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	Summary:
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0 Executive summary
This report describes compatibility measurements between GSM-R terminal receivers (wanted signal), operating below 925 MHz, and the public mobile systems GSM, UMTS and LTE (interfering signals), operating in the band above 925 MHz.
The measurements were performed using conducted test-setups in the laboratories of the Monitoring Station Munich of the Federal Network Agency, Germany (BNetzA) between 19 and 23 August 2013, with the participation of the UIC and GSM Association.

The interfering effects from the transmitters (unwanted emissions inside the GSM-R band) as well as from the receivers (blocking and receiver intermodulation) were measured separately. The results allow determination of the transition between transmitter and receiver effects to a certain extend which may help to develop solutions in order to improve the situation, especially when UMTS and LTE are introduced in the band above 925 MHz in the future.
To assess the possible improvements enabled by internal filtering, a GSM-R receiver with a built-in filter was measured in addition to a receiver currently used by the railway operators that fulfils the requirements of standard GSM transceivers according to ETSI EN 300 910 and ETSI TS 145 005.
To summarize all results of this measurement campaign in just a few statements is nearly impossible because the interference depends on the exact combination of numerous parameters such as frequency separation between wanted and interfering signals, nature and spectral shape of the interfering signal(s), and wanted GSM-R received level. Nevertheless, the measurement results allow the following general statements, without mentioning possible exceptions:

· The interference potential of UMTS, LTE/5MHz and LTE/10MHz is equal.

· In the presence of one broadband interferer (UMTS or LTE), the GSM-R receivers do not show a pure blocking behaviour. Instead they seem to be affected by intra-signal intermodulation where one part of the interfering UMTS/LTE signal intermodulates with another part of its own spectrum.

· The interference level where intermodulation begins in front of a UMTS/LTE signal is about 6 dB higher than in front of two GSM signals. However, when this happens, often the whole R-GSM band is affected by intermodulation, whereas when GSM signals interfere, only a limited number of GSM-R channels are affected. 
· In the standard GSM-R receiver, intermodulation becomes dominant at GSM-R signal levels higher than about -95 dBm (realistic interferer) and -80 dBm (standard interferer) unless the frequency separation between both signals is less than about 800 kHz
 (GSM) or 4 MHz (UMTS or LTE/5MHz), respectively.

· For GSM-R signal levels below about -95 dBm, and generally for frequency separations less than about 4 MHz (UMTS/LTE) or 800 kHz1 (GSM), the dominating interference effect comes from the unwanted emissions.

· The unwanted emissions of UMTS and LTE signals (both standard and realistic) have between 10 to 20 dB more interference potential than a GSM signal. The reason for this is the spectrum mask for UMTS and LTE (according to the specifications) that is less stringent than for GSM.

· For interfering signals above 930 MHz, the improved receiver does not show overloading effects such as intermodulation. It has only been affected by the unwanted emissions of the interfering signals, but at substantially higher interfering levels than the standard receiver.

1 Introduction

CEPT/ECC Working Group Frequency Management (WG FM) agreed to carry out GSM-R measurements which should also provide a view on the different impact coming from UMTS, LTE and GSM (meeting from 20-24 May 2013, Amsterdam; section 5.5 of Minutes, doc. FM(13)116 / CG-GSM-R(13)017).

The aim of the measurements was to investigate the impact from downlink transmissions of public mobile networks (925-960 MHz) into the GSM-R radio receiver modules.
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Figure 1-1: Frequency range from 873-960 MHz

Three different technologies were taken into account for the public mobile network transmissions: GSM (200 kHz), UMTS (5 MHz) and LTE (5 MHz and 10 MHz).

The measurements were conducted at the monitoring station Munich of the Bundesnetzagentur (BNetzA) from 19 to 23 August 2013 with participation of representatives from the mobile community as well as from the railway community.
	Name
	Organisation
	Date(s)

	Christian Bose
	Deutsche Bahn Netz AG
	21 August

	Vincent Durepaire
	Bouygues Telecom, GSMA
	19-23 August

	Thomas Hasenpusch
	BNetzA
	19-23 August

	Thomas Henß
	Deutsche Bahn Netz AG
	19-20 August

	Karl Koch
	BNetzA
	19-21 August

	Dirk Schattschneider
	Deutsche Bahn Systemtechnik GmbH, UIC
	19-23 August

	Thomas Weilacher
	BNetzA
	19-23 August


Tab. 1-1: Participants during the measurements 

The following three interference mechanisms were measured:

· Interference due to unwanted emissions inside the GSM-R received channel

· Interference due to intermodulation inside the GSM-R receiver front end
· Interference due to blocking effects of the GSM-R receiver front-end

The test-setups were adjusted to ensure that these effects can be investigated separately as much as possible. 
Note that in the context of this report, the term “receiver overloading” is used to cover all interference effects that are created inside the receiver. This includes blocking and intermodulation. 

The measurements were performed using conducted setups as this allows exact adjustments of wanted and interfering signal levels to the receiver, thereby providing reproducible and stable results.
2 Wanted GSM-R signal
2.1 System description

The GSM-R system is a derivate of the public GSM standard with equal RF parameters:

	Modulation:
	GMSK

	Symbol rate:
	270.833 ks/s

	Occupied bandwidth (99%):
	250 kHz

	Channel spacing:
	200 kHz

	Burst length:
	555 µs

	Frame length (8 time slots):
	4.62 ms


 Tab. 2-1: GSM-R relevant RF parameters 
2.2 Receiver selection

Two different mobile GSM-R receivers were tested:

Rx1:
A GSM-R radio module representing equipment with improved receiver parameters that exceed the requirements given in ETSI TS 102 933.

