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Training Sequence Evaluation for MUROS
1 Introduction

In this contribution, training sequences for MUROS are designed and evaluated. The proposed Training Sequence Codes (TSCs) are evaluated in comparison with TSC sets from Nokia ‎[4], Motorola ‎[5] and China Mobile ‎[6]. 
In Section ‎2, a method for designing training sequences is described. In Section ‎3, the evaluated TSC sets are presented. In Section ‎4, cross correlation properties for rotated sequences are presented. In Section ‎5, a performance evaluation between different proposed training sequence sets is presented. Finally in Section ‎6, conclusions are drawn.

2 Training Sequence Design

The methodology used to design training sequences in this study is a slightly modified version of the methodology used in ‎[1].
The training sequence set candidate presented in this contribution has been found using the search based method described in this section. Consider training sequences, s, of length N.
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First, an exhaustive search through all possible training sequences was performed and NL, a large number, sequences with the lowest autocorrelation properties were selected. The used autocorrelation measure of a sequence s is defined as,
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where (.)
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 denotes complex conjugate.

A maximized and normalized SNR-degradation, Ψ(s), was calculated for each of the NL best sequences. The normalized SNR-degradation, Ψ(s,L), is a modified version of the SNR-degradation mentioned in ‎[2]. The maximization and normalization is done with respect to the channel length, L.
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where tr{.} denotes the trace operator and (.)H denotes complex conjugate transpose. 

The cross correlation between two sequences was measured as the maximum channel estimate error caused by the interfering training sequence when employing a least squares estimator. The maximum is with respect to channel length and time lag due to an unsynchronized interfering training sequence. Consider the received signal during the training period from user “k” and interferer “p”, 
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where hk and hp denotes the channel of interest and interfering channel, respectively.  Given the received vector R, the least squares estimate of hk is given by, 


[image: image6.wmf](

)

error

h

S

S

S

S

h

h

p

p

H

k

k

H

k

k

k

+

+

=

-

1

ˆ

,
where the error includes the contribution not captured by the model, i.e thermal noise, model error, etc. The training sequences should be selected such that 
[image: image7.wmf][

]

k

p

k

p

h

h

E

,

,

*

 is minimized, where 
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. Assume a one branch receiver and that the covariance of the channel hp is equal to identity (corresponding to independent and identically distributed taps). 
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The expression is normalized with respect to the channel length and scaled in the same way as the SNR-degradation. If the interfering signal is unsynchronized, the sequences do not completely overlap. The error due to the interfering training sequence only depends on the overlapping part. This means that the non-overlapping parts of the sequences need to be removed from S, denote these truncated versions of S as S(μ), where μ is the time lag between user “k” and interferer “p”. Note that the least squares algorithm still remains the same, therefore the factors 
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 are unchanged. The maximum impact from an interfering sequence sp using the carrier sequence sk is denoted “cross correlation” and is defined as,
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The auto correlation Ψ(s) and cross correlation Δ(sk,sp) for all NL sequences and the legacy training sequences ‎[3] are stored in a matrix X. The correlations for the legacy training sequences must be included in X to ensure that the selected sequences have low cross correlations against the legacy training sequences.
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The problem of finding 8 sequences with low SNR-degradation, low cross correlation and low cross correlation against the 8 legacy training sequences can be formulated as
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where a(i), i=NL+1,…,NL+8, represent the legacy training sequences. This problem is relaxed to
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where y(x) is a function that is large when 
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 and z(a) is a function that is large when 
[image: image16.wmf]16

¹

a

a

H

. This problem is solved with a steepest descent method. From the steepest descent method the 60 most likely sequences including the 8 legacy sequences are extracted, i.e. 52 new candidate sequences. These 60 candidate sequences are exhaustively searched, by minimizing
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, for the 50 best training sequence sets containing 8 new sequences and the 8 legacy sequences. From these 50 sets, one set is selected by manually investigating the correlation properties.
In case these new training sequences only will be used in fixed pairs with the legacy training sequences, the new training sequences have been manually sorted with respect to their cross correlation properties against the legacy training sequences. Training sequence j from the proposed new set should be paired with training sequence j from the legacy set.
3 Training Sequence Candidates
Using the method described above, a set of binary training sequences of length 26 has been found. The training sequence set is presented in Annex ‎A.1.
In addition to the training sequence set designed according to Section ‎2, the following sets of training sequences have also been evaluated.
· Nokia candidate set ‎[4]. 
· Motorola candidate set ‎[5].
· China Mobile candidate set ‎[6].
Other training sequence code sets of interests:

· Legacy training sequence set ‎[3].

