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1 Introduction
In an open loop communication system, the transmitter is not aware of the instantaneous channel coefficients. However, 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 with an ill-conditioned channel, which are especially common in LOS situations. 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].  Also, it was suggested to combine STTD and CSD for 1-layer, 4-branch systems [3].
We provided some numerical results comparing STTD and CSD before [4]. Here in this contribution, we compare the performance of several open loop schemes and provide numerical results on the performance of the system over dispersive fading channels.

2 System Description
We consider a downlink wireless communication channel that consists of one (1-branch, used only as a reference), two (2-branch) or four (4-branch) transmit antennas. We assume that the receiver is a UE exploiting two receive antennas. The following open-loop schemes are considered. In the following matrices, rows represent different transmit antennas and columns represent different tones separated in time or frequency.
· 1-Branch:

· 1-Layer, 1x2 system
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· 2-Branch:

· 1-Layer, 2x2 system
· Spatial multiplexing (SM) with antenna hopping (AH) [SM/AH]: 
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· Alamouti space-time transmit diversity (STTD)
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· 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.

· 2-Layer, 2x2 system
· SM 
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· 4-Branch:

· 1-Layer, 4x2 system
· SM/AH 
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· SM with CSD [SM/CSD] (this is the conventional CSD scheme)
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· STTD 
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· STTD/AH
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· STTD/CSD (This is the combination of STTD and CSD where antennas are separated into two groups, 1 and 3 in one group and 2 and 4 are in another group. Finally, these two groups are used to send STTD codes.)
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· 2-Layer, 4x2 system
· SM/AH 
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· SM/CSD
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· STTD
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· STTD/AH
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3 Performance Evaluation
With spatial multiplexing, the equivalent channel is made simply of the channel coefficients. Depending on the channel condition, a receiver might not be able to decompose the transmitted signal into separable portions and transmission fails.

By using the Alamouti code in a system with two transmit and two receive antennas, the equivalent channel is the mean square of the channel coefficients from four paths between the transmitter and the receiver, assuming the channel coefficient does not change over two adjacent tones (either in time or frequency). 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. The same results are applicable to four-branch systems.
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 1-Layer 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, unless otherwise is specified.
· Channel bandwidth = 10 MHz

· Number of used bandwidth = 48 sub-carriers
· TTI size = 4 sub-frames = 2 msec = 28 OFDM symbols

· FFT size = 1024

· Sampling frequency = 15.36 MHz

· Channel model GSM TU-1 with 3 Km/h
· Cyclic Prefix: 72 samples
· Localized partial band assignment (Data tones are adjacent and are not distributed over the entire channel. The band which is assigned to a user is fixed and does not change over the time).
· Total number of data tones: 1024

· Receiver: MMSE

· MCS set:

Table1: MCS set used for simulation

	# of Layers
	Coding Rate
	Modulation
	Rate, Bit/SubCarrier

	1
	1/2
	QPSK
	1

	1
	1/2
	16-QAM
	2

	1
	1/2
	64-QAM
	3

	2
	1/2
	16-QAM
	4

	2
	1/2
	64-QAM
	6

	2
	2/3
	64-QAM
	8


5 Link Level Simulation Results
5.1 Comparison on different open loop schemes
Figure 1 represents the simulation results for different open loop schemes for rates 1, 4 and 8. Note that rate 1, uses only one layer and rates 4 and 8 employ two layers. In Figure 2, all the simulation results for rate 1 are shown again for more visibility. Simulation results show that for one-layer transmission, 4-branch Alamouti STTD with or without antenna hopping outperforms all other schemes. On the other hand, SM/AH and SM/CSD perform exactly the same and about 0.3 dB worse than STTD. STTD/CSD scheme performs the same over a TU channel compared to STTD. Within 2-branch schemes for one-layer transmission, STTD outperforms SM/CSD and SM/AH by about 0.3 dB. Clearly, with more number of transmit antennas a higher diversity is achievable. For two-layer transmission schemes, STTD/AH outperforms all other schemes. The gain of STTD/AH over STTD is about 0.3 dB for spectral efficiency of 4 and 0.5 dB for rate 8. SM/CSD and SM/AH perform very close together and perform 0.4 to 1 dB worse than STTD/AH. 
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Figure 1. Performance comparison for different open loop schemes for rates 1, 4 and 8
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Figure 2. Performance comparison for different open loop schemes for rate 1
Based on the results in Figures 1 and 2, it can be seen that STTD/AH outperforms all other open loop candidates for 4-branch schemes. In Figure 3, we compare the effect of AH and CSD on top of STTD schemes for all rates of 1, 2, 3, 4, 6 and 8. For 1-layer transmissions AH and CSD do not provide additional gain to the Alamouti STTD. In other words, STTD without AH provides the highest gain with the lowest complexity for 1-layer transmission. For 2-layer transmission, STTD/AH provides about 0.5 dB gain over STTD without antenna hopping. This gain increases as the spectral efficiency increases.
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Figure 3. Performance comparison for different STTD open loop schemes for all rates
Figure 4 provides the overall throughput with respect to long term SNR for 4-branch STTD and STTD/AH and 2-branch schemes. It can be seen that as the SNR increases, 4-branch STTD/AH provides higher gain compared to 2-branch scheme and this gain approaches 3.0 dB for high SNR range. On the other hand, in terms of throughput, antenna hopping provides up to 0.3 dB gain for middle and high SNR range compared to STTD without hopping.
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Figure 4. Overall throughput for different open loop schemes
5.2 Effect of diversity channel