Rx2:
A GSM-R radio module representing equipment which is currently used in almost all trains so far. It fulfils the requirements of standard GSM receivers specified in ETSI EN 300 910 V8.5.1 and ETSI TS 145 005 V8.16.0.
Throughout this report, the receivers will be referred to as “Rx1 (improved)” and “Rx2 (standard)”.

The GSM-R receivers were provided by the UIC. 
It was not considered necessary to additionally test the impact on ETCS service because the same GSM-R radio modules are used for ETCS and no difference w.r.t. the RxQual value is expected.
2.3 Signal generation

The GSM-R signal was generated by a BTS simulator R&S CMU200 which was provided by the UIC. A “C0” channel was transmitted to the GSM-R mobile. Two time slots were used by the Control Channel (BCCH + SDCCH), another slot carried the Traffic Channel (TCH). The remaining 5 time slots were filled with random data. This scenario where control and traffic channel are both on a single RF channel is the usual realistic link configuration.
The following figure shows the RF spectrum:


[image: image3] 
Fig. 2-1: GSM-R spectrum (MaxHold and ClearWrite)
The wanted GSM-R signal frequency was fixed at 924.8 MHz for most of the tests. This is the highest operationally used frequency and the most critical RF channel because it is the one closest to the public mobile band.

2.4 Wanted signal level
2.4.1 Impact of unwanted emissions

Measurements of the effect due to unwanted emissions from the interferer were done at two different wanted signal levels:

· -101 dBm. This is the wanted level for a desensitization of 3 dB according to 3GPP specifications
· -98 dBm. This is the minimum wanted signal level at the railway track required by Eirene specifications for a location probability of 95% in each 100m section of a track. 

2.4.2 Impact of blocking and intermodulation

Measurements of the blocking and intermodulation effects were done at different wanted signal levels starting from -101 dBm and rising to whatever maximum level is possible so that the failure criterion is still reached.

All GSM-R levels are measured RMS over the whole signal bandwidth (channel power).

3 Interfering Signals
3.1 General

The interfering signals were produced by arbitrary signal generators R&S SMU200. A sufficiently long sequence to produce a random behaviour was repeatedly played off memory. The spectra of the signals were tailored so that the unwanted emissions resemble the spectrum masks according to the relevant ETSI standard or a realistic base station in use today, respectively.
All interfering levels are measured RMS over the whole signal bandwidth (channel power).

3.2 GSM

The GSM interfering signal was an RF channel where all 8 time slots are filled with data. This configuration presents the worst case for the victim as the interferer is present (nearly) all the time.
The unwanted emissions of the “standard GSM Signal” are taken from 3GPP TS 45.005 (equal to ETSI TS 145 005), Table 4.2.1.3-a2. A transmitter output power of 43 dBm is assumed.
	
	Standard
	Spectral Density

	Offset
	rel. Level
	Reference Bandwidth
	rel. Level
	Measurement Bandwidth

	0 kHz
	0,5 dB
	30 kHz
	0,5 dB
	30 kHz

	100 kHz
	0,5 dB
	30 kHz
	0,5 dB
	30 kHz

	200 kHz
	-30,0 dB
	30 kHz
	-30,0 dB
	30 kHz

	250 kHz
	-33,0 dB
	30 kHz
	-33,0 dB
	30 kHz

	400 kHz
	-60,0 dB
	30 kHz
	-60,0 dB
	30 kHz

	600 kHz
	-70,0 dB
	30 kHz
	-70,0 dB
	30 kHz

	1200 kHz
	-70,0 dB
	30 kHz
	-70,0 dB
	30 kHz

	1200 kHz
	-73,0 dB
	30 kHz
	-73,0 dB
	30 kHz

	1800 kHz
	-73,0 dB
	30 kHz
	-73,0 dB
	30 kHz

	1800 kHz
	-75,0 dB
	100 kHz
	-80,2 dB
	30 kHz

	6000 kHz
	-75,0 dB
	100 kHz
	-80,2 dB
	30 kHz

	6000 kHz
	-80,0 dB
	100 kHz
	-85,2 dB
	30 kHz

	10000 kHz
	-80,0 dB
	100 kHz
	-85,2 dB
	30 kHz


Tab. 3-1: GSM spectrum mask
For measuring the interfering effect of unwanted emissions, two GSM signals were used:

· “GSM standard”: A signal where the unwanted emissions closely match the specifications according to the ETSI / 3GPP standard.
· “GSM realistic”: A signal representing the performance of a real GSM base station currently in use where the unwanted emission suppression is better than the corresponding standards.
The following figure shows the spectra of both these GSM signals, measured in 30 kHz bandwidth.
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Fig. 3-1: Spectra of the interfering GSM signals
The following figure shows the time domain power of both GSM signals over a whole frame length.


[image: image5]
Fig. 3-2: Time domain power of the interfering GSM signals

3.3 UMTS

The UMTS interfering signal was a signal with 64 used codes (Test Model 1.1) and a channel bandwidth of 5 MHz. This configuration presents the worst case for the victim because it produces the maximum RMS power relative to the available peak power.

For measuring the interfering effect of unwanted emissions, two UMTS signals were used:

· “UMTS standard”: A signal where the unwanted emissions closely match the specifications according to the relevant ETSI / 3GPP standard

· “UMTS realistic”: A signal representing the performance of a real UMTS base station currently in use where the unwanted emission suppression is better than standard

The unwanted emissions of the “standard UMTS Signal” are taken from 3GPP TS 25.104 (equal to ETSI TS 125 104 V10.8.0), Table 6.3. A transmitter output power of 43 dBm is assumed.

