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1 Introduction

GSM technology has been continuously improved by introduction of new features in the air interface standard and by enhanced signal processing of the received signals. Both these approaches complement and foster each other. For GMSK modulated channels, for example, the advent of SAIC technology and its standardization as DARP phase 1 can be considered as the enabling technology for MUROS study and its standardization as VAMOS technology for further voice capacity enhancement.

MSRD provides even stronger gains for any modulation type and has therefore been standardized as DARP phase 2. However, this feature has not yet been widely adopted in MS architectures for cost, form factor and power consumption reasons.

In this paper the topic of single antenna interference cancellation for higher order modulation schemes like 8-PSK is addressed with focus on EGPRS MCS-5 to 9, but also including results for EGPRS2 DAS-5 to 7. Tightening of downlink receiver performance requirements is proposed as a way forward for data capacity enhancement based on EGPRS even before EGPRS2. Also benefit for spectrally wider downlink transmit pulse shapes as interference is considered.

Even when taking all impairments and a fixed-point implementation into account, the 8-PSK EDGE receiver performance specification in TS 45.005 could be tightened by e.g. 

· 3 –   5 dB for sensitivity, 
· 3 –   5 dB for co-channel interference, and 
· 6 – 10 dB for adjacent channel interference,
with stronger improvement in case of higher MCS. Dependent on frequency reuse, this link level gain can be translated to offer network capacity gain of 40% and more (e.g. Appendix C in [11]).
2 Simulation assumptions

The simulation assumptions are summarized in Table 1.
Table 1: Simulation assumptions.

	Parameter
	Value

	Channel profile
	Static, TU3, TU50, RA250, HT100

	Frequency band
	900 MHz

	Interference
	Tables 1c/l, 2c/s and 2g/w in 3GPP TS 45.005 for 8-PSK 

	Interference modulation 
	Same modulation and pulse shaping filter as the wanted signal (except section 3.2.1), random modulation bits, no training sequence included

	Used Codecs
	MCS-5 to 9, DAS-5 to 7

	Oversampling ratio for the radio path
	8

	Multipath propagation model 
	12-tap model (1) for Tu3, TU50, HT100;
model (2) for RA250 (acc. to Annex C of [1])

	Blind Detection
	Switched off, modulation type known

	Equalizer
	8-state DFSE for 8-PSK with interference suppression

	Receiver structure
	Equalizer and decoder are running once per timeslot/frame, no feedback, no iterations

	Receiver implementation
	floating-point

	Frequency offset
	None, but all timeslot-based estimations/corrections activated

	Rx filter
– Bandwidth

– RRC rolloff
	RRC

   270 kHz (3 dB bandwidth)

   0.3

	A/D-conversion of I/Q
	13 bit resolution, T/2 spaced sampling

	Noise figure
	8 dB

	Rx-Impairments [4]
– LO phase noise

– Image rejection
	None, only used in section 3.3

   0, 1 or 2 degrees RMS
   100, 38 or 30 dB 

	DC offset
	None (see comments in section 3.3)

	Simulation time 
	200 sec (40 000 timeslots) per point


The performance results for sensitivity are given as mean receive power level in dBm. Noise figure 8 dB is taken as a conservative assumption for the MS receiver, though better radio receiver performance could be achieved. 

2.1 Wanted receive signal levels for interference tests
In case of reference interference performance, the results are measured for a given carrier-to-interference ratio (C/ICO or C/IADJ) based on the mean power levels of carrier and interferers. Normally the interference tests are carried out at an absolute power level high enough to avoid that noise becomes dominating. The applicable specification is reviewed here and possible limitations are identified.

According to TS 45.005 (section 6.3) the wanted receive signal level is set to:

                                                     C = - 93 dBm + IRCO                                                              (1)

where IRCO corresponds to the reference interference ratios in dB for the co-channel interference (CCI) test case, which are specified in 3GPP TS 45.005 (Ir in section 6.3, table 2c) and depends on the MCS and on the propagation conditions. This implies the interference level ICO kept constant at -93 dBm for all CCI specification points. Therefore in all CCI simulations ICO is kept constant and C is varied. This simulation assumption supports measuring directly the margin of a conformant C/ICO simulation result assuming the same level ICO and level C lowered as much as the tabulated specification value IRCO could in principle be lowered. 
It is worth noting that for DARP phase II specification, which provides extreme performance improvement based on two receive antennas in DTS-1b for the CCI requirements (e.g. -6.5 dB for MCS-5 in Table 2q compared to 15.5 dB in Table 2c), the interferer power level is set far higher and fixed to -70 dBm (according to TS 45.005 Annex N, Section N.1) in order to avoid the noise becoming the limiting factor (which would be the case if eq. (1) were applied also for DARP phase II). While the topic of wanted receive signal levels is sensitive for CCI tests, it is generally even more sensitive for ACI tests, which is considered in more detail below.
For adjacent channel performance, TS 45.005 (section 6.3) specifies the same wanted receive input signal level C as for co-channel performance, which depends on the MCS and on the propagation conditions as seen from eq. (1) above. The reference interference ratios for the adjacent channel interference (ACI) test case are specified in 3GPP TS 45.005 (table 2g) and depend also on the MCS and on the propagation conditions. The difference of each ACI performance requirement compared to the corresponding CCI performance requirement in TS 45.005 (table 2c) can be considered as the Adjacent Channel Protection (ACP), but this in fact also depends on the MCS and on the propagation conditions. These “specified” ACPspec values are calculated in the third section of Table 2, while the low band parts of the tables in TS 45.005 (table 2c and 2g) is shown in the upper sections for comparison.  In fact neither C nor IADJ are kept constant for all ACI specification points, but ACPspec and IADJ could approximately considered being constant for simulation purposes. In most of the following ACI simulations IADJ is kept constant and C is varied according to
                                                     C = -93 dBm + 16.5 dB + IRADJ   
                                         (2)

