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1 Introduction
Several techniques have been identified as the potential candidates for transmit diversity in E-UTRA:

· Block-code based transmit diversity (STBC, SFBC)

· Time (or frequency) switched transmit diversity (or antenna permutation)

· Cyclic delay diversity (CDD)

· Pre-coded transmission using selected pre-coding vector(s) (including selection transmit diversity)

· Combined space-time (or space-frequency) block code/cyclic delay diversity

In the MIMO email discussions, several companies indicated preference to agree on a single transmit diversity scheme or at least limiting the number of transmit diversity schemes used in R-UTRA. In this contribution, we provide a performance comparison of two major categories of transmit diversity schemes namely CDD and block-code based transmit diversity both in correlated and uncorrelated channel scenarios. 
In [1], Nokia claimed that CDD performance suffers significantly under correlated channel conditions. However, our observations indicate that under correlated channel conditions, in general, there is little or no transmit diversity gain. Therefore, there is no need to try to use a transmit diversity scheme under correlated channel conditions.  However, beamforming gain can rather be exploited under correlated channel conditions providing better performance than the transmit diversity schemes, even at higher UE speeds. We also show that this beamforming gain can simply be exploited with CDD by setting the cyclic delay value to zero. This approach is inline with the Adaptive Cyclic Delay Diversity (ACDD) concept in [2]. In ACDD, the delay values are determined on a user-by-user basis based on the user channel profile and velocity etc. In ACDD, the frequency-selectivity introduced is exploited by using frequency-selective multi-user scheduling [3] or frequency-diversity. The frequency-selective multi-user scheduling provides gains for low to medium mobility users. The frequency-diversity provides robustness against fading for high-mobility users. 
The delay value in ACDD can also be selected based on the channel correlations. In a highly correlated channel, a zero delay value is used to exploit the beamforming gains. Note that we are not doing beamforming in the conventional sense, where we need “beamforming-weights” per sub carrier. The Node B can calculate the correlation from an uplink pilot, and if the channel is sufficiently spatially correlated, it can calculate the single phase rotation across the entire 10MHz bandwidth, for example, from the uplink pilot which needs to be applied to each Tx antenna. The option of the UE feeding back this phase rotation is simply to eliminate the need for antenna calibration technology at the Node B. Also, when 2 antennas are spatially correlated, it means that the phase relationship between them do not change in frequency and time. 

2 Link Performance

2.1 Simulation Assumptions

The link parameters are provided in Table 1. 
Table 1 Link Simulation Assumptions

	Parameter
	Value

	Transmission  Bandwidth
	10 Mhz

	NFFT
	1024

	Usable sub-carriers
	600 

	Sub-carrier spacing
	15 kHz

	Subframe duration
	0.5ms

	Number of OFDM symbols per sub-frame
	5 (data)

	Number of sub-channel
	24

	RB size (sub-channel)
	25 tones

	Channel Model
	SCM (Macro Urban)

	Number Tx Antennas
	2 for CDD and SFBC

1 for baseline

	TX antenna spacing
	10 wavelength for spatially independent

0.5 wavelength for spatially correlated

	Number of Rx Antennas
	2 for CDD, SFBC and Baseline

	Mobile Speed
	120 Km/Hr

	Turbo Code, code rate
	1/3, 2/3

	Modulation
	QPSK

	HARQ
	None

	Channel Estimation
	Ideal


Note that in this simulation, we employ SCM channel under Macro Urban parameters. By adjusting antenna spacing without changing other SCM parameters, the spatially correlation (less than 0.1) is generally observed for 10 wavelength which we consider as spatially independent. On the other hand, higher correlation (around 0.8~1.0) is obtained for 0.5 wavelength, which we regard as spatially correlated.
2.2 Link Simulation Results

