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1. Introduction
At the previous RAN1#59bis meeting in Valencia, the following way forward for feedback enhancements in support of enhanced downlink multi-antenna transmission was agreed:

· SU-MIMO is supported

· Release 8 type of feedback will be extended for 8 Tx antenna configurations

· CQI/RI are computed assuming that the reported codebook entry is interpreted as a recommended precoder by the eNB 

· Use of other types of feedback are not precluded

· Improved accuracy of spatial feedback should be supported if sufficient performance gains in realistic scenarios are demonstrated for at least MU-MIMO.

· Enhanced MU-MIMO is supported

· The enhancements are in relation to feedback

· At least the feedback specified for SU-MIMO can also be applied for MU-MIMO operation

Besides, at the RAN1#59 meeting in Jeju, dynamic switching between SU-MIMO and MU-MIMO transmission without RRC reconfiguration was agreed, and two ways forward regarding the Channel State Information (CSI) feedback for LTE-Advanced were submitted [1], [2]. Rel. 8 Precoding Matrix Indicator (PMI) based implicit feedback is supported in [1] while explicit feedback is supported in [2]. Considering the limited timeline of Rel. 10, we consider that the implicit CSI feedback should be focused at least for Rel. 10 [3]. This contribution investigates the performance improvement with Zero Forcing (ZF) MU-MIMO based on the implicit PMI feedback. 
2. MU-MIMO Schemes for Comparison
Table 1 summarizes several MIMO schemes that are characterized by four aspects: (1) feedback information, (2) precoding method, (3) codebook to be used, and (4) reference signal. These aspects are relevant to the currently ongoing discussions in the 3GPP RAN1 meetings. The two Rel. 8 LTE MIMO schemes are listed as the baseline. Other schemes are considered as possible candidates for Rel. 10 LTE-Advanced and incorporate some differences compared to Rel. 8 LTE. The degree of difference translates to how difficult/easy it is to maintain the backward compatibility with Rel. 8 LTE. In our evaluation, we compared the performance of PMI-based ZF MU-MIMO (using implicit feedback) and channel vector quantization (CVQ) based ZF MU-MIMO (using explicit feedback).

Table 1 – Comparison of MU-MIMO schemes with different CSI feedback schemes.
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2.1. System Model
We first provide a general system model that is common to all the MIMO schemes before explaining the details of each MU-MIMO scheme. At the eNB, independent L data streams [image: image3.png]dect



 are precoded by the precoder, [image: image5.png]G e CcM*E



, and are transmitted from M transmitter antennas using the total transmit power, [image: image7.png]


. We assume N receiver antennas at each UE. The received signal at the k-th UE is expressed as
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where [image: image25.png]
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 denotes the k-th UE’s MIMO channel matrix and [image: image31.png]n, ecV



 is complex white Gaussian noise (note that the noise term is assumed to include inter-cell interference from other cells and each entry assumes a variance of one for simplicity of explanation). In addition, [image: image33.png]Ok



 denotes complex conjugate transpose. 

Based on the system model, we briefly describe each MIMO scheme focusing on how the feedback information is computed at the UEs and how the feedback information is utilized at the eNB.
2.2. Explicit CVQ-Based ZF MU-MIMO

When we define [image: image35.png]


 as a linear receive filter at the k-th UE, the CVQ approach first quantizes the composite/effective channel
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instead of the channel itself, [image: image38.png]


. To be more precise, the effective channel is normalized to have norm one and thus, it is called a channel direction indicator (CDI): [image: image40.png]


. Its quantized value is denoted by [image: image42.png]


, which is selected from the codebook and the respective codebook index is fed back to the eNB together with the channel quality indicator (CQI) value. Although the quantization procedure and the computation of the CQI values depend on the particular schemes, we use the same CVQ scheme described in [4] and [5], i.e., CVQ based on SINR maximization. We note that multi-access interference (MAI) estimation due to CVQ error is included in the computation of the CQI.
At the eNB, the ZF MU-MIMO schemes commonly compute the ZF precoder using the feedback information as follows. The scheduler selects [image: image44.png]


 UEs to multiplex spatially [image: image46.png]


 streams according to a certain scheduling algorithm. The ZF precoder is computed as
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where
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and the diagonal elements of [image: image50.png]


 are chosen to satisfy the equal power constraint:
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The fed back CQI values are adjusted according to the power constraint in order to estimate properly the true SINR when using the computed ZF precoder:
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We note again that the fed back CQI values, [image: image54.png]cQI,



, according to CVQ in [4] and [5] include the MAI estimate caused by the CVQ error. This is different from the CQI definition in Rel. 8 LTE. Next, we consider ZF MU-MIMO based on the same CQI definition as Rel. 8 LTE, i.e., CQI values are computed without the MAI estimate.
2.3. Implicit PMI-Based ZF MU-MIMO 

