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1. Introduction

In this contribution, we evaluate the performance impact of CSI-RS design in Rel-10. 1RE/Port/RB density was chosen in the previous meeting as sufficient for Rel-10 feedback measurements, while minimizing impact on Release 8 PDSCH.  A preferred example of CSI-RS design, which is based on applying a large delay cyclic shift to the same sequence to achieve orthogonality (similar to Rel-8 uplink RS), is compared to an FDM-based design in this contribution. Evaluations in a MU-MIMO setting are presented in the previous meeting [2] and have shown that CDM based designs outperform FDM designs. Specifically, it was concluded that:

· For CSM based CSI-RS design, 1RE/port/RB is sufficient for MU-MIMO operation with negligible degradation compared to ideal channel estimation on CSI-RS. 
· For FDM based CSI-RS design, 1RE/port/RB is not sufficient for MU-MIMO operation especially at low SNRs where we observed, compared to CSM design, ~1-2dB loss for ULA case and ~0.5-1.5dB for cross-polarized antenna case. The superior performance for CSM-based design is mainly due to the DFT-based channel estimator that is made possible in CSM. 
In this contribution, we provide additional comparison results for SU-MIMO with SVD and PMI feedback.
2. CSI-RS Design Considerations  

The role of CSI-RS in LTE-A is to allow UE to make good estimation of the spatial information, which is fed back to the eNB to enable SU/MU-MIMO and CoMP as well as dynamic mode switching. Several considerations are described here:

Forward Compatible Design  

CSI-RS design should support both SU and MU operation. For MU, the content of spatial information feedback required for MU operation, which is still under study, will have some impact on CSI-RS design. Future compatibility should be considered and improved accuracy of measured information should be taken into account. This would allow further improving feedback schemes without significant re-design of CSI-RS. However, density of 1RE/RB/Port is sufficient and shown to perform well, especially with CSM designs. 
CQI Requirements on CSI-RS

CSI-RS may be used by an UE for computing the CQI feedback as well, in which case the UE receiver may use the estimated channel response at all or some sample subcarrier locations. But due to the infrequency of CSI-RS transmission, any CQI reporting based on CSI-RS may be unable to track the temporal variation of interference very well any way. So the primary requirement on CSI-RS should be on spatial channel measurement instead of CQI measurement.
CSI-RS Design for CoMP

In the case that a UE needs to process the CSI-RS of neighboring cells, it can become very challenging given the interference from the data transmission from the desired cell on the neighboring cell’s CSI-RS RE locations. Further, orthogonal inter-cell CSI-RS patterns with data RE puncturing on at least a subset of neighbor cell CSI-RS REs may be helpful. Single cell MIMO is expected to be more widely used in the short term and we recommend that this be the near-term focus for CSI-RS pattern design, with straightforward extensibility to CoMP in the future (e.g., in an FDM fashion). Further, mainly the cell-edge UEs obtain benefits of CoMP, and hence the overhead increase incurred by provisioning orthogonal CSI-RS ports should be assessed along with CoMP performance gains. This could be for later study.
UE Measurements

It is further preferable to define a periodic CSI-RS pattern and limit the CSI-RS to one OFDM symbol. This allows 

i) Improved performance from DFT based channel estimators taking advantage of the maximum density in frequency domain 
ii) Avoids conflict with other RS and constraints on power boosting (if needed) [3] 
iii) UE needs to process only a single OFDM symbol resulting in power savings.
3. Large-delay Cyclic Shift Multiplexing (CSM): An Example Design
Large-delay cyclic shift to a time-domain sequence is a well known technique (used in LTE Rel-8 Uplink RS) to separate channels in time domain as long as the shift D is greater than the channel length L, i.e. in the time-domain, 
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The CP length in the case of normal CP can be either 160 or 144Ts (i.e., D=160 or 144 for N=2048). So for any sequence that occupies all subcarriers, a maximal of floor(2048/144)=14 cyclic shifts of the same sequence can be accommodated without causing any channel overlapping in time domain. 

Assuming CSI-RS is uniformed spaced by 3 subcarriers for each antenna port (which means 4 RE in each PRB), we can have 4 cyclic shifts that can be assigned to up to 4 antenna ports (e.g., antenna port #0-3).

If CSI-RS has eight antenna ports, another set of non-overlapping subcarriers, also spaced by 3, can be used for antenna port #4-7 again with CSM. This scheme is shown in the Figure 1 below for the case of normal CP.
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Figure 1. Cyclic Shift Multiplexing (CSM) of CSI-RS for Normal CP.
From the figure, we notice that it is even possible to accommodate another set of 4 antenna ports. But given we need to accommodate up to 8-Tx eNBs in each cell, we can use the remaining set of subcarriers for the possibility of puncturing data on them in order to suppress any interference to a neighboring cell’s CSI-RS. In fact, in the case of 4-Tx eNB, the CSM design allows a reuse-3 for CSI-RS among the sectors of a cell, if we reserve the whole symbol for CSI-RS. 
Even in the case of 8-Tx eNB, if it is absolutely needed to provide reuse-3 capability on CSI-RS, it is possible to reduce the shift delay in CSM or offset the cyclic delays between neighboring cells to allow some overlapping of channel responses. The quasi-orthogonal design may incur some upper-bound for the SNR observed at UEs (depending on the channel length), but for the purpose of deriving spatial information, the SNR upper-bound may not be a big issue. On the other hand, a combination of TDM can also be used by transmitting 4 CSI-RS ports on each OFDMA symbol.
The design has the benefit of only puncturing 4 REs per PRB for a set of 4 CSI-RS ports, which means only 8-RE puncturing for 8-Tx ports to minimize any effect on Rel-8 PDSCH decoding. The design also provides a flexible way to further puncture sets of data subcarriers with spacing of 3, if needed to provide orthogonality among CSI-RS ports for neighboring eNBs. Moreover, by adjusting the cyclic shift, we can either ensure complete orthogonal or quasi-orthogonal of the channel responses in time domain.