· Training sequence set for High Symbol Rate (HSR) ‎[3].
All these sets can be found in Annex ‎A.2.
4 TSC Correlations for Rotated Sequences

In this section, cross correlations between the proposed TSC sets for MUROS (GMSK rotated) and all possible rotations of possible interfering TSCs are considered.

Possible interfering TSCs and rotations:
· The proposed TSCs (excluding the carrier TSC), GMSK rotated.

· Legacy TSCs, GMSK rotated.

· Legacy TSCs, 8PSK rotated.

· Legacy TSCs, 16QAM rotated.

· Legacy TSCs, 32QAM rotated.

· HSR TSCs, QPSK rotated.

· HSR TSCs, 16QAM rotated.

· HSR TSCs, 32QAM rotated.

To measure cross correlation between High Symbol Rate and Legacy Symbol Rate the sequences need to be expressed with a common base time (or sampling time). All sequences compared were extended to the length 31*26=806. As an example, consider two sequences of length 2 and 3, [L1 L2] and [H1 H2 H3]. To measure cross correlation between them, they are extended to the length 2*3=6. They become [L1 L1 L1 L2 L2 L2] and [H1 H1 H2 H2 H3 H3].
The cross correlation measure used is the commonly known cross correlation:
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where
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For each pair, the maximum magnitude of the correlation with respect to lag, k, is stored.
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The maximum cross correlation between two rotated sequences taken from the possible interfering TSCs (excluding the TSCs from the proposed set) is 0.76923. Therefore only cross correlations above 0.75 are presented for the different proposed TSC sets for MUROS. For the TSC sets proposed by Ericsson and Nokia there are no correlations above 0.75. Maximum correlation for the Ericsson set is 0.53846 and the maximum correlation for the Nokia set is 0.73077. The maximum correlations for the proposed TSC sets are presented in Table 1. The maximum correlations for the Ericsson and Nokia sets are included for comparison, even though they are lower than 0.75.
	TSC#
	Rotation
	TSC set
	
	TSC#
	Rotation
	TSC set
	Correlation

	4
	GMSK
	Ericsson
	-
	2
	GMSK
	Legacy
	0.53846

	6
	GMSK
	Ericsson
	-
	3
	GMSK
	Legacy
	0.53846

	4
	GMSK
	Nokia
	-
	7
	GMSK
	Nokia
	0.73077

	1
	GMSK
	Motorola
	-
	3
	GMSK
	Motorola
	0.80769

	5
	GMSK
	Motorola
	-
	1
	GMSK
	Legacy
	0.76923

	6
	GMSK
	Motorola
	-
	2
	GMSK
	Legacy
	0.84615

	7
	GMSK
	Motorola
	-
	4
	GMSK
	Legacy
	0.76923

	8
	GMSK
	Motorola
	-
	8
	GMSK
	Legacy
	0.80769

	1
	GMSK
	China Mobile
	-
	3
	GMSK
	China Mobile
	0.84615

	5
	GMSK
	China Mobile
	-
	1
	GMSK
	Legacy
	0.76923


Table 1: Maximum cross correlations for rotated sequences.
5 Performance Evaluation

Several sets of TSCs have been proposed in the standardisation of MUROS This study is aiming toward an exhaustive evaluation of all proposed TSCs so far.

