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1. Introduction

Based on the discussion at the RAN1#49bis meeting regarding multi-user MIMO (MU-MIMO) [1]-[6] in the E-UTRA downlink, MU-MIMO should provide robust and efficient operation while keeping the control signaling simple with a low overhead. The agreed way forward for the MU-MIMO scheme is indicated below.
· The MU-MIMO scheme should focus on highly correlated antenna elements.
· MU-MIMO reuses (a part of) rank-1 single-user MIMO (SU-MIMO) precoding possibilities, and the user equipment (UE) and Node B use the same codebook.
· The channel quality indicator (CQI) calculation measurement is the same as that for rank-1 SU-MIMO. The need for additional CQI terms for interference indication or alternative CQI definition is FFS.
· Explicit signaling of the used precoding vector for a scheduled UE was allowed and signaling of the interference vector(s) was FFS.
In this contribution, according to the way forward, we present our views on MU-MIMO based on the performance comparison between SU-MIMO and MU-MIMO in highly correlated channels for a 4-Tx antenna case. Furthermore, a performance comparison is presented between MU-MIMO schemes in which the UE only knows the precoding vector for itself and that in which the UE knows the interfering precoding vector as well as its own precoding vector. This comparison clarifies the necessity for the signaling of interfering vectors for demodulation and CQI measurement.
2. Precoding Schemes for SU-MIMO and MU-MIMO

2.1 SU-MIMO

(a) Codebook
In this contribution, only rank 1 transmission is considered since the performance evaluation is based on a very highly correlated channel. As a rank 1 codebook, we use the working assumption codebook [7] with the codebook size of 16 for a 4-Tx antenna case. 

(b) UE Feedback

To minimize the signaling overhead, each UE reports only a single preferred precoding vector index (PVI) for the whole bandwidth over a long duration. Meanwhile, we assume that the granularity of the CQI feedback is one resource block (RB) per transmission time interval (TTI).

2.2 MU-MIMO

(a) Codebook 

According to the way forward, we reuse a part of the existing rank 1 codebook for SU-MIMO as the MU-MIMO codebook. More specifically, we use a 3-bit uniform linear array (ULA) codebook for the 4-Tx antenna case. 

(b) UE Feedback

In MU-MIMO, we mainly consider that the CQI measurement is performed in the same manner as rank 1 SU-MIMO. In addition, in order to compare the performance for various feedback schemes, we consider the CQI feedback of both rank 1 and rank 2. The frequency granularity of the PVI and CQI is the same as that for SU-MIMO in Section 2.1. 
(c) Precoding and Scheduling at Node B

On the Node B side, the number of spatial division multiplexed UEs and the scheduled users are selected based on proportional fairness (PF). In the evaluation, we assume that the maximum number of spatial division multiplexed UEs is two. When two UEs are multiplexed, we assume unitary precoding (UP) in this evaluation. Regarding the various CQI measurements, DL control signaling information, and UE detection method, we evaluate the following four cases. 

· Case #1: 
· The Node B indicates the precoding vectors of scheduled UEs, i.e., desired and interfering UEs. 

· The UE decodes the received signals based on MMSE signal detection.
· Only the rank 1 CQI value is fed back.

· Case #2: 
· Node B indicates the precoding vector of only the desired UE. 
· UE decodes the received signals based on MMSE signal detection in the following manner.
· Case #2A: Node B limits the pairing of precoding vectors of spatially multiplexed UEs This means that only one fixed pairing is permitted for each vector at the Node B (implicit signaling of the interfering vector), so the scheduled UE can know the precoding vector of the interfering UEs although the flexibility in the scheduling is reduced.
· Case #2B: Paring with any other orthogonal vector is permitted for each vector at the Node B, and the scheduled UE performs MMSE detection based on the statistical averaging of the shared data channel.
· Only the rank 1 CQI value is fed back.

· Case #3: 
· Node B indicates the precoding vector of only the desired UE. 

· The UE decodes the received signals based on maximal ratio combining (MRC).
· Only the rank 1 CQI value is fed back.

· Case #4: 
· Node B indicates the precoding vectors of all the scheduled UEs. 

· The UE decodes the received signals based on MMSE signal detection.
· Both the rank 1 and rank 2 CQI values are fed back.

Note that when the CQI calculation method on the UE side is the same as that for rank 1 SU-MIMO, i.e., not taking into account the interfering beam of the other UE, we believe that CQI update is necessary on the Node B side in order to include the influence of the interfering beam of the spatially multiplexed UE. We compensate for the CQI (received signal-to-interference plus noise power ratio (SINR)) value as follows.
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where SINRk and SINRk’ are the received SINR value for UE #k measured on the UE side and the updated SINR on the Node B side, respectively. Term G(SINRk) is defined as the minimum value of the difference in the antenna gain between the beam of the scheduled UE and that of the interfering UE within the range of angular directions in which the precoding vector of the scheduled UE achieves the maximum gain, and  is constant within the range from 0 to 1. 
3. Simulation Conditions
We compared the spectral efficiency, i.e., cell throughput, for 4-by-2 MU-MIMO and SU-MIMO based on system-level simulations. Table 1 gives the major radio parameters in the system-level simulation. We assume a 2-GHz carrier frequency and a 10-MHz transmission bandwidth. The total transmission power from two and four antenna branches at the Node B is 46 dBm. The antenna gain of the Node B is set to 14 dBi.

