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1 Introduction
In RAN #60 in San Francisco, the following agreement on LTE-A feedback framework was made:

· Implicit feedback (PMI/RI/CQI) is used also for Rel-10

· UE spatial feedback for a subband represents a precoder (as constructed below)

· CQI computed based on the assumption that eNodeB uses a specific precoder (or precoders), as given by the feedback, on each subband within the CQI reference resource

· Note that a subband can correspond to the whole system bandwidth

· A precoder for a subband is composed of two matrices 

· The precoder structure is applied to all Tx antenna array configurations

· Each of the two matrices belong to a separate codebook

· The codebooks are for further study

· The codebooks are known (or synchronized) at both the eNodeB and UE

· Codebooks may or may not change/vary over time and/or different subbands

· That is, two codebook indices together determine the precoder

· One of the two matrices targets wideband and/or long-term channel properties 

· The other matrix targets frequency-selective and/or short-term channel properties

· Note that a matrix codebook in this context should be interpreted as a finite enumerated set of matrices that for each RB is known to both UE and eNodeB.

· Note that Rel-8 precoder feedback can be deemed as a special case of this structure
In RAN #60bis, such further refinements [1] were agreed
· A precoder W for a subband is a function of two matrices W1 and W2, i.e. where W1(C1 and W2(C2. The codebooks C1 and C2 are codebooks one and two, respectively.

· W1 targets wideband/long-term channel properties

· W2 targets frequency-selective/short-term time channel properties

· For PUCCH, the feedback corresponding to W1 and W2 can be sent in different or the same subframe (unless it turns out that the payload is too large to ever send W1 and W2 in the same subframe on PUCCH).

· Periodic and aperiodic reports are independent

· For PUSCH: FFS

· FFS whether feedback corresponding to W1 and/or W2 may be switched off
In the contribution [2], we provide our view on the feedback framework and the detail codebook design. In [3], we discuss the implications of such feedback framework on the control signaling on PUCCH and PUSCH. In this contribution, we evaluate the performance of the proposed feedback framework. 
2 Proposed Structure of the Recommended Precoder
Denoting the number of transmit antennas as Nt, the rank (corresponding to RI report) as R and relying on the notation agreed in [1], i.e. 

· W1(C1 and W2(C2
· W1 targets wideband/long-term channel properties

· W2 targets frequency-selective/short-term time channel properties,

we propose the recommended precoder W for a subband to be build as [2]

W=W2 W1                                                                                   (1)
where

· The recommended precoder W is a Nt x R unitary precoding matrix
· The outer matrix W1 (C1 is a tall Nt x R unitary precoding matrix
· For 4Tx, C1 is Rel. 8 4Tx codebook

· For 8Tx, C1 is designed following the same principles as Rel. 8 4Tx codebook, i.e. nested property, 8PSK alphabet, constant modulus. A reasonable number of vectors in the rank 1 should be DFT vectors. See [2,4] for more details on C1
· The inner matrix W2 (C2 is a square Nt x Nt diagonal matrix
· For 4Tx, W2 (C2 has the following structure
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· For 8Tx, W2 (C2 has the following structure
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 a complex scalar.
3 Performance of 4Tx

3.1 MU-MIMO with full subband rank-1 PMI/CQI report 
We perform ZFBF-based MU-MIMO based on implicit feedback using LTE rank 1 CQI calculation and rank-1 PMI report assuming a subband PMI and subband CQI can be reported on each subband (assumed to be 4 contiguous RBs in this simulation): 
· With Rel. 8 codebook, the UE reports a 4-bit rank-1 PMI and the corresponding CQI per subband
· With W2 W1 framework, the UE reports a 4-bit rank-1 PMI (W1) computed over the whole band and selected in Rel. 8 codebook and a 2-bit differential PMI (W2) on each subband. A subband CQI is computed assuming the precoder W =W2 W1. W2  and W1 are reported together.
· The difference between the proposed scheme and Huawei’s proposal [4] is on the design on the 2-bit codebook C2
· Note that the overhead of W2 W1 is lower than Rel. 8 codebook, given the report of a 2-bit subband differential PMI rather than a 4-bit.
Table 1. 4x2 closely spaced single-polarized ULA (||||->|| channels, 0.5λ antenna spacing, 8º angle spread)

