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1 Introduction

Details of downlink reference signal for LTE-A was decided in previous meetings [1, 2]. In particular, it was agreed that two forms of RS should be allowed: Demodulation RS (DM-RS) for PDSCH demodulation and CSI-RS. 
CSI-RS are transmitted for providing feedback of CQI, RI, PMI or CDI whenever needed. It is agreed that the CSI-RS is cell-specific and sparse in time and frequency. Reference signals targeting PDSCH demodulation is also agreed to be UE-specific and be present on resource blocks and layers scheduled for the user [2]. Also, in the previous RAN plenary meeting, working item on Enhanced DL Transmission for Release 9 to support dual-layer beamforming was approved [3]. Release 8 of LTE supports Dedicated RS (DRS) for only one layer of transmission. Therefore, design of DM-RS for dual-layer beamforming should be considered as well.

Given different modes of operation in DL LTE-A such as SU-MIMO, MU-MIMO and Cooperative MIMO, the design of the DM-RS and CSI-RS should be done with consideration of all these scenarios at the same time. Furthermore compatibility of the DM-RS design for Release 9 enhanced DL transmission and LTE-A DL transmission modes needs to be ensured.

2 CSI-RS Design
In [4] we considered the performance of low duty-cycle CSI-RS in the context of Cooperative Beamforming. In that setup, the CSI-RS is used for estimating channel spatial information (CSI) from other non-serving cells or weaker serving cells. Through simulations, it was shown that CSI-RS overhead required is low if one allows for cells to puncture their traffic that overlaps with CSI-RS from other cells. Such a CSI-RS transmission mechanism can be used as an alternative to increasing the CSI-RS overhead or power boosting.
In this document we will study the performance of SU-MIMO under different frequency sampling and with different duty cycles of the CSI-RS. The focus is on the required frequency and time density of the CSI-RS and the specific patterns of the pilots are not studied here. However, we should note that 

· The location of CSI-RS should be chosen to ensure backward compatibility with Release 8, e.g., they should avoid legacy CRS and TDM control region. 
· The impact of the CSI-RS on the legacy UE operation should be minimized. In particular, the effect of possible puncturing of scheduled data for legacy UEs by CSI-RS should be studied.

In our study we consider 8 transmit antennas at the NodeB. We assume that 2 CRS antenna ports are advertised and used for legacy Release 8 UEs. Six CSI-RS ports are provided for the non-legacy UEs that along with the 2CRS antenna ports will enable LTE-A UEs to estimate CQI/PMI/RI and/or CSI from all the transmit antennas. 

We provide link-level simulations for closed-loop SU-MIMO with precoding operation for 8 transmit antenna systems. As agreed in [2], maximum number of codwords is chosen to be 2. We further assume a codeword to layer mapping that assigns the selected number of layers as equally as possible between the codewords. A rank specific precoding structure is used with 16 precoding matrix defined based on the randomly phase rotated-DFT matrices. Smaller rank precoding matrices are obtained by selecting sub-matrices from the rank 8 precoding codebook.
The CSI-RS frequency spacing per antenna is varied over 3, 6, and 12 tones. In these simulations we assume that all six CSI-RS ports occupy two OFDM symbols in sub-frames that they are present. Each CSI-RS port is uniformly spaced in one of the symbols with the given frequency spacing.

The receiver selects frequency selective precoding matrix, rank and CQI based on the CSI-RS and CRS ports and report them back to the transmitter. The channel estimation for CSI-RS and CRS ports are non-ideal. However, for demodulation purpose we assume ideal channel estimation at the receiver.

The important parameters are listed in Table 1.
Table 1: List of Assumptions for CSI-RS simulations

	Transmission Bandwidth
	5MHz

	Channel Model
	TU, with 3, 30 kph

	Duty-cycle of CSI-RS
	2, 5, 10, 20 ms

	CSI-RS frequency spacing
	3, 6 , 12 RE/RS port

	Number of Tx antennas
	8

	Number of Rx antennas
	4, 8

	Receiver Type
	Linear MMSE

	Allocation Size 
	25 RBs

	Number of Control Symbols
	3

	Number of CRS antenna ports
	2

	Number of CSI-RS ports
	6

	Precoding feedback
	Frequency selective (over 6RB)

