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Further Performance Evaluation of Training Sequences for MUROS
1. Introduction
Several sets of new training sequence codes (TSCs) have been proposed for MUROS. In [1] the performance of proposed new TSCs has been extensively evaluated with analysis and simulation. In the evaluation in [1] downlink simulations have been conducted for interference scenarios MTS-1 and MTS-2 [2]. Also both orthogonal subchannel (OSC) and co-TCH schemes with adaptive full-rate and half-rate speech codecs have been considered. Analytical and simulation results demonstrate [1] that TSCs proposed in [3] (also shown in [2]) consistently result in best downlink performance among all new TSC candidates proposed so far.
Some of the new TSC sets for MUROS were also evaluated and compared in [4]-[9] for downlink and/or uplink. However, selection of new training sequences has not been finalized.
This contribution further evaluates new TSCs proposed by Nokia [10], Research In Motion [3], [11], Huawei [6], [12], and Motorola [9].
 Section 2 presents new simulation results for MUROS subchannels with unequal power. In Section 3, analysis focuses on correlation properties of new TSCs. Different numbers of channel taps are considered. 
The results in this document show that the TSCs proposed by Research In Motion [3] yield overall the best performance. 

2. Downlink Simulation

In the TSC performance evaluation simulations presented in [1], [4], [6], [7], and [9], it is assumed that the MUROS subchannels are of equal power. An adaptive symbol constellation (
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-QPSK) method was introduced for downlink power control for OSC [13]. The power ratio between I and Q subchannels changes with a parameter
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, the subchannel power imbalance ratio (SCPIR) equals 0 dB; when 
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, SCPIR = -6.6 dB.
In this section, the performance of users in two subchannels of OSC, user0 and user1, is evaluated where user0 uses a legacy GSM TSC and user1 uses the new TSC corresponding to the legacy TSC. As per MTS-1, external GMSK and OSC modulated interferers were considered in the simulations. Figs. 1-8 show the mean FER performance of new TSC sets for 
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 and 0.8, which is obtained by averaging FER performance of each TSC over all 8 TSCs in a TSC set on subchannels OSC0 and OSC1, respectively. Similar to [1], Table 2 compares the performance of the proposed new TSC sets with averaged relative C/I values at a FER of 1% for 
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 where the C/I performance of Nokia proposed TSCs [1] is used as the reference. 
As evaluated in Section 3, since the correlation properties of two TSC sets proposed by Huawei are close, in this section only the TSC set Huawei proposed in [6] is considered.
Simulation assumptions are shown in Table 1 below. 

Table 1 Simulation assumptions

	Parameters
	Value

	Frequency band
	900 MHz

	Channel profile
	TU 3km/h

	Speech codec
	TCH/AFS12.2

	Frequency hopping
	Ideal

	SCPIR 
	-3.3dB (
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); -6.6 dB (
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	Receiver type
	DAPR Phase I

	Impairments
	DC offset, fixed-point implementation 

	Interference scenario
	MTS-1

	Interfering signals
	GMSK modulated and OSC modulated interferers 

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

	Number of simulated frames
	20000 frames per point


The notations in the following figures and tables are denoted as:

· Nokia: Nokia proposed TSC set [10]
· Rim: RIM proposed TSC set [11]
· Rimbp: RIM proposed “best-paired” TSC set [3]
· Huaweiro: Huawei proposed TSC set [6]
· Huawei: Huawei proposed TSC set [12]
· Moto2: Motorola proposed TSC set [9]
· GMSK: interference with GMSK modulation

· OSC: interference with OSC modulation
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Fig. 1 Comparison of TSCs proposed by Nokia [10], RIM [3], Motorola [9], and Huawei [6] in OSC with GMSK modulated external co-channel interference (OSC0,
[image: image11.wmf]6

.

0

=

a

).

[image: image12.emf]0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

10

-4

10

-3

10

-2

10

-1

C/I [dB]

FER

TCH-AFS12.2-osc1-alpha0.6, tux6.1-3km-900MHz, MTS-1(GMSK)

 

 

Nokia

Rimbp

Moto2

Huaweiro


Fig. 2 Comparison of TSCs proposed by Nokia [10], RIM [3], Motorola [9], and Huawei [6] in OSC with GMSK modulated external co-channel interference (OSC1,
[image: image13.wmf]6

.