where 16.5 dB is considered as a good approximation for ACPspec from EGPRS specification especially for the most sensitive case MCS-5 as can be seen in Table 2. Due to this simulation assumption, the power level C needs to be carefully checked for C/IADJ simulation results and estimation of margin is even more complicated.
Table 2: Adjacent channel protection ACPspec calculated from TS 45.005
	GSM 850 and GSM 900 

	Type of
	Propagation conditions

	Channel
	TU3

(no FH)
	TU3

(ideal FH)
	TU50

(no FH)
	TU50

(ideal FH)
	RA250

(no FH)

	TS 45.005 Table 2c, Cochannel interference ratio (for MS) at reference performance: IRCO


	PDTCH/MCS-5
	dB
	19.5
	14.5
	15.5
	14.5
	16.5

	PDTCH/MCS-6
	dB
	21.5
	17.0
	18.0
	17.5
	21.0

	PDTCH/MCS-7
	dB
	26.5
	23.5
	25.0
	24.5
	*

	PDTCH/MCS-8
	dB
	30.5
	  23.5**
	  25.5**
	  25.5**
	*

	PDTCH/MCS-9
	dB
	  25.5**
	 28.0**
	  30.5**
	  30.5**
	*

	TS 45.005 Table 2g: Adjacent channel interference ratio (for MS) at reference performance: IRADJ


	PDTCH/MCS-5
	dB
	  2.5
	-2.0
	-1.0
	-2.0
	1.0

	PDTCH/MCS-6
	dB
	  5.5
	 0.5
	  2.0
	 1.0
	6.5

	PDTCH/MCS-7
	dB
	10.5
	 8.0
	10.0
	 9.0
	* 

	PDTCH/MCS-8
	dB
	15.5
	   9.0**
	   11.0**
	  10.5**
	*

	PDTCH/MCS-9
	dB
	   10.0**
	 12.5**
	   17.0**
	  15.5**
	*

	Calculated adjacent channel protection: ACPspec = IRCO – IRADJ


	PDTCH/MCS-5
	dB
	17.0
	16.5
	16.5
	16.5
	15.5

	PDTCH/MCS-6
	dB
	16.0
	16.5
	16.0
	16.5
	14.5

	PDTCH/MCS-7
	dB
	16.0
	15.5
	15.0
	15.5
	*

	PDTCH/MCS-8
	dB
	15.0
	   14.5**
	   14.5**
	   15.0**
	*

	PDTCH/MCS-9
	dB
	   15.5**
	   15.5**
	   13.5**
	   15.0**
	*


        Performance is specified at 30% BLER for those cases identified with mark **
The coupled CCI and ACI performance specification approach was introduced for EGPRS, but has been replaced by independent CCI and ACI performance specifications for EGPRS2 specific channels (including 8-PSK modulated channels DAS-5 to 7, results shown in Table 4). In these cases the wanted receive signal level is foreseen (in square brackets) as 
                                                     C = [-75] dBm + IRADJ                                                             (2’)
where IRADJ corresponds to the reference interference ratios in dB for the adjacent channel interference (ACI) test case specified in 3GPP TS 45.005 (Iar in section 6.3, tables 2w and 2y). This implies the interference level IADJ kept constant at -75 dBm in all ACI simulations for EGPRS2 channels DAS and DBS. In comparison with eq. (1) this can be interpreted as implicitly assuming ACPspec = 18 dB. To consider ACI performance independent from the CCI performance specification turns out in the following to be reasonable also for EGPRS, especially when big margins are observed. Because very big improvements have been observed with the new SAIC receiver in ACI tests for EGPRS, some variety of assumptions for wanted receive signal levels is considered in the simulations. Furthermore, ACP values based on BLER performance are considered, which differ from the “specified” ACPspec values in Table 2 as soon as the margins for ACI and CCI do not coincide.
2.2 Implementation complexity
BER and BLER are evaluated at the output of the equalizer and the channel decoder, respectively, without any feedback or iteration. The main complexity of the equalizer is often mapped in dedicated HW accelerators in MS implementations. A typical MS may apply 8-state sequence estimation in HW. Under this assumption, the additional complexity of the novel SAIC equalizer can be implemented in SW and is estimated about 20% - 25% of the complexity mapped in SW.
3 Simulation results
In this section, simulation results for EGPRS 8-PSK modulated channels MCS-5 to 9 are shown. The focus is on Typical Urban reference performance results, which are provided in Section 3.1 and extended to more complex scenarios in Section 3.2. Section 3.3 analyses the impact of EVM and the impact of high Doppler spread under Rural Area conditions is shown in section 3.4. 

