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1 Introduction
The pre-coding is used to convert the antenna domain MIMO signal processing into the beam domain processing. In the RAN1#46 meeting in Tallinn, it was decided that unitary precoding matrix is used for support of single-user MIMO. Also, UE feedback is based on the codebook-based precoding for FDD.

In this contribution, we provide a precoding scheme that applies to both transmit diversity, single-user MIMO spatial multiplexing and multi-user MIMO spatial multiplexing.
2 MIMO Precoding
Precoding allows to create a set of virtual antennas (VA) or MIMO layers from the physical antennas. With precoding, each of the codewords are transmitted from all the physical transmit antennas. Two examples of unitary precoding matrices, P1 and P2 for the case of two transmit antennas can be:
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Assuming normalized modulation symbols S1 and S2 are transmitted at a given time from MIMO stream 1 and stream 2 respectively. Then the modulation symbols after precoding with matrix P1 and P2 can be written as:
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Therefore, the symbol 
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will respectively be transmitted from physical  antenna 1 and antenna 2 when precoding is done using precoding matrix P1. Similarly, the symbol 
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will respectively be transmitted from antenna 1 and antenna 2 when precoding is done using precoding matrix P2 as shown in Figure 1. It should be noted that precoding is done on an OFDM subcarrier level before the IFFT operation as illustrated in Figure 1.
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Figure 1: An example of pre-coding in a MIMO system

In this contribution, we describe a precoding approach that applies to both transmit diversity and MIMO spatial multiplexing cases.  A composite precoder is constructed based on a unitary precoder such as Fourier matrix precoder multiplied with another unitary precoder representing a transmit diversity scheme.

A Fourier matrix is a NxN square matrix with entries given by:
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A 2x2 Fourier matrix can be expressed as:
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Similarly, a 4x4 Fourier matrix can be expressed as:


[image: image10.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

-

-

-

-

-

-

=

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

=

j

j

j

j

e

e

e

e

e

e

e

e

e

P

j

j

j

j

j

j

j

j

j

1

1

1

1

1

1

1

1

1

1

1

1

4

1

1

1

1

1

1

1

1

4

1

2

9

3

2

3

3

2

2

3

2

4

p

p

p

p

p

p

p

p

p


Multiple precoder matrices can be defined by introducing a shift parameter (g/G) in the Fourier matrix as given by:
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A set of four  2x2 Fourier matrices can be defined by taking G=4. These four 2x2 matrices with g=0, 1, 2 and 3 are written as:
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2.1 Precoding for transmit diversity

2.1.1 Precoding for CDD
A cyclic delay diversity (CDD) scheme can be implemented in the frequency domain with a phase shift of 
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applied to subcarrier k transmitted from the ith transmit antenna. The angle 
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Where Di is the cyclic delay in samples applied from the ith antenna. It should be noted that other functions can be used to derive the frequency domain phase shift. It is also possible to keep the phase shift constant for a group of subcarriers and allowed to vary from one group of subcarriers to the next.

The cyclic delay diversity can be seen as precoding with the following precoding matrix for the case of four transmit antennas. 


[image: image16.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

=

k

j

k

j

k

j

e

e

e

D

3

2

1

0

0

0

0

0

0

0

0

0

0

0

0

1

4

1

4

f

f

f


The CDD using precoding is shown in Figure 2. It can be noted that the same symbol with antenna and frequency (subcarrier) dependent phase shifts are transmitted from multiple antenna. No phase shift is applied for the symbol transmitted from the first antenna.
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Figure 2: Cyclic Delay Diversity (CDD) Precoding

The Fourier matrix based precoding can be combined with the CDD precoding to generate a composite precoder for the four transmit antennas case as below.
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In case of CDD transmit diversity transmission for the case of 4 transmit antennas, the normalized symbol column vector S containing the same symbols is multiplied with the transpose of the composite precoding matrix C to give a column vector T of symbols transmitted from the 4 physical antennas as below.
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Figure 3: Precoding with transpose of composite precoding matrix C for CDD transmit diversity with 4 transmit antennas