0

=

a

).
[image: image14.emf]9 9.5 10 10.5 11 11.5 12 12.5 13

10

-3

10

-2

10

-1

C/I [dB]

FER

TCH-AFS12.2-osc0-alpha0.8, tux6.1-3km-900MHz, MTS-1(GMSK)

 

 

Nokia

Rimbp

Moto2

Huaweiro


Fig. 3 Comparison of TSCs proposed by Nokia [10], RIM [3], Motorola [9], and Huawei [6] in OSC with GMSK modulated external co-channel interference (OSC0,
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Fig. 4 Comparison of TSCs proposed by Nokia [10], RIM [3], Motorola [9], and Huawei [6] in OSC with GMSK modulated external co-channel interference (OSC1,
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Fig. 5 Comparison of TSCs proposed by Nokia [10], RIM [3], Motorola [9], and Huawei [6] in OSC with OSC modulated external co-channel interference (OSC0,
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Fig. 6 Comparison of TSCs proposed by Nokia [10], RIM [3], Motorola [9], and Huawei [6] in OSC with OSC modulated external co-channel interference (OSC1,
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Fig. 7 Comparison of TSCs proposed by Nokia [10], RIM [3], Motorola [9], and Huawei [6] in OSC with OSC modulated external co-channel interference (OSC0,
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Fig. 8 Comparison of TSCs proposed by Nokia [10], RIM [3], Motorola [9], and Huawei [6] in OSC with OSC modulated external co-channel interference (OSC1,
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Table 2 Comparison of TSCs in relative C/I values at FER of 1% (in dB)
	Subchannel
	Co-channel interfering signals
	SCPIR (dB)
	Nokia
	Rimbp
	Huaweiro
	Moto2

	OSC0
	GMSK
	-3.3
	0
	-0.11
	0.04
	0.01

	
	
	-6.6
	0
	-0.22
	0.07
	0.52

	
	OSC
	-3.3
	0
	-0.07
	-0.01
	0.01

	
	
	-6.6
	0
	-0.11
	0.04
	0.48

	Mean for OSC0
	0
	-0.13
	0.04
	0.26

	OSC1
	GMSK
	-3.3
	0
	0.01
	0.04
	0.04

	
	
	-6.6
	0
	-0.10
	-0.01
	0.01

	
	OSC
	-3.3
	0
	-0.05
	0.00
	-0.07

	
	
	-6.6
	0
	-0.01
	-0.01
	-0.04

	Mean for OSC1
	0
	-0.04
	0.01
	-0.02


Table 2 demonstrates that TSCs proposed in [3] (Rimbp) result in best performance in relative C/I values at a FER of 1% for both subchannels with GSMK and OSC modulated external co-channel interfering signals. Note that the gains of these TSCs (Rimbp) against other TSCs are larger when co-channel interfering signals are GMSK modulated and/or when an absolute SCPIR value is larger. Also the gains are larger for the subchannel with less power than those for the subchannel with more power.
3. Correlation Properties of New TSCs
Correlation properties of training sequences will have a significant impact on the performance of timing recovery, channel estimation and interference cancellation in both mobile stations (MS) and base stations (BS) in MUROS. 
3.1 Signal-to-noise ratio (SNR) degradation

Signal-to-noise ratio (SNR) degradation has been used to design and to evaluate new training sequences [1], [11]. Note that a similar concept was also considered in [7], [9] for the same purposes. In this section, the correlation properties of TSC pairs are evaluated using SNR degradation. In general, better correlation properties result in lower SNR degradation and better receiver performance.
Consider two synchronous co-channel or two MUROS signals with L-tap independent complex channel impulse responses 
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. The joint channel impulse response is 
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. The SNR degradation for L-tap channel impulse responses is defined as below. Note that only pair-wise SNR degradation is considered in this contribution.
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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The least-squared error estimate of the channel is:
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The pair-wise SNR degradation of training sequences is defined as:
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where 
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 is the correlation matrix and 
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3.2 SNR degradation between the TSC pairs for MUROS users
In this contribution a legacy GSM TSC is considered to be paired only with its corresponding new TSC for an MUROS user pair, i.e., the kth TSC pair used for an MUROS user pair includes the kth legacy TSC and the kth new TSC, where k=0, …, 7. 
Since the co-channel interference experienced by a particular MUROS user is attributed mainly to the other MUROS user sharing the same physical resource, the correlation properties of the TSC pairs assigned to the MUROS users (for example new TSC#0 and legacy TSC#0) are more important than the pair-wise correlation properties of other TSC combinations (for example new TSC#0 and legacy TSC#3 or new TSC#7). Because of this importance, correlation properties between TSCs intended for pairing are used as the primary evaluation criterion and are examined in this subsection. Correlation properties between other combinations of two TSCs are used as a secondary evaluation criterion and are considered in Subsection 3.3. When the primary criterion fails to distinguish the proposed TSC candidates, the secondary criterion may help to distinguish the proposed TSC candidates.
Tables 3-6 show the SNR degradation values between the TSC pairs for MUROS users when L=4, 5, 6, and 7, respectively. 
Table 3 SNR degradation values of TSC pairs when L=4 (one GSM TSC and its corresponding new TSC proposed) (in dB).
	      #TSC pair
Proposed by
	0
	1
	2
	3
	4
	5
	6
	7
	Ave.

