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1
Description

This document studies the feasibility of utilising Single Antenna Interference Cancellation (SAIC) as a means of increasing the downlink spectral efficiency of GSM networks.  Several contributions in TSG-GERAN have been presented and discussed which quantify the gains of different SAIC techniques [1], [2], [3], [4], [5].  

SAIC is a generic name for techniques, which attempt to cancel or suppress interference by means of signal processing without the use of multiple antennas.  The primary application is the downlink, where terminal space and aesthetics typically preclude the use of multiple antennas.  

2
Update of the document
The original submission of document GP-022892 to GERAN #12 had the following multiple purpose:

· Propose an initial draft feasibility study for the new work item on SAIC, in order to build the framework and summarize available information
· Inform about results, which have not yet been presented to GERAN before
For discussion at the GERAN SAIC Workshop, an update of document GP-022892 is provided, comprising:  

· Proposed new outline of general organization of the feasibility study

· Explicit clarification which results were newly presented to GERAN as part of this document

· Editorial corrections

3
New outline proposed for FS
In an off-line session on SAIC topics during GERAN #12, the following general organization of the feasibility study has been agreed between all companies supporting the SAIC work item. An SAIC ad-hoc meeting was proposed for January 8-9, which aims at delivering a draft feasibility study to GERAN #13 after discussing the various inputs to the feasibility study.
General Organization of FS

· Introduction

· Scope/Objectives

· Network Scenario Assumptions

· What are the goals: Capacity? QoS?

· Signaling (yes/no)

· Simulation Assumptions

· Simulation Models

· Network

· Link Level

· Mapping between link level and system level

· Testing Considerations

· Results

· Network simulation for descriptive statistics

· Link simulation

· Network simulation for capacity and throughput

· Field trials

· Analysis

· Discussion of results

· Specification Impacts

· Core specs

· Testing specs

· Conclusions
4
New results included in the draft FS
The following new results have already been included in this draft feasibility study without being presented in separate documents to GERAN before:
4.1 Figures B.1-B.4, MIC results for TCH/FS
Source: Philips, description see section 5.1.1, paragraph 1 

4.2 Figures B.5-B.8, MIC results for PDTCH/CS-1 to 4
Source: Philips, description see section 5.1.1, paragraph 1
4.3 Figures B.9-B.10, JD results for various delays 
Source: SBC Technology Ressources, Cingular, description see section 5.1.1, paragraph 2 

4.4 Figure B.11-B.12, MIC results for TCH/AFS and TCH/AHS
Source: Philips, description see section 5.1.1, paragraph 4
4.5 Figures B. 13-B17, MIC results for various Dominant Interferer Ratios
Source: Philips, description see section 5.1.2
4.6 Figures B. 22-B25, MIC results for adjacent channel interferers
Source: Philips, description see section 5.1.3, paragraph 2 

4.7 Figures B.26-B.27, MIC results for combined co-channel and adjacent channel interferers
Source: Philips, description see section 5.1.4

4.8 Figure C3, Network performence estimate based on MIC 
Source: SBC Technology Ressources, Cingular, Philips, description see section 5.3, paragraph 2
4.9 Figure C4, GPRS throughput estimate 
Source: Ericsson, SBC Technology Ressources, Cingular, description see section 5.3, paragraph 3
4.10 Figure C3, Preliminary results of MIC Wilmington field trial
Source: SBC Technology Ressources, Cingular, Philips, description see section 5.3, paragraph 5
5
Conclusions

The requirements and results sections of this initial draft are still considered to be a good starting point, which is proposed for further revision according to the discussion of the new outline and several input documents to GERAN #12 and SAIC workshop. This should facilitate delivering a new draft SAIC feasibility study to GERAN #13.
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Foreword

This Technical Report has been produced by the 3rd Generation Partnership Project (3GPP).

The contents of the present document are subject to continuing work within the TSG and may change following formal TSG approval. Should the TSG modify the contents of the present document, it will be re-released by the TSG with an identifying change of release date and an increase in version number as follows:

Version x.y.z

Error! No index entries found.Where:

x
the first digit:

1
presented to TSG for information;

2
presented to TSG for approval;

3
or greater indicates TSG approved document under change control.

y
the second digit is incremented for all changes of substance, i.e. technical enhancements, corrections, updates, etc.

z
the third digit is incremented when editorial only changes have been incorporated in the document.

Introduction

This document studies the feasibility of utilising Single Antenna Interference Cancellation (SAIC) as a means of increasing the downlink spectral efficiency of GSM networks.  Several contributions in TSG-GERAN have been presented and discussed which quantify the gains of different SAIC techniques [1], [2], [3], [4], [5].  

SAIC is a generic name for techniques, which attempt to cancel or suppress interference by means of signal processing without the use of multiple antennas.  The primary application is the downlink, where terminal space and aesthetics typically preclude the use of multiple antennas.  

Recent laboratory and field testing of SAIC techniques have shown significant gains for GMSK modulated signals [4].  Laboratory testing of candidate SAIC prototypes at both 900 and 1900 MHz has shown link level performance gains of 7-10 dB for a single, synchronous co-channel interferer.  The 900 MHz prototype was implemented as both a demonstration board, and by downloading the required software into an existing MS platform, thereby showing that the technique can be realised with existing MS technology.  A field trial of the 1900 MHz prototype showed a 2.7 dB increase in the C/I in an operational GSM network employing Frequency Hopping (FH) with 1/1 reuse and fractional load.  This latter result is even more impressive when one considers that it was achieved in a non-synchronised network, since SAIC techniques are known to provide maximum gain in synchronised networks.  In addition, network level simulations have been conducted, which show voice capacity gains of a factor of two to greater than three times that of a network without SAIC-equipped MSs.  

