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1. Introduction
Obtaining channel state information (CSI) from multiple cells (sectors/eNodeBs) to the UEs is critical for operation of SU-MIMO, MU-MIMO, and coordinated multipoint (CoMP).  In all cases the design of the reference symbols (RSs) must take into account the interference that will be seen from other cells (sectors/eNodeBs) when computing CSI.  In addition for proper CoMP operation, the UE must be able to accurately estimate the CSI to other cells (sectors/eNodeBs).
Various proposals have been made for CSI-RS design in support of CoMP and non-CoMP operation in R10 (e.g., [1]-[9]).  The majority of the CSI-RS formats use FDM in one form or another with exceptions being [1] and [8] which use cyclic shift multiplexing across frequency to separate ports.  Another exception was [9] which proposed a combination of an orthogonal and quasi-orthogonal design to improve the CSI estimation by reducing the interference seen from neighboring eNodeBs by at least 6 dB (this design is simply another form of a CDM design).  The format in [9] used four REs per port if looking at an isolated cell, but used 1.33 REs per port when averaged across cells (and could be designed to be 1 RE per port when averaged across cells if desired).  In this contribution present views on inter-cell aspects of CSI-RS design, propose two CSI-RS formats, and look at the system-level results under realistic downlink interference conditions.
In general, the CSI-RS design should have the following generic properties:
1. Is scalable up to 8 transmit antennas.

2. Has good inter-cell (sector/eNodeB) interference rejection which means that at least 7 cells (and preferably more than 7 cells) have orthogonal or quasi-orthogonal CSI-RS.

3. The CSI-RS averages to around 1 RE per port when averaged across cells.
4. Pilot boosting is supported.

5. The CSI-RS should not be on OFDM symbols with control information nor on OFDM symbols with R8 CRSs.
2. CDM-Based CSI-RS format
The first proposed CSI-RS design for 2, 4, and 8 transmit antennas is shown in Figures 1-3 respectively.  In all cases the CSI-RS is located on the 10th and 11th OFDM symbols and the first number of the shown CSI-RS REs indicates the sector number transmitting CSI-RS and the second number indicates which ports transmit CSI-RS.  For 2 transmit antennas the pilots for each port are spread in time with a length 2 Walsh code and for 4 and 8 transmit antennas the pilots for each port are spread in time and frequency with a length 4 Walsh code.  In addition to the spreading, a frequency-domain sequence is applied with one value per PRB where the frequency-domain sequence is different for each eNodeB.  An example choice for frequency-domain sequence is the GCL [10] which has good cross-correlation properties which help improve the channel estimation performance in the presence of strong interference from neighboring eNodeBs.   One advantage of this pilot design over the others is that a covariance matrix estimate can be obtained directly from the received pilot symbols without needing to compute a per-subcarrier channel estimate first.  Note that the following options are possible:

1. Each sector transmits a null RE in places where the other sectors transmit their CSI-RS.  This option provides improved intra-eNodeB performance but with a possible performance degradation to R8 operation.

2. Each sector transmits data in places where the other sectors transmit their CSI-RS.  This option provides for a slightly higher data rate and may have less impact on the performance of R8 but the CSI estimation performance will suffer especially at the sector edges.

3. The CSI-RS format can be sent once every N PRBs in frequency (e.g., N=3) to create up to 9 orthogonal CSI-RS formats so that all neighboring sectors (intra- and inter-eNodeB) can be orthogonal and thus enable easy estimation of CSI for inter-eNodeB CoMP.
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Figure 1.
First proposed CSI-RS format for 2 transmit antennas.  The CSI-RS is located on the 10th and 11th OFDM symbols and the first number indicates the sector number and the second number indicates the ports which are transmitting the CSI-RS.
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Figure 2.
First proposed CSI-RS format for 4 transmit antennas.  The CSI-RS is located on the 10th and 11th OFDM symbols and the first number indicates the sector number and the second number indicates the ports which are transmitting the CSI-RS.
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Figure 3.
First proposed CSI-RS format for 8 transmit antennas.  The CSI-RS is located on the 10th and 11th OFDM symbols and the first number indicates the sector number and the second number indicates the ports which are transmitting the CSI-RS.
3. Quasi-orthogonal CDM CSI-RS format
The second proposed CSI-RS design uses a quasi-orthogonal design [9] to give a guaranteed gain over interference from adjacent cells without the need of using FDM across PRBs.  Essentially this design is simply another form of a CDM design.  In addition to the properties of Section 1, this CSI-RS design has the following properties:

1. The CSI-RS is spaced every 12th subcarrier across frequency thus allowing per-subcarrier channel estimates to be found (maximum delay estimated is 5.55 (sec).
2. The use of the quasi-orthogonal CDM spreading give a 6 dB gain over an interfering cell.

3. By using sequences (across frequency) with good cross-correlation properties, an additional gain over interference is possible beyond what the quasi-orthogonal CDM spreading gives.

