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1 Introduction
Spatial diversity provided by several transmit antennas can improve the transmission reliability, coverage and throguhput. 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 [3], we compared space-time transmit diversity and cyclic shift transmit diversity schemes using link-level simulation results and showed that STTD provides the best performance while having a simple decoder in a rate-1 2x2 and 4x2 MIMO systems. It also provides a better performance compared to the CSD in a rate-2 4x2 MIMO system. In addition, antenna-hopping provides even more gain in the rate-1 and rate-2 4x2 systems which is not feasible for CSD schemes.

In [4], it is reported that in the presence of powerful inter-sector interference, the CSD provides a better throughput. In this contribution, we compare the link-level performance of STTD scheme using the Alamouti code and the CSD scheme in a 2x2 MIMO system for different spectral efficiencies and different number of interferences over dispersed channels.
In this contribution, we compared the performance of two transmit diversity schemes: STTD and CSD in the presence of one and two dominating interferers. Simulation results provided in this contribution show that: (1) With a perfect or partial interference CSI, MMSE decoder for STTD provides a better performance in all scenarios (2) Without interference CSI knowledge; blind whitening algorithms provide a better performance for STTD compared to CSD. (3) If the interference comes from more than one interference source, the CSD degrades even further because the interference loses its colored spectrum.

Based on the results provided here and in [3], we recommend STTD scheme for 2 Tx antenna transmit diversity and STTD with antenna hopping for 4 Tx antenna for E-UTRAN.
2 System Description
We consider a downlink wireless communication channel that consists of two 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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· 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.
3 Performance Evaluation
It is proved that Alamouti transmit diversity scheme is the optimal scheme in a 2x1 system and for a 2x2 system, it provides near optimal performance while utilizing a simple decoder. This decoder just adds the decoded signals over the two receive antennas which achieves the maximum transmit/receive diversity provided in the system.

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. 

In [4], it is reported that CSD outperforms STBC in the presence of one strong inter-sector interference. Although we think the simulation scenario in [4] only represent a very special case and should not affect the overall throughput in a cell, we compare the two schemes in this scenario.
The knowledge of the interference spectrum is crucial to utilize the interference frequency selectivity in order to improve the performance. The interference spectrum can be mathematically evaluated if the interfering Channel State Information (CSI) is available at the UE. With this knowledge, the decoder can apply MMSE decoding to achieve a better performance. This decoder is equivalent to the multi-user decoding of the signal when the two users are from the serving node-B and the interfering one. 

Without interfering CSI knowledge, the UE might measure the level of the interference. This can be done using a blind interference spectrum measurement. In this report, we use a simple blind interference measurement technique. In this technique, the interference plus noise correlation matrix is assumed to be constant over a sub-block. In each sub-block, a preliminary hard-decision approximation of the main transmitted signal is used to measure the interference plus noise correlation matrix. Then, a whitening filter based on this matrix is applied to the received signal to provide a better approximation on the received signal. 
Here are the principles of a whitening filter. Suppose that the system consists of two transmitters each having M transmit antennas and one receiver with N receive antennas. The channel H1 is a N(M matrix representing the serving channel and H2 represents the interference channel. The received signal over each tone can be shown by 
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, where X1 and X2 represent the normalized transmitted signals by the serving and interference transmitters, respectively. The overall interference plus noise correlation matrix can be shown by 
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, where N0 is the single-sided noise spectrum. A whitening filter multiplies the received vector Y by the inverse square root of the interference plus noise correlation matrix and the equivalent channel will be R(-1/2)H1 and the noise plus interference will be white and normalized.

If the interfering channel is not known at the receiver, the R matrix should be blindly estimated at the receiver. A simple blind correlation estimator provides a preliminary estimation over the serving signal X1. Then, the correlation matrix estimation is based on averaging over L tones experiencing similar interference channel matrices, 
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 is the preliminary estimation of X1.
In the STTD system over a dispersed channel, the channel is constant over a few adjacent sub-carriers and a better approximation on the noise plus interference correlation matrix is available by averaging over both time and frequency. The correlation estimation can be done before or after Alamouti decoder over each receive antenna. In this report, simulation results for the estimation after each Alamouti decoder is provided. However, in the CSD scheme, the main signal and the interference are highly colored in the frequency domain and hence, averaging is only possible over the time domain.