These very encouraging results justify the need to conduct a feasibility study to thoroughly verify the concept.  In addition, SAIC techniques for 8-PSK modulation also need to be investigated to determine their viability as well. If the feasibility study proves the viability of SAIC, we would recommend that MS receiver requirements be ‘tightened’ in Release 6 to reflect the better performance associated with SAIC capable MSs.   

  The following briefly describes the scope of this document.  

1
Scope

This document studies the feasibility of SAIC for GMSK and 8 PSK modulated signals in GSM networks.  Specific areas of study are:

· SAIC link and network level performance in synchronised networks

· SAIC link and network level performance in non-synchronised networks

· Determining the radio conditions and channel profiles under which the receiver requirements for SAIC capable MSs will be specified.

· Signalling required for optimised use of SAIC

· Complexity of implementation of candidate SAIC algorithms

2
References

The following documents contain provisions, which, through reference in this text, constitute provisions of the present document.

· References are either specific (identified by date of publication, edition number, version number, etc.) or non‑specific.

· For a specific reference, subsequent revisions do not apply.

· For a non-specific reference, the latest version applies.  In the case of a reference to a 3GPP document (including a GSM document), a non-specific reference implicitly refers to the latest version of that document in the same Release as the present document.

 [1] 3GPP Tdoc GP-021013, “Single Antenna Interference Cancellation in MS for GSM Networks”, Source: Cingular, Philips, SBC TRI

[2] 3GPP Tdoc GP-020091, “Downlink GMSK Interference Suppression”, Source: Ericsson.

[3] 3GPP Tdoc GP-020822, “Downlink GMSK Interference Suppression Performance Evaluation”, Source: Ericsson.

[4] 3GPP Tdoc GP-022557, “Laboratory & Field Testing of SAIC for GSM Networks”, Source: Cingular, Philips

[5] 3GPP Tdoc GP-022347, “Downlink adjacent interference reduction”, Source: Nortel

[6] GSM, GPRS and EDGE Performance Evolution Towards 3G UMTS, T. Halonen et al, Chapter 8, Dynamic Frequency and Channel Allocation, John Wiley & Sons, 2002. 

[7] GSM 05.05 V8.4.0 Release 1999, Digital cellular telecommunications system (Phase 2+), Radio transmission and reception, 2000-04.

[8] 3GPP Tdoc GP-022522, “Proposed Values for Receiver Performance with SAIC”, Source: Philips, Cingular, AT&T Wireless

3
Definitions, symbols and abbreviations

TBD

3.1
Definitions

For the purposes of the present document, the following terms and definitions apply.

3.2
Symbols

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

3.3
Abbreviations

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

4
Requirements

In this section we address the main requirements for mobile stations equipped with an SAIC capability.  This section defines the performance profiles from which the specific requirements will be based for operation in synchronised and non-synchronised GSM networks.  A synchronized network implies that each BTS transmits time slot 0 at approximately the same time with some small timing error.  The vast majority of today’s GSM networks are non-synchronized, and thus, performance for this condition is also of interest.  However, SAIC results to date have shown that there are significant additional gains to be realized in a synchronized network.  To support emergency and location services will typically require that networks be synchronized, and in addition, certain network features developed by some BTS vendors exploit synchronization to provide significant gains over and above that which would be realized in a non-synchronized network [6].  
In the remainder of this section the following major topics are discussed: Performance assumptions to establish the specific requirements for synchronised and non-synchronised networks, complexity of implementations, timeframe in which SAIC capability is required, and signalling required to identify a mobile as being SAIC-equipped.
4.1
Performance

In this section we define the performance assumptions to be used in specifying the receiver requirements associated with SAIC-equipped mobile stations (MSs).  Channel profiles are specified for both synchronised and non-synchronised networks.  The performance assumptions common to both types of networks are as follows:

· Performance is to be specified for TU3 and TU50 channels for both Non-Hopped (NH) and ideal Frequency Hopping (FH) conditions for operation at 850/900 MHz.  For operation at 1800/1900 MHz, TU1.5 and TU50 should be used.

· Performance is to be specified in terms of the C/I required to support a 1% Frame Error Rate (FER) unless specified for the following logical channels: TCH/FS, TCH/EFS, TCH/AFS (all modes) and TCH/AHS (all modes)

· Performance is to be specified in terms of the achievable Frame Error Rate (FER) for the Control Channels affected.  

· Performance is to be specified in terms of the C/I required supporting a 10% Block Error Rate (BLER) for PDTCH/CS1 and CS2. The performance specification for 8 PSK is TBD. 

· Performance is to be specified assuming that the desired signal uses a TBD Training Sequence Code (TSC), with a proposed value of TSC0.

· Performance is to be specified assuming the practical hardware degradations specified in Annex A.

In addition to the above assumptions, performance is to be defined for each of the following five channel profiles

· Single co-channel interferer

· Two co-channel interferers

· Single adjacent channel interferer

· Single co-channel interferer plus single adjacent channel interferer

· Noise-limited environment.

