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1
Introduction

In this contribution we provide extensive results following the call-for-simulations which resulted from RAN1#59. The simulation parameters agreed during the subsequent e-mail reflector discussion are taken as baseline herein [13]. The structure of this contribution is as follows: in the first part we investigate the required CSI-RS density per antenna port from Rel’10 downlink SU-MIMO perspective (Stage-1), while in the second part we study the corresponding Rel’8 PDSCH puncturing performance impact (Stage-2).
2
Intra-cell CSI-RS densities 
The CSI-RS density of 2 REs per port for intra-cell operation seemed to be agreeable based on the outcome of the e-mail discussion on the topic. However consensus was not found during RAN1#59. CSI-RS proved once more to be a controversial issue while trying to reach agreement on the baseline simulation assumptions. Even though current agreed assumptions [13] could have been narrowed further down, we do believe they serve as a good starting point for progressing on the issue of intra-cell CSI-RS density. 
To simplify the discussion, the issue of CSI-RS may be tackled first where gaps need to be filled in Rel’10 specifications, that is for 8 Tx operation. In this case, one needs to design reference signal support for CQI/PMI/RI estimation at the UE for up to eight antenna ports. A critical design aspect, agreed during RAN1#59b is the placement of all reference signals coming from one eNB in the same PRB. 
Most of our analysis is conducted on reference signals patterns provided during the discussion over the e-mail reflector. Patterns for 8 Tx antennas are depicted in Figure 1. However, we do also compare the latter FDM patterns against the CDM proposals from [5] and [6]. 

The baseline CSI-RS reference patterns in Figure 1 have the following properties:
· FDM multiplexing, superior in our view to CDM multiplexing in frequency direction, the latter being subject to potential loss of orthogonality by exposing codes to frequency selectivity of the channel.
· Collision friendly placement: inline with mainstream view that PDCCH and Rel’8 CRS need to be avoided. Moreover, we also avoid the same OFDM symbols where Rel’9/10 DMRS are placed. This helps in allowing inter-cell blanking if so desired at later stage.
· The three considered densities of 1, 1.5 and 2 REs/port answer also the question of how CSI-RS should be spread in frequency. Apparently there is one trend that having holes in intra-cell CSI-RS allocation in frequency can aid inter-cell CSI-RS multiplexing. We do believe that such frequency-sparse CSI-RS placement has an impact on the PMI/CQI computation and the corresponding FDPS gains. Moreover, current findings suggest that in order to achieve CoMP gains one may need to create a large area of inter-cell orthogonal CSI-RS. This implies that large dudy cycle in frequency, PRB-wise, is needed for intra-cell CSI-RS, for example inter-cell CSI-RS can ocur evey 5 or 7 PRB in frequency. Such low density can severely compromise potential gains of joint-processing CoMP as well as of single-cell SU-/MU-MIMO. Hence, full band CSI-RS with a specific & constant spacing in frequency is a sound technical solution.
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Figure 1 Single cell 8Tx CSI-RS reference patterns – density choices: (a) 1 REs/port, (b) 1.5 RE/port (c) 2RE/port
3
Intra-cell CSI-RS performance
In this section we present downlink single-cell SU-MIMO performance results for CSI-RS patterns depicted in Figure 1 For 2 and 4Tx antennas we have considered the patterns presented in Stage-1 parameters [13]. We first analyze the achieved performance for separate MCS classes with link- and rank-adaptation disabled. In order to better facilitate the comparison of results we have considered the 10% BLER operation point and extracted the corresponding SNR levels accordingly. As the key question is the CSI-RS density itself, we have plotted the differences between x RE/port, x={1.5, 2}, vs. 1 RE/port density. Codebook-based and unquantized SVD feedback are considered, the latter providing us with an upper-bound on both DL SU-MIMO performance and feedback accuracy over CSI-RS. Detailed simulation assumptions are found in Appendix 1 and these are inline with agreed Stage-1 parameters [13]. Detailed throughput figures in various scenarios are depicted in Appendix 2. Selected results are presented below.

In Figure 2 we see the differences between 2RE/port and 1.5RE/port having as reference the 1RE/port operation. In low SNR regime one benefits from noise averaging and observes that 1 RE/port increase (i.e. 2 RE/port vs. 1 RE/port) brings around 0.8-0.9 dB performance improvement in case of SVD feedback. The gain diminishes in the high SNR regime. Performing precoding using a codebook shows the same trend, with lower improvements, as expected due to the lower sensitivity of PMI selection to inaccuracies in CSI estimation. Performance with link- and rank-adaptation enabled is depicted in Figure 3, from which similar conclusions can be drawn wrt. previously analysis with separate MCS.
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Figure 2. 8x2, one stream transmission. Left figure: 3GPP TU channel, 3 km/h; Right figure: SCM-XP, 3km/h.
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 Figure 3: 8x2 rank and link adaptation throughput. Left figure: SVD precoding, right figure: CB precoding.