	Nokia [10]
	1.363
	1.403
	1.363
	1.403
	1.338
	1.376
	1.329
	1.387
	1.370

	Rim [11]
	1.396
	1.399
	1.387
	1.397
	1.344
	1.370
	1.333
	1.342
	1.371

	Rimbp [3]
	1.349
	1.342
	1.349
	1.342
	1.341
	1.334
	1.330
	1.330
	1.340

	Huawei [12]
	1.366
	1.372
	1.383
	1.359
	1.374
	1.335
	1.361
	1.390
	1.368

	Huaweiro [6]
	1.401
	1.381
	1.383
	1.352
	1.396
	1.378
	1.370
	1.384
	1.381

	Moto2 [9]
	1.334
	1.340
	1.334
	1.340
	1.338
	1.328
	1.330
	1.329
	1.334


Table 4 SNR degradation values of TSC pairs when L=5 (one GSM TSC and its corresponding new TSC proposed) (in dB).

	      #TSC pair

Proposed by
	0
	1
	2
	3
	4
	5
	6
	7
	Ave.

	Nokia [10]
	1.742
	1.775
	1.742
	1.775
	1.681
	1.740
	1.679
	1.739
	1.734

	Rim [11]
	1.781
	1.790
	1.783
	1.757
	1.705
	1.748
	1.692
	1.694
	1.744

	Rimbp [3]
	1.716
	1.703
	1.716
	1.703
	1.681
	1.678
	1.677
	1.681
	1.694

	Huawei [12]
	1.753
	1.759
	1.759
	1.748
	1.748
	1.696
	1.741
	1.753
	1.745

	Huaweiro [6]
	1.799
	1.763
	1.759
	1.765
	1.756
	1.772
	1.762
	1.782
	1.770

	Moto2 [9]
	1.692
	1.699
	1.692
	1.699
	1.681
	1.674
	1.677
	1.668
	1.685


Table 5 SNR degradation values of TSC pairs when L=6 (one GSM TSC and its corresponding new TSC proposed) (in dB).

	      #TSC pair

Proposed by
	0
	1
	2
	3
	4
	5
	6
	7
	Ave.

	Nokia [10]
	2.135
	2.134
	2.135
	2.134
	2.052
	2.112
	2.060
	2.122
	2.111

	Rim [11]
	2.176
	2.204
	2.182
	2.155
	2.160
	2.179
	2.128
	2.122
	2.163

	Rimbp [3]
	2.093
	2.087
	2.093
	2.087
	2.038
	2.065
	2.047
	2.067
	2.072

	Huawei [12]
	2.159
	2.389
	2.208
	2.250
	2.154
	2.136
	2.209
	2.231
	2.217

	Huaweiro [6]
	2.234
	2.246
	2.208
	2.247
	2.155
	2.232
	2.205
	2.232
	2.220

	Moto2 [9]
	2.199
	2.189
	2.199
	2.189
	2.052
	2.105
	2.047
	2.151
	2.141


Table 6 SNR degradation values of TSC pairs when L=7 (one GSM TSC and its corresponding new TSC proposed) (in dB).

	      #TSC pair

Proposed by
	0
	1
	2
	3
	4
	5
	6
	7
	Ave.

