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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. 
In [1-2], we provided numerical results to compare different 4-Tx transmit diversity schemes. At Kobe meeting, it was decided to adopt the SFBC+FSTD scheme proposed in [2] as the working assumption for 4-Tx TxD systems. In this contribution, we further compare the performance of the working assumption with some of its variations.

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 [3]. The Alamouti code maintains its orthogonality with more than one receive antennas. For 4-Tx systems, the Alamouti code combined with frequency switching transmit diversity (SFBC+FSTD) combines the coding gain and transmit diversity gain of the Alamouti scheme and the transmit diversity of FSTD. In this contribution, a number of variations of this scheme are evaluated, which include SFBC+balanced FSTD [4], SFBC+FSTD with uniform RS mapping [5], unbalanced SFBC+FSTD [6] with or without power boosting. 
2 System Description
Here, we consider a downlink wireless communication system that consists of four transmit antennas. The receiver is a UE exploiting two receive antennas. The following open-loop transmit diversity schemes are considered. Note that in these code matrices, each row represents one transmit antenna and different columns represent different REs (in this case adjacent in the frequency direction).
· 4-Tx system
· SFBC+FSTD 
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The equivalent channel equation for this scheme over adjacent sub-carriers k to k+3 is:
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--(EQ-2)

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. Although the code in (EQ-1) spans over four frequency resources, its first two columns are totally independent of the last two ones. As a result, an Alamouti decoder needs the channel coefficients to be constant over only two adjacent subcarriers. Also, the minimum resource allocation for this code is two tones.
· SFBC+ balanced FSTD [4]
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The equivalent channel matrix for this scheme over adjacent sub-carriers k to k+3 is:
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--(EQ-4)

Assuming that the channel coefficients do not change very much in the frequency domain, the equivalent channel is orthogonal and hence, an “extended” Alamouti could achieve similar optimal performance to the SFBC+ balanced FSTD as the conventional Alamouti decoder to the SFBC+FSTD. However, for dispersive channel, such assumptions may not be realistic. As can be seen from the simulation presented in the following section, performance of such extended Alamouti receiver will degrade in dispersive channel such as TU channel due to the channel variations.

· SFBC+FSTD with uniform RS mapping [5]
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The equivalent channel equation for this scheme over adjacent sub-carriers k to k+3 is:
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--(EQ-6)

The difference between and the conventional SFBC+FSTD and the alternative scheme is that in the latter, Tx antennas 1 and 3 are paired for one Alamouti code and antenna 2 and four for the other code. This distributes the effect of poorer channel estimation of antennas 3 and 4 evenly over all Alamouti codes. 

· Unbalanced SFBC+FSTD [6]
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The equivalent channel equation for this scheme over adjacent sub-carriers k to k+3 is:
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This scheme uses Tx antennas 1 and 2, twice as much as antennas 3 and 4. If all Tx antennas transmit with the same power spectral density, then antennas 3 and 4 transmit with 3 dB lower transmit power. This in effect makes the total transmit power 1.3 dB less than other schemes. If the spectral density of antennas 3 and 4 are doubled, this results in a colored interference level into the neighboring cells.
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 slots  = 1 msec = 14 OFDM symbols

· FFT size = 1024

· Sampling frequency = 15.36 MHz

· Carrier frequency: 2.0 GHz

· Channel model: Uncorrelated TU channel, 30 and 350 km/h

· Cyclic Prefix: 72 samples

· Data Channel assignment:

· All data tones in 6 RBs. These 6 RBs are 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: 4 at nodeB and 2 at UE
· MIMO schemes: SFBC+FSTD, SFBC+balanced FSTD, SFBC+FSTD with uniform RS mapping, unbalanced SFBC+FSTD pattern with or without power boosting.
· RS power: 3 dB null power stealing.

