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1 Introduction

ITU-R SM.1541 covers the out-of-band (OoB) domain. It contains definitions of various terms used in the context of unwanted emissions, general OoB limits for many services and principally describes ways to measure conformance with the limits. OoB limits for many modern digital systems are not given, e. g. digital cellular systems, short range devices (SRD), personal communication systems (PCS).
ITU-R SM.329-10 covers unwanted emissions in the spurious domain. It describes measurement methods and contains general limits.

This document presents results of measurements of various analogue and digital systems both in the OoB and spurious domain. It may serve to start a discussion on the current definitions of OoB and spurious limits given in the ITU Recommendations and standards, especially on the ways chosen to define these limits, because the properties of unwanted emissions from digital transmitters may be principally different from analogue ones. 

2 Measurement process and setup

To enhance the dynamic range of the measurement receiver/analyzer, the wanted signal was always suppressed by a tuneable filter. The filtered spectrum on the wanted channel/frequency as well as in the OoB or spurious domain was measured and recorded. In a second measurement, using the same receiver/analyzer settings, the attenuation (frequency response) of the filter was measured and recorded. Then, using a software tool (MS Excel), both curves were added to retain the original spectrum of the signal. The measurement was controlled by a computer.

Depending on the application, frequency and bandwidth of the signal under test, a band pass filter or a band stop filter was used. For spurious emissions, a band stop filter tuned to the wanted frequency was preferred as it allows measuring the whole spurious range at once. For OoB measurements, band pass filters tuned to the frequency range of the Out-of-band domain to be measured, could also be used.

 Fig. 2-1: Principle measurement setup

For those transmitters that had accessible antenna output ports, the signal was directly taken from this output, after a suitable attenuation (dummy load) that also provides a proper load resistance matching to the transmitter.
Those transmitters that did not have an antenna port were measured radiated in a G-TEM cell with known RF properties.

The measurement bandwidth was always chosen to be equal to, or smaller than, the reference bandwidth stated in the relevant Recommendation. Especially in the vicinity of peak spurious emissions and in the OoB domain close to the wanted frequency it is necessary to use a narrow measurement bandwidth because otherwise the measured spectrum would be unduly widened, leading to an overestimation of the unwanted level.

The signal levels (or spectral densities) taken in the selected measurement bandwidth were linearly converted to the corresponding levels or power densities in the reference bandwidths using the formula:
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For TDMA systems that transmit in bursts, the limits usually apply to the times where the transmitter is on. Unless the peak level is specifically mentioned in the Recommendation, the average burst level has to be measured which is the RMS level during the burst only. This was done by externally triggering the measurement receiver to the burst start and adjusting the measurement time to match the burst length. The trigger was derived from a second spectrum analyzer, operated in zero span mode and tuned to the wanted frequency.







Fig. 2-1: Setup for measurements of TDMA systems
3 Out-of-band domain
3.1 General

Generally, the out-of-band (OoB) domain starts at a frequency offset of 0.5 times the necessary bandwidth and extends up to 2.5 times the necessary bandwidth. However, for very narrowband and wideband emissions, there may be exceptions for the upper boundary. For these cases the upper boundary defined in ITU-R SM.1539.

ITU-R SM.1541 often describes the maximum OoB emissions as a spectrum mask. The 0 dB reference is either the total power of the signal which is equal to the power of the unmodulated carrier (dBc) or the maximum in-band spectral density (dBsd) recorded with a certain reference bandwidth. Generally, for analogue systems a dBc reference, for digital systems a dBsd reference is regarded most suitable. Therefore, the limiting mask can directly be compared with the measured spectral density of the signal, after a necessary bandwidth correction (if applicable). The relative level of the unwanted emissions is independent of the transmitter power.
Since the shape of practical OoB masks strongly depends on the particular system, ITU-R SM.1541 does not provide general OoB limits but only specifies them for a number of selected radio services. For other services applicable standards and service-specific Recommendations should be consulted.
ITU-R SM.1541 describes two different approaches to assess compliance with OoB limits:

· The integrated power in an adjacent band or channel

· Comparison of the measured spectral density with an OoB spectrum mask.

