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New Training Sequences for GERAN Evolution
1.   Introduction

Training Sequence Codes (TSCs) currently being used in GSM/EDGE systems defined in 45.002 [1] are optimized with their autocorrelation properties for GMSK and 8-PSK modulations rather than with their both autocorrelation and cross-correlation properties. In GERAN#31 and GERAN#32, two new Work Items “Higher Uplink Performance for GERAN Evolution (HUGE)” and “REduced symbol Duration, Higher Order modulation and Turbo coding for downlink (RED HOT)” have been approved, respectively. Both of these Work Items consider using 16-QAM and 32-QAM modulations. 

In this contribution, new TSCs for different signaling such as BPSK, 8-PSK, 16-QAM, and 32-QAM are introduced. The autocorrelation properties of the new TSCs are as good as the current TSCs in GSM/EDGE. Furthermore, as shown in this contribution the new TSCs have been optimized to significantly improve cross-correlation properties compared to the current TSCs in GSM/EDGE. The new TSCs can have the same sequence length (26 symbols) as the GSM/EDGE training sequences but the size of the full set of new TSCs with 26 symbols is much larger than the GSM/EDGE TSCs.
2.   Motivation
2.1 Correlation properties of GSM/EDGE TSCs

In GSM, each normal burst includes one TSC of 26 bits, which is selected from available eight different TSCs [1]. All of these TSCs have zero autocorrelations for shifts from -5 to +5 except for the zero shift. Up to six channel tap coefficients can be estimated with a simple correlator.
Tighter reuse networks are desirable with the continued growth in users and services using GSM/EDGE and expected evolved GERAN technologies to optimize the spectrum efficiency. However, a reduced frequency reuse factor results in larger co-channel interference in the networks. To accurately estimate channel coefficients, new TSCs with both good autocorrelation and cross-correlation properties are desirable. It has been demonstrated that the cross-correlations of TSCs have a significant impact on the performance of a single antenna interference cancellation scheme [2]. However, the current TSCs being used in GSM/EDGE are designed without optimizing their cross-correlation properties.
Signal-to-noise (SNR) degradation (
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 in dB) [3], which is related to mean square errors in detection of received signals, has been proposed to evaluate correlation properties among multiple sequences. The smaller the value of 
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, the better the sequence correlation properties. The SNR degradation of mutual sequences is also used to evaluate designed training sequences for TDMA systems [4].
 Table I shows the mutual SNR degradation of TSCs defined in [1]. The worst 
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 is over 12 dB.
Table 1   Mutual SNR degradation of GSM/EDGE TSCs.
	       TSC#
TSC#
	0
	1
	2
	3
	4
	5
	6
	7

	0
	
	7.36
	3.63
	3.60
	5.33
	5.36
	5.35
	4.50

	1
	7.36
	
	3.60
	3.24
	5.57
	5.22
	5.13
	4.22

	2
	3.63
	3.60
	
	7.36
	6.25
	4.50
	5.57
	8.08

	3
	3.60
	3.24
	7.36
	
	4.60
	5.58
	5.33
	7.66

	4
	5.33
	5.57
	6.25
	4.60
	
	12.16
	6.53
	6.71

	5
	5.36
	5.22
	4.50
	5.58
	12.16
	
	4.07
	5.51

	6
	5.35
	5.13
	5.57
	5.33
	6.53
	4.07
	
	6.44

	7
	4.50
	4.22
	8.08
	7.66
	6.71
	5.51
	6.44
	


Note: The maximal mutual SNR degradation: 12.16 dB; the minimal mutual SNR degradation: 3.24 dB.
2.2 Complementary sequences
Let binary sequences 
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, be a pair of complementary sequences of length N whose aperiodic autocorrelations 
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, sequences A and B are Golay complementary sequences [5]. The known available lengths of Golay complementary sequences include: 2, 4, 8, 10, 16, 20, 32, etc. When 
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, sequences A and B are called quasi-complementary sequences.
In addition, the work presented in [6] implies that for any pair of Golay complementary sequences A and B, we can always find another pair of Golay complementary sequences 
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 which satisfy the following complementary aperiodic cross-correlation property: 
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Example 1: For sequences of length N being 8, four sequences are designed as follows: 
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It can be verified that 
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The inherent good autocorrelation properties of Golay and quasi-complementary sequences and good cross-correlation properties of Golay complementary sequences motivate the design of TSCs, each of which includes a pair of complementary sequences. For 6-tap fading channels with channel impulse response 
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, to apply complementary sequences to channel estimation, it is required that 
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3.   Construction of New TSCs
3.1 Binary TSCs

