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1 Introduction
The open loop transmit diversity discussion have been going on at LTE meeting for quite a while and many contributions have been submitted and presented on this topics. It is agreed that open loop transmit diversity is needed for the downlink control and data channels. For control channels where no re-transmissions and no scheduling mechanisms are available, open loop transmit diversity could play the key role in maintaining performance. For data channel, even though there exists other ways to improve performance such as through re-transmission and frequency selective scheduling, open loop transmit diversity could still help in certain scenarios, such as at the cell edge when SNR is relative low.  

Many transmit diversity schemes have been proposed and discussed.  As claimed by their proponents, each of them has its own merits in terms of performance, complexity, and scalability. However, in some discussions, different assumptions are used for each scheme and therefore, the comparison may not be fair. In this contribution, some of the issues related to transmit diversity are further discussed and some clarifications are made based on more practical assumption. It is believed that this kind of discussion is needed for the final decision on which transmit diversity scheme should be chosen for the LTE system. 
This contribution is a re-submission of R1-071696
2 Transmit Diversity Schemes

Among all the transmit diversity schemes proposed so far, two major candidates for data and control channels are CDD and STBC/SFBC. In this contribution, our discussion focus will be on these two schemes. 

1. Cyclic delay diversity (CDD, also known as cyclic shift diversity, CSD): The OFDM signal is transmitted over one transmit antenna and a circularly shifted version of that is transmitted over the second transmit antenna. 
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where the phase shift is related to the relative time shift and sub-carrier position. For the frequency position k and cyclic delay D and FFT size of N, this phase shift is
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The equivalent channel equation for this scheme over two receive antennas are:
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2. Space Frequency Block Code, (SFBC, also known as space-frequency transmit diversity, SFTD)
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The equivalent channel equation for this scheme over the two adjacent sub-carriers k and k+1 is:
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Assuming that the channel coefficients do not change very fast over frequency, the equivalent channel is orthogonal and hence, a simple Alamouti decoder performs similar to the optimal receiver.

The above illustration is for 2 transmit antennas system. For 4 transmit antenna system, there exist such schemes as pure CDD, SFBC+CDD and SFBC+FSTD, whose formulations of equivalent channels can be found in [1].
3 Discussion on Transmit Diversity Schemes

Performance of different transmit diversity schemes has been studied and presented in many contributions. In general, it is observed that the STBC/SFBC based scheme outperforms the CDD scheme and the  gain of the STBC/SFBC based scheme over the CDD scheme in terms of BLER ranges from 0.3 dB to 1.5 dB in different scenarios ‎[1] - ‎[4]. As performance of different transmit diversity schemes has been well studied and documented, it is not the focus of this contribution. Instead, other related issues are of interest here, some of which we believe are not clarified and could lead to some misunderstandings. 
3.1 Channel Estimation
Most simulations done so far on performance comparison are based on the assumption of using ideal channel, however, it is the reality that channel estimation must be used in a real system and therefore how channel estimation is done for transmit diversity should also be considered. 

In a transmit diversity scheme comparison, some proponents of the CDD scheme claim that one of the merits of the CDD system is that it will save on reference signal overhead. The rational behind this is that if CDD is used as transmit diversity scheme at the Node B, the UE could only need to estimate the equivalent channels as shown in Eq-3 in Sec 2. Therefore, unlike STBC/SFBC which requires two set separate RS to estimate four channel paths for a 2x2 system, CDD scheme will only need one set of RS to estimate 2 equivalent channels, which means 50% saving in RS. 

This argument seems to be reasonable if only considering RS savings. However, one should remember that if the RS used here are the downlink common RS, which is the most natural assumption.  Then as agreed in ‎[5] the common RS in the downlink are FDM multiplexed, therefore there needs to be two set of orthogonal RS, one for each antennas, no matter whether CDD is implemented or not.  In other words, even if CDD is chosen as the transmit diversity scheme, it will not save on the RS overhead, as two set of orthogonal RS, one for each antenna, must still be transmitted as other UE still need both sets of RS for their operation modes(spatial multiplexing (SM), antenna selection etc) and MIMO channel quality measurement.  
In addition, to directly estimate the equivalent channel shown in Eq-3 in Sec 2 could only bring acceptable performance when the cyclic delay for CDD is very small. If the cyclic delay for CDD is chosen to be a relative large number, then the proper way to conduct channel estimation for CDD is to estimate the individual path 
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 respectively and then combine them to get the equivalent channel response.  That again requires separate sets of RS for each antenna. 
So in conclusion, it is not proper to claim that CDD could achieve saving on RS, providing that RS used are common RS, and cyclic delay could be a relative large number.  
3.2 Transparency on Transmit Antennas
On picking the transmit diversity scheme, one preference is given by some companies that it is better for the scheme be transparent to the UE on number of transmit antennas at Node B. This preference is understandable as the UE vendor would like a scheme which doesn’t require any change at the UE side when the antenna configuration at the Node B varies. That makes the UE able to work with all the Node B antenna configurations transparently.
The CDD scheme shows such a property to some extent, as shown in Eq-3 in Sec 2, in that its receiver structure does not change no matter how many transmit antennas are at Node B side. The only difference between different antenna configurations is the number of terms in the equivalent channel varies. However, if the common RS is used as RS for channel estimation, then as orthogonal RS is agreed to be created by FDM multiplexing for different antennas, the UE has to know the antenna configuration in order for it to know the locations of RS and conduct the channel estimation accordingly. So if this factor is taken into account, the CDD scheme will not be transparent to UE anymore. 
3.3 Cyclic Delay for CDD Scheme