Finally, a summary of the link level performance results for all channel profiles is given in section 4. 
3.1 TU50 no FH
3.1.1 Simulation results according TS 45.005 
The following Figures 1-3 show BER and BLER results for 8-PSK modulated EGPRS coding schemes in sensitivity, co-channel and adjacent channel interference scenarios under TU50 no FH channel conditions. The current specification points for MS in TS 45.005 are depicted for comparison, which is summarized in Table 3 below. 

The wanted receive signal level is not only depicted in the sensitivity case shown in Figure 1, but also added as an additional axis at the top of the plots in Figure 2 and 3. This is possible because a fixed relation between the carrier level and the carrier to interference ratio is assumed in the simulations according to eq. (1) and (2). Figure 2 shows all CCI specification points at the specified carrier power level according to eq. (1), for example 15.5 dB @ 77.5 dBm for MCS-5. Figure 3 shows the ACI specification point -1 dB for MCS-5 also at the specified carrier power level 77.5 dBm, because in this case eq. (1) and (2) yield the same result. There is however a minor deviation in simulated carrier power level at the specification points for some other MCSs, which is not relevant for the interpretation of the results.
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Figure 1 Cochannel interference, TU50 no FH, MCS-5 to 9, wanted signal level eq. (1)
1st Adjacent channel interference, EGPRS, 8-PSK, TU50 no FH, 900 MHz, 8-state DFSE
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Figure 2 Adjacent channel interference, TU50 no FH, MCS-5 to 9, wanted signal level eq. (2)
The curves look pretty consistent when compared between the different scenarios shown in Figures 1-3. The shape of the curves is mostly very similar, only for MCS-8 and MCS-9 the curves tend to converge to different error floors, which are all well below 10% BLER. 
The shift between the C/IADJ axis in Figure 3 compared to the C/ICO axis in Figure 2 is usually considered as the performance-based Adjacent Channel Protection (ACPPerf), which is basically more relevant than the “specified” ACPspec calculated from the specification points for ACI and CCI in Table 2. The BLER performance for an adjacent channel interferer can be approximated by the performance for a co-channel interferer at a level reduced by ACPPerf. It is evident that the ACPPerf achieved in the above simulation results is consistently in the order of 24 dB and approximates the relevant range of operation very well. For example, the reference performance BLER = 10% for MCS-5 is achieved at C/ICO = 10 dB CCI in Figure 2 and at C/IADJ = -13.6 dB ACI in Figure 3.
The GMSK modulation in GSM has initially been designed based on ACPspec = 18 dB (both in terms of interfering inband power after a fixed receiver filter and in terms of conventional receiver performance), which is reflected in the specification for these channels with quite consistent margins for ACI and CCI cases. For 8-PSK modulation in EGPRS, however, the “specified” ACPspec values shown in Table 2 indicate a remarkable reduction of ACPspec down to 13.5 - 17.0 dB, dependent on the MCS, while the simulation results for the considered SAIC receiver achieve an ACPPerf of 24 dB which excels even the initial GMSK value of 18 dB. Thereby the ACPPerf is better than the ACI power reduction achievable with a fixed receiver filter.
Table 3 summarizes the performance values at 10% or 30% BLER from Figures 1-3 and compares with the current specification points for MS in TS 45.005. The wanted receive signal level applied for the interference performance tests is basically compatible with the assumptions in the specification, while some ACI performance results could be improved even far more if noise limitation would be avoided by higher level assumptions, see section 3.1.2 . Specified and achieved ACP values are shown in addition. The quantitative results clearly indicate that CCI performance is very well improved, but ACI performance even more, resulting in strongly enhanced ACP.
                           Table 3: Simulation results for TU50 no FH, 900 MHz
	EGPRS 8-PSK
	TS 45.005
	Achieved
(8-state DFSE)
	 margin to TS 45.005

