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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 impact of PDSCH muting (for inter-cell CSI estimation using CSI-RS) on Rel-8 LTE UE performance. Since the Rel-8 LTE UE is unaware of either PDSCH resource element (RE) puncturing (on intra-cell CSI-RS RE locations) and/or PDSCH RE muting (on inter-cell CSI-RS RE locations), the corresponding REs as perceived as experiencing degraded link quality. This contribution presents our link-level evaluation results on Rel-8 LTE UE performance for two different CSI-RS patterns. These simulation results compare the obtained PDSCH throughputs 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). A companion contribution R1-102099 [7] presents the normalized mean squared error (N-MSE) for inter-cell CSI estimation, based on PDSCH RE muting being enabled/disabled on either a) inter-cell CSI-RS, or c) inter-cell CRS.
2. CSI-RS Reference Patterns
This contribution evaluates the CSI-RS reference patterns as shown in Figs. 1-2 respectively. We evaluate two reference CSI-RS patterns namely:

· Option 1: Nokia, NSN’s staggered pattern (Option B, R1-101426) [5].

· Option 2: Huawei’s pattern (R1-101676). 

Being a staggered pattern similar to Rel-8 CRS (whose pattern properties have been well studied), we have a slight preference for Option 1. Inter-cell CSI-RS pattern locations for option 1 [resp. option 2] are determined as cell ID modulo 3 [resp. 4 x cell ID modulo 3].
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Figure 1: Single-cell and multi-cell CSI-RS reference pattern (Huawei : R1-101676).
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Figure 2: Multi-cell CSI-RS reference pattern (NOKIA, NSN: Option B, R1-101426). 
3. Details of PDSCH Muting Overhead 

Table 1: Description of parameters and their typical values
	Symbol
	Description
	Value

	Nsyms
	# OFDMA symbols/subframe
	14

	NPDCCH
	#Control symbols/subframe
	3

	NtonesperRB
	# Resource Elements per RB
	12

	NRB
	# scheduled PDSCH RBs
	4

	NCSIRSports
	# CSIRS ports
	4

	MCSIRSperport
	Average CSI-RS density (RE/PRB/port)
	1

	NCRSRE
	# CRS REs outside PDCCH region 
	16

	NCoMP
	# CoMP cells
	3

	DutyCycleCSIRS
	Fraction of subframes in which CSI-RS is transmitted
	0.1


Ignoring SCH and BCH, assume a PDSCH allocation of NRB resource blocks. The CSI-RS specific parameter is given by MCSIRSperport (units of REs/PRB/port). Define the parameter NDMRSREperRB which denotes the total number of DMRS symbols in each RB. See Table 1 for detailed description of different parameters used in the ensuing CSI-RS overhead calculations.
First, the number of available data (PDSCH) REs
 when CSI-RS is present is given as

Ndata = NRB x [(Nsyms – NPDCCH) x NtonesperRB – NCRSRE].
The corresponding number of punctured PDSCH REs from intra-cell CSI-RS transmission is given as

NpuncturedPDSCH = NRB x MCSIRSperport x NCSIRS.
The number of muted PDSCH REs from inter-cell CSI-RS transmission within CoMP measurement set equals
Ndata, muted = NRB x MCSIRSperport x NCSIRS x (NCoMP – 1). 
During post-FFT processing, note that the Rel-8 UE is oblivious to PDSCH RE puncturing due to CSI-RS transmission and PDSCH RE muting due to inter-cell CSI-RS. Consequently, the ensuing link quality as perceived at the Rel-8 UE is degraded to a certain extent. 
Using typical values given in Table 1, the corresponding number of Rel-8 PDSCH REs in each scheduled RB equals 116 REs, while the number of muted PDSCH REs given as Ndata, muted equals 8 REs. Table 2 provides the maximum PDSCH throughputs for rank-1 and rank-2 transmission for different MCS schemes.
Table 2. Maximum PDSCH throughputs for different transmission ranks.
	MCS
	Maximum Rank-1 PDSCH throughput (Mbps)
	Maximum Rank-2 PDSCH throughput (Mbps)

	QPSK-1/2
	0.44
	0.88

	16QAM-1/2
	0.904
	1.808

	16QAM-3/4
	1.368
	2.736


4. Simulation Results

Table 3: Link-level simulation parameters.

