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[bookmark: DocumentFor][bookmark: _Toc243877433]Introduction
Potential performance benefits of FD-MIMO have been demonstrated with ideal CSI [1], in which 2x to 3x performance gain in average-cell throughput has been observed. This contribution presents initial analysis results for performance benefits of FD-MIMO systems with subarray-partition architecture, along with alternative methods for FD-MIMO codebook enhancements. 
Additional PMI feedback for Elevation Domain – Kronecker Product 
Performance benefits of FD-MIMO systems are achieved primarily with 3D beamforming and MU-MIMO. To facilitate 3D beamforming operation, Rel.12 PMI feedback is not sufficient as it was mainly designed for the azimuth domain CSI. 

One alternative for the FD-MIMO CSI feedback could be to introduce additional PMI feedback components for the elevation domain, relying on a Kronecker product structure. Consider a 2D co-polarized uniform rectangular array comprising N columns and MTXRU rows. Then, according to the derivation in the Appendix I, the eigenvector of a channel covariance matrix of a channel with a single dominant path can be represented as a Kronecker product of two DFT vectors, namely, , where:
· 
 is a MTXRU x 1 elevation channel vector defined as: 


 with ; and
· 
 is a N x 1 azimuth channel vector defined as:


 with .



Based on this observation, a codebook based on the Kronecker product of two DFT vectors can be constructed. It is intended that the two DFT vectors respectively quantize conjugates of the elevation and the azimuth channel vectors and  that construct the rank-1 channel direction vector . Note that this argument assumes a channel with one dominant path which may or may not happen in practice. However, it is expected that the above construction generally offer reasonable performance. 




For the 2D x-polarized uniform rectangular array, an additional component, co-phase,  , should also be considered for the codebook design. For example, for (MTXRU, N, P) = (2, 4, 2) subarray-partition configuration, Rel-10 8-Tx codebook can be used for quantizing the azimuth channels, and 2-Tx codebook can be used for the elevation channels. In this case, the composite precoding vector would be represented as , where  is a length-4 oversampled DFT vector with an oversampling factor of 8; and  is a length-2 oversampled DFT vector with an oversampling factor of 2. In this case, CQI should be derived based on the KP composite precoder. 



A summary of non-full-buffer MU-MIMO SLS results is presented in Figure 1 and Figure 2 respectively for the 3D-UMa and 3D-UMi to demonstrate the benefits of the KP codebook in the FD-MIMO system with respect to the baseline 8-Tx systems. Detailed results can be found in Appendix II. For the FD-MIMO systems, 1D subarray-partition architecture is assumed with MTXRU=1, 2, 4 and (N, P) = (4, 2). For the KP component codebooks, Rel-8 2-Tx and 4-Tx codebooks are used for  and Rel-10 8-Tx codebook is used for . Cell association antenna pattern is approximated by one-TXRU pattern, and SLNR precoding and proportional fair scheduling (max 4 layers per time-frequency resource) have been used. The rest of the simulation assumption is according to [2].
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[bookmark: _Ref410940467]Figure 1 Summary of UMa results
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[bookmark: _Ref410940469]Figure 2 Summary of UMi Results

Observation 1: A codebook based upon Kronecker product of horizontal and vertical precoders achieves significant performance gain as against 8-Tx baseline for both 3D-UMa and 3D-UMi. In particular, when the system is heavily loaded with MTXRU = 4 the 5% UPT gain is about 3.1x, and 50% UPT gain is about 2.2x both channel models.
[bookmark: _GoBack]Proposal 1: Study performance benefits of the Kronecker product PMI. 

Further Enhancement – Codebook Based Upon Linear Combination
[image: ][image: ]
[bookmark: _Ref410215567]Figure 3 MU sum-rate (capacity) gap between ideal CSI and 16-Tx KP

It has been demonstrated in Section 2 that KP codebook can achieve significant gain relative to the 8-Tx baseline. However, as KP codebook is designed based upon an assumption that the wireless channel for a link have a single dominant path (per layer), the performance advantage of KP can be limited for the channel with multiple paths and rays. Based on performance evaluation of the past releases, KP PMI feedback is expected to offer competitive performance for SU-MIMO.  For MU-MIMO, however, the availability of accurate CSI at the eNB is critical to achieve high MU-MIMO gain with advanced MU-MIMO precoding schemes such as SLNR; it is questionable whether or KP PMI precoder feedback is sufficient for MU-MIMO precoding. One such analysis results can be found in Figure 3, in which two-user sum rates achieved with rank-1 SLNR precoding is plotted in two cases: (1) ideal CSI is available at the transmitter; and (2) 16-Tx KP precoder is available at the transmitter. It can be observed that the sum-rate gap between the two cases for the 2nd case is as large as 10 dB. 