	ZFBF MU-MIMO 4x2 with MAX 4 LAYERS
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	Rel. 8 codebook (4-bit subband)
	3.2861
	0.1006

	Samsung [2]: W2 W1 (2-bit subband, 4-bit wideband 4Tx Rel. 8)
	3.8146 (16.08%)
	0.0953 (-5.27%)

	Huawei [4]: W2 W1 (2-bit subband, 4-bit wideband 4Tx Rel. 8)
	3.7765 (14.92%)
	0.0946 (-5.96%)


Conclusions: Based on those 4x2 MU-MIMO evaluations, we observe that

· W2 W1 outperforms significantly Rel. 8 approach 
· W2 W1 enhances the feedback accuracy compared to Rel. 8 codebook
· W2 W1 decreases the feedback overhead compared to Rel. 8 approach
· Samsung structure has additional performance gain over Huawei structure
· The sampling of the ULA space is more uniform with Samsung codebook C2 than with Huawei codebook C2
3.2 MU-MIMO with rank-1 PMI/CQI report on PUCCH
We perform ZFBF-based MU-MIMO based on implicit feedback using LTE rank 1 CQI calculation and rank-1 PMI report assuming a subband PMI and subband CQI can be reported on each subband: 

· With Rel. 8 codebook, the UE reports a 4-bit rank-1 PMI and the corresponding CQI per subband
· With W2 W1 framework, the UE reports a 4-bit rank-1 PMI (W1) computed over the whole band and selected in Rel. 8 codebook and a 2-bit differential PMI (W2) on each subband. A subband CQI is computed assuming the precoder W =W2 W1. 
The reporting mechanism is inline with Rel. 8 specifications. The subband size for feedback is assumed to be 6RBs. The whole band is made of 54 RBs divided into 3 bandwidths parts. Hence, 3 subbands per bandwidth parts are considered and the UEs are cycling over the bandwidth parts and are reporting PMI/CQI for the preferred subband in a bandwidth part. We assume M=MRI=1, K=4, P=Np=5ms, O=Noffset,RI=0. RI and wideband PMI/CQI are reported together in the same subframe. The operation is detailed in [3] and in TS 36.213.
Wideband CQI/PMI reports
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Table 2. 4x2 closely spaced single-polarized ULA (||||->|| channels, 0.5λ antenna spacing, 8º angle spread)
	ZFBF MU-MIMO 4x2 with MAX 4 LAYERS
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	Mode 2-1
	3.0693
	0.0996

	Samsung [2,3]: Mode 2-2 based on W2 W1 (2-bit subband, 4-bit wideband)
	3.2425 (5.64%)
	0.1051 (5.52%)


Conclusions: Based on those 4x2 MU-MIMO evaluations with report on the PUCCH, we observe that

· Mode 2-2 based on W2 W1 outperforms significantly Rel. 8 Mode 2-1 
· Mode 2-2 based on W2 W1 enhances the feedback accuracy compared to Rel. 8 codebook
· W2 W1 achieves a similar feedback overhead compared to Rel. 8 approach
· Mode 2-2 fits nicely in PUCCH with less than 11 bits report per feedback type
4 Performance of 8Tx

4.1 SU-MIMO with full subband PMI/CQI report 
We perform SU-MIMO based on implicit feedback assuming a subband PMI and subband CQI can be reported on each subband (assumed to be 4 contiguous RBs in this simulation): 