These channel profiles address a wide range of operating conditions.  The single co-channel interferer case is of particular interest since in frequency-hopped GSM networks with tight reuse there will typically be one dominant interferer for a large percentage of the time and area (The dominant interferer presence depends on the network reuse and the loading.  The tighter the reuse the higher the probability of observing a dominant interferer. Similarly, the dominant interference presence depends on the network loading: there is a higher probability of getting a dominant interference for light network load, since the interference strength disparity is higher for lightly loaded network. In the contrary, the probability of observing a dominant interferer decreases as the network load, or served traffic, increase.  The profile with two co-channel interferers is also very important since as the fractional load increases, so too does the possibility of multiple interferers.  An important parameter in this multiple interference environment is the Dominant Interferer Ratio (DIR), which is defined as the average power of the dominant interferer over the sum of the average powers of the remaining interferers.  

The single adjacent channel interferer and the mix of co-channel and adjacent channel interference are also of practical interest.  In addition, some SAIC techniques may address one or both types of interference, and it would be good to understand the resulting performance.

 Note for all of the interference-limited conditions, there are four primary combinations of desired signal and interferer(s) corresponding to GMSK/GMSK, GMSK/8-PSK, 8-PSK/GMSK, and 8-PSK/8-PSK, where the first descriptor is the desired signal and the second the interferer.  All combinations should be investigated.  We realize that for the multiple interferer conditions that there could be a mix of interference as well, but hopefully this is a second order effect.  If not, then this should be investigated as well.  With regards to GMSK modulation, the primary interest is in determining the performance for GMSK interference.  However, performance for 8-PSK interference is also of interest, and should be addressed in the feasibility study as well.  Given that GMSK interference cancellation techniques are much further along than those for 8-PSK, the minimum requirement would be that the performance in the presence of 8-PSK interference should be no worse than existing MSs for interference-limited conditions. 
Finally, the noise-limited environment is included to insure that the inclusion of an SAIC capability does not degrade performance over what is achievable in existing MSs.  For example, it may be best to switch to conventional receiver processing for noise-limited and/or high C/I environments. 

The following two sections define the specifics of each of these profiles as they apply to synchronised and non-synchronised networks. 

4.1.1
Synchronised Networks

The following provides additional detail for the channel profiles related to operation in a synchronised network.  For the purposes of these profiles we are assuming that the desired signal and the interferer(s) are perfectly synchronised, which implies that the delay between the various signals is zero, see Figure 1.  Since even in a synchronised network there will be delays between the desired and interfering signals due to propagation differences, a delay of TBD is specified, with a proposed value of zero.  Note network simulations for GSM networks employing FH in 1/1 reuse with a site-to-site distance of 3 km, indicate that the delay with respect to the dominant interferer will be less than 3 symbols 60% of the time with a maximum delay of about 5.5 symbols.  Simulation results to date for various SAIC algorithms indicate only a slight degradation with these levels of delay and thus, testing at zero delay should be fairly representative of overall performance.
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Figure 1. Perfectly synchronised, zero delay between desired signal and interferers.  TSCs shown are proposed values.

4.1.1.1 Training Sequence Codes

.The intent here is to insure that the interferer has a different TSC than the desired signal so as to not preclude SAIC techniques that may require the channel estimation of the interferer, e.g. joint demodulation. Further, SAIC techniques that process the TSC of the interferer, will probably require network planning of the TSCs to minimise the probability that the dominant interferer (and others) do not have the same TSC as the desired signal. In total, there are 28 combinations of 8 sequences taken two at a time. Some combinations of TSCs may have better or worse performance than others [4].   Thus, the TSC cases to study are TBD, but the proposed value for the single co-channel interferer condition is TSC1. 

For the two co-channel interferers the assumption is that the dominant interferer has a TSC = TBD, with a proposed value of TSC1, while the second interferer has a TSC = TBD, but different than the first, with a proposed value of TSC2.  Here again, the intent is to make sure that the TSCs are not the same for the desired signal and the interferers, but also different between the two interferers.  In this case there are 56 combinations of (desired, first interferer, 2nd interferer) where no interferer is the same and are both different than the desired signal. We once again realise that the combination selected may not be representative of best or worst performance, but some combination needs to be specified.  

For the single adjacent channel interferer the interferer is assumed to have a TSC = TBD, with a proposed value of TSC1, where again the intent is to specify a TSC different than the desired signal.  For the mixed interference scenario of a single co-channel and a single adjacent channel interferer, the TSCs are TBD, but the proposed values are TSC1 and TSC2 for the co-channel and adjacent channel, respectively.  

4.1.1.2 Interferer Power Levels 

The DIR is specified as TBD dB, which is equal in this case to the ratio of the average power of the dominant interferer, Id to the average power of the second interferer, I2.  The proposed DIR value is 4.0 dB.   The C/I is the ratio of the average power of the desired signal, C to the sum of Id + I2.  

For the case of a mixed interference scenario of a single co-channel and a single adjacent channel interferer, the ratio of the average power of the adjacent channel interferer, Ia to the average power of the co-channel interferer, Ic is specified as TBD dB, with a proposed value of 14.0 dB.

