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1. Introduction
VAMOS is a newly approved work item at GERAN#40 that a voice capacity can be techniques with the aid of some form of orthogonal sub-channels using the same time slot as the legacy voice channel.  A new set of TSCs is required for this orthogonal sub-channel in order to obtain reliable channel estimation. Several companies proposed their TSC sets [1] and the final decision among the four active candidate sets is yet to be made [2,3]. The evaluations of these TSC sets have been mostly based on channel estimation schemes employing LS or WLS [4]. This contribution presents a new TSC evaluation criterion for VAMOS downlink which is based on complex least-square (CLS) channel estimation scheme for VAMOS receivers. The novel CLS outperforms LS/WLS by approximately 1dB in terms of SNR degradation [5] due to the channel estimation errors. The paired TSCs of legacy as well as VAMOS are assumed to be available at the receiver, when fixed-pairing is employed [2,3].

2. Least Square (LS) versus Complex Least Square (CLS) Channel Estimation
Many channel estimation schemes employing LS are based on the following received signal model of a vector-matrix notation [4,5];
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where 
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is the received complex symbol vector for the duration not affected by data symbols but by TSC symbols, 
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are the combined discrete complex channel vectors of the desired signal and the main interferer signal, 
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are real Toeplitz matrices associated with the TSCs for the desired signal and the main interferer signal, and 
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the complex noise vector comprised of the other interfering signals as well as the additive white Gaussian noise. In VAMOS downlink operating scenarios the dominant interferer modelled in Eq. (1) is likely to be the other VAMOS sub-channel signal orthogonal to the desired signal, as discussed in [4]. Since the asynchronous inter-cell operation is being actively discussed for the purpose of TSC set evaluation, the other interfering signals from neighbour cells may not be represented as vector-matrix forms using the above discussed Toeplitz matrix associated with the corresponding TSCs. 
    A joint LS scheme estimate 
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at the same time based on an alternative form of the received signal model by augmenting  TSC matrices and channel vectors as [4,5];
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Then, the variance of joint LS channel estimation errors 
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is given as [4];
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The SNR degradation due to the imperfect channel estimation may be represented as [6,7];
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For VAMOS downlink the received signal model for channel estimation may be represented as;
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where 
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is the sub-channel power imbalance ratio (SCPIR) related constant and 
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is the complex Toeplitz matrix. The estimated channel is given as [5];
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The received signal model of Eq. (5) was derived utilizing the fact that both the orthogonal sub-channels experience the same fading channel in the MUROS downlink. Since the complex Toeplitz matrix associated with both the legacy TSC and a new TSC is used instead of a real Toeplitz, the LS scheme using 
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is named as Complex Least Square (CLS) for convenience. While the dimension of matrix 
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 of Eq. (2) is 
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, where 
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is the channel tap length, that of complex matrix 
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of Eq. (5) is 
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. The benefit of employing CLS over LS is considerable reduction of the corresponding channel estimation errors as detailed in the next section.
3. Results and Discussions
The scaling factor of channel estimation variance employing LS  is defined as [4];
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and that of CLS is given as;
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Let us compare the pair-wise channel estimation errors in terms of these variance scaling factors when SCPIR=0 dB or 
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is built using the legacy TSC 
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and 
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is built using the new TSC 
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 of the candidate TSC set, where
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. The channel estimation performance comparison presented below corresponds to the case when the channel tap length is between 4 and 6. The results corresponding to LS scheme have been presented by several companies [4,7,8,9] and they are repeated here for the comparison with those to CLS.
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Figure 1   Estimation Error Comparison of TSC Candidates (Channel Tap Length, L=6)
The channel estimation errors for the active four new TSC candidates [1-4] are given in Figure 1, when the channel tap length L is 6. The left graph corresponds to the case when the conventional LS channel estimation scheme is applied [9]. Comparing the magnitudes of channel estimation errors of LS scheme on the left graph and those on the right graph applying CLS, one may justify the use of CLS at VAMOS-aware receivers. RIM’s TSC set exhibits the lowest channel estimation errors for most TSC pairings for CLS as well as LS. It is interesting to observe that the other candidate sets exhibit slightly lower channel estimation errors at TSC pairing index 4 and 6 when applying CLS.
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Figure 2   Estimation Error Comparison of TSC Candidates (Channel Tap Length, L=5)
Figure 2 exhibits the channel estimation errors of both LS and CLS channel estimation schemes for four active new TSC candidate sets when the channel tap length L=5. The left graph in Figure 2 was reported by Motorola [4,9] and is shown here for a reference. One may again notice that the absolute values of channel estimation errors of CLS shown on the right graph are considerably lower than those of LS shown on the left graph. While Motorola’s TSC set outperforms the others for all TSC pairings when LS channel estimation is employed, it does not consistently outperform the others over all TSC pairings when CLS is employed. Specifically, RIM’s TSC set exhibits the lowest channel estimation errors for TSC pair indices of 1 and 3. Nokia’s TSC set shows the lowest channel estimation error for TSC pair index of 6. This suggests that TSC set selection may depend on the employed channel estimation schemes.
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Figure 3   Estimation Error Comparison of TSC Candidates (Channel Tap Length, L=4)
The channel estimation errors depicted in Figure 3 corroborates our observation. The channel estimation errors corresponding to the CLS schemes exhibit roughly 1/4 of those corresponding to the LS schemes [4,9] with the same scenario. Again, no single candidate TSC set exhibits the lowest channel estimation errors over all the TSC pairings when the CLS is applied. We can form the best TSC set by pick-and-mix strategy based on the results depicted in Figure 2 and Figure 3. Table 1 suggests such TSC set.
Table 1   Best TSC Candidate Set by Pick-and-Mix Strategy
	TSC Pair Indices
	TSC Set