	Feedback delay
	2ms


Table 2 shows the percentage overhead of the CSI-RS per antenna ports for different duty cycle and frequency spacing values. Therefore, the total overhead for 10ms duty cycle with 3 tone spacing in frequency would be 1.44 %.
Table 2 Percentage Overhead of CSI-RS

	% CSI-RS overhead/ port
	Duty cycle

	
	2ms
	5ms
	10ms
	20ms

	Freq. Spacing
	3
	1.19
	0.48
	0.24
	0.12

	
	6
	0.60
	0.24
	0.12
	0.06

	
	12
	0.30
	0.12
	0.06
	0.03


Figure 1-3 show the throughput results for different speed and different antenna configurations. The plots also include the throughput assuming perfect channel knowledge for CQI/PMI/RI computation with 2ms delay. Note that the throughput numbers do not include the overhead by the CSI-RS. 

The performance is a decreasing function of the duty cycle and frequency spacing. Throughput of different frequency spacings with same duty cycle is very close (< 0.1 dB). The performance of 20ms duty cycle will incur a loss of around 1.5dB at high SNR for low speed. The performance of CSI-RS with 10ms duty cycle is within 0.7dB of the perfect case. For 30kph speed the difference between 10, 20ms duty cycle shrinks since the feedback with 10ms is already less reliable. Furthermore, it can be observed that for all the simulations the performance with 3 tone and 6 tone spacing are very close to each other and are 0.1-0.2 dB better compared to 12 tone spacing. 
These results suggest that 10ms duty cycle with 6 tone spacing provide a good performance overhead trade-off.
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Figure 1: 8x4 system with TU3kph
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Figure 2: 8x4 system with TU30kph
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Figure 3: 8x8 system with TU 3kph
3 Demodulation Reference Signal Structures

For the rest of the paper we look at the performance of different DM-RS patterns LTE-A. Different DM-RS patterns with different multiplexing structures to support transmission of up to 4 layers are considered here. In design of the pattern and multiplexing structure for the DM-RS the following aspects should be considered:

· Overhead vs. channel estimation trade-off should be optimized for best overall performance and for different channel conditions and speeds.

· Rank dependent patterns needs to be investigated to balance the overhead required for transmission with different number of layers. 

· Backward compatibility with Release 8 should be ensured. In particular, the DM-RS should not collide with the common reference signal (CRS) for legacy system and the control region. Given the cell dependent shift of the legacy CRS, avoiding the RS symbols completely may be required for cooperative multipoint transmission schemes. Therefore, in this paper we only consider UE-RS patterns defined on non-CRS OFDM symbols. Furthermore, the patterns considered here are designed assuming the max control region of 3 OFDM symbols. Therefore, for normal CP configuration, UE-RS will be placed on symbols 3, 5-6, 9-10, and 12-13. Performance improvements of patterns dependent on the number of control symbols can be further investigated. 
· Equal PDSCH PSD across PRB: If the power setting on different DM-RS for different layers is not the same, it may not be possible to guarantee equal PSD on data tones across the PRB. This is especially relevant in MU-MIMO and/or CoMP scenarios. Patterns that preserve the equal PSD property are desired. 
· RS placement and location: The channel estimation performance of the UE-RS patterns can be greatly impacted by the location of the RS. This can be observed from the simulation results for different RS patterns as well. Generally, it is observed that placement of the RS on the edges of the RB yields the best performance for the range of speeds that LTE-A need to be optimized for (120kph). The DM-RS pattern for higher speeds, e.g. 350kph, can be investigated further. 
· Non-cell specific DM-RS structure simplifies the operation of the CoMP techniques and can ensure orthogonality between different layers when multiple cells are involved in transmission. Also as it can be observed from the simulations, pattern and location of the DM-RS can impact the performance of the system significantly. Having a non-cell specific DM-RS structure enables optimization of the UE-RS pattern across the system. Furthermore, ensuring backward compatibility requirement with Release 8 will be easier with common DM-RS structure.
Next we will study the performance of different DM-RS structures for different ranks. DM-RS structures are defined across the sub-frame and are based on different multiplexing structure such as CDM, FDM/TDM or hybrid of these approaches to guarantee the orthogonality of DM-RS across different layers as agreed in [2]. In FDM/TDM design each layer is assigned a set of REs specific to this layer. In CDM design, each layer of each UE is assigned a spreading sequence. The RS for each layer is spread using its assigned spreading sequence over a set of REs shared by other layers (or UEs). The spreading sequence assigned to these set of layers should be orthogonal to minimize the cross-talk. CDM-based DM-RS design facilitates the interference estimation and can guarantee the equal PSD across PRB in an easier way. However, one should be careful of the cross-talk between DM-RS of different layers that is caused due to channel variations in time or frequency. 
We will first focus on the rank 2 patterns that will be considered for LTE-A as well as Release 9 dual-layer beamforming. Then we consider DM-RS for transmissions up to 4 layers. The patterns considered in this paper are for normal CP case. The general design principles will carry over to the extended CP case as well. 
We will use the following color coding in the following sections:
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3.1
Patterns for support of dual-layer transmission