5.1 Simulation Setup
The TSC sets are evaluated for a single SNR and C/I value around 1% FER, and no blind detection. Simulations are run for uplink scenarios. The used coding scheme was TCH/AHS5.90, however this should not have any influence on the relative performance between the different proposed TSC sets. The lengths of the simulations were 20000 frames. The selected scenarios include one noise-limited scenario with MUROS and one co-channel interference limited scenario, both using a dual antenna SIC IRC receiver. The sub-channels in MUROS have been equally strong, i.e. relative power 0dB. In the sensitivity scenario, all possible combinations of all legacy TSCs and all proposed TSCs have been used for sub-channel 1 and 2. Results are presented both for the case of all combinations and the case of using only paired TSCs. In the co-channel interference scenario, all possible combinations of all legacy TSCs and all proposed TSCs have been used for the carrier and the interferer. All combinations between only legacy TSCs and combinations using the same TSC have been excluded from this study. The co-channel interferer is GMSK modulated.
5.1.1 Channel Propagation Model

Two channel propagation models have been considered: Typical Urban and Hilly Terrain, both at the speed of 3km/h, from here denoted Tu3 and Ht3, respectively. Ideal frequency hopping has been used.
In all sensitivity scenarios the offset between sub-channel 1 and 2 was selected, from burst to burst, out of a non-uniform random distribution ranging from -1 to 1 according to interference scenario MTS-1 for uplink, where 0 represents perfect synchronization. In all interference scenarios the interfering burst position was selected, from burst to burst, out of a uniform random distribution ranging from -1 to 4, where 0 represents perfect synchronization with the carrier. This will unfortunately prevent us from identifying certain “bad” positions, but it will save considerably simulation time.

5.1.2 Noise Limited Scenario

Performance has been evaluated for sub-channel 1, therefore all different TSCs have been used in sub-channel 1. In total there are 184 (16x16-8x8-8) different noise-limited-scenarios for each TSC-set and propagation model. When only paired combinations of TSCs are evaluated there are 16 different noise-limited-scenarios for each TSC-set and propagation model.
5.1.3 Co-Channel Interference Limited Scenario

All possible TSCs, legacy and proposed, have been evaluated as carrier TSC with a fixed interferer TSC using either a legacy TSC or one of the proposed TSCs. The interferer was GMSK modulated. In total there are 184 different scenarios for each TSC-set and propagation model.

5.2 Results and Discussion

All simulation results are gathered in ‎Annex B. The figures are CDFs of the raw BER at a given SNR and C/I, over all considered TSC pairs.

Both in the noise limited scenarios (see Annex ‎B.1) and in the interference-limited scenarios (see Annex ‎B.2), it can be seen that the sets proposed by Ericsson and Nokia performs somewhat better than the others. 
An attempt to summarize the performance of a TSC set in all the simulated scenarios have been made by calculating the average bit throughput. The bit throughput is calculated as the expected ratio of correct bits over all simulations for a specific TSC set and test case. To be able to compare the bit throughput from different scenarios, a “normalized” bit throughput is introduced, as the bit throughput normalized with the maximum bit throughput in the scenario. The bit throughput and the normalized bit throughput are presented in Table 2. The mean of the normalized bit throughputs for each TSC set can be found at the end of Table 2. As a way of prioritize the TU or HT channels, the mean of the normalized bit throughputs in all TU and HT cases have been calculated, and can also be found at the end of Table 2. In Table 2, all possible combinations of TSCs are considered.
	
	
	Ericsson
	Nokia
	Motorola
	China Mobile

	Cs, TU,   Figure 1
	T:
	0.9683
	0.9682
	0.9600
	0.9592

	
	N:
	1.0000
	0.9999
	0.9915
	0.9906

	Cs, HT,   Figure 2
	T:
	0.9708
	0.9711
	0.9560
	0.9537

	
	N:
	0.9997
	1.0000
	0.9845
	0.9821

	Cc, TU,   Figure 5
	T:
	0.9963
	0.9957
	0.9827
	0.9887

	
	N
	1.0000
	0.9994
	0.9863
	0.9924

	Cc, HT,   Figure 6
	T:
	0.9799
	0.9792
	0.9719
	0.9732

	
	N:
	1.0000
	0.9993
	0.9918
	0.9931

	Mean Normalized Throughput (all cases)
	
	0.9999
	0.9997
	0.9885
	0.9896

	Mean Normalized Throughput              (TU cases only)
	
	1.0000
	0.9997
	0.9889
	0.9915

	Mean Normalized Throughput              (HT cases only)
	
	0.9999
	0.9996
	0.9882
	0.9876


Table 2: Bit throughput and normalized bit throughput for different TSC sets, considering all combinations of TSC pairs. Cs=Sensitivity, Cc=Interference, T=Throughput, N=Normalized Throughput.
It can be seen from Table 2 that all training sequence code sets yield somewhat similar performance. The best performance in mean considering all cases, only TU cases and only HT cases is obtained by the Ericsson set. 
Table 3 is similar to Table 2, but only paired combinations of TSCs have been considered.
	
