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1 Introduction
Data throughput, coverage and transmission reliability in a wireless communication system can be improved by exploiting spatial diversity provided by several transmit antennas. While Spatial Multiplexing (SM) provides maximum throughput, it does not provide the maximum available diversity and might fail over an ill-conditioned channel. Transmit diversity can be used to improve the reliability of transmission and coverage. 
Orthogonal space frequency block code (SFBC) schemes provide transmit diversity while maintaining a low decoding complexity. For a system with two transmit antennas and one receive antenna, the Alamouti code provides the maximum available rate and the maximum available transmit diversity [1]. The Alamouti code maintains its orthogonality with more than one receive antennas. 

Cyclic delay diversity (CDD) is another transmit diversity scheme which transforms the spatial diversity to frequency diversity by cyclic rotation of the OFDM symbols over different transmit antennas [2]. 
In this contribution, we compare the performance of SFBC scheme using the Alamouti code and the CDD and provide numerical results on the performance of the system over flat and dispersed channels.

2 System Description
Here, we consider a downlink wireless communication channel that consists of two or four transmit antennas. The receiver is a UE exploiting two receive antennas. The following open-loop transmit diversity schemes are considered.

· 2-Tx system
· Alamouti space-frequency block code, (SFBC, also known as space-frequency transmit diversity, SFTD)
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The equivalent channel equation for this scheme over the two adjacent sub-carriers k and k+1 in a 2-Rx UE is:
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where H represents the channel coefficients matrix.

Assuming that the channel coefficients do not change very fast over frequency, the equivalent channel is orthogonal and hence, a simple Alamouti decoder performs similar to the optimal receiver.

· Cyclic delay diversity (CDD, also known as cyclic shift diversity, CSD): The OFDM signal is transmitted over one transmit antenna and a circularly shifted version of that is transmitted over the second transmit antenna. 
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where the phase shift is related to the relative time shift and sub-carrier position. For the frequency position k and cyclic delay D and FFT size of N, this phase shift is
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The equivalent channel equation for this scheme over the two adjacent sub-carrier k is:


[image: image5.wmf][

]

1

)

(

22

21

)

(

12

11

2

1

]

[

]

[

]

[

]

[

]

[

]

[

S

e

k

H

k

H

e

k

H

k

H

k

y

k

y

Y

k

j

k

j

ú

û

ù

ê

ë

é

+

+

=

ú

û

ù

ê

ë

é

=

q

q

---(EQ-4)

3 Simulation Parameters

The following parameters are used to simulate the performance of these schemes.

· Channel bandwidth = 10 MHz

· Number of total sub-carriers = 601 (including DC)
· Sub-frame size = 2 slot  = 1 msec = 14 OFDM symbols

· FFT size = 1024

· Sampling frequency = 15.36 MHz
· Carrier frequency: 2.0 GHz
· Channel model: 
· Uncorrelated TU channel, 30 km/h

· Uncorrelated flat channel, 30 and 120 km/h

· SCM-C, 30 km/h 

· Cyclic Prefix: 72 samples
· Data Channel assignment:

· All tones in 1 RB (12 adjacent sub-carriers at 14 OFDM symbols excluding the RS)

· 6 RBs distributed evenly over the bandwidth

· Channel Coding: Turbo code of rate 1/3, 2/3 and 4/5
· Modulation: QPSK and 16-QAM
· Number of antennas: 2 at nodeB and 1 or 2 at UE
· MIMO schemes: SFBC and CDD
· CDD delays (N is the FFT size): 0 and N/2
· Channel Estimation:  Ideal Channel

4 Numerical Results
4.1 Performance in channels with low frequency diversity

By introducing a cyclic delay, CDD transforms transmit diversity to frequency diversity. In systems with low temporal and frequency diversity, transmit diversity is the most important factor. Flat fading channels and UEs with narrow resource allocation are examples of such systems. 

Figure 1 compares the performance of SFBC and CDD in flat fading channel when ony one RB is allocated the user. Channel estimation is assumed to be perfect and the number of transmit antennas is two and the UE has two receive antennas. As it can be seen from the figure at code rate of 1/3, SFBC outperforms CDD by about 0.2 dB with both QPSK and 16-QAM modulations. This difference extends to more than 3 dB with QPSK and 16-QAM modulation and coding rate of 4/5 at BLER target of 0.01.
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Figure 1: BLER performance of TxD in a 2x2 flat channel.

4.2 Performance in channels with high frequency diversity

When the system benefits from frequency and time diversity, the error performance curbes are very steep and transmit diversity is only one of the sources to improve reception reliability. In the following Figures, we see the performance of the same systems in a TU channel when 6 RBs are allocated to the user. These 6 RBs are distributed all over the 10 MHz available bandwidth to exploit the frequency diversity embedded in the TU channel. The mobile speed is set to 120 km/h which gives some temporal diversity. As shown in the figure, SFBC outperforms CDD by 0.1 to 0.8 dB for different coding and modulation sets.
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Figure 2: BLER performance of TxD in a 2x2 diversity resource allocation.

4.3 Performance in correlated channels 

In Figure 3, the channel is SCM-C 30 km/h. The UE has a set of cross-polarized receive antennas. NodeB uses two parallel transmit antennas. Again six RBs distribuited over the entire band are allocated to the user. In this channel, SFBC outperforms CDD by about 1.3 dB at coding rate of 4/5 and by about 0.7 dB with a coding rate of 2/3. Again a marginal gain of about 0.1 dB is seen at coding rate of 1/3.
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Figure 3: BLER performance of TxD in a 2x2 correlated channel system.