For the case of 2 transmit antennas, the composite precoder combines CDD delay based phase shifts with the Fourier-based precoding as below.
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In case of CDD transmit diversity transmission for the case of 2 transmit antennas, the normalized symbol column matrix S containing the same symbols is multiplied with the transpose of the composite precoding matrix C to give a column vector T of symbols transmitted from the 2 physical antennas. The symbols transmitted from the two physical antennas, T1 and T2 are given as below.
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It should be noted that the pre-coded CDD employs delays in the beam (virtual antenna) domain rather than the physical antennas domain. Also, the same result is achieved if instead of using transpose of the composite matrix, we obtain the composite precoder with CT=P X D instead of C=D X P as below.
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2.1.2 Precoding for SFBC
In case of SFBC for 2-Tx antennas case, the symbols transmitted from the two antennas and two adjacent subcarriers are given as:
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Where T11 and T21 denote the symbols transmitted from antenna 1 and 2 on the first subcarrier and T12 and T22 denote the  symbols transmitted from antenna 1 and 2 on the second subcarrier within a group of 2 subcarriers.

2.1.3 Precoding for FSTD
In case of FSTD for 2-Tx antennas case, the symbols transmitted from the two antennas and two adjacent subcarriers are given as:
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Where T11 and T21 denote the symbols transmitted from antenna 1 and 2 on the first subcarrier and T12 and T22 denote the symbols transmitted from antenna 1 and 2 on the second subcarrier within a group of 2 subcarriers.

In case of FSTD transmission for the case of 4 transmit antennas, the symbols transmitted from 4 transmit antennas on four subcarriers are given as:


[image: image26.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

×

×

×

×

×

×

×

×

×

=

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

´

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

=

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

2

9

4

3

3

2

3

2

1

3

4

2

3

2

1

2

3

3

3

2

2

1

4

3

2

1

44

43

42

41

34

33

32

31

24

23

22

21

14

13

12

11

4

3

2

1

2

9

3

2

3

3

2

2

3

2

44

43

42

41

34

33

32

31

24

23

22

21

14

13

12

11

4

1

0

0

0

0

0

0

0

0

0

0

0

0

1

1

1

1

1

1

1

4

1

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

e

S

e

S

e

S

S

e

S

e

S

e

S

S

e

S

e

S

e

S

S

S

S

S

S

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

S

S

S

S

e

e

e

e

e

e

e

e

e

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T


Where Tij represents symbol transmitted on the ith antenna and the jth subcarreir (i=1,2,34 j=1,2,3,4) for the case of 4-Tx antennas.
2.1.4 Precoding for TSTD

In case of TSTD, the four symbols transmitted in four OFDM symbols from the 4 transmit antennas on the same subcarrier are given as:
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Where Tij represents symbol transmitted on the ith antenna and the jth OFDM symbol (i=1,2,34 j=1,2,3,4) for the case of 4-Tx antennas.
2.1.5 Precoding for SFBC+CDD

SFBC can be combined with CDD or PSD (Phase shift Diversity) for the case of 4-Tx as below.
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Where Tij represents symbol transmitted on the ith antenna and the jth subcarrier (i=1,2,34 j=1,2) for the case of 4-Tx antennas for the hybrid SFBC + CDD (phase shift diversity) schemes.
2.1.6 Precoding for SFBC+FSTD

A combination of SFBC and FSTD for the case of 4 transmit antennas can be defined as below. 
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Where Tij represents symbol transmitted on the ith antenna and the jth subcarrier (i=1,2,34 j=1,2,3,4) for the case of 4-Tx antennas.
2.2 Precoding for Spatial Multiplexing

In case of spatial multiplexing of 4 streams in a 4x4 system, the symbol column matrix S is multiplied with the composite precoding matrix C to give a column vector T of symbols transmitted from the physical antennas.
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Figure 4: Precoding with composite matrix C for spatial multiplexing of 4 streams in a 4x4 MIMO system

In case of spatial multiplexing of 2 streams in a 2x2 system, the normalized symbol column matrix S is multiplied with the composite precoding matrix C to give a column vector T of symbols transmitted from the 2 physical antennas as below. 
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A subset of virtual antennas can  be selected for transmission. For example, in case of spatial multiplexing of 2 streams in a 4x4 or 4x2 system, the information is transmitted over 2 virtual antennas. The virtual antennas can be selected based on the virtual antenna channel quality information. For example, when the two information streams are transmitted over first and third virtual antenna, the symbol vector can be written as.