	Reference sensitivity performance

	MCS-5 (10%) 
	   -93.0 dBm
	     -99.2 dBm
	     6.2 dB

	MCS-6 (10%)
	   -91.0 dBm
	     -97.3 dBm
	     6.3 dB

	MCS-7 (10%)
	   -84.0 dBm
	     -93.0 dBm
	     9.0 dB

	MCS-8 (30%)
	   -83.0 dBm
	     -92.3 dBm
	     9.3 dB

	MCS-9 (30%)
	   -78.5 dBm
	     -89.9 dBm
	   11.4 dB

	Co-Channel Performance

	MCS-5 (10%) 
	    15.5 dB
	      10.1 dB
	     5.4 dB

	MCS-6 (10%)
	    18.0 dB
	      12.3 dB
	     5.7 dB

	MCS-7 (10%)
	    25.0 dB
	      17.1 dB
	     7.9 dB

	MCS-8 (30%)
	    25.5 dB
	      17.2 dB
	     8.3 dB

	MCS-9 (30%)
	    30.5 dB
	      19.6 dB 
	   10.9 dB

	Adj1 Performance

	MCS-5 (10%) 
	     -1.0 dB 

 (ACPspec: 16.5 dB)
	     -13.6 dB

 (ACPPerf: 23.6 dB)
	   12.6 dB

	MCS-6 (10%)
	      2.0 dB 

 (ACPspec: 16.0 dB)
	     -11.6 dB

 (ACPPerf: 23.9 dB)
	   13.6 dB

	MCS-7 (10%)
	    10.0 dB 

 (ACPspec: 15.0 dB)
	       -6.7 dB
 (ACPPerf: 23.8 dB)
	   16.7 dB

	MCS-8 (30%)
	    11.0 dB 

 (ACPspec: 14.5 dB)
	       -6.7 dB

 (ACPPerf: 23.9 dB)
	   17.7 dB

	MCS-9 (30%)
	    17.0 dB 

 (ACPspec: 13.5 dB)
	       -4.7 dB 

 (ACPPerf: 24.3 dB)
	   21.7 dB


The current specification points for BTS in TS 45.005 could also be considered for comparison, but these only slightly change the comparison result for interference cases (biggest margin 21.7 dB in last row for MCS-9 reduced to 18.2 dB when using the value 13.5 dB from TS 45.005 Table 2f), while BTS sensitivity requirements should not be taken as reference due to significant difference in noise figure.

The current specification points for DARP phase 2 in TS 45.005 can hardly been considered as a reference for a single antenna receiver, but nevertheless give good motivation to bridge the gap between the original MS specification and the extraordinary MSRD performance by enhanced signal processing of the received signal from a single antenna. Though there is lack of diversity gain, the results for sensitivity are in the same order of magnitude as DARP phase 2 requirement with perfect antenna decorrelation and equal antenna gain and meet the DARP phase 2 requirement with antenna correlation 0.7 and antenna gain imbalance -6 dB (Table 1j in TS 45.005). The co-channel results (DTS-1b Table 2q in TS 45.005) can clearly not be achieved, but the gap can be bridged to some limited extend by the considered interference cancellation receiver. 
In section 3.2 simulation results are provided for more complex scenarios, allowing a more realistic view to real-world scenarios. 
3.1.2  Impact of wanted receive signal level 

The wanted receive signal level is worth detailed consideration due to the huge margin especially in the ACI case of Figure 3. In the case of MCS-5 TU50 no FH for example, the “reference interference ratio” of the CCI performance specification point in Figure 2 is 15.5 dB, which must be measured at carrier level -77.5 dBm according to eq. (1). This carrier level must also be used for the ACI “reference interference ratio” -1 dB, which can be seen precisely as the MCS-5 specification point in Figure 3. The SAIC receiver achieves 10% BLER “reference interference performance” at the “actual interference ratio” C/IADJ = -13.6 dB, which has been measured in the simulation at carrier level -90 dBm. At this low carrier level the noise can be expected to degrade the results, so that the simulation with fixed interference level of -76.5 dBm as implied by eq. (2) seems to be the most conservative approach to determine the margin, which is 12.6 dB in this case, see Table 3.
To demonstrate the impact of noise on the ACI results, Figure 4 shows results of ACI simulations when the wanted receive signal level has been set to

                                                     C = -93 dBm + 31 dB + IRADJ                                             (2’’)

which corresponds to an increase by 14.5 dB compared to eq. (2). In comparison to Figure 3, the carrier power level shown at the top of the figure is shifted, but there is also a significant performance improvement. This confirms that ACI performance under the given simulation assumptions of Figure 3 have been limited by noise especially for the low MCSs which achieve strongly negative C/IADJ. 

In Figure 4, the reference performance BLER = 10% for MCS-5 has been achieved at C/IADJ = -20 dB and carrier power level C = -82 dBm. In comparison with CCI performance in Figure 2 (reference performance for MCS-5 achieved at C/ICO = 10 dB), ACPPerf could be calculated here as high as 30 dB (only disregarding the lower carrier level in Figure 2, but this is supposed to have only minor impact on the CCI simulation results). However, the concept of ACPPerf for prediction of performance results based on power level calculations comes to its limitiations for receivers which in fact apply an adaptive receiver filter before sequence estimation, as needed for 8-PSK or other higher order modulation. For example, considering the actual interference ratio C/IADJ = -13.6 dB achieved for MCS-5 in Figure 3 at carrier level C = -90 dBm, the margin in C/IADJ would be more than 6 dB from Figure 4 (when disregarding the noise power) and the margin in C would be 9 dB from Figure 1 (when disregarding the interference power). Because these numbers are both far higher than 3 dB, it is evident that the performance impact from the combined noise and adjacent channel interference scenario effective in Figure 3 is significantly worse than would be expected from calculating the sum of independent inband power contributions. Variation of ACPPerf upon specific scenarios will be considered further in the following sections.

1st Adjacent channel interference, EGPRS, 8-PSK, TU50 no FH, 900 MHz, 8-state DFSE
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Figure 3 Adjacent channel interference, TU50 no FH, MCS-5 to 9,                                   increased wanted signal level eq. (2’’)
3.2 More complex scenarios

