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1 Introduction

Single-user MIMO is a suitable technique for improving the uplink of an LTE-Advanced (LTE-A) UE compared to a LTE one. Indeed, single-user MIMO using multiple RF chains was not retained in LTE because the cost was felt to be too high. For LTE-A, having two or even 4 transmit RF chains in a UE is now envisaged.
Different uplink MIMO schemes must be specified in order to reach the targets set for LTE-A in [1] for peak data rate, average spectrum efficiency and cell-edge user throughput:

· Peak data rate can be improved through spatial multiplexing of multiple layers. 
· Closed-loop spatial multiplexing and transmit diversity can improve the average and cell-edge user throughput when accurate precoding matrix indicator (PMI) is fed back. 
· Finally, open-loop transmit diversity (TxD) is necessary to improve the communication reliability when no PMI feedback is available (e.g., for high-speed UEs).
In this contribution, we focus on open-loop transmit diversity schemes for uplink.

2 Uplink open-loop transmit diversity
Open-loop TxD is necessary to increase channel diversity for communications which cannot rely on some accurate feedback like PMI, e.g., for high-mobility UEs. Cell-edge UEs with high speed can benefit from open-loop TxD, especially if they experience a flat channel, since distributed transmission is not possible in LTE and not desirable in LTE-A, due to the strong channel estimation degradation it implies.
The SC-FDMA modulation scheme used in uplink puts some constraints on the single-user MIMO design, especially if good PAPR properties must be retained. Hybrid OFDMA/SC-FDMA is envisaged in LTE-A, since UEs with good channel conditions might not suffer so much from PAPR issues. However, unless SC-FDMA is totally removed, cell-edge UEs will still use SC-FDMA waveform. Since these cell-edge UEs will also use TxD, special care must be taken on PAPR properties of the proposed schemes. In this contribution, we only assume SC-FDMA as uplink modulation scheme.
The pilot overhead due to MIMO transmission must also be considered. Each UE can be allocated several orthogonal Zadoff-Chu sequences, in the same way as MU-MIMO can be handled by allocating several orthogonal sequences to several UEs sharing the same resource in LTE. However, some TxD schemes, like the cyclic delay diversity (CDD) scheme, only require the allocation of a single pilot.
In the next sections, we review some well-known TxD schemes and list their respective drawbacks and advantages.

3 Alamouti space-time code
A well-known space-time block code (STBC) is the Alamouti scheme, which ensures a diversity order equal to 2 and a low-complexity optimal decoding if the channel remains unchanged during the STBC transmission time. Two symbols s1 and s2 are sent during two transmission periods on two transmit antennas: s1 and –s2* on antenna 1 and s2 and s1* on antenna 2.
3.1 Alamouti STBC
When combined with SC-FDMA, the Alamouti scheme can be applied on two symbols transmitted on the same sub-carrier of two successive SC-FDMA symbols as depicted in Figure 1.
Advantages: 
· Since the space-time coding is applied in the time domain, a SC-FDMA-type low PAPR is kept on both transmit antennas.
Drawbacks: 
· Space-time encoding is performed over two successive SC-FDMA symbols, which requires an even number of SC-FDMA symbols.
· This encoding scheme may be sensitive to strong channel variations in the time domain.

[image: image1.emf]DFT

IFFT

f

1

f

2

f

3

f

4

S

C

-

F

D

M

A

 

s

y

m

b

o

l

 

1

Alamouti 

STBC

Encoded 

data

f

1

f

2

f

3

f

4

f

1

f

2

f

3

f

4

f

1

f

2

f

3

f

4

SC-FDMA 

symbols to be 

transmitted on 

antenna 1

IFFT

f

1

f

2

f

3

f

4

f

1

f

2

f

3

f

4

SC-FDMA 

symbols to be 

transmitted on 

antenna 2

s'

1

s'

2

s'

3

s'