A potential binary training sequence is constructed to satisfy the training sequence structure as shown in Figure 1 by use of a pair of length-N Golay/quasi-complementary sequences A and B. The all-zero guard sequence Z which includes five zero-valued symbols is augmented in the most significant positions of A and B, respectively. The guard sequence Z should be long enough to eliminate the intersymbol interference in the same time slot (caused by the memory of multipath fading channels) either between data symbols and symbols in the training sequence or between symbols in A and B within a training sequence.

Therefore, for 6-tap fading channels, the length of training sequences becomes 
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. When N equals 8, the length of new TSCs is 26 which is the same as the GSM TSCs; when N equals 10, the length of new TSCs is 30. Both TSC lengths could be suitable for the burst formats with the Higher Symbol Rate technique proposed in HUGE and RED HOT Work Items. 


Figure 1   Structure of TSCs constructed based on complementary sequences.
Let the sequence X of length 
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 be a TSC constructed based on a pair of complementary sequences A and B of length N with structure as in Figure 1: 
[image: image35.wmf]01'1011011

(,,...,)(0,0,0,0,0,,,...,,0,0,0,0,0,,,..

.)

---

==

NNN

xxxaaabbb

X

.
Without consideration of co-channel interference, the received signal samples at the receiver are: 
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Based on [7], [8], the least-squares error estimate (LSEE) of the channel is:
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where 
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 autocorrelation matrix. Since sequences A and B are a pair of Golay/quasi-complementary sequences, 
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 is a diagonal matrix in which only the diagonal elements have the non-zero value of 2N and others are with zeros.
A full-set TSCs of a specified length can be constructed based on Golay/quasi-complementary sequence pairs. Table 1 shows the sizes of full sets of new TSCs. 
Table 2   Sizes of full sets of new TSCs.
	Length of new TSCs
	Golay
	Quasi

	26
	192
	256

	30
	128
	832


With consideration of co-channel interference, low cross-correlations between TSCs are desirable to improve the system performance. TSCs with good cross-correlation properties can be optimized from a full set of news TSCs. Consider mutual cross-correlations between two arbitrary TSCs. Let 
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where 
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, as shown in Example 1, have perfect correlation properties within a range of shifts of interest, they result in the lowest mutual 
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 (dB). For length-26 and length-30 TSCs, the best mutual 
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 equal 2.43 dB and 2.04 dB, respectively.

TSCs in a subset are obtained by minimizing the maximal 
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 in a subset from the corresponding full set of TSCs with a given subset size.  Tables 3, 5, 7 and 8 list TSCs found in subsets of size 8. Mutual SNR degradations of length-26 TSCs listed in Table 3 and Table 5 are presented in Tables 4 and 6, respectively. 
Table 9 shows the best and worst mutual SNR degradations of new TSCs for different sizes of subsets. For comparison, results for GSM/EDGE TSCs and TSCs constructed based on 20-bit sequences proposed in [4] are also presented. This table demonstrates that new TSCs of length 26 significantly improve cross-correlation properties compared to the GSM/EDGE TSCs. The best 
[image: image66.wmf]SNR

d

 value of the new TSCs can be about 0.6 dB smaller than the previously proposed TSCs [4] for the subset size being 8. For larger sizes of subsets of TSCs, new TSCs still show very good correlation properties.
Table 3   Binary length-26 TSCs constructed based on Golay complementary sequences
	TSC#

	Binary Training Sequence Symbols


	0
	(0,0,0,0,0,-1,-1,-1,-1,-1,1,1,-1,0,0,0,0,0,-1,1,-1,1,-1,-1,1,1)