	
	Standard
	Spectral Density

	Offset
	abs. Level
	Reference Bandwidth
	rel. Level
	Measurement Bandwidth

	0,0 MHz
	43,0 dBm
	5000 kHz
	0,0 dB
	30 kHz

	2,5 MHz
	43,0 dBm
	5000 kHz
	0,0 dB
	30 kHz

	2,5 MHz
	-14,0 dBm
	30 kHz
	-34,8 dB
	30 kHz

	2,7 MHz
	-14,0 dBm
	30 kHz
	-34,8 dB
	30 kHz

	3,5 MHz
	-26,0 dBm
	30 kHz
	-46,8 dB
	30 kHz

	3,5 MHz
	-13,0 dBm
	1000 kHz
	-49,0 dB
	30 kHz

	12,5 MHz
	-13,0 dBm
	1000 kHz
	-49,0 dB
	30 kHz


Tab. 3-2: UMTS spectrum mask according to ETSI/3GPP standard
The “realistic UMTS signal” was created to match the following spectrum mask:

	
	Assumption
	Spectral Density

	Offset from centre freq.
	abs. Level
	Reference Bandwidth
	rel. Level
	Measurement Bandwidth

	0,0 MHz
	43,0 dBm
	5000 kHz
	0,0 dB
	30 kHz

	2,4 MHz
	43,0 dBm
	5000 kHz
	0,0 dB
	30 kHz

	2,4 MHz
	-31,2 dBm
	30 kHz
	-52,0 dB
	30 kHz

	3,2 MHz
	-31,2 dBm
	30 kHz
	-52,0 dB
	30 kHz

	8,0 MHz
	-40,2 dBm
	30 kHz
	-61,0 dB
	30 kHz

	12,5 MHz
	-40,2 dBm
	30 kHz
	-61,0 dB
	30 kHz


Tab. 3-3: Spectrum mask for a realistic UMTS signal

The following figure shows the spectra of both these UMTS signals.
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Fig. 3-3: Spectra of the interfering UMTS signals
3.4 LTE

The LTE interfering signals were using 5 MHz and 10 MHz channel width and configured according to the test model 1-1 as defined in ETSI TS 136 141 clause 6.1.1.1. This configuration presents the worst case for the victim because it occupies all available resource blocks at maximum power. The test model is also used by ETSI to measure the unwanted emission performance because it assumes the maximum possible out-of-band levels. Based on practical experiences an LTE signal in idle mode which is pulsed and has high out-of-band emissions only during short times (transients) has less interference potential than the fully loaded signal according to test model 1-1. Note that it is necessary to measure the LTE signal levels as average burst to allow comparison of the results caused by different traffic loads.
As for UMTS, actual LTE base stations usually reach higher suppression of unwanted emissions than the standard requires. Therefore, the measurements of the interference through unwanted emissions were performed with two LTE signals:

· “LTE standard”: a signal where the unwanted emissions closely match the specifications according to the relevant ETSI / 3GPP standard

· “LTE realistic”: a signal representing the performance of a real LTE base station currently in use where the unwanted emission suppression is better than the corresponding standard

The unwanted emissions of the “standard LTE Signal” are taken from 3GPP TS 36.104 version 10.2.0 Release 10 (equal to ETSI TS 136 104 V10.2.0), Table 6.6.3.2.2-1 (category B, option 2). A transmitter output power of 43 dBm in 5 MHz bandwidth is assumed. 
The resulting spectrum mask is equal to the mask for UMTS.
	
	
	Standard
	Spectral Density

	Offset from channel edge
	Offset from centre freq.
	abs. Level
	Reference Bandwidth
	rel. Level
	Measurement Bandwidth

	-2,5 MHz
	0,0 MHz
	43,0 dBm
	5000 kHz
	0,0 dB
	30 kHz

	0,0 MHz
	2,5 MHz
	43,0 dBm
	5000 kHz
	0,0 dB
	30 kHz

	0,0 MHz
	2,5 MHz
	-14,0 dBm
	30 kHz
	-34,8 dB
	30 kHz

	0,2 MHz
	2,7 MHz
	-14,0 dBm
	30 kHz
	-34,8 dB
	30 kHz

	1,0 MHz
	3,5 MHz
	-26,0 dBm
	30 kHz
	-46,8 dB
	30 kHz

	1,0 MHz
	3,5 MHz
	-13,0 dBm
	1000 kHz
	-49,0 dB
	30 kHz

	10,0 MHz
	12,5 MHz
	-13,0 dBm
	1000 kHz
	-49,0 dB
	30 kHz

	20,0 MHz
	22,5 MHz
	-13,0 dBm
	1000 kHz
	-49,0 dB
	30 kHz


Tab. 3-4: LTE/5MHz spectrum mask according to the ETSI/3GPP standard
The “realistic UMTS signal” was created to match the following spectrum mask:

	
	Assumption
	Spectral Density

	Offset from centre freq.
	abs. Level
	Reference Bandwidth
	rel. Level
	Measurement Bandwidth

	0,0 MHz
	43,0 dBm
	5000 kHz
	0,0 dB
	30 kHz

	2,4 MHz
	43,0 dBm
	5000 kHz
	0,0 dB
	30 kHz

	2,4 MHz
	-31,2 dBm
	30 kHz
	-52,0 dB
	30 kHz

	3,2 MHz
	-31,2 dBm
	30 kHz
	-52,0 dB
	30 kHz

	8,0 MHz
	-40,2 dBm
	30 kHz
	-61,0 dB
	30 kHz

	12,5 MHz
	-40,2 dBm
	30 kHz
	-61,0 dB
	30 kHz


Tab. 3-5: Spectrum mask for a realistic LTE/5MHz signal

The following figure shows the spectra of both these LTE signals.
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Fig. 3-4: Spectra of the interfering LTE/5MHz signals
The 10 MHz LTE signal was only used for measurements of blocking and intermodulation effects. Because for these measurements the effects due to unwanted emissions are excluded as far as possible by the measurement setup (see section 7), an LTE signal with maximum possible unwanted emission suppression is used and the spectrum mask is not relevant.
4 Failure criterion