4

s

1

s

2

s

3

s

4

S

C

-

F

D

M

A

 

s

y

m

b

o

l

 

2

S

C

-

F

D

M

A

 

s

y

m

b

o

l

 

1

 

o

n

 

a

n

t

e

n

n

a

 

1

-s'

1

*

-s'

2

*

-s'

3

*

-s'

4

*

s

1

s

2

s

3

s

4

S

C

-

F

D

M

A

 

s

y

m

b

o

l

 

2

 

o

n

 

a

n

t

e

n

n

a

 

1

s'

1

s'

2

s'

3

s'

4

s

1

*

s

2

*

s

3

*

s

4

*

S

C

-

F

D

M

A  

s

y

m

b

o

l

 

1

 

o

n

 

a

n

t

e

n

n

a

 

2

S

C

-

F

D

M

A

 

s

y

m

b

o

l

 

2

 

o

n

 

a

n

t

e

n

n

a

 

2


Figure 1: Alamouti STBC with SC-FDMA.

3.2 Alamouti SFBC

The Alamouti scheme can also be applied on two symbols transmitted on two adjacent sub-carriers of the same SC-FDMA symbol as depicted in Figure 2.
Advantages: 

· Encoding is performed within the same SC-FDMA symbol. The constraint of having paired SC-FDMA symbols is relaxed.
Drawbacks: 

· Since the space-time coding operation is undertaken in the frequency domain, the good PAPR properties on each antenna are not kept. This issue can be mitigated by slightly modifying the Alamouti scheme (e.g., see [2]). The PAPR can also be reduced at the expense of a small performance degradation.
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Figure 2: Alamouti SFBC with SC-FDMA.
4 Cyclic delay diversity

The CDD scheme can be easily applied by cyclically shifting the signal transmitted on the second antenna with respect to the one transmitted on the first antenna as depicted in Figure 3. This operation is equivalent to doubling the number of paths in the fading channel. It results in increased frequency selectivity. The higher the shift, the higher the obtained frequency selectivity. Having a higher shift improves performance with perfect channel estimation but degrades the channel estimation accuracy.
Advantages: 
· A single pilot is used in order to estimate the whole equivalent channel. This single pilot is actually equivalent to two different pilots, one on each antenna, the second being a shifted version of the first one.
Drawbacks:

· However, when the cyclic delay increases, the potential gain of having a single pilot is counterbalanced by the necessity to estimate a channel with longer delay spread. 
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Figure 3: CDD with SC-FDMA.

5 Simulation results

In Figures 4, 5 and 6, the performances of Alamouti STBC, Alamouti SFBC and CDD are drawn together with single-antenna transmission (1x2 SIMO) and open-loop transmit antenna switching (OL-TAS) performances. The simulation parameters are summarized in Table 1. With high speed (120 km/h), actual channel estimation and FER=10-2, the Alamouti SFBC performs better than Alamouti STBC (0.2dB), CDD (0.5 dB), OL-TAS (1.2 dB) and 1x2 SIMO (2 dB).
	System bandwidth
	5 MHz

	Waveform
	SC-FDMA

	Modulation
	QPSK

	Code
	Rate ½ turbo code

	Frequency allocation
	5 PRBs, no channel-dependent scheduling, no frequency hopping

	Channel
	Uncorrelated 2x2 6-path typical urban channel


Table 1: Simulation parameters.

6 Summary

Link level performance results show the gain of uplink TxD with 2 transmit antennas compared to single-antenna transmission. Among simulated TxD schemes, the Alamouti SFBC performs better than Alamouti STBC, CDD and OL-TAS.

For 4 transmit antennas, non-orthogonal extensions of the Alamouti scheme can be considered.
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Figure 4: Link level performance with 3 km/h velocity and perfect channel estimation.
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Figure 5: Link level performance with 3 km/h velocity and actual channel estimation.
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Figure 6: Link level performance with 120 km/h velocity and actual channel estimation.
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