	0, 2, 4, 5
	Motorola

	1, 3, 7
	RIM

	6
	Nokia


The channel estimation performances of LS and CLS are compared at Figure 4 in terms of the SNR degradation defined by Eq. (4). The minimum SNR degradation values among four active TSC candidate set are used for plotting the graphs for both LS and CLS channel estimation schemes. The SNR degradation graphs suggest the following;

· The CLS channel estimation scheme outperforms the LS scheme by 1 dB ~ 1.7 dB in terms of the corresponding SNR degradation due to imperfect channel estimation depending on the employed channel tap length

· The CLS channel estimation scheme is relatively insensitive to the employed channel tap length in comparison to the LS scheme.
· The channel estimation performance in terms of the SNR degradation is insensitive to the TSC pairing for both the LS and the CLS channel estimation scheme.
The channel estimation performance of four  TSC candidate sets when applying CLS is redrawn in Figure 5 in terms of the corresponding SNR degradation due to the imperfect channel estimation. When the channel tap length is 4 or 5, the performance difference in terms of the SNR degradations of four TSC sets is within 0.025 dB for L=5. The specific values are summarized in Table 2.
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Figure 4   Channel Estimation Performance of Best TSC Candidate Set 
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Figure 5   Channel Estimation Performance of four TSC Candidate Sets in terms of SNR Degradation
Table 2   Maximum Performance Difference of TSC Candidate Sets in terms of SNR Degradation (dB) for LS and CLS
	Channel Estimation Scheme
	L=7
	L=6
	L=5
	L=4

	LS
	0.6836
	0.3029
	0.0856
	0.0627

	CLS
	0.1118
	0.0419
	0.0240
	0.0165


The maximum SNR degradation differences between the active four TSC candidate sets tabulated in Table 2 suggest that there will be little impact on the actual link performance depending on the selected TSC set when CLS is employed as the channel estimation scheme.
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Figure 6   Channel Estimation Performance of four TSC Candidate Sets in terms of SNR Degradation for SCPIR=-6.6dB, -3.3dB, 0dB, 3.3dB and 6.6dB
The effect of SCPIR on the CLS channel estimation performance is depicted in Figure 6 for four active TSC candidate sets. The investigated values of SCPIR are -6.6 dB, -3.3 dB, 0 dB, 3.3 dB, 6.6 dB [3] and the values of 
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correspond to the linear value of the SCPIR in dB. With few exceptions the CLS channel estimation performance is improved as the SCPIR increases, as it can bee seen in Figure 6. Although it is not explicitly shown here, it was found that the relative ordering of the TSC candidate set for each TSC pairing was maintained for all the investigated values of SCPIR in terms of channel estimation errors. 
It was also found that the CLS channel estimation performance is relatively stable for the change of SCPIR. Table 3 summarizes the percentage variation of the SNR degradation for all TSC candidate sets. 
Table 3   Effect of SCPIR on CLS Channel Estimation Performance 
	TSC Set
	Nokia
	Huawei
	RIM
	Motorola

	Percentage Difference
	5.5548%
	4.4490%
	2.5543%
	2.5791%


The values were obtained using the following method.
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where 
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is defined in Eq. (4), 
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is the linear value of SCPIR and 
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is the TSC pairing index. 
4. Conclusions
When evaluating the active four TSC candidate sets, it is recommended that the CLS scheme may be considered as the channel estimation scheme since the CLS considerably outperforms LS. Furthermore, the TSC selection may be dependent on the employed channel estimation scheme. It is also suggested that a so-called pick-and-mix strategy may be considered for the viable option for new TSC selection, as some of four TSC candidate pairings seem to exhibit the lowest channel estimation error for specific pairing index. It may also be possible to optimize the TSC set of Table 1 with the new criterion of minimizing the channel estimation errors corresponding to the CLS channel estimation scheme. It was also found that CLS is robust to SCPIR variations. Since the maximum performance difference between four TSC candidate sets is as little as 0.024dB for L=5 when CLS is employed and no single TSC set dominates for all TSC pairing, we suggest the following.
· CLS is used as the channel estimation scheme instead of LS.
· The best TSC is selected for each TSC pairing by ‘Pick-and-Mix’ strategy.
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