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1. Introduction

The way forward on downlink reference symbols agreed in the previous meeting [1] introduces UE-specific precoded reference symbols for PDSCH demodulation for LTE-Advanced operation. The main argument for choosing UE-specific reference symbols was the overall RS overhead at the system level when high-order spatial multiplexing is enabled, as the overhead scales with the number of spatial layers. Having precoded RS removes the need for specifying the precoding operation at eNB and allows us focusing on CSI feedback schemes. A clean and unified UE-specific RS design across LTE-Advanced transmission modes/features (MIMO, CoMP) is desirable, and thorough studies are necessary to reach this goal. In this contribution we investigate various UE-specific RS multiplexing schemes for LTE-Advanced, outlining their pros and cons and provide estimates of required RS densities and overheads.
2. UE-specific RS Multiplexing 
It is a natural desire for a unified UE-specific RS design across LTE-Advanced features. While PDSCH demodulation will take place in several MIMO modes: up to 8-Tx single user, CoMP or multi-user spatial multiplexing (SDM), one has to find the common ground for a unified design. Optimization for single-user or multi-user might prove a tedious task which should lead to natural trade-offs from a design perspective. Several criteria should be considered: overall RS overhead, MU- and SU-MIMO friendliness, power issues and transparent operation. Let us tackle these aspects: 
· Overall RS overhead is an important, if not critical, design point for LTE-Advanced. Considering that single-user operation with up to eight stream transmission can potentially blow the overall RS overhead, it is natural that appropriate RS multiplexing has to happen under some form. In the following we investigate FDM/TDM, CDM and hybrid types of RS multiplexing. It is worth noting that same RS overhead is reached either by using CDM or non-CDM placements considering the same total RS power budget.
· Multi-user MIMO design in Release 8 lacks interference suppression capability at both transmitter and receiver. With the introduction of precoded UE-specific RS, more precoding flexibility is allowed at the transmitter side, however residual spatial interference detection/suppression still remains to be performed at the receiver. Specific UE-specific RS design could allow UEs tracking the spatial interference. However, practical feasibility and realistic gain of such processing at the UE should be thoroughly investigated.
· RS transmit power allocation needs to be considered. CDM multiplexing has an edge here in terms of transparent operation (i.e. no need for RS-data power offset signalling) and efficient RS power utilization.   

· Transparent operation refers to one UE-specific RS pattern fitting all possible MIMO operation modes, hence bringing previous enumerated constraints together to a common denominator solution. 
In the following we detail potential UE-specific RS multiplexing schemes and list their respective pros and cons. The following figures are illustrative RS placements, the exact patterns are left for further study at this stage. 
FDM/TDM UE-specific RS
Presented in Figure 1, this type of UE-specific RS considers using clean resources per layer (i.e. REs marked as DP serve a single antenna port each), hence having a linear increase in overhead as a function of the number of spatial layers. For example if 6 resource elements are considered per layer, a total of eight layers will result in a total UE-specific RS overhead of 36.6%. Despite the high overhead, this type of placement suffers also from the fact that in multi-user mode, one has to puncture the PDSCH data in order to allow the UEs to potentially estimate the interference, which also makes the scheme non-transparent in terms of SDM. Another issue in multi-user mode is that FDM/TDM RS power does not match to PDSCH data power as the latter depends on the number of spatially multiplexed UEs. Hence, additional power signaling would be required.
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Figure 1: FDM/TDM UE-specific RS, support for eight layers transmission. Hash positions represent UE-specific RS, while the indexes refer to the corresponding spatial layer.
CDM UE-specific RS

Figure 2 presents a CDM pattern where a code length of eight is used. If one would like to achieve same performance as TDM/FDM pattern previously presented, the number of RS resource elements per layer has to be scaled accordingly, considering the code length which acts as a power divider in this case. This naturally results in less RS power per layer, but on the other hand the more layers are in use, the higher the SNR requirements are and the better the channel estimation should get. The disadvantage of this solution is the existence of a large code length at all times. Another drawback of an all-CDM pattern is the lack of RS overhead scalability as a function of the number of spatial layers. For example if one layer transmission happens one has to use all reserved REs (24 in this example), leading to high RS overhead. The RS overhead remains flat regardless of the number of spatial layers.
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Figure 2: CDM UE-specific pattern, support for four layers transmission. CDM code length of eight across temporal dimension; D1-8 refers to a UE-specific RS position used by 8 spatial layers. 

Multi-user operation benefits from CDM UE-specific RS as the UE has knowledge of its own code as well as potentially the other codes in use. We note that if CDM UE-specific RS are used for multi-user or CoMP operation, the RS power always matches with the PDSCH power, hence avoiding any need for power offset signalling. Usage of CDM would be restricted to low speed / low frequency selectivity scenarios, considering the sensitivity of the codes to channel variation.  However, the mobility issue is less critical as low mobility is assumed so far in RAN1 for high-order spatial multiplexing and CoMP in LTE-Advanced, and sparseness of CSI-RS acts already de facto as limiting factor.
Hybrid TDM/FDM/CDM UE-specific RS
A trade-off design could be a potential candidate, combining benefits of previous RS multiplexing methods. This leads us to the solution presented in Figure 3 which is a mix of CDM and TDM/FDM. Similar solutions have been mentioned for example in [3], [4].
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Figure 3: TDM/FDM/CDM UE-specific RS, support for four/eight layers transmission. CDM code length of two/four across temporal dimension; D1-4 refers to a UE-specific position used by two/four spatial layers.  Blue/green dash rectangles represent operation of code length two.  Accordingly D5-8 is used by next two/four spatial layers.