In the following subsections, more complex interference scenarios are analysed. This comprises different types of interferer modulation and pulse shape (section 3.2.1) and multiple interferer scenarios (section 3.2.2 and 3.2.3).
3.2.1  Different interference modulations and pulse shapes
Figures 5 and 6 show results for varied modulation and pulse shaping of the interfering signal. 
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Figure 4 8-PSK and 32QAM Co-channel interference, TU50 no FH, MCS-5 to 9
In Figure 5, the performance for 8-PSK wanted signal is basically identical for 32QAM and 8-PSK modulated CCI. Also a spectrally wider TX pulse shape in the downlink, as considered in 3GPP studies WIDER [9] and MUROS [10], is not expected to significantly impact CCI performance of EGPRS, although a certain degradation up to 1 dB is visible in the results and may need further analysis. The spectrally wider TX pulse shape specified as an option for EGPRS2-B uplink [6] has been taken as a first example for wider interference spectra in the present downlink simulations. 
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Figure 5 8-PSK and 32QAM Adjacent channel interference, TU50 no FH, MCS-5 to 9
ACI results for 8-PSK wanted signal are shown in Figure 6 for three different interfering signals. The performance for 32QAM and 8-PSK modulated ACI is again basically identical. The spectrally wider TX pulse shape in the interfering signal however causes performance degradation by 4.7 – 5.3 dB compared to the spectrally narrow interference. This initial result already shows that most of the huge improvement and margin achieved with the SAIC receiver is still provided even with spectrally wider interference. 
From these results no adverse impact on EGPRS is expected from parallel operation of EGPRS2 in the same network. Also the use of spectrally wider TX pulse shapes in the downlink is worth further analysis and consideration for specification in order to further improve the performance of EGPRS, EGPRS2-A, EGPRS2-B and VAMOS services. While the benefit from these pulses for the wanted signal is well known to be quite significant, the main concern has been about their impact as adjacent channel interference, but this can be sufficiently mitigated as shown in the example of Figure 6.
Simulations of a similar SAIC receiver for 16QAM and 32QAM of EGPRS2-A/B have already shown very promising results even with less states and especially for spectrally wider TX pulse shapes (e.g. 4 states may be sufficient for WIDER 32QAM).

The CCI and ACI performance results in this section highlight that there is rarely any dependency of the 8-PSK receiver performance on the specific interferer modulation type 8-PSK or higher. (SAIC receivers for 8-PSK in the presence of GMSK interference can offer further improvement [7], but are not considered here.) Consequently, high ACP as described in section 3.1.2 is achieved with any higher order modulation interferer.
3.2.2  Two interferer scenarios and potential impact of DIR

Figures 7 and 8 show results for simultaneous occurrence of two independent interfering signals, which are either both CCI or both ACI (on the same side). In this case, Dominant Interferer Ratio (DIR) can be considered as a second parameter in addition to C/I. The case of two equally strong interferers (DIR = 0 dB) is assumed here for the simulation. Even in this worst case no significant performance degradation can be observed. This means that there is basically no dependency of the receiver performance on DIR, in contrast to SAIC for GMSK [2] and SAIC receivers for 8-PSK in the presence of GMSK interference [7].
The CCI and ACI performance results in this section highlight that interference from multiple interferers of the same type do not significantly affect the receiver performance. This is pretty much in line and complementing with the negligible impact of the modulation type observed in the previous subsection, indicating that mainly the power spectrum of the interference matters for the receiver. Consequently, very high ACP as described in section 3.1.2 is seemingly achieved with any complex interfering signal as long as the power spectrum is kept.
[image: image7.emf]0 5 10 15 20 25 30 35

10

-3

10

-2

10

-1

10

0

Cochannel interference, EGPRS, 8-PSK, TU50 no FH, 900 MHz, 8-state DFSE

C/(I1

CO

+I2

CO

) in dB

BLER

 

 

I

CO

=I1

CO

I1

CO

/I2

CO

=1

MCS-5

MCS-6

MCS-7

MCS-8

MCS-9


Figure 6 Two 8-PSK CCI, I1CO / I2CO = 1, DIR1 = 0 dB, TU50 nFH, MCS-5 to 9
[image: image8.emf]-20 -15 -10 -5 0 5 10 15 20

10

-3

10

-2

10

-1

10

0

1st Adjacent channel interference, EGPRS, 8-PSK, T50 no FH, 900 MHz, 8-state DFSE

C/(I1

ADJ

+I2

ADJ

) in dB

BLER

 

 

I

ADJ

=I1

ADJ

I1

ADJ

/I2

ADJ

=1

MCS-5

MCS-6

MCS-7

MCS-8

MCS-9


Figure 7 Two 8-PSK ACI, I1ADJ / I2 ADJ = 1, DIR1 = 0 dB, TU50 nFH, MCS-5 to 9
3.2.3  Mixed CCI and ACI scenarios 

The following Figures show performance results for simultaneous occurrence of two independent interfering signals, which represent CCI and ACI, respectively. In this case, C/ICO and C/IADJ can be considered as two individual parameters of the link level simulation. 
Equivalently other mappings into 2 parameters can be considered for convenience. This can be the ratio IADJ/ICO and C/ICO in order to depict the degrading impact of adding ACI on performance curves BLER versus C/ICO. There is no applicable receiver performance requirement in TS 45.005 for mixed CCI/ACI interference in EGPRS 8-PSK for MS operating in the field (DTS-2 does not cover a sufficient range of ACI and is applicable to 8-PSK only in DARP phase 2, which is based on receive diversity). Specification points are included in the following figures, but these are applicable only for the pure CCI case (Table 2c in TS 45.005). 
Mixed interference scenario, different ACPs, EGPRS, 8-PSK, TU50 no FH, 900 MHz, legacy 8-state equalizer
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Figure 8  Two 8-PSK (CCI/ACI) interferers, TU50 no FH, legacy equalizer