In Appendix 3 we present CDM based CSI-RS patterns as proposed in [5] and [6].Performance results in Figure 14 indicate slightly worst performance of CDM patterns when comparing to the FDM patterns operating on the same CSI-RS density. This slight performance degradation comes from the fact that the codes, which run in frequency, are suffering in frequency selective channels.
 4
CSI-RS performance impact on Rel’8

The second aspect in CSI-RS design is their impact to Rel’8 transmissions, and minimizing losses in legacy UE performance is widely acknowledged among the 3GPP community. This is the purpose of Stage-2 investigations. The considered simulation assumptions are found in Appendix 4, and these are aligned with agreed parameters in [13].

Despite thorough investigations conducted on the topic by multiple companies, we first take yet another look at the impact of CSI-RS puncturing to Rel’8 PDSCH demodulation performance considering the worst case of a single subframe with 8 CSI-RS ports. Detailed BLER vs. SNR link level curves are provided in Appendix 5 for the whole set of Rel’8 MCS and the three considered CSI-RS densities. Rel’8 performance without CSI-RS puncturing serves as reference. From the figures therein, one undoubtedly notices the presence of error floors for high MCSs. However, a good eNB implementation will proceed to proper downscaling of CQI for mitigating the losses incurred by CSI-RS puncturing, which has been already acknowledged by several companies. Figure 4 illustrates such link adaptation/downscaling where the MCS index maximizing the throughput is plotted as a function of the SNR. One can infer from the figure that the loss in throughput due to CSI-RS puncturing gets significant in the high SNR regime but interestingly the optimum MCS index is rather insensitive to the CSI-RS density itself. Highest MCS classes are not selected and hence these should not be utilized if one attempts at maximizing legacy throughput in CSI-RS subframes. One ends up operating legacy UEs on a subset of MCS indices over which the CSI-RS density has only little impact. Therefore 2 RE/port density with up to 8 CSI-RS ports has tolerable Rel’8 legacy impact from this perspective.
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Figure 4. Throughput based MCS selection chart for various number of RE/port.

While the previously presented worst case of a single subframe with 8 CSI-RS ports shows similar MCS classes impact for all tree considered densities, same trend can be observed if one considers smart link adaptation. In the next simulation setup we have been assuming a radio frame of 10 ms, while in the first subframe CSI-RS transmission is performed. Link adaptation is performed in a way to mitigate the impact of CSI-RS puncturing when this happens: the MCS level selected during punctured subframe results from downscaled MCS level of normal transmission. In Figure 5 we present the throughput result of this type of transmission. Similar performance is observed for the three simulated CSI-RS densities. HARQ enabled results are presented in Figure 6.

[image: image9]
Figure 5. Averaged throughput over one radio frame (10 ms) for various number of RE/port, HARQ disabled.

[image: image10]
Figure 6. Averaged throughput over one radio frame (10 ms) for various number of RE/port, HARQ enabled.

5
Conclusions

In this contribution we have answered the call-for-simulation results with respect to required intra-cell CSI-RS densities. Our main findings and proposals are summarized as follows:

· 2 REs per CSI-RS port per PRB are confirmed as offering the best performance in support of intra-cell DL SU-MIMO in LTE Rel’10.
· 2 REs per CSI-RS port per PRB are confirmed as having tolerable impact to Rel’8 legacy performance.
· FDM should be further considered for CSI-RS multiplexing.

· CSI-RS transmission should be full bandwidth and confined in the same sub-frame both from intra- and inter-cell perspective.
· Our preferred pattern choices are depicted in Table 1.
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Appendix 1 – Stage-1 simulation parameters

Table 1 Simulation assumptions
	Parameter description
	Value / Comment

	Carrier frequency
	2 GHz

	Transmission bandwidth
	5 MHz

	eNB antenna configuration
	8 Tx uncorrelated and
8 Tx cross-polarized with 0.5 lambda spacing

	
	4 Tx uncorrelated

	
	2 Tx uncorrelated

	UE antenna configuration
	2 Rx uncorrelated

	Channel model
	3GPP-TU or SCM

	UE velocity
	3 km/h

	PDCCH / PDSCH configuration
	3 / 11 OFDM symbols per subframe

	Scheduling in time
	Scheduling in every downlink sub-frame

	Channel coding (PDSCH)
	Rel-8 turbo coding

	Number of allocated PRB
	4 PRB (contiguous allocation)

	MCS, HARQ & link adaptation
	Baseline: Separate MCS (QPSK-1/2, 16QAM-1/2, 64QAM-1/2), no HARQ, no link adaptation

	
	Additionally: Rel-8 MCS, HARQ & link adaptation enabled 

	Detector
	MMSE for rank>1, otherwise MRC

	Precoding/feedback granularity 
	2 PRB

	Transmit precoding/feedback
	8-Tx: 
Baseline-1: codebook with effective size of 6-bit, to be selected by each company
Baseline-2: unquantized SVD


	
	4-Tx: Rel-8 codebook / unquantized SVD

	
	2-Tx: Rel-8 codebook / unquantized SVD

	Transmission rank
	Rank-1 

	
	Rank-2 

	Common reference signal configuration
	2 port Rel-8 CRS in every sub-frame

	CSI-RS allocation
	Full bandwidth, single sub-frame

	CSI-RS duty cycle configuration
	10 ms interval.