4.1.2
Non-Synchronised Networks

The following provides additional detail for the channel profiles related to operation in a non-synchronised network.  In a non-synchronised network the delay between the desired signal and the interferer is random and can vary from zero to as much as a full slot.  The problem is that now instead of just one interferer overlapping the burst of interest as was the case for synchronised networks with a single co-channel interferer; you may actually have two time contiguous interferers overlapping the burst, see Figure 2.  These overlapping interferers appear effectively as two interferers and since most SAIC techniques of reasonable complexity can only cancel or mitigate one interferer; there is a resulting degradation in performance.  Note, for low network loads there may be only one interferer, but we are interested in characterising performance for moderate to heavy load conditions where contiguous interferers are likely. 

 For purposes of this profile, the delay = TBD, with a proposed value of 50 symbol times (~185 microseconds), where the delay is defined in Figure 2 between the desired signal and what we are calling the primary interferer.  The other interferer, which overlaps the front part of the desired signal burst, is called the secondary interferer.  For the multiple interference environments we still have the concept of dominant and second interferer.   The value of delay ultimately selected should be long enough to stress the link and short enough that the secondary interferer can be specified to just transmit random data since the TSC portion of that burst does not overlap the burst of interest.  This latter assumption leads to a more simplified test case. 
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Figure 2.  Non-synchronised, delay between desired signal and interferers.  TSCs shown are proposed values.

4.1.2.1. Training Sequence Codes

For the single co-channel interferer profile the primary interferer is assumed to have a TSC = TBD, with a proposed value of TSC1, while the secondary interferer is assumed to transmit random data.  For the two co-channel interference profile, the dominant primary interferer is assumed to have a TSC = TBD, with a proposed value of TSC1, while the second primary interferer has a TSC = TBD, with a proposed value of TSC2.  The dominant secondary and second secondary interferers are assumed to transmit random data.  The DIR is assumed to be TBD dB, with a proposed value of 4.0 dB for both ratios of dominant to second interferers.  In general the second primary and second secondary interferers are not synchronised with the dominant primary and dominant secondary interferers, respectively, but are shown that way for simplicity in Figure 2.  For the single adjacent channel interference profile, the primary interferer is assumed to have a TSC = TBD, with a proposed value of TSC1, while the secondary interferer is assumed to transmit random data.

For the single co-channel and single adjacent channel profile, the co-channel primary is assumed to have a TSC = TBD, with a proposed value of TSC1, while the adjacent channel primary is assumed to have a TSC = TBD, with a proposed value of TSC2.  The secondary interferers are assumed to transmit random data.  The Ia/Ic is assumed to have a value of TBD dB, with a proposed value of 14.0 dB. The delay between the desired signal and both primary interferers is assumed to be TBD, with a proposed value of 50 symbols.

4.1.2.2 Interferer Power Levels

The DIR is specified as TBD dB, with a proposed value of 4.0 dB, where this value applies to both ratios of dominant to second interferers.  

For the case of a mixed interference scenario of a single co-channel and a single adjacent channel interferer, the ratio of the average power of the adjacent channel interferer, Ia to the average power of the co-channel interferer, Ic is specified as TBD dB, with a proposed value of 14.0 dB. 

4.2
Complexity

In order to achieve the maximum possible network capacity gain for voice services, and maximum overall throughput for data services it is necessary that all future MSs be equipped with an SAIC capability.  To achieve this goal it is necessary that the implementations of the selected techniques be of low complexity, and thus, have minimal impact to the architecture, memory, and MIPS requirements of existing and future MSs.  Two of the main criteria to keep complexity low are the MIPS and memory required.  However, neither the feasibility study nor the standard will specify a requirement on either of these values, since the maximum allowable values will typically be MS platform dependent. In addition, other criteria, such as compatibility with existing DSP architectures, may be more important.  Therefore, techniques like joint demodulation, which are typically a bit more complex, may not be as attractive for this particular application.  However, that is for each MS vendor to decide, and as long as the technique can support the performance required with low complexity then it certainly should be a technique worth considering.
4.3
Signalling

Signalling needs to be defined such that an MS, which is SAIC capable can be identified as such by the network.  The capability to identify the MS as SAIC capable through the use of a new MS type identifier should be incorporated into the Release 6 specification.  However, other methods should be investigated for determining that the MS is SAIC capable without the explicit need to identify as such.  This will allow deployment of SAIC capable before completion of Release 6.
4.4 Time Frame

The intent is to complete this feasibility study by GERAN meeting #14, which will insure that the receiver performance specifications and a new mobile type are defined in time for inclusion into Release 6.

4.5 Other Considerations

The values selected to ‘test’ the link level performance of candidate SAIC algorithms need to be of practical interest.  For example, it makes no sense to specify an unreasonably high or low value of DIR since these conditions occur very infrequently if at all.  To determine practical values typically requires either field trials and/or network simulations.  When a feature is in development, such as SAIC, then typically network level simulations are required to determine practical values of interest.  Thus, the values used should be based on network simulations which attempt to model the real operational network as close as possible.  In current GSM deployments, frequency hopping with fractional reuse has been shown to provide maximum capacity gains, particularly for voice services.  Thus, it is highly desirable that values selected for link level performance evaluation are based on frequency hopped networks with fractional reuse.

For example, the distribution of DIR will vary significantly depending upon the fractional load and reuse employed.  Network simulations for the EFR assuming FH over 12 frequencies with 1/1 reuse with a site-to-site distance of 3 km indicate a median DIR value of ~13 dB at a fractional load of 10%.  This DIR value is conditioned on C/I values < 9 dB, which is the area where SAIC techniques will be most effective.  However, as the load is increased it is expected that the DIR distribution will shift to lower values, and that is the reason that the proposed value for DIR is 4.0 dB.  The feasibility study must consider different fractional loading conditions in the specification of SAIC requirements.  The primary interest is for FH with 1/1 frequency reuse, but non-hopping with 3/9 reuse is also of potential interest for BCCH carrier deployment.  In addition, FH in conjunction with MAIO management should also be considered.  The interaction between SAIC and FH networks with 6 and 12 hopping frequencies should be evaluated and understood.