· The UE reports a 4-bit PMI and the corresponding CQI per subband
· Samsung [5]
· Samsung [4,Table 1] without 
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· Codewords are chosen in the matrix
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· Matrix to codeword mapping is defined as in [4,Table 1]
· Samsung [4,Table 1] with 
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· Codewords are chosen in the matrix
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· Matrix to codeword mapping is defined as in [4,Table 1]
· Huawei [7]
· With W2 W1 framework, 
· With Samsung approach, 
· the UE reports a 4-bit PMI (W1) computed over the whole band and selected either in
· Samsung [5]
· Samsung [4,Table 1] with 
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· a 2/3-bit differential PMI (W2) on each subband. A subband CQI is computed assuming the precoder W =W2 W1. W2  and W1 are reported together.
· With W1 W2 framework,
· With Huawei approach [7]
· the UE reports a 4-bit PMI (W1)
· a 2-bit differential PMI (W2) on each subband. A subband CQI is computed assuming the precoder W =W1 W2. W2  and W1 are reported together.
· Motorola approach [6] which is a superset of the approach proposed by Ericsson [8]
· the UE reports a 8-bit PMI (W1) computed over the whole band
· a 3-bit differential PMI (W2) on each subband. A subband CQI is computed assuming the precoder W =W1 W2. W2  and W1 are reported together.
Table 3. 8x2 closely spaced +/- 45 dual-polarized antennas (XXXX->+ channels, 0.5λ antenna spacing, 15º angle spread)
	
	SU-MIMO
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	(1)
	Samsung [4,Table 1] without 
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(4-bit subband)
	3.1248
	0.1097

	(2)
	Samsung [4,Table 1] with 
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(4-bit subband)
	3.1631
	0.1152

	(3)
	Samsung W2 W1: 3-bit subband, 4-bit wideband Samsung [4,Table 1] with 
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	3.1347
	0.1244

	(4)
	Samsung W2 W1: 2-bit subband [
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=1 for rank 1 and 2], 4-bit wideband Samsung [4,Table 1] with 
[image: image15.wmf],8

rotTx

U


	3.1613
	0.1213

	(5)
	Samsung W2 W1: (2-bit subband [
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=1 for rank 2], 4-bit wideband Samsung [4,Table 1] with 
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	3.1581
	0.1226

	(6)
	Samsung [5] (4-bit subband)
	3.1792
	0.1155

	(7)
	Samsung W2 W1: (3-bit subband, 4-bit wideband Samsung [5])
	3.151
	0.1252

	(8)
	Huawei [7,A.1] (4-bit subband)
	3.2062
	0.1207

	(9)
	Huawei [7,A.3]: W1 W2 (2-bit subband, 4-bit wideband)
	3.1689
	0.1219

	(10)
	Motorola [6]: W1 W2 (3-bit subband, 8-bit wideband)
	3.1508
	0.1174


Conclusions: Based on those 8x2 SU-MIMO evaluations, we observe:
· From (1) and (2), the rotation matrix 
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 is beneficial to the performance. Moreover it enables to get a constant modulus codebook. 
· From Samsung approach in (2), (3), (4), (5), Samsung approach in (6), (7) and Huawei approach in (8), (9), we note that the report of a 4-bit wideband PMI and a 2 or 3-bit differential PMI per subband achieves similar performance as a report of a 4-bit subband PMI per subband but with a lower overhead.
· 3-bit subband PMI achieves the same performance as 2-bit subband PMI because some codewords in C2 in the 3-bit codebook would be more useful in single-polarized ULA scenarios.
· Samsung proposal in (3), (7) and Huawei’s proposal (9) have similar performance
· Motorola/Ericsson structure in (10) achieves lower performance than other proposals and requires a higher overhead.
Note: By “similar” performance, we denote the fact that no scheme has the best performance for both cell edge and cell average. The gain/loss at cell edge is compensated by a loss/gain at cell average. The PF parameter can be tweaked to smooth out the difference between those schemes.
4.2 MU-MIMO with full subband rank-1 PMI/CQI report 
We perform ZFBF-based MU-MIMO based on implicit feedback using LTE rank 1 CQI calculation and rank-1 PMI report assuming a subband PMI and subband CQI can be reported on each subband: 

