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1. Introduction
In [1], a two-stage framework was agreed for the enhanced feedback for MU-MIMO in Rel-10. This was further developed in [2] which was agreed in RAN1 #61. The major different feedback proposals discussed in RAN1 can be categorized into three main approaches:
1) Approach 1: tall long-term/wideband component based. In this approach, 
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 targets for aligning the signals sent by antennas having the same polarization towards the direction of the user, while  targets the equivalent low-rank channel across different polarizations (see for example [3, 4, 5]). 
2) Approach 2: square long-term/wideband component based. The main idea of this approach is to restrict the quantization space to match the codebook to a particular propagation scenario [4, 6, 7]. 
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 targets for the reduction of the full spherical quantization space to a spherical quantization cap, and 
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 targets for a vector within the spherical cap. 
3) Approach 3: tall long-term/wideband component based. 
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 targets for aligning the signals towards the direction of the user, while 
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 is a diagonal matrix performing one-step differential (see [8, 9]). 
We believe these approaches should be compared by simulation before taking any further decision, under different propagation scenarios. This paper provides some evaluation results to compare these feedback approaches for both 4Tx and 8Tx with closely spaced cross-polarized and co-polarized antenna configurations.
2. Descriptions of the two-stage feedback approaches
2.1 Approach 1 (tall long-term/wideband component)
This approach has been mainly discussed in [3, 4, 5] tailored to cross-polarized antennas. According to [3], it can be beneficial to use MU-MIMO to exploit the correlated domain for separating UEs. 
Precoder 
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 is responsible for the UE separation. An example of the long-term precoder 
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 has a block diagonal structure as follows. We denote M as the number of transmit antennas at the eNB.  
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 is a 
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 beamforming vector and selected from the DFT codebook close to the principle eigenvector of the channel of the co-polarized antenna group. In our simulation, 
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 is selected from a 3-bit DFT codebook and it is fed back every 100ms over the whole band. 

 Precoder 
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 is chosen from the 2-bit Rel-8 2Tx codebook with rank adaptation to maximize the equivalent low-rank channel capacity. In our simulation, 
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 is fed back every 5ms for each subband. 
Scheduling: 

Since 
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 is responsible for the UE separation, co-scheduled UEs are restricted to UE pairs reporting orthogonal
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. The eNB scheduler performs a full search over all the combination of UEs that reports orthogonal 
[image: image19.wmf]1

~

W

and the combination with the maximum weighted sum capacity will be selected for downlink transmission.
CQI calculation:

We consider feeding back both SU-MIMO CQI (post-SINR of the MMSE receiver) and MU-MIMO CQI on each subband. The MU-MIMO CQI is calculated taking into account the multi-user interference of a strongest interfering hypothetical beamforming vector in codebook 
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 that is orthogonal to the UE’s reporting
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. The transmit power is equally allocated to each layer.
2.2 Approach 2 (square long-term/wideband component)
Aligned with the agreed two-stage codebook structure, here, 
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 is a 
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 channel correlation matrix and 
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 is a 
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 vector. We denote the codebook for 
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 as 
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 and the codebook for 
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. 
Precoder 
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In [11], different 6-bit 
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s are design for 4Tx and 8Tx ULA and CLA configurations. In our simulation, 
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 is fed back from UE to eNB every 100ms over the whole band. 
Precoder 
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: 
The 4 bit Rel-8 4Tx codebook is reused for ULA. However, we found that only a 2 bits subset (4 entries) of the Rel-8 4 Tx codebook is most frequently used in ULA. Therefore, in our simulation we show the performance of both cases where 
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 using the whole Rel-8 codebook and using the 2 bits subset of it (Table 1). A new 4-bit codebook is designed for the 4 Tx cross-polarized antenna configuration [11]. For both ULA and CLA, 8Tx codebook of 
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are concatenated from two 4Tx codebooks [3,10-11]. In our simulation, 
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 is fed back every 5ms for each subband. 
Scheduling:
Maximum weighted sum capacity based greedy search is used at the scheduler. Dynamic switching between SU-MIMO and MU-MIMO is also implemented. For SU-MIMO, rank adaptation is performed. For MU-MIMO up to 
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 UEs can be co-scheduled simultaneously on one subband, whereas each MU UE only transmits one data stream. However, it could be possible to improve the MU-MIMO performance if up to 2 data streams can be transmitted to a UE for MU-MIMO in CLA. In this case, 4-bit Rel-8 4Tx codebook suffers from large quantization error because the high rank codewords in the Rel-8 codebook cannot model the properties of the first and second principle eigenvector properly. Independent PMI selection for each rank can potentially improve the performance. The eNB applies ZF precoding based on the transformed precoding vectors. 
CQI calculation:  
Two CQIs are fed back. For SU-MIMO, Rel-8 SU-CQI is fed back the same way as in Approach 1. For MU-MIMO, lower- bound of the post-detection SINR of each UE is used as the CQI [12]. After the MU-MIMO scheduling, eNB will adjust the reported MU-CQI according to the number of co-scheduled users by multiply a scaling factor. We assume equal transmit power allocated to each stream of data. 