If the interference is due to more than one powerful interferences like in scenario 2, the overall interference is not as colored as before in the CSD scheme and hence, the performance of the CSD decoder degrades compared to the case of one powerful interference. 
For STTD scheme, the blind decoder does not rely solely on the colored spectrum of the interference and hence retains its performance when there are more than one interference sources. 
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, N = 1024

· Sampling frequency = 15.36 MHz

· Channel Coding = Turbo Code of Rates 1/2 and 2/3
· Optional Incremental  Redundancy H-ARQ
· Channel model = PB with 3 Km/h
· Interference level: Total interference of -3 dB (-5 and -7.3 dB for two interfering signals)

The simulation results are derived based on the following two scenarios.

· Inter-sector interference of 3 dB. In this scenario, the user moves along the boundary of two sectors belonging to the same Node-B as shown in Figure 1. In this case, SIR is poor but SNR is very good for users near the node-B. This scenario happens for a very low percent of users.

· Inter-cell interference of 3 dB. In this scenario, the user receives interference from two neighbouring cells as shown in Figure 2. The majority of cell edge users experience this scenario where both SNR and SIR are poor and there is more than one powerful interference source. In the simulations, we assume that there is an interference level of -5 dB coming from adjacent cell #1 and an interference level of -7.3 dB coming from cell #2. 
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Figure 1. Inter-sector interference in scenario 1
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Figure 2. Inter-cell interference in scenario 2
5 Link Level Simulation Results
The simulation results regarding the performance of a 2x2 system exploiting rate-1 STTD and CSD are shown in Figure 3. In this Figure, the performance is evaluated for low spectral efficiency schemes and coding rate is 1/2 for QPSK modulation and the channel is PB (3 Km/h). It is assumed that there is a -3 dB interference coming from the adjacent cell. We compare the performance based on interference CSI knowledge at the UE (a) the perfect interference CSI is available, (b) partial (5 dB accurate) CSI is available and (c) no interference CSI is known and blind detection is applied. The blind interference correlation detection estimates the correlation matrix by averaging the interference over a block of 6 OFDM symbols by 12 subcarriers for the STTD scheme. For the CSD scheme, averaging is not possible over the frequency and the interference correlation is performed by averaging over 6 OFDM symbols. The decoder for the first two scenarios is MMSE. As it can be seen, in all scenarios, STTD outperforms CSD and in case (c) which is no interference CSI knowledge, STTD outperforms CSD by more than 1 dB. Note that in a practical system, since the interference is 3 dB weaker than the main signal, the interference CSI is not available and the third scenario is the practical case. In the CSD system, the circular shifts are assumed to be (=N/8 and (=N/4, for the main and the interference signal, respectively. 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 3. Performance comparison for a rate-1, 2x2 system, QPSK, no H-ARQ
In Figure 4, we compare the performance of the two systems with medium spectral efficiency. In this case, the modulation scheme is assumed to be 16-QAM. The rest of assumptions are similar to those of Figure 3. As it can be seen from this Figure, blind estimation no longer works for medium throughput and low SIR and hence, a partial (10 dB accurate) knowledge of the interference CSI is required at the UE. 
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Figure 4. Performance comparison for a rate-1, 2x2, 16-QAM, no H-ARQ
In Figure 5, we compare the error performance of the same systems in Figure 4 after one retransmission. The retransmission is based on Incremental Redundancy (IR) H-ARQ scheme. Again, STTD outperforms CSD by 0.5 dB for MMSE decoder (with perfect interference CSI) and by 2 dB with blind interference estimation.
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Figure 5. Performance comparison for a rate-1, 2x2 system, 16-QAM with IR H-ARQ
Figure 6 compares the performance of the two schemes for high spectral efficiency. The modulation scheme is 64-QAM and coding rate is 2/3. The performance is measured by the block error rate after the first retransmission. In this case, blind detection fails and at least a 10 dB accurate interference CSI knowledge is required at the UE for an acceptable performance. Again, in all scenarios, STTD outperforms the CSD by about 0.4 dB with perfect interference CSI and 1 dB with partial interference CSI.
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Figure 6. Performance comparison for a rate-1, 2x2 system, 64-QAM with IR H-ARQ
In practical cases, the interference is dominant for cell-edge users shown in Figure 2. For these users, the interference comes from more than one adjacent cell. In a 2x2 MIMO system, MMSE decoder is not able to multi-decode three signals and hence only a blind interference detector is an option. 

