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1 Introduction
Space-time-block codes (STBC) and cyclic delay diversity (CDD) are the main transmit diversity options being considered for 3GPP-LTE.  This contribution compares the link performance of CDD and STBC schemes accounting for co-channel interference (CCI) in the system.  We focus on using  CDD in a “large-delay” mode where CDD delays are selected to increase frequency diversity in the OFDM band.  This  mode of operation for CDD is suitable for purely open-loop diversity transmission where channel quality (CQI) feedback is not available or is unreliable. Scenarios requiring open-loop diversity schemes include  transmission to high mobility users as well as transmission on low-rate control channels.  In these scenarios, distributed sub-carrier sub-channels should be used to maximize the frequency diversity gain as fast link-adaptation and frequency-dependent scheduling gains are unavailable.  In other contributions, [6,8], we also consider STBC and CDD performance for low-mid mobility users where CQI feedback is available and CDD can be used to improve the multi-user diversity gains in the system.
We note that a number of recent contributions, [1-6], have focused on comparing the link performance of STBC and CDD based transmit diversity schemes.  Contributions [1-3], present link layer results which show improved performance of STBC over CDD by 0.25-1 dB depending on the particular modulation and coding (MCS) scheme used.  The effect of co-channel interference is not included in these results.  Contributions [4,5] compare the interference limited performance of STBC and CDD schemes, where it is shown that STBC retains its  advantage over CDD even  when considering interference-suppressing receivers.  
Link layer results in this contribution show that, while STBC performs better than CDD by 0.25-1 dB in a noise limited case, CDD can perform better than STBC in certain interference-limited scenarios.  Results are shown for 2x2 configurations using both conventional matched filtering (MF) as well as interference-suppressing minimum-mean-square-error (MMSE) receivers.    

2.1 Simulation assumptions
Detailed simulation assumptions are listed in the Appendix.  Distributed sub-carrier sub-channels are assumed, and a cyclic delay value of 64 samples is used to improve frequency diversity with CDD.  We focus on QPSK and 16QAM modulation schemes as typically lower order modulation schemes will be used in higher mobility scenarios.  Performance is evaluated for both noise and interference-limited cases in flat and frequency-selective TU channels.  For interference-limited scenarios we consider two dominant interferers and evaluate performance for both fixed and varying SIR conditions.  
3.1 Link performance results 
3.1 STBC and CDD Comparison without CCI

This section compares the noise-limited performance of 1x2 Receive-Diversity (RD), and 2x2 STBC and CDD schemes, using matched filter reception.   The results in Figure 1-Figure 4 show that both STBC and CDD can out-perform 1x2 RD.  STBC provides improved performance when compared to CDD by 0.25-1dB.  It should be noted that for low-code rates the difference between STBC and CDD performance is less than 0.25 dB.  
Figure 1: Link layer comparison of 1x2 RD, 2x2 STBC and CDD schemes for QPSK-Rate-1/3 in flat and TU fading channels.  Ideal matched filter receiver is assumed.
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Figure 2:  Link layer comparison of 1x2 RD, 2x2 STBC and CDD schemes for QPSK-Rate-1/2 in flat and TU fading channels.  Ideal matched filter receiver is assumed.
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Figure 3: Link layer comparison of 1x2 RD, 2x2 STBC and CDD schemes for QPSK-Rate-2/3 in flat and TU fading channels.  Ideal matched filter receiver is assumed.
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Figure 4: Link layer comparison of 1x2 RD, 2x2 STBC and CDD schemes for 16QAM-Rate-1/2 in flat and TU fading channels.  Ideal matched filter receiver is assumed.
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3.2 STBC and CDD Comparison with co-channel interference (CCI)
3.2 Results for fixed SIR Scenarios
The figures below show the comparison between 1x2 RD, 2x2 CDD and STBC schemes in the presence of co-channel interference.  Two dominant interferers with total SIR of 3dB are assumed.   The SIR is kept fixed through the simulations and performance is evaluated by varying the SNR.  This scenario, although not typical in a cellular system, has been considered in contributions [4,5]. We show results for only those MCS schemes which can perform reliably in such interference-limited scenarios.  It can be seen from Figure 5-Figure 8 that the difference between STBC and CDD is less than 0.5 dB even when interference-aware MMSE receivers are used for interference suppression.
Figure 5: Link layer results for 1x2 RD, 2x2 STBC and CDD schemes for QPSK-Rate-1/3 in  TU channels with 2 co-channel interferers.  Ideal matched filter (MF) and interference-aware MMSE receivers are used.
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Figure 6: Link layer results for  1x2 RD, 2x2 STBC and CDD schemes for QPSK-Rate-1/2 in  TU channels with 2 co-channel interferers.  Ideal MF and interference-aware MMSE receivers used.
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Figure 7: Link layer results for 1x2 RD, 2x2 STBC and CDD schemes for QPSK-Rate-2/3 in  TU channels with 2 co-channel interferers.  Ideal MF and interference-aware MMSE receivers are used.
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Figure 8: Link layer results for 1x2 RD, 2x2 STBC and CDD schemes for QPSK-Rate-1/3 in  flat- channels with 2 co-channel interferers.  Ideal MF and interference-aware MMSE receivers are used.
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3.2 Results for variable SIR scenarios
In this section, we consider a scenario in which the SNR is fixed to be much higher than the interference level and SIR is varied through the simulation.  This scenario is fairly typical in a reuse 1 system, where the average SNR is much greater than the SIR and it is the SIR which changes when the user moves around the cell.  For example, Figure 9 below shows the average SNR and SIR distributions for a cellular configuration described for reference scenario 3 in [9].  This scenario corresponds to a 1 km radius cell, which is the largest reference cell size described in [9].  It can be seen that at the 50% CDF point there is roughly an 11 dB gap between SIR and SNR,  and the SINR is dominated by the SIR level.  

