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1 Introduction
In LTE Advanced (LTE-A) systems, CSI-RS is responsible for providing LTE-A UEs with a reliable signal for estimating channel state information which supports enhanced multi-antenna technologies such as Single-user MIMO (SU-MIMO), Multi-user MIMO (MU-MIMO), and Coordinated Multipoint (CoMP) transmission. While CSI-RS plays an important role in the operation of enhanced antenna technologies for LTE-A UEs, it is a source of interference on Release 8 and 9 LTE UEs since it is punctured into the data region without LTE UEs’ knowledge.

For the above reasons, CSI-RS must be carefully designed considering two aspects which form a trade-off relation:

· Performance of LTE-A UEs

· Performance degradation of LTE UEs

Therefore, CSI-RS must be designed such that it provides sufficient performance enhancement for LTE-A UEs while limiting the performance degradation of LTE UEs to an acceptable level. In order to achieve this goal, RAN1 agreed upon a simulation setup consisting of two stages to evaluate both aspects of CSI-RS. The first stage is intended to evaluate the performance of LTE-A UEs for different CSI-RS densities, patterns, and duty cycles. The second stage is intended to evaluate the performance degradation on LTE UEs in the presence of CSI-RS for different CSI-RS densities, patterns, and duty cycles.
In this document, Stage 1 and Stage 2 results are provided for nine CSI-RS patterns, three of which are the CSI-RS reference patterns for CSI-RS evaluation shown in Figure 1.
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Figure 1. Three CSI-RS reference patterns discussed within RAN1 for the purpose of CSI-RS evaluation. Three CSI-RS patterns are in the order of pattern 1, pattern 2, and pattern 3.

In addition to the CSI-RS patterns shown in Figure 1, six additional CSI-RS patterns were evaluated. The six additional CSI-RS patterns can be obtained by transmitting CSI-RS using the patterns shown in Figure 2 once every N PRBs (N=1, 2, or 3). Some considerations made for designing patterns in Figure 2 are listed below:
· All the CSI RS ports are mapped in each OFDM symbol for maximal power boosting.

· Time-frequency staggering is applied for better resolution.

· K CSI RS REs for K different antenna ports are maximally separated in 12 subcarriers within an RB to minimize performance degradation of Rel-8 transmissions, where K=2, 4 and 8.

· To reduce performance degradation to Rel-8 SFBC, CSI RS are placed in 2 consecutive REs where SFBC pair is not formed as much as possible. 
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Figure 2. Basic patterns used to generate additional CSI-RS patterns.

One of the basics patterns shown in Figure 2 is transmitted once every N PRBs. Therefore, for every N PRBs, only 1 PRB has CSI-RS in it while the other N-1 PRBs do not. Patterns 4, 5, and 6 transmit CSI-RS using the basic pattern shown in the left part of Figure 2 once every 1, 2, and 3 PRBs, respectively. Patterns 7, 8, and 9 transmit CSI-RS using the basic pattern shown in the right part of Figure 2 once every 1, 2, and 3 PRBs, respectively.

We see benefits of having N>1, some of which are listed below:

· No performance degradation on legacy UEs if those UEs are scheduled on PRBs without CSI-RS
· Allow inter-cell orthogonal patterns in the same PRB, 
· Beneficial for CoMP channel estimation as CoMP cells’ channels can be measured in a single subframe.
· Beneficial for TDD because in the number of DL subframes is small in some TDD configurations.
The nine CSI-RS patterns used in this document can be summarized as shown below.
Table 1. Summary of evaluated CSI-RS patterns.

	
	Description
	Density (REs per port)

	CSI-RS Pattern 1
	A reference pattern by the RAN1 moderator
	1

	CSI-RS Pattern 2
	A reference pattern by the RAN1 moderator
	3/2

	CSI-RS Pattern 3
	A reference pattern by the RAN1 moderator
	2

	CSI-RS Pattern 4
	Left part of Figure 2 once every 1 PRB
	1

	CSI-RS Pattern 5
	Left part of Figure 2once every 2 PRB
	½

	CSI-RS Pattern 6
	Left part of Figure 2 once every 3 PRB
	1/3

	CSI-RS Pattern 7
	Right part of Figure 2 once every 1 PRB
	2

	CSI-RS Pattern 8
	Right part of Figure 2 once every 2 PRB
	1

	CSI-RS Pattern 9
	Right part of Figure 2 once every 3 PRB
	2/3


This document provides the simulation results for both Stage 1 and Stage 2 of the agreed simulation setup for an FDD system. Section 2 provides the simulation results for stage 1 while Section 3 provides the simulation results for Stage 2. Note that this document is a companion document to [1] which focuses on the performance evaluation of CSI-RS for the TDD mode.

