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Vector Quantization of the Transmit Correlation Matrix for Interference Nulling
Ron Porat, Philip Orlik
Mitsubishi Electric Research Lab

Toshiyuki Kuze

Mitsubishi Electric Corp
1 Simulation Description

Beamforming and nulling is a well known technique for reducing interference to adjacent cell co-channel users while at the same time improving the SINR of the served user. This is more easily facilitated in TDD systems using sounding signals whereby each BS estimates its own user channel and the interference correlation matrix and forms a beamforming solution which is a tradeoff between gain delivered to its user and leakage energy delivered to adjacent cell co-channel users.

Here we propose to facilitate this technique in FDD systems by explicitly estimating the interference correlation matrix, quantizing it using rank-1 codebooks and feeding back its two strongest singular vectors and the rati of the singular values.   

We assume a setup of 3 BS serving 3 cell edge users. Each MS is served by one BS and sees interference from 2 BSs. 
The simulation uses a beamforming solution according to 
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  where the operator P{} denotes the principal eigenvector, 
[image: image2.wmf]i

R

is the spatial correlation of other-cell users exchanged between the BSs, 
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 is the spatial correlation of the serving BS user,  
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 is a regularization factor, 
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is an estimate of the user’s total noise plus interfering power and
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is an identity matrix.
The MS performs MRC or MMSE combining. In case of MMSE, the interference spatial correlation is averaged across the band and is assumed otherwise to be perfectly known at the MS. In reality, the interference spatial correlation is not perfectly known hence MRC results are given as well for 4-antenna scenarios. 

Other simulation assumptions are:

· The long term path loss between all BS to all MS is equal. 
· DL channel – SCM Urban Macro (15 degrees angular spread). 

· Antenna Configuration per BS– 

· 4 lambda/2 spaced antennas [ | | | | ]

· 2 4-lambda spaced cross-pols  [X  X]

· 2 lambda/2 spaced cross-pols  [XX]

· 8 lambda/2 spaced antennas [ | | | | | | | | ]

· 4 lambda/2 spaced cross-pols  [XXXX]

· 2 clusters of 2 lambda/2 spaced cross-pols [XX  XX]

· DL Band Size – 4 PRB (assuming one precoder per band)

· DL speed and feedback delay – 3kmph, 5mS 

· DL midamble estimation – perfect

· UL feedback channel: 
· Codebook based – error free

· Unquantized feedback - AWGN noise added.      

2 Feedback Description

We compare two main options for feeding back the transmit correlation of the serving and interfering cells:

Option 1:
The MS uses a rank-1 approximation. The 6/4bit 4/8-antenna rank-1 codebook was used and served as a reference for performance comparison. The unquantized strongest singular vector was simulated as well.  The BS constructs an approximate 
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 is the fed back singular vector. Note that this type of feedback is also used for PMI restriction.
Option 2:

The MS feeds back the unquantized, vector quantized or element-wise quantized instantaneous transmit correlation as explained below.
3  Simulation Results – 4 Antennas
The following table summarizes the spectral efficiencies for the various configurations relative to 6bit PMI feedback. 
The SNR term in the table denotes the sum of thermal noise and interference from all cells except the two strongest interferers that are explicitly simulated (as explained in section 2) and is modeled as AWGN.
The following feedback options were simulated:
1. Perfect Spatial Correlation serves as an upper bound on performance with perfect feedback
2. Unquantized Spatial Correlation @ XdB – the unquantized R matrix is amplitude modulated onto 8 subcarriers (6 complex off-diagonals and 4 real diagonal values mapped into 2 complex values) and fed back. 
a. A simplistic UL AWGN channel with XdB SNR per subcarrier and pre-combining (over antennas and repetition). Note that MRC combining of 4 antennas provides 6dB gain. Note also that the same UL SNR is applied regardless of the DL SNR.
3. 16m(28) Transmit Correlation – the transmit correlation is quantized into 28 bits as described in 802.16m. 
4. VQ((6+4)+1+6) Transmit correlation – the transmit correlation matrix is vector quantized (VQ) as described in contribution [1]. However, in order to improve accuracy for semi or uncorrelated antennas, the strongest singular vector was further refined by usage of the rank-1 differential codebook adopted for 802.16m.  The process is therefore (repeated here with b the only new stage):
a. Search across 6bit rank-1 16m codebook for best rank-1 PMI 
b. Search across 4bit rank-1 differential codebook for a more accurate rank-1 PMI
c. Search across the orthogonalized (with respect to the rank-1 PMI found in stage b)  rank-1 6bit codebook for the best second singular vector.
d. Quantize the singular value associated with the singular vector found in stage c to 1 bit.
5. VQ((6+4)+1+4) Transmit correlation – Similar to before except that the second singular vector uses the 4bit subset of the 802.16m rank-1 codebook
6. VQ(4+1+4) Transmit correlation – in the case of highly correlated antennas it was found that a 4bit steering vector (as defined for 8 antenna rank-1 codebook) performs much better and with lower feedback overhead. No differential codebook is used in this case.
7. 6 bit rank-1 PMI – this is the reference feedback mechanism and it uses a rank-1 PMI to approximate the transmit correlation matrix. 
	4-Antenna Configuration
	Feedback Option
	DL SNR [dB]