Figure 4 shows the patterns considered within a physical RB for rank 1 transmission with different RS densities. Pattern P1-1 is similar to Legacy Release 8 DRS. Patterns P1-2 and P1-3 are of the same structure but with different density. The same holds for patterns 1-4 to 1-6. Finally pattern P1-7 corresponds to rank 1 transmission of a CDM pattern that is used for rank 2-4 transmission. Note that except pattern P1-1, all the other patterns try to place the RS tones near the edge OFDM symbols.
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Figure 4: UE-RS patterns for 1 layer transmission
In Figure 5 patterns for transmission of 2 layers are given. The patterns are shown with in a physical RB. In pattern P2-1, the DM-RS for two layers is essentially multiplexed on the legacy DRS locations. Patterns P2-3 and P2-5 are extension of patterns P1-2 and P1-3 to two layers and are of the same structure by with different densities.  For patterns P2-6 and P2-7, the RS for the two layers is CDM multiplexed using DFT-based spreading code.  Other patterns are FDM/TDM based. All these patterns avoid the CRS symbols. Also notice that except for pattern P2-1, equal PSD for PDSCH can be guaranteed across the PRB. Also note that in pattern P2-3, P2-5 and P2-6, the attempt has been to place the RS on the edge OFDM symbols.
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Figure 5 UE-RS patterns for 2 layer Transmission
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3.2
Patterns for support of 4 layer transmission
The patterns considered for 4 layer transmissions are shown here. The overhead of all the patterns is equal to 24 RE in PRB. Note that all the patterns proposed here can guarantee equal PSD for data across the physical RB. 
Patterns P4-1 and P4-2 are based on FDM/TDM multiplexing, where the RS for all layers are located in two OFDM symbols. Compared to Pattern P4-1, in P4-2 DM RS for second OFDM symbols are staggered in groups of two.
Pattern P4-3 is based on CDM in time and frequency across the layers. Pattern P4-4 is based on a hybrid CDM/FDM design where the DM-RS of the 4 layers are grouped in two groups. Across groups the DM-RS is frequency multiplexed and within each group the DM-RS is code multiplexed. In patterns P4-3 and P4-4, DFT-spreading code across the layers is assumed.
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Figure 6: UE-RS patterns for 4 layer transmission
3.3
Patterns for support of higher layer transmission

The requirement for peak spectral efficiency in E-UTRA is set to 30bps/Hz [5]. Spatial multiplexing of 8 layers is required for meeting such a peak spectral efficiency in LTE-A. The peak spectral efficiency computations should account for all the overheads including Reference signal, control signalling, etc. A simple computation reveals that with the current frame structure, the peak spectral efficiency can be met only with assuming one TDM control symbol, one CRS port and maximum of 25 RE tones reserved per PRB for DM-RS of all 8 layers. With such a constraint on the DM-RS overhead, the channel estimation losses can be very large and needs to be studied further. One way to solve this problem would be to limit the allocation granularity (in time or frequency) of users with high number of transmission layers to more than one legacy physical RB. In this case, joint channel estimation across the contiguous allocated resources can provide better channel estimate with smaller overhead.
4 Simulation Assumptions and Results
In Table 3 different simulation assumptions for UE-RS simulations is listed.
Table 3 Simulation Assumptions for UE-RS Simulations
	Transmission Bandwidth
	5MHz