2 Performance of LTE-A UEs (Stage 1)
Simulation parameters
Table 2: Parameters for stage1 CSI-RS simulation

	Parameter
	RAN1 agreed stage-1 parameters
	Simulated

	Transmission bandwidth
	5 MHz
	5 MHz

	Antenna configuration
	2 Tx, 4Tx, and 8Tx  uncorrelated (eNB), 2 Rx uncorrelated (UE)
	2 Tx, 4Tx, and 8Tx  uncorrelated (eNB), 2 Rx uncorrelated (UE)

	Channel model
	3GPP-TU
	3GPP-TU

	UE velocity
	3 km/h
	3 km/h

	PDSCH configuration
	14 OFDM symbols per subframe
	14 OFDM symbols per subframe

	Number of allocated PRB
	4 PRB (contiguous allocation)
	4 PRB (contiguous allocation)

	Precoding/feedback granularity 
	2 or 4 PRB
	4 PRB

	Transmit precoding/feedback
	SVD or 6 bit codebook
	SVD

	Transmission rank
	Rank-1 baseline
	Rank-1

	MCS, HARQ & link adaptation
	QPSK 1/2, 16QAM 1/2, 64QAM 1/2, no HARQ, no link adaptation baseline
	QPSK 1/2, 16QAM 1/2, 64QAM 1/2, no HARQ, no link adaptation

	CSI-RS duty cycle configuration
	Every 10 ms baseline
	Every 10 ms

	CQI/PMI reporting delay modelling
	Minimum delay of five subframes 
	Minimum delay of five subframes 

	Channel estimation
	Real channel estimation
	2D MMSE estimator

	CSI-RS patterns
	P1, P2, P3
	P1, P2, P3, P4, P7, P8 (See, Table 1)


Link Throughput Results
The link throughput results for Stage 1 were obtained with 3 MCS values, taking envelope of multiple link throughput curves obtained from BLER curves corresponding to the 3 MCS values, one envelope curve per CSI-RS pattern. 2-Tx, 4-Tx and 8-Tx CSI-RS link throughput results are shown in Figure 3, Figure 4 and Figure 5, respectively. 
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Figure 3: Link throughput of LTE-A UEs with 2Tx antennas for different CSI-RS patterns having duty cycle of 10 msec.
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Figure 4: Link throughput of LTE-A UEs with 4Tx antennas for different CSI-RS patterns having duty cycle of 10 msec.
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Figure 5: Link throughput of LTE-A UEs with 8Tx antennas for different CSI-RS patterns having duty cycle of 10 msec.
From these link throughput simulation results, we make the following observations on the LTE-A performance with different CSI-RS patterns:
· Density of CSI-RS across the BW affects the LTE-A link throughput envelope performance the most, when link adaptation and HARQ are not considered. An RB-sparse mapping pattern (e.g. P8 having N=2), gives similar link throughput results as an every-RB mapping pattern (e.g., P1 having N=1) with the same average CSI-RS density in the BW; both P8 and P1 have 1 CSI-RS RE per RB per port on the average.

· The performance difference among CSI-RS patterns with different CSI-RS density gets smaller towards higher SINR region. In smaller SINR region, the performance difference between 1RE per port and 2RE per port in terms of throughput envelope is at most 1 dB.

· The performance difference among CSI-RS patterns with different CSI-RS density gets smaller as we decrease the number of CSI-RS antenna ports. In particular, when 2 CSI-RS ports are allocated in a system, there is almost no performance difference. 
We further note that link-throughput envelope results could exaggerate the performance difference of different CSI-RS patterns, as rank & link adaptation and HARQ are not considered. 