We assume a 19-cell configuration, where each cell has three sectors. Furthermore, by employing the wrap-around method, each cell suffers from inter-cell interference from the surrounding cells. The inter-site distance (ISD) is set to 500 m. The locations of the UEs are randomly assigned with a uniform distribution within each cell. The number of UEs per cell site (Node B) is parameterized. The propagation model follows a distance-dependent path loss with the decay factor of 3.76, lognormal shadowing with a standard deviation of 8 dB, and instantaneous multipath fading. We assume a 20 dB penetration loss. It is assumed that the distance-dependent path loss is constant during the throughput measurement period, while the shadowing and instantaneous fading variations are applied. We assumed the six-ray Typical Urban (TU) channel model with the fading maximum Doppler frequency of 5.55 Hz, corresponding to the moving speed of 3 km/h at a 2-GHz carrier frequency. The fading correlation between transmit antennas is set to 0.95 and the correlation between the UE receiver antennas is assumed to be uncorrelated.
At the UE receiver, we assumed the antenna gain of 0 dBi. The exponential effective SINR mapping (EESM) method [8] is used to map the effective SINR calculated in the system-level simulation to the packet error rate (PER) performance obtained from the link-level simulation in the evaluation. Adaptive modulation and coding (AMC) employing the modulation and channel coding rates and frequency-domain channel-dependent scheduling methods are used. We assume a full buffer traffic model and use the PF algorithm as the criterion to select UEs at each RB. The received SINR for AMC and scheduling is ideally measured. The control delay in AMC and scheduling is set to 3 sub-frames.
Table 1 – System simulation parameters
	Carrier frequency
	2 GHz

	Transmission bandwidth 
	10 MHz

	Cellular layout
	Hexagonal grid, 19 cell sites, 
3 sectors per cell site

	Transmitter antenna pattern at Node B

(Antenna gain)
	3-sector antenna pattern, 
70-degree sectored beam (14 dBi)

	RB bandwidth
	180 kHz (12 sub-carriers)

	Inter-site distance (ISD)
	500 m

	Sub-frame (TTI) length
	1 msec

	Transmission power of Node B
	46 dBm

	Number of antennas
	4-by-2 MIMO

	Distance-dependent path loss
	128.1 + 37.6log10(r) dB

	Penetration loss
	20 dB

	Shadowing standard deviation
	8 dB

	Shadowing correlation between cells/sectors
	0.5 (inter-site) / 1.0 (intra-site)

	Channel model
	Six-ray TU channel model

	Maximum Doppler frequency
	5.55 Hz

	Scheduling algorithm
	Frequency-domain channel-dependent scheduling based on PF

	Traffic model
	Full buffer traffic

	Modulation schemes
	QPSK, 16QAM, and 64QAM

	Channel coding schemes
	Turbo coding (R = 1/3, 1/2, 2/3, 3/4, 4/5)

	Channel estimation / CQI measurement
	Ideal

	Feedback granularity of PVI
	Whole bandwidth

	Feedback granularity of CQI
	1 RB

	Control delay of AMC and scheduling
	3 msec

	Hybrid ARQ
	None


4. Simulation Results
Figure 1 shows the performance comparison between SU-MIMO and MU-MIMO with various CQI feedback, precoding vector indication, and UE detection as a function of the number of UEs per cell for the 4-Tx antenna case. The figure indicates the following.
· MU-MIMO yields a performance gain compared to SU-MIMO.
· If the UE feeds back CQI for both rank 1 and rank 2 (Case #4), a small performance gain is observed compared to that when the UE feeds back only rank 1 CQI (Case #1-#3) since Case #4 can estimate more accurately the CQI. 
· By comparing the performance among Cases #1, #2 and #3, if the UE can support rank 2 receiving, e.g., MMSE detection, better throughput performance is achieved compared to MRC receiving. 

· Based on the performance comparison among Cases #1, #2 (Case #2A and #2B), if the Node B indicates the precoding vector of the interfering UEs as well as the desired UE, better performance is achieved through effective suppression of the interfering signals. 
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Figure 1 – Spectral efficiency comparison between SU-MIMO and MU-MIMO (4-by-2 MIMO)
Based on the simulation results, our views regarding downlink MU-MIMO are following:

· We prefer to use a 3-bit codebook (2-bit codebook) for a 4-Tx (2-Tx) antenna case, which is a part of the SU-MIMO rank-1 codebook taking into account that MU-MIMO focuses on a highly correlated channel.
· If the UE feeds back both rank 1 and rank 2 CQI, a system throughput gain can be expected compared to the case where the UE feeds back only rank 1 CQI. However, we consider that it depends on whether the UE supports SU-MIMO with more than one stream. If the UE does not support spatial multiplexing, we do not consider supporting both rank 1 and rank 2 CQI feedback in order to only obtain a throughput gain for downlink MU-MIMO. If the rank 2 CQI feedback scheme is supported in addition to rank 1 CQI feedback for downlink MU-MIMO, we consider that it should be limited to UEs with the SU-MIMO capability.
· Signaling of both the precoding vector for a scheduled UE and that for the interfering UE(s) is beneficial for further system throughput gain.
5. Conclusion
In this contribution, we evaluated the system throughput performance, i.e., spectral efficiency, between MU-MIMO and SU-MIMO in the E-UTRA downlink based on the way forward agreed upon at the previous RAN1#49bis meeting. Our views on downlink MU-MIMO are summarized below.
· We prefer to use a 3-bit codebook for a 4-Tx and 2-bit codebook for a 2-Tx antenna case, which is a part of the SU-MIMO rank-1 codebook.
· If the rank 2 CQI feedback scheme is supported in addition to rank 1 CQI feedback for downlink MU-MIMO, we consider that it should be limited to UEs with the SU-MIMO capability.
· Signaling of both the precoding vector for a scheduled UE and that for the interfering UE(s) is beneficial.
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