In the case of ZF MU-MIMO based on implicit feedback, the same procedure as the Rel. 8 LTE SU-MIMO is performed at each UE. More specifically, a precoder is chosen from precoder codebook [image: image56.png]
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 denote the rank and codebook index, respectively. One possible realization of the rank and precoder selection is an exhaustive search for the sum rate maximization:
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where
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 is the normalized receiver filter for detecting each of [image: image64.png]


 streams where
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 denotes unit vector, whose l-th element is one and zeros elsewhere. In our evaluation, the maximum transmission rank per UE, N, is limited to one, i.e., [image: image72.png]RI,




. Because only a single stream is considered, there is no MAI and thus, SINR in Eqs. (8) and (9) becomes SNR and the linear MMSE filter reduces to the matched filter. Therefore, we obtain
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where
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and we define [image: image76.png]


 for notational simplicity. After the best [image: image78.png]PMI,



 is determined, the CQI value is computed as
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which is quantized and fed back to the eNB with [image: image81.png]PMI,



. 
Here, when the ordinary Rel. 8 SNR maximization has been performed at the UE as the PMI selection in Eq. (10), it is reasonable for the eNB to assume
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Namely, the chosen precoder, [image: image84.png]9pur,



, is matched to the effective channel [image: image86.png]hi
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. This may be better understood when we write the filter output for Rank 1 as
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where the precoder is chosen to maximize the desired signal power as in Eq. (10).
At the eNB, the ZF precoding, which is the same as that for explicit CVQ-based MU-MIMO scheme, i.e., Eqs. (3)-(6), is employed using the feedback information through the relation in Eq. (13). Note that the adjustment in Eq. (6) takes into account only the scaling factors due to the number of streams and the norm of the precoder, but the MAI caused by quantization error is ignored (cf. Eqs. (6) and (12)).
3. Simulation Configurations
We perform system level simulations to evaluate the MU-MIMO schemes presented in Section 3. We note that the transmission rank per UE is fixed to one in the evaluation as a preliminary study. Table 2 summarizes the main system parameters as well as the assumptions made in the simulations. We assume a carrier frequency of 2 GHz and a transmission bandwidth of 10 MHz. The subcarrier spacing for the OFDM transmission is 15 kHz. Each resource block (RB) comprises 12 subcarriers and there are a total of 50 RBs (600 subcarriers). Scheduling can be performed every 1-msec subframe, which contains 14 OFDM symbols.
We consider a hexagonal grid as the cellular layout with 19 cell sites where each cell site has 3 sectors. Each cell site, i.e., eNB, is located 500 m apart from each other. The total transmit power at the eNB is 46 dBm. We assume a 3-sector antenna pattern with a 70-degree sectored beamwidth providing the antenna gain of 14 dBi. In each sector, 10 UEs are randomly placed according to a uniform distribution where the distance to the eNB is at least 35 m. The propagation model follows a distance-dependent path loss, lognormal shadowing, and instantaneous fading variations. We note that the MIMO precoding effects are included for computing the inter-cell interference (ICI). We assume a 6-ray Typical Urban (TU) channel model [6] with the maximum Doppler frequency of 5.55 Hz, which corresponds to the moving speed of 3 km/h at the 2-GHz carrier frequency. We assume four transmit antennas at the eNB and two receiver antennas at each UE. Fading between the receiver antennas is assumed to be uncorrelated, whereas a high level of correlation is assumed among transmit antennas at the eNB with an angular spread of 5 and 10 degrees and an antenna spacing of 0.5 carrier wavelengths. 
At the UE, we assume linear MMSE signal detection. Channel estimation and CQI measurement are assumed to be ideal. This means that the CQI values are computed under the assumption that the channel as well as the noise plus inter-cell interference power is perfectly known at the UE. PMI and CDI are computed and reported for the whole bandwidth every 2 msec. The respective CQI values are computed over 5 RBs and are reported every 2 msec. We assume that the maximum number of spatially multiplexed UEs is set to four. The scheduler utilizes the feedback information from UEs and performs frequency-domain channel dependent scheduling based on the proportional fairness (PF) criterion where a 4 msec control delay is taken into account. The granularity of the adaptive modulation and coding (AMC) is listed in Table 2. A full buffer traffic model is assumed. After the scheduling, we measure the effective SINR at each scheduled UE. The exponential effective SINR mapping (EESM) method [7] is utilized to map the computed effective SINR to the block error rate (BLER) performance. We apply the hybrid ARQ scheme with chase combining in the event of packet loss.