The CDD scheme converts the spatial diversity into frequency diversity. This conversion is achieved through the use of the cyclic delay. The cyclic delay is therefore a very important parameter for CDD scheme. In order for the CDD scheme to fully exploit the diversity in different scenarios, different cyclic delays are needed, which are explained as follows:

· For very dispersive channel, large cyclic delays are required
· For flat channels with full band transmission or distributed transmission, small cyclic delays could be enough

· For flat channel with sub-band localized transmitting, large cyclic delays are required. 

This is because, as shown in Eq-2 in Sec 2, in order to go through the phase changes from 
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 to 2π within the coherent bandwith and therefore achieve the full diversity, two parameters can be played with, namely, the cyclic delay 
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and the sub-carrier indices 
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. If 
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 is small (such as in localized sub-band transmission), a large cyclic delay 
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 is needed. While for full band transmission or distributed transmission, where 
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could be large, a small cyclic delay 
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 may be enough. 
In addition, for multiple UEs, each could experience different scenarios as expressed above, and thus different cyclic delays could be required for each UE. All these could raise several issues:

· How many cyclic delays are required for the Node B to support, if CDD transmit diversity scheme is adopted ?
· How does Node B decide which cyclic delay should be used for certain UE ?
· How does Node B inform UE about the cyclic delay it is using.  ?
So in a word, CDD scheme is not that robust in different scenarios and could require more mechanisms to choose cyclic delay and more overhead to feed them back to the UE.  Compared with CDD scheme, SFBC transmit diversity scheme does not have such issues. 
3.4 Complexity Comparison
Implementation complexity is another important factor, especially for the UE side and should be taken into consideration when deciding which transmit diversity scheme should be used.  Depending on the requirement, different types of receivers can be used at the UE.  For example for SFBC transmit diversity scheme, one can choose to use a general MMSE receiver when strong color inter-cell interference is present, or to use a simple conventional Alamouti decoder if inter-cell interference can be modeled as white Gaussian noise.
Among all operations, division and multiplication operations require more resources to accomplish as compared with addition and subtraction operation, so only the number of division and multiplications are taken into comparison here
Table 1 contains the complexity comparison when simpler receivers are considered, namely, for SFBC scheme, the simple Alamouti decoder is used, and for CDD scheme, a simple ZF type of receiver is used. From the table, one can notice that the receiver complexity for SFBC and CDD schemes are the same if simple receivers are used. 
Table 1: Computational complexity overhead per subcarrer for all 2x2 schemes with simple decoder
	2x2 System
	Complex multiplications 
	Equivalent Channel phase rotations 

	SFBC
	4
	0

	CDD
	2
	2


Table 2 contains the number of complex division and multiplications per sub-carrier if MMSE receivers are assumed.  The main complexity of using MMSE receiver comes from the inversion of channel matrices. For the CDD scheme, if channel estimation is accomplished through estimating individual channels first before combining, which are more acceptable, extra operations are required for the phase rotations. As shown in the table, both SFBC and CDD requires the same number of division, which is the most complicated operation, and SFBC requite a bit more multiplications than CDD. Considering advanced ASIC design technology nowadays, these small differences won’t bring much increase in complexity.    
Table 2: Computational complexity overhead per subcarrier for all 2x2 schemes with MMSE decoder
	2x2 System
	Complex divisions 
	Complex multiplications 
	Equivalent Channel phase rotations 

	SFBC
	1
	15
	0

	CDD
	1
	4
	2


The above analysis only shows the complexity at the UE side. For Node B side, if the CDD scheme is not applied to the whole band, such as in localized sub-band transmission, it requires more complexity as; the CDD scheme will only be realized in frequency domain for each sub-band using so-called PSD, which requires computing the phase shift for each sub-carrier. For SFBC scheme, there is no such complexity overhead at Node B size. 

From the analysis addressed in this section, it can be concluded that the implementation complexity for SFBC and CDD transmit diversity schemes are very similar. The complexity comparison shown here are for 2x2 systems only, however, similar conclusion can be extended to 4x2 systems as well. 
3.5 Conclusions 

So to summarize the discussion in this contribution, some conclusions can be drawn as follows:
· If common RS are used for channel estimation, there is no RS saving for the CDD scheme 
· Again if common RS are used, the CDD scheme is not transparent to UE in terms of transmit antenna configuration.
· The CDD scheme is less robust as it may require a number of cyclic delays for different scenarios.
· The complexity of the SFBC and CDD schemes is similar. 
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