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1 Introduction

At the last two RAN1 meetings, discussions on uplink open loop TX diversity have been presented in a number of contributions [1]~[7]. The common view of these contributions is that uplink TX diversity scheme for LTE-Advanced (LTE-A) should preserve the single carrier property. 
Under the criterion put forward in [11], several TX diversity candidates exist. These are 
· CDD [2-3][5-6]
· Modified SFBC [4] and Modified SFBC+FSTD [7],[11]
· FSTD [5-6]
· SC-QOSFBC [8]
They all fulfill the single carrier property and also avoid the pairing problem (see [11]) and are therefore viable candidates for the 2 TX and 4 TX antenna transmit diversity uplink in LTE-A. 
In Section 2, the 4 TX Modified-SFBC+FSTD is briefly described (see details in Appendix II) and the corresponding cubic metric (CM) is evaluated, since it was not evaluated earlier, i.e. in [7].  Furthermore, in Section 3, an initial comparison of link level performance among the candidate schemes is presented. We shall note that throughout this document, SC-FDMA in the form of DFT-S-OFDM is still assumed as uplink access scheme of LTE-Advanced.
2 Modified SFBC+FSTD and the CM evaluation
The Modified SFBC+FSTD is conceptually shown in Figure 1. A block of M modulation symbols are divided into two symbol branches which are individually coded using a Modified-SFBC encoder [4]. The outputs of the two branches are then mapped to subcarriers, where the set of subcarriers for each of the two branches are disjoint. Thereby a frequency switched transmit diversity (FSTD) scheme is effectively obtained. Note that this disjoint mapping imply that there is no cross-interference between branches and basically the same receiver as for a 2 TX Modified SFBC scheme (single branch) can be used [11], which is desirable from a complexity point of view. For details of Modified SFBC+FSTD see [7].
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Figure 1 Concept of Modified SFBC+FSTD
In [7], Modified SFBC+FSTD has been proved to be able to keep single carrier property, since the numerical evaluation of the peak to average power ratio (PAPR) showed that modified SFBC+FSTD has same PAPR as a single carrier signal. However, the cubic metric (CM) is more commonly used to indicate the required power back-off, because CM is verified to be more accurate than PAPR to reflect the power de-rating of power amplifier in [9]. Here the CM evaluation of Modified SFBC+FSTD is done according to the definition of CM for E-UTRA in [10]:
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The assumptions for CM evaluation are found in Appendix I, and the CM evaluation results of Modified SFBC+FSTD are summarized in Table 1 below.
        Table 1: The CM comparison between 4 TX Modified SFBC+FSTD and a single carrier signal
	                                          4 TX Modified SFBC+FSTD (CM)
	Single carrier signal

(CM)

	
	Ant#1
	Ant#2 
	Ant#3 
	Ant#4 
	

	Type I 
	       1.99dB
	       1.99dB
	        1.99dB
	      1.99dB
	1.99dB

	Type II 
	       1.99dB
	       1.99dB
	        1.99dB
	      1.99dB
	


These results show that Modified SFBC+FSTD of both type I and II has same CM as a single carrier signal, which further verifies the single carrier property of Modified SFBC+FSTD stated in [7].
3 Some numerical evaluations 
In this section, the link level BLER performance of the TX diversity candidates are compared in a frequency selective channel (Typical Urban) and in a frequency flat channel. The channels from different antennas are fading independently. For more simulator assumptions, see Appendix I.

3.1 2 TX antenna schemes

In this section, the link level BLER performance of Modified-SFBC, CDD and  FSTD are compared assuming 2 TX antennas. The results are given in Figure 2-5 and summarized in Table 2 below. 

     
Table 2: The gain of 2 TX Modified SFBC over other 2 TX schemes at BLER = 0.01
	Channel Model
	Code rate
	Single antenna

(dB)
	CDD

(dB)
	FSTD

(dB)

	TU
	1/2
	1.8
	0.2
	0.3

	TU
	4/5
	1.8
	0.3
	0.7

	Flat
	1/2
	4.4
	0.8
	0.9

	Flat
	4/5
	4.4
	1.3
	4.1


From Table 2, we see that the Modified SFBC scheme has between 0.2 and 1.3 dB gain over CDD and between 0.3 and 4.1 dB over FSTD, depending on the channel delay spread and the code rate. It is obvious that both CDD and especially FSTD is dependent on a strong code (low rate) to capture the diversity gain provided by the multiple antennas. This is the same conclusion that was made for CDD and FSTD compared to SFBC in LTE [12]. Since Modified-SFBC has full diversity even on raw bits it has superior performance, especially for higher code rates. 
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Figure 2 Comparison of 2TX antenna schemes in TU channel. QPSK and Rate 1/2 coding.
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Figure 3 Comparison of 2TX antenna schemes in TU channel. QPSK and Rate 4/5 coding.
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Figure 4 Comparison of 2TX antenna schemes in Flat channel. QPSK and Rate 1/2 coding.
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Figure 5 Comparison of 2TX antenna schemes in Flat channel. QPSK and Rate 4/5 coding
3.2 4 TX antenna schemes

In this section, the link level BLER performance of Modified SFBC+FSTD type I and type II, CDD, FSTD and SC-QOSFBC are compared. The corresponding encoding matrices are shown in Appendix II. 
The Modified SFBC+FSTD Type I show superior performance over the other four schemes in all simulated scenarios, see the detailed results in Figure 6 to Figure 9 and the summary in Table 3 below. 
    Table 3: The gain of 4 TX Modified SFBC+FSTD Type I over other 4 TX schemes at BLER = 0.01
	Channel Model
	Coding rate
	Modified SFBC+FSTD

type II (dB)
	SC-QOSFBC

(dB)
	CDD

(dB)
	FSTD

(dB)