For channel estimation, UE only needs to assume a shifted PDP as shown below in order to derive the correlation among subcarriers. The channel estimation can be performed without a new realization of filters and no additional complexity. Enhanced channel estimation techniques based on DFT can also be effectively used for significant improvements at low SNR.
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4. Performance Results

In this section, we evaluate the SU-MIMO rank-1 throughput in a link simulation based on
i) SVD of covariance feedback (can be considered as an upper-bound for PMI-based beamforming) 

ii) Or, a 6 bit PMI feedback derived from computer search based on well-known construction method 
We focus on rank-1 because we are particularly interested in low SNR region performance where a bigger difference is observed comparing FDM with CSM. We simulate the rank-1 beamforming link performance under various MCS levels and report the hull curve. The detailed simulation assumption is summarized in the table below. We compare these cases:

· Ideal CSI: instantaneous feedback information.
· Delayed CSI w/o channel estimation (CE) error: CSI-RS transmission periodicity, reporting periodicity, and processing/scheduling delay according to the table below
· Delayed CSI with CE based on CSM: reported results for 1 RE/port/RB
· Delayed CSI with CE based on FDM: reported results for 1 RE/port/RB with uniform spacing
	Parameter
	Value

	Channel Model
	ITU Urban Micro; 

Doppler 3 kmph

	Transmission BW
	10 MHz

	Carrier Frequency 
	2 GHz

	Antenna Configuration
	b) 4-Tx eNB: Cross Pole, 4 lambda; 2-Rx UE: Cross Pole;

	Duplex method 
	FDD

	Scheduler
	Scheduling granularity of one subframe ; Scheduling is dynamic on a subframe basis

	Link adaptation
	Ideal CQI ; Release 8 MCS;

	Channel estimation for Demodulation
	2DMMSE Non Ideal channel estimation  based on REL 9 DRS Patterns

	Feedback Impairments
	Subband (6 RB) Feedback

Reporting period: 10 ms (same as CSI-RS periodicity);

Minimum UE CSI-RS processing and scheduling Delay: 5 ms

	Rate Metric
	Link Simulations based on Release 8 MCS (Hull curve)

	Overhead
	Control channel of 2 symbols; 

2 port CRS; 12 DRS 

	MIMO Mode
	SU-MIMO Only, Rank 1

	Traffic Model
	Full Buffer

	Precoding Granularity
	6 RB

	Allocation 
	Whole band

	Feedback content and  precoding
	i)  SVD 

ii) 6 bit PMI 

	Receiver
	Non Ideal IRC with Estimated Interference Covariance Matrix

	CSI RS Design
	Configuration 1: 
Density: 1 RE/RB; Multiplexing: CSM; 

Configuration 2:

Density: 1 RE/RB; Multiplexing: FDM; 
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Figure 2 – SU-MIMO rank-1 throughput with CSI-RS configurations (SVD Feedback)
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Figure 3 – Link performance hull curves (SVD Feedback)
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Figure 4 - SU-MIMO rank-1 throughput with CSI-RS configurations (6-bit PMI Feedback)
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Figure 5 - Link performance hull curves (6-bit PMI Feedback)
Based on the above result, the following observations can be made:

1. CSM and FDM designs show similar performance at high SNRs. At low SNRs, the CSM design has better performance by 0.5-1.5 dB. This can be explained due to improved noise gain in channel estimation while ensuring port orthogonality. Note that even though DFT-based channel estimation can also be applied to FDM-based CSI-RS pattern, the noise/interference suppression gain is very insignificant, if any. This is because of the length of the RS sequence in FDM is 1/4 of that for CSM due to the large of spacing of 12 RE in FDM. At low SNRs, interpolation is highly vulnerable to local noise distortion.
2. Compared to MU results reported in our previous contribution, SU-MIMO performance is less sensitive to feedback delay and measurement accuracy. When considering both SU and MU operation, CSM performs well in both studies.

5. Conclusions
In this contribution, we propose CSM based design for CSI-RS, using a large delay cyclic shift of the same sequence to multiplex 4 CSI-RS antenna ports on a set of subcarriers with a uniform spacing of 3. The design has the benefit of only puncturing 4 REs per PRB for each set of 4 CSI-RS ports, which means 8-RE puncture for 8-Tx to minimize any effect on Rel-8 PDSCH decoding. The design also provides a flexible way to further puncture data subcarriers in sets with spacing of 3, if needed to provide orthogonality among CSI-RS ports of neighboring eNBs. By adjusting the cyclic shift, we can either ensure complete orthogonal or quasi-orthogonal of the channel responses of different antenna ports. 
In this contribution, SU-MIMO results are provided in addition to the MU-MIMO results submitted to the last meeting. Based on the observation, we conclude that
· While performance is the same at high SNR, CSM based design outperforms the FDM design at low SNRs, where we observed ~0.5-1.5 dB gain due to the fact that CSM design allows the use of well-known and efficient DFT channel estimator.
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