Figure 9: Distribution of average SINR, SIR and SNR across the cell for reference scenario 3.  
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Considering the SIR-limited case, the results shown in Figure 10 illustrate that CDD can benefit from the enhanced frequency selectivity introduced by interference.  It is interesting to note that for low-rate QPSK-1/3 MCS,  CDD performs better than  STBC by roughly 0.25-1dB. Thus for low code rates, CDD can actually out-perform STBC in an interference-dominated environment.
Figure 10: Link layer results for 1x2 RD, 2x2 STBC and CDD schemes for QPSK-Rate-1/3 in  TU channels with 2 equal-powered co-channel interferers.  SNR is fixed at 15 dB and SIR is varied.  Ideal MF and interference-aware MMSE receivers are used.
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Figure 11: Link layer results for 1x2 RD, 2x2 STBC and CDD schemes for QPSK-Rate-2/3 in  TU channels with 2 equal-powered co-channel interferers.  SNR is fixed at 15 dB and SIR is varied.  Ideal MF and interference-aware MMSE receivers are used.
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3.2 Results with practical interference-suppressing receivers 
We note that contributions [4,5] call for performance comparison between STBC and CDD to include the effect of practical interference estimation, as the contributions show that practical interference estimation has a greater impact on CDD performance when compared with STBC.  The difference in  impact is shown to be the result  of higher frequency selectivity introduced with CDD, which  precludes  averaging the interference estimates across frequency sub-carriers.   It should be noted that  practical interference estimation in [4], appears to assume localized sub-carrier transmission.  We think this scenario is  impractical as open-loop diversity schemes will typically use distributed-sub-carrier sub-channels which will be frequency-selective for both STBC and CDD schemes.  

Figure 12 shows the performance of 1x2 RD, 2x2 STBC and CDD schemes with practical covariance estimation for interference-suppressing MMSE receivers.  The practical receiver is based on blind estimation of the noise and interference covariance matrix as outlined in [4].  Since distributed sub-carrier channels are assumed for transmission, the averaging of the covariance estimates can only occur on  a per sub-carrier basis, using OFDM symbols in time.   We use symbols in W=1, 2 sub-frames for averaging the covariance estimates.   It can be seen that performance of STBC with practical interference suppressing receivers degrades more than that of CDD as only half the time-domain symbols are available for averaging the covariance estimates. 

