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1. Introduction
This contribution provides an analytical comparison of the 4 candidate MUROS TSC sequences.  These 4 candidate TSCs are proposed by NSN [1], RIM [2], Huawei [3], and Motorola [4].  
Among the 4 candidate TSC sequences, several attempts to compare the performance have been proposed [5]

 REF _Ref214592965 \r \h 
[6]

 REF _Ref214592967 \r \h 
[7]

 REF _Ref214592970 \r \h 
[8]

 REF _Ref214592972 \r \h 
[9].  Although there are some differences in evaluating TSC performance, there are some agreements.  At least two companies have shown almost identical results on channel estimation error with different channel lengths[5]

 REF _Ref214592967 \r \h 
[7].  Using different channel length will provide different optimal TSC sequence, in the sense of minimizing channel estimation error. 

This contribution will provide further analysis on the TSC performance of minimizing channel estimation error, based on previous investigation.  Because it was decided that cross-correlation properties shall be included in the last MUROS telco, paired and unpaired cross-correlations among new TSC and legacy TSC are provided for all 4 candidate training sequences.
2. Channel Estimation Error with Residual ISI Consideration

Previous investigations show that the optimal TSC design will depend on the desired channel length[5]

 REF _Ref214592965 \r \h 
[6]

 REF _Ref214592967 \r \h 
[7]

 REF _Ref214592970 \r \h 
[8]

 REF _Ref214592972 \r \h 
[9].  It has been shown and confirmed that NSN’s TSC set is the best for channel length L=7, RIM’s TSC is the best for channel length L=6, and Motorola’s TSC is the best when channel length L=5 and L=4, among the 4 candidate TSCs.  The results are re-listed in Table 1, which was presented in [4].  The average error variance of channel estimation results are identical to the Table 2 of [7].
Table 1    Mean of Channel Estimation Error Variance

	Mean of Tr((QHQ)-1)
	Nokia
	RIM
	Huawei
	Motorola

	Obs Len=20, L=7
	0.7848
	0.8311
	0.8896
	0.8656

	Obs Len=21, L=6
	0.6258
	0.6114
	0.6673
	0.6375

	Obs Len=22, L=5
	0.4908
	0.4772
	0.5030
	0.4741

	Obs Len=23, L=4
	0.3710
	0.3613
	0.3743
	0.3596


One approach to select the best performance is to take the average variance of channel estimation error for L=4, 5, 6, 7(as in [6]), or for L=5 and 6 (in [7]).  When the channel length L is shorter, the channel estimation error is usually smaller.  This is because that shorter channel length assumption will provide longer observation window to achieve better channel estimation.  Averaging channel estimation error over different channel length will be in favour of the good TSC of longer channel length.  This averaging approach has little physical meaning and it should not be used to evaluate TSC performance.
A fair comparison of TSC shall use the variance of channel estimation error.  Any TSC sequence that will provide minimal channel estimation error shall be the optimal TSC.  To have a fair comparison, we shall take into account the ISI (inter-symbol-interference) impact due to potentially insufficient channel length L.  In current investigations, it seems that either L=5 or L=6 shall be used.  The channel length will be 14.8μs and 18.5μs for L=5 and L=6, respectively.  These channel delays shall be sufficient for a TU channel, which has a maximal delay of 5μs.  For a HT channel with the maximal delay of 20μs, it is reasonable to concern the potential performance loss due to ISI when a shorter L is used.  In this section, we will address this concern.
Assume a channel with the maximal length of L0, while we consider the channel length L<L0.  From 

[image: image1.wmf](

)

(

)

k

L

L

L

k

L

k

L

k

L

L

k

k

k

k

z

h

h

q

q

q

h

h

q

q

q

y

+

÷

÷

÷

ø

ö

ç

ç

ç

è

æ

+

÷

÷

÷

ø

ö

ç

ç

ç

è

æ

=

-

+

-

-

-

-

-

+

-

-

1

1

1

1

0

1

1

0

0

.

...

.

...

,

where hk is channel gain at tap k, qk is the transmitting symbol (TSC symbol), zk is the noise and interference, and yk is the received signal at k, the second term of RHS can be considered as the residual ISI, when the channel length L is less than the actual channel length L0.  With matrix representation, the received signal can be represented as