To further boost MU-MIMO performance to close the gap towards the ideal-CSI bound, an approach based upon linear combination of basis vectors can be utilized to capture effects of multiple paths per precoding layer. For example, for a rank-1 PMI precoder can be represented as: , where . It can be seen that with L = 1, this codebook reduces to the KP codebook. In addition PMI quantization will be progressively refined as L increases at the expense of more feedback overhead. 


In the following, preliminary analysis results are presented with L = 4 basis vectors, and unquantized coefficients . For L = 4, basis vectors  are selected from a master set, with largest long-term wideband beamforming SINR. A serving cell with 7 UEs is considered, equipped with FD-MIMO antennas with (MTXRU, N, P) = (2, 4, 2) subarray-partition configuration. The MIMO channels of communication links between the eNB and each UE are generated according to 3D UMa scenario. The MIMO channels for this evaluation take only small-scale fading into account (i.e., pathloss is excluded).
Each UE quantizes the complex conjugate of the dominant subband (SB) eigenvector of its MIMO channel covariance matrix (i.e. un-quantized rank-1 precoder) with the linear combination precoder. 
For SU beamforming, performance gap of the linear combination (LC) PMI from the ideal CSI and the 16-Tx KP PMI are summarized in Table 1. Observe that the LC PMI can close the performance gap of SU beamforming from the ideal CSI; only 0.69 dB away from ideal CSI.  
[bookmark: _Ref410136250]Table 1: SU SNR gap of the proposed scheme from the ideal and 16-Tx KP schemes
	UE
	SNR loss of KP
from ideal CSI
	SNR loss of LC
from Ideal CSI (dB)

	1
	2.3
	0.05

	2
	4.0
	2.8

	3
	2.2
	1.1

	4
	2.0
	0.5

	5
	1.7
	0.2

	6
	1.85
	0.05

	7
	1.0
	0.1

	Average
	2.15
	0.69



To evaluate MU performance, the 2-user sum-rate capacity vs. SNR is studied for two pairs of users, (UE1, UE5) and (UE2, UE5). For comparison, the ideal SB eigenvector CSI feedback is considered as an outer bound and 16-Tx KP(2-Tx, 8-Tx) is considered as an inner bound. In the simulation, it is assumed that there is no inter-cell interference. The details of the simulation assumption can be found in Appendix III. 

The MU sum rates of the LC PMI are shown in Figure 4. Observe that the performance gap to the ideal CSI bound is significantly reduced with the LC PMI. Note that the simulation results for the LC PMI are obtained for the basis set of size  with unquantized co-phasing and coefficients.
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[bookmark: _Ref410219335]Figure 4 MU sum rate of linear combination PMI with L = 4
Observation 2: A codebook based upon linear combination of basis vectors has potential to close the MU-MIMO performance gap towards the ideal CSI bound. 
Proposal 2: Study the performance benefits of the linear combination PMI. 
Conclusion
This contribution has considered performance benefits of two alternative PMI codebook designs, and made the following observations and proposals:
Observation 1: A codebook based upon Kronecker product of horizontal and vertical precoders achieves significant performance gain as against 8-Tx baseline for both 3D-UMa and 3D-UMi. In particular, when the system is heavily loaded with MTXRU = 4 the 5% UPT gain is about 3.1x, and 50% UPT gain is about 2.2x both channel models. 
Observation 2: A codebook based upon linear combination of basis vectors has potential to close the MU-MIMO performance gap towards the ideal CSI bound. 
Proposal 1: Study the performance benefits of the Kronecker product PMI. 
Proposal 2: Study the performance benefits of the linear combination PMI. 

Appendix I. Derivation of Principle Eigenvector of 3D LOS Channel Covariance Matrix
With carrier frequency , a time-domain baseband equivalent channel vector  observed at a receive antenna at a UE is given by:

where 
·  is a  elevation channel vector defined as ;
·  is a  azimuth channel vector defined as with ; and
·  and  are respectively the path gain and the path delay.
Accordingly, the frequency domain representation is given by 

In the LOS case, the frequency-domain baseband-equivalent model reduces to 
,
where   and . At a particular frequency (or subcarrier), the spatial covariance matrix of  is given by 

Then, rank-1 channel direction matrix, or the principal eigenvector of , is given by 

where  is a normalization factor. 