4.4 Effect of HARQ

The effect of HARQ on the performance of a transmit diversity scheme is lowering the effective coding rate. In the following curves the BLER performance of the same systems with up to two retransmissions is studied. The channel is TU 30 Km/h. A chase-combining HARQ is applied and the retransmission delay is 5 msec (four sub-frames before resending the data).
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Figure 4: BLER performance of TxD in a 2x2 system with up to 2 retransmissions.

As seen in these figures, as the number of transmissions increases, the difference between CDD and SFBC decreases as the effective SNR decreases. However the throughput of the system is mainly affected by the BLER of the first transmission. In the following figures, the throughput of the same system is studied.
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Figure 5: Throughput performance of TxD in a 2x2 system with up to 2 retransmissions.

As shown in these figures, SFBC outperforms CDD by up to 1.2 dB even after two retransmissions.
4.5 UEs with one effective receive antenna

In this section, we study the performance of transmit diversity scheme for UEs with one effective receive antenna. This scenario could come from the situation that the UE has two receive antennas, but due to high receive correlation or high attenuation on one receive antenna, the UE could see one effective receive antenna .

Figure 6 shows the performance of transmit diversity schemes with two transmit antennas and one effective receive antenna in a flat channel and only one RB allocated to the UE. As shown in the figure, SFBC outperforms CDD by about 8 dB at the BLER target of 0.01 with 16QAM modulation and coding rate of 4/5. This value is more than 8 dB for QPSK, 4/5 and 0.6 dB for QPSK 1/2.
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Figure 6: BLER performance of TxD schemes in a 2x1 flat channel
Figure 7 Shows the performance of the Tx diversity schemes in a 2x1 system in a TU 120 km/h channel. The allocated channel consists of 6 RBs unifolrmly distributed over the 10 MHz bandwidth. In this system, SFBC outperforms CDD by more than 5 dB for 16 QAM 4/5 and QPSK 4/5. This gain is about 2.7 dB for 16QAM and QPSK 2/3 and about 0.7 dB for 16QAM and QPSK 1/3.
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Figure 7: BLER performance of TxD schemes in a 2x1 TU channel
4.6 Performance in highly correlated channels
In some scenarios, transmit antennas are highly correlated. It is known that CDD does not perform well in such channels. For this reason, it is proposed to use CDD using virtual antenna known as precoded CDD (PCDD). In this section, we study the performance of SFBC, CDD and precoded CDD in a 2x2 configuration with 90% channel correlation at the transmitter side. As shown in the Figure, CDD fails in this configuration and is outperformed by SFBC by up to 9 dB in the high SNR range. Using the precoded CDD helps improving the performance but it is still outperformed by SFBC by about 1.4 dB in high SNR range.
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Figure 8: BLER performance of TxD schemes in a 2x2 correlated flat channel
In the following Figure, we study the performace of the same system except we assume that one of the two receive antennas is impaired by high attenuation or high receive correlation. This leaves only one effective receive antenna at the UE. As shown in the Figure, SFBC outperforms both CDD and PCDD by up to 5 and 10+ dB at BLER target of 0.01. These curves show clear difference between the slope of SFBC and those of CDD and PCDD resulting from the fact that CDD and PCDD fail to exploit full transmit diversity of the channel. 
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Figure 9: BLER performance of TxD schemes in a 2x1 correlated flat channel
5 Performance Comparison

The following table summarizes the relative gain of SFBC over CDD in dB for different channel models and modulation and coding rates. Note that for the flat channel, resource allocation is 1 RB and for the rest of models, it is 6 RB distributed over the band. For highly correlated channels, the difference is over PCDD as conventional CDD performs poorly in these scenarios.
Table 1: Relative gain of SFBC over CDD (PCDD) in different channel models

	
	2x2
	2x1

	MCS
	Flat 30
	TU 120
	SCM 30
	TU 30
	Flat 30
	TU 120

	
	(t=0
	(t=0.9
	
	
	Tr #1
	Tr #2
	Tr #3
	(t=0
	(t=0.9
	

	QPSK
	1/3
	0.35
	0.3
	0.2
	0.3
	0.3
	0
	0
	0.5
	0
	0.6

	
	2/3
	2.4
	0.9
	0.9
	0.9
	1
	0.5
	0.3
	6
	3
	2.3

	
	4/5
	2.4
	1.5
	1.3
	1.5
	1.2
	0.7
	0.6
	9
	5
	6.5

	16-QAM
	1/3
	0.35
	0.2
	0.3
	0.4
	0.2
	0.2
	0.2
	0.9
	0.5
	0.6

	
	2/3
	2.2
	0.7
	0.7
	0.8
	0.7
	0.3
	0.4
	6
	3
	2.2

	
	4/5
	3.2
	1.4
	1.1
	1.3
	1.2
	0.6
	0.5
	8
	5
	5


6 Conclusion
In this contribution, SFBC and CDD are studied over different channel models and coding and modulation sets. Simulation results in this contribution show that SFBC outperforms CDD in different scenarios. Specially, when the allocated resource to the user is limited and the coding rate is high, CDD fails to exploit the transmit diversity of the channel and is outperformed by SFBC by up to 3.2 dB in the simulated scenarios. For scenario when UEs only see one effective receive antenna, CDD does not work properly in most scenarios and is outperformed by SFBC by up to 9 dB in the simulated scenarios. 
Based on the simulation results provided in this document, we recommend adopting SFBC specified by (EQ-1) as 2-Tx transmit diversity scheme for LTE downlink shared data channel.
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