4. The density of the CSI-RS is 1.33 REs/port when averaged across cells in a 131 reuse scenario (because sectors in one base transmit on the same REs, see Figure 6 for one possible CSI-RS reuse plan).  If desired the cell planning of the CSI-RS reuse can be redesigned such that the density is 1 RE/port when averaged across cells.
Each antenna sends pilots on a different group of REs and all cells transmit pilots for the same antenna on the same set of REs with either the same quasi-orthogonal spreading matrix (but with a different spreading sequence than the first cell) or a different quasi-orthogonal spreading matrix altogether (up to what the CSI-RS reuse can allow).  The reason this is done is because the 6 dB of interference suppression of the quasi-orthogonal spreading matrix is only gained if one sequence from a quasi-orthogonal spreading matrix is spread.  Hence if the interference used all four sequences from a quasi-orthogonal spreading matrix, there would be no gain over interference (note that an assumption is that only one dominant interfering cell is likely on the group of REs for a single antenna).  The quasi-orthogonal CSI-RS format is shown in Figures 4 and 5.  The CDM spreading is done with quasi-orthogonal spreading matrices from four dimensions chosen from the following set:
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These matrices for four dimensions have the property that spreading sequences (i.e., the different columns of M() within one matrix are orthogonal and between matrices have a signal to interference ratio of 6 dB.  Thus interfering cells are guaranteed to have at least 6 dB of gain (again assuming that only one dominant interferer is present).  An example CSI-RS reuse for this CSI-RS format is shown in Figure 6.
The transmitted signal will have a frequency-domain scrambling sequence as well which is shown in Figure 5.  This sequence should have good cross-correlation properties which can be used to decrease the interference further from what the above matrices deliver by using channel estimation techniques (e.g., by multiplying by the conjugate of the frequency-domain scrambling sequence and taking an IFFT and filtering in the time-domain).  An example frequency-domain sequence would be the Zadoff-Chu sequence [10].
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Figure 4.
Quasi-orthogonal CDM CSI-RS format for inter-cell coordination, see Figure 5 for the details of CSI-RS for antennas 0-7.
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Figure 5.
More details on CSI-RS for Tx antenna a for the quasi-orthogonal CDM CSI-RS format.  
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Figure 6.
Example of a CSI-RS reuse of 15 for the quasi-orthogonal CDM CSI format.  The first number is the matrix number and the second number is the sequence (column) for the given matrix.  Each cell (sector/eNodeB) can apply a different sequence in frequency and still retain the orthogonality within a matrix and the 6 dB gain over interference between matrices.  With this reuse pattern the average CSI-RS density is 1.33 REs/port.
4. System Simulation Results

In this section system-level results are given for the proposed CSI-RS formats in a 10 MHz LTE-A downlink.  The eNodeB has MT=4 antennas (ULA with (/2 spacing) and the UE has MR=2 antennas.  MU-MIMO is allowed to schedule up to a maximum of four users and SU-MIMO is allowed up to two streams (the scheduler chooses between MU-MIMO and SU-MIMO based on the one with the largest predicted sum throughput).  The SCM-E channel model (urban macro with 15 degree angular spread) is used with a mobile speed of 3 kph.  For these results the wideband covariance matrix is fed back along with a C/I estimate to be able to perform link adaptation at the eNodeB.  The UEs use LMMSE combining to suppress crosstalk and no channel estimation is performed on downlink used for data transmission (channel estimation is performed for obtaining the CSI estimates and the C/I estimate).  The different CSI-RS designs are compared in a 131 cellular reuse scenario.  A narrowband allocation of 6 RBs is simulated for the downlink transmission but the feedback is calculated on a wideband of 600 subcarriers.  10 users feed back a covariance matrix and all users are available to be grouped and scheduled for each frame.  The feedback is updated and sent every 5 msec with a delay of 5 msec between where the feedback is calculated and the first beamformed downlink.  The results are determined with actual beamformed interference from other cells (using a 43 cell system).
Figure 7 shows the average throughput of the different CSI-RS formats relative to ideal CSI.  The quasi-orthogonal CDM CSI-RS format uses the CSI-RS design in Section 3 with a DFT-based channel estimation technique after despreading.  The N=3 format uses the CSI-RS design in Section 2 with CSI-RS being transmitted on every three PRBs to create nine orthogonal sequences.  For this format the CSI (covariance matrix) is determined directly from the received CSI-RS without computing a per-subcarrier channel estimate.  Finally the N=1 format uses the CSI-RS format of Section 2 which is only orthogonal intra-eNodeB.  For this format the CSI is determined using channel estimates obtained using a DFT-based channel estimator.  It is expected that the N=1 format will have performance similar to FDM-based CSI-RS with a pilot density of 1 RE/port and with orthogonality between sectors within one eNodeB.  The results show that the quasi-orthogonal CDM CSI-RS design and the N=3 CDM design have very similar performance despite the quasi-orthogonal CDM CSI-RS design only being quasi-orthogonal to neighboring eNodeBs whereas the N=3 CDM CSI-RS design is completely orthogonal to neighboring eNodeBs.  The N=1 CDM CSI-RS format has about a 10% loss over the other two designs because of the loss of orthogonality (or the 6 dB quasi-orthogonality gain) to neighboring eNodeBs.
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Figure 7.
Average system throughput results for the different CSI-RS formats relative to ideal CSI.  The N=3 CSI-RS format creates nine orthogonal sequences by transmitting CSI-RS on every 3 PRBs.  The N=1 CSI-RS format only has orthogonal sequences between sectors and between eNodeBs.  The Q-CDM format is the quasi-orthogonal CDM CS-RS format.
5. Conclusion

In this contribution we discuss the inter-cell aspects of CSI-RS design and propose a couple of different candidate CSI-RS designs to support for 2, 4, and 8 transmit antennas.  Simulation results show that orthogonality or quasi-orthogonality between neighboring cells (both intra- and inter-eNodeB) can significantly improve average cell throughput by up to 10% over CSI-RS designs that are only orthogonal between sectors within one eNodeB. In conclusion

· The inter-cell orthogonality aspects of CSI-RS can significantly affect cell throughput in non-CoMP scenarios as well.

· Preserving orthogonality only within sectors may not be enough to optimize performance. Therefore CSI-RS designs that are orthogonal or quasi-orthogonal over more than 3 cells should be studied. 
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