Table 2 – System level simulation parameters.
	Carrier frequency
	2 GHz

	Transmission bandwidth
	10 MHz

	Number of subcarriers
	600

	RB bandwidth
	180 kHz (12 subcarriers)

	Subframe length (TTI)
	1 msec (14 OFDM symbols)

	Cellular layout
	Hexagonal grid, 19 cell sites, 

3 cells per cell site

	Transmitter antenna pattern at eNB
(Antenna gain)
	3-sector antenna pattern, 

70-degree sectored beam (14 dBi)

	Inter-site distance (ISD)
	500 m

	Transmission power of eNB
	46 dBm

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

	Penetration loss
	20 dB

	Shadowing standard deviation
	8 dB

	Shadowing correlation
	0.5 (inter-site) / 1.0 (intra-site)

	Channel model
	6-ray TU channel model

5 or 10 degree AoD spread at eNB

	Maximum Doppler frequency
	5.55 Hz (3 km/h)

	Antenna configuration
	4-by-2 MIMO

eNB: ULA with 0.5 antenna separation

UE: uncorrelated space diversity antennas

	Channel estimation / CQI measurement
	Ideal

	Signal detection
	MMSE

	Feedback granularity of PMI/CDI
	Whole bandwidth

	Feedback granularity of CQI
	5 RBs

	Codebook
	4-bit HH or 4-bit DFT

	PMI/CDI and CQI report interval
	2 msec

	Control delay of AMC and scheduling
	4 msec

	Scheduling algorithm
	Frequency-domain scheduling based on PF

	Traffic model
	Full buffer traffic

	Modulation schemes
	QPSK, 16QAM, and 64QAM

	Channel coding schemes
	Turbo coding (R = 1/8 - 5/6)

	Hybrid ARQ
	Chase combining


We assumed the following signaling overhead, Xtotal, in the throughput calculation where XCRS, XPDCCH, and XDMRS are the overheads for the Rel. 8 LTE cell-specific reference signal (CRS), physical downlink control channel (PDCCH), and demodulation reference signal (DM-RS), respectively.
· In case of Rank 1, 2 transmission,

Xtotal = XCRS + XDMRS + XPDCCH = 0.286

(XCRS = 12 / 12 / 14 = 0.0714, XDRS = 12 / 12 / 14 = 0.0714, XPDCCH = 2 / 14 = 0.143)

· In case of Rank 3, 4 transmission,

Xtotal = XCRS + XDMRS + XPDCCH = 0.357

(XCRS = 12 / 12 / 14 = 0.0714, XDRS = 24 / 12 / 14 = 0.143, XPDCCH = 2 / 14 = 0.143)

4. Simulation Results
Figures 1 and 2 show the cell throughput and cumulative distribution function (CDF) of the user throughput performance for the ZF MU-MIMO with different CSI feedback schemes assuming a highly correlated scenario with a 5 degree angle of departure (AoD) spread at the eNB. For the CSI feedback schemes, we assume PMI and CVQ based feedback presented in Section 3 assuming the Rel. 8 LTE 4-bit Householder (HH) and 4-bit Discrete Fourier Transform (DFT) codebooks. The results show that the PMI based ZF MU-MIMO achieves almost the same throughput performance as that for the CVQ based ZF MU-MIMO assuming the codebook size of 4 bits in a highly correlated scenario at the eNB. Furthermore, for the PMI based MU-MIMO, a slight performance degradation is observed for the 4-bit HH codebook compared to that for the 4-bit DFT codebook (8 (3)% cell (cell-edge) throughput performance loss). 
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Figure 1 – Cell throughput performance comparison of different MU-MIMO schemes 
with different CSI feedback. (5 degree AoD spread at eNB)
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Figure 2 – Comparison of CDF of user throughput performance for different MU-MIMO schemes 
with different CSI feedback. (5 degree AoD spread at eNB)
Figures 3 and 4 show the cell throughput and CDF of the user throughput performance assuming a 10 degree AoD spread at the eNB. For this case, we also find that the PMI based ZF MU-MIMO achieves almost the same throughput performance as that for the CVQ based ZF MU-MIMO.
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Figure 3 – Cell throughput performance comparison for different MU-MIMO schemes 
with different CSI feedback. (10 degree AoD spread at eNB)
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Figure 4 – Comparison of CDF of user throughput performance for different MU-MIMO schemes 
with different CSI feedback. (10 degree AoD spread at eNB)
5. Conclusions
This contribution presented simulation results of the enhanced DL ZF MU-MIMO based on implicit PMI feedback. We find that PMI based ZF MU-MIMO achieves almost the same throughput performance as CVQ based ZF MU-MIMO assuming the codebook size of 4-bits in a highly correlated scenario with an AoD spread of less than 10 degrees. Furthermore, we showed that codebook refinement is somewhat beneficial for the performance enhancement of MU-MIMO. 
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