2.3 Approach 3 (differential codebook and feedback)
This approach has been discussed in [8, 9] for co-polarized and cross-polarized antennas. 
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 unitary matrix. 
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 is a square 
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 diagonal matrix performing one-step differential on each subband. 

Precoder 
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For 4Tx configuration, the codebook 
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 has the form of 
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. For 8Tx configuration, the 
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 codebook is
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where 
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 is chosen as follows according to the polarized type of antennas.
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In our simulation, 
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 is fed back every 5ms for each subband.

Precoder 
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The codebook 
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 is Rel-8 codebook for 4Tx and is concatenated by DFT vectors for 8Tx. In our simulation, 
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 is fed back from UE to eNB every 100ms over the whole band. For cross-polarized antennas, phase and amplitude adjustment between the polarizations may improve the performance and needs further study.
Scheduling:

Maximum weighted sum capacity based greedy search is used at the scheduler. We evaluate this feedback approach in MU-MIMO for both co-polarized and cross-polarized antennas. Up to 
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 UEs can be co-scheduled simultaneously on one subband, whereas each UE can only transmit one data stream. The eNB applies ZF precoding based on the precoding vectors fed back.
CQI calculation:
For MU-MIMO, lower- bound of the post-detection SINR of each UE is used as the CQI. After the MU-MIMO scheduling, eNB will adjust the reported MU-CQI according to the number of co-scheduled users by multiply a scaling factor. We assume equal transmit power allocated to each stream of data.
3. System-level simulation assumptions and results
Simulation assumptions and parameters are listed in the Annex. System-level simulation results are shown in Table 1-4 corresponding to co-polarized antenna and cross-polarized antenna respectively.

CSI-RS/DM-RS Error Modeling: 
In the simulations, the performance losses resulting from the real channel estimation errors are considered for both the CSI-RS and DM-RS. In this section, we introduce the channel estimation error modeling method. 

The channel estimation MSE is modeled as 
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where a,b are parameters that represent asymptotic interpolation error and noise gain respectively. B represents the power boosting of reference signal over data. 
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 and 
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 are the average total signal power and average interference plus noise power.
For CSI-RS, the impact of the real channel estimation is modeled in the way that some zero-mean Gaussian distributed errors with appropriate variance is added to the ideal channels and the channel measurements (e.g., CQI, PMI estimation) are based on the real channel with the added Gaussian noise, which will lead to some performance loss.

For DM-RS, the impact of the real channel estimation is modeled in the way that the channel estimation errors will increase the interference plus noise level in the data transmission model, that is, the effect of the real channel estimations is reflected on the increased interference plus noise level, which can be deduced easily. 

In the simulations, the LMMSE channel estimations are assumed for CSI-RS and DM-RS.
Feedback Error Modeling: 
We simulate the PMI and CQI feedback error with the codeword error rate of 0.01. PMI includes the PMI of [image: image57.wmf]1
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 and [image: image58.wmf]2
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, and CQI includes SU-CQI and MU-CQI. 
Table 1 4Tx Co-polarized results
	
	Feedback
Approach
	Feedback context
	Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz/cell)

	SU-MIMO
	Rel-8
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: 4 bits
	2.21(100%)
	0.061(100%)

	SU-MIMO
	1
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: 3-bit DFT; 
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: 2 bits
	2.21(100%)
	0.066(108.20%)

	MU-MIMO
	2
	
[image: image62.wmf]1

W

: 6 bits;
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: 4 bits (Rel-8 Codebook)
	3.34(151.13%) 
	0.079(129.51%)