Appendix II. Detailed Simulation Results
Heavily-loaded system (~RU 70%) analysis: 
3D-UMa
	MTXRU
	Q
	Inter-arrival 
	Avg UPT
	5% UPT
	50% UPT
	RU

	1
	8
	0.18
	12.037
	2.364
	9.242
	68.2%

	2
	16
	0.18
	13.922
	3.372
	11.276
	61.3%

	% gain wrt Q=8
	
	116%
	143%
	122%
	89.9%

	4
	32
	0.18
	22.318
	7.577
	20.053
	46.6%

	% gain wrt Q=8
	
	185%
	321%
	217%
	68.3%



3D-UMi
	MTXRU
	Q
	Inter-arrival 
	Avg UPT
	5% UPT
	50% UPT
	RU

	1
	8
	0.18
	10.192
	1.993
	7.616
	74.9%

	2
	16
	0.18
	13.582
	3.16
	10.848
	63.1%

	% gain wrt Q=8
	
	133%
	159%
	142%
	84%

	4
	32
	0.18
	19.328
	6.344
	16.97
	49.9%

	% gain wrt Q=8
	
	190%
	318%
	223%
	67%



Medium-loaded system (~RU 50%) analysis: 
3D-UMa
	M_TXRU
	Q
	Inter-Arrival
	Avg UPT
	5% UPT
	50% UPT
	RU

	1
	8
	0.25
	17.714
	4.46
	15.375
	50.4%

	2
	16
	0.25
	19.34
	5.545
	17.046
	46.8%

	% gain wrt Q=8
	
	109%
	124%
	111%
	92.9%

	4
	32
	0.25
	27.524
	10.512
	25.051
	35.4%

	% gain wrt Q=8
	
	155%
	236%
	163%
	70.2%



3D-UMi
	MTXRU
	Q
	Inter-Arrival
	Avg UPT
	5% UPT
	50% UPT
	RU

	1
	8
	0.3
	16.786
	4.181
	13.781
	53.9%

	2
	16
	0.3
	19.58
	5.767
	17.325
	43.2%

	% gain wrt Q=8
	
	117%
	138%
	126%
	80%

	4
	32
	0.3
	25.64
	9.331
	22.807
	34.4%

	% gain wrt Q=8
	
	153%
	223%
	165%
	64%



Lightly-loaded system (~RU 20%) analysis: 
3D-UMa
	MTXRU
	Q
	Inter-Arrival
	Avg UPT
	5% UPT
	50% UPT
	RU

	1
	8
	0.6
	23.80
	11.15
	30.77
	20.1%

	2
	16
	0.6
	24.63
	13.34
	31.89
	18.9%

	% gain wrt Q=8
	
	104%
	120%
	104%
	94%

	4
	32
	0.6
	28.53
	18.74
	41.24
	15.0%

	% gain wrt Q=8
	
	120%
	168%
	134%
	75%



3D-UMi
	MTXRU
	Q
	Inter-Arrival
	Avg UPT
	5% UPT
	50% UPT
	RU

	1
	8
	0.6
	20.81
	9.028
	26.308
	22.4%

	2
	16
	0.6
	23.225
	12.057
	29.851
	18.7%

	% gain wrt Q=8
	
	112%
	134%
	113%
	84%

	4
	32
	0.6
	25.909
	15.636
	34.497
	16.3%

	% gain wrt Q=8
	
	125%
	173%
	131%
	73%



Appendix III. MU capacity simulation assumption and methodology
Simulation parameters for the mu capacity evaluation are provided in Table 2. 
[bookmark: _Ref410915446]Table 2: Parameters
	Parameters
	Values

	Channel model
	3D-UMa

	Number of UEs in the cell
	7

	UE speed
	3kmh

	Number of BS (H,V) antenna elements
	(8,8), x-polarized, subarray partition

	(MTXRU, N, P) 
	(2, 4, 2)

	BS (H,V) antenna spacing
	(0.5, 0.8)λ

	BS and MS antenna polarizations
	BS: (+45°,-45°); MS: (0°, 90°)

	Number of UE antennas
	2

	MU pre-coding
	SLNR

	Channel estimation
	Ideal

	Transmission rank
	1

	Receiver 
	MMSE-IRC

	PMI feedback
	WB: L=4 DFT vectors for H dimension, one DFT vector for V dimension
SB: co-phasing, L=4 basis coefficients



