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1. Introduction
Cross-polarised antennas will be of significant importance for LTE deployment. Special interest is related to two closely spaced cross-polarised antenna pairs due to compactness in radome size and the inherent possibilities of exploiting correlation and decorrelation in two sub-array pairs. Typical element distance is (/2. 
In [1] there is a general description of a promising DL SU-MIMO concept for 4 transmit antennas, containing a switching between 3 different spatial schemes: A combination of beamforming with either open loop diversity, closed loop diversity or spatial multiplexing, depending on mobile speed, SINR and effective rank. This concept was described in [8] in further detail and system level simulation results were given for it. In [12] the 4tx MIMO codebook discussion of the RAN1 mail reflector was addressed and the differences and advantages of the Alcatel-Lucent schemes compared to other proposal were shown. Codebooks were given in the appendix.
This document now picks up the system level performance results of the Alcatel-Lucent scheme, adds details and places it into the context of discussion.
2. Special properties of the proposed combination of schemes
Power balancing is always ensured in our proposal, thus all 4 power amplifiers are always used with equal transmit power. 
The feedback overhead caused by codebook index signaling can be drastically reduced by our two stage approach which exploits the special combination of correlation and decorrelation caused by 2 closely spaced cross-polarisation pairs or 2 vertical polarized widely spaced (/2-subarray pairs. Further details for feedback reduction can be found in [12]

Additionally we propose a suitable solution also for high velocity mobiles were the feedback delay prohibits a proper linear precoding for uncorrelated antennas. Our approach suggests a combination of Alamouti and beamforming in that case (scheme A in [1],[8],[12]).

If calibration is available in the system, our beamforming codebook can exploit more array gain than the proposed general codebooks. Without calibration we have to expect non-negligible performance degradation, shown in [9]. Appendix B gives alternative solutions for this case with just using ±1 and ±j as weight coefficients
For the desired antenna configuration described above the codebook can be limited to rank 2, skipping additional overhead (as not more than rank 2 transmissions will be useful in that case).

The codebook is self-contained in the sense that it consists of combinations of the same two-element ‘beam’ weights. This eases the required calculations.

3. Description of the suggested spatial schemes

In [1] the concept of so-called ‘polarisation beams’ was introduced. As the sub-array elements for each polarization direction are correlated, the optimal linear precoding weight vector just depends on the angle of departure towards the mobile. This direction only changes very slowly. Thus the feedback rate for signalling the preferred polarisation beam can be very low and this beam is used for the whole band. 

So this precoding vector is specially designed to exploit the spatial correlation of the two closely spaced elements of the same polarisation direction.
This scheme also works well for a 2x2 antenna configuration in vertical polarisation for two sub-arrays with (/2-element spacing (see figure 1). Those sub-arrays should be separated several wavelengths (e.g. 10) to obtain uncorrelated antennas. Instead of polarisation beams, these are now “subarray beams” in this case.
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Figure 1: Tx antenna configurations for proposed MIMO schemes, either (a): classical x-pol 2x2 or (b) vertical polarised 2x2
3.1. Weight design for “polarisation beams”
In Figure 1 we have seen the configuration of the 4 cross-polarised antenna elements. The two pairs with ±45° polarization direction each are separated half a wavelength of spacing. On each polarization direction by linear precoding a grid of fixed beams can be shaped by proper design of antenna weights of the elements of the corresponding polarization direction. For simplification one beam on one polarisation direction will be called polarization beam further on in the document.
For the simulations 4 polarisation beams are used per polarisation, which is a good compromise between array gain and required feedback signalling overhead. Their weight vectors wi are calculated based on steering vectors.
With the main beam direction (i of beam i and from the m-th transmit element position dm for all 2 elements, with k = 2(/( being the wave number, the weights are calculated according to:
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The sub-array as a 2-element uniform linear array with λ/2 spacing has the element positions 
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The 4 directions 
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for the 4 corresponding beam main directions are chosen in a sector of 120° with equal spacing in cosine space, resulting in equal crossing levels of the beam pattern amplitudes: 
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(For simplicity it is also possible to use equal spacing in angular space, resulting in: 
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Table 1 shows the resulting weight vector 
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 for the 4 polarisation beams.

