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On Training Sequences for MUROS
1. Introduction
Multi-User Reusing-One-Slot (MUROS) [1] is an ongoing study item in GERAN that seeks to at least double the peak voice capacity both in uplink and downlink. Orthogonal Sub Channel (OSC) [2] and co-TCH [3] are two MUROS candidate techniques, in which it is desirable that two sub-channels be separated with two uncorrelated training sequences (TS).
In [2] eight training sequences were proposed for OSC, each of which is optimized in correlation properties with its corresponding legacy TSC. 
In this document, requirements of training sequences for MUROS are discussed. Two pair-wise correlation properties are investigated: 1) the pair-wise correlation properties of an arbitrary new training sequence and a legacy TSC, and 2) the pair-wise correlation properties of an arbitrary pair of the new training sequences. A new set of training sequences for MUROS with consideration of these pair-wise correlation properties is presented and evaluated.
2. Training Sequences for MUROS 
2.1 Requirements of training sequences for MUROS
Correlation properties of training sequences have a significant affect on the performance of channel estimation and interference cancellation in mobile stations (MS) and base stations (BS). Selection of training sequences is critical in OSC and co-TCH.

Since it is required that MUROS capable networks support legacy mobile stations [4] and MUROS aware terminals may roam to areas without MUROS capable networks, legacy TSCs must be adopted by MUROS in both BS and MS. However, as shown in Section 3, some legacy TSCs are strongly correlated. It is necessary to introduce new training sequences, which should satisfy the following requirements:

· good cross-correlation properties between a new training sequence and its corresponding legacy GSM TSC;

· good cross-correlation properties for any pairs of new training sequences and legacy GSM TSCs;
· good cross-correlation properties for any pairs of new training sequences; and
· good autocorrelation properties of each new training sequence.
MUROS should include two sets of TSCs, TSC Set I and TSC Set II, in which TSC Set I is composed of the eight GSM TSCs only; and TSC Set II contains eight new training sequences with improved cross-correlation properties.
2.2 Assignment of training sequences for a MUROS aware MS
Training sequences for new MUROS aware MSs can be assigned as follows:

· when a MUROS aware MS is to be served by a network without MUROS capability, one legacy TSC will be assigned for this MS;

· when a MUROS aware MS is to be served by a network with MUROS capability and there is a vacant timeslot, this MS does not need to share a timeslot with another MS. Assuming that on average new training sequences have been designed to have better correlation properties than legacy TSCs, one new training sequence will be assigned for this MS;

· when a MUROS aware MS, MS-A, is served by a network with MUROS capability, as discussed above, a new training sequence is assigned to MS-A. If there is a request to share the same timeslot with another MS, the new MS, MS-B, will be assigned to the legacy TSC which is selected to be paired with the new training sequence being used by MS-A, regardless of whether or not MS-B is MUROS aware;

· when a legacy MS, MS-A, is served by a network with MUROS capability, a legacy TSC is assigned to MS-A. If there is a request to share MS-A’s timeslot with another MUROS aware MS, MS-B, the new training sequence which is designed to be paired with the legacy TSC being used by MS-A will be assigned to MS-B.

3. Correlation Properties of Training Sequences
3.1 Signal-to-noise ratio (SNR) degradation 
The degradation of signal-to-noise ratio (SNR) [5], [6] has been used to evaluate the correlation properties of training sequences. In this document, SNR degradation is also used to optimize new training sequences for their autocorrelation and cross-correlation properties.

Consider two synchronous co-channel or two MUROS signals with 6-tap independent complex channel impulse responses 
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Let the received signal samples at the receiver be: 
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and corresponds to the training sequence 
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 (note that S1 and S2 can be constructed with two different training sequences, respectively, either from the same training sequence set or from different training sequence sets). The noise vector is 
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Based on [6] the least-squared error estimate of the channel is:
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The pair-wise SNR degradation of training sequences is defined as:


[image: image12.wmf]])

)

[(

1

(

log

10

1

10

-

+

×

=

S

S

tr

d

t

SNR

  (dB)                                       (3)

where 
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In general, the better the autocorrelation and cross-correlation properties, the lower the SNR degradation value and the smaller the least-squared estimation error.
3.2 Evaluation of GSM legacy TSCs 
Eight GSM training sequences of length 26 are defined in [7]. SNR degradation can be used to evaluate correlation properties of the sequences considered. Based on definitions (1)-(3), the pair-wise SNR degradation values between existing GSM TSCs are calculated and listed in Table 1.
Table 1 Pair-wise SNR degradation values of GSM TSCs (in dB)