Figure 9 shows simulated performance of a typical legacy EGPRS receiver for mixed CCI/ACI interference at various relative ACI levels IADJ/ICO in a plot of BLER performance versus C/ICO. The pure CCI case is clearly within the specified requirements, and the same holds for the pure ACI case (not shown here, in case of MCS-5 for example ACPPerf = 17.5 dB is achieved, see also Figure 11). While for GMSK modulated channels a fixed receiver filter with bandwidth about 180 kHz was typically applied to deliver the ACP of 18 dB, it turned out when 8-PSK was introduced that such fixed receiver filter is not sufficient to meet the EGPRS receiver requirements. The typical solution for EGPRS has been to use a wider input receiver filter, which is adapted to the specific interference scenario. It is not surprising that the example results are severely degraded compared to the pure CCI case especially for high IADJ/ICO because the mixed CCI/ACI interference is challenging for this adaptation in probably all EGPRS receiver implementations today.

Figure 10 shows results for the same mixed interference scenario as Figure 9, but for the new enhanced SAIC receiver. Again results are shown for mixed CCI/ACI interference at various relative ACI levels IADJ/ICO in a plot of BLER performance versus C/ICO. There is unavoidable degradation compared to the pure CCI case especially for high IADJ/ICO, but it is strongly reduced compared to Figure 9. For example, the performance results in the case of IADJ/ICO = 24 dB is consistently improved by at least 6 dB. In most mixed CCI/ACI cases shown in Figure 10 the results are even better than the current TS 45.005 requirements for pure CCI case, even though the fact that the spectrum of the ACI which significantly overlaps into the RX band for the wanted channel is not reflected in plots BLER versus C/ICO. This aspect of Adjacent Channel Protection is addressed in the following.

Mixed interference scenario, different ACPs, EGPRS, 8-PSK, TU50 no FH, 900 MHz, new 8-state SAIC DFSE
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Figure 9 Two 8-PSK (CCI/ACI) interferers, TU50 no FH, new SAIC equalizer

ACP from link level results is often used in system level simulations as a simple model to translate adjacent channel interferer (ACI) power from the neighbour bands into inband co-channel interference (CCI) power contributions, which are supposed to cause equivalent degradation in BLER. In case of multiple interferers, their individual power is added, which is no problem modeling this receiver as long as there is only either CCI or ACI present, and computing equivalent inband interference from ACI by means of ACPPerf as shown in the previous subsections. However, ACI occurring simultaneously with CCI challenges the receiver with different power spectra of the total interference signal, so the impact is certainly more severe than in the ACI scenarios considered before in Figures 3, 4, 6 and 8. 
Figure 11 summarizes the necessary C/ICO to achieve the reference BLER of 10% for MCS-5 in case of additional ACI at various IADJ/ICO for both types of equalizers as shown in Figure 9 or 10, respectively.  
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Figure 10 Relationship between IADJ/ICO and equivalent C/ICO for mixed interferers 
to achieve 10% BLER for MCS-5, TU50 no FH 
The TS 45.005 requirements for MCS-5 are shown in Figure 11 as dashed black lines, horizontally for CCI performance at C/ICO = 15.5 dB and with slope 1 for ACI performance at C/IADJ = -1 dB (same ICO considered on both axes). Additionally a black power addition curve for simultaneous CCI and ACI is shown, which is 3dB above the intersection point of the CCI and ACI lines at IADJ/ICO = ACPspec . It should be noted that this curve does not reflect a requirement from TS 45.005, but only the model, how ACP is often used to predict performance in mixed scenarios.

The bold red curve in Figure 11 summarizes the simulated performance results for the legacy EGPRS receiver shown in Figure 9. Both CCI and ACI performance requirements are each met with good margin. In the mixed scenario, when neither CCI nor ACI is dominant, the performance degrades smoothly, but does not coincide with the power addition model based on ACPPerf = 17.5 dB, which is also shown in red for comparison. 
It looks appropriate to either accept the precision of a power addition model with fixed ACPPerf , or to consider a direct modeling approach based on separate consideration of power from different interferer types.

The bold green curve in Figure 11 summarizes the simulated performance results for the new SAIC receiver shown in Figure 10. Both CCI and ACI performance requirements are each met with big margin. It should be noted that the carrier power level in Figure 10 is set as for the CCI test case in Figure 2. When adding high ACI in this situation, the resulting performance is not suffering from noise limitation as in Figure 3, but more like the situation in Figure 4, which also shows nearly ACPPerf = 31 dB for MCS-5 (at lower carrier power). 