	
	Ericsson
	Nokia
	Motorola
	China Mobile

	Cs, TU,   Figure 3
	T:
	0.9700
	0.9730
	0.9670
	0.9686

	
	N:
	0.9969
	1.0000
	0.9938
	0.9955

	Cs, HT,   Figure 4
	T:
	0.9740
	0.9772
	0.9596
	0.9649

	
	N:
	0.9968
	1.0000
	0.9820
	0.9874

	Cc, TU,   Figure 5
	T:
	0.9963
	0.9957
	0.9827
	0.9887

	
	N
	1.0000
	0.9994
	0.9863
	0.9924

	Cc, HT,   Figure 6
	T:
	0.9799
	0.9792
	0.9719
	0.9732

	
	N:
	1.0000
	0.9993
	0.9918
	0.9931

	Mean Normalized Throughput (all cases)
	
	0.9984
	0.9997
	0.9885
	0.9921

	Mean Normalized Throughput              (TU cases only)
	
	0.9985
	0.9997
	0.9901
	0.9939

	Mean Normalized Throughput              (HT cases only)
	
	0.9984
	0.9996
	0.9869
	0.9903


Table 3: Bit throughput and normalized bit throughput for different TSC sets, considering only paired TSCs. Cs=Sensitivity, Cc=Interference, T=Throughput, N=Normalized Throughput.
It can be seen from Table 3 that all training sequence code sets yield somewhat similar performance. The best performance in mean considering all cases, only TU cases and only HT cases is obtained by the Nokia set. 

6 Conclusions
Based on the results in this report, the best TSC set to be used for MUROS is dependent on if the TSCs should be paired or not. If the TSCs should be paired, the best set is the set proposed by Nokia, if the TSCs should not be paired, the best set is the set proposed by Ericsson.
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Annex A Training Sequences

A.1 Training sequence set found with method in this document
	TSC#
	Proposed training sequence 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


Table 4. Proposed training sequence symbols.
A.2 Other training sequences

	TSC#
	Legacy training sequences ‎[3].

	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


Table 5. Legacy training sequence symbols.
	TSC#
	Training sequences for HSR ‎[3].

	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 -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  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 -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 -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 -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 -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  1 -1 -1  1  1


Table 6. Training sequence symbols for HSR.
	TSC#
	Proposed by Nokia ‎[4].

	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


Table 7. Nokia candidate training sequence symbols.

	TSC#
	Proposed by Motorola ‎[5].

	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


Table 8: Motorola candidate training sequence symbols.
	TSC#
	Proposed by China Mobile ‎[6].

	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


Table 9: China Mobile candidate training sequence symbols.
Annex B Performance Simulation Results

The results are presented as CDFs (Cumulative Distribution Functions). The x-axes shows a target rawBER and the y-axes indicate how many TSC pairs within the set that reach the target rawBER. 

B.1 Noise Limited Scenarios
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Figure 1: MUROS Sensitivity, all combinations of TSCs considered. TU3 ideal frequency hopping.
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Figure 2: MUROS Sensitivity, all combinations of TSCs considered. HT3 ideal frequency hopping.
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Figure 3: MUROS Sensitivity, only paired TSCs considered. TU3 ideal frequency hopping.
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Figure 4: MUROS Sensitivity, only paired TSCs considered. HT3 ideal frequency hopping.

B.2 Interference-Limited Scenarios
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Figure 5: GMSK carrier with Co-channel interference, all combinations of TSCs considered. TU3 ideal frequency hopping.
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Figure 6: GMSK carrier with Co-channel interference, all combinations of TSCs considered. HT3 ideal frequency hopping.
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