The details of the 2-user MU-MIMO capacity calculation are provided as folows. 
SNR and noise variance: Let  be the noise variance. In the simulation results, the SNR (x-axis) is transmission SNR with the assumption that the signal power is 1. So, when SNR = x dB, the noise power is 
SLNR pre-coder: Let  be the rank-1 pre-coder feedback from user  where  and let . Then, the SLNR MU pre-coder is given by 
MU sum-rate capacity: Let  be the channel for user  at subcarrier  The MU sum-rate capacity at subcarrier   is calculated as:

where  with (signal part)  (interference part) ,where , and  The average MU sum-rate capacity is then calculated as  In the results, we plot  against different values of (transmit) SNR in dB.

References
R1-150378, Samsung, “FD-MIMO performance with ideal CSI with 8 to 64 TXRUs” 3GPP TSG RAN1#80 
TR36.897, Study on elevation beamforming/full-dimension MIMO for LTE.



1

oleObject1.bin

image2.wmf
)

(

v

V

a


oleObject2.bin

image3.wmf
[

]

t

v

M

j

jv

TXRU

V

e

e

M

v

)

1

(

TXRU

...

1

1

)

(

-

=

a


oleObject3.bin

image4.wmf
q

l

p

cos

2

c

V

d

v

=


oleObject4.bin

image5.wmf
)

(

h

H

a


oleObject5.bin

image6.wmf
[

]

t

h

N

j

jh

H

e

e

N

h

)

1

(

...

1

1

)

(

-

=

a


oleObject6.bin

image7.wmf
j

q

l

p

sin

sin

2

c

H

d

h

=


oleObject7.bin

image8.wmf
)

(

v

V

a


oleObject8.bin

image9.wmf
)

(

h

H

a


oleObject9.bin

image10.wmf
a


oleObject10.bin

image11.wmf
f

j

e


oleObject11.bin

image12.wmf
ú

û

ù

ê

ë

é

Ä

Ä

)

(

)

(

)

(

)

(

v

h

e

v

h

V

H

j

V

H

w

w

w

w

f


oleObject12.bin

image13.wmf
)

(

h

H

w


oleObject13.bin

image14.wmf
)

(

v

V

w


oleObject14.bin

image15.wmf
V

w


oleObject15.bin

image16.wmf
H

w


oleObject16.bin

image17.png
321%

300

m8TXRU m8TXRU
1 250 - Mediumload
217%  m16TXRU = 16TXRU
200

1 32TXRU

163% m 32TXRU

Avg UPT 5% UPT 50% UPT RU Avg UPT 5% UPT 50% UPT RU




image18.png
300

250

200

150

100

50

223% m16TXRU

m8TXRU

1 32TXRU

RU

300

250

200

m 8TXRU
| Mediumload
% m 16TXRU

165% " 32TXRU

Avg UPT 5% UPT 50% UPT RU




image19.emf
-5 0 5 10 15 20 25 30 35

5

10

15

20

25

30

35

40

SNR (dB)

Capacity (bps/Hz)

MU-MIMO: User 1 and 5

 

 

Ideal CSI

16Tx KP


image20.emf
-5 0 5 10 15 20 25 30 35

5

10

15

20

25

30

35

40

SNR (dB)

Capacity (bps/Hz)

MU-MIMO: User 2 and 5

 

 

Ideal CSI

16Tx KP


image21.wmf
å

-

=

=

1

0

L

l

l

l

c

w

w


oleObject17.bin

image22.wmf
ú

û

ù

ê

ë

é

Ä

Ä

=

)

(

)

(

)

(

)

(

l

V

l

H

j

l

V

l

H

l

v

h

e

v

h

w

w

w

w

w

f


oleObject18.bin

image23.wmf
{

}

l

c


oleObject19.bin

image24.wmf
{

}

l

w


oleObject20.bin

image25.emf
-5 0 5 10 15 20 25 30 35

5

10

15

20

25

30

35

40

MU-MIMO: User 1 and 5; VOS=4, HOS=2

SNR (dB)

Capacity (bps/Hz)

 

 

Ideal CSI

LC, Unq Coeff

16Tx KP


image26.emf
-5 0 5 10 15 20 25 30 35

5

10

15

20

25

30

35

40

MU-MIMO: User 2 and 5

SNR (dB)

Capacity (bps/Hz)

 

 

Ideal CSI

LC, Unq Coeff

16Tx KP


image1.wmf
)

(

)

(

h

v

H

V

a

a

a

Ä

=


