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1. Introduction

In the RAN 1 #44bis meeting in Athens, it has been discussed that Cyclic Delay Diversity (CDD) should be used for 2x2 baseline L1/L2 control channel investigations and other open loop transmit diversity schemes should be benchmarked against CDD.
In this contribution, link level simulation results are presented showing a comparison of CDD and other possible open loop TX diversity schemes for the basic 2x2 baseline evaluation setup. In Section 2 and Section 3, we present link level performance comparisons for the shared data channel with noise and interference limitation, respectively. Finally, in Section 4, results showing the effect of TX diversity on the DL control channel performance are presented. 
2. Comparison of 2 antenna open loop TX diversity schemes for the shared data channel
Contributions showing link level simulation results comparing Alamouti STBC/SFBC and CDD have been presented or submitted to previous RAN1 meetings, including e.g. [1,2,3] beside others. All these contributions show an advantage of the STBC/SFBC for 2 TX antennas compared to CDD. 
We present similar link level performance results for CDD, the Alamouti SFBC as well as frequency-switched transmit diversity (FSTD) for different modulation and coding combinations and different channel models. For Cyclic Delay Diversity, different values for the cyclic delay have been considered. For Frequency Switched Transmit Diversity (FSTD), the signals on neighboring subcarriers are transmitted through a different transmit antenna in the simulations presented in this contribution. 
The basic simulation assumptions are summarized in Table 1:

	OFDM parameters
	According to [4], 10MHz case (600+1 subcarriers, FFT size of 1024)

	Number of symbols / subframe
	7 according to [4]

	Number of data symbols / subframe
	5

	Antenna setup
	2x2 (1x2 as reference)

	Channel model
	TU, Flat Fading, SCM Urban Macro, SCM Urban Micro 

	UE speed
	v=3km/h

	Multi-antenna receiver
	MRC based 2RX receiver

	Channel estimation
	Ideal


Table 1: Basic link level simulation assumptions
In Figures 1a and 1b, the BLER behavior as a function of the SNR for QPSK modulation and R=1/3 coding for Typical Urban (TU) and Flat Fading channel profiles is illustrated. Please note, that the SNR represents the average SNR per symbol.
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Figure 1:   BLER performance of SFBC, CDD and FSTD for QPSK modulation 
with R=1/3 turbo coding. Typical Urban (a) and Flat Fading (b) channel profiles

The SFBC clearly outperforms CDD and FSTD as shown in other company contributions. Cyclic delay diversity and frequency switched transmit diversity show exactly the same performance, as one would expect considering the iid fading assumption used in here.

The delay D in numbers of samples for the CDD algorithm has not effect on the performance, due to the uncorrelated fading assumptions as long as the coherence bandwidth of the CDD transmission is smaller than the total transmission bandwidth, as shown in Figure 2.
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Figure 2: Effect of the delay D on the CDD performance

The performance of CDD and FSTD with respect to SFBCs is dependent on the underlying channel coding rate. For higher coding rates, the channel code is not fully able to realize the frequency diversity that CDD and FSTD transmissions create. This can be seen in Figures 3a and 3b, where the performance for 16QAM modulation with coding rates R=2/3 and R=4/5 are shown. 
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Figure 3: BLER performance for 16QAM modulation. 
Flat fading with R=2/3 (a) and Typical Urban with R=4/5 (b)
As can be seen in those figures, CDD and FSTD still achieve the same performance but the performance loss compared to the SFBC increases to up to more than 1dB. 

The simulation results shown in this contribution up to now and in most other company contributions have been created assuming uncorrelated fading on the different receive and transmit antennas. In order to see the effect of correlated channels on the different open loop TX diversity methods, we present the BLER performance for the SCM Urban Macro and SCM Urban Micro channel [5] in Figure 4a and Figure 4b. 
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Figure 4: BLER performance for QPSK modulation, Turbo Coding Rate R=1/3 and 
SCM Urban Macro (a) and SCM Urban Micro (b) channel models.

In case of correlated channels, FSTD achieves almost the same performance than the for 2 TX antennas optimal SFBC. CDD transmission results in constructive and destructive combining in case of correlated channels and therefore performs worse than simple FSTD. 
Summarizing the results presented in this subsection we can say that CDD is an open loop transmission method that performs equally well in case of uncorrelated channels than FSTD but has severe performance problems in case of correlated channels. The implementation complexity of FSTD and CDD are similar – FSTD is even slightly simpler: for CDD the channel estimates of the individual antennas have to be combined in the receiver which is not the case for FSTD. All in all, there seems to be no reason to prefer CDD of FSTD. Independent of channel models and MCS, the SFBC outperforms FSTD and CDD for the 2x2 setup.
3. Effect of interference on CDD and SFBC
In [6], Motorola presented some results for the softer-handover area. There it is shown based on EESM calculations assuming perfect channel & interference knowledge that in the softer-handover area CDD might have some advantages compared to SFBC when we take the interference suppression capabilities of the multi-antenna terminals into account. 