· The UE reports a 4-bit rank-1 PMI and the corresponding CQI per subband
· Samsung [5]
· Huawei [7]
· With W2 W1 framework, 
· With Samsung approach, 
· the UE reports a 4-bit rank-1 PMI (W1) computed over the whole band and selected in
· Samsung [5]
· a 3-bit differential PMI (W2) on each subband. A subband CQI is computed assuming the precoder W =W2 W1. W2  and W1 are reported together.
· With W1 W2 framework,
· With Huawei approach [7]
· the UE reports a 4-bit rank-1 PMI (W1)
· a 2-bit differential PMI (W2) on each subband. A subband CQI is computed assuming the precoder W =W1 W2. W2  and W1 are reported together.
· Motorola approach [6] which is a superset of the approach proposed by Ericsson [8]
· the UE reports a 8-bit 8x2 PMI (W1) computed over the whole band
· a 3-bit differential rank-1 PMI (W2) on each subband. A subband CQI is computed assuming the precoder W =W1 W2. W2  and W1 are reported together.
Table 4. 8x2 closely spaced +/- 45 dual-polarized antennas (XXXX->+ channels, 0.5λ antenna spacing, 15º angle spread)
	
	ZFBF MU-MIMO 8x2 with MAX 4 LAYERS
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	(1)
	Samsung [5] (4-bit subband)
	3.1891
	0.1122

	(2)
	Samsung [5]: W2 W1 (3-bit subband, 4-bit wideband)
	3.5065
	0.1224

	(3)
	Huawei [7,A.2] (4-bit subband)
	3.2322
	0.1177

	(4)
	Huawei [7,A.3]: W2 W1 (2-bit subband, 4-bit wideband)
	3.3874
	0.1196

	(5)
	Motorola [6]: W1 W2 (3-bit subband, 8-bit wideband)
	3.5636
	0.1229


Table 5. 8x2 closely spaced single-polarized ULA (||||||||->|| channels, 0.5λ antenna spacing, 8º angle spread)
	
	ZFBF MU-MIMO 4x2 with MAX 4 LAYERS
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	(6)
	Samsung [5] (4-bit subband)
	4.5724
	0.1323

	(7)
	Samsung [5]: W2 W1 (3-bit subband, 4-bit wideband)
	5.1516
	0.1539

	(8)
	Huawei [7,A.2] (4-bit subband)
	4.0241
	0.1173

	(9)
	Huawei [7,A.3]: W1 W2 (2-bit subband, 4-bit wideband)
	4.4159
	0.134

	(10)
	Motorola [6]: W1 W2 (3-bit subband, 8-bit wideband)
	4.6579
	0.1435


Conclusions: Based on those 8x2 MU-MIMO evaluations, we observe:

· From Samsung approach in (1), (2) and (6), (7) and Huawei approach in (3), (4) and (8), (9), we note that the report of a 4-bit wideband PMI and a 2 or 3-bit differential PMI per subband outperforms a report of a 4-bit subband PMI per subband and requires a lower overhead.
· In dual-polarized scenarios, Motorola/Ericsson W1 W2 structure provides the best performance but with the highest overhead as it requires a 8bit wideband PMI. However, Samsung W2 W1 proposal performs very close and requires only 4bit wideband PMI. Huawei W1 W2 structure has the lowest performance but uses only 2-bit differential PMI.
· In single-polarized scenarios, the achievable throughput is much higher than in dual-polarized scenarios. Samsung W2 W1 very significantly outperforms all other proposals and requires less overhead than Motorola/Ericsson approach.
5 Conclusions
In this contribution, we thoroughly evaluate multiple proposals. Our findings are summarized as follows:
· Based on SLS evaluations, we confirm the benefits of the following proposal:

Denoting the number of transmit antennas as Nt, the rank (corresponding to RI report) as R and relying on the notation agreed in [1], i.e. 