The GSM standard defines 8 values for the quality of the received signal (RxQual) according to the bit errors encountered. RxQual=0 defines a (near) error free reception, RxQual=7 is the worst reception.
The failure criterion used for all measurements was an RxQual value of 4. Subjective audio quality at reception below RxQual 4 is substantially degraded. For the measurement of the receiver sensitivity the degradation of RF level together with the respective RxQual value was recorded.
Due to the typical behaviour of all digital systems with FEC, the exact failure criterion is not critical because the measurements have shown that the difference in protection ratio between first noticeable degradations of the link and complete sync loss (call drop) can be as low as 2 dB, depending on the interference situation.

The RxQual value of the wanted GSM-R downlink signal is reported by the mobile receiver to the base station on the uplink frequency. The value is then displayed on the CMU 200.

5 Receiver characteristics measurements
Protection ratio measurements often represent a mixture of different interfering effects (unwanted emissions, blocking and intermodulation). To be able to separate these effects, some knowledge about the receiver is necessary. Therefore, preliminary measurements for both GSM-R receivers were made to assess the following parameters:

· Sensitivity

· Selectivity

· Minimum C/I for noise-like interferers

5.1 Receiver sensitivity

This measurement determines the minimum sensitivity to receive a wanted GSM-R signal when no interference is present. According to ETSI TS 145 005, the reference receiver sensitivity is -104 dBm, but actual receivers may perform better.
The measurement was done by establishing a wanted GSM-R link between the base station emulator CMU200 and the device under test (DUT) at the downlink frequency 924.8 MHz. The level of the downlink signal from the CMU200 is then reduced and the reported RxQual values were noted.

The following measurement setup was used:






Fig. 5-1:
Test setup for measuring receiver sensitivity
The numbers in brackets refer to the equipment list in Annex 1
M = measurement point for all signal levels
The wanted GSM-R level is adjusted as the output level of the CMU at the Tx connector and measured at point (M) when the DUT is disconnected. The separate connectors for uplink and downlink at the CMU200 ensure that only the downlink performance is tested. 
Starting at -96 dBm, the received signal level was decreased with the seamless attenuator and the resulting RxQual value was recorded. 
Main results:

The measurements showed that both receivers had a sensitivity between -107 and -108 dBm for the failure criterion RxQual=4.
The detailed results can be taken from Annex 2 of this report.
5.2 Selectivity

To assess the actual receiver bandwidth, the effects due to blocking, and the performance improvement gained by the additional filter in the improved receiver Rx2, a measurement of the receiver bandwidth and selectivity was done.

A wanted GSM-R link at the downlink frequency 924.8 MHz (highest GSM-R channel) and a receive level of -94 dBm at the DUT was established. This level is sufficiently above the receiver sensitivity (so that the receiver noise can be ignored), but low enough to prevent early blocking. 
Then, an unmodulated carrier was inserted on the nominal downlink frequency and increased in level until the failure criterion was reached. This procedure was repeated for various frequency offsets up to 3.8 MHz or whenever the interference could no longer be established. The negative increase of the necessary interference level relative to the interference level on the GSM-R centre frequency shows the rejection or selectivity curve of the receiver.
The measurement was repeated at a GSM-R frequency of 923.0 MHz (in the middle of the GSM-R band).

The following measurement setup was used:









Fig. 5-2:
Test setup for measuring receiver selectivity
The numbers in brackets refer to the equipment list in Annex 1
M = measurement point for all signal levels
Main results:

The following graph shows the measured selectivity curves of the two receivers.
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Fig. 5-3:
Measured receiver selectivity
The results show the following:
· The selectivity curve of the standard receiver Rx2 is independent of the GSM-R channel. However, the selectivity on the upper side (towards the public mobile channels) is slightly less than on the lower side.

· The improved receiver Rx1 shows a significant additional rejection towards the public mobile channels. For an offset of 3 MHz (frequency 927.8 MHz) for example, the improvement is already 24 dB.

· The 6 dB bandwidth of the receivers is between 200 and 220 kHz.
The detailed results can be taken from Annex 2 of this report.

5.3 Minimum C/I for noise-like Interferers

To estimate the maximum in-band interference level (without the additional effects created by a strong interfering signal outside the receive channel), the C/I for noise-like in-band interferers was measured.
The measurement was done by establishing a wanted GSM-R link at the downlink frequency 924.8 MHz with a signal level between -106 dBm and -80 dBm. 

Then, an interfering co-channel wideband noise signal was inserted in the downlink and increased in level until the failure criterion is reached. The interfering level is then measured as RMS channel power in the receiver bandwidth of 200 kHz.

The measurement setup is equal to that in section 5.2, except that the SMU signal generator generates a broadband noise signal.

Main result:

The result was that the in-band protection ratio (C/I) for noise-like interferers is 5 to 6 dB. Detailed results can be taken from Annex 2 of this report.

6 Protection ratio measurements due to unwanted emissions
These measurements aimed to show the interfering effect of unwanted emissions inside the GSM-R receiver bandwidth. It simulates realistic situations because the main interfering signal is not suppressed. Therefore, for large frequency offsets and/or higher wanted signal levels, receiver overloading effects may already influence the result. 