	
	
	0
	5
	10

	
	
	MMSE/MRC
	MMSE/MRC
	MMSE/MRC

	Two 4-lambda spaced cross-pols
	Perfect Spatial Correlation
	1.17/1.19        
	1.22/1.29
	1.29/1.41

	
	Unquantized Spatial Correlation @ 6dB pre-combining
	1.14/1.17    
	1.17/1.24    
	1.11/1.20

	
	Unquantized Spatial Correlation @ 0dB pre-combining
	1.08/1.1    
	1.03/1.08    
	0.83/0.85

	
	16m(28) Transmit Correlation
	1.12/1.13
	1.14/1.18
	1.17/1.24

	
	VQ((6+4)+1+6) Transmit correlation
	1.08/1.09
	1.12/1.16
	1.16/1.23

	
	VQ(6+1+6)
	1.01/1.02
	1.05/1.08
	1.09/1.14

	
	6bit Rank-1 PMI 
	1/1          
	1/1    
	1/1

	
	
	
	
	

	Two lambda/2 spaced cross-pols
	Perfect Spatial Correlation
	1.15/1.17        
	1.21/1.26
	1.31/1.41

	
	Unquantized Spatial Correlation @ 6dB pre-combining
	1.13/1.15
	1.16/1.21
	1.10/1.18

	
	Unquantized Spatial Correlation @ 0dB pre-combining
	1.07/1.09
	1.01/1.06
	0.78/0.78

	
	16m(28) Transmit Correlation
	1.11/1.12
	1.13/1.15
	1.17/1.21

	
	VQ((6+4)+1+4) Transmit correlation
	1.08/1.09    
	1.12/1.14    
	1.18/1.24

	
	VQ(6+1+6)
	1.01/1.02
	1.04/1.06
	1.09/1.14

	
	6bit Rank-1 PMI 
	1/1          
	1/1    
	1/1

	
	
	
	
	

	Four lambda/2 spaced vertical-pols
	Perfect Spatial Correlation
	1.06/1.07
	1.09/1.12
	1.15/1.20

	
	Unquantized Spatial Correlation @ 6dB pre-combining
	1.04/1.05    
	1.04/1.07    
	0.84/0.88

	
	Unquantized Spatial Correlation @ 0dB pre-combining
	0.98/0.99    
	0.87/0.90    
	0.57/0.56

	
	16m(28) Transmit Correlation
	1.03/1.04
	1.04/1.05
	1.03/1.06

	
	VQ(4+1+4) Transmit Correlation
	1.01/1.01
	1.04/1.04
	1.07/1.08

	
	6bit Rank-1 PMI 
	1
	1
	1


Conclusions:

1. As expected, uncorrelated antennas require more feedback bits to accurately quantize the transmit correlation
2. VQ provides very good alternative to element-wise quantization and achieves comparable performance with 40-68% feedback overhead reduction

3. In favorable UL SNR conditions and uncorrelated antennas, unquantized feedback of the transmit correlation matrix can provide good performance with low UL overhead. 
4. A inability of the MS to correctly estimate the interference correlation matrix even further increases the importance of accurate feedback of the spatial correlation in order to allow the BS to perform better nulling 

