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1. Introduction

In RAN1#56, two types of reference signals (RS) were defined for the advanced downlink features of  LTE-A such as 8 TX spatial multiplexing, DL COMP and advanced MU-MIMO [1]:

· Demodulation RS (RS targeting PDSCH demodulation): UE-specific and precoded.

· CSI-RS (RS targeting CSI estimation): cell-specific and not precoded.

Following RAN1 #59bis, it was decided that a CSI-RS RE density of 1 RE/PRB/port suffices [2] [3] in the case of 2, 4 and 8 TX antenna ports. Discussions in RAN1 #60 resulted in a way forward [4] outlining further aspects of CSI-RS evaluation. 
The first step in this study is to evaluate the normalized mean squared error (N-MSE) for inter-cell channel state information (CSI) estimation in a CoMP scenario. This contribution presents our link-level evaluation results for inter-cell channel estimation. We present the N-MSEs for different CoMP cell geometries (w.r.t the serving cell), with and without PDSCH RE muting, assuming that the inter-cell CSI estimation is carried out on either a). Inter-cell CSI-RS reference patterns or b). Inter-cell Rel-8 CRS patterns. 
A companion contribution R1-103697 [6] compares the obtained PDSCH throughputs – and associated throughput degradation – for a Rel-8 LTE UE for Rank-1 and Rank-2 transmission, with and without PDSCH muting at RE locations corresponding to inter-cell CSI-RS.
2. Performance Impact

From a Rel-10 LTE UE perspective, performance degradation is minimized since the eNodeB can rate-match its data around intra-cell CSI-RS RE and inter-cell measurement RS locations in time and frequency. 
However, as discussed in [6], Rel-8 LTE UEs are unaware of both PDSCH puncturing (on intra-cell CSI-RS RE locations) and PDSCH muting (on inter-cell CSI-RS locations). Our simulation results show deterioration in Rel-8 PDSCH throughput with consequent BLER floor of 10 % (assuming CSI-RS duty cycle equals 10 ms) at high SNR due to perceived reduction in link quality on CSI-RS carrying subframes, particularly with higher code-rates (E.g. 16-QAM-3/4, 64-QAM-2/3). 
From an eNodeB scheduler perspective, one solution to address Rel-8 UE performance degradation would be to downscale MCS for scheduled UEs in CSI-RS subframes. From a specification perspective, inter-cell measurement impact on Rel-8 LTE UE should be kept to a minimum. To limit the resulting degradation in Rel-8 throughput and keep a flexible scheduler design, we have the following proposal.

Proposal: UE performs inter-cell measurement  for all  cells within CoMP set within a common sub-frame.

For justifying the detrimental effect of muting on Rel-8 LTE UE performance and yet be considered a viable candidate for standardization, our view is that muting should show substantial throughput benefits for non Rel-8 LTE UEs. 

Proposal: To decide whether or not PDSCH muting should be considered for further standardization, muting-based inter-cell CSI estimation should first show substantial performance improvement (in CoMP context) considering realistic channel estimation errors (residual errors from non-measurement cells) and associated CSI feedback methodologies.
2.1. Inter-cell measurement on CRS

One likely problem with inter-cell CSI-RS based channel estimation is the likely deterioration in Rel-8 LTE UE performance especially when PDSCH muting on inter-cell CSI-RS occurs in a different subframe relative to the subframe carrying intra-cell CSI-RS. Our view is that PDSCH muting over inter-cell CRS (for 2/4 AP eNodeBs) provides compelling benefits in terms of its higher RE density within each subframe. Moreover, unlike CSI-RS which will occur with a low duty cycle (e.g. one subframe every 10 ms), Rel-8 CRS occurs every sub-frame, which will help channel tracking.

We suggest that for subsequent CoMP evaluation, schemes employing PDSCH muting on inter-cell CRS should be considered. Prior work [7] has also proposed inter-cell interference estimation based on inter-cell PDSCH muting on CRS. To justify our rationale, CRS-based inter-cell interference measurement is possible in scenarios where CSI-RS may not be applicable (while noting that the decision on whether or not to employ CSI-RS in case of 2 TX/4TX eNodeB transmissions is not finalized).  
Note that the higher PRB density of existing CRS (24 REs/PRB) potentially improves channel tracking in moderate-to-high Doppler environments, thereby achieving increased time-/frequency domain interpolation accuracy of inter-cell CSI estimates. In contrast, CSI-RS based inter-cell measurements –in absence of PDSCH muting – will likely misestimate inter-cell channels even for moderate Doppler environment, considering the low measurement duty cycle.. 