Localized channel assignment performs well, when the transmitter knows per sub-band channel quality index (CQI). In an open loop system, if only one CQI is returned to the transmitter for the entire bandwidth, diversity channel assignment (the users receive scattered tone patterns in the time-frequency domain) provides the maximum frequency diversity to all users. In the localized channel assignment, each user receives adjacent data tones while in the diversity channel assignment, data tones are distributed over all frequency band and OFDM symbols. Figures 5, 6 and 7 compare STTD/AH and SM/CSD schemes for the diversity channel assignment for rates 1, 4 and 8, respectively. In these figures, solid curves represent the localized channel assignment and dashed curves represent the diversity channels. These figures show about 1 to 1.7 dB gain at the BLER of 0.01 and higher diversity order resulting on a steeper performance slope. However, STTD and STTD/AH maintain their superiority over SM/CSD in the diversity channel.
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Figure 5. Performance comparison of STTD and CSD in a diversity sub-channel assignment (rate 1)
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Figure 6. Performance comparison of STTD and CSD in a diversity sub-channel assignment (rate 4)
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Figure 6. Performance comparison of STTD and CSD in a diversity sub-channel assignment (rate 8)

5.3 Effect of channel estimation

Figures 7 and 8 show the reliability of different open loop transmit schemes with real channel estimation for rates 1 and 8, respectively. A frequency divided multiplexed (FDM) scattered pilot pattern with frequency spacing of 6, located on the first and the fifth OFDM symbols, with a pilot boost of 2.5 dB is used for channel estimation. In these figures, solid curves represent link-level simulations with perfect channel state information (CSI) and dashed lines show the results with real channel estimation. The simulation results show a negligible degradation on the performance of these open loop schemes specially for higher SNR range.
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Figure 7. Effect of channel estimation on the performance of different open loop schemes (rate 1)
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Figure 8. Effect of channel estimation on the performance of different open loop schemes (rate 8)

5.4 Effect of TTI length

Shorter TTI lengths results in shorter turbo block lengths. In figure 9, we study the effect of TTI length in low-speed environment. The used bandwidth is only 24 adjacent sub-carriers. The overall number of data tones is 512, 256 and 128 for TTI lengths of 2, 1 and 0.5 msec, respectively. It can be seen that shorter turbo block length results in about 0.2 dB degradation on the performance of rate 4 STTD/AH.
[image: image25.emf]6 7 8 9 10 11 12 13 14 15 16

10

-3

10

-2

10

-1

10

0

SNR (dB)

BLER

Open Loop - Effect of TII Length - Speed 3 km/h

 

 

TTI length = 2.0 ms

TTI length = 1.0 ms

TTI length = 0.5 ms


Figure 9. Effect of TTI length on the performance of STTD/AH (rate 4, 3 Km/h)



Shorter TTI also results in lower time diversity at higher speeds. Figure 10 shows the simulation results for the speed of 30 km/h. All other parameters are the same as in Figure 9. The degradation in the performance increases to about 0.5 dB in this speed.
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Figure 10. Effect of TTI length on the performance of STTD/AH (rate 4, 30 Km/h)

5.5 Effect of speed

Figure 11, 12 and 13 highlight the time diversity which results from different mobile speeds for different TTI lengths (2, 1 and 0.5 msec, respectively). It can be seen that for TTI lengths of 2 ms, there is about 0.2 dB performance improvement at 30 km/h which diminishes for lower TTI lengths.
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Figure 11. Effect of speed on the performance of STTD/AH (rate 4, TTI = 2msec)

[image: image28.emf]6 7 8 9 10 11 12 13 14 15 16

10

-3

10

-2

10

-1

10

0

SNR (dB)

BLER

Open Loop - Effect of Speed - TII Length 1.0 ms

 

 

Speed 3 km/h

Speed 30 km/h


Figure 12. Effect of speed on the performance of STTD/AH (rate 4, TTI = 1msec)
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Figure 13. Effect of speed on the performance of STTD/AH (rate 4, TTI = 0.5msec)

6 Comparisons 

6.1 Performance
Simulation results provided in this contribution shows that in a TU channel and 4-branch system with 2 receive antennas, STTD/AH provides the best performance and the highest throughput among all open loop schemes. STTD/AH outperforms STTD, SM/CSD and SM/AH by about 0.3 dB to 1 dB. 
For low speeds, TTI length has a negligible effect on the performance. In high speeds, there is some marginal improvements in performance due to the temporal diversity.

6.2 Complexity
For one-layer transmission, the equivalent channel for all these schemes is orthogonal and hence, a simple MMSE decoder performs like the maximum likelihood decoder (MLD). However, SM/CSD needs an extra step to calculate the equivalent channel due to the phase rotation caused by temporal shift. Interestingly, SM/AH performs exactly the same as SM/CSD and possesses a much simpler decoder compared to SM/CSD.

For two-layer transmission, all these schemes possess a non-orthogonal equivalent channel and the performance of the receiver can be improved using MLD or sphere decoder. However with an MMSE decoder with relatively equal complexity for all schemes, STTD/AH provides the highest throughput and about 1.0 dB gain over SM/CSD and SM/AH.
7 Conclusion
In this contribution, we compared the performance of several downlink open loop schemes: STTD, STTD/AH, SM, SM/CSD, SM/AH and STTD/CSD. Simulation results provided in this contribution show that:
· For one-layer transmission, STTD with or without AH outperforms SM/CSD and provide the best performance with the same complexity as other schemes for both 2- and 4-branch systems.
· For 4-branch, two-layer systems, STTD/AH provides the best throughput over all other open loop schemes with the MMSE receiver.
· STTD/CSD in 1-layer transmission does not provide additional gain over conventional STTD.
· SM/CSD does not provide any additional gain over the simplest system which is SM/AH. 

We recommend STTD schemes shown by (EQ-3), (EQ-8), and (EQ-14) matrices for the open loop transmit diversity scheme for LTE.
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