3 Performance degradation of LTE UEs (Stage 2)
Simulation parameters
Table 3. Parameters for stage 2 CSI-RS simulation.

	
	RAN1 agreed stage-2 parameters
	Simulated

	Transmission bandwidth
	5 MHz
	5 MHz

	Antenna configuration
	2 Tx uncorrelated (eNB), 2 Rx uncorrelated (UE)
	2 Tx uncorrelated (eNB), 2 Rx uncorrelated (UE)

	Channel model
	3GPP-TU
	3GPP-TU

	UE velocity
	3 km/h
	3 km/h

	PDCCH / PDSCH configuration
	3 / 11 OFDM symbols per subframe
	3 / 11 OFDM symbols per subframe

	Number of allocated PRB
	4 PRB (contiguous allocation)
	4 PRB (contiguous allocation)

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

	Precoding/feedback granularity 
	2 or 4 PRB 
	4 PRB

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

	
	2-Tx Rel-8 closed-loop precoding 
	2-Tx Rel-8 closed-loop precoding

	Transmission rank
	Rank-1 (to be prioritized)
	Rank-1

	
	Rank-2 (not precluded)
	 

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

	CSI-RS duty cycle configuration
	10 ms interval is the baseline, additional duty cycle is not precluded.
	For BLER results: 1 ms (every subframe) 
For throughput results: 5, 10, 20 ms

	CQI/PMI reporting delay modeling
	Minimum delay of five subframes 
	Minimum delay of five subframes 

	Channel estimation
	Realistic channel estimation over Rel-8 CRS
	1D+1D MMSE estimator

	CSI-RS patterns
	P1, P2, P3
	P1, P2, P3 plus P4, P5, P6, P7, P8, P9 (see Table 1 for additional details)


The simulation results for Stage 2 were obtained for 2 different metrics: BLER and link throughput which are provided in the following subsections and the Appendix.

BLER results
The BLER results were obtained assuming the presence of CSI-RS in all subframes (i.e. CSI-RS duty cycle of 1 msec). In addition, the BLER results were obtained for 9 MCS levels which were chosen to represent the low, medium, and high code rate cases for QPSK, 16QAM, 64QAM. The 9 MCS levels correspond to MCS levels with MCS indices 4, 7, 9 for QPSK, 10, 13,16 for 16QAM, and 17, 19, 22 for 64QAM when the number of PRBs is 4. Table 4 shows the specific parameters for the MCS levels used.
Table 4. MCS parameters used for BLER results.

	Modulation
	MCS Index
	Transport Block Size
	Code Rate

	QPSK
	4
	256
	0.29

	
	7
	472
	0.52

	
	9
	616
	0.67

	16QAM
	10
	616
	0.33

	
	13
	904
	0.48

	
	16
	1224
	0.65

	64QAM
	17
	1224
	0.43

	
	19
	1416
	0.50

	
	22
	1864
	0.66


Table 5 shows the required Es/No (dB) to achieve a BLER of 0.1 for the nine CSI-RS patterns summarized in Table 1 when SFBC is used. The results are compared with those obtained for the case where there is no CSI-RS transmission.
Table 5. Required Es/No (dB) to achieve BLER of 0.1 for RAN1 CSI-RS patterns 0, 1, 2, 3 when SFBC is used.
	MCS
Level
Pattern
	QPSK
	16QAM
	64QAM

	
	4
	7
	9
	10
	13
	16
	17
	19
	22

	No CSI-RS
	-1.2
	1.9
	3.8
	4.0
	6.6
	9.3
	10
	11.3
	14.5

	Pattern 1 (1 RE/port)
	0.1
	4.2
	20+
	5.8
	13.3
	20+
	20+
	20+
	20+

	Pattern 2 (1.5 RE/port)
	0.4
	6.3
	20+
	7.3
	20+
	20+
	20+
	20+
	20+

	Pattern 3 (2 RE/port)
	1.0
	10.8
	20+
	9.4
	20+
	20+
	20+
	20+
	20+

	Pattern 4 (1 RE/port)
	0.0
	4.0
	12.6
	5.8
	11.7
	20+
	20+
	20+
	20+

	Pattern 5 (1/2 RE/port)
	-0.6
	2.7
	5.9
	4.7
	8.2
	20+
	13.9
	20+
	20+

	Pattern 6 (1/3 RE/port)
	-0.9
	2.3
	4.6
	4.3
	7.2
	12
	11
	13.3
	20+

	Pattern 7 (2 RE/port)
	0.8
	8.2
	20+
	9.0
	20+
	20+
	20+
	20+
	20+

	Pattern 8 (1 RE/port)
	-0.2
	4.0
	9.6
	5.8
	11.2
	20+
	20+
	20+
	20+

	Pattern 9 (2/3 RE/port)
	-0.8
	2.7
	5.7
	4.7
	8.1
	20+
	13.4
	20+
	20+


As one might naturally expect, the performance degradation on LTE UEs due to the presence of CSI-RS is proportional to the CSI-RS density. In addition to this obvious trend, the following general observations can be made:
· The performance degradation on LTE UEs from CSI-RS is more severe for higher code rates.