The link performance of SFBC and CDD in a spatially independent channel for QPSK, R=1/3 is shown in Figure 1. In a spatially uncorrelated case, transmit diversity gain is higher and therefore CDD delay value of 64 is chosen to exploit the transmit diversity benefit. It can be noted that at around 1% BLER, CDD performance is only 0.5dB worse than the SFBC scheme. Figure 2 shows the link performance in a spatially correlated scenario for QPSK, R=1/3. The spatially correlated case is simulated by setting the transmit antenna spacing to /2 in the SCM urban macro channel. The CDD delay value of zero is picked to exploit the beamforming gains in this case. It can be noted that CDD outperforms SFBC in this case. It is interesting to note that SFBC performs worse than the single transmit antenna case. This is due to the fact that under spatially correlated scenario, there is little or no transmit diversity to be exploited but SFBC experience loss because two adjacent subcarriers used to block code information experience relative fading.
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Figure 1 QPSK, R=1/3, CDD Delay=64 samples
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Figure 2 QPSK, R=1/3, CDD Delay=0
The link performance of SFBC and CDD in a spatially independent channel for QPSK, R=2/3 is shown in Figure 3. In a spatially uncorrelated case, transmit diversity gain is higher and therefore CDD delay value of 64 is chosen to exploit the transmit diversity benefit. It can be noted that at around 1% BLER, CDD performance is only les than 1dB worse than the SFBC scheme. Figure 4 shows the link performance in a spatially correlated scenario for QPSK, R=2/3. The CDD delay value of zero is picked to exploit the beamforming gains in this case. It can be noted that CDD outperforms SFBC in this case. 
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Figure 3 QPSK, R=2/3, CDD Delay=64 samples

[image: image4.emf] 

0 1 2 3 4 5 6 7 8

10

-2

10

-1

10

0

EbNo (dB)

BLER

 

 

Baseline

CDD-Delay=0, Spatially Correlated

SFBC, Spatially Correlated


Figure 4 QPSK, R=2/3, CDD Delay=0
2.3 Additional Link Simulation Results

In this section, we consider link performance of SFBC and CDD in a spatially correlated channel with 10 wavelength spacing. In these simulations, we employ small angle spread in order to generate spatially correlated channels. The typical correlation is around 0.9 or above, which is a little higher than in Section 2.2.  Figure 5 and Figure 6 shows the link performance in a spatially correlated scenario for QPSK, R=1/3, and R=2/3, respectively. The CDD delay is set to zero for exploiting the beamforming. It can be observed that CDD outperforms SFBC by almost 3dB at 1% BLER in this case.
                   
[image: image5]
Figure 5 QPSK, R=1/3, CDD Delay=0
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Figure 6 QPSK, R=2/3, CDD Delay=0

3 Conclusion
We provided a link performance comparison of two major categories of transmit diversity schemes namely CDD and block-code based transmit diversity both in correlated and uncorrelated channel scenarios. The observations from our study are summarized below:
· Under spatially uncorrelated channel conditions, block-code based SFBC approach provides a 0.5-1dB gain over CDD. However, we expect that this difference will be further reduced when hybrid ARQ is considered.
· Under spatially correlated situation, CDD has 1-3.0dB gain over block-code based SFBC approach. In fact, under spatially correlated situation, the performance of SFBC is worse than the single transmit antenna case. This is due to the fact that under spatially correlated scenario, there is little or no transmit diversity to be exploited but SFBC experience loss because two adjacent subcarriers used to block code information experience frequency selective fading with SCM channel model.
Moreover, CDD has certain advantages over block-code based approaches:

· CDD scales easily with the number of transmit antennas, that is no need to modify the transmit structure between 2, 3 or 4 transmit antennas. In the case of block codes, for more than 2 transmit antennas case, either the code rate needs to be less than 1 or a non-orthogonal space-time or space-frequency code needs to be employed. Moreover, different space-time or space-frequency codes needs to be designed for different number of transmit antennas. In both non-orthogonal case and code rate less than 1, performance penalty is introduced for space-time or space-frequency codes.
· The performance of CDD is not as sensitive as STBC/SFBC with increasing frequency/time selectivity of the channel.
· CDD does not require that symbols need to be paired in time or frequency as with STBC/SFBC providing a simpler overall structure.
· Additionally, CDD allows to exploit multi-user scheduling gains with small cyclic delay values
In the light of the performance data presented in this paper and numerous advantages of CDD over block-code based transmit diversity scheme, we propose to select CDD as the transmit diversity scheme for E-UTRA.
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