	Simulation Parameter
	Description/Value

	Carrier frequency
	2 GHz

	Transmission bandwidth
	5 MHz (25 RBs)

	eNodeB antenna configuration
	4 Tx uncorrelated.

	UE antenna configuration
	2 Rx uncorrelated.

	Channel model
	3GPP-TU

	UE velocity
	3 Kmph

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

	Scheduling in time
	Scheduling in every downlink subframe.

	Channel coding (PDSCH)
	Rel-8 turbo coding.

	Number of allocated PRB
	4 PRBs (RB Indices 4,5,6,7)

	MCS, HARQ and link adaptation
	Separate MCS (QPSK-1/2, 16-QAM-1/2, 16-QAM-3/4). Enable PMI adaptation for fixed MCS scheme.

	PDSCH Demodulation
	MMSE for rank > 1, otherwise MRC

	Channel estimation for demodulation and PMI/CQI computation
	2D MMSE

	Precoding/Feedback granularity
	4 PRB granularity for PMI feedback

	Transmission ranks
	1 & 2

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

	CSI-RS duty cycle configuration
	Once every 10 ms (duty cycle factor = 0.1)

	CSI-RS density
	1 RE/PRB/port 

	Hybrid-ARQ
	Number of HARQ processes = 8.
Maximum number of retransmissions = 3.

	CQI/PMI reporting delay modelling
	Delay equals 5 subframes (5 ms) between time of computation at UE and use for precoding at eNodeB.

	Simulation output
	PDSCH throughput (Mbps) and BLER versus SNR (dB) accounting for CSI-RS overhead


Table 3 shows the simulation parameters and their corresponding values. We present link-level simulation results (refer Appendices) showing Rel-8 LTE UE PDSCH throughputs and the corresponding block error rates. We consider two different scenarios:

· Scenario A: Puncturing on intra-cell CSI-RS RE locations without PDSCH RE muting on inter-cell CSI-RS REs.

· Scenario B: Puncturing on intra-cell CSI-RS RE locations with PDSCH RE muting on inter-cell CSI-RS REs.

In both simulation scenarios, we assume no power transfer on CSI-RS REs at a given antenna port from unused REs (used for CSI-RS transmission from other antenna ports), which occurs for ensuring intra-cell CSI-RS orthogonality. Realistic channel estimation for demodulation was carried out using a 2D MMSE channel estimator, using Rel-8 CRS for obtaining coherent pilot channel estimates.
Figs. 3-4 [resp. Figs. 5-6] show the Rel-8 UE’s PDSCH throughputs and BLER curves for Rank-1 [resp. Rank-2] transmission corresponding to CSI-RS reference patterns shown in Figs.1-2 respectively. In all plots, the performance without PDSCH RE muting in inter-cell CSI-RS locations is shown with blue solid curves. The corresponding performance with PDSCH RE muting is shown with black dash-dotted curves. 
We make the following observations:
· The CSI-RS patterns as proposed by Nokia, NSN and Huawei perform almost identically.