	Nokia [10]
	2.533
	2.526
	2.533
	2.526
	2.476
	2.499
	2.492
	2.541
	2.516

	Rim [11]
	2.669
	2.959
	2.731
	2.671
	2.912
	3.106
	2.624
	2.571
	2.780

	Rimbp [3]
	2.724
	2.576
	2.724
	2.576
	2.613
	2.560
	2.608
	2.623
	2.626

	Huawei [12]
	2.636
	3.196
	2.653
	3.209
	2.638
	2.626
	2.702
	2.774
	2.804

	Huaweiro [6]
	2.682
	3.182
	2.653
	2.716
	2.646
	2.739
	2.683
	2.783
	2.761

	Moto2 [9]
	2.764
	2.876
	2.764
	2.876
	2.476
	2.610
	2.608
	2.676
	2.706


Based on Tables 3-6 above, the average relative SNR degradation performance of TSC pairs for MUROS over eight TSC pairs for L=4, 5, 6 and 7 can be obtained (shown in Table 7a). Using the SNR degradation performance of Nokia proposed TSCs [10] as the reference, Table 7b shows the average relative SNR degradation performance of TSC pairs for MUROS averaged over the channel taps L. Table 7b demonstrates that when the number of channel taps L = 5 and 6 is considered, the TSCs proposed in [3] yield the best average SNR degradation performance; when L is considered to be from 4 to 7, the TSC sets proposed in [10] and [3] result in almost equivalent average SNR degradation performance, both of which are better than other proposed TSC sets.
Table 7a Average relative SNR degradation values of TSC pairs for MUROS (in dB).
	L
	Nokia [10]
	Rim [11]
	Rimbp [3]
	Huawei [12]
	Huaweiro [6] 
	Moto2 [9]

	4
	0
	0.001
	-0.030
	-0.002
	0.011
	-0.036

	5
	0
	0.010
	-0.040
	0.011
	0.036
	-0.049

	6
	0
	0.052
	-0.039
	0.106
	0.109
	0.030

	7
	0
	0.264
	0.110
	0.288
	0.245
	0.190


Table 7b Average relative SNR degradation values of TSC pairs for MUROS averaged over L (in dB).
	Average
	Rimbp [3]
	Moto2 [9]
	Nokia [10]
	Rim [11]
	Huawei [12]
	Huaweiro [6] 

	Averaged over L=5 and 6 
	-0.040
	-0.010
	0
	0.031
	0.059
	0.073

	Average
	Nokia [10]
	Rimbp [3]
	Moto2 [9]
	Rim [11]
	Huaweiro [6]
	Huawei [12]

	Averaged over L from 4 to 7
	0
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	0.034
	0.082
	0.100
	0.101


3.3 Pair-wise SNR degradation between other TSC combinations
3.3.1 Pair-wise SNR degradation between GSM TSCs and new TSCs
Table 8a lists the average pair-wise SNR degradation values between GSM TSCs pairs and new TSCs when the number of channel taps L=4, 5, 6, and 7. Note that TSC pairs assigned to MUROS user pairs are not considered in this subsection (these pairs were covered in Section 3.2). As assumed in Section 3.2, the SNR degradation performance of Nokia proposed TSCs [10] is used as the reference. Table 8b shows the average relative SNR degradation performance between GSM TSCs and new TSCs averaged over the channel taps L.
Table 8a Average pair-wise SNR degradation values between GSM TSC and new TSCs (in dB).
	L
	Nokia [10]
	Rim [11]
	Rimbp [3]
	Huawei [12]
	Huaweiro [6] 
	Moto2 [9]

	4
	1.587
	1.433
	1.498
	1.394
	1.392
	1.480

	5
	2.107
	1.867
	1.980
	1.792
	1.789
	1.976

	6
	2.702
	2.365
	2.583
	2.280
	2.279
	2.618

	7
	3.439
	3.109
	3.384
	2.902
	2.908
	3.410


Table 8b Average relative SNR degradation values of between GSM TSCs and new TSCs averaged over L (in dB).
	Average
	Huaweiro [6]
	Huawei [12]
	Rim [11]
	Rimbp [3]
	Moto2 [9]
	Nokia [10]

	Averaged over L=5 and 6 
	-0.371
	-0.369
	-0.289
	-0.123
	-0.108
	0

	Average
	Huaweiro [6]
	Huawei [12]
	Rim [11]
	Rimbp [3]
	Moto2 [9]
	Nokia [10]

	Averaged over L from 4 to 7
	-0.367
	-0.367
	-0.265
	-0.098
	-0.088
	0


3.3.2 Pair-wise SNR degradation between new TSCs
Table 9a shows the average pair-wise SNR degradation values between new TSCs when the number of channel taps L=4, 5, 6, and 7. Similar to Section 3.2, the SNR degradation performance of Nokia proposed TSCs [10] is used as the reference. Table 9b evaluates the average relative SNR degradation performance between new TSCs averaged over the channel taps L. 
Table 9a Average pair-wise SNR degradation values between new TSCs (in dB).
	L
	Nokia [10]
	Rim [11]
	Rimbp [3]
	Huawei [12]
	Huaweiro [6] 
	Moto2 [9]