4 Simulation Results – 8 Antennas

Eight antennas present a more difficult challenge. 
On one hand side the unquantized and element-wise spatial correlation feedback options quadruple in size (32 vs. 8 and 120 vs. 28) which make these options less practical (this is somewhat compensated by the improved UL performance with 8 antennas). On the other hand side the 4bit rank-1 codebook adopted in 802.16m is clearly insufficient unless the array is highly correlated.  
In order to improve performance we provide new codebooks that use the current codebooks as building blocks.
Specifically the following codebooks are tailored to the following antenna configurations:

1. Eight lambda/2 spaced antennas [ | | | | | | | | ] – We used a 6bit steering vector with the same structure of the 4bit steering vector in 802.16m.
2. Four lambda/2 spaced cross-pols [XXXX] – We used a 4-antenna 4bit steering vector and a 2-antenna 3bit codebook.  Each co-polarized group of antennas uses one steering vector and uses a weight from the 2-antenna codebook in order to account for the gain and phase offset between the groups. Two options are simulated:
a. The two steering vectors PMI are limited to be the same or off by one thus reducing the search space from (4+4+3) bits to (4+log2(3)+3) 
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8.6 bits. The 802.16e 2-antenna codebook is used as it provides better performance than the 802.16m codebook due its elements’ amplitude variation.

b. The two steering vectors are limited to be the same thus reducing the search space to (4+3) bits and the 802.16m 2-antenna codebook is used.

The rank-1 PMI has therefore the following structure 
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 where it was assumed that the co-polarized antennas occupy the first and second halves of the singular vector.
3. Two clusters of 4-lambda spaced two lambda/2 spaced cross-pols [XX  XX]  - We used the same 2-antenna steering vector for each of the semi-independent 4 groups of closely spaced co-polarized antennas. Each group uses a weight taken from the 6bit 4-antenna codebook.  The rank-1 PMI has the following structure 
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The following feedback options were simulated:

1. Perfect Spatial Correlation serves as an upper bound on performance with perfect feedback

2. Perfect Rank-1 Feedback serves as an upper bound on performance with unquantized rank-1 feedback requiring 8 complex numbers (subcarriers)
3. Unquantized Rank-1 @ XdB – As before assumes a simplistic UL AWGN channel with XdB SNR per subcarrier and pre-combining. Note that MRC combining of 8 antennas provides 9dB gain.
4. 16m(120) Transmit Correlation – the transmit correlation is quantized into 120 bits as described in 802.16m. 
5. VQ(9+1+9) Transmit correlation – This scheme uses the specific codebook tailored for the    [XX  XX] antenna configuration as explained above
6. VQ(8.6+1+8.6) Transmit correlation – This scheme uses the specific codebook tailored for the [XXXX] antenna configuration as explained above
7. VQ(7+1+7) Transmit correlation – This scheme uses the specific codebook tailored for the [XXXX] antenna configuration as explained above
8. VQ(6+1+4) Transmit correlation – This scheme uses the specific codebook tailored for the        [ | | | | | | | | ] antenna configuration as explained above 
9. 4 bit rank-1 PMI – this is the reference feedback mechanism and it uses a rank-1 PMI to approximate the transmit correlation matrix. 
	8-Antenna Configuration
	Feedback Option
	DL SNR [dB]

	
	
	0
	5
	10

	
	
	MMSE
	MMSE
	MMSE

	Two clusters of 4-lambda spaced two lambda/2 spaced cross-pols

[XX  XX]
	Perfect Spatial Correlation
	1.52
	1.58
	1.71

	
	Perfect Rank-1
	1.48
	1.49
	1.52

	
	Unquantized Rank-1 @ 6dB pre-combining
	1.46
	1.46
	1.48

	
	Unquantized Rank-1 @ 0dB pre-combining
	1.39
	1.38
	1.38

	
	16m(120) Transmit Correlation
	1.47
	1.49
	1.40

	
	VQ(9+1+9)  Transmit correlation
	1.30
	1.32
	1.35

	
	4bit Rank-1 PMI 
	1          
	1    
	1

	
	
	
	
	

	Four lambda/2 spaced cross-pols

[XXXX]
	Perfect Spatial Correlation
	1.22    
	1.26    
	1.33

	
	Perfect Rank-1
	1.21    
	1.22    
	1.23

	
	Unquantized Rank-1 @ 6dB pre-combining 
	1.18    
	1.18    
	1.18

	
	Unquantized Rank-1 @ 0dB pre-combining
	1.12    
	1.11    
	1.09

	
	16m(120) Transmit Correlation
	1.20    
	1.20    
	1.11

	
	VQ(8.6+1+8.6) Transmit Correlation
	1.14
	1.16
	1.18

	
	VQ(7+1+7) Tranmit Correlation
	1.12
	1.14
	1.16

	
	4bit Rank-1 PMI 
	1          
	1    
	1

	
	