· Channel Estimation:  Perfect and realistic channel estimation based on RS in the current sub-frame and from the first two OFDM symbols of the next sub-frame.
4 Numerical Results

4.1 Performance in moderate speed channels
Figure 1 compares the performance of SFBC+FSTD, SFBC+balanced FSTD, SFBC+FSTD with uniform RS mapping and unbalanced SFBC+FSTD in a TU 30 km/h channel.  We assume that 6 distributed RBs are allocated to each user. Modulation is QPSK and coding rate is 1/3. Figure 1 shows the performance with perfect or realistic channel estimation.
For perfect channel estimation and uncorrelated channel, SFBC+FSTD and SFBC+FSTD with uniform RS mapping are the same. For unbalanced SFBC+FSTD pattern, since antennas 3 and 4 are being used 50% less than antennas 1 and 2, one may boost the data tones from those antennas by 3 dB to utilize the maximum power by Tx antennas 3 and 4. This however, induces unbalanced interference to the neighboring cells. Without boosting the power from those antennas, the transmitted power is 1.3 dB less than other schemes. In the Figure, we denote the former by “unbalanced SFBC+FSTD” and the latter by “boosted unbalanced SFBC+FSTD”.
As it can be seen in the figure, at low spectral efficiency with perfect channel estimation, SFBC+FSTD and SFBC+ balanced FSTD show the best performance. The boosted unbalanced pattern is outperformed by the two aforementioned schemes by about 0.3 dB. The unbalanced pattern however, is outperformed by about 1.5 dB mainly because it does not exploit the maximum transmit power from antennas 3 and 4.
With realistic channel estimation, SFBC+FSTD and SFBC+balanced FSTD outperform all other schemes. Here, pairing Tx antennas 1 and 3 instead of antennas 1 and 2 results in a slightly better performance of about 0.1 dB.
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Figure 1: Performance comparison in uncorrelated TU channel, 30 km/h, QPSK 1/3. 
In Figures 2 and 3, the same system as in Figure 1 is studied except that the coding rates are 2/3 and 4/5, respectively. As shown in the figures, conventional SFBC+FSTD performs the best with both perfect and realistic channel estimation. The performance of SFBC+balanced FSTD degrades as the coding rate (and as a result the working SNR range) increases due to channel variations over frequency. The unbalanced pattern with or without power boosting performs worse than conventional SFBC+FSTD especially with higher code rates.
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Figure 2: Performance comparison in uncorrelated TU channel, 30 km/h, QPSK 2/3. 
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Figure 3: Performance comparison in uncorrelated TU channel, 30 km/h, QPSK 4/5. 
Figures 4, 5 and 6 show the performance of the same system in Figures 1 to 3 except that the modulation is 16-QAM. Again, conventional SFBC+FSTD shows the best performance among all candidates with perfect and realistic channel estimation. With 16-QAM modulation, SFBC+balanced FSTD degrades even more because the noise level is lower and the channel variations are comparable to it. Simulation results also show that pairing up antennas 1/3 and 2/4 does not affect the performance.
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Figure 4: Performance comparison in uncorrelated TU channel, 30 km/h, 16QAM 1/3. 
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Figure 5: Performance comparison in uncorrelated TU channel, 30 km/h, 16QAM 2/3. 
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Figure 6: Performance comparison in uncorrelated TU channel, 30 km/h, 16QAM 4/5. 
4.2 Performance in very high speed
When the mobile speed is very fast, the channel estimation quality degrades due to shorter coherence time of the channel. This degradation is more severe for Tx antennas 3 and 4 as their respective RS are located only in the second OFDM symbol of each slot.

Figures 7, 8 and 9 show the performance of the same system as in previous section except that the mobile speed is 350 km/h. As shown in this figure, the higher mobile speed means more diversity and the performance curves are steeper. However, channel estimation loss is now bigger and is about 2.5 dB for different schemes. Still, the conventional SFBC+FSTD outperforms other schemes. Besides, SFBC+FSTD with uniform RS mapping pairing does not provide improvement in the overall performance. As the code rate and the working SNR range increases, the performance of the SFBC+balanced FSTD degrades when an Alamouti decoder is used. 
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Figure 7: Performance comparison in uncorrelated TU channel, 350 km/h, QPSK 1/3.
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Figure 8: Performance comparison in uncorrelated TU channel, 350 km/h, QPSK 2/3.
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Figure 9: Performance comparison in uncorrelated TU channel, 350 km/h, QPSK 4/5.
In Figures 10, 11 and 12, the error performances of the open loop transmit diversity schemes, at the speed of 350 km/h and 16-QAM modulation, are shown. Similar to QPSK modulation, lower channel estimation quality at 350 km/h results in performance degradation of more than 2 dB. Conventional SFBC+FSTD outperforms other schemes at the very high speed of 350 km/h. Similar to 30 km/h case, the performance of SFBC+balanced FSTD is more susceptible to channel variations when modulation scheme is 16-QAM.
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Figure 10: Performance comparison in uncorrelated TU channel, 350 km/h, 16QAM 1/3.
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Figure 11: Performance comparison in uncorrelated TU channel, 350 km/h, 16QAM 2/3.
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Figure 12: Performance comparison in uncorrelated TU channel, 350 km/h, 16QAM 4/5.
5 Performance Comparison