Proposal: Study inter-cell PDSCH RE muting density greater than 1 RE/PRB/port to facilitate better interference measurement and better channel tracking on inter-cell RS at moderate Doppler environments.
In this contribution, for fair comparison between CRS based inter-cell muting and CSI-RS based inter-cell muting, we make the following assumptions:

a) The PDSCH muting density equals 1 RE/PRB/port corresponding to inter-cell measurement RS (CRS/CSI-RS) belonging to each CoMP cell. 

b) The inter-cell measurement duty cycle is fixed to be the same – once in ten subframes – for Scenarios A and B. 
3. Muting Patterns on Inter-cell CRS and CSI-RS RS.
In this work, we evaluate the quality of inter-cell CSI estimation, assuming muting (resp. no muting occurs) for the following two scenarios:

· Scenario A: PDSCH is muted on RE locations of the CSI-RS reference symbols of other cells belonging to CoMP measurement set. Appropriate CSI-RS inter-cell reference pattern is similar to Option B, R1-101426 [5].

· Scenario B: PDSCH is muted on RE locations of the Rel-8 cell-specific reference symbols (CRS) of other cells belonging to the CoMP measurement set. 
Corresponding PDSCH muting patterns (if enabled) on inter-cell RS for Scenarios A and B are shown in Figure 1 and Figure 2 respectively. 
3.1. Subframe Offsets for Inter-cell CSI-RS

For accurate inter-cell measurement at the UE – on inter-cell CSI-RS REs – it is desirable that such CSI measurements do not occur on subframes carrying  P-BCH from other CoMP cells. Similar reasoning applies to avoid intra-cell CSI-RS transmissions on REs corresponding to synchronization channel resources from other cells within the CoMP measurement set. 
Proposal: Subframe offsets and RE locations for CSI-RS transmission from a given cell should be chosen such that intra-cell CSI-RS symbols are not transmitted in the same time-domain and frequency domain resources as the Primary Broadcast Channel (PBCH), Primary Synchronization Channels (PSCH) and Secondary Synchronization Channels (SSCH) of CoMP cells.
 
[image: image1]
Figure 1 :  4 TX CSI-RS reference muting pattern. 

[image: image2]
Figure 2 : Proposed 4 TX CRS reference muting pattern.
4. Details of inter-cell CSI Estimation
The normalized mean-squared error following inter-cell CSI estimation is computed as:
N-MSE =  
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In the above definition, H represents the multi-dimensional estimated inter-cell matrix of size Nrx x Ntx x NRS
 and 
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is the true multi-dimensional channel matrix of equal size. Here, Nrx designates the number of receive antennas at the UE, Ntx equals the number of transmit antennas at the eNodeB and NRS equals the number of CSI-RS REs/port per OFDM symbol over which inter-cell CSI estimation is carried out. The operation 
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 denotes the Euclidean norm over a complex vector space, 
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 denotes the expectation operator, while the “vec” operation collapses all elements in a multi-dimensional matrix into a (Nrx x Ntx x NRS) dimensional column vector.  
Note that the N-MSE is computed across the channel estimates at the reference symbol positions only. That is, the above definition does not account for additional errors during frequency-domain interpolation. Finally, the N-MSE averaging is carried out over inter-cell measurement subframes.
5. Simulation Results

We now present simulation results obtained by modelling PDSCH muting on inter-cell measurement RS based on Scenarios A and B, as described in Section 2. The size of the CoMP measurement set equals 3 cells. We measure the CSI measurement error at a single cell, assuming that each cell either transmits (or mutes) it’s PDSCH REs on inter-cell measurement RE positions. 
The SCM channel model was used for generating the (2 RX antennas x 4 TX antennas x 300 frequency tones x 14 OFDM symbols/subframe) sized matrix channel – in each subframe – from each cell to the UE of interest. No power boosting on CSI-RS is employed in the simulations.