· High code rate transmissions (>0.6) is practically unusable for LTE UEs when CSI-RS is present except for low density CSI-RS patterns.

· The performance degradation on LTE UEs from CSI-RS is more severe for higher modulation orders.

· 64QAM is practically unusable for on LTE UEs when CSI-RS is present except for low density CSI-RS patterns.
· CSI-RS patterns 4 and 7 has better performance compared to CSI-RS patterns 1 and 3 due to having the consecutive CSI-RS occupy non-SFBC pairs as much as possible.

The results shown in Table 5 are for the case where LTE UEs are transmitting with SFBC. Additional results for rank 1 beamforming were also obtained under identical simulation conditions. The rank 1 beamforming results are not included in this section for brevity but included in the Appendix. Note that similar observations as those listed above for SFBC can be made from the simulation results for rank 1 beamforming.

Plots of BLER curves for both SFBC and rank 1 beamforming are also provided in the Appendix.

Link throughput results

The link throughput results were obtained for all possible MCS levels when the number of PRBs is 4. Simulation results were obtained for CSI-RS duty cycles of 5, 10, and 20 msec. Again, only results for SFBC are provided in this section for brevity. Additional results for rank 1 beamforming can be found in the Appendix.
Figure 6, Figure 7, and Figure 8 show the link throughput of LTE UEs in the presence of CSI-RS with duty cycle 5, 10, and 20 msec, respectively.
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Figure 6. Link throughput of LTE UEs in with different CSI-RS patterns having duty cycle of 5 msec when SFBC is used.
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Figure 7. Link throughput of LTE UEs in with different CSI-RS patterns having duty cycle of 10 msec when SFBC is used.
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Figure 8. Link throughput of LTE UEs in with different CSI-RS patterns having duty cycle of 20 msec when SFBC is used.

From the link throughput results in Figure 6, Figure 7, and Figure 8, following observations can be made:
· The main factor that impacts the performance of LTE UEs is the duty cycle of the CSI-RS transmission.

· Compared to using different duty cycles, using different CSI-RS patterns results in a relatively small performance variation.
4 Summary
In this document, simulation results for the evaluation and design of CSI-RS patterns were provided. Simulation results on both Stage 1 and Stage 2 were provided to evaluate the performance of LTE-A UEs as a function of different CSI-RS patterns and the performance impact on LTE UEs.

Stage 1 results on link throughput envelope performance showed that the density of CSI-RS was the main factor that determined the performance of LTE-A UEs. It was observed that the performance difference among CSI-RS patterns with different CSI-RS density gets smaller towards higher SINR region. In addition, it was observed that the performance difference among CSI-RS patterns with different CSI-RS densities reduced as the number of CSI-RS antenna ports decreased.

Stage 2 results on BLER performance where the duty cycle of CSI-RS is set to 1 showed that due to the interference generated by CSI-RS, significant BLER performance loss was incurred on the transmission to LTE UEs. Following observations were made on the BLER performance for Stage 2

· BLER performance impact was especially large for higher code rates, modulation orders, and higher CSI-RS densities. For example, it was observed that 64QAM modulation was only possible for low code rate transmissions with CSI-RS density of less than 1 (P5, P6, P9). 
· When SFBC is used, BLER performance degradation was smaller for the patterns where consecutive CSI-RS occupy non-SFBC pairs as much as possible (i.e. P4 and P7 are better than P1 and P3, respectively).
In addition, link throughput simulation results where CSI-RS is transmitted only every 5, 10, or 20 subframes showed that by having large enough duty cycles, the impact of CSI-RS on the performance of LTE UEs could be constrained to a reasonable level.
5 References
[3]
R1-100107, “CSI-RS transmission aspects in TDD and impact to LTE Rel-8,” Samsung, Valencia, Spain, January 2010.

6 Appendix

Additional BLER results for stage 2
Table 6 shows the required Es/No to achieve a BLER of 0.1 for the MCS levels described in Table 4 when rank 1 beamforming is used for the CSI-RS patterns summarized in Table 1.
Table 6. Required Es/No (dB) to achieve BLER of 0.1 when rank 1 beamforming is used.