The measurements were done by establishing a wanted GSM-R link at the downlink frequency 924.8 MHz and the following receive levels (see section 2.4):

· -101 dBm

· -98 dBm

For each of these levels, one of the following interfering signals (see sections 3.2 – 3.4) was inserted into the downlink:

· GSM “standard signal”
· GSM “realistic signal”

· UMTS “standard signal”
· UMTS “realistic signal”
· LTE/5 MHz “standard signal”
· LTE/5 MHz “realistic signal”
The level of the interfering signal was increased until the failure criterion was reached. The difference between wanted level and interfering level were recorded as the C/I.

For each receiver, each wanted signal level and each interfering signal, the test was repeated for 10 different interfering frequencies (centre) in the range from 924.8 MHz (co-channel) to 935 MHz, corresponding to frequency offsets (between centre frequencies) from 0 Hz to 10 MHz. Higher offsets were not possible because the shape of the unwanted emissions of the interferers could not be guaranteed in these offset ranges.
All levels were measured RMS over the whole signal bandwidth.

The following measurement setup was used:








Fig. 6-1:
Test setup for measuring protection ratios due to unwanted emissions
The numbers in brackets refer to the equipment list in Annex 1
M = measurement point for all signal levels
Main results:

The following graphs show the protection ratio curves for the different interfering signals. They combine (average) the results for both receivers and both wanted signal levels as these values were very similar.
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Fig. 6-1: C/I due to unwanted emissions for standard interfering signals

[image: image10.emf]Realistic interfering signals -> GSM-R: Protectio ratios due to unwanted emissions

-100 dB

-90 dB

-80 dB

-70 dB

-60 dB

-50 dB

-40 dB

-30 dB

-20 dB

-10 dB

0 dB

10 dB

924,8 MHz 926,8 MHz 928,8 MHz 930,8 MHz 932,8 MHz 934,8 MHz

interfering frequency

C/I

GSM (standard receiver)

GSM (improved receiver)

theoretical C/I for GSM

UMTS

theoretical C/I for UMTS

LTE/5MHz

theoretical C/I for LTE/5MHz


Fig. 6-2: C/I due to unwanted emissions for realistic interfering signals

The “theoretical” C/I curves shown in the figures above are the recorded spectra of the respective interfering signals, integrated over the GSM-R receiver bandwidth (200 kHz) and normalized to the measured in-band (co-channel) C/I value.

The results show the following:

· Generally the protection ratios follow the unwanted emission curves. This means that at wanted signal levels near the coverage borders the unwanted emissions are the only interfering effect. The only exception to this statement is the standard receiver when facing a realistic GSM signal.

· The unwanted emissions of UMTS and LTE signals (both standard and realistic) have between 10 to 20 dB more interference potential than an interfering GSM signal. The reason for this is the spectrum mask for UMTS and LTE that is less stringent than for GSM. However, also the realistic UMTS and LTE signals have higher unwanted emissions than realistic GSM signals.
The detailed results can be taken from Annex 3 to this report.

7 Protection ratio measurements using a blocking test setup
These measurements aimed to overload the receiver front-end with one strong interfering signal. 

A wanted GSM-R link at the downlink frequencies 921.2 MHz and 924.8 MHz was established at the following receive levels:

· -101 dBm

· -98 dBm

· -90 dBm 
· -80 dBm

· -70 dBm

· -60 dBm

· -50 dBm

· -40 dBm

· -35 dBm

For each of these levels, one of the following interfering signals (see sections 3.2 – 3.4) was inserted into the downlink:

· GSM “realistic signal”
· UMTS “realistic signal”
· LTE/5 MHz “realistic signal”
· LTE/10 MHz signal

The level of the interfering signal was increased until the failure criterion is reached. For each receiver, each wanted signal level and each interfering signal, the test was repeated with the following interfering frequencies:

· 925.2, 935.0 and 959.8 MHz for GSM

· 927.6, 932.5 and 957.5 MHz for UMTS and LTE/5MHz

· 935.0 and 955.0 MHz for LTE/10MHz

To ensure that no effects due to unwanted emissions influence the result, these emissions were attenuated by a filter. This band pass filter was tuned to pass the main interfering frequency and suppress the unwanted emissions on the GSM-R frequency by more than 30 dB.
The following measurement setup was used:










Fig. 7-1:
Blocking test setup
The numbers in brackets refer to the equipment list in Annex 1
M = measurement point for all signal levels

Main results:

The following figures show some typical (or remarkable) results of these measurements as examples. All levels are measured RMS over the whole signal bandwidth. The term “frequency separation” specifies the difference of the centre frequencies between the wanted GSM-R signal and the interfering signal.
a)
GSM interferer:
[image: image11.emf]Blocking scenario: GSM-R = 921.2 MHz, GSM on 925.2 MHz
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Fig. 7-2:
Blocking scenario for a GSM interferer with a frequency separation of 4 MHz.

A typical blocking behaviour would show a horizontal line in the graph above. This would mean that the receiver cannot take more than a certain interfering level, regardless of the wanted level. Receiver 1 does not exactly show this behaviour: Increasing the wanted level also allows a certain increase of the interfering level, although not by he same amount.

The standard receiver Rx2 can be regarded as blocked because the interfering signal level is nearly independent of the wanted level. 

Remarkably, Rx2 showed the effect that RxQual=4 could be reached at two different interfering levels. If, for example, at -70 dBm wanted level the interfering signal was raised to -23 dBm, the RxQual dropped from 0 to 4. This was called “first occurrence” in the graph. A further increase of the interfering level resulted in an improved RxQual (sometimes down to 0) until it finally decreased to 4 again at -9 dBm (“second occurrence”). This behaviour was only observed with Rx2, only for GSM as the interferer and only for frequency separations as narrow as 4 MHz. It may be explained by a variable gain control for the RF signal working in discrete steps.
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Fig. 7-3:
Blocking scenario for a GSM interferer with a frequency separation of 35 MHz.