	1
	(0,0,0,0,0,-1,-1,-1,-1,1,-1,-1,1,0,0,0,0,0,-1,1,-1,1,1,1,-1,-1)

	2
	(0,0,0,0,0,-1,-1,1,1,-1,1,-1,1,0,0,0,0,0,-1,1,1,-1,-1,-1,-1,-1)

	3
	(0,0,0,0,0,-1,-1,1,1,1,-1,1,-1,0,0,0,0,0,-1,1,1,-1,1,1,1,1)

	4
	(0,0,0,0,0,-1,1,-1,1,-1,-1,1,1,0,0,0,0,0,-1,-1,-1,-1,-1,1,1,-1)

	5
	(0,0,0,0,0,-1,1,-1,1,1,1,-1,-1,0,0,0,0,0,-1,-1,-1,-1,1,-1,-1,1)

	6
	(0,0,0,0,0,-1,1,1,-1,-1,-1,-1,-1,0,0,0,0,0,-1,-1,1,1,-1,1,-1,1)

	7
	(0,0,0,0,0,-1,1,1,-1,1,1,1,1,0,0,0,0,0,-1,-1,1,1,1,-1,1,-1)


Table 4   Mutual SNR degradation (in dB) of TSCs listed in Table 3.

	       TSC#

TSC#
	0
	1
	2
	3
	4
	5
	6
	7

	0
	
	3.52
	2.43
	3.52
	2.60
	2.60
	3.14
	3.12

	1
	3.52
	
	3.52
	2.43
	2.60
	2.60
	3.12
	3.14

	2
	2.43
	3.52
	
	3.52
	3.14
	3.12
	2.60
	2.60

	3
	3.52
	2.43
	3.52
	
	3.12
	3.14
	2.60
	2.60

	4
	2.60
	2.60
	3.14
	3.12
	
	3.52
	2.43
	3.52

	5
	2.60
	2.60
	3.12
	3.14
	3.52
	
	3.52
	2.43

	6
	3.14
	3.12
	2.60
	2.60
	2.43
	3.52
	
	3.52

	7
	3.12
	3.14
	2.60
	2.60
	3.52
	2.43
	3.52
	


Note: The maximal SNR degradation: 3.52 dB; the minimal SNR degradation: 2.43 dB.
Table 5   Binary length-26 training sequences constructed based on quasi-complementary sequences

	TSC#

	Binary Training Sequence Symbols



	0
	(0,0,0,0,0,-1,-1,-1,-1,-1,1,1,-1,0,0,0,0,0,-1,-1,1,1,-1,1,-1,1)

	1
	(0,0,0,0,0,-1,-1,1,-1,1,1,1,1,0,0,0,0,0,-1,1,-1,-1,-1,1,1,-1)

	2
	(0,0,0,0,0,-1,-1,1,1,-1,1,1,1,0,0,0,0,0,-1,1,-1,1,1,1,1,-1)

	3
	(0,0,0,0,0,-1,1,1,-1,-1,-1,1,-1,0,0,0,0,0,-1,-1,-1,-1,1,-1,1,1)

	4
	(0,0,0,0,0,-1,1,1,1,1,-1,1,-1,0,0,0,0,0,-1,-1,-1,1,-1,-1,1,1)

	5
	(0,0,0,0,0,-1,1,-1,1,-1,-1,1,1,0,0,0,0,0,-1,1,1,-1,-1,-1,-1,-1)

	6
	(0,0,0,0,0,-1,-1,1,-1,-1,-1,-1,1,0,0,0,0,0,1,1,-1,1,-1,-1,-1,1)

	7
	(0,0,0,0,0,-1,1,1,1,-1,1,-1,-1,0,0,0,0,0,1,-1,-1,-1,-1,1,-1,-1)


Table 6   Mutual SNR degradation (in dB) of TSCs listed in Table 5.