As it is not likely to have very high numbers of spatial layers simultaneously in use, the TDM/FDM component, on top of CDM, brings more flexibility in better scaling the RS overhead. In case of less spatial layers than maximum code length (four in this case), for instance a code length of two can be used on the same blue-hash positions as in Figure 3 above, resulting in six effective resource elements (in terms of power) available per layer. Code length two spans over two adjacent resource elements (dash rectangles) while code length four spans over all four resource elements in time. This hybrid RS design could be operated as follows:

· Single-user MIMO: 
· Rank 1 & 2: use blue positions only (2 codes of length two)

· Ranks 3 & 4: use green positions (2 codes of length two) in addition to blue positions (2 codes of length two)
· Rank 5 to 8: use blue and green positions (as many codes as transmission rank; code length is four)
· SDM (multi-user MIMO or CoMP):
· Maximum of 2 multiplexed UEs: use blue positions only (2 codes of length two)
· Maximum of 4 multiplexed UEs: use both blue (2 codes of length two) and green positions (2 codes of length two)
2. UE-specific RS densities

In the previous section we have presented several potential arrangements, their advantages and disadvantages and corresponding overhead. Throughout the discussion we have mainly considered the equivalent of six resource elements reserved for RS per stream. To support this choice we have performed simulations for various UE-specific RS densities: 4, 6, 8 and 12 resource elements per stream. For a clearer view on the sole impact of UE-specific RS, the spectral efficiency reflects the sub-frames not containing CSI-RS only. Ideal channel estimation was assumed for CSI-RS, hence ideal PMI/CQI selection. FDM/TDM type of RS multiplexing was considered similar to the pattern of Figure 1. A maximum of four Rel’8 legacy ports are allowed to operate. Further details of simulation assumptions can be found in the Appendix. In Figure 4 we present performance for one stream while in Figure 5 we depict the two stream performance. From the four simulated densities, 6 REs per stream offers a good trade-off between performance and overhead. As precoded UE-specific RS have to provide good performance for CoMP demodulation as well, our choice of channel model reflects one realistic potential scenario where demodulation should be robust.
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Figure 4: One stream transmission, TDM/FDM pattern used..
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Figure 5: Two stream transmission, TDM/FDM pattern used.
3. Discussion

Several key factors are influencing the transmission modes which are envisioned to operate in a seamless way. For single user transmission RS overhead has to be limited, while for multiuser operation, considering a target number of spatial layers could simplify the final design. If for example up to four layers are to be used in multiuser mode, one could combine two code lengths with FDM/TDM positions, similar to the proposal in Figure 3. A total of 24 resource elements are reserved for four layer transmission, with a six resource elements in terms of power per stream. 
As a wrap up of the previously presented RS multiplexing methods and corresponding illustrative RS patterns, the overhead figure is shown below.
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Figure 6: Overhead comparison for presented examples of UE-specific RS patterns.
Overhead calculations in Figure 6 are referring only to UE-specific RS (within PDSCH area). LTE Release 8 legacy CRS overhead adds on top.
For single-user transmission, FDM/TDM solution seems favourable from the overhead scalability perspective. For multi-user transmission and CoMP, using CDM would ease the DL signalling. In order to bring transparent operation on top and also allow robust demodulation performance, a hybrid solution might be a good compromise, similar to the pattern shown in Figure 3.
4. Conclusions

In this contribution, we discussed various aspects of LTE-Advanced downlink precoded UE-specific RS. Several potential candidates RS multiplexing schemes have been proposed, while criteria to be satisfied by the design have been considered. We also provided corresponding estimates of RS overhead in view of the ITU submission for the LTE-Advanced proposal. The exact RS pattern itself is left for further study at this stage. A hybrid pattern, combining FDM/TDM multiplexing with a CDM dimension could offer good trade-off with reasonable overhead for all MIMO modes and allowing transparent operation to some extent.
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Appendix – Simulation assumptions
Table 1 Simulation assumptions

	Parameter description
	Value / Comment

	Transmission bandwidth
	10 MHz

	Channel model & UE velocity
	3GPP TU – 3 km/h, spatially uncorrelated

	Antenna configuration
	8 Tx / 4 Rx antennas

	Detector
	MMSE receiver

	PDCCH / PDSCH configuration
	3 / 11 OFDM symbols per sub-frame

	Channel coding (PDSCH)
	Rel’8 turbo coding, CBRM

	Modulation, code rates
	PDSCH link adaptation over Rel’8 MCS

	HARQ
	Not used

	Number of allocated PRBs
	6

	Precoding
	IID codebook with 64 entries per transmission rank

	Precoding granularity
	3 PRB

	Transmission rank
	Rank-1 or Rank-2 (no rank adaptation)

	Number of codewords
	Rank-1: 1 codeword; Rank-2: 2 codewords

	Common reference signal configuration
	Rel’8 CRS in every sub-frame, maximum 4 ports

	CSI-RS reference signal configuration
	Ideal CSI-RS assumed

	CSI-RS duty cycle configuration
	5 ms interval

	UE-specific RS multiplexing
	TDM/FDM

	UE-specific reference symbols density
	{4, 6, 8, 12} resource elements per layer

	CQI/PMI/RI delay
	Minimum delay of 5 sub-frames between time of computation at UE and use for precoding at eNodeB

	Channel estimation for CQI/PMI/RI computation
	Ideal

	Channel estimation for demodulation
	2D realistic channel estimation on UE-specific RS