In the mixed scenario, when neither CCI nor ACI is dominant, the performance degrades smoothly, but does not coincide with the power addition model based on ACPPerf = 31 dB, which is also shown as dashdotted green line for comparison. As can be expected from the bigger improvements for ACI compared to CCI in Table 3, the SAIC gain is most significant for high IADJ/ICO. 
For the spectrally wider TX pulse shape in the downlink, even more performance spread between different equalizer types can be expected.
3.3 Impact of impairments
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Figure 11 Different EVM for Sensitivity, TU50 no FH, MCS-5 to 9
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Figure 12 Different EVM for Adjacent channel interference, TU50 no FH, MCS-5 to 9
Even when taking all impairments [4] into account, the specification in TS 45.005 could be tightened by e.g. 3 – 5 dB for sensitivity and co-channel interference, and even more than 8 dB for adjacent channel interference, with stronger improvement in case of higher MCS. DC offset compensation is not considered throughout this paper, because occurrence of DC is strongly architecture dependent and the signal needs to be nearly DC free for higher order modulation at least for EGPRS2 in any case. Therefore a state-of-the-art DC compensation has been assumed here to perform within the remaining margin after tightening the spec.
3.4 RA250 no FH (Impact of high Doppler Spread)
The following Figures 14-16 show BER and BLER results for 8-PSK modulated EGPRS coding schemes in sensitivity, co-channel and adjacent channel interference scenarios under RA250 no FH channel conditions.
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Figure 13 Sensitivity, RA250 no FH, MCS-5 to 9
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Figure 14 Cochannel interference, RA250 no FH, MCS-5 to 9
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Figure 15 Adjacent channel interference, RA250 no FH, MCS-5 to 9
The new SAIC algorithm shows good performance also under high speed Doppler conditions. In addition to MCS-5 and MCS-6, also MCS-7 should be considered for specification, because BLER significantly lower than 10 % is achieved. 
4 Summary of TS 45.005 link level performance

Table 4 summarizes the achieved performance values at 10% or 30% BLER for MS obtained according to TS 45.005 (Table 1c, 2c and 2g for MCS-5 to 9 and Table 1l, 2s and 2w for DAS-5 to 7), assuming the simulation assumptions from Table 1 (Noise Figure = 8 dB). The margin to the specified values of TS 45.005 is shown in brackets. The wanted receive signal level applied for the interference performance tests is basically compatible with the assumptions in the specification (as described in section 2.1), while some ACI performance results could be improved even far more if noise limitation is avoided by a higher wanted signal level, see section 3.1.2. 
The results show drastically better performance for downlink EGPRS compared to the current specification, the difference is up to 11.4 dB in the sensitivity case, up to 10.9 dB for CCI and up to 21.7 dB for adjacent channel interference performance. On this basis, the effective ACP can be increased from values as low as 13.5 dB in the current specification to a nearly constant value about 23-24 dB. 
The quantitative results based on the new SAIC receiver clearly indicate that sensitivity and CCI performance can be considerably improved. The gains in ACI performance are even higher, resulting in strongly enhanced ACP.
Table 4: Overall Simulations according to TS 45.005
	DL GSM 900
	Static
	TU3 (nFH)
	TU3 (FH)
	TU50 (nFH)
	TU50 (FH)
	RA250 (nFH)
	HT100 (nFH)

	Reference performance (8 dB noise figure)

	DAS-5   (10%)
	-105.9  (  5.9)
	--
	--
	-100.2    (  6.2)
	-101.2    (  6.7)
	-101.6    (  6.1)
	  -99.7    (  7.7)

	DAS-6   (10%)
	-104.6  (  6.1)
	--
	--
	  -98.8    (  5.8)
	  -99.6    (  5.6)
	-100.0    (  6.0)
	  -97.9    (  7.4)

	DAS-7   (10%)
	-103.3  (  5.8)
	--
	--
	  -97.3    (  5.3)
	  -97.8    (  5.3)
	  -98.0    (  6.5)
	  -96.0    (  8.0)

	MCS-5  (10%) 
	-104.4  (  6.4)
	--
	--
	  -99.2    (  6.2)
	-100.2    (  6.2)
	-100.3    (  7.3)
	  -98.4    (  6.4)

	MCS-6  (10%)
	-102.6  (  6.6)
	--
	--
	  -97.3    (  6.3)
	  -98.0    (  6.5)
	  -97.6    (  9.6)
	  -95.8    (  6.8)

	MCS-7  (10/30%)
	  -99.6  (  6.6)
	--
	--
	  -93.0    (  9.0)
	  -93.2    (  9.2)
	--
	  -92.3** (  9.3)