For frequency separations of more than 10 MHz, the improved receiver Rx1 could not be interfered any more with levels up to +7 dBm while the standard receiver Rx2 showed the typical blocking behaviour.
b)
Broadband interferer
[image: image13.emf]Blocking scenario: GSM-R = 924.8 MHz, LTE/5MHz on 957.5 MHz
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Fig. 7-4:
Blocking scenario for an LTE/5MHz interferer with a frequency separation of 32.7 MHz.

For the standard receiver Rx2, the curves for all broadband interferers (UMTS and LTE) showed a wide range where the interfering signal may only be increased by 3 dB when the wanted level is increased by 10 dB. This is a strong indication for a third order intermodulation product causing the interfering effect rather than blocking. Because in this test only one interferer was present, it shows that the receiver generates IM products by mixing different spectral parts corresponding to multiple GSM channels of 200 kHz bandwidth that just one UMTS or LTE signal occupies (intra-signal intermodulation).
The improved receiver Rx1 began to show a similar effect, but is was only measurable for frequency separations as low as 10 MHz and very low wanted signal levels. In all other situations, the receiver did not show any performance degradation up to interfering levels of +2 to +5 dBm.
In summary, the measurements allow the following statements:

· Pure blocking can only be seen with standard GSM-R terminal receivers and when facing an interfering GSM signal. The improved receiver does not show any blocking.

· UMTS and LTE interfering signals create intra-signal intermodulation inside the GSM‑R receiver.

· For frequency separations of more than 10 MHz the improved receiver can accept interfering levels for any interferer higher than +2 dBm without showing interference effects.

The complete and detailed results can be found in Annex 4 to this report.

8  Protection ratio measurements using an intermodulation test setup
These measurements aimed to assess the effect of 3rd order intermodulation produces from two interfering signals.

A wanted GSM-R link at the downlink frequency 921.2 MHz was established at the following receive levels 

· ‑98 dBm

· -90 dBm

· -80 dBm

· -65 dBm

· -50 dBm

To ensure that no effects due to interfering emissions influence the result, these emissions were blocked by a filter which was a band pass tuned to the main interfering frequency and suppressing the unwanted emissions on the GSM-R frequency by more than 30 dB.

Two interfering signals (see sections 3.2 – 3.4) with equal level were then inserted into the downlink. Their level was increased until the failure criterion was reached.

Because both interfering frequencies always lie above the wanted GSM-R frequency, the only formula that can produce a relevant 3rd order intermodulation product on 921.2 MHz is:
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With

f1 = centre frequency of the lower interfering signal

f2 = centre frequency of the upper interfering signal

The following combinations of interfering signals were tested:

	
	Signal 1
	Signal 2

	Combination
	System
	Frequency f1
	System
	Frequency f2

	1
	GSM
	935,0 MHz
	GSM
	948,8 MHz

	2
	GSM
	935,0 MHz
	UMTS
	947,5 MHz

	3
	UMTS
	937,5 MHz
	GSM
	953,8 MHz

	4
	LTE/10MHz
	935,0 MHz
	UMTS
	942,5 MHz

	5
	UMTS
	937,5 MHz
	UMTS
	952,5 MHz

	6
	GSM
	927,4 MHz
	UMTS
	932,5 MHz


Tab. 8-1: IM combinations tested
Some combinations are not an exact match for the formula above. However, they simulate realistic channel assignments and ensure that the IM condition according to the formula is met within the bandwidth of the respective signals. Combination 6 simulates the situation where a GSM signal is in the centre of the first 5 MHz of the public mobile band and UMTS uses the lowest frequency above this 5 MHz range. 
The following measurement setup was used:












Fig. 8-1:
Intermodulation test setup
The numbers in brackets refer to the equipment list in Annex 1
M = measurement point for all signal levels

Main results:
The following figure shows the results of this measurement for the standard receiver Rx2.
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Fig. 8-2:
Intermodulation scenarios for the standard receiver Rx2

The improved receiver Rx1 did practically not show intermodulation effects for interfering levels as high as -2 dBm. 

To assess the frequency range that is affected by intermodulation from broadband signals, combinations 3 and 5 (UMTS/GSM and UMTS/UMTS) were measured with wanted GSM-R frequencies varying from 921.2 to 924.8 MHz in 5 steps. This measurement was only done with the standard receiver Rx2.
The result showed no dependency of the applied interference level on the frequency separation inside the selected range of 3.6 MHz. This behaviour is not surprising because the intermodulation occurs as soon as any of the spectral parts occupied by a UMTS signal, together with the GSM signal, satisfies formula (1) and not only when combining the centre frequencies.
The following figure shows the calculated situation inside a GSM-R receiver when facing a UMTS signal on 937.5 MHz and a GSM signal on 953.8 MHz (situation 3 above):
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Fig. 8-3: Calculated IM situation inside a GSM-R receiver (example)

The results of the intermodulation measurements showed the following:

· Interference due to intermodulation in a GSM scenario affects only selected GSM-R channels. Intermodulation involving UMTS or LTE signal affects the whole R-GSM band as long as the respective IM formula is met for any frequency combination inside the occupied bandwidth of the interfering signals.

· UMTS and LTE interfering levels can be about 5 dB higher than those of GSM signals to cause intermodulation.

· Interference due to intermodulation in a mixed GSM/UMTS and GSM/LTE scenario is independent of whether the GSM signal is lower or higher in frequency than the UMTS/LTE signal.

· The interference potential of UMTS, LTE/5MHz and LTE/10MHz are nearly identical.

