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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, especially in LOS case. Transmit diversity can be used to improve the reliability of transmission and coverage. 
Orthogonal Space-Time Transmit Diversity (STTD) 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 Shift Diversity (CSD) 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 STTD scheme using the Alamouti code and the CSD scheme and provide numerical results on the performance of the system over flat and dispersed channels.

2 System Description
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.

· Rate-1, 2x2 system

· STBC: Alamouti Space-Time Block Code (STBC) 
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---(EQ-1)
· Cyclic Shift Diversity: The OFDM signal is transmitted over one transmit antenna and a circularly shifted version of that is transmitted over the second transmit antenna.
· Rate-1, 4x2 system

· STBC: Time multiplexed Alamouti STBC 
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 ---(EQ-2)
· CSD: The OFDM signal is transmitted over one transmit antenna and three different circularly shifted versions of that are transmitted over other transmit antennas.

· Combined STBC-CSD: The original signal is encoded using a rate-1 Alamouti code, i.e. 
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. Four transmit antennas are separated into two groups, each group transmitting one of the Alamouti streams using CSD [3].   

· Rate-2, 4x2 system

· STBC: Double Alamouti STBC [4] 
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 ---(EQ-3)
· Cyclic Shift Diversity: Four transmit antennas are separated into two groups. Each group transmits an independent stream using CSD.  

In a system with four transmit antennas, there are three different ways to group the transmit antennas for rate-1 and rate-2 STTD schemes. Circularly regrouping these antennas is called antenna hopping and provides extra diversity and improves the performance. The coding matrices of rate-1 and rate-2 schemes are 
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and
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3 Performance Evaluation
By using the Alamouti code in a system with two transmit and two receive antennas, the equivalent channel is simply the mean square of the channel coefficients from four paths between the transmitter and the receiver if the channel coefficient does not change over two adjacent tones. As a result, Alamouti code provides a diversity order of four in a 2x2 system. This property combined by the frequency diversity caused by a dispersed channel provides a reliable transmission especially with a low-rate channel code. 
A cyclic shift in the time domain is equivalent to the phase shift in the frequency domain. CSD exploits this phenomenon to obtain a frequency-selective equivalent channel. For example, in a system with two transmit antennas and one receive antenna, the equivalent channel for subcarrier k can be written as:
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where h11[k] and h12[k] represent the channel coefficient in the kth subcarrier, ( is the size of the circular rotation in chips and N is the size of the OFDM symbols in chips (FFT size). With a large ( (i.e. comparable to the OFDM size in chips), the equivalent channel is highly frequency-selective. 

A rate-1 signaling over a 4x2 system provides a more diverse channel. The time-multiplexed Alamouti scheme exploits this extra diversity by alternatively transmitting the coded signal over half of transmit antennas. On the other hand, the combined STTD/CSD scheme compromises this extra transmit diversity to obtain more frequency diversity.

4 Simulation Parameters

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

· Channel bandwidth = 10 MHz
· Number of used subcarriers = 600 for Rate-1 and 300 for Rate-2 schemes.

· TTI size = 6 OFDM symbols each having 600 subcarriers

· FFT size = 1024

· Sampling frequency = 15.36 MHz

· Channel Coding = Turbo Code of Rates ½, 1/3 and 2/3

· Channel model = Flat block fading and PB with 3 Km/h

5 Link Level Simulation Results
The simulation results regarding the performance of a 2x2 system exploiting rate-1 STTD and CSD are shown in Figures 1 and 2. The channel is flat fading in Figure 1 and PB (3 Km/h) in Figure 2 and a Turbo code of rate 2/3 is used. As it can be seen, the STTD outperforms CSD by about 2 dB in the flat channel and about 1 dB in the PB channel. In the CSD system, the respective delay is assumed to be (=N/2. The SNR is measured per receive antenna and it does not account for the energy waste of the cyclic prefix. 
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Figure 1. Performance comparison for a rate-1, 2x2 system over flat fading channel
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Figure 2. Performance comparison for a rate-1, 2x2 system over flat fading channel

In Figure 3, we compare the performance of the three rate-1 schemes presented for a system consisting of four transmit and two receive antennas over a flat fading channel. A Turbo code of rate 1/3 is exploited and data is transmitted over all tones in six OFDM symbols of each TTI. The simulation results show that these three systems have a relatively similar performance. In the CSD system, the respective delays are assumed to be (1=N/8, (2=N/4 and (3=3N/8 and in the combined system, delays are (1=N/4 and (2=N/4.
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Figure 3. Performance comparison for a rate-1, 4x2 system over flat fading channel

Figure 4 shows the simulation results for the same system as in Figure 3 except that the channel is pedestrian B with 3Km/h speed. Again, the simulation results show that STTD and combined STTD/CSD have relatively similar performance. However, performance of the pure CSD degrades with respect to the two other schemes.
[image: image11.png]BLER

10

10

10

10

a

1 layer, PB, Full Band

—e—sTmD
—E— STID/AH
—0—CsD

b Mied STTD and C5D

K

%5 5 45 4 35
SNR per data tone (d5)




Figure 4. Performance comparison for a rate-1, 4x2 system over PB channel

In Figures 5 and 6, simulation results for the same system as in Figures 3 and 4 are shown, except that a Turbo code of rate 2/3 is used. Simulation results show that STTD with antenna hopping performs slightly better than other transmit diversity schemes. Pure STTD and combined STTD/CSD have relatively similar performance and outperform the pure CSD scheme by about 1 dB.
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Figure 5. Performance comparison for a rate-1, 4x2 system over flat fading channel
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Figure 6. Performance comparison for a rate-1, 4x2 system over PB channel