	Beam Index
	Weight 1: wi1
	Weight 2: wi2

	1
	1
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Table 1: Polarisation beam weights for each sub-array
The resulting antenna pattern for each subarray with typical 120° sector antenna elements with a half power beam width of 70° is shown in figure 2.
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Figure 2: Antenna 2 pattern of the 4 polarisation beams for a 2-element subarray, The sector pattern with HPBW of 70° is superimposed.

As a simpler fallback solution, e.g. in the case when calibration is not available, the second weight is formed of ±1 and ±j.

	Beam Index
	Weight 1: wi1
	Weight 2: wi2

	1
	1
	1

	2
	1
	j

	3
	1
	-1

	4
	1
	-j


Table 2 - Polarisation beam weights without calibration
3.2. Selection of schemes on top of the polarisation beams
On top of the polarisation beam scheme, either a diversity scheme or a spatial multiplexing scheme is used, according to [1]. In this paragraph, these schemes and their resulting combined weight vectors are described.
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Figure 3 -    Selection of MIMO schemes based on SINR and velocity
3.2.1. Scheme A: low SINR & high speed
In [1] it was proposed to use one polarization beam on +45° polarisation direction being the virtual  Alamouti antenna 1 and one polarization beam on -45° for virtual antenna 2. Thus beamforming gain and diversity gain from Alamouti is combined. This is mapped to OFDM with space frequency block coding.

As our simulations for this document are for low mobility, in the results below scheme B is always used instead of scheme A.
Nevertheless it is described here in further detail. Two subsequent data symbols s1 and s2 are dispersed over two neighboured subcarriers and weighted with the chosen polarization beam weights wi1 and wi2. The weighted transmit symbols (neglecting normalisation) now have the following form over the 4 antennas and the 2 subcarriers:
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3.2.2. Scheme B: low SINR & low speed
In [1] a single data stream transmission in closed-loop diversity mode between the two polarization beams is suggested. Between the two polarization beams a phase shift is applied in order to achieve coherent combining on the receive side. For this purpose the mobile uses a codebook containing a quantized phase information, e.g. with the cardinality of 4/8/16 entries, requiring 2/3/4 bit feedback size per preferred index. The mobile now feeds back its preferred phase shift index in order to maximize the received signal. 
This frequency-selective codebook is now combined with the low-rate full-band codebook of the fixed beam weight 
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of the sub-array in order to select the proper transmission weight vector for all 4 Tx antenna elements in an efficient way.
Table 2 gives an example for a phase codebook size of 2 bit which results in a phase resolution of (/2.

	Phase Index
	Weight vector
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Table 2: Full weight vector for polarisation beams combined with closed-loop phase shift of (/2 resolution
3.2.3. Scheme C: high SINR
When the average SINR is high enough then spatial multiplexing will be chosen as it has the potential to double the maximum throughput by using two independent spatial streams.

In [1] it is suggested to combine the well-known PARC-scheme with the concept of the polarization beams. Data stream 1 will be transmitted on the +45° polarization beam, whereas data stream 2 will use the -45° polarization beam. A CQI information per spatial stream is fed back from the mobile to adapt the modulation and coding schemes (MCS) on each stream. 
Compared to standard PARC this new concept gives additional beamforming gain.
The same feedback mechanisms as PARC can be re-used.

With the long-term choice of the polarization beam index based on the weights 
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 the weight vectors of all 4 antenna elements for the 2 data streams are shown in table 3.
	Data Stream Index
	Weight vector

	1
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Table 3: Full weight vector of polarisation beams combined with spatial multiplexing
4. Simulation Results

System simulations are performed, based on the parameter sets of the Alcatel-Lucent contribution to NGNM [2]. A score based proportional fair scheduler as described in [2] is used. The simulation assumptions are in line with the requirements defined in R1-070674 [4], TS 36.211 [5] and TR 25.841 [6]. A Monte Carlo based simulator with event driven drops of 100ms duration has been used. The link to system interface uses the Mutual Information Effective SNIR Mapping (MIESM) [3]. More details in simulation parameters are listed in appendix C.
For a comparison benchmark, results for a single transmit antenna with MRC receive diversity (1x2), 2x2 Fixed Beams (2x2 FB) and 2x2 SU-MIMO (with switching between PARC and CL Tx Diversity) are given as a comparison to the new proposed schemes of this document.

