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1. Introduction

Different transmit diversity schemes have been proposed for the downlink control channel and include space-frequency block codes (SFBC), frequency switched transmit diversity (FSTD), and cyclic delay diversity (CDD) ‎[1].  With two-antenna transmission, evaluations of link-level performance show that the Alamouti-based SFBC performs better than both CDD and FSTD in noise-limited environments ‎[2]

 REF _Ref147476053 \r \h 
‎[3]

 REF _Ref147476055 \r \h 
‎[4].

In cases where spatial correlation is present in the propagation channel, CDD in particular shows a significant loss in performance compared to either SFBC or FSTD.  When four antennas are available for transmission, the combination of SFBC and another transmit diversity technique looks to be more powerful than one transmitting with one approach alone.  These combinations of techniques are summarized in summarized in ‎[5].  Again the approaches using CDD are subject to degraded performance in the presence of spatial correlation, while the combination of SFBC and FSTD does not appear to suffer the same degradation.
In evaluating the different transmit diversity techniques their performance in interference limited environments is also of concern.  Clearly, CDD has the greater potential to cancel a strong interferer since it effectively looks to the receiver like a single-stream is transmitted, thus there is a greater order of diversity available for interference cancellation.  However, it has been noted that the interference environment typically does not have an interferer dominant enough to fully exploit the interference cancellation capabilities ‎[3]

 REF _Ref147476055 \r \h 
‎[4].  In addition, it has been noted that the estimation of the components of the impairment matrices required for interference cancellation is problematic when significant dispersion is present ‎[2]

 REF _Ref147476053 \r \h 
‎[3]

 REF _Ref147476055 \r \h 
‎[4].
In this contribution the SFBC and CDD approaches are further evaluated when there is significant spatial correlation present in the channel.  First, the approaches are evaluated under fixed and known antennas correlation via link simulation.  Second, since the choice of which transmit diversity approaches chosen for the downlink control channel will likely impact the transmit diversity technique used for data on the downlink shared channel, throughput results for an example OFDM system are presented.

2. Link level comparison
We compare block error rate (BLER) performance when there is a fixed correlation between two transmit to receive antenna pairs.  For example, consider the transmission from one transmit antenna to two receive antennas.  The correlation between the two transmit to receive antenna pairs is assumed to be 
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[image: image2.wmf]RX

R

according to

[image: image3.wmf]ú

û

ù

ê

ë

é

=

1

1

RX

RX

RX

r

r

R

.
Similarly, a correlation matrix can be obtained from two transmit antennas to one receive antenna, and this is given by
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The total correlation matrix is obtained from the Kronecker product of  
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and 
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, resulting in the correlation matrix given by
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This model serves to illustrate the performance under known correlation conditions, while the spatial channel model (SCM) is used for simulation at the system level where the model corresponds to physical base and mobile propagation parameters.  Results are obtained using the same link simulation parameters described in ‎[2], and are summarized in Table 1 below.  
	OFDM Parameters
	20 MHz (1200+1 sub-carriers, 2048 FFT)

	Number of symbols/subframe
	7

	Antenna setup
	2x2, with 1x2 as a reference

	Channel Model
	TU, Flat

	UE speed
	Speed = 3 km/h

	Multi-antenna receiver
	MRC receiver

	Channel estimation
	MMSE channel estimate

	Antenna pair correlation
	0.0, 0.7, 0.9


Table 1: Link level simulation parameters
BLER results are shown in Figure 1 for SFBC and CDD and are compared to the baseline single-stream transmission with two-antenna receiver diversity.  Figure 1a shows the performance in the TU channel while Figure 1b shows performance in flat fading.  For this result, the correlation values assumed are 
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.  From these results we note that SFBC has the best performance while CDD only has better performance over receive diversity for reducing BLER.  Note, Et represents the total energy per transmitted symbol regardless of the multi-antenna scheme.
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a) TU channel
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b) Flat channel

Figure 1: BLER, antenna element correlation R = 0.7
Figures 2a and 2b show the performance when the correlation between transmit and receive antenna pairs become greater.  In these figures, 
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, and the effect of the spatial correlation on CDD becomes more pronounced.  For the TU channel, the performance of CDD is not better than receive diversity over the range of Et/No values simulated, while for flat fading CDD does show an improvement over receive diversity as Et/No becomes larger.  This has implications for the system level performance as we will see in Section 3.
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a) TU channel
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b) Flat channel
Figure 2: BLER, antenna element correlation R = 0.9
The loss between CDD and SFBC grows as the antenna correlation becomes larger, and this is demonstrated in Figure 3.  With no antenna correlation, there is approximately a 0.5 dB loss, and this grows to 0.6 and 1.0 dB when the spatial correlation becomes 0.7 and 0.9, respectively.  While these results pertain to fixed spatial correlation values, they illustrate the differences in behavior between CDD and SFBC.  In the next section, system simulation results are presented for the SCM. 
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Figure 3: SFBC vs. CDD for different antenna correlations
3. System level comparison
A system simulation of a generic OFDM system is performed to demonstrate the effects of antenna correlation on data throughput for the given transmit diversity schemes.  Both CDD and SFBC are compared to receive diversity in terms of user throughput.  We show the relative performance compared of each transmit diversity scheme compared to receive diversity using the system simulation parameters shown in Table 2.
	System Simulation Parameters
	Values

	Cell layout
	19-cell system with 3-sector cells

	Shadowing model
	Shadowing with standard deviation 8 dB, correlated across BS

	Channel model
	3GPP SCM channel model for 1x2 or 2x2 case

	Modulation and coding
	MCS – various from QPSK,  rate 1/8 to 64-QAM, rate 5/6, convolutional turbo coding

	Link adaptation
	Link Adaptation based on feedback of effective CINR, taking channel variations into account

	User traffic model
	Full queue traffic

	User scheduling
	RR scheduling, user allocated entire bandwidth

	Retransmission strategy
	HARQ with Chase combining

	Other
	BS transmit power is the same for all schemes


Table 2: System simulation parameters
User throughput results are shown in Figure 4 and the results show that the CDD scheme actually performs worse than 1x2 RX diversity.  The earlier link simulation results have shown better performance of CDD for low coding rates, but this advantage is not present for high coding rates.  In addition, the advantage becomes lower with correlated antennas, as are present with the 3GPP SCM channel model.  The enhanced channel variations with CDD seem to degrade the performance of channel coding schemes, thus leading to lower throughputs.  Also impacting performance is the 10% BLER operating point typically used for link adaptation – at this operating point CDD offers little advantage over receive diversity.
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Figure 4: System level performance for receive diversity, CDD and SFBC

4. Conclusions
A comparison of space frequency block coding (SFBC) and cyclic delay diversity (CDD) has been made at both the link and system levels in channels with fixed spatial correlation and with the 3GPP spatial channel model.  The performance of SFBC is shown to be superior for both control and data channels, while the performance of CDD is shown to be worse than receive diversity in terms of both BLER performance and user throughput as correlation increases.  Based on the above results as well as those previously presented, the clear recommendation is to choose SFBC for both the control and data channels. 
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