In Figures 7 and 8, we compare the same system as in Figures 5 and 6 except that the modulation scheme is 16-QAM. Again, simulation results show that pure STTD and the combined STTD and CSD perform very close to each other and outperform the pure CSD scheme by almost 1 dB and 0.5 dB in the flat channel and PB channel, respectively. 
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Figure 7. Performance comparison for a rate-1, 4x2 system over flat fading channel
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Figure 8. Performance comparison for a rate-1, 4x2 system over PB channel

In Figures 9 and 10, we compare the performance of a rate-2 double STTD with a double CSD scheme. A Turbo code of rate 1/2 is used and its output is demultiplexed over the two streams while half of the tones in each TTI carry the data symbols. In both schemes, the transmission is not orthogonal and the two streams should be decomposed by ML or MMSE decoding. The simulation results show that the STTD scheme outperforms the CSD scheme with more than 0.5 dB using either MMSE or ML decoding in both flat fading and PB channels. Antenna hopping provides an additional gain of about 0.5 and 1.5 dB with ML and MMSE decoding with flat fading channel, respectively. In the PB channel, this extra gain is marginal and around 0.2 dB. In the CSD system, the respective delays are assumed to be (1=N/2 and (2=N/2. 
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Figure 9. Performance comparison for a rate-2, 4x2 system over flat fading channel
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Figure 10. Performance comparison for a rate-2, 4x2 system over PB channel

In Figure 11, we compare the performance of a 4x2 similar to that used for Figure 8 over a PB channel. Here, in case of failure in reliable reception in the first transmission, Incremental Redundancy Hybrid Automatic Request (IR H-ARQ) is exploited and the punctured turbo coded bits are transmitted four TTIs after the first transmission. This results in an overall turbo coding rate of 1/3. During four TTI time slots, the channel changes and extra diversity is available at the receiver side. As a result, the overall performance is better than the results shown in Figure 4 for a code of rate 1/3. However, since the UE speed is not very high, the channel changes a little bit and this improvement is not significant. Simulation results show small advantage in the performance of STTD over combined STTD/CSD. Both schemes, however, outperform pure CSD signaling.
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Figure 11. Performance comparison for a rate-1, 4x2 system over PB channel using H-ARQ

6 Comparisons 

6.1 Performance
The link level performance gain is listed in Table 1. Performance of STTD is compared with CSD and STTD+CSD, in addition, for the 4x2 rate-2 system, we also compared the double STTD system with the STTD+Antenna Hopping as shown in (EQ-5)
Table 1 Performance Gain for STTD over CSD,  STTD/CSD and STTD/AH
	Space-Time Coding Rate
	Rate-1

	Turbo Coding Rate
	R=1/3
	R=2/3

	Channel Model
	Flat 
	ITU-PB
	Flat 
	ITU-PB

	Receiver 
	MLD

	2x2
	CSD
	
	
	2.5dB
	2.5dB

	4x2

(QPSK)
	CSD
	0.2dB
	0.3dB
	1dB
	0.7dB

	
	STTD/CSD
	~0dB
	~0dB
	~0dB
	~0dB

	4x2

(16QAM)
	CSD
	
	
	1dB
	2.5dB

	
	STTD/CSD
	
	
	~0dB
	~0dB

	Space-Time Coding Rate
	Rate-2

	Turbo Coding Rate
	R=1/2

	Channel Model
	Flat 
	ITU-PB
	Flat 
	ITU-PB

	Receiver
	MMSE
	MLD

	4x2 (QPSK)
	CSD
	0.3dB
	0.6dB
	0.5dB
	0.25dB

	
	STTD/AH
	-1.2dB
	-0.1dB
	-0.5dB
	-0.2dB


As we can see, the conventional STTD is consistently better than CSD and STTD+CSD has almost the same performance as STTD. With additional antenna hoping (STTD+AH) and HARQ the performance of STTD can be further improved. 

6.2 Complexity
The CSD has additional complexity in the receiver in the process of channel estimation. To estimate the channel, the receiver is required to perform de-phase-rotation to compensate for the time-delay introduced at the transmitter. As a result, STTD and CSD have a similar complexity for two Tx antenna case and CSD has higher complexity when there are four Tx antennas because more computations are required for the de-phase-rotation
7 Conclusion
In this contribution, we compared the performance of three transmit diversity schemes: STTD, CSD and combined STTD/CSD. Simulation results provided in this contribution shows that 
1. For a rate-1coding for 2x2 system and rate-2 coding for 4x2 system, 
· STTD outperforms CSD by about 1 and 2 dB in flat and PB channels, respectively. In other words, the CSD algorithm is not capable of exploiting the full spatial diversity in the open-loop system. 
2. For a rate-1 transmission scheme over 4x2 system, 
· Pure STTD and combined STTD/CSD perform very close to each other and outperform the pure CSD scheme by up to 1 dB in different scenarios. 
· This gain varies with the channel model and coding rate and is bigger with a higher turbo code rate. 
Pure STTD and combined STTD/CSD schemes exploits almost the same amount of extra spatial diversity. For example, for (=N/2 for each subcarrier, the equivalent channel regarding the time multiplexed signal has exactly the same statistical properties and hence perform very close to each other. 
Based on the provided simulation results, dingle and double Alamouti codes are preferable to exploit in order to achieve high transmit diversity gain.
We recommend (EQ-1), (EQ-4) and (EQ-5) matrixes for the open loop transmit diversity scheme for E-UTRAN
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