	MU-MIMO
	2
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: 6 bits;
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: 2 bits (subset of Rel-8 codebook)
	3.30(149.32%)
	0.079(129.51%)

	Dynamic SU/MU Switching
	2
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: 6 bits;
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: 4 bits (Rel-8 Codebook)
	3.29(148.87%)
	0.081(132.79%)

	Dynamic SU/MU Switching
	2
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: 6 bits;
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: 2 bits (subset of Rel-8 codebook)
	3.25(147.06%)
	0.082(134.43%)

	MU-MIMO
	3
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: 4 bits;
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: 2 bits
	3.28(148.42%)
	0.078(127.87%)


Observations for 4Tx co-polarized antennas:
1. Compared to the baseline – Rel-8 feedback based SU-MIMO, feedback approach 1 can improve SU-MIMO performance with lower feedback overhead. The gain is slight, and mainly relates to the cell-edge throughput gain of 8.20%, which comes from the improved feedback accuracy from approach 1.
2. Compared to the baseline SU-MIMO, the feedback approach 2 reusing Rel-8 codebook as 
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 brings significant gain in terms of both cell-average and cell-edge throughput due to improved feedback accuracy and robust CQI estimation. Further, a 2-bit codebook for 
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 is sufficient for approach 2 by selecting a subset of Rel-8 codebook in stead of the whole Rel-8 codebook, which brings negligible performance degradation but reduces the feedback overhead significantly. Besides, MU-MIMO based on the feedback approach 2 performs slightly better than MU-MIMO based on the feedback approach 3 with almost the same feedback bits.
3. Benefits of the MU-MIMO based on the approach 1 and the dynamic SU/MU based on approach 3 need further investigation.
Table 2 4Tx Cross-polarized results
	
	Feedback
Approach
	Feedback context
	Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz/cell)

	SU-MIMO
	Rel-8
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: 4 bits
	2.46(100%)
	0.064(100%)

	SU-MIMO
	1
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: 3-bit DFT; 
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: 2 bits
	2.53(102.85%)
	0.068(106.25%)

	MU-MIMO
	2
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: 6 bits; 
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: 4 bits (New codebook refer to [11])
	2.41(97.97%)
	0.089(139.06%)

	Dynamic SU/MU switching
	2
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: 6 bits; 
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: 4 bits (New codebook refer to [11])
	2.73(110.98%)
	0.079(123.44%)

	MU-MIMO
	3
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: 2 bits
	1.96(79.67%)
	0.067(104.69%)


Observations for 4Tx cross-polarized antennas:

1. Cross-polarized antennas help SU-MIMO performing better due to increased diversity.

2. Compared to the baseline – Rel-8 feedback based SU-MIMO, feedback approach 1 can improve SU-MIMO performance for 4Tx cross-polarized antennas to similar extent for co-polarized antennas. 

3. Compared to the baseline- Rel-8 feedback based SU-MIMO, MU-MIMO based on the feedback approach 2 with a newly designed codebook for 
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 brings similar cell average throughput, but significant cell-edge throughput gain, which results from the improved feedback accuracy. Besides, MU-MIMO based on the feedback approach 3 performs much worse than MU-MIMO based on approach 2, since the 4Tx codebooks of approach 3 are not good enough for cross-polarized antennas.
4. Further, with dynamic SU and MU switching, the average throughput of the feedback approach 2 can be improved with 10.98% gain. The benefits of the dynamic SU/MU based on approach 3 need further investigation.
Table 3 8Tx Co-polarized results
	
	Feedback

Approach
	Feedback context
	Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz/cell)

	SU-MIMO
	1
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: 3-bit DFT; 
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W

: 2 bits
	2.71(100%)
	0.080(100%)

	MU-MIMO
	2
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: 6 bits;
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: 4 bits
	 4.03(148.71%) 
	0.113(141.25%)

	Dynamic SU/MU Switching
	2
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: 6 bits;
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: 4 bits
	 4.10(151.29%) 
	0.115(143.75%)

	MU-MIMO
	3
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: 2 bits
	3.86(142.44%)
	0.099(123.75%)


Observations for 8Tx co-polarized antennas:

1. Increasing 4Tx to 8Tx, all of the three feedback approaches improve significantly, up to 21.1% cell-average throughput.

