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1. Introduction
MUROS needs a new set of training sequence codes (TSC) to couple with the legacy GMSK TSC for GSM voice channel capacity enhancement.  There have various TSC proposals from Nokia, Ericsson, China Mobile, Research in Motion, Huawei, and Motorola. These TSC designs are based on different criteria and the evaluation process is carrying on finding the best TSC proposal for MUROS systems.
The idea of MUROS is to create a voice sub-channel to co-exist with the legacy voice channel.  The new TSC shall work with the legacy TSC for synchronization and channel estimation.  There is a distinct autocorrelation property of the legacy TSC sequences.  These TSC are cyclic sequences.  Each of the eight legacy TSC will have zero correlation when the autocorrelation delay is less or equal than 5 symbols.  During GERAN WG1 ad hoc on EGPRS2/WIDER/MUROS in October 2008, Ad hoc meeting agreed that cyclic property shall not impair the performance even this property ensures an easy synchronization and channel estimation implementation at the receiver.  Therefore, ML detection of TSC is applied in this contribution. The compared  TSCs from RIM, NSN and Huawei are based on this approach.
MUROS TSC sequence design will depend on the choice of channel estimation algorithm at the receiver.  Even for LS-type estimator, there are many aspects to consider with before we have the right criteria for TSC search. This contribution discusses the TSC search criteria, and comparisons with other proposals for paired TSC only  are also provided in this contribution.
2. Least Squared-type Estimator
Consider a scenario with one dominating interferer, where there is one desired signal channel and one interference channel.  These two channel impulse responses are represented with vectors 
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, for desired signal channel and interference channel, respectively.  These two vectors are 
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 matrix, where L is the channel length.  The received signal associated with training sequence can be represented as

[image: image4.wmf][

]

z

h

Q

z

h

h

Q

Q

z

h

Q

h

Q

y

+

=

+

ú

û

ù

ê

ë

é

=

+

+

=

I

d

I

d

I

I

d

d

,
where 
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is a Toeplitz matrix associated with the desired training sequence, 
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is a Toeplitz matrix associated with the training sequence of interferer, and 
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is the noise vector.  The size of the Toeplitz matrices are
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.  W is the length of the observation window for channel estimation.
A generic weighted least squared (WLS) estimator provides an estimation of channel response
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.  We have
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where the weight matrix W is associated with noise correlation.  For LS estimator, the matrix W can be considered as an identity matrix.  The training sequence shall be designed to minimize the channel estimation error
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3. Interference in MUROS 
For MUROS TSC design, we shall consider three new interference sources when a sub-channel is introduced for MUROS.  The first type is the interference between two MUROS sub-channels, which may be called intra-cell interference because these two sub-channels coexist in one cell/sector.  The second type of interference is the interference between the legacy signal and the sub-channel signal with new TSC allocation.  The third type of interference is among the sub-channel with the new TSC allocation.  The later two types of interference are originated from out-of-cell sources.  Among the three new interference sources, the intra-cell interference will be dominate because the transmitting power of two MUROS sub-channels is usually comparable.  The other two out-of-cell interference due to the MUROS sub-channels will have less impact than the intra-cell interference.
Because new TSC sequences shall be paired with the legacy TSC for MUROS sub-channels, the intra-cell interference should be minimized.  This is the first and most important priority for TSC design.  We shall be able to find the new TSC sequences that could be able to minimize the channel estimation error, as discussed above.

Before searching the best TSC sequences to minimize the channel estimation error, we shall be aware that there are other factors that could affect the searching results.  Here the least-squared error (LS) estimator is assumed as the channel estimation algorithm.  While it is optimal when the noise is white, the LS estimator is not yet optimal when there is color noise.  LS channel estimation might be more suitable for these situations.  Usually the received noise will be color noise, particularly for uplink with diversity antennas.  We may still use the LS assumption; but it does not guarantee the optimal channel estimation (CE) performance.
Another important factor with the LS estimator is the assumption of channel length.  We can assume the channel length L=6, which will provide 21 observation TSC symbols for channel estimation.  The 6-tap channel can handle the delay as long as 5x3.69us=18.5µs, while the maximal delay of a TU channel is 5µs [7].  We can increase the observation symbols for channel estimation to 22 bits, or even 23 bits.  The corresponding channel delay will be 4x3.69µs = 14.8µs, and 11.1µs.  The increasing of observation windows will provide better channel estimation results by reducing the estimation errors and thus improve the receiver performance.  Using the 6-tap channel is under the assumption of working for HT profile.  This is not the case for MUROS, where most of its application shall work with TU and so far all simulation configurations are using TU3 from other company contributions.
Previous TSC design was using the observation length=21.  While these TSC sequences may provide good performance when the LS channel estimation is using 21 TSC bits, the performance is not the best for a LS CE with an observation window of 22 or 23 TSC bits.  With the assumption of observation window of 22, a new set of TSC sequences is found to minimize the channel estimation error.  This set of TSC sequences is listed in Annex A.  Figure 1 illustrates the estimation error comparison with other proposed TSCs.  It can be shown that this new TSC set has the best performance among all the listed TSC proposals in Figure 1.
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Figure 1   Estimation Error Comparison of TSC Candidates (Observation Length=22)
To illustrate the TSC performance with observation length=23, we show the similar estimation error comparison in Figure 2.  Again this new proposal provides the lowest channel estimation error.
[image: image14.emf]0 1 2 3 4 5 6 7