	       TSC#

TSC#
	0
	1
	2
	3
	4
	5
	6
	7

	0
	-
	6.91
	3.24
	3.08
	4.75
	4.87
	4.85
	3.88

	1
	6.91
	-
	3.08
	2.72
	5.03
	4.70
	4.70
	3.67

	2
	3.24
	3.08
	-
	6.91
	5.57
	3.97
	5.12
	7.16

	3
	3.08
	2.72
	6.91
	-
	4.06
	4.99
	4.79
	6.91

	4
	4.75
	5.03
	5.57
	4.06
	-
	11.46
	5.87
	6.11

	5
	4.87
	4.70
	3.97
	4.99
	11.46
	-
	3.73
	5.03

	6
	4.85
	4.70
	5.12
	4.79
	5.87
	3.73
	-
	5.72

	7
	3.88
	3.67
	7.16
	6.91
	6.11
	5.03
	5.72
	-


Table 1 demonstrates that some GSM TSC pairs are strongly correlated (with large pair-wise SNR degradation values), indicating that the cross-correlation properties of GSM TSCs need to be further optimized. The average and maximum SNR degradation values of existing GSM TSCs equal 5.10 dB and 11.46 dB, respectively.
3.3 Training sequences proposed in [2]
In [2] eight new training sequences of length 26 were introduced, with each sequence optimized to have good cross-correlation properties with its corresponding GSM TSC. Tables 2 and 3 show the SNR degradation performance of these new training sequences. The average and maximum pair-wise SNR degradation values in Table 2 and Table 3 are compared with other training sequences in Table 7.
Table 2 Pair-wise SNR degradation values between any pairs of new training sequences proposed in [2] and GSM TSCs [4] (in dB).
	     TS[2]#

GSM

TSC#
	0
	1
	2
	3
	4
	5
	6
	7

	0
	2.14
	3.38
	3.20
	3.03
	2.43
	2.31
	2.25
	2.71

	1
	4.87
	2.13
	2.59
	3.30
	2.58
	2.36
	2.26
	2.79

	2
	3.20
	3.03
	2.14
	3.38
	2.26
	2.34
	2.51
	2.38

	3
	2.59
	3.30
	4.87
	2.13
	2.48
	2.31
	2.53
	2.29

	4
	2.71
	2.55
	2.40
	2.78
	2.05
	2.38
	2.24
	2.41

	5
	2.33
	2.77
	2.74
	2.86
	2.21
	2.11
	2.41
	2.38

	6
	2.78
	2.68
	2.69
	2.70
	2.26
	2.93
	2.06
	2.28

	7
	2.50
	3.93
	2.79
	2.41
	2.21
	2.31
	2.20
	2.12


Table 3 Pair-wise SNR degradation values between any pairs of new training sequences proposed in [2] (in dB).
	       TSC#

TSC#
	0
	1
	2
	3
	4
	5
	6
	7

	0
	-
	2.37
	2.35
	2.52
	3.23
	2.80
	2.32
	3.64

	1
	2.37
	-
	2.52
	2.74
	3.23
	3.49
	2.93
	2.60

	2
	2.35
	2.52
	-
	2.37
	3.41
	2.69
	2.86
	3.17

	3
	2.52
	2.74
	2.37
	-
	3.10
	3.71
	6.89
	2.71

	4
	3.23
	3.23
	3.41
	3.10
	-
	3.66
	3.71
	3.79

	5
	2.80
	3.49
	2.69
	3.71
	3.66
	-
	3.33
	3.93

	6
	2.32
	2.93
	2.86
	6.89
	3.71
	3.33
	-
	3.32

	7
	3.64
	2.60
	3.17
	2.71
	3.79
	3.93
	3.32
	-


Table 7 shows that although the overall average pair-wise SNR degradation values of Tables 2 and 3 are good, the peak pair-wise SNR degradation values are still relatively high, e.g. 6.89 dB in Table 3. To obtain better performance, it is desirable that correlation properties of training sequences be balanced and the overall correlation properties be as good as possible.
3.4 New training sequences
A new set of eight training sequences of length 26 is obtained through optimization of pair-wise SNR degradation values between a new training sequence and its corresponding GSM TSC, optimization of pair-wise SNR degradation values between any pairs of the new training sequences and the GSM TSCs, and optimization of pair-wise SNR degradation values between any pairs of the new training sequence. These new training sequences are listed in Table 4.
Tables 5 and 6 present the SNR degradation performance of new training sequences shown in Table 4. The average and maximum SNR values in Table 5 and Table 6 are compared with other training sequences in Table 7.