	       TSC#

TSC#
	0
	1
	2
	3
	4
	5
	6
	7

	0
	
	2.86
	2.86
	2.99
	2.99
	2.43
	2.87
	3.30

	1
	2.86
	
	3.29
	2.43
	3.40
	2.99
	3.22
	3.32

	2
	2.86
	3.29
	
	3.40
	2.43
	2.99
	3.22
	3.32

	3
	2.99
	2.43
	3.40
	
	3.29
	2.86
	3.32
	3.22

	4
	2.99
	3.40
	2.43
	3.29
	
	2.86
	3.32
	3.22

	5
	2.43
	2.99
	2.99
	2.86
	2.86
	
	3.30
	2.87

	6
	2.87
	3.22
	3.32
	3.32
	3.32
	3.30
	
	2.43

	7
	3.30
	3.32
	3.22
	3.22
	3.22
	2.87
	2.43
	


Note: The maximal SNR degradation: 3.40 dB; the minimal SNR degradation: 2.43 dB.
Table 7   Binary length-30 training sequences constructed based on Golay complementary sequences

	TSC#

	Binary Training Sequence Symbols



	0
	(0,0,0,0,0,-1,-1,1,1,-1,-1,-1,1,-1,1,0,0,0,0,0,-1,-1,-1,-1,-1,1,-1,1,1,-1)

	1
	(0,0,0,0,0,-1,-1,1,-1,-1,-1,-1,-1,1,1,0,0,0,0,0,-1,-1,1,1,-1,1,-1,1,-1,-1)

	2
	(0,0,0,0,0,-1,-1,1,-1,1,-1,1,1,-1,-1,0,0,0,0,0,-1,-1,1,1,1,1,1,-1,1,1)

	3
	(0,0,0,0,0,-1,1,1,-1,1,-1,-1,-1,-1,-1,0,0,0,0,0,-1,1,-1,1,1,1,-1,-1,1,1)

	4
	(0,0,0,0,0,-1,-1,1,-1,-1,-1,-1,-1,1,1,0,0,0,0,0,1,1,-1,-1,1,-1,1,-1,1,1)

	5
	(0,0,0,0,0,-1,-1,1,-1,1,-1,1,1,-1,-1,0,0,0,0,0,1,1,-1,-1,-1,-1,-1,1,-1,-1)

	6
	(0,0,0,0,0,-1,-1,1,1,-1,-1,-1,1,-1,1,0,0,0,0,0,1,1,1,1,1,-1,1,-1,-1,1)

	7
	(0,0,0,0,0,-1,1,1,-1,1,-1,-1,-1,-1,-1,0,0,0,0,0,1,-1,1,-1,-1,-1,1,1,-1,-1)


Table 8   Binary length-30 training sequences constructed based on quasi-complementary sequences

	TSC#

	Binary Training Sequence Symbols



	0
	(0,0,0,0,0,-1,-1,1,1,-1,1,-1,1,1,1,0,0,0,0,0,-1,1,-1,-1,-1,-1,-1,1,1,-1)

	1
	(0,0,0,0,0,-1,-1,1,-1,1,-1,1,1,-1,-1,0,0,0,0,0,-1,1,1,-1,-1,-1,-1,-1,-1,1)

	2
	(0,0,0,0,0,-1,1,1,-1,-1,-1,-1,-1,1,-1,0,0,0,0,0,-1,-1,-1,1,-1,1,-1,-1,1,1)

	3
	(0,0,0,0,0,-1,1,1,1,1,1,1,-1,-1,1,0,0,0,0,0,-1,-1,1,1,-1,1,-1,1,-1,-1)

	4
	(0,0,0,0,0,-1,-1,-1,-1,1,-1,-1,1,1,-1,0,0,0,0,0,1,-1,1,-1,1,1,1,1,-1,-1)

	5
	(0,0,0,0,0,-1,-1,1,1,1,1,-1,1,-1,1,0,0,0,0,0,1,-1,-1,1,1,-1,1,1,1,1)

	6
	(0,0,0,0,0,-1,1,-1,1,1,1,-1,-1,1,1,0,0,0,0,0,1,1,1,1,1,-1,1,-1,-1,1)

	7
	(0,0,0,0,0,-1,1,1,-1,1,-1,-1,-1,-1,-1,0,0,0,0,0,1,1,-1,-1,1,1,1,-1,1,-1)