	MCS-8  (10/30%)
	  -97.6  (  7.1) 
	--
	--
	  -92.3** (  9.3) 
	  -92.2** (  9.2) 
	--
	--

	MCS-9  (10/30%)
	  -95.6  (  9.6)
	--
	--
	  -89.9** (11.4)
	  -89.9** (11.4)
	--
	--

	Co-Channel Performance

	DAS-5   (10%)
	--
	  12.6    (3.9)
	    8.1    (6.9)
	    9.0    (  6.0)
	    8.1    (  6.9)
	   8.6     (  3.9)
	--

	DAS-6   (10%)
	--
	  14.0    (4.0)
	    9.6    (6.4)
	  10.6    (  5.4)
	    9.7    (  5.8)
	 10.4     (  4.1)
	--

	DAS-7   (10%)
	--
	  15.5    (4.0)
	  11.4    (6.1)
	  12.4    (  4.6)
	  11.5    (  5.5)
	 12.5     (  4.0)
	--

	MCS-5  (10%) 
	--
	  13.8    (5.7)
	    9.0    (5.5)
	  10.1    (  5.4)
	    9.0    (  5.5)
	   9.9     (  6.6)
	--

	MCS-6  (10%)
	--
	  15.7    (5.8)
	  11.4    (5.6)
	  12.3    (  5.7)
	  11.4    (  6.1)
	 12.8     (  8.2)
	--

	MCS-7  (10%)
	--
	  18.9    (7.6)
	  16.5    (7.0)
	  17.1    (  7.9)
	  16.6    (  7.9)
	--
	--

	MCS-8  (10/30%)
	--
	  20.9    (9.6)
	  17.4** (6.1)
	  17.2** (  8.3)
	  17.6** (  7.9)
	--
	--

	MCS-9  (30%)
	--
	  18.2** (7.3) 
	  19.7** (8.3) 
	  19.6** (10.9) 
	  20.0** (10.5) 
	--
	--

	Adj1 Performance

	DAS-5   (10%)
	--
	  -11.4    (14.4)
	  -15.9    (13.4)
	  -14.9    (12.9)
	  -15.9    (12.9)
	-16.1    (13.1)
	--

	DAS-6   (10%)
	--
	  -10.0    (13.5)
	  -14.3    (13.8)
	  -13.5    (13.0)
	  -14.3    (12.8)
	-14.4    (13.4)
	--

	DAS-7   (10%)
	--
	    -8.7    (13.2)
	  -12.6    (14.1)
	  -11.8    (13.3)
	  -12.5    (13.0)
	-12.2    (14.2)
	--

	MCS-5  (10%) 
	--
	  -10.0    (12.5)
	  -14.7    (12.7)
	  -13.6    (12.6)
	  -14.6    (12.6)
	-14.0    (15.0)
	--

	MCS-6  (10%)
	--
	    -8.3    (13.8)
	  -12.4    (12.9)
	  -11.6    (13.6)
	  -12.3    (13.3)
	-11.2    (17.7)
	--

	MCS-7  (10%)
	--
	    -5.3    (15.8)
	    -7.4    (15.4)
	    -6.7    (16.7)
	    -6.9    (15.9)
	--
	--

	MCS-8  (10/30%)
	--
	    -3.4    (18.9)
	    -6.9** (15.9)
	    -6.7** (17.7)
	    -6.5** (17.0)
	--
	--

	MCS-9  (30%)
	--
	    -6.6** (16.6) 
	    -5.0** (17.5) 
	    -4.7** (21.7) 
	    -4.5** (20.0) 
	--
	--


Performance is specified at 30% BLER for those cases identified with mark **
Values in brackets show margin to TS 45.005 specification (Tables 1c/l, 2c/s and 2g/w)
Even when taking all impairments (EVM considered in section 3.3 and DC offset compensation loss) and a fixed-point implementation (0.2 dB – 0.5 dB degradation) into account, the EGPRS specification in TS 45.005 could be tightened by e.g. 

· 3 –   5 dB for sensitivity, 
· 3 –   5 dB for co-channel interference, and 
· 6 – 10 dB for adjacent channel interference,
with stronger improvement in case of higher MCS. The situation for the recent EGPRS2 specification is mostly similar and can be improved as well. DAS-5 performs typically about 1 – 1.5 dB better than MCS-5 (with identical data rate 22.4 kbit/s per slot). DAS-7 performs nearly like MCS-6 while improving the data rate by 10.8 % (from 29.6 to 32.8 kbit/s). The gain from introduction of turbo codes with 8-PSK could be topped by even bigger improvements from the new SAIC receiver.
Link level performance for 8-PSK modulated speech channels is considered in a companion paper [12].

5 Conclusions

The results show drastically better performance for downlink EGPRS compared to the current specification, the difference is up to 21 dB.

Biggest improvements are achieved especially for adjacent channel interference performance. On this basis, the ACP can be increased from 13-17 dB in the current specification to about 23-24 dB.

The simulations are based on slight extensions of conventional receiver algorithms currently applied for EGPRS. The enhancements can be implemented in software with little complexity increase and fully maintain the robustness with regard to sensitivity or interferer scenarios and receiver impairments. In contrast to the introduction of DARP phases 1 and 2, dominant interferer ratios (DIR) need not be considered and the classical specification focus on sensitivity, co-channel and adjacent channel interference scenarios is sufficient.

Tightened MS specification for EGPRS should be considered. A new DARP phase 3 could be defined already in Rel-9 or Rel-10 and will provide significant data capacity gains. Furthermore, the strong enhancement of ACP will provide a good basis to secure introduction of a spectrally wider TX filter also in the downlink, which are currently studied in WIDER for data and in MUROS for voice services.

6 Abbreviations

For the purposes of the present document, the following abbreviations apply: 

ACI

Adjacent Channel Interferer (1st adjacent assumed)

ACP

Adjacent Channel Protection (1st adjacent taken into account)

BER

Bit Error Ratio
BLER

Block Error Ratio
CCI

Co-Channel Interferer

DARP

Downlink Advanced Receiver Performance
DFSE

Decision Feedback Sequence Estimation
DIR

Dominant Interferer Ratio

MCS

Modulation and Coding Scheme
MSRD

Mobile Station Receive Diversity
MUROS

Multiple Users Reusing One Slot, see [10] 
NF

Noise Figure of Terminal

RRC

Root-Raised-Cosine-Filter
SAIC

Single Antenna Interference Cancellation

TX-NARROW

linear GMSK pulse shaping filter c0(t), see [6] 

TX-WIDE

spectrally wide pulse shaping TX filter c’(t) for EGPRS2-B UL, see [6]
VAMOS

Voice Services over Adaptive Multi-User Channels on One Slot 
WIDER

spectrally wide pulse shaping TX filter for EGPRS2-B DL, see [9]
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