5 Study Results

In this section we present a number of link and network simulation results, which show the gains achievable with candidate SAIC algorithms.  Link performance results are presented for both synchronised and non-synchronised networks.  Link performance curves as well as the specific performance values for some of the channel profiles defined in section 4.1 are presented and described.  Network level simulation results in terms of downlink voice capacity for EFR and AMR speech coders with and without SAIC are also described, along with estimated increases in throughput for GPRS.

5.1
Link Level Performance Results – Synchronised Networks 

In this section link level performance results are presented for candidate SAIC algorithms.  Results are presented for the five channel profiles defined in section 4.1.1, and for delays representative of a synchronised GSM network with FH and 1/1 reuse, where the expected maximum delay is limited to approximately 5 to 6 symbols.  Note results shown will be for a delay of zero unless otherwise specified.  Note also that for the interference-limited profiles that the primary condition of interest for GMSK modulation is GMSK interference.  However, performance for 8-PSK interference is also of interest, and should be addressed in the feasibility study as well.  Given that GMSK interference cancellation techniques are much further along than those for 8-PSK, the minimum requirement would be that the performance in the presence of 8-PSK interference should be no worse than that specified in [7] for interference-limited conditions.  For 8-PSK modulation, both GMSK and 8-PSK interference are of interest, and both will be addressed in the feasibility study.

5.1.1 Single co-channel interferer

The vast majority of the SAIC results available today are for this particular channel profile. Representative performance curves for FER, Class 1b and Class 2 RBER for TCH/FS for TU3 and TU50 for NH and ideal FH are shown in Annex B, Figures B.1-B.4.  The FER curves from these figures were used to define the receiver performance values specified in [8] assuming an implementation margin of ~ 3 dB.  Note 3 dB was added when reading values from the printed curves and then performance was rounded up to the nearest 0.5 dB.  The corresponding BLER curves for GPRS CS1-CS4 are shown in Figures B.5-B.8.  We would recommend that the same rationale be applied to this latter set of curves to define receiver requirements for PDTCH/CS1-CS4. Note Figures B.1-B.8 were generated assuming that the interferer transmitted random data throughout the burst.  Based on the recommendation in section 4.1.1, these curves will need to be rerun using a TSC = TBD (proposed value of TSC0) for the desired signal and a TSC = TBD (proposed value of TSC1) for the interfering signal.  Sensitivity to different combinations of TSC pairs should be investigated as part of this feasibility study for all candidate algorithms.

SBC Technology Resources, Inc. (TRI) in conjunction with Cingular Wireless has run extensive simulations for an SAIC algorithm based on Joint Demodulation (JD).  Simulation results showing the achievable FER for TCH/FS for TU3 and TU50 with ideal FH are shown Figures B.9-B.10 for a number of values of delay, where we have also included the performance of MIC for a delay of zero, and a receiver with a conventional Viterbi equalizer.  As shown in these latter figures, the performance of the JD scheme starts to degrade for higher values of delay (6-8 symbol times), but actually is a little better for three symbols of delay compared to zero symbols.  We suspect this inconsistency is due to the interplay between the TSCs, which for these results were set per the proposed values defined in 4.1.1.  A novel joint channel estimation was used in the JD algorithm for delays <= 3 symbols, whereas a more conventional Least Mean Square (LMS) algorithm was used for delays > 3 symbols. 

Based on other MIC simulation results, which evaluated performance versus delay, it appears that MIC is fairly insensitive to delays up to about 20 symbols.  Thus, even though JD outperforms MIC for low values of delay (<3 symbols), MIC appears to offer more consistent performance over the range of delays expected in synchronised networks.

Performance of the MIC algorithm for TCH/AFS and TCH/AHS for TU3 with ideal FH is shown in Figures B.11 and B.12, respectively.  Significant link gains (typically > 10 dB at 1% FER) are achieved when these results are compared with those obtained with conventional processing.

5.1.2 Two co-channel interferers.

 The performance with multiple co-channel interferers is of particular interest as the fractional load is increased in a FH GSM network employing 1/1 reuse.  Simulated performance of the MIC receiver for two co-channel interferers for DIR values of 0.0 to 8.0 dB in 2.0 dB increments is shown in Figures B.13-B.17, respectively.   These curves are for the TCH FS assuming TU50 NH and zero delay between the desired signal and the interferers.  The gain compared to a conventional receiver, even at 0.0 dB DIR is an impressive 4.2 dB at a FER of 1%, and is fairly constant over the range of C/I considered.  For a DIR of 8.0 dB the link gain is seen to increase to 6.3 dB.  These curves form the basis of the TRI network level performance results described in section 5.3.  