	4
	1.685
	1.697
	1.613
	2.174
	2.174
	1.622

	5
	2.319
	2.359
	2.226
	3.144
	3.144
	2.250

	6
	3.192
	3.177
	3.037
	4.393
	4.393
	3.133

	7
	4.336
	4.652
	4.340
	6.486
	6.486
	4.582


Table 9b Average relative SNR degradation values between new TSCs averaged over L (in dB).
	Average
	Rimbp [3]
	Moto2 [9]
	Nokia [10]
	Rim [11]
	Huawei [12]
	Huaweiro [6]

	Averaged over L=5 and 6 
	-0.124
	-0.064
	0
	0.013
	1.013
	1.013

	Average
	Rimbp [3]
	Nokia [10]
	Moto2 [9]
	Rim [11]
	Huawei [12]
	Huaweiro [6]

	Averaged over L from 4 to 7
	-0.079
	0
	0.014
	0.088
	1.166
	1.166


3.3.3 Average SNR degradation of Table 8b and Table 9b
Table 10 Average relative SNR degradation values of Table 8b and Table 9b (in dB).
	Average
	Rim [11]
	Rimbp [3]
	Moto2 [9]
	Nokia [10]
	Huaweiro [6]
	Huawei [12]

	Averaged over L=5 and 6 
	-0.138
	-0.124
	-0.086
	0
	0.321
	0.322

	Average
	Rimbp [3]
	RIM [11]
	Moto2 [9]
	Nokia [10]
	Huawei [12]
	Huaweiro [6]

	Averaged over L from 4 to 7
	-0.089
	-0.089
	-0.037
	0
	0.400
	0.400


Table 10 demonstrates that two TSC sets proposed in [3] and [11] yield the best average pair-wise SNR degradation performance when correlation properties between GSM TSCs and new TSCs (excluding TSC pairs for MUROS users) and between new TSCs are considered.
3.4 Autocorrelations of new TSCs
Autocorrelation properties of TSCs are important for burst timing recovery in GSM. Legacy GSM TSCs are designed to have optimal periodic autocorrelation properties, i.e., autocorrelation coefficients equal zero for non-zero delays within [-5, 5]. 

Consider aperiodic autocorrelations of new TSCs for MUROS. Fig. 9 shows the average absolute autocorrelation values over all 8 TSCs for each proposed TSC set (note that the peak value of the autocorrelations equals 26). Table 11 compares the average/maximum autocorrelations over non-zero delays within [-5, 5]. The results in this table indicate that the TSC set proposed in [3] yields the lowest average and maximum autocorrelation values within the considered range of delays. 
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Fig. 9 Average autocorrelations of TSCs.
Table 11 Average/maximum autocorrelations over non-zero delays within [-5, 5].
	Average
	Rimbp [3]
	Nokia [10]
	Rim [11]
	Moto2 [9]
	Huawei [12] Huaweiro [6]

	Average
	1.15
	1.30
	1.50
	1.50
	1.70

	Maximum
	1.50
	1.75
	1.75
	2.75
	2.50


4. Summary and Conclusion
In this contribution, performance of training sequences candidates has been further evaluated: C/I performance at a FER of 1% of subchannels with unequal power, correlation properties between intended new TSC/legacy TSC pairs, correlation properties between arbitrary new TSC/legacy TSC pairs, correlation properties between arbitrary new TSC pairs, and autocorrelations of new TSCs.

As shown in Table 11, the autocorrelations property of the RIM proposed TSCs [3] is the best.

Table 7b shows that when considering correlation between intended new TSC/legacy TSC pairs, the RIM proposed TSCs [3] were found to be the best with five- and six-tap impulse responses. These TSCs [3] were found to be comparable to the best performing Nokia proposed TSCs [10] with four- to seven-tap channel impulse responses.
When considering correlation between arbitrary new TSC/legacy TSC pairs (excluding intended new TSC/legacy TSC pairs) or arbitrary different new TSC pairs, as shown in Table 10, the average SNR degradation is lowest for the RIM proposed TSCs [3], [11].

Simulations have shown that for downlink, the TSCs proposed by RIM [3] yield the best C/I performance at a FER of 1% for subchannels with unequal power when compared to the other proposed TSCs. Previous work [1] has also shown that the RIM proposed TSCs [3] outperform the other proposed TSCs with subchannels of equal power.
Based on the evidence presented in this document and the previous evaluation on TSCs, the RIM proposed TSCs [3] offer the best overall performance compared to the other TSCs proposed for MUROS.
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