[image: image2.wmf]z

η

h

Q

z

h

Q

h

Q

y

+

+

=

+

+

=

r

r

, 
where Q is a Toeplitz matrix, Qr is a Toeplitz matrix associated with the residual ISI channel gains hr. The residual ISI is represented as η = Qr hr.  Apply the LS channel estimator to obtain
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A good channel estimator shall minimize the channel estimation error.  The covariance of the error becomes
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,
where I is an identity matrix.  The second term of the error covariance is due to the residual ISI.  It is the residual inter-symbol interference (ISI) power.  The value of the residual ISI power depends on the actual channel gains in the residual ISI part hr.  
In order to evaluate the channel estimation error when residual ISI is considered, we simulate both TU and HT channels to yield the residual channel gain hr.  Besides, some elements in matrix Qr are data symbols right before the TSC midample.  Random bits are used to simulate these data symbols.  After the residual ISI power is obtained through simulations, we add the “trace” item with a noise variance to yield the error variance of the channel estimation.  
The average error variance of channel estimation is obtained by averaging all 8 TSC codes for each TSC proposed set.  The TU channel results are shown in Figure 1, for all 4-candidate TSC with L=5 and L=6.  The right one is the zoomed-in figure.  It shows that with L=5, the LS channel estimation algorithm will have smaller channel estimation error than the case with L=6.  Among all the scenarios shown in the figure, Motorola’s candidate with L=5 has the least average error variance for channel estimation.
This result is no surprised for TU channel, which has the maximum channel delay of 5μs.  L=5 corresponds to 14.8μs, which is long enough to minimize any residual ISI effect.  Besides, for L=5, it has been shown and confirmed that Motorola’s candidate TSC has the least channel estimation error, among the 4 proposed TSC candidates.
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Figure 1   Average Error Variance of Channel Estimation of TU Channels
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Figure 2   Average Error Variance of Channel Estimation of HT Channels
The HT channel results are illustrated in Figure 2.  The L=5 and L=6 results are similar to the TU channel scenarios.  With L=5, although there is residual ISI, the power of residual ISI is not significant enough to impact the gain of using L=5 for channel estimation, compared to L=6.  Among all 4-candidate TSC sequences for both L=5 and L=6 scenarios, Figure 2 shows that Motorola’s TSC candidate with L=5 achieves the least average error variance of channel estimation.
3. Unpaired Cross-Correlation Performance

Last MUROS telco meeting decided that cross-correlation properties shall be evaluated for unpaired TSC.  Unpaired training sequence indicates that any new MUROS TSC sequence can be “paired” with any one of the 8 legacy training sequences.  There are a total of 8x8=64 possible pairs.  Cross-correlation property for each of the 64 possible TSC pairs is evaluated.  No offset is assumed, i.e. the delay between two training sequences is zero.

To compare the cross-correlation properties over all 4 TSC sets, we use cdf (cumulative distribution function) to illustrate the distribution of the 64 cross-correlation values.  The cumulative distribution is shown in Figure 3.  For example, from this figure, it shows that about 67% of the 64 pairs of Motorola’s TSC+legacy TSC will have cross-correlation value that is less than or equals to 0.12.  About 88% pairs of Huawei’s TSC will have cross-correlation value that is less than or equals to 0.19.
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Figure 3   Cumulative Distribution of Unpaired TSC Cross-Correlation
From Figure 3, among the 4 TSC candidates, different TSC sequence has the best performance at different cross-correlation values.  For cross-correlation values less than or equal to 0.0769, Huawei’s candidate has more pairs than others.  For x-correlation values less than 0.11, Motorola’s candidate performs at the top.  For x-correlation values less than 0.19, Huawei’s candidate is the best.  For x-correlation less than 0.23, Huawei and Motorola’s have more TSC pairs than the other two candidates.
The cross-correlation between a new MUROS TSC and a legacy TSC is evaluated in Figure 3.  The cross-correlation between two MUROS training sequences shall be investigated.  Cross-correlation between MUROS TSC will affect the interference between a new MUROS voice sub-channels and another MUROS sub-channel in other cell/sector.  This interference will be out-of-sector/cell interference, thus its impact shall be much less significant than the intra-cell interference between two MUROS sub-channels.

Among 8 training sequences, there are a total of 28 possible TSC pairs.  We use the cumulative distribution to illustrate the percentage of TSC pairs that has a cross-correlation value less than or equal to a certain value.  Figure 4 provides the results of all 4 candidate TSCs.  From Figure 4, it shows that RIM’s candidate has the best cross-correlation performance for MUROS TSC + MUROS TSC.
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Figure 4   Cumulative Distribution of Cross-Correlation of MUROS TSC Pairs
4. Paired Cross-Correlation Performance

The paired TSC indicates that a new MUROS training sequence shall work with a specific legacy training sequence.  The cross-correlation between these two training sequences is very important.  The cross-correlation with zero-delay is shown in Table 2.  Note that the results shown in Table 2 confirm NSN’s paired cross-correlation results in Table 1 of [7].
Table 2    Cross-Correlation Between Paired TSC Sequences

	TSC Pair
	0
	1
	2
	3
	4
	5
	6
	7

	Nokia/NSN
	0.1538
	0.1538
	0.1538
	0.1538
	0.0769
	0.0769
	0
	0.0769

	RIM
	0.0769
	0
	0.0769
	0
	0
	0.0769
	0
	0.0769

	Huawei
	0.0769
	0.1538
	0.1538
	0.0769
	0.1538
	0.0769
	0.0769
	0.1538

	Motorola
	0
	0
	0
	0
	0.0769
	0.0769
	0
	0.0769


5. Discussions and Conclusions
This contribution presents performance comparison of the 4-candidate MUROS training sequences, which are proposed by NSN/Nokia, RIM, Huawei, and Motorola.  Channel estimation error variance, unpaired cross-correlation, and paired cross-correlation are investigated for comparison.  Based on our investigation, we conclude that
1. LS (Least Squared) channel estimation with channel length L=5 shall be used because the channel estimation error with L=5 is less than that with L=6.  Residual ISI has small impact to the channel estimation performance even for HT channel.  

2. Motorola’s TSC candidate can provide the least channel estimation error among the 4 candidates, when L=5 is used.
3. When unpaired TSC sequences are considered, Huawei and Motorola’s candidates have better performance in terms of cumulative distribution of cross-correlation.

4. For the cross-correlation properties of any two sequences of new MUROS sequences, RIM’s candidate has the best performance.

5. For paired cross-correlation properties, Motorola’s candidate has the best performance.

. It is proposed to include this contribution into the technical report of MUROS feasibility study.
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