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1. Introduction

The UE-specific reference symbol (RS) overhead for LTE-Advanced performance evaluations has been agreed [1] [2] and amounts to a total of 12/24 resource elements (REs) which should sustain spatial multiplexing with 1-2/3-8 layers, respectively. UE-specific RS multiplexing is still an open issue. A clean and unified UE-specific RS pattern across Rel-9 dual layer beamforming and LTE-Advanced transmission modes/features (MIMO, CoMP) is desirable, and thorough studies are necessary to reach this goal. In a previous contribution [3] we have presented three main UE-specific RS design candidates. In this contribution we further narrow down the UE-specific RS multiplexing schemes for LTE-Advanced by analyzing associated trade-offs and providing simulation results.
2. UE-specific RS Multiplexing 
Aiming at a unified UE-specific RS design across LTE-Advanced features is one of the main targets. 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: the agreed [1] [2] total overhead of 12/24 resource elements for 1-2/3-8-layer operation offers a good trade-off. From this perspective, the pure CDM solution as presented in [3] does not comply with the agreement as the overhead stays flat regardless of the number of transmitted layers. This also holds for FDM/TDM RS multiplexing with constant overhead per layer over all transmission ranks. In the following we investigate a more suitable FDM/TDM pattern as well as a hybrid CDM type of RS multiplexing. Both are in-line with the latest RS overhead agreements. It is worth noting that same RS overhead is reached either by using CDM or non-CDM placements trying to reach similar 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 estimating and cancelling 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, especially for multi-user MIMO case. 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. 
Considering the previous design criteria and taking into account the RS overhead agreements from RAN1#56bis, we restrict the following discussion to two potential UE-specific RS multiplexing schemes and list their respective pros and cons. The following figures are illustrative RS placement, the exact patterns are left for further study at this stage. 
FDM/TDM UE-specific RS
Figure 1 shows a potential candidate FDM/TDM design stemming from Rel’8 UE-specific RS (i.e. REs marked as DP serve a single antenna port each). A total of 12 REs are used for one and two layer transmission while a maximum of 24 REs are reserved for more than two layers (up to eight layers), as stated in [1], [2]. Overhead as well as RS power per layer (in terms of REs) are shown in Table 1. If two streams are used in multi-user mode, one could utilize the same philosophy as when operating two streams in single-user mode. Such type of RS multiplexing leads to two different rank-1 RS pattern depending whether the UE is scheduled in single- or multi-user mode, which makes the scheme non-transparent in terms of SDM and likely involves additional signaling. 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 is required if one is willing to retain full multi-user pairing flexibility. A slightly different FDM/TDM UE-specific RS arrangement was presented in [3], where RS are placed at PRB edges for improved channel estimation performance. While we acknowledge the potential (marginal) loss of not performing channel estimation exactly at PRB edges, we highlight the fact that building on top of Rel’8 UE-specific RS has some advantage in terms of continuity of specifications as well as implementation. 


[image: image1]
Figure 1: FDM/TDM UE-specific RS. Hash positions represent UE-specific RS, while the indexes refer to the corresponding spatial layer. Top-left: one stream UE-specific RS, top-right: two stream UE-specific RS, bottom-left: four stream UE-specific RS, bottom right: eight stream UE-specific RS.
Hybrid FDM/TDM/CDM UE-specific RS
A hybrid CDM pattern yields another candidate combining the benefits of CDM and FDM/TDM, hence reaching the sought flexibility in scaling the RS overhead and allowing more transparent multi-user operation. The CDM-only solution presented in [3] fails at achieving the required scalable overhead, resulting in unnecessary high RS overhead for low number of spatial layers. As it is not likely to have high number of spatial layers simultaneously in use, a FDM/TDM component on top of CDM brings the required flexibility, leading to the hybrid FDM/TDM/CDM design shown in Figure 2. Similar solutions have been mentioned for example in [5], [6], [7].
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Figure 2: FDM/TDM/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.

Two CDM code lengths are considered depending on the number of spatial layers: length-two codes are used for one to four layers resulting in six effective resource elements per layer in terms of power, while length-four codes are used for five to eight layers (three effective resource elements per layer). Table 1 summarizes the RS overhead and associated power per layer. Length-two codes span e.g. two adjacent resource elements (dash rectangles in Figure 2) while length-four codes span e.g. four resource elements in time. The hybrid CDM RS design could be operated as follows:

· Single-user MIMO: 
· Rank 1 & 2: use blue-hash positions only (2 codes of length two);
· Ranks 3 & 4: use green-hash positions (2 codes of length two) in addition to blue-hash positions (2 codes of length two);
· Rank 5 to 8: use blue-hash and green-hash positions (as many codes as transmission rank; code length is four).
· SDM (multi-user MIMO or CoMP):
· Maximum of 2 multiplexed UEs: use blue-hash positions only (2 codes of length two);
· Maximum of 4 multiplexed UEs: use both blue-hash (2 codes of length two) and green-hash positions (2 codes of length two).
2. UE-specific RS performance
In this section we investigate the performance of FDM/TDM and hybrid FDM/TDM/CDM RS multiplexing. In order to ease the comparison, a few MCS classes were selected. Results on required UE-specific RS densities per layer were provided in a previous contribution [3]. Ideal channel estimation was assumed for CSI-RS, hence ideal PMI/CQI selection. While it is agreed that CSI-RS will operate with a specific periodicity, in order to evaluate the respective performance of the proposed patterns we have considered ideal CSI-RS to be available every sub-frame, while a delay of 2 ms was assumed between PMI/CQI computation at UE side and corresponding usage at eNB. Detailed simulation assumptions are found in the Appendix. 
Two-stream transmission has been simulated assuming the patterns shown in Figure 1 and Figure 2. Ideal channel estimation serves as reference. Figure 3 and Figure 4 show the performance in terms of block error rate (BLER) versus signal-to-noise ratio (SNR). 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. According to [4] the system low mobility should drive LTE-Advanced optimization, hence the considered speed values of 3 and 30 km/h, in which cases both FDM/TDM and hybrid FDM/TDM/CDM approaches are shown to perform equally well in simulation as seen from the figures below. Higher mobility should not be the scope of such optimization. Moreover, periodic CSI-RS themselves cannot sustain high mobility and are expected to be a limiting factor. For high mobility scenarios one should fall back and rely on mobility robust LTE Rel’8 CRS-based operation.
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Figure 3: Two layer transmission, 3km/h velocity.
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Figure 4: Two layer transmission, 30 km/h velocity.
3. Discussion

Table 1 wraps up overhead figures for both considered RS multiplexing methods. For single user transmission the total RS overhead was agreed to be limited, while for multi-user operation, considering a target number of spatial layers could simplify practical system operation. If for instance up to four layers are to be used in multi-user mode, the FDM/TDM approach in Figure 1 uses a total of 4 x 6 = 24 resource elements, with six resource elements in terms of power per layer. We note that for FDM/TDM operation with more than 4 layers, one may consider 3 REs per layers (in a single OFDM symbol) in order to ease design/implementation. The same total overhead may be reached with the hybrid CDM approach by having two sets of FDM/TDM positions with two length-two codes running over each set, as shown in Figure 2. Switching from length-two to length-four codes allows having up to eight simultaneous spatial layers.
Rank-1 transmission was agreed to reserve 12 REs for UE-specific RS, and may happen in either SU- or MU-MIMO. Orthogonality of RS needs to be ensured between spatially multiplexed UEs. With FDM/TDM approach one has to operate on 6 REs per layer in rank-1 MU-MIMO to enjoy this benefit similarly to dual-layer operation in SU-MIMO. Hence, FDM/TDM leads to two rank-1 patterns depending whether the UE is scheduled in single- or multi-user mode. From this perspective, hybrid CDM ensures smoother operation with a single rank-1 pattern for either SU- or MU-MIMO.
For single-user transmission, FDM/TDM multiplexing is thus more favourable in scaling the RS overhead. For multi-user operation and CoMP, a hybrid FDM/TDM/CDM design would ease the DL signalling and ensure transparent multi-user operation and efficient usage of available power assuming RS and data layer powers match together. Finally one should avoid collision between UE-specific RS and CSI-RS because data demodulation should be made possible in case CSI-RS occur.

	
	1
	2
	3
	4
	5
	6
	7
	8

	FDM/TDM total overhead (RE/PRB)
	12
	12
	18
	24
	15
	18
	21
	24

	FDM/TDM effective power/layer
	12
	6
	6
	6
	3
	3
	3
	3

	hCDM total overhead (RE/PRB)
	12
	12
	24
	24
	24
	24
	24
	24

	hCDM effective power/layer
	12
	6
	8
	6
	4.8
	4
	3.8
	3


Table 1: Overhead / power per layer comparison for presented examples of UE-specific RS patterns
4. Conclusions

In this contribution we discussed various aspects of precoded UE-specific RS for LTE-Advanced downlink. Two main candidate RS multiplexing schemes have been presented, while criteria to be satisfied by the design have been enumerated and analyzed. We compared the performance of the proposed patterns by means of link-level simulations assuming low to moderate UE velocity. While the UE-specific RS pattern needs also to be considered for Rel’9 dual-layer beamforming, we strongly support the adoption of a single RS design, for both Rel’9 and LTE-Advanced operation. A hybrid pattern, combining CDM multiplexing with a FDM/TDM dimension could offer good trade-off with reasonable overhead for SU-/MU-MIMO & CoMP and allow transparent operation to some extent.
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Appendix – Simulation assumptions
Table 2 Simulation assumptions

	Parameter description
	Value / Comment

	Transmission bandwidth
	5 MHz

	Channel model, UE velocity, spatial correlation
	3GPP TU – 3, 30 km/h, spatially uncorrelated

	Antenna configuration
	8 Tx / 2 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
	Full band

	Precoding
	IID codebook with 64 entries per transmission rank

	Precoding granularity
	Wideband

	Transmission rank
	Rank-2 (no rank adaptation)

	Number of codewords
	2 codewords

	Common reference signal configuration
	Rel’8 CRS in every sub-frame, maximum 2 ports

	CSI-RS reference signal configuration
	Ideal CSI-RS assumed

	CSI-RS duty cycle configuration
	CSI-RS transmitted in every sub-frame

	UE-specific RS multiplexing
	FDM/TDM, hybrid FDM/TDM/CDM

	UE-specific reference symbols density
	6 resource elements per layer in terms of power

	CQI/PMI/RI delay
	Minimum delay of 2 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
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