[image: image33.wmf][

]

0

0

2

1

S

S

S

T

=


The symbol vector is then multiplied with the 4x4 composite precoding matrix C to generate a column vector T of symbols transmitted from the physical antennas as is also illustrated in Figure 6.
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Figure 6: Precoding with composite matrix C for spatial multiplexing of 2 streams over two virtual antennas for the case of 4 transmit antennas

In case of rank 3 transmission, for example, in a 4x4 system, the information is transmitted over 3 virtual antennas. The virtual antennas can be selected based on the virtual antenna channel quality information. For example, when the three information streams are transmitted over first, third and fourth virtual antenna, the symbol vector can be written as.
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The symbol vector is then multiplied with the 4x4 composite precoding matrix C to generate a column vector T of symbols transmitted from the physical antennas as is also illustrated in Figure 7.


[image: image37.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

×

+

×

+

×

×

+

×

+

×

×

+

×

+

×

+

+

=

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

´

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

=

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

k

j

e

S

e

S

e

S

e

S

e

S

e

S

e

S

e

S

e

S

S

S

S

T

T

T

T

S

S

S

e

e

e

e

e

e

e

e

e

e

e

e

T

T

T

T

3

3

2

2

2

1

1

3

3

3

2

2

2

2

1

1

1

2

9

3

3

3

2

1

3

3

2

2

1

2

3

3

1

2

1

3

2

1

4

3

2

1

3

2

1

2

9

3

3

2

3

3

2

2

3

1

2

4

3

2

1

4

1

0

1

1

1

1

4

1

f

p

f

p

f

f

p

f

p

f

f

p

f

p

f

f

p

f

p

f

p

f

f

p

f

p

f

p

f

f

p

f

p

f

p

f



[image: image38.emf]C

3 2 1

S S S

 

   

k j

k j

k j

e S e S e S

1 1

2 3

3

1

2 1

 

 

 



    

1

S

0

VA1

VA2

   

k j k j k j

e S e S e S

2 2 2

3

3

2

2 1

      

    

   

k j

k j

k j

e S e S e S

3 3

2 9

3

3 3

2 1

 

 

 



    

2

S

VA3

3

S

VA4

ANT1

ANT2

ANT3

ANT4

IFFT

IFFT

IFFT

IFFT


Figure 7: Precoding with composite matrix C for spatial multiplexing of 3 streams over three virtual antennas for the case of 4 transmit antennas

2.3 Codebook design
A set of codebooks is constructed from Fourier based codebook and using different diversity precoders. A first codebook CB1 consists of Fourier based codebook without any diversity precoder. This can be seen as the phase shifts in the diversity precoders are all zero, that is, diversity precoder is a diagonal matrix with 1’s on the diagonal and all other elements set to zeros. The codebook CB1 with 4 precoder matrices for 2 transmit antennas case is given as.
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Another codebook CB2 is obtained by using composite precoders. A set of composite precoders is obtained as:
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The codebook CB2 containing multiple composite precoders is then given as:
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Similarly, other codebooks can be obtained by using different phase shits in the diversity precoder D. 

A codebook for transmission to a given user can be selected on a slow basis. For example, a high mobility user requiring transmit diversity can select a codebook obtained by using larger value for  in the diversity precoder. A larger  will result in a larger phase shift from one subcarrier to the next for transmission from multiple antennas providing frequency diversity. A high mobility user can also select a fixed composite precoder from the codebook because the dynamic selection of the precoder may not be beneficial due to precoder selection indication feedback delays.

A low mobility user requiring frequency-selective multi-user scheduling can select a codebook obtained by using smaller value for  in the diversity precoder. A smaller  will result in a smaller phase shift from one subcarrier to the next for transmission from multiple antennas providing upfades and downfades on a group of subcarriers suitable for frequency-selective multi-user scheduling. It is also possible to select a constant phase shift over a group of subcarriers. A low mobility user can also dynamically select a composite precoder from the codebook that result in maximum signal quality because the dynamic selection of the precoder is fairly reliable at low speeds. It should be noted that the codebook is selected on a slow basis, for example, once for the data communication session while precoder selection happens dynamically, for example on a TTI-basis.
3 Conclusion
In this contribution, we provided a simple precoding scheme that applies to both transmit diversity, single-user MIMO spatial multiplexing and multi-user MIMO spatial multiplexing. The scheme combines the transmit diversity precoding with Fourier-based unitary precoding to create composite unitary precoders. The composite precoders can be used for transmit diversity only, for multi-user diversity (scheduling) gains only, for spatial multiplexing only, for simultaneous transmit diversity and spatial multiplexing, and for simultaneous multi-user diversity and spatial multiplexing etc.
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