5.1.3 Single adjacent channel interferer

This section addresses the link performance in the midst of a single adjacent channel interferer that is perfectly synchronised to the desired signal.  Nortel submitted a recent contribution [5] on an algorithm that they have developed, which shows performance gains of ~10 dB for the TCH FS at TU50 with ideal FH at the 1% FER, when compared to their implementation of a reference receiver.  The associated performance curve along with raw or modem BER (class2) for TU3 and TU50 are shown in Figures B.18-B.20, respectively.  The gain in BER at the 2% point is ~9 dB.  Figure B.21 shows the BLER performance for the MCS1 mode of EDGE, where the gain at the 10% point approaches 10 dB.  Note it is not known what practical hardware degradations were assumed for these latter simulation results.   

The performance of the MIC receiver in the midst of a synchronous adjacent channel interferer is summarised in Figures B.22-B.25 for TCH FS and CS1-4 for TU3 and TU50 with ideal FH.  The performance in FER for the TCH FS for TU3 is slightly better than the Nortel receiver, where a 1% FER is supported at C/Ia of ~-21 dB compared to ~-20 dB.  The associated class 2 BER performance at the 5% point is <-20 dB for MIC and ~-19 dB for the Nortel receiver.  In addition, the MIC results are known to include the practical hardware degradations defined in Annex A. 

5.1.4 Single co-channel interferer and single adjacent channel interferer

The performance of the MIC receiver for a single co-channel and a single adjacent channel interferer is summarised in Figures B.26 and B.27 for TCH FS and GPRS CS1-4 for TU50 NH.  The FER, Class 1b, and Class 2 BER are shown for the TCH FS, while BLER is shown for the four modes of GPRS.  The ratio of Ia to Ic = 14.0 dB for both figures.

5.1.5 Noise-limited environment

The performance of the candidate SAIC algorithms for noise-limited conditions should meet or exceed the requirements specified in [7].  The intent is to insure that the performance of SAIC-equipped MSs is not any worse than existing MSs.  No results are provided since it is assumed that this requirement will be met by the SAIC processing, or by having the receiver sense the environment and switch to conventional receiver processing.

5.2 Link Level Performance Results – Non-Synchronised Networks 

 In this section link level performance results are presented for candidate SAIC algorithms.  Results are presented for the five channel profiles defined in section 5.1, and for delays representative of a non-synchronised GSM network with FH and 1/1 reuse.  Note results shown will be for a proposed delay value of 50 symbol times unless otherwise specified.

5.2.1 Single co-channel interferer

Results to be developed during feasibility study.

5.2.2 Two co-channel interferers.

Results to be developed during feasibility study.

5.2.3 Single adjacent channel interferer

Results to be developed during feasibility study.

5.2.4 Single co-channel interferer and single adjacent channel interferer

Results to be developed during feasibility study.

5.2.5 Noise-limited condition

The performance of the candidate SAIC algorithms for noise-limited conditions should meet or exceed the requirements specified in [7].  The intent is to insure that the performance of SAIC-equipped MSs is not any worse than existing MSs.  No results are provided since it is assumed that this requirement will be met by the SAIC processing, or by having the receiver sense the environment and switch to conventional receiver processing.

5.3 Network Level Performance Results

In [3] Ericsson provides network level simulation results showing the voice capacity gain for one of their versions of an SAIC algorithm for the EFR and the AMR-FR operated in the 5.9 kbps mode.  These results are shown in Figures C1 and C2, respectively, where the percentage of satisfied users is plotted against the number of Erlangs supported per sector.  The performance shown is for a 5 MHz deployment with 12 hopping channels and the remaining channels reserved for the BCCH and any guard band.  The original curves in [3] were plotted against frequency load, but we have converted to Erlangs per sector by multiplying the frequency load by the number of hopping time slots, which is equal to 12x8=96.  The definition of ‘satisfied’ is an FER of <=1% for the EFR, and an FER <=0.6% for the AMR.  If we establish a requirement that 95% of the users be satisfied, then the Erlangs supported per sector for the EFR, with and without SAIC, is 29 and 12 Erlangs, respectively. This corresponds to a capacity increase of ~2.4 times. Note this capacity represents that available on just the hopping channels.  If we assume that the BCCH has 6 slots available for voice, then the SAIC capacity gain for the entire 5 MHz decreases to ~1.9 times.  The respective Erlangs supported for the AMR-FR with and without SAIC are 58 and 31 Erlangs on the hopping channels, respectively, which corresponds to ~1.8 times increase in capacity.  When the BCCH voice capacity is included the capacity gain decreases to ~ 1.7 times.  Note the above simulation results and others described later in this section assume a perfectly synchronised network.  Capacity gains for non-synchronised networks will typically be less than these values due to the presence of multiple, overlapping interferers (see discussion in Section 4.1.2).
SBC TRI also conducted a network level simulation for the EFR and those results are shown in Figure C3.  These results are based on assuming the use of the Philips SAIC receiver also referred to as MIC.  The DIR performance assumed was based on that described in section 5.1.2 and shown in Figures B.13-B.17.  Performance was extrapolated for lower and higher values of C/I not provided in the figures.  The same basic simulation assumptions were used as in [3].  The results show significant gain over and above that predicted with the Ericsson SAIC receiver.   At the 95% satisfied user point, the Erlangs per sector are estimated to be 33.0 and 8.4 with and without MIC, respectively.  This corresponds to a SAIC gain of almost four times that of an MS with conventional processing.  Note the TRI estimate for EFR without SAIC was lower than that predicted by Ericsson (8.4 Erlangs compared to 12 Erlangs), but this could be due to differences in the simulation methodology and other unspecified assumptions.