Scheme B) uses different codebook sizes of 4*4,4*8 and 4*16 (the factor 4 stems from stage 1 and can be signalled on a long-term full-band basis) for each 24 subcarriers with a MRC receiver. Scheme C) uses a simple linear Zero Forcing receiver for separation of the two data streams. The combination of scheme B+C) uses in the simulator implementation the feedback of both scheme B) and scheme C) and the switching of schemes is done for the whole band on a TTI basis based on the estimated sum data rates for each scheme. (In a practical implementation it is suggested to use a rank criterion instead of this to save feedback capacity.)
The simulations were done for antenna configuration b) of figure 1. For the combined scheme B+C) a codebook size of 4*8 was chosen for the scheme B mode. 
Table 4 below shows the system level performance of the proposed combined spatial schemes compared to different MIMO schemes, described in [2].

	No. Antennas
	Name of spatial scheme
	 bits/s/Hz 
	 5-percentile 

	2x2
	Parc
	1.54
	0.228 Mbps

	2x2
	AntennaSelection
	1.59
	0.473 Mbps

	1x2
	SingleAntenna
	1.63
	0.396 Mbps

	2x2
	TxDiversityClosedLoop
	1.67
	0.488 Mbps

	2x2
	TxDiversityClosedLoopAndParc
	1.83
	0.504 Mbps

	2x2
	FixedBeams
	1.85
	0.557 Mbps

	4x2
	Scheme C ("DirectionalParc")
	1.96
	0.309 Mbps

	4x2
	Scheme B: DirectionalTxDiversityClosedLoop 4*4w
	1.98
	0.689 Mbps

	4x2
	Scheme B: DirectionalTxDiversityClosedLoop 4*8w
	2
	0.691 Mbps

	4x2
	Scheme B: DirectionalTxDiversityClosedLoop 4*16w
	2.02
	0.680 Mbps

	4x2
	FixedBeams
	2.05
	0.689 Mbps

	4x2
	Proposed Combination: Scheme B (4*8) and C, "DirectionalTxDiversityParcSwitch"
	2.25
	0.701 Mbps


Table 4 – System level performance of investigated schemes: 3rd column shows average cell throughput, 4th column shows cell border user throughput. The proposed combination outperforms 2x2 SU MIMO by more than 20%
Table 4 and figure 4 show that scheme B already with a codebook size of 4*4 achieves quite good performance.  So our codebook proposal in appendix B is based on a 4*4 codebook-size.

The proposed combined scheme achieves an average sector throughput of 22.5 Mbps in 10 MHz bandwidth.
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Figure 4 – Normalised  sector average throughput vs. sector border throughput for different spatial schemes

Figure 5 shows that the switching of schemes ensures that each scheme (B or C) operates in its most promising SINR regime. About 70% of all users rely on scheme B, whereas the best 30% users use scheme C for transmission, allowing to transmit on 2 data streams.

The fairness test in figure 6 shows that all investigated schemes were fair and the proposed combination is a good choice for fairness.
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Figure 5 – User Throughput for the proposed schemes B and C and their combination
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Figure 6 – User throughput normalised on average, compared to bisector line for fairness test: all spatial schemes are fair with the score based proportional fair scheduler

5. Conclusion

Cross-polarised antenna configurations have been analysed in the framework of LTE. A fixed-beam scheme for both polarisations has been introduced as baseline. Depending on SINR and speed, this baseline scheme is combined with two diversity and one dual-stream scheme. The full codebook of this 2-stage combination was proposed in [12] and is listed in the appendix of the document.
System level simulation results were presented for the new proposed combination of schemes. Here, in terms of average sector throughput 2x2 single-user MIMO was outperformed by more than 20% and 4x2 single-user beamforming was outperformed by more than 10%. For the cell border throughput the gain vs. 2x2 SU-MIMO was even 40%.

These gains can be further improved by using a more advanced receiver for scheme C, instead of the chosen linear zero forcing receiver which is the simplest option in terms of complexity.

In summary, polarisation beams combined with appropriate other techniques establish a promising technique for spatial processing specifically tailored to cross-polarised antenna configurations. 
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Appendix A: Proposed codebook

Optimised for a 120° sector configuration with calibrated antennas, two pairs of cross polarised antennas with small pair separation.