	CSI-RS density
	Alt1: 1 RE/PRB/port

	
	Alt2: 1.5 RE/PRB/port

	
	Alt3: 2 RE RE/PRB/port

	
	CSI-RS overhead included in PDSCH throughput calculation

	CQI/PMI reporting delay modeling
	Minimum delay of five subframes between time of computation at UE and use for precoding at eNodeB 

	CSI-RS reference patterns 
	Reference pattern shown in Figure 1 and additional CDM patterns

	Channel estimation for CQI/PMI selection
	Ideal CSI for CQI/PMI selection (reference case)

	
	Channel estimation over CSI-RS for CQI/PMI selection

	Channel estimation for demodulation
	Ideal channel estimation over DM-RS

	Simulation output
	PDSCH throughput vs. SNR. 
10% BLER if link adaptation is used in addition to the baseline


Appendix 2 – Performance of simulated densities
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 Figure 7: 8x2 one stream throughput. Left figure: SVD precoding, right figure: CB precoding.
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Figure 8: 4x2 one stream throughput. Left figure: SVD precoding, right figure: CB precoding.
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Figure 9: 2x2 one stream throughput. Left figure: SVD precoding, right figure: CB precoding.
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Figure 10: 2x2 one stream link adaptation throughput. Left figure: SVD precoding, right figure: CB precoding.
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Figure 11: 4x2 one stream link adaptation throughput. Left figure: SVD precoding, right figure: CB precoding.
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Figure 12: 8x2 one stream link adaptation throughput. Left figure: SVD precoding, right figure: CB precoding.
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Figure 13: 8x2 one stream throughput, SCM-XP configuration. Left figure: SVD precoding, right figure: CB precoding.

Appendix 3 – CDM patterns and performance 
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 Figure 14: CDM pattern proposals: (a) left: Motorola’s CSI-RS as in [5], (b) right: CATT’s CSI-RS as in [6].
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 Figure 15: 8x2 rank and link adaptation throughput, comparison of reference patterns and CDM proposals. Left figure: SVD precoding, right figure: CB precoding.

Appendix 4 – Stage-2 simulation parameters

Table 2 Simulation assumptions

	Carrier frequency
	2 GHz

	Transmission bandwidth
	5 MHz

	eNB antenna configuration
	Rel-8 configuration : 2 Tx uncorrelated (i.e. 2 CRS for legacy UEs)

	
	Rel-10 configuration: 8 Tx uncorrelated

	
	 

	UE antenna configuration
	2 Rx uncorrelated

	Channel model
	3GPP-TU

	UE velocity
	3 km/h

	PDCCH / PDSCH configuration
	3 / 11 OFDM symbols per subframe

	Scheduling in time
	Scheduling in every downlink sub-frame

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

	Number of allocated PRB
	4 PRB (contiguous allocation)

	MCS, HARQ & link adaptation
	Rel-8 MCS, HARQ & link adaptation enabled

	
	

	Detector
	MRC

	Precoding/feedback granularity 
	N/A

	Transmit precoding/feedback
	2-Tx Rel-8 SFBC transmit diversity

	
	

	
	 

	Transmission rank
	Rank-1

	
	

	Common reference signal configuration
	2 port Rel-8 CRS in every sub-frame

	CSI-RS allocation
	Full bandwidth, single sub-frame

	CSI-RS duty cycle configuration
	10 ms interval is the baseline

	CSI-RS density
	Alt1: 1 RE/PRB/port

	
	Alt2: 1.5 RE/PRB/port

	
	Alt3: 2 RE RE/PRB/port

	
	 

	CQI/PMI reporting delay modeling
	No delay

	CSI-RS reference patterns
	Same CSI-RS patterns used for stage-1 

	Channel estimation for CQI/PMI selection
	Channel estimation over Rel-8 CRS for CQI/PMI selection 

	
	 

	Channel estimation for demodulation
	Realistic channel estimation over Rel-8 CRS

	Simulation output
	Rel-8 PDSCH throughput vs. SNR, with 10% BLER target; 
or BLER for a given MCS.


Appendix 5 – BLER performance vs. SNR
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Figure 16: SFBC 2x2 BLER performance. Left figure: performance without puncturing, right figure: performance assuming 1 RE/port (black: QPSK; blue: 16QAM; red: 64QAM Rel’8 MCSs).
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Figure 17: SFBC 2x2 BLER performance. Left figure: performance assuming 1.5 RE/port, right figure: performance assuming 2RE/port (black: QPSK; blue: 16QAM; red: 64QAM Rel’8 MCSs).
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