Figure 12: Link layer results for 1x2 RD, 2x2 STBC and CDD schemes for QPSK-Rate-1/3 in  TU channels with 2 equal-powered co-channel interferers.  SNR is fixed at 15 dB and SIR is varied.  Ideal interference-aware MMSE reception is compared with MMSE receivers based on blind estimation of the interference plus noise covariance matrix.
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4.1 Conclusions
This contribution compares the link performance of 2x2 CDD and STBC schemes for both noise and interference limited cases.  We show that STBC performs better than CDD by 0.25-1 dB in noise limited cases.  Since practical cellular systems are interference limited,  noise power is negligible when compared to the interference power in typical cell scenarios.  When interference is considered, the performance gap between STBC and CDD is less than 0.5 dB for modulation schemes of interest.  Further we note that for SIR-limited scenarios, CDD can perform better than STBC for low-rate coding schemes, due to enhanced frequency selectivity introduced by frequency selective interference.  Additionally, when practical interference-suppressing receivers are used with distributed sub-carrier transmission, the performance of STBC schemes degrades more than CDD as fewer number of time-domain symbols are available for interference estimation.   
Since the relative performance of the two schemes is fairly close for the scenarios of interest, we believe that attributes such as simplicity and scalability  must also be factored in choosing a transmit diversity scheme for EUTRA.  We further note that the performance differences between CDD and STBC are dependent on the interference scenario considered.  Hence we recommend that the comparison between open loop transmit diversity schemes be carried out through system level simulations, which best capture the interference environment of interest.  
5.1 References
1. Nortel, R1-060900, “Performance evaluation of STTD and cyclic shift diversity in Downlink MIMO systems for LTE,” 3GPP RAN WG1 meeting #44bis, Athens, March, 2006

2. Samsung, R1-060814, “Performance comparison of EUTRA open loop transmit diversity”,  3GPP RAN WG1 meeting #44bis, Athens, March 2006.
3. Motorola, “Cyclic shift diversity for E-UTRA DL control channels and TP,”  3GPP RAN WG1 AdHoc, Helsinki, January, 2006.

4. Nortel, R1-061233, “Performance evaluation of STTD and cyclic shift diversity in the presence of inter-cell/sector interference in downlink MIMO systems for LTE”, 3GPP RAN WG1 meeting #45, Shanghai, May, 2006.
5. Nokia, R1-061245, “On 2-antenna open-loop DL transmit diversity”, 3GPP RAN WG1 meeting #45, Shanghai, May 2006.
6. Intel, R1-061129, “System-level evaluation of open loop transmit diversity schemes”, 3GPP RAN WG1 meeting #45, Shanghai, May 2006.
7. Intel , R1-061963 “System-level evaluation of open loop transmit diversity schemes without CQI feedback” 3GPP RAN WG1 meeting #46, Tallinn, August,  2006
8. Intel , R1-061961 “System-level evaluation of open loop transmit diversity schemes with frequency-dependent scheduling” 3GPP RAN WG1 meeting #46, Tallinn,  August 2006.
9. 3GPP TR25.814, Physical Layer Aspects of Evolved UTRA (Release 7), v1.2.3, May, 2006
6.1 Appendix:  Simulation Assumptions
The following table captures the link level simulation assumptions used for generating the results shown in this document.  
Link simulation parameters
	Issues
	Details

	DL Modulation and coding 
	QPSK  1/3,1/2, 2/3 

16QAM 1/2, 

	Sub-frame duration 
	0.5 ms

	Transmission BW
	10 MHz

	CP length 
	Short 

	Coding for data channel and Mother code rate
	Turbo, 1/3

	Resource blocks
	25 sub-carriers X 6 symbols (randomly distributed resource blocks)

	Code block size 
	75 sub-carriers X 6 symbols.

	Non-ideal receiver functions
	Ideal channel estimation 
Ideal interference knowledge, except when using practical MMSE receivers.

	Channel Model 
	6-tap TU, 

single-tap Rayleigh

3 kph

	TX/RX correlation 
	0

	Decoder 
	Matched filter

Ideal interference-aware MMSE

Practical MMSE receiver, based on blind estimation of interference+ noise covariance matrix.

	Cyclic delay value
	64 samples 

	Interference model
	Fixed Interference: 

2 interferers(SIR=3 dB, SIR1 = 5 dB, SIR2 =7.3 dB)
Variable Interference: SNR=15 dB, 2 equal power interferers
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