· W1(C1 and W2(C2
· W1 targets wideband/long-term channel properties

· W2 targets frequency-selective/short-term time channel properties,

we propose the recommended precoder W for a subband to be build as

W=W2 W1                                                                                   (1)
where

· The recommended precoder W is a Nt x R unitary precoding matrix
· The outer matrix W1 (C1 is a tall Nt x R unitary precoding matrix
· For 4Tx, C1 is Rel. 8 4Tx codebook

· For 8Tx, C1  is designed following the same principles as Rel. 8 4Tx codebook, i.e. nested property, 8PSK alphabet, constant modulus. A reasonable number of vectors in the rank 1 should be DFT vectors.
· E.g. choose the codewords for each rank based on column subset of the following matrix (with DFT1 and DFT2 2 4x4 DFT matrices)
                                       
[image: image20.wmf]14x424x4

1,8

4x414x42

DFT0DFT0

V

0DFT0DFT

rotTx

éù

=

êú

ëû

U


· The inner matrix W2 (C2 is a square Nt x Nt diagonal matrix
· For 4Tx, W2 (C2 has the following structure
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· For 8Tx, W2 (C2 has the following structure
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with 
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 a complex scalar.
· In 4Tx, it is shown that

· With full subband feedback, W2 W1 outperforms significantly Rel. 8 approach 
· W2 W1 enhances the feedback accuracy compared to Rel. 8 codebook
· W2 W1 decreases the feedback overhead compared to Rel. 8 approach
· Samsung structure has additional performance gain over Huawei structure
· On PUCCH, proposed reporting mode Mode 2-2 based on W2 W1 outperforms significantly Rel. 8 Mode 2-1 
· A mode 2-2 on the PUCCH is defined to enable the report of a subband matrix indicator (corresponding to W2 (C2) and a subband CQI whose computation assumes the use of the precoder W obtained as a function of the most recently reported single precoding matrix W1 and the selected single matrix W2 over the selected subband. The wideband PMI/CQI and subband CQI/matrix indicator are reported in different subframes.
· Mode 2-2 based on W2 W1 enhances the feedback accuracy compared to Rel. 8 codebook
· W2 W1 achieves a similar feedback overhead compared to Rel. 8 approach and fits nicely in PUCCH with less than 11 bits report per feedback type
· In 8Tx, it is shown that

· In SU-MIMO, 

· The report of a 4-bit wideband PMI and a 2 or 3-bit differential PMI per subband achieves similar performance as a report of a 4-bit subband PMI per subband but with a lower overhead.

· Samsung and Huawei’s proposal have similar performance
· Motorola/Ericsson structure achieves lower performance than other proposals and requires a higher overhead.
· In MU-MIMO,
· The report of a 4-bit wideband PMI and a 2 or 3-bit differential PMI per subband outperforms a report of a 4-bit subband PMI per subband and requires a lower overhead.
· In dual-polarized scenarios, 
· Motorola/Ericsson W1 W2 structure provides the best performance but with the highest overhead as it requires a 8bit wideband PMI. 
· Samsung W2 W1 proposal performs very close to Motorola structure and requires only 4bit wideband PMI. 
· Huawei W1 W2 structure has the lowest performance but uses only 2-bit differential PMI.
· In single-polarized scenarios, the achievable throughput is much higher than in dual-polarized scenarios. Samsung W2 W1 very significantly outperforms all other proposals and requires less overhead than Motorola/Ericsson approach.
6 References

[1] R1-102579, “Way forward on Rel. 10 feedback”, Beijing, April 2010.
[2] R1-103026, “Views on the feedback framework for Rel. 10”, Samsung, May 2010.
[3] R1-103028, “Control signaling to support feedback enhancements in Rel. 10”, Samsung, May 2010.
[4] R1-100759, “Differential feedback scheme evaluation”, Huawei.
[5] R1-102199, “Design and performance evaluation of 8Tx Codebook”, Samsung, April 2010.