The following tables summarize the relative gain of conventional SFBC+FSTD over other 4-Tx SFBC+FSTD schemes in dB for TU 30 and 350 km/h channel model for different modulations and coding rates. As can be seen in the table, conventional SFBC+FSTD performs consistently well in all scenarios, and provides the best overall performance among the schemes in comparison. The gain of the conventional SFBC+FSTD over other schemes increases as the spectral efficiency increases. 
Table 1: Relative gain of conventional SFBC+FSTD over other TxD schemes at 30 km/h
	
	SFBC+balanced FSTD
	Boosted Unbalanced SFBC+FSTD
	Unbalanced SFBC+FSTD
	Uniform mapping

	MCS
	Perfect CSI
	Realistic Ch Est.
	Perfect CSI
	Realistic Ch Est.
	Perfect CSI
	Realistic Ch Est.
	Realistic Ch Est.

	QPSK
	1/3
	0
	0.2
	0.3
	0.3
	1.2
	1.2
	-0.1

	
	2/3
	0
	0.25
	0.25
	0.5
	1.3
	1.2
	0

	
	4/5
	0.4
	0.3
	0.6
	0.4
	1.5
	1.2
	0

	16-QAM
	1/3
	0.1
	0.2
	0.3
	0.4
	1.3
	1.3
	0

	
	2/3
	0.8
	1.0
	1.0
	1.0
	2
	1.6
	0

	
	4/5
	1.8
	2.0
	1.6
	1.4
	2.5
	2.0
	0.1


Table 2: Relative gain of conventional SFBC+FSTD over other TxD schemes at 350 km/h

	
	SFBC+balanced FSTD
	Boosted Unbalanced SFBC+FSTD
	Unbalanced SFBC+FSTD
	Uniform mapping

	MCS
	Perfect CSI
	Realistic Ch Est.
	Perfect CSI
	Realistic Ch Est.
	Perfect CSI
	Realistic Ch Est.
	Realistic Ch Est.

	QPSK
	1/3
	0.1
	0
	0.25
	0.1
	1.4
	0.7
	0

	
	2/3
	0.1
	0.2
	0.4
	0.2
	1.4
	0.8
	0

	
	4/5
	0.3
	0.2
	0.4
	0.2
	1.3
	0.7
	0

	16-QAM
	1/3
	0.1
	0.1
	0.4
	0.3
	1.3
	0.9
	0

	
	2/3
	0.7
	0.9
	1.1
	0.9
	2.1
	1.5
	-0.1

	
	4/5
	1.4
	1.6
	1.7
	1.2
	2.5
	1.8
	-0.1


6 Conclusion
In this contribution, different SFBC+FSTD-based 4-Tx open loop transmit diversity schemes are studied. Simulation results for SFBC+FSTD, SFBC+balanced FSTD, unbalanced SFBC+FSTD pattern and SFBC+FSTD with uniform RS mapping pairing in different channel models are presented and it is shown that current working assumption of SFBC+FSTD scheme consistently provides superior performance over its 4-Tx transmit diversity variations in different UE speeds. On the other hand, this SFBC+FSTD scheme requires the same complexity as 2-Tx SFBC Alamouti decoder, which already exists at the UE after adopting SFBC as 2-tx TxD. 
SFBC+balanced FSTD has the same Tx diversity and minimum distance as SFBC+FSTD. However, it requires groups of four REs for channel allocation. It also needs the channel coefficients to remain unchanged over these four REs. Otherwise, significant ISI will be introduced and with the extended Alamouti decoder, the performance degrades rapidly as the SNR increases. 
The unbalanced SFBC+FSTD pattern exploits Tx antennas 1 and 2 twice as much as antennas 3 and 4 to mitigate the effect of lower channel estimation quality for antennas 3 and 4. However, this results in under-utilizing the power amplifiers associated with antennas 3 and 4. Power boosting for these two antennas, on the other hand, results in colored interference to the neighboring cells. 
Based on the simulation results provided in this document, we recommend to adopt the currently working assumption SFBC+FSTD specified by (EQ-1) as 4-Tx transmit diversity scheme for downlink LTE shared data channel and L1/L2 common control channel.
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