accuracy and hence CoMP transmission itself. Furthermore in the worst case the UE has to measure in four consecutive subframes which will also impact UE battery consumption negatively considering that otherwise it might be possible to turn the receiver off in some of the subframes.
Alternative 2: Another inter-cell CSI-RS multiplexing can be achieved by allowing the transmission of orthogonal (and non-orthogonal) CSI-RS from all cells in CoMP measurement set in the same single subframe. 
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Figure 3: CSI-RS transmission with orthogonal CSI-RS ports in the same single subframe for all cells in measurement set (solid colour), considering a periodicity of 10ms for the CSI-RS subframe. 

Rel’ 8 performance impact: Based on link simulations, Alternative 2 will have worse Rel’8 impact compared to Alternative 1 in the first subframe, however, other subframes do not suffer here any performance degradation which intuitively leads to better overall performance. This is further confirmed by our analysis of the system level impact.
Rel’10 impact to CoMP configured UEs: Rel’10 CoMP UEs acquire the whole multi-cell CSI information at once, which further minimizes overall CSI/CQI reporting delays and optimizes UE battery consumption.
In both approaches the tight overhead requirement and puncturing impact on Release 8 prove to be challenging. Next section provides insight to the overall Rel’8 performance impact at the system level.
3. Impact of CSI-RS puncturing at system level 
In this section we present performance results for several considered CSI-RS multiplexing schemes. For a fair comparison between the considered schemes one should keep the same number of cells transmitting orthogonal CSI-RS within the reuse cluster which translates naturally to the same overall number of resources reserved for CSI-RS (for either actual transmission or nulling purposes). It was assumed that cells are all equipped with two transmit antennas and two REs per port were considered as density for CSI-RS resources.
Considered radio frame configurations:

Two reference cases are provided, as depicted in Figure 4. We consider the normal Rel’8 transmission with no CSI-RS transmission, as shown in Figure 4 (a). When CSI-RS subframe is transmitted, eNB does not simply schedule any Rel’8 UE in that specific subframe, this is considered in Figure 4 (b).
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Figure 4: (a) Reference case of Rel’ 8 transmission without CSI-RS puncturing. (b) Reference case with a single blanked CSI-RS subframe (no Rel’8 UE scheduled) followed by Rel’8 transmission without CSI-RS puncturing.
Two approaches for CSI-RS transmission are depicted in Figure 5 below assuming a reuse cluster of four cells with orthogonal CSI-RS ports: (a) CSI-RS for all four cells is transmitted at once in a single subframe and (b) is a TDM version with smaller CSI-RS density per subframe.
[image: image5.png]8REs

Nulling
BRES

16 RES puncturing

BRE puncturing +
1XBRES nulling




Figure 5: Four cells with orthogonal CSI-RS ports. Top (a) figure represents 16 REs CSI-RS density, while bottom (b) figure represents 8 REs and a consecutive subframe containing 8 nulled REs.
In Figure 6 the reuse cluster comprises of eight cells with orthogonal CSI-RS ports. Similarly, (a) CSI-RS transmission in a single subframe and (b) a TDM version with smaller CSI-RS densities per subframe are considered.
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Figure 6: Eight cells with orthogonal CSI-RS ports. Top (a) figure represents 32 REs CSI-RS density, while bottom (b) figure represents 8 REs and three consecutive subframes each containing 8 nulled REs.
Simulation methodology:

Simulation methodology is as follows (see Appendix 1 for further details). A 2x2 SFBC transmission is considered for Rel’8 UEs. Depending on the inter-cell multiplexing scheme, CSI-RS reserved positions are either punctured by a CSI-RS (QPSK) symbol or nulled. Both impact Rel’8 PDSCH performance. Simulated CSI-RS patterns are shown in Appendix 2 while the corresponding link-level performance (BLER vs. SNR) is depicted in Appendix 3 for normal transmission (no CSI-RS), as well as for CSI-RS puncturing or nulling with given density. Link adaptation is performed in a way to mitigate the impact of CSI-RS puncturing/nulling: the MCS level selected during punctured/nulled subframes results from downscaled MCS level of normal transmission.
The average throughput performance over the radio frame is depicted in Figure 7 for each of the CSI-RS multiplexing schemes described in Figure 5, Figure 6 as well as the reference cases in Figure 4. Then, we perform a cross-analysis with data obtained from system level simulations. To this end, we link the average throughput performance (which is function of the SINR) with the SINR distribution of the users in the cell obtained from system level studies. The probability density function (p.d.f) of the SINR in 3GPP simulation case 1 in Figure 14 (Appendix 4) has been selected for this purpose. No frequency dependent scheduling is applied. As a result, the cumulative density function (c.d.f.) of the cell throughput is derived in Figure 8 for each of the considered CSI-RS configurations as well as for the reference cases. The cell throughput c.d.f. provides us with a more realistic view on the impact of CSI-RS puncturing/nulling at the system level than with the picture we get from pure link simulations at subframe level only. 