Note that rank 1 for high speeds is a combination of beamforming and Alamouti SFBC (scheme A: see section Fehler! Verweisquelle konnte nicht gefunden werden.)


[image: image27.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

-

×

-

-

-

-

×

-

-

-

-

-

-

-

=

)

sin

exp(

)

sin

exp(

)

sin

exp(

)

sin

exp(

1

1

)

sin

exp(

)

sin

exp(

)

sin

exp(

)

sin

exp(

1

1

1

1

i

i

i

i

i

i

i

i

i

j

j

j

j

j

j

j

j

j

j

j

j

J

p

J

p

J

p

J

p

J

p

J

p

J

p

J

p

G



[image: image28.wmf]4

,

3

,

2

,

1

=

i

with 
[image: image29.wmf]i

J

as follows:
[image: image30.wmf]°

=

°

=

°

-

=

°

-

=

5

.

40

,

5

.

12

,

5

.

12

,

5

.

40

4

3

2

1

J

J

J

J



[image: image31.wmf]ú

ú

ú

ú

û

ù

-

-

-

-

ê

ê

ê

ê

ë

é

-

-

-

-

=

)

sin

exp(

0

)

sin

exp(

0

1

0

1

0

0

)

sin

exp(

0

)

sin

exp(

0

1

0

1

...

...

)

sin

exp(

0

)

sin

exp(

0

1

0

1

0

0

)

sin

exp(

0

)

sin

exp(

0

1

0

1

4

3

4

3

2

1

2

1

5

J

p

J

p

J

p

J

p

J

p

J

p

J

p

J

p

j

j

j

j

j

j

j

j

G


Note that the signalling of the codebook entry, e.g. the 16 indexes for rank 1 can be done with one value for long-term information for the whole band (“stage1” - containing the index i of Gi ) and one frequency-selective short-term information (“stage2” – containing the chosen column of Gi).

	Codebook index
	Rank 1
	Rank 2

	1
	G1(1) / 2
	G5(12) / √8

	2
	G1(2) / 2
	G5(34) / √8

	3
	G1(3) / 2
	G5(56) / √8

	4
	G1(4) / 2
	G5(78) / √8

	5
	G2(1) / 2
	

	6
	G2(2) / 2
	

	7
	G2(3) / 2
	

	8
	G2(4) / 2
	

	9
	G3(1) / 2
	

	10
	G3(2) / 2
	

	11
	G3(3) / 2
	

	12
	G3(4) / 2
	

	13
	G4(1) / 2
	

	14
	G4(2) / 2
	

	15
	G4(3) / 2
	

	16
	G4(4) / 2
	


Appendix B: Variants for proposed codebook

Solution without calibration

Without calibration required and with only ±1 and ±j as weight coefficients, intended for two pairs of cross polarised antennas with small pair separation.

Note that rank 1 for high speeds is a combination of beamforming and Alamouti SFBC (scheme A: see section 3.2.1)
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Note that the signalling of the codebook entry, e.g. the 16 indexes for rank 1 can be done with one value for long-term information for the whole band (“stage1” - containing the index i of Gi ) and one frequency-selective short-term information (“stage2” – containing the chosen column of Gi).

	Codebook index
	Rank 1
	Rank 2

	1
	G1(1) / 2
	G5(12) / √8

	2
	G1(2) / 2
	G5(34) / √8

	3
	G1(3) / 2
	G5(56) / √8

	4
	G1(4) / 2
	G5(78) / √8

	5
	G2(1) / 2
	

	6
	G2(2) / 2
	

	7
	G2(3) / 2
	

	8
	G2(4) / 2
	

	9
	G3(1) / 2
	

	10
	G3(2) / 2
	

	11
	G3(3) / 2
	

	12
	G3(4) / 2
	

	13
	G4(1) / 2
	

	14
	G4(2) / 2
	

	15
	G4(3) / 2
	

	16
	G4(4) / 2
	


Solution for larger rank 2 codebook with 16 entries instead of 4
This rank2 option is again based on two stages: ‘Stage 1’ with low-rate feedback uses pure ‘polarisation beams’, thus the G5 from above. ‘Stage 2’, like our general rank1 proposal, uses additional multiplications with ±1 and ±j on one sub-array.
This new G6 is written here for the uncalibrated solution but can applied in a similar way for the calibrated solution.
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	Codebook index
	Rank 2