In this section link level simulation results for the same problem are presented. We consider the interference rejection combining receiver (IRC) as a simple multi-antenna receiver with interference rejection capabilities which is also called Optimum combiner (OC) [7]. With IRC, the branches are combined  in the receiver to a single input data stream for the following detector using the branch weighting


[image: image8.wmf]H

k

k

k

h

R

w

×

=

-

1

int,

,
where wk, Rint,k and hk denote the receiver branch combining weight for the k-th subcarrier, the interference plus noise covariance matrix estimate for the k-th subcarrier and the channel estimate for the user of the k-th subcarrier, respectively. In our simulations, we assume perfect channel knowledge for the serving NodeB – but we create an estimate of the interference plus noise covariance matrix by approximating it with the correlation matrix of the total received signal 
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       k=1,2,3,…,K subcarriers,
where yk,l is the total received signal at the k-th subcarrier in the l-th symbol including signal of the desired user, interference as well as noise. In order to get a reliable estimate for the matrix Rint,k, proper averaging is essential. In our simulations, we compare the case of estimating and inverting the correlation matrix individually for each subcarrier with estimation and inverting in blocks of B=5 or B=10 subcarriers 
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By doing this, we use in the receiver the channel information hk of the user on a subcarrier to subcarrier bases, but we average the interference information over neighboring subcarriers in order to improve the reliability of the estimate and update the interference covariance matrix estimate every, only every 5th or only every 10th subcarrier. As a reference receiver, we use maximum ratio combining with the combining weights wk=hkH.
The simulation parameters are summarized in Table 2:
	OFDM parameters
	According to [4], 10MHz case (600+1 subcarriers, FFT size of 1024)

	Number of data symbols / subframe
	5

	Antenna setup
	2x2 (1x2 as reference)

	Channel model
	Typical Urban

	UE speed
	v=3km/h

	Multi-antenna transmission
	SFBC (Alamouti) & CDD (D=128)

	Multi-antenna receiver
	MRC & IRC based 2RX receiver

	Channel estimation
	Ideal

	Interference modeling
	Dominant interference ratio (DIR) of 3dB, one directional interferer modeled

	Interference estimation
	Non-ideal, as described above

	Modulation and Coding
	QPSK, R=1/2 Turbo Coding


Table 2: Link level simulation assumptions for interference investigations
A single directional interferer has been modeled in these simulations. The power ratio of modeled directional interference and noise, called DIR (dominant interference ratio) was parameterized with DIR=3dB, which is a typical value in a cellular network. Referring to the results in [6], the DIR is given by DIR= Ior/No and the SINR measure can be expressed as SINR= Ioc/(Ior+No). The results of these simulations are shown in Figure 5:
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Figure 5: BLER performance for QPSK modulation with R=1/2 for CDD and SFBC 
with corresponding interference and a dominant interference ratio of DIR=3dB.
As can be seen from the results in Figure 5, the IRC receiver does not bring its advantages to bear compared to the much simpler MRC receiver for SFBC transmission and SFBC interferer, because the SFBC interferer creates an interference with channel rank 2 when not taking the special structure of the SFBC interference into account in the receiver. This is in line with the observations and descriptions in Motorola’s contribution [6].
For the used IRC receiver with CDD, there is something expected visible – the interference covariance matrix estimation robustness has a strong effect on the results. Without any kind of averaging in the frequency domain – only averaged of the 5 symbol samples (“CDD – IRC, 1subc”), the IRC receiver performs much worse than MRC receiver and much worse than SFBC at all. When applying averaging in the frequency domain for the interference estimate, the IRC receiver outperforms the MRC receiver for CDD and CDD interference but does basically not outperform the SFBC. 
One might argue now, that we can just apply more averaging in the frequency domain in order to improve the interference rejection capabilities for CDD and CDD interference and then outperform SFBC as in case of ideal interference knowledge for a simple receiver with interference rejection capabilities. CDD has one limitation that has to be taken into account: CDD creates uncorrelated channels in the frequency domain and we actually cannot average over too big bandwidths in case of CDD! CDD transmission should increase the frequency diversity – but on the other hand we would like to have a frequency flat behavior in order to improve our interference covariance matrix estimate. A small delay for CDD does not bring the full frequency diversity transmission over narrower bandwidths but allows interference averaging over a bigger frequency band, whereas a larger delay value for CDD guarantees frequency diversity gain also for smaller transmission bandwidths but introduces the problem of reliable interference estimation for interference suppression in the UE. Please note that this issue is even more severe in case of the control channel, where averaging over several symbols (in the time domain) as done for the data channel will be not possible.
4. Control channel performance of CDD and SFBC

The control channel performance was simulated over one OFDM symbol where the reference pilot symbols were located at every third subcarrier. The R=1/3 tail-biting convolutional code was used with constraint length L = 9 and polynomial description {557, 663, 711}. Random bit-interleaving in frequency was applied for the control data. The information block length was 254 bits that was appended with 12 CRC bits. 

The simulation results shown in Figure 6 lead to the same conclusions than in the case of the shared data channel in Section 2.  The SFBC clearly outperforms the CDD also in case of the control channel.
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Figure 6: BLER performance of SFBC and CDD with D = {64, 512} for QPSK modulation, 
tail-biting convolutional code with R=1/3, non-ideal channel estimation.

5. Summary and Conclusion

In this contribution, link level performance evaluations of 2 antenna open loop TX diversity schemes for the downlink shared data channel and control channel are presented. 
The results clearly indicate that the SFBC has a performance advantage of up to more than 1dB compared to CDD. It has been shown, that Frequency Switched Transmit Diversity (FSTD) achieves the same performance than CDD in case of uncorrelated channels. In case of correlated channels, CDD does not function properly whereas the performance of the Alamouti code and FSTD is not deteriorated due to the increasing channel correlation. The interference suppression capabilities of CDD when taking practical interference estimation into account is not better than in case of the Alamouti code based SFBC.
When considering the results presented in this document, it is not clear to us at all why CDD should be selected as the 2 antenna open loop TX diversity method because it shows overall the worst performance of the investigated methods (taking also correlated channels into account). The advantage of FSTD in case of correlated channels compared to CDD should make it easy to decide between those two TX diversity methods. The Alamouti based SFBC shows the best overall performance. 
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