A zoom around the 90% percentile (see Figure 9) allows us to make a first comparison between the two reference cases, i.e. <no puncturing, no blanking> vs. <no puncturing, 1x blanked>. In other words one looks here at LTE Rel’8 performance without any kind of puncturing versus the one with a scheduler decision of not scheduling Rel’8 UEs to the CSI-RS subframe or, equivalently, masking it as MBSFN transmission. Not using one subframe leads obviously to throughput loss and potentially additional impact from the scheduling restriction itself. We further compare subframe arrangements for 4 cells as shown in Figure 5. Slightly better performance is observed for orthogonal CSI-RS transmission in one subframe compared to the TDM counterpart scheme. When considering the subframe arrangement of Figure 6, where a reuse cluster of 8 cells is formed, the same behaviour is observed in a much more pronounced way, that radio frame arrangements comprising of smaller number of punctured subframes lead to better overall system performance. In other words, while being more harmful at subframe level, higher CSI-RS density per PRB is more beneficial from system perspective wrt. TDM multiplexing schemes as seen from the performance gains: TDM CSI-RS multiplexing shows losses because it incurs impact to Rel’8 in multiple subframes. With proper link adaptation, transmitting CSI-RS at once in a single subframe exhibits some gain over the reference case in Figure 4 (b) making it thereby a more attractive solution to e.g. blanking one subframe. Also, the latter yields a better solution in the high SNR region to puncturing multiple subframes. For completeness, we provide a set of results for Rel’8 rank-1 codebook-based closed-loop precoding in Appendix 5. Similar conclusions can be drawn on the basis of these results.
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Figure 7: Averaged throughput over one radio frame (10 ms). 
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Figure 8: Throughput cdf assuming G factor distribution of 3GPP case 1. 
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Figure 9: Zoom in the 90% percentile area of the throughput cdf. 

4. Discussion
Several important observations can be drawn based on the analysis in this contribution:

· Throughput gains can be obtained by allowing LTE Rel’8 transmissions in CSI-RS subframes. Higher losses are to be expected if one lets CSI-RS subframe unscheduled.
· Allowing orthogonal inter-cell CSI-RS transmission in one subframe provides better performance compared to TDM multiplexing with smaller CSI-RS puncturing density. Hence, at system level, the ratio of punctured vs. normal subframes matters more than the per-subframe CSI-RS density itself.

· The results indicate that CSI-RS puncturing densities of 8, 16 or even 32 REs per PRB per subframe are sustainable from Rel’8 performance perspective. As we show in few companion contributions [12]

 REF _Ref244938695 \r \h 
[13], 24 REs can be a good compromise for both CoMP and single cell operation.
These important observations add on top of simplified channel estimation implementation as CSI acquisition spanning multiple-subframe is avoided. This also minimizes delays in CSI/CQI reporting and optimizes UE battery consumption related to performing CSI measurements. 
Moreover, allowing TDM of inter-cell CSI-RS transmission leads to inter-cell phase measurement errors due to residual UE frequency errors that are left after frequency correction. The RAN4 requirement for UE transmit frequency accuracy (serving as one representative value on frequency correction accuracy) is currently 0.1 ppm. Simple calculations based on this value show that having CSI-RS in different subframes may destroy any hopes about achieving phase coherence in JP-CoMP as the inter-cell channel reports will already contain mismatched phase information.
5. Conclusions

In this paper we investigated the impact of CSI-RS puncturing to Rel’8 PDSCH performance from broader perspective (overall system vs. subframe level impact). Several CSI-RS pattern densities and radio frame configurations have been considered. On the basis of provided simulation results, we propose:

· All CSI-RS to be confined in a single periodically transmitted subframe.
· If RAN1 concludes that CSI-RS overhead has to be increased in order to enhance CoMP performance, higher overheads than currently agreed figures are sustainable from Rel’8 puncturing perspective.
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Appendix 1 – Simulation assumptions
Table 1 Simulation assumptions

	Parameter description
	Value / Comment

	Transmission bandwidth
	5 MHz

	eNB antenna configuration
	2 Tx

	UE antenna configuration
	2 Rx

	Channel model, UE velocity, spatial correlation
	3GPP TU – 3 km/h, spatially uncorrelated

	Transmit diversity/precoding scheme
	1. SFBC
2. Rel’8 rank-1 codebook-based closed-loop precoding

	Common reference signal configuration
	Two ports Rel’8 CRS

	CSI-RS patterns & densities
	See Appendix 2

	CSI-RS boosting
	Power boosting applied for 16RE CSI-RS pattern. Otherwise none.

	PDCCH / PDSCH configuration
	2 / 12 OFDM symbols per subframe

	Number of allocated PRBs
	6 (contiguous allocation)

	Channel coding (PDSCH)
	Rel’8 turbo coding, CBRM

	Modulation & code rate
	MCS classes from LTE Rel’8 specifications.

	HARQ
	Disabled 

	Link adaptation
	Enabled

	Detector
	MRC

	Channel estimation for demodulation
	2D realistic channel estimation on 1 subframe Rel’8 CRS


Appendix 2 – Simulated CSI-RS patterns
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Figure 10: CSI-RS puncturing patterns. For the 16 REs FDM pattern, power boosting was applied for the four modelled REs transmitting CSI-RS.

Appendix 3 – BLER performance vs. SNR
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Figure 11: SFBC 2x2 BLER performance. Left figure: performance without puncturing, right figure: performance assuming 8 RE CSI-RS puncturing (black: QPSK; blue: 16QAM; red: 64QAM Rel’8 MCSs).
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Figure 12: SFBC 2x2 BLER performance. Left figure: performance assuming 8 RE CSI-RS nulling, right figure: performance assuming 16 RE CSI-RS puncturing (black: QPSK; blue: 16QAM; red: 64QAM Rel’8 MCSs).
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Figure 13: SFBC 2x2 BLER performance assuming 32 RE CSI-RS puncturing (black: QPSK; blue: 16QAM; red: 64QAM Rel’8 MCSs).
Appendix 4 – G distribution for 3GPP case 1
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Figure 14: G distribution for 3GPP case 1.
Appendix 5 – Results for codebook-based rank-1 precoding
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Figure 15 Averaged throughput over one radio frame (10 ms).
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Figure 16 Throughput cdf assuming G factor distribution of 3GPP case 1.
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Figure 17 Zoom in the 90% percentile area of the throughput cdf.
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