· The improved receiver Rx1 does not show intermodulation effects for scenarios involving broadband signals up to interfering signal levels of -2 dBm.

· The intermodulation effect is independent of the frequency separation.

The detailed results of these measurements can be found in Annex 5 to this report.

9 Combination of the measurement results
As explained earlier, the measurements tried to isolate the different interfering effects (unwanted emissions, blocking and intermodulation) as much as possible. As a result, each of these effects occurs at different interfering levels or need different protection ratios, respectively. While interference due to unwanted emissions may be improved on the transmitter side, intermodulation and blocking may be improved in the receiver.

To estimate in which interference scenario which effect becomes dominant, it is necessary to combine the results of the measurements which is aimed in this section of the report.
The measurements have shown that for low wanted signal levels such as near the coverage borders of the GSM-R base stations, the unwanted emissions are the dominant effect while for higher wanted signal levels intermodulation is dominating. The transition between both depends on the nature and spectrum of the interfering signals, the frequency separation between wanted and interfering signals and the receiver type.  Visualization of this combination, however, is not easy as it would require to display a multi-dimensional result field.
a)
Single interferer

The following graphs show the combination of interfering effects from unwanted emissions and overloading in the presence of one interfering signal for selected scenarios.
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Fig 9-1: Combined protection ratio for one GSM interferer

In the figure above, the continuous lines represent the protection ratio for the influence of unwanted emissions only. The short blue and red lines show the protection ratios from the blocking measurement at two different frequency separations (4 MHz and 10 MHz). The values in dBm next to the short lines indicate the corresponding GSM-R signal level.

The transition between the two interference effects occurs where the red/blue lines rise above the continuous lines.

Example 1: The blue line marked with (1) indicates that interference due to overloading effects of the improved receiver Rx1 occurs at a C/I of -53 dB when the wanted GSM-R level is at -60 dBm and the frequency separation between the GSM-R channel and the interfering GSM channel is 4 MHz. So, in this situation, the interfering GSM level can be as high as 
-60 dBm – (-53) dB = -7 dBm before the receiver is overloaded. In the same situation, the standard receiver Rx2 needs a C/I of -51 dB, which means that overloading already occurs at an interfering level of -60 dBm – (-51)dB = -9 dBm. Because both coloured lines for Rx1 and Rx2 lie above the continuous grey and green lines for the unwanted emissions, it means that in this interfering situation overloading is the dominating effect for both receivers.
Example 2: For the improved receiver Rx1 (blue) and frequency separations about 4 MHz, the transition for a standard GSM interferer is at -80 dBm wanted signal level (“T”). This means that for this frequency separation between GSM-R and one interfering “standard” GSM signal, the unwanted emissions are dominant up to a wanted signal level of -80 dBm. For higher wanted levels, receiver overloading effects become dominant. For the standard receiver Rx2, this transition is already at wanted levels around -95 dBm.
Example 3: For a frequency separation of 10 MHz, the improved receiver Rx1 is never overloaded, not even by a realistic GSM interferer because all measured blocking levels lie below the continuous lines. The standard receiver Rx2, on the other hand, is always overloaded by a realistic GSM interferer. For a standard GSM interferer, this effect becomes dominant for wanted signal levels higher than about -95 dBm.
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Fig 9-2: Combined protection ratio for one UMTS interferer

[image: image19.emf]Protectio ratio for one LTE/5MHz interferer at different wanted signal levels
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Fig 9-3: Combined protection ratio for one LTE/5MHz interferer

The following tables show the wanted GSM-R levels for all measured scenarios at the transition points. Below these levels, the interference is caused by unwanted emissions, above these levels the receivers show overloading effects. 
	Rx1 (improved)
	wanted GSM-R level at transition point

	frequency separation
	GSM standard
	GSM realistic
	UMTS standard
	UMTS realistic
	LTE/5MHz standard
	LTE/5MHz realistic

	4,0 MHz
	-80 dBm
	-100 dBm
	 
	 
	 
	 

	6,4 MHz
	 
	 
	no overload
	-65 dBm
	no overload
	-72 dBm

	7,7 MHz
	 
	 
	no overload
	no overload
	no overload
	no overload

	10,0 MHz
	no overload
	no overload
	 
	 
	 
	 

	11,3 MHz
	 
	 
	no overload
	no overload
	no overload
	no overload

	13,8 MHz
	no overload
	no overload
	 
	 
	 
	 

	32,7 MHz
	 
	 
	no overload
	no overload
	no overload
	no overload

	35,0 MHz
	no overload
	no overload
	 
	 
	 
	 

	36,3 MHz
	 
	 
	no overload
	no overload
	no overload
	no overload

	38,6 MHz
	no overload
	no overload
	 
	 
	 
	 


Tab. 9-1: Transition between unwanted emissions and overloading effect for the improved receiver Rx1
	Rx2 (standard)
	wanted GSM-R level at transition point

	frequency separation
	GSM standard
	GSM realistic
	UMTS standard
	UMTS realistic
	LTE/5MHz standard
	LTE/5MHz realistic

	4,0 MHz
	-93 dBm
	<-101 dBm
	 
	 
	 
	 

	6,4 MHz
	 
	 
	-87 dBm
	-100 dBm
	-87 dBm
	-101 dBm

	7,7 MHz
	 
	 
	-87 dBm
	-100 dBm
	-87 dBm
	-101 dBm

	10,0 MHz
	-95 dBm
	<-101 dBm
	 
	 
	 
	 

	11,3 MHz
	 
	 
	-85 dBm
	-98 dBm
	-85 dBm
	-98 dBm

	13,8 MHz
	-96 dBm
	<-101 dBm
	 
	 
	 
	 

	32,7 MHz
	 
	 
	-70 dBm
	-85 dBm
	-72 dBm
	-88 dBm

	35,0 MHz
	-85 dBm
	<-101 dBm
	 
	 
	 
	 

	36,3 MHz
	 
	 
	-70 dBm
	-86 dBm
	-71 dBm
	-88 dBm

	38,6 MHz
	-85 dBm
	<-101 dBm
	 
	 
	 
	 


Tab. 9-2: Transition between unwanted emissions and overloading effect for the standard receiver Rx2

Notes:

The term “frequency separation” indicates the difference between centre frequencies of the wanted GSM-R channel and the interfering signal.