0.355

0.36

0.365

0.37

0.375

0.38

0.385

0.39

TSC Pair Index

Estimation Error

Obs. Window Length=23, Channel length L=4

Nokia

RIM-2

Huawei

Motorola


Figure 2   Estimation Error Comparison of TSC Candidates (Observation Length=23)
We summarize the mean of channel estimation error over all 8 TSC pairs.  The results are shown in Table 1.  Note that while observation length=21, Motorola’s candidate provides reasonable performance, however, the Motorola’s candidate provides the best performance for observation length=22 and 23.  Longer CE windows will have better CE performance.
Table 1   Mean of Channel Estimation Error of TSC Candidates

	Mean of Tr((QHQ)-1)
	Nokia
	RIM-2
	Huawei
	Motorola

	Obs Len=21, L=6
	0.6258
	0.6114
	0.6663
	0.6375

	Obs Len=22, L=5
	0.4908
	0.4772
	0.4944
	0.4741

	Obs Len=23, L=4
	0.3710
	0.3613
	0.3701
	0.3596


Reference [11] shows same results as this contribution and Motorola TSCs perform the best for observation length =22 and 23. We would like to point out the estimation errors for observation length = 23 are much smaller than observation length = 21. Nokia’s TSC estimation error at observation length = 21 is 65% higher than Nokia’s TSC at observation length = 23. The approach used in [11] to average all estimation errors to find the best TSC is incorrect (See more in [12]).
4. Simulation Results

DL simulations are run with two users in two co-TCH sub-channels.  The pair of users uses a legacy/new TSC pair.  The MTS-1 interference scenario is applied in our simulations.  Table 2 lists the simulation assumptions.  The simulation results are obtained by averaging all 8 TSC pairs.  LS channel estimator with observation window of 22 is used in our simulations.  

Figure 3 is the raw BER performance of a co-TCH subchannel with the new proposed TSCs, while the other co-TCH sub-channels use the legacy TSC sequences.  This figure shows that Motorola’s TSC candidate has the best performance among all 4-candicates evaluated, although the performance difference is not very significant.
Table 2   Simulation Assumptions

	Parameter
	Value

	Frequency Band
	900 MHz

	Channel Profile
	TU 3km/h

	Frequency Hopping
	Ideal

	SCPIR 
	0 dB

	Receiver
	MLSE with SAIC-type algorithm

	Interferer
	GMSK modulated co-TCH modulated interferers 

	C/I Calculation
	Total carrier power / the power of the dominant external interferer

	Frames Numbers
	10000
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Figure 3   Raw BER Performance Comparison
5. Conclusions
The proposed MUROS TSC sequences (see Annex A) can achieve the lowest channel estimation error when the observation window of LS estimator is greater or equal to 22, among the proposed TSC candidates.  Analysis and simulation results are also provided.

The TSCs proposed in this contribution outperform the other proposals when the observation window of LS estimator is greater or equal to 22. We believe that five tap channel length is the most suitable for TU environment in which MUROS is most likely deployed and can work well with HT environment too. It is proposed to slect the TSCs proposed in this contribution for MUROS.
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Annex A
Proposed MUROS Training Sequence Code

	TSC#
	Motorola Proposed TSC Symbols

	0
	+1 -1 -1 +1 +1 +1 +1 +1 +1 -1 +1 +1 -1 -1 +1 -1 +1 +1 +1 -1 -1 -1 +1 -1 +1 +1

	1 
	+1 +1 +1 -1 -1 -1 -1 +1 -1 +1 +1 -1 +1 +1 -1 -1 -1 +1 -1 -1 -1 +1 -1 -1 -1 +1

	2
	+1 -1 -1 -1 -1 +1 -1 -1 +1 -1 -1 -1 -1 +1 +1 -1 -1 -1 +1 -1 +1 -1 +1 +1 -1 -1

	3
	+1 +1 -1 +1 +1 +1 -1 +1 +1 +1 -1 +1 +1 -1 -1 -1 +1 +1 +1 +1 -1 +1 -1 -1 +1 -1

	4
	+1 -1 +1 +1 +1 -1 +1 -1 -1 +1 +1 +1 +1 -1 +1 -1 -1 +1 +1 +1 -1 +1 +1 +1 +1 +1

	5
	+1 -1 -1 +1 +1 +1 +1 -1 +1 +1 -1 -1 +1 -1 +1 -1 +1 +1 -1 -1 -1 -1 -1 +1 -1 -1

	6
	-1 -1 -1 +1 -1 -1 -1 -1 +1 +1 -1 +1 -1 -1 -1 -1 +1 +1 -1 +1 +1 +1 -1 +1 -1 +1

	7
	+1 +1 -1 +1 +1 +1 -1 +1 -1 -1 -1 +1 +1 -1 -1 -1 -1 -1 -1 +1 +1 -1 +1 -1 -1 +1
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