In response to a Cingular RFI, Ericsson also developed network level simulation results for GPRS.  Figure C4 shows the cdf of downlink throughput in kbps for a single slot GPRS MS assuming ideal link adaptation and a uniform link gain for SAIC of a conservative 3 dB.  The figure assumes 1/3 reuse and a channel utilisation of ~75%.  The throughput gain at the 90th percentile for an SAIC capable MS is estimated at ~ 32%, corresponding to an increase in throughput from 12.3 kbps to 16.3 kbps.  Note the throughputs specified include overhead and thus, the actual information throughput will be slightly less than that shown. 

In addition to these network level simulation results, Cingular and TRI in conjunction with Philips also conducted a network trial in Savannah, GA using a MIC prototype operating at 1900 MHz [4].  The results of this trial were quite encouraging and are summarised in Figure C5.  At the highest network load tested the gain in C/I as measured by the prototype was found to be 2.7 dB.  This latter gain was achieved by operating the prototype in a toggle mode with a 1/1 duty cycle, where the receiver switched between MIC processing and conventional processing every RXQUAL interval.  This mode allowed as normalised a comparison as possible and also, removed any bias due to Downlink Power Control (DPC).  In another test, the duty cycle of MIC on to MIC off was changed to 15/16 and 1/16 to observe the effects of DPC.  In this latter test, for the high duty cycle condition of 15/16 it was observed that the downlink power decreased on the average by 1.8 dB, and the received signal level at the MS decreased by 1.3 dB.  In addition, the performance for both duty cycles was nearly equivalent indicating that MIC ‘on’ did not compromise performance while supporting a decrease in transmit BTS power.  The gain in C/I was found to be 2.2 dB, which is down 0.5 dB from the 1/1 duty cycle for about the same level of network load.  This decrease in C/I makes sense since the desired signal would be decreased for MIC on and increased for MIC off, thereby producing a decrease in the delta between the C/Is for the two conditions.   

A field trial in a synchronised network using the same MIC 1900 MHz prototype was conducted the week of 4 November 2002 in Cingular’s Wilmington, DE market.  Preliminary results from this trial for synchronised, random FH with six hopping frequencies and five interfering sectors, indicate a C/I gain of 4.5 to 5.0 dB in the C/I range of interest, see Figure C6.  When the number of interfering sectors was decreased to three, the C/I gain decreased to ~2 to 3 dB, since there was not as much interference to cancel and thus, less gain achievable, see Figure C7.  Detailed results from this latter trial will be made available in a separate contribution after all of the data collected is suitably processed.  

6 Service Requirements

[This may be deleted, not sure yet]

7 Summary and Conclusion

This document has outlined an approach for conducting a feasibility study of SAIC techniques for GMSK and 8-PSK modulation in GSM networks and the parameters of interest for simulation. Channel profiles have been specified for both synchronous and non-synchronous operation under which the link level performances of SAIC capable MSs are to be quantified.  Much work has already been done in this area for synchronous operation, and a number of those results have been described.  Network level simulation results have also been conducted for synchronous networks, which show impressive capacity gains for voice and data services.  MS prototypes with SAIC capability have been developed and tested in the laboratory and the field, which validate some of the simulated performance claims. In addition to performance, the following areas are also to be addressed during the study: complexity of implementation, how best to identify an MS as SAIC capable, and the time frame for when this capability would be available.  

Based on the very encouraging performance results to date, and the fact that an MS prototype has been developed and implemented with today’s MS technology, we feel that SAIC is a technology very much worth considering for deployment in future GSM networks. If additional work accomplished during this feasibility study continues to support this position, we would recommend that MS receiver requirements be ‘tightened’ in Release 6 to reflect the better performance associated with SAIC capable MSs.

Annex a – Practical Hardware Degradations

 The simulation results should include the following practical considerations and hardware degradations.

· Practical Channel Impulse Response (CIR) estimator for C and I (if required).  This implies that the known or ideal CIR is not used, but rather the CIR is developed from the received signal as in a real MS. 

· Frequency error of 200 Hz for C, and 300 Hz for I, modelled by applying a phase rotation to each signal such that the baseband output with frequency error is given by

Iout + jQout = (Iin + jQin) exp (j2fet), where fe is the respective frequency error.  

· I/Q modulator impairments.  Three impairments are to be added to the baseband signal: I/Q gain mismatch, I/Q phase mismatch, and DC offset. The in-phase and quadrature components of the output baseband signal after inclusion of these impairments is given by

Iout = a (Iin + sin ()*Qin) + A,

Qout = b (cos ()*Qin) + B

Where Iin + jQin is the complex input signal,  is the phase mismatch, and * is the multiplication operator.  The remaining parameters will now be defined.  The gain mismatch, G = a/b and can also be expressed in dB as

GdB = 20log (G) = 20log (a/b).

To insure that the gain mismatch does not add energy to the signal, the following additional condition is added

a2 + b2 = 2.

This leads to the following expressions for a and b

a = sqrt (2G2/ (1+G2)) and b = sqrt (2/ (1+G2)).

The carrier leakage is defined as the ratio of the DC offset power over the modulator input signal power, and can expressed in dB relative to the carrier (dBc) as CS = 10 log((A2 + B2)/Psig), where Psig is the average power of the input signal to the I/Q modulator (set equal to 1.0 in our simulation).  This leads to the following expression for A and B

A = B = sqrt (Psig10 (CS/10)/2).