The Recommendation already considers distinguishing between noise-like and line spectra in the OoB domain and the possible need of different limits for both. 
3.2 Example measurements of OoB emissions

The following paragraphs show spectrum measurements of selected analogue and digital systems in the OoB domain. To enhance accuracy, the measurements were often done with a resolution bandwidth that is smaller than the reference bandwidth in which the spectrum mask is defined. To enable direct comparison between the measured spectral density and the limiting mask, one of the two is converted into the bandwidth of the other.
3.2.1 DVB-T

This digital terrestrial television system is covered in Annex 4 of recommendation ITU-R SM.1541. The key parameters of the measured DVB-T systems are:

Modulation:
8k OFDM with 6817 active carriers

Bandwidth:
7, 61 MHz

OoB domain ends at:
20 MHz (see ITU-R SM.1541 Annex 4, §2.2.1)

The measurements were made at the transmitter output with a measurement bandwidth of 7.5 kHz and corrected to a reference bandwidth of 4 kHz. The measured levels are further normalized to the 0 dB reference of the limit line.
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Fig. 3-1: OoB measurements from DVB-T transmitters

It should be noted that Tx1 was a test transmitter where the OoB spectrum was artificially raised up to the limit lime by controlled overdrive of the power amplifier. Tx2, however, was a DVB-T transmitter that has an 8-cavity bad pass filter fitted at the transmitter output which is necessary to meet the requirements of the most stringent spectrum masks defined in RRC06.
The transmitter power of Tx1 was 1 W; the transmitter power of Tx2 was 10 kW.
3.2.2 FM broadcast

This analogue sound broadcasting system is covered in Annex 7 of ITU-R SM.1541. The relevant RF parameters are:

Modulation:
FM

Max. Deviation:
75 kHz

Bandwidth:
180 kHz

Channelling:
200 kHz

OoB domain ands at:
500 kHz (see ITU-R SM.1541 Annex 7, § 1)

For this system, ITU-R SM.1541 uses the channel bandwidth for the determination of the OoB borders although the actual maximum occupied bandwidth is slightly less. The reference bandwidth for the spectrum mask is 1 kHz. The measurements were made at the antenna port of transmitters of various power classes with 1 kHz measurement bandwidth. The measured spectral densities are normalized to the 0 dB reference of the spectrum mask.

It should be noted that the conversion of the 0 dB reference for the spectrum mask given in Annex 7, Table 20 of ITU-R SM.1541 from 200 kHz to 1 kHz assumes an evenly spread spectral density over the whole 200 kHz channel width. Therefore, the in-channel points of the mask when referenced to 1 kHz bandwidth lies at -23 dB. Actual BC transmitters, however, do not occupy the whole 200 kHz channel evenly. Consequently, the spectral density measured in 1 kHz bandwidth is usually only about 17 dB below the total power measured in 200 kHz bandwidth. Therefore, the measured spectral density exceeds the mask inside the used channel by as much as 5 dB.
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Fig. 3-2: OoB measurements from FM broadcast transmitters

It can be seen that the OoB limits are met by all transmitters measured. It can also be seen that when operated with normal programme material (Tx1, Tx2 and Tx4), the spectra are much narrower and the OoB emissions much lower than when transmitting a test signal (Tx 3 with coloured stereo noise according to ITU-R BT.648). 
3.2.3 DAB+

This OFDM system is one of the possible digital successors of the analogue sound broadcasting system. The relevant RF parameters are:
Modulation:
OFDM with 1736 active carriers

Bandwidth:
1,536 MHz

OoB domain ends at:
3.84 MHz (250% of OBW)

Since ITU-R SM.1541 does not contain an Annex in which OoB limits for DAB are specified, the limits defined in RRC06 are used. The measurements were made at the antenna port of the transmitter with a resolution bandwidth of 3 kHz. The spectrum mask in the following figure which has an original reference bandwidth of 4 kHz is converted into spectral levels in 3 kHz.
[image: image5.emf]DAB+ OoB Spektrum

-140

-130

-120

-110

-100

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

-5 -4 -3 -2 -1 0

Offset / MHz

Rel. Level / dBm in 3 kHz

Measured spectrum

Critical Mask (RRC06, Chap. 3.6.1; Annex 2)

Measurement sensitivity


Fig. 3-3: OoB measurements from a DAB+ transmitter

Because the measured spectral levels at offsets higher than 2.5 MHz are at - or close to - the sensitivity line, it can only be said that the actual OoB levels above this offset are lower than the Mask. The limited dynamic range of the measurement does not allow determining by how much the emissions from the transmitter are below the mask.