2. MU-MIMO based on the feedback approach 2 outperforms MU-MIMO based on feedback approach 3 with the average throughput gain of 4.4%.
3. Feedback approach 2 outperforms approach 1 based SU-MIMO.
Table 4 8Tx Cross-polarized results
	
	Feedback

Approach
	Feedback context
	Average SE (bps/Hz/cell)
	Cell-edge SE (bps/Hz/cell)

	SU-MIMO
	1
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: 3-bit DFT; 
[image: image93.wmf]2

W

: 2 bits
	2.92(100%)
	0.091(100%)

	MU-MIMO
	2
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: 6 bits; 
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: 4 bits
	3.27(111.99%)
	0.121(132.97%)

	Dynamic SU/MU switching
	2
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: 6 bits; 
[image: image97.wmf]2

W

: 4 bits
	3.58(122.60%)
	0.115(126.37%)

	MU-MIMO
	3
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	2.72(93.15%)
	0.100(109.89%)


Observations for 8Tx cross-polarized antennas:

1. Similar to 4Tx, cross-polarized antennas for 8Tx help SU-MIMO performing better.

2. Similar to co-polarized antennas, increasing 4Tx to 8Tx, all of the three feedback approaches improve significantly.MU-MIMO based on the feedback approach 2 greatly outperforms MU-MIMO based on approach 3 with the average throughput gain of 20.22%.
3. For the feedback approach 2, dynamic SU/MU switching improves more than 10% cell-average throughput. The benefits of the dynamic SU/MU based on approach 3 need further investigation.
4. Conclusion
This paper evaluates the major feedback approaches discussed in previous RAN1 meetings. Simulation results show for co-polarized and cross-polarized antennas, approach 2 based on spatial correlation feedback is robust to spatially correlated channels.
The square 
[image: image100.wmf]1

W

 approach has the advantage that it is generally applicable to different eNB antenna configurations rather than being optimized for only one.
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Annex
	Parameter
	Assumptions used for evaluation

	Deployment scenario
	3GPP case 1 3D, SCM-UMa with large angle spread

	Duplex method and bandwidths
	FDD: 10MHz for downlink

	Network synchronization
	Synchronized

	Handover margin
	1.0 dB

	eNB Antenna assumptions
	· Co-polarized: vertically polarized, 0.5-lambda spacing
· Cross-polarized: +/- 45 degrees 

Two pairs of cross-polarized antennas, respectively, with 0.5-lambda spacing between the pairs

	UE antenna assumptions
	· Co-polarized: vertically polarized, 0.5-lambda spacing (2 Rx: ||)
· Cross-polarized: +90/0 degrees (2 Rx: +)

UE antenna orientation: random distribution within range [-90, 90] degrees

	Downlink transmission scheme
	SU-MIMO:
· Rel-8: SU-MIMO with rank adaptation
· Feedback approach 1: SU-MIMO with rank adaptation
MU-MIMO:
Approach

Max co-scheduled UE number

Max rank per UE

Dynamic SU/MU-MIMO switching

2

4Tx: 4
8Tx: 8
1

No
2
4Tx: 4
8Tx: 8

SU: 2

MU: 1
Yes
3
4Tx: 4

8Tx: 8
1
No


	Downlink scheduler
	Proportional fair in time and frequency

	Feedback assumptions
	SU-MIMO: 

· Rel-8 based: wideband PMI, subband SU-MIMO CQI

· Feedback approach 1: long-term/wideband 
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 report, subband 
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MU-MIMO: 
· Feedback approach 2: long-term wideband 
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 report, subband 
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, subband SU-MIMO CQI and MU-MIMO CQI
· Feedback approach 3: long-term wideband 
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 report, subband 
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, subband MU-MIMO CQI
Subband PMI/CQI report with 5ms periodicity, 6ms delay

Long-term PMI report with 100ms periodicity, 6ms delay

Subband CQI with measurement error: N(0,1dB) per PRB

	Downlink HARQ scheme
	Synchronous HARQ, Chase combining

	Downlink receiver type
	MMSE

	CSI estimation error with CSI-RS
	Real

	DM-RS channel estimation
	Real

	Feedback error
	Yes

	Control channel and reference signal overhead
	As agreed in ITU assumption with DLCCH of 3 OFDM symbols

LTE Rel.8 : 0.3158

LTE-A: 0.3063
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