	
	
	

	Eight lambda/2 spaced vertical-pols

[||||||||]
	Perfect Spatial Correlation
	1.12        
	1.14
	1.18

	
	Perfect Rank-1
	1.1        
	1.10
	1.09

	
	Unquantized Rank-1 @ 6dB pre-combining 
	1.08    
	1.07    
	1.05

	
	Unquantized Rank-1 @ 0dB pre-combining 
	1.02    
	1.0    
	0.97

	
	16m(120) Transmit Correlation
	1.10        
	1.09
	0.98

	
	VQ(6+1+4) Transmit Correlation
	1.06    
	1.08    
	1.08

	
	4bit Rank-1 PMI 
	1
	1
	1


Conclusions:

1. As expected, uncorrelated antennas require more feedback bits to accurately quantize the transmit correlation

2. VQ provides very good alternative to element-wise quantization and achieves comparable performance with 84-91% feedback overhead reduction

3. In favorable UL SNR conditions and uncorrelated antennas, unquantized rank-1 feedback provides good performance with low UL overhead. 
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Appendix A – Higher Delay Effects

The following table summarizes the spectral efficiency ratios assuming 20mS delay.

The gains are reduced by about 3-11%.

	4-Antenna Configuration
	Feedback Option
	DL SNR [dB]

	
	
	0
	5
	10

	
	
	MRC
	MRC
	MRC

	Two 4-lambda spaced cross-pols
	Perfect Spatial Correlation
	1.14        
	1.20
	1.26

	
	VQ((6+4)+1+6) Transmit correlation
	1.07
	1.10
	1.13

	
	6bit Rank-1 PMI 
	1          
	1    
	1

	
	
	
	
	

	Four lambda/2 spaced vertical-pols
	Perfect Spatial Correlation
	1.05
	1.09
	1.16

	
	VQ(4+1+4) Transmit Correlation
	1.01
	1.05
	1.10

	
	6bit Rank-1 PMI 
	1
	1
	1


Proposed text

15.2.X.3.1.2 Operation procedure

Insert after the first paragraph

Interference nulling is enabled when ICT (interference coordination type) is set to 0b100 or 0b000 Feedback_Polling_IE. 

Both options use PMI to approximate the spatial correlation matrix 
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and 0b000 is a special case of 0b100 where only one PMI approximating the strongest singular vector is fed back.

If ICT is set to 0b100 the MS estimates the spatial correlation matrix 
[image: image14.wmf]R

and feeds back its two strongest singular vectors and the two largest singular values ratio.  The singular vectors are quantized using the 4 and 8 antenna codebooks. The singular value ratio is quantized to the nearest value in [0.25 0.5].

The following algorithm may be used for ICT 0b100:

1. Similarly to ICT 0b000, find the strongest singular vector by maximizing 
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H

ii

cRc

l

=

 where 
[image: image16.wmf]i

c

 is a singular vector taken from a rank-1 codebook and 
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 is the approximated strongest singular value of 
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. Denote by 
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 the index of the winning codeword.

2. Find the second strongest singular vector by maximizing 
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 is the orthogonalized singular vector with respect to 
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 the index of the winning codeword.

3. Quantize the ratio 
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 to the closest value in [0.25 0.5]. Denote by 
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the index chosen. 
4. Feed back 
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, 
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and 
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15.2.X.3.1.1 DL/UL Siganling

Add to table X1 ICT 0b100:
Table x1 – Control parameters for DL Multi-BS MIMO supported by codebook based feedback 
	Parameter
	Description
	Value
	Control channel

(IE)
	Notes

	ICT
	Interference coordination type
	0b00: PMI restriction

0b01: PMI recommendation

0b10: Co-MIMO

0b11: CL-MD
0b100: Spatial Correlation Feedback
	Feedback_Polling_IE
	Indicates which Multi-BS MIMO mode 

	TRU
	Target resource unit
	TBD
	Feedback_Polling_IE
	Indicates resource units for measurement
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