In Figures 7 and 8, we compare the performance of the blind detector for the same system as in Figures 3 and 5, when two interfering signals are present. The interference levels for the two interfering signals are -5 and -7.3 dB. The overall CIR in this case is 3 dB. It can be seen that the performance of the STTD scheme degrades by only 0.5 dB, while the CSD scheme degrades by more than 1 dB. As a result, STTD outperforms CSD by 2 and 4 dB for QPSK and 16-QAM schemes, respectively. 
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Figure 7. Performance comparison for a rate-1, 2x2 system, QPSK, one or two interference sources
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Figure 8. Performance comparison for a rate-1, 2x2 system, 16-QAM, one or two interference sources
6 Comparisons 

The link level performance gain is listed in Table 1. Performance of STTD is compared with CSD.
Table 1 Performance Gain for STTD over CSD
	Space-Time Coding Rate
	Rate-1

	Turbo Coding Rate
	R=1/2

	Channel Model
	ITU-PB

	Receiver 
	MMSE
	MMSE
	MMSE
	Blind Whitening

	Interference CSI
	Perfect
	10 dB
	5 dB
	No knowledge

	QPSK, no H-ARQ
	0.6 dB
	
	0.9 dB
	1.2 dB

	16-QAM, no H-ARQ
	0.5 dB
	1 dB
	
	

	16-QAM, with IR H-ARQ
	0.3 dB
	0.3 dB
	0.6 dB
	2.5 dB

	64-QAM, IR H-ARQ
	0.3 dB
	1 dB
	
	

	QPSK, 2 interferences
	
	
	
	2 dB

	16-QAM, IR H-ARQ, 2 interferences
	
	
	
	4 dB


As we can see, the conventional STTD is consistently better than CSD, when there are one or two interference signals imposing a SIR of 3 dB. 
Here, we provide the link level results comparing the performance of STTD 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. [3]
Table 2 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


7 Conclusion and Recommendation
In this contribution, we compared the performance of two transmit diversity schemes: STTD and CSD in the presence one and two dominating interferers. Simulation results provided in this contribution show that:
· With a perfect or partial interference CSI, MMSE decoder for STTD provides a better performance in all scenarios.

· Without interference CSI knowledge, which reflects the practical scenario, blind whitening algorithms provide a better performance for STTD compared to CSD. This gain is due to the fact that a better knowledge of the interference correlation matrix is available at the UE by averaging over both time and frequency.
· If the interference comes from more than one interference source, the CSD degrades even further because the interference loses its colored spectrum.
Based on the results provided here and in [3], we recommend STTD scheme for 2 Tx antenna transmit diversity and STTD with antenna hopping for 4 Tx antenna for E-UTRAN.
References
[1] 
S. M. Alamouti, “A simple transmit diversity technique for wireless communications,” IEEE J. Select. Areas Commun., vol. 16, pp. 1451–1458, Oct. 1998.

[2]
Motorola, “Cyclic Shift Diversity for E_UTRA DL Control Channels & TP,” R1-060011, 3GPP TSG RAN WG1 LTE Ad Hoc, Helsinki, Finland, 23-25 January 2006.
[3]
Nortel, “Performance evaluation of STTD and cyclic shift diversity in Downlink MIMO systems for LTE,” R1-060900, 3GPP TSG RAN WG1 #44bis, Athens, Greece, 27-31 March 2006.
[4]
Motorola, “Interference and Open Loop Transmit Diversity Reception (with TP),” R1-061042, 3GPP TSG RAN WG1 #44bis, Athens, Greece, 27-31 March 2006.































































































































































PAGE  
9

_1203860218.unknown

_1207553293.unknown

_1207553907.unknown

_1207553920.unknown

_1207553142.unknown

_1203858824.unknown