	Channel Model
	TU, PedB with 3, 30 , 120 kph

	Number of Tx antennas
	4

	Number of Rx antennas
	2 (for rank <=2 simulations)

4 (for rank > 2 simulations)

	Receiver Type
	Linear MMSE

	Allocation Size 
	25 RBs

	Number of Control Symbols
	3

	Number of CRS antenna ports
	4

	Precoding feedback
	wideband  


Further details about the simulations are given below:

· Channel estimation is performed based on 2-D MMSE per each resource block. Uniform Doppler spread and uniform delay spread profile are assumed for forming the 2-D MMSE interpolator.
· The tuning speed is  10, 30, 120 kph for 3, 30, 120kph simulations
· Frequency profile is assumed by uniformly distributed over 5 micro seconds.
· Ideal knowledge of interference is assumed in this contribution.
· The precoding codebook is the Release 8 LTE precoding matrices for 4Tx antenna. 
· CQI/RI/PMI computation is based on the 4 CRS ports with feedback periodicity of 3ms and feedback delay of 3ms.
· Packets are scheduled using the rank, CQI and PMI reported by the UE.

· Target HARQ termination: 10% after 1st transmission.

· Per codeword outer loop MCS adjustment loop is run to meet the target termination.
4.1
Simulation results for up to 2 layer transmission
The performance of UE-RS patterns for up to 2 layers is considered in [6] and in the context of Release 9 dual-stream beamforming. Throughput comparison of different patterns is provided in the Appendix for completeness. It is concluded in [6] that 12RE per physical RB is an appropriate density for single and dual layer transmission. For rank 2 transmission, the number of DM-RS per layer is 6.

In Figure 13 to Figure 15 in the Appendix, the performance of different 2 layer UE-RS patterns are shown. All the patterns here have 12 RS for rank 2 and 12 RS for rank 1 transmission. If only one layer is transmitted the RS resources for the second layer will be used for RS transmission of the first layer. Results with perfect channel knowledge at demodulation are shown assuming 12RS overhead in place. Comparing the results we observe that pattern 2-3 is consistently better than other patterns in all the scenarios simulated. 

In particular we can make following observations:

· In terms of throughput across all the SNR values, P2-3 > P2-6 CDM > P2-4 > P2-1 for all channels and speeds simulated. 

· It can be observed that P2-3 and P2-6 CDM perform better than other two patterns consistently. 

· At low speed the performance of P2-3 and P2-6 CDM is very similar since they both have good placement at the edges of frequency.

· Note that the RS placements in P2-3 and P2-6CDM covers the edges of the frequency, where as the other two patterns are not. In particular, RS for second layer in P2-1 does not cover the edges of the RB in frequency domain which causes larger interpolation loss. 

· The performance gap between P2-3 and other patterns widens the speed increase. This is mainly coming from the fact that in P2-3 the RS tones are concentrated on the edge OFDM symbols of the physical RB and also on edges in frequency domain. This provides a better interpolation compared to the RS tones that are spread across or are placed somewhere in the middle of the PRB. 
4.2
Simulation Results for transmission of up to 4 layers
In these simulations we assume adaptive rank selection. The transmission rank is based on the CQI/RI/PMI report from the UE. All these simulations assume 24RE overhead for RS in rank 4 transmissions. Results for system with perfect channel knowledge at demodulation are given for reference as well. For FDM/TDM patterns, REs corresponding to the RS of a particular layer is present only if transmission of data happens on that layer. For pattern P4-4 with hybrid CDM/FDM structure, when transmission with rank 1 or 2 happens, the REs corresponding to RS for layer 3 and 4 are used for data transmission.
Figure 7 to Figure 12 show the performance of different patterns for TU and pedB channels and different speeds. The following observations can be made
· Performance of P4-4 with hybrid CDM/FDM multiplexing is the best for all the channels and speeds. Performance of P4-2 is also close to the best pattern. The gap in performance between these two patterns is larger at lower speed (3 and 30kph) and especially for TU channel. This is because estimating the variation in frequency domain is the limiting factor at lower speed and pattern P4-4 provides a better placement of the RS for all the layers compared to pattern P4-2.  
· P4-5 with CDM multiplexing in time and frequency does not perform well. The main reason is the frequency domain spreading used.  This can be observed by comparing TU and pedB results for 3kph.  We see that the performance degradation of P4-4 is larger in TU which a more frequency selective channel.  In general CDM multiplexing in the frequency domain is not a desirable design since it can cause large losses due to channel selectivity in frequency. 