The following values are to be used for these impairments:  I/Q gain imbalance: a constant value of 0.3 dB; I/Q phase mismatch: a constant value of 3.0 degrees; and DC offset: a constant value relative to average signal level of –30 dBc.  These values correspond to an Error Vector Magnitude (EVM) of 5.0% rms.

· Synthesiser phase noise,  modelled as AWGN with zero mean filtered through a second order Butterworth filter with a cut-off frequency of 12 kHz.  The resulting rms value of phase noise is to be set at 2.5 degrees.  The baseband output with phase noise is given by

Iout + jQout = (Iin + jQin) exp (j).

· Eb/No set to 30 dB corresponding to a 6 dB noise figure.
Annex B - Link Level Performance Results - Figures

The following correspond to link level performance results   described in sections 5.1 and 5.2.
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Figure B.1.  MIC receiver, TCH FS, TU3 NH synchronous co-channel interferer. 
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Figure B.2. MIC receiver, TCH FS, TU50 NH synchronous co-channel interferer.
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Figure B.3. MIC receiver, TCH FS, TU3 ideal FH synchronous co-channel interferer.
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Figure B.4. MIC receiver, TCH FS, TU50 ideal FH synchronous co-channel interferer.
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Figure B.5. MIC receiver, GPRS, TU3 NH synchronous co-channel interferer.
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Figure B.6. MIC receiver, GPRS, TU50 NH synchronous co-channel interferer.
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Figure B.7. MIC receiver, GPRS, TU3 ideal FH synchronous co-channel interferer.
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Figure B.8. MIC receiver, GPRS, TU50 ideal FH synchronous co-channel interferer.
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Figure B.9.  JD receiver performance versus delay, TCH FS, TU3 ideal FH synchronous co-channel interferer.
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Figure B.10. JD receiver performance versus delay, TCH FS, TU50 ideal FH synchronous co-channel interferer.
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Figure B.11. MIC receiver, TCH/AFS, TU3 ideal FH synchronous co-channel interferer.
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Figure B.12. MIC receiver, TCH/AHS, TU3 ideal FH synchronous co-channel interferer.
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Figure B.13. MIC receiver, TCH FS, TU50 NH two synchronous co-channel interferers, DIR = 0.0 dB.
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Figure B.14. MIC receiver, TCH FS, TU50 NH two synchronous co-channel interferers, DIR = 2.0 dB.
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Figure B.15. MIC receiver, TCH FS, TU50 NH two synchronous co-channel interferers, DIR = 4.0 dB.
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Figure B.16. MIC receiver, TCH FS, TU50 NH two synchronous co-channel interferers, DIR = 6.0 dB.
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Figure B.17. MIC receiver, TCH FS, TU50 NH two synchronous co-channel interferers, DIR = 8.0 dB.
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Figure B.18. Nortel receiver, TCH FS, TU3 ideal FH synchronous adjacent channel interferer, FER.
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Figure B.20.  Nortel receiver, TCH FS, TU50 ideal FH synchronous adjacent channel interferer, BER.
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Figure B.21.  Nortel receiver, MCS1, TU3 ideal FH synchronous adjacent channel interferer, BLER.

[image: image18.wmf]-22

-20

-18

-16

-14

-12

-10

-8

-6

-4

-2

10

-2

10

-1

10

0

error rate

TCH FS   TU3 FH   1st adj. channel Interference

1 Interferer, EVM = 5.0 %, DC=-30 dBc, BW=110 kHz

C/I

a

d

j

  [dB]

FER    

Class1b

Class2 


Figure B.22. MIC receiver, TCH FS, TU3 ideal FH synchronous adjacent channel interferer.
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Figure B.23. MIC receiver, TCH FS, TU50 ideal FH synchronous adjacent channel interferer.
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Figure B.24. MIC receiver, GPRS, TU3 ideal FH synchronous adjacent channel interferer.
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Figure B.25. MIC receiver, GPRS, TU50 ideal FH synchronous adjacent channel interferer.
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Figure B.26.  MIC Receiver, TCH FS, TU50 NH synchronous co-channel and adjacent channel interferer.
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Figure B.27.  MIC Receiver, GPRS, TU50 NH synchronous co-channel and adjacent channel interferer.

Annex C – Network Level Performance Results - Figures

The following correspond to network level performance results described in Section 5.3.
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Figure C1.  Downlink performance for EFR with and without Ericsson SAIC receiver.
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Figure C2. Downlink performance for AMR-FR at 5.9 kbps with and without Ericsson SAIC receiver.
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Figure C3. Downlink performance for EFR with and without Philips SAIC receiver (MIC).
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Figure C4.  Distribution of downlink GPRS throughput for 1/3 reuse with and without SAIC.
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Figure C5.  Performance summary from MIC 1900 MHz field trial in Savannah, GA.
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Figure C6.  Preliminary results from synchronised MIC 1900 MHz field trial in Wilmington, DE. Random FH over 6 hopping frequencies with 5 interfering sectors.
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Figure C7.  Preliminary results from synchronised MIC 1900 MHz field trial in Wilmington, DE. Random FH over 6 hopping frequencies with 3 interfering sectors.

Annex D – Specification Impacts

	Section No
	Title
	Analysis
	TS and section number

	6
	Radio Requirements
	New receiver requirements in 45.005
	TS45.005

	5.4
	Signaling Requirements
	New bit defined in MS Classmark 3
	TS24.008, 10.5.1.7
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