Table 9 The best and worst mutual SNR degradation (in dB) of binary TSCs
	Sequences
	Subset size

	
	8
	10
	12
	15
	19

	
	SNR degradation (dB)
	SNR degradation (dB)
	SNR degradation (dB)
	SNR degradation (dB)
	SNR degradation (dB)

	
	worst
	best
	worst
	best
	worst
	best
	worst
	best
	worst
	best

	GSM
(length 26)
	12.16
	3.24
	-
	-
	-
	-
	-
	-
	-
	-

	20-BIT 
(length 26)
	3.99
	2.37
	5.03*
	2.31*
	5.41
	2.61
	5.75*
	2.27*
	6.61
	2.61

	New TSCs - Golay    (length 26)
	3.52
	2.43
	3.58
	2.43
	3.81
	2.43
	4.16
	2.43
	4.26
	2.43

	New TSCs -

quasi- 
(length 26)
	3.40
	2.43
	3.54
	2.43
	3.61
	2.43
	3.71
	2.43
	4.12
	2.43

	New TSCs - Golay    (length 30)
	2.66
	2.04
	3.00
	2.04
	3.00
	2.04
	3.18
	2.04
	3.20
	2.04

	New TSCs - quasi- 
(length 30)
	2.63
	2.04
	2.69
	2.04
	2.73
	2.04
	2.87
	2.04
	2.96
	2.04


“*” agree with the results shown in [4]. 
3.2 TSCs with higher order modulation signaling
Training sequences with high-order modulation signaling, such as 8-PSK, 16QAM, and 32QAM etc., can be obtained by extending the optimized binary TSCs. Let A and B be a complementary sequence pair in a binary training sequence with symbols from 
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 (which have the same absolute value but with opposite signs), respectively, generates sequences 
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, the relationships of their autocorrelations and cross-correlations are: 
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, for any available shift k. It is required that symbols in training sequences with a complex signaling be chosen from two modulation constellation points which have the same energy with opposite signs. For a large signal-to-noise ratio value for received signals, it is desired that the energy of symbols 
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 in TSCs be as large as possible. Based on the discussion above, Figures 2 – 4 show the possible complex signals suitable for training sequences with 8-PSK, 16-QAM, and 32-QAM signaling, respectively. Two opposite complex signals which are rotated with a fixed phase simultaneously will not change the autocorrelations and cross-correlations of training sequences. In Figures 2 – 4, the solid points represent the suitable signals for training sequences. Assume that the normalized energy equals 1. Therefore, c = 1 for 8-PSK signals; c = 1.8 for 16-QAM signals; c = 1.7 for 32-QAM signals. The best subset of TSCs for binary signaling is also best subset of TSCs for higher-order modulation signaling.
Let an SNR degradation for binary sequences be 
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 (in dB) and let the corresponding SNR degradation for sequences with higher-order modulation signaling, which is obtained by replacing “1” and “-1” with 
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Table 10 shows the best and the worst 
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 values for mutual length-26 training sequences which are generated based on Golay and quasi-complementary sequences. The subset size of sequences is 8.

Table 10 Best and worst mutual SNR degradation values (in dB) of length-26 TSCs 
in a subset of size 8 with modulation different signaling
	
	Golay
	Qausi-

	
	Best 
	Worst
	Best
	Worst

	BPSK
	2.43
	3.52
	2.43
	3.40

	8PSK
	2.43
	3,52
	2.43
	3.40

	16QAM
	1.51
	2.29
	1.51
	2.20

	32QAM
	1.59
	2.39
	1.59
	2.30
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Figure 2 8PSK signals suitable to be applied to training sequences.
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(a)                                                                    (b)

Figure 3 16QAM signals suitable to be applied to training sequences.
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Figure 5 32QAM signals suitable to be applied to training sequences.

4.   Conclusion
Design of new training sequence codes for evolved GREAN systems has been introduced. The new TSCs can have either the same sequence length as the GSM/EDGE TSCs or a longer sequence length which could be suitable for Higher Symbol Rate technique in HUGE and RED HOT work items. New TSCs have very good autocorrelation and cross-correlation properties.
We suggest to include the content of this contribution in the Feasibility Study for evolved GERAN [9]. 