· Comparing P4-1 and P4-2, it is observed that P4-2 performs better that P4-1 (especially in lower speed scenarios). Because of the staggering of the groups of DM-RS between the two OFDM symbols, in P4-2 each layer will have a DM-RS placed close to the edges in frequency.
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Figure 7 UE-RS patterns for up to rank 4, TU 3kph
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Figure 8 UE-RS patterns for up to rank 4, pedB, 3kph
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Figure 9 UE-RS patterns for up to rank 4, TU 30kph
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Figure 10 UE-RS patterns for up to rank 4, pedB 30kph
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Figure 11 UE-RS patterns for up to rank 4, TU 120kph
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Figure 12 UE-RS patterns for up to rank 4, pedB 120kph

5 Conclusion

In this contribution we outlined some design principles regarding the design of DM-RS and CSI-RS

We studied the performance of CSI-RS with different duty cycle and different frequency sampling and observed that

· Frequency spacing of 6 tones in one OFDM symbol per CSI-RS antenna port and duty cycle of 10ms provide a reasonable trade-off between performance and overhead in SU-MIMO setup.

· Coordinating traffic puncturing in the presence of other cells CSI-RS transmission along with low overhead CSI-RS can enable the UEs with reasonable spatial channel estimates of other cells.
For DM-RS design, we considered different patterns and multiplexing structures for multiple layer of transmission. The DM-RS patterns are defined within a physical RB-pair. The patterns are chosen in a Release 8 compatible manner. 

· Different DM-RS structures for rank 1 to rank 4 transmissions are studied. DM-RS patterns for rank 1 and rank 2 can be used in Release 9 dual-stream beamforming in a forward compatible manner with LTE-A patterns for different layers of transmission. 

· We observe significant impact of the location of the DM-RS tones on the performance and propose the following guidelines in DM-RS design:
· For the speeds that LTE-A need to optimized over (up to 120kph), ensuring that the RS tones cover the time and frequency edges of the physical RB will provide best performance. 

· Because of the impact of placement and to facilitate optimization of RS patterns across the system (especially in CoMP scenarios), non-cell specific DM-RS pattern is proposed.

· Two patterns, P4-4 and P4-2, were shown to provide best performance across the channels and speeds considered in this contribution. 
· The patterns have a regular structure which will be important from implementation point of view and can support rank 1 to 4 transmission.

· Rank 2 restrictions of these patterns also provide best performance among the considered patterns and can be used for dual-stream beamforming as outlined in [6].

· For higher rank transmissions, in order to meet the peak spectral efficiency requirements set in [2], we are limited in the RS overhead. Therefore, it is proposed to study larger resource allocation granularity for UEs with higher rank transmissions. Both of the patterns P4-4 and P4-2 can be easily extended to support higher ranks. We believe that the CDM/FDM approach, i.e. P4-4, can ease implementation of interference estimation as well.
References

[1] R1-090529 “Way forward on CoMP and MIMO DL RS - Outcome of ad hoc discussions”.
[2] 3GPP TR 36.814 “Further Advancements for E-UTRA, Physical Layer Aspects”.
[3] 3GPP RP-090359 “Enhanced DL Transmission for LTE”.
[4] R1-090875 “Further Considerations and Link Simulations on Reference Signals in LTE-A”, Qualcomm Europe, RAN #56.

[5] 3GPP TR 36.913 “Requirements for Evolved UTRA (E-UTRA) and Evolved UTRAN (E-UTRAN)”.
[6] “Link analyses of different reference signal designs for dual-stream beamforming”, Qualcomm Europe, RAN#56bis.

Appendix

Simulation results for transmission of up to 2 layers are provided below.
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Figure 13 UE-RS with up to 2 layers of transmission, 3kph
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Figure 14 UE-RS with up to 2 layers of transmission, 30kph
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Figure 15 UE-RS with up to 2 layer of transmission, 120kph
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