	MCS

Level

Pattern
	QPSK
	16QAM
	64QAM

	
	4
	7
	9
	10
	13
	16
	17
	19
	22

	No CSI-RS
	-1.9
	1.1
	3.2
	3.1
	5.9
	8.6
	9.1
	10.5
	13.7

	Pattern 1 (1 RE/port)
	-0.8
	3.4
	20+
	4.8
	10.8
	20+
	20+
	20+
	20+

	Pattern 2 (1.5 RE/port)
	-0.6
	5.8
	20+
	6.2
	20+
	20+
	20+
	20+
	20+

	Pattern 3 (2 RE/port)
	0.1
	11.5
	20+
	8.0
	20+
	20+
	20+
	20+
	20+

	Pattern 4 (1 RE/port)
	-0.9
	3.4
	20+
	4.8
	11.2
	20+
	20+
	20+
	20+

	Pattern 5 (1/2 RE/port)
	-1.5
	2.1
	6.0
	3.9
	7.3
	20+
	12.4
	20+
	20+

	Pattern 6 (1/3 RE/port)
	-1.7
	1.5
	4.3
	3.4
	6.4
	11.7
	10.1
	12.1
	20+

	Pattern 7 (2 RE/port)
	0.0
	10.0
	20+
	7.7
	20+
	20+
	20+
	20+
	20+

	Pattern 8 (1 RE/port)
	-1.1
	3.5
	19.8
	4.8
	10.4
	20+
	20+
	20+
	20+

	Pattern 9 (2/3 RE/port)
	-1.6
	2.1
	5.8
	3.9
	7.2
	20+
	12.1
	18
	20+


Figure 9 shows the BLER performance plot of LTE UEs in the presence of CSI-RS when transmit diversity is used.
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Figure 9. BLER performance of LTE UEs in the presence of CSI-RS for QPSK, 16QAM, 64QAM with transmit diversity. LC, MC, and HC denotes low code rate, medium code rate, and high code rate, respectively. P0, P1, P2, and P3 denotes no CSI-RS, CSI-RS pattern 1, CSI-RS pattern 2, and CSI-RS pattern 3, respectively.
Figure 10 shows the BLER performance plot of LTE UEs in the presence of CSI-RS when rank 1 beamforming is used.
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Figure 10. BLER performance of LTE UEs in the presence of CSI-RS for QPSK, 16QAM, 64QAM with rank 1 beamforming. LC, MC, and HC denotes low code rate, medium code rate, and high code rate, respectively. P0, P1, P2, and P3 denotes no CSI-RS, CSI-RS pattern 1, CSI-RS pattern 2, and CSI-RS pattern 3, respectively.

Figure 11 shows the BLER performance plot of LTE UEs in the presence of CSI-RS when transmit diversity is used.
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Figure 11. BLER performance of LTE UEs in the presence of CSI-RS for QPSK, 16QAM, 64QAM with transmit diversity. LC, MC, and HC denotes low code rate, medium code rate, and high code rate, respectively. P0, P4, P5, P6, P7, P8, and P9 denotes no CSI-RS, CSI-RS pattern 4, CSI-RS pattern 5, CSI-RS pattern 6, CSI-RS pattern 7, CSI-RS pattern 8, and CSI-RS pattern 9, respectively.
Figure 12 shows the BLER performance plot of LTE UEs in the presence of CSI-RS when rank 1 beamforming is used.
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Figure 12. BLER performance of LTE UEs in the presence of CSI-RS for QPSK, 16QAM, 64QAM with rank 1 beamforming. LC, MC, and HC denotes low code rate, medium code rate, and high code rate, respectively. P0, P4, P5, P6, P7, P8, and P9 denotes no CSI-RS, CSI-RS pattern 4, CSI-RS pattern 5, CSI-RS pattern 6, CSI-RS pattern 7, CSI-RS pattern 8, and CSI-RS pattern 9, respectively.
Additional link throughput results for stage 2

Figure 13, Figure 14, and Figure 15 show the link throughput of LTE UEs when rank 1 beamforming is used.
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Figure 13. Link throughput of LTE UEs with different CSI-RS patterns having duty cycle of 5 msec when rank 1 beamforming is used.
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Figure 14. Link throughput of LTE UEs with different CSI-RS patterns having duty cycle of 10 msec when rank 1 beamforming is used.
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Figure 15. Link throughput of LTE UEs with different CSI-RS patterns having duty cycle of 20 msec when rank 1 beamforming is used.













































































