The transmitter power was 10 kW.
3.2.4 DECT
The Digital Enhanced Cordless Telephone standard is commonly used by many personal communication systems. It is a TDMA system, so both fixed and portable parts transmit in bursts. The key parameters are:

Modulation:
2-FSK

Max. radiated power:
250 mW = 24 dBm (average burst)
Bandwidth:
1, 15 MHz

Spurious domain starts at:
2,875 MHz offset

Burst duration:
90 µs or 368 µs

Burst repetition:
10 ms

The measurements were made radiated (off air) because the equipment usually has no external antenna connectors. The measured levels are RMS during the bursts only (average-burst level). External triggering was used to synchronize the measurement with the transmitted bursts (see chapter 2 for a description of the measurement setup). 
Since ITU-R SM.1541 does not contain an annex specifying limits for DECT OoB emissions, the mask was taken from the applicable Standard ETSI EN 300 175, § 5.5.4, Table 3. 
The resolution bandwidth for the measurements was 100 kHz which is the same as the reference bandwidth for the spectrum mask, so no bandwidth conversion was required. The measured levels were normalized to the 0 dB reference line of the mask.
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Fig. 3-4: DECT OoB emissions (upper frequency range)
It can be seen that the OoB levels of both measured DECT are well below the limits. Because no other than modulation-related emissions show in the OoB domain, it can be assumed that all DECT devices will have almost the same OoB spectrum in which case it seems that there is a considerable margin to lower the mask, especially in the range of the neighbour channel around 2 MHz. 
3.2.5 RLAN

The RLAN or WLAN devices are used in large numbers all over the world. The service conforms to the IEEE 802.11 standard. Depending on the variant of this standard, a frequency in the ranges around 2.4 GHz or 5.6 GHz is used. The key parameters are:

Modulation:
QPSK or OFDM
Max. radiated power:
100 mW = 20 dBm (average burst)
Bandwidth:
around 16 MHz

OoB domain ends at:
40 MHz offset

Burst duration:
variable, depending on traffic, example: 100 µs
Burst repetition:
variable, depending on traffic, example 100 ms
Measurements were made on three different WLAN devices:

· Tx1: RLAN access point, operating in 802.11g mode (OFDM), measured radiated
· Tx2: RLAN router, operating in 802.11b mode (DSSS), measured at the Tx output

· Tx3: Smartphone with RLAN capability, operating in 802.11b mode (DSSS), measured radiated

Since ITU-R SM.1541 does not contain an annex specifying limits for SRD OoB emissions, the mask was taken from the applicable Standard ETSI EN 300 328-1, § 5.2.4, Table 2. The definition of the OoB limits in this Standard are specified in such a way that they can never be exceeded: The limit of the unwanted emissions is set to -80 dBm/Hz and is applicable to all frequencies outside the bandwidth occupied by the equipment. This occupied bandwidth is not fixed but defined as the frequency range where the power density of the emission is above -80 dBm/Hz. So, if we have poor equipment with high sideband emissions (above ‑80 dBm/Hz), the affected sideband range it is simply declared as used bandwidth where the limit for unwanted emissions does not apply.
The levels in the following graph are normalized so that 0 dB corresponds to the maximum AV-burst power density in the measurement bandwidth of 300 kHz. The limits are also normalized to 300 kHz bandwidth to allow a direct comparison.
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Fig. 3-5: RLAN OoB emissions
3.2.6 LTE800
The 4th Generation of the mobile communication standard is currently being introduced by many network providers. The 3GPP standard allows many RF parameters to be flexible, including the RF bandwidth. Measurements were done on several LTE800 base stations from different manufacturers. The key RF parameters of the measured stations are:

Frequency range:
796 – 816 MHz

Modulation:
OFDM

Bandwidth:
10 MHz

OoB domain ends at:
25 MHz offset

The system transmits in bursts of different length and bandwidth, depending on base station configuration and traffic. The measurements were done while the base stations were in a test mode using all available resource blocks and thereby stimulating the maximum sideband emissions. Measurement bandwidths were between 30 and 100 kHz. The transmitter output power of all three LTE base stations was 40 W = 16 dBW = 46 dBm. The radiated power was 60 dBm.
Since ITU-R SM.1541 does not contain an applicable annex with OoB limits for this kind of service, the Block Edge Masks from the EU decision 2010/267/EU and from the ECC Report 30 are shown.
The levels of both measured values and limits were converted into a bandwidth of 30 kHz and normalized.
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Fig. 3-6: OoB emissions from LTE800 base stations with full traffic load
It can be seen that especially at the border between wanted channel and OoB domain, LTE800 base stations have difficulties meeting the OoB mask from ECC Report 30, while the limit for the Block Edge Mask is easily met. It should be noted that the right end of the spectrum lines (offsets higher than about 13 MHz) already show the measurement receiver’s noise floor. The actual sideband emissions of the LTE station under test are in fact lower.
In addition, the Base Station Tx1 above was also measured with even higher dynamic range when it was operated in idle mode. The result is shown in the figure below:
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Fig. 3-7: OoB emissions from an LTE800 base station in idle mode (no traffic)

Also here, the offset range above 15 MHz already shows the noise of the measurement receiver whereas the actual unwanted emissions from the LTE station are even lower.
3.2.7 Land Mobile
The example measurements were done on one mobile transceiver used for public safety communication (4m, voice), one mobile transceiver used for company radio networks and one transceiver used as a relay station (2m). The key parameters are:

Modulation:
FM

Max. output power:
10 W = 40 dBm

Bandwidth:
10 kHz

Spurious domain starts at:
62.5 kHz offset (see ITU-R SM.1539 Table 2)

The measurements were made at the transmitter output to achieve maximum dynamic range and sensitivity. Measurements of both sides from the centre frequency have shown that the curves of the OoB emissions are symmetrical to the wanted frequency.

ITU-R SM.1541 does not provide general limit lines for all land mobile services. Instead, examples are given for 5 kHz SSB, 12.5 and 30 kHz AM/FM systems. The channel spacing for the systems measured is 20 kHz. Although no example from the Recommendation exactly fits, the figure shows the limit lines for the 12.5 kHz spacing case in comparison with the measured spectra.
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Fig. 3-8: OoB emissions from Land Mobile stations

3.2.8 UMTS

This 3G cellular mobile system uses W-CDMA spread spectrum technique to manage multiple access. It is widely used in Europe and worldwide as the successor of GSM. 

The key parameters of the UMTS system are:

Frequency range:
2110 – 2200 MHz (FDD downlink, example from 1)

Modulation:
QPSK

Bandwidth:
5 MHz (channel)
Spurious domain starts at:
12.5 MHz offset
The measurements were done at the transmitter output of a UMTS base station transmitting on 2152 MHz with an output power of 3W = 5 dBW = 35 dBm.

Measurements of both sides from the centre frequency have shown that the curves of the OoB emissions are symmetrical to the wanted frequency.

ITU-R SM.1541 does not provide limits for W-CDMA systems. Therefore, the limits defined in ETSI EN 125 104 Chapter 6.6.2.1, Table 6.5 are shown.
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Fig. 3-9: OoB emissions from a UMTS base station

It can be seen that the limit from the relevant ETSI standard is easily met. In fact, the OoB emissions are at least 15 dB below the mask. 

3.2.9 GSM
This worldwide 2G cell phone standard uses overlapping channels. The channel width is 200 kHz whereas the occupied bandwidth 250 kHz.

The key parameters are:

Frequency range:
around 950 MHz and around 1850 MHz

Modulation:
GMSK

Burst duration:
555 µs

Burst repetition rate:
4.62 ms (8 time slots)

Bandwidth:
250 kHz (OBW)
Spurious domain starts at:
750 kHz offset
The measurements were done at the transmitter output of a common GSM base station on the so-called “C1” frequency (930.6 MHz) carrying the broadcast channel (BCCH). Although GSM is a TDMA system and normally transmits in bursts, the C1 frequency is continuously transmitted with full power. Therefore, external triggering was not necessary to measure the RMS level in the OoB domain. The transmitter output power of the station was 15 W = 12 dBW = 42 dBm.
Measurements of