	TU
	1/2
	0.25
	0.2
	0.4
	0.25

	TU
	4/5
	0.3
	0.3
	0.3
	0.6

	Flat
	1/2
	0
	0
	1.1
	0.9

	Flat
	4/5
	0
	0.3
	1.6
	3.0


In a flat fading channel, Modified SFBC+FSTD Type I and Type II have equal performance because they obtain the same transmit and frequency diversity gain in this channel. Their performance is better than the other schemes and especially CDD and FSTD show a large loss in the flat channel. In the case of a higher code rate (4/5), the loss of CDD and FSTD is accentuated which is the same conclusion that was made for CDD and FSTD compared to SFBC in LTE [12].
For SC-QOSFBC, the performance difference to Modified SFBC+FSTD is smaller, and there is about 0.3 dB performance loss compared to Modified SFBC+FSTD when 4/5 code rate is used.
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Figure 6 Comparison of 4TX antenna schemes in TU channel. QPSK and Rate 1/2 coding
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Figure 7 Comparison of 4TX antenna schemes in TU channel. QPSK and Rate 4/5 coding
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Figure 8 Comparison of 4TX antenna schemes in Flat channel. QPSK and Rate 1/2 coding
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Figure 9 Comparison of 4TX antenna schemes in Flat channel. QPSK and Rate 4/5 coding
4 Conclusion
In this document, the cubic metric of 4 TX antenna Modified-SFBC+FSTD is evaluated and compared to a single carrier signal, and the results verified that Modified-SFBC+FSTD has the same CM as a single carrier signal. 
Furthermore, link level performance of 2 TX and 4 TX transmit diversity schemes are compared assuming independently fading channels, and we observe that for 2 TX antennas, Modified-SFBC and for 4 TX antennas, Modified-SFBC+FSTD Type I outperforms the other schemes in all evaluated scenarios.

Based on the analysis and initial comparison in the document, we can summarize that the Modified-SFBC and Modified-SFBC+FSTD has the following advantages:
· Single carrier property

· Free of the pairing problem

· Efficient reuse of receiver between 2TX and 4TX schemes
· Superior BLER performance

These properties follows the criterion in [11] and thus we propose to select Modified-SFBC and Modified-SFBC+FSTD as candidates for LTE-A uplink 2 and 4 TX diversity schemes respectively.
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Appendix I
Simulator assumptions
  Table 2  CM evaluation assumptions
	                System bandwidth 
	          5MHz

	                IFFT size
	          512

	 Number of effective sub-carriers
	          300

	Data bandwidth
	         6RB(72 sub-carriers)

	               Modulation scheme
	         QPSK

	               Resource allocation type
	          localized


                                             Table 3  BLER simulation assumptions  
	Channel bandwidth 
	5MHz

	Sampling frequency 
	7.68MHz

	IFFT size
	512

	Sub-frame size
	1ms

	Data bandwidth
	6RB(72 sub-carriers)

	Channel model
	TU channel
Flat fading channel

Independently fading

	Modulation
	QPSK

	Channel coding
	Turbo code 
coding rate=1/2, 4/5

	Antenna configuration 
	4 at UE and 2 at eNB
2 at UE and 2 at eNB

	Channel estimation
	ideal

	velocity
	3km/h

	Frequency domain equalization
	LMMSE

	The number of delay samples for CDD
	            128

	The cyclic shift for SC-QOSFBC
	36

	The cyclic shift of Modified SFBC+FSTD
	  18


Appendix II
Here follows the encoding matrices for the 4 TX antenna schemes: Modified-SFBC+FSTD type I and II, CDD, FSTD and SC-QOSFBC.
Modified SFBC+FSTD type I

[image: image14.wmf]÷

÷

÷

÷

÷

ø

ö

ç

ç

ç

ç

ç

è

æ

-

-

-

-

-

-

-

-

-

-

1

2

3

2

1

0

1

2

3

2

1

0

1

2

2

1

0

1

2

2

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

L

L

L

L

L

L

L

L

L

L

B

B

B

B

B

B

Y

Y

Y

Y

Y

Y

A

A

A

A

A

X

X

X

X

X

L

L

L

L


Where 
[image: image15.wmf]{

}

1

1

0

,

,

,

-

L

X

X

X

L

, 
[image: image16.wmf]{

}

1

1

0

,

,

,

-

L

Y

Y

Y

L

 are two blocks of 
[image: image17.wmf]L

DFT samples, and 
[image: image18.wmf]L

M

2

=

 is the number of sub-carriers allocated for data transmission. The samples
[image: image19.wmf]{

}

1

1

0

,

,

,

-

L

A

A

A

L

, 
[image: image20.wmf]{

}

1

1

0

,

,

,

-

L

B

B

B

L

 are one-to-one mapped from
[image: image21.wmf]{

}

1

1

0

,

,

,

-

L

X

X

X

L

 and 
[image: image22.wmf]{

}

1

1

0

,

,

,

-

L

Y

Y

Y

L

 respectively according to the following expressions:

 


[image: image23.wmf](

)

*

mod

)

1

(

1

1

L

p

k

L

k

k

X

A

-

-

-

+

-

=

 


[image: image24.wmf](

)

*

mod

)

1

(

1

1

L

p

k

L

k

k

Y

B

-

-

-

+

-

=

.

 The constant p is a design parameter representing the cyclic shift. 
Modified SFBC+FSTD type II
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CDD:
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FSTD:     
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SC-QOSFBC:   
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