To model the difference in average received powers at the UE from the CoMP cells w.r.t to the serving cell, we consider five different interference geometries (respectively equalling -10 dB, -5 dB, 0 dB, 5 dB and 10 dB).  With PDSCH muting, inter-cell CSI measurement error is noise-limited. On the other hand, without PDSCH muting on inter-cell measurement REs, the corresponding CSI measurement error in interference limited from neighbouring CoMP cells. 
Figure 3 shows the N-MSE with PDSCH muting for CSI-RS and CRS based inter-cell channel estimation. Without PDSCH muting, N-MSEs are shown only for CRS based inter-cell channel estimation (performance of CSI-RS based channel estimation was identical). Solid curves show N-MSEs with PDSCH muting on inter-cell measurement REs, while dash-dotted curves show corresponding performance without PDSCH muting. The following observations are in order:
· Observed N-MSE’s with PDSCH muting are virtually identical for both CRS and CSI-RS based inter-cell channel measurements.

· The N-MSE monotonically decreases with increasing average received power of CoMP cells w.r.t the serving cell. This observation is intuitive since increasing the average CoMP cell received power  increases the SNR [resp. SINR]  on inter-cell CSI measurement REs when PDSCH RE muting [resp. no muting] takes place.

· In the absence of PDSCH muting on inter-cell RS locations, performance of inter-cell CSI estimator for CoMP cell 
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 is limited by the PDSCH interference from CoMP cell
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. Even for the best case – the received power from a measurement cell is +0 dB relative to the serving cell and the SNR equals 30 dB – the average N-MSE saturates at nearly -3 dB. 
· When PDSCH RE muting is employed on inter-cell measurement RS, the performance of CRS and CSI-RS based channel estimation is virtually identical. The inter-cell CSI measurement error falls linearly with increasing SNR on log-log scale. In the best case, the average N-MSE equals nearly -33 dB. 
Table 1: Link-level simulation parameters.

	Simulation Parameter
	Description/Numerical Value

	Carrier frequency
	2 GHz

	Transmission bandwidth
	5 MHz (25 RBs)

	eNodeB antenna configuration
	4 Tx

	UE antenna configuration
	2 Rx

	Channel model
	SCM 

	UE velocity
	3 Kmph

	PDCCH/PDSCH configuration
	3/11 OFDMA symbols per subframe.

	CSI-RS allocation
	Full bandwidth in active CSI-RS subframe

	Cell ID
	Serving cell ID = 432 (equals 0 mod 6 and 0 mod 3).
CoMP cell IDs  =  431 (equals 5 mod 6 and 2 mod 3) and 430 (equals 4 mod 6 and 1 mod 3)                

	Geometry of CoMP cells 
	Average received power from each CoMP cell chosen to equal -10 dB, -5 dB, 0 dB, 5 dB and 10 dB w.r.t serving cell.

	CSI measurement duty cycle 
	Once every 10 ms (duty cycle factor = 0.1, corresponding to occurrence of CSI-RS)

	Types of inter-cell measurement RS
	CSI-RS and Rel-8 CRS.

	Measurement density of RS
	1 RE/PRB/port 

	Inter-cell CSI estimation error
	Computed over inter-cell CRS/CSI-RS measurement REs (25 REs/port/measurement subframe)

	Simulation output
	Normalized MSE (in decibels) of the inter-cell channel estimation using reference CRS and CSI-RS patterns.


6. Conclusion

This work evaluates the normalized mean-squared error for inter-cell channel estimation at a Rel-10 UE making use of downlink CoMP operation. We have evaluated the accuracy of inter-cell CSI making use of inter-cell CRS and CSI-RS reference patterns. The key conclusions are:
· In the absence of PDSCH muting on inter-cell CSI-RS RE locations, inter-cell CSI measurement is limited by serving cell PDSCH interference.

· When PDSCH RE muting is employed on inter-cell measurement RS, the performance of CRS and CSI-RS based channel estimation is virtually identical. 
· For subsequent muting evaluation in CoMP scenarios, schemes employing PDSCH muting on inter-cell CRS may be considered depending on the applicability of CSI-RS for, e.g. 2Tx and 4Tx.  We propose to further study the performance of CRS-based inter-cell CSI versus CSI-RS based inter-cell CSI estimation in moderate-to-high Doppler scenarios.
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8. Appendix: Link-Level Simulation Results
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Figure 3 : Normalized mean squared error of CSI-RS and CRS-based inter-cell CSI estimation.
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� For example, in a 5 MHz LTE deployment, NRS equals 25 REs across the entire bandwidth. Assuming Nrx equals 2 receive antennas and Ntx equals 4 transmit antennas, the corresponding 3D matrices are of size 2 x 4 x 25.
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