[6] R1-102112, “Views on 8Tx codebook feedback for LTE-A”, Motorola, April 2010.
[7] R1-101959, “Further results of DL 8TX codebook”, Huawei, Beijing, April 2010.

[8] R1-101742, “Further Refinements of Feedback Framework”, Ericsson, ST-Ericsson, April 2010.
[9] 
R1-062483, “Comparison between MU-MIMO codebook-based channel reporting techniques for LTE downlink”, Philips,  3GPP TSG RAN WG1 Meeting #46bis, Seoul, South Korea, 9th October – 13th 
October 2006.

[10] R1-102508, “Simulation Assumption for 8 Tx Codebook Design”, NTT DOCOMO, April 2010.
7 Appendix: Simulation assumptions
Simulation assumptions are inline with the evaluation methodology specified in [10].

	Parameter
	Value

	General
	Parameters and assumptions not explicitly stated here according to 3GPP specifications

	Duplex method
	FDD

	Bandwidth
	10 MHz

	Network synchronization
	Synchronized

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

	Users per sector
	10

	Handover margin
	1dB

	Downlink transmission scheme
	4x2/8x2 MU-MIMO ZFBF with rank adaptation with 1 layer per UE

8x2 SU-MIMO with rank adaptation

	Downlink scheduler
	Proportional Fair scheduling in the frequency and time domain. Exhaustive search is performed with the MU-MIMO PF metric obtained as the sum of the PF metric of the co-scheduled UEs.

	Downlink link adaptation

	CQI and PMI 5ms feedback period

	
	1 PMI and 1 CQI feedback per subband (=4 or 6 consecutive RBs)

	
	6ms delay total (measurement in subframe n is used in subframe n+6)

	
	PMI feedback error: 0% 

	
	MCSs based on LTE transport formats [36.213]

	
	Unquantized CQI

	codebook

　
	Rel. 8 4 bit

	
	W1 W2 proposals

	
	W2 W1 proposals

	Allocation
	localized

	Total number of RB in one subframe
	52

	scheduling unit
	1 subband=4 or 6 consecutive RBs

	Downlink HARQ
	Maximum 3 re-transmissions,

	
	Chase combining, non-adaptive, synchronous.

	
	no error on ACK/NACK

	
	8 ms delay between re-transmissions

	Downlink receiver type
	MMSE based on DM RS of serving cell 

	Data Channel Estimation
	Non-ideal channel estimation on CSI RS and DM RS. MSE vs. CINR curves based on LLS provided as an input to SLS.

	PAPR
	No constraint on per-antenna power imbalance 

	Antenna configuration
	eNB: 

Co-polarized: Vertically polarized antennas
Cross-polarized: +/- 45 degrees

	
	UE:

0.5 wavelength separation
VH polarized

	
	0.5 wavelength separation at eNB (uniform linear array)

	
	ideal antenna calibration

	Control Channel overhead, Acknowledgements etc.
	LTE: L=3 symbols for DL CCHs

	
	Overhead of DM RS: RANK 1,2: 12 REs/RB/subframe, RANK 3,4: 24 REs/RB/subframe

	
	Overhead of CSI RS: 4/8 sets of CSI RS every 5 ms and 1RE/port/RB (This is, in 4 Tx antenna case, 4 REs/RB per 5ms and in 8 Tx antenna case, 8 REs/RB per 5ms)

	
	Overhead of 2-ports CRS

	BS antenna downtilt
	Case 1 3GPP 3D: 15 deg

	Feeder loss
	0dB

	Channel model
	SCM urban macro high/low spread for 3GPP case 1, 3km/h

	Link error prediction technique
	MIESM (RBIR)

	
	Non-ideal link adaptation (i.e. non-ideal CQI). CQI estimation at the eNB estimated as in [9]. Outer-loop control based on ACK/NACK report.

	Intercell interference modeling
	rank 2 transmission in interfering cells

	
	CQI calculated based on MMSE receiver assuming identity covariance matrix for the interferers
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