The table assumes that the unwanted emission level remains constant for frequency offsets beyond 10 MHz, although they are not specifically defined in the relevant ETSI standards. 
“no overload” means that the receiver did not show any overloading effect up to an interfering level of about 0 dBm and therefore the unwanted emissions were dominant in all situations.

Empty table entries mean that this frequency separation was not measured.
The combined results for one interfering signal show the following:

· Even for high frequency separations the standard receiver Rx2 is affected by unwanted emissions of GSM signals only at low wanted signal levels. For the broadband interferers such as UMTS and LTE, this influence goes up to wanted levels of -70 dBm (standard signals) or -85 dBm (realistic signal).

· The improved receiver Rx1 is only affected by overloading when the interfering frequency is close to the band edge (925 MHz). In all other cases, the receiver is only influenced by the unwanted emissions and does not show overloading effects.

It may be assumed that for frequency separations less than 1 MHz for GSM and less than 4 MHz for UMTS /LTE, the unwanted emissions are the main interference source.

b)
Two or more interferers

The transition between unwanted emissions and intermodulation effects in the presence of two or more interfering signals (intermodulation) is shown in the following figures. They can be interpreted in the same way as Figures 9-1 to 9-3.
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Fig 9-4: Combined protection ratio for a pure GSM interference scenario
Note: The length of the red and blue lines does not indicate their limited validity in frequency range. It is rather assumed that the effect of intermodulation is not frequency dependent and the results are valid for any frequency separation. 
The above scenario is valid if only GSM signals are present in the public mobile band above 925 MHz. The transition between the interfering effect due to unwanted emissions and intermodulation is where the horizontal lines for the respective receiver and wanted signal level crosses the spectrum-shaped lines for the standard and realistic interfering signal. 
Example 1: For the standard receiver Rx2 and standard GSM interfering signals, and if the frequency separation between GSM-R and GSM channel closest to 925 MHz is 400 kHz (dashed line), the unwanted emissions are dominating up to a wanted signal level of -80 dBm (“T1”). 

Example 2: For the improved receiver Rx1 and realistic GSM signals, the unwanted emissions are dominant up to a frequency separation of 3 MHz (“T2”), because this is the point where the blue line at maximum level crosses the green trace.
Example 3: For a frequency separation between GSM-R and the lowest interfering GSM standard signal of 2 MHz, the standard receiver Rx2 is always overloaded because for this offset all red lines are above the grey “spectrum” line. On the other hand, the improved receiver Rx1 is only affected by unwanted emissions (independent of the wanted GSM-R level), because all blue lines are below the grey “spectrum” line.
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Fig 9-5: Combined protection ratio for a mixed GSM/UMTS or a pure UMTS interference scenario

Figure 9-5 is valid for scenarios where the wanted GSM-R frequency is 924.8 MHz and the lowest signal in the public band is a UMTS signal on 927.5 MHz (frequency separation 2.7 MHz, dashed line). The resulting C/I for intermodulation in the standard receiver Rx2 are valid regardless of the nature of the second interferer which can be GSM, UMTS or LTE. With this scenario, the improved receiver Rx1 did not show any intermodulation up to an interfering level of -2 dBm.

[image: image22.emf]Protectio ratio for an LTE and UMTS interferer scenario
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 Fig 9-6: Combined protection ratio for an LTE and UMTS interference scenario

Figure 9-6 is valid for scenarios where the wanted GSM-R frequency is 924.8 MHz and the lowest signal in the public band is an LTE/5MHz signal on 927.5 MHz (frequency separation 2.7 MHz, dashed line). The resulting C/I for intermodulation in the standard receiver Rx2 are valid regardless of the nature of the second interferer which can be GSM, UMTS or LTE. With this scenario, the improved receiver Rx1 did not show any intermodulation up to an interfering level of -4 dBm.

Combining the results of the measurements for all three interference effects allow the following statements (exceptions not mentioned):
· In a pure GSM interfering scenario, the standard receiver Rx2 is almost always limited by blocking or intermodulation, whereas the improved receiver Rx1 is almost always limited by the unwanted emissions.
· In a mixed UMTS/LTE/GSM interference scenario, the dominating effect for the standard receiver Rx2 depends mainly on the wanted signal level and the spectrum of the interferer (standard or realistic): unwanted emissions dominate only at signal levels below about -95 dBm (realistic interferer) and -80 dBm (standard interferer). Above these levels, intermodulation dominates. The improved receiver Rx1 is always affected by the unwanted emissions, but at much higher interfering levels than Rx2.

10 Conclusion

The measurements have shown mainly expected but also some surprising results. They allow very detailed analysis of the effects of different interference scenarios and also show substantially higher immunity of the improved receiver Rx1 against interference from strong signals in the adjacent public mobile band. 

The main findings of this measurement series can be found in the executive summary at the beginning of this report.
The BNetzA wants to thank the UIC for providing some of the equipment used in these measurements.
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� 600 kHz for realistic GSM and 1 MHz for standard GSM
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