Table 4 New training sequences
	TSC#
	TSCs

	0

1

2

3

4

5

6

7
	0 0 0 1 0 0 0 0 1 0 0 1 1 0 1 0 1 0 0 0 1 1 1 1 0 0
0 1 1 1 1 1 0 1 0 0 0 0 1 0 0 1 1 0 0 0 1 0 1 1 1 1
0 0 1 0 1 0 0 1 0 0 0 0 0 0 1 1 0 0 0 1 0 1 1 1 0 1
0 1 1 1 0 1 1 0 0 0 1 1 1 1 1 1 0 0 1 0 1 0 0 1 1 0
0 1 1 0 0 0 1 0 0 1 1 0 1 0 1 0 0 1 1 1 1 1 1 0 0 1
0 0 0 1 1 0 0 0 0 0 1 0 1 0 0 0 0 1 1 0 0 1 0 1 1 1
0 0 1 1 0 1 1 1 1 0 1 0 1 1 1 1 1 0 0 0 1 0 0 1 1 0
0 0 1 0 1 1 0 0 1 1 1 1 1 1 0 0 1 1 1 1 0 1 0 1 0 0


Table 5 Pair-wise SNR degradation values between new training sequences in Table 4 and GSM TSCs (in dB).

	       New

        TS#

GSM

TSC#
	0
	1
	2
	3
	4
	5
	6
	7

	0
	2.18
	2.50
	2.55
	2.64
	2.23
	2.37
	2.31
	2.62

	1
	2.37
	2.20
	2.60
	2.39
	2.41
	2.67
	2.67
	2.61

	2
	2.52
	2.29
	2.18
	2.31
	2.87
	2.40
	2.27
	2.33

	3
	2.52
	2.61
	2.41
	2.16
	2.49
	2.29
	2.48
	2.18

	4
	2.26
	2.23
	2.17
	2.37
	2.16
	2.27
	2.30
	2.24

	5
	2.17
	2.25
	2.26
	2.32
	2.23
	2.18
	2.45
	2.20

	6
	2.37
	2.33
	2.31
	2.28
	2.24
	2.28
	2.13
	2.38

	7
	2.34
	2.24
	2.25
	2.25
	2.13
	2.29
	2.11
	2.12


Table 6 Pair-wise SNR degradation values between training sequences in Table 4 (in dB).

	       TSC#

TSC#
	0
	1
	2
	3
	4
	5
	6
	7

	0
	-
	3.62
	2.74
	3.24
	3.80
	2.90
	2.65
	2.81

	1
	3.62
	-
	3.52
	2.86
	4.19
	2.56
	3.51
	3.21

	2
	2.74
	3.52
	-
	3.42
	3.00
	2.99
	3.06
	4.02

	3
	3.24
	2.86
	3.42
	-
	2.52
	2.69
	3.53
	3.80

	4
	3.80
	4.19
	3.00
	2.52
	-
	2.44
	2.92
	3.12

	5
	2.90
	2.56
	2.99
	2.69
	2.44
	-
	3.43
	3.42

	6
	2.65
	3.51
	3.06
	3.53
	2.92
	3.43
	-
	3.00

	7
	2.81
	3.21
	4.02
	3.80
	3.12
	3.42
	3.00
	-


3.5 Comparisons of training sequences
Table 7 compares the average and maximum SNR degradation values of the GSM TSCs, the training sequences in [2] and the training sequences in Table 4. Table 7 demonstrates that with the new training sequences in Table 4 (as opposed to those in [2]):

· the maximum pair-wise SNR degradation values are reduced by 2.00 dB (as shown in column 3) and 2.70 dB (as shown in column 6);

· the average pair-wise SNR degradation value degreases 0.29 dB (as shown in column 2) for any pairs between the new training sequences and the GSM TSCs, while the average pair-wise SNR degradation value decreases 0.01 dB (as shown in column 5) for any sequence pairs among the new training sequence set; and
· the average pair-wise SNR degradation value between a new training sequence and its corresponding GSM TSC increases 0.05 dB (as shown in column 4).
Table 7 Average and maximum pair-wise SNR degradation values of training sequences (in dB)
	Training sequences
	Any pairs between the new TS and the GSM TSC
	Pairing with the corresponding GSM TSC
	Any pairs of sequences within a set

	
	Average 
	Maximum
	Average
	Average
	Maximum

	GSM TSC
	-
	-
	-
	5.10
	11.46

	TS in [2]
	2.63
	4.87
	2.11
	3.19
	6.89

	TS in Table 4 
	2.34
	2.87
	2.16
	3.18
	4.19


4. Summary
Requirements of new training sequences for MUROS are discussed. A method to assign training sequences for a MUROS aware MS is proposed. A new set of training sequences is presented that balances correlation properties between its sequences, and correlation properties with GSM TSCs. The new set of training sequences also maintains good overall correlation properties with little correlation performance degradation between its sequences and their corresponding GSM TSCs. Both training sequences in [2] and training sequences presented in this document show much better cross-correlation properties compared to the GSM TSCs.
Simulation is needed for further evaluation of the new training sequences.
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