	1
	G6(1 2) / √8

	2
	G6(1 3) / √8

	3
	G6(1 4) / √8

	4
	G6(1 5) / √8

	5
	G6(6 7) / √8

	6
	G6(6 8) / √8

	7
	G6(6 9) / √8

	8
	G6(6 10) / √8

	9
	G6(11 12) / √8

	10
	G6(11 13) / √8

	11
	G6(11 14) / √8

	12
	G6(11 15) / √8

	13
	G6(16 17) / √8

	14
	G6(16 18) / √8

	15
	G6(16 19) / √8

	16
	G6(16 20) / √8


Appendix C
Simulation Scenarios

Table 5: EUTRA simulation case
	Simulation
	CF
	ISD
	BW
	Ploss
	Speed

	Cases
	(GHz)
	(meters)
	(MHz)
	(dB)
	(km/h)

	1
	2.0
	500
	10
	20
	3


Simulation Assumptions
Table 6 shows the system simulation parameters.
Table 6: System simulation parameters

	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 7cell sites, 3 sectors per site

	Inter-site distance
	See Table 5

	Distance-dependent path loss
	L = 128.1 +  37.6 log10(R), R in kilometers

	Lognormal Shadowing
	Similar to UMTS 30.03

	Shadowing standard deviation
	8 dB

	Correlation distance of Shadowing
	50 m

	Shadowing correlation
	Between cells
	0.5

	
	Between sectors
	1.0

	Penetration Loss  
	See Table 5 

	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
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	LTE carrier frequency / bandwidth
	See Table 5

	HSDPA carrier frequency / bandwidth
	2 GHz, 5 MHz

	LTE channel model
	Spatial Channel Model (SCME)

	UE speed
	See Table 5

	LTE total BS TX power
	46dBm

	HSDPA total BS TX power
	43dBm

	Inter-cell Interference Modeling
	Explicit modeling

	Antenna Bore-sight points toward flat side of cell (for 3-sector sites with fixed antenna patterns)
	


	Users dropped uniformly in entire cell
	


	Minimum distance between UE and cell
	>= 35 meters

	LTE CS levels
	QPSK, R = 1/9, 1/6, 0.21, 1/4, 1/3, 0.42, 1/2, 0.58, 2/3, 0.73

16-QAM, R = 0.43, 0.46, 1/2, 0.54, 0.58, 0.61, 2/3, 0.73, 4/5

64-QAM, R = 0.58, 0.62, 2/3, 0.70, 0.74, 4/5, 0.85, 0.9

	LTE Scheduler
	Score Based Proportional Fair [7], all assigned PRB form one transport block

	LTE HARQ
	Asynchronous, adaptive

	LTE HARQ RTD
	5 TTI 

	LTE Link Adaptation
	Initial target BLER = 30%

	LTE CQI feedback range and granularity
	-11 dB … + 20 dB in steps of 1 dB

	LTE CQI feedback delay
	3 ms

	LTE CQI feedback period
	5 ms

	LTE Channel Estimation
	Ideal, implemented in system simulator

	Traffic model
	Full buffer

	Number of UEs per cell
	10

	LTE Link to system interface
	Mutual Information Effective SNIR Mapping (MIESM) [3]


Table 7: EUTRA Reference Node-B

	Parameters
	Model Assumptions

	Node-B Transmitter
	1, 2, and 4 Antennas, respectively

	BS antenna gain plus cable loss
	14 dBi

	Pilot channel overhead 
	Explicitly simulated

	Control channel overhead
	First three OFDM symbols per TTI


Table 8: Reference EUTRA UE parameters

	Parameters
	Model Assumptions

	Receiver
	2 Antennas, 1/2 Lambda

	Receiver type
	MRC, ZF

	Interference Cancellation
	Not applied

	Antenna gain
	0 dBi

	Noise Figure
	9 dB

	Receiver Noise Floor
	Not considered

	UE Receiver
	MRC, ZF

	Interference Cancellation Schemes
	Not applied
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