· For lower order MCS (QPSK-1/2), the performance of Scenarios A and B is virtually identical. That is, muting PDSCH REs on inter-cell CSI-RS RE locations has minimal impact Rel-8 LTE UE PDSCH throughputs. 
· With higher order modulation (16QAM-1/2), the BLER for Scenario B saturates at high SNR indicating that the performance of Scenario B is sensitive to RE muting. In contrast, the BLER for Scenario A is close to zero for SNRs greater than 10 dB. 
· With higher coding rates and higher order modulation (16QAM-3/4), the BLERs for both Scenarios A and B saturate at high SNR. This indicates that for high coding rates, the Rel-8 UE’s turbo decoder performance is interference limited. Further, the BLER for Scenario B saturates at 1E-1, which implies with inter-cell PDSCH RE muting, every CSI-RS carrying subframe is erroneously decoded. In contrast, the BLER for Scenario A saturates at 4E-2 at high SNR, which indicates that on an average, 60 % of CSI-RS carrying subframes are correctly decoded in spite of puncturing on intra-cell CSI-RS REs. 

· For both Scenarios A and B, we observed similar interference limited Rel-8 LTE UE BLER performance with MCS of 64QAM-2/3 (not shown in this work).
Following these observations, the BLERs with higher order MCS transmission (16QAM-3/4, 64QAM-2/3 etc.) with Scenario B can be well approximated (order-wise) as 
BLERScenarioB ~ 1/CSIRS duty cycle (ms)

The above results suggest that the eNodeB scheduler should choose a downscaled MCS for Rel-8 LTE UE during CSI-RS subframes, if inter-cell PDSCH RE muting is employed. Sensitivity of Rel-8 LTE UE performance to Rel-10 CSI-RS suggests that CSI-RS for all CoMP cells should be carried within a single subframe. We remark that a prior contribution by Nokia, NSN [6] shows similar observations as ours.  
4.1. Inter-cell PDSCH muting on CRS
We suggest that for subsequent CoMP evaluation, schemes employing PDSCH muting on inter-cell CRS should be considered. Such an approach would enable inter-cell interference measurement 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). We remark that prior work [8] has also proposed inter-cell interference estimation based on inter-cell PDSCH muting on CRS. 
We clarify that PDSCH muting inter-cell CRS, if enabled, will still occur with a low inter-cell CoMP measurement duty cycle – for example, once in ten subframes – even though Rel-8 CRS occurs every subframe. Although this contribution does not present link-level evaluation results with PDSCH RE muting on inter-cell CRS, we expect the Rel-8 LTE UE performance to be identical to that in Scenario B.
5. Conclusion

This work evaluates the impact of PDSCH RE muting at inter-cell CSI-RS locations and associated performance degradation for Rel8 LTE UE. We make the following conclusions:

· With low order modulation and coding rates (QPSK-1/2), Rel-8 LTE UE performance is relatively insensitive to PDSCH muting on inter-cell CSIRS RE locations.

·  With higher order modulation and high coding rates, there is substantial performance degradation at Rel-8 LTE UE (that is, BLER ~ 0.1 even at high SNR) arising from “interference” due to RE puncturing at CSI-RS locations. Further performance degradation is experienced from PDSCH RE muting at inter-cell CSI-RS RE locations.
· For muting evaluation in CoMP scenarios for future versions of LTE, schemes employing periodic PDSCH muting on inter-cell CRS may be considered depending on the applicability of CSI-RS for, e.g. 2Tx and 4Tx.
· Considering the sensitivity of Rel-8 LTE UE performance to CSI-RS subframes, inter-cell multiplexing of CSI-RS symbols for all cells within the CoMP measurement set should be performed in a single subframe.
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7. Appendix: Results
7.1. Rank-1 PDSCH Transmission
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Figure 3: PDSCH throughputs and BLERs for rank-1 transmission (Nokia,NSN CSI-RS reference pattern)
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Figure 4:  PDSCH throughputs and BLERs for rank-1 transmission (Huawei CSI-RS reference pattern)
7.2. Rank 2 PDSCH Transmission
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Figure 5:  PDSCH throughputs and BLERs for rank-2 transmission (Nokia, NSN CSI-RS reference pattern).
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Figure 6: PDSCH throughputs and BLERs for rank-2 transmission (Huawei CSI-RS reference pattern).
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� In CSI-RS free subframes, the corresponding number of PDSCH REs is found by setting MCSIRSperport = 0.
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