Reference

[1] 3GPP TS 45.002, “3GPP TSG GERAN; Multiplexing and multiple access on the radio path (Release 6)”.

[2] GP-020822, “Downlink GMSK interference suppression – performance evaluation”, source Ericsson, TSG GERAN #9.

[3] B. Steiner and P. Jung, “Optimum and suboptimum channel estimation for the uplink of CDMA mobile radio systems with joint detection,” European Transactions on Telecommunications, vol. 5, pp.39-50, Jan.-Feb., 1994.

[4] M. Pukkila and P. Ranta, “Channel estimator for multiple co-channel demodulation in TDMA mobile systems,” Proc. of the 2nd European Personal Mobile Communications Conference, pp. 327-333, 1997.

[5] M.J.E. Golay, “Complementary series,” IEEE Trans. Inform. Theory, vol. IT-7, pp. 82-87, Apr. 1961.

[6] Y. Taki, H. Miyakawa, M. Hatoti, and S. Namba, “Even-shift orthogonal sequences,” IEEE Trans. on Inform. Theory, vol. IT-15, pp. 295-300, 1969.

[7] C. Tellambura, Y.J. Guo, and S.K. Barton, “Channel estimation using aperiodic binary sequences”, IEEE Commun. Lett., vol. 2, pp. 140-142, May 1998.

[8] S.N. Crozier, D.D. Falconer, and S.A. Mahmoud, “Least sum of squared errors (LSSE) channel estimation”, Proc. Inst. Elect. Eng. – pt.F, vol. 138, pp. 371-378, 1991.

[9] 3GPP TR45.912, v7.1.0, “Feasibility study for evolved GSM/EDGE radio access network,” Rel-7, v7.1.0.
B





Z





A





Z
































PAGE  
1

_1232431005.unknown

_1232434535.unknown

_1232446987.unknown

_1232449981.unknown

_1232539238.unknown

_1232539704.unknown

_1232539955.unknown

_1232451183.unknown

_1232460793.unknown

_1232460803.unknown

_1232460756.unknown

_1232450001.unknown

_1232449316.unknown

_1232449807.unknown

_1232447280.unknown

_1232445216.unknown

_1232446785.unknown

_1232446852.unknown

_1232446890.unknown

_1232446840.unknown

_1232446719.unknown

_1232437798.unknown

_1232438020.unknown

_1232437691.unknown

_1232433953.unknown

_1232434378.unknown

_1232434493.unknown

_1232434192.unknown

_1232434321.unknown

_1232434035.unknown

_1232432245.unknown

_1232433863.unknown

_1232432267.unknown

_1232432172.unknown

_1232431134.unknown

_1232431169.unknown

_1232112102.unknown

_1232376060.unknown

_1232376442.unknown

_1232376459.unknown

_1232376382.unknown

_1232373599.unknown

_1232374070.unknown

_1232375654.unknown

_1232116853.unknown

_1232369383.unknown

_1232118197.unknown

_1232116751.unknown

_1232108962.unknown

_1232111905.unknown

_1232111918.unknown

_1232111839.unknown

_1232111854.unknown

_1232087702.unknown

_1232087826.unknown

_1232101139.unknown

_1232108428.unknown

_1232088110.unknown

_1232101129.unknown

_1232088898.unknown

_1232087900.unknown

_1232087760.unknown

_1232086144.doc

[image: image1]

(







-(












_1232087474.unknown

_1232086200.doc

[image: image1]

(







-(












_1232086251.doc

[image: image1]

(







-(












_1232034850.doc

[image: image1]

I







Q







-(







(












_1232085751.unknown

_1232085765.unknown

_1232034992.doc

[image: image1]

I







-(







Q







(












_1232035137.doc

[image: image1]

I







-(







Q







(












_1232035136.doc

[image: image1]

I







-(







Q







(












_1232034929.doc

[image: image1]

I







-(







Q







(












_1232009072.doc

[image: image1]

(







-(












_1232034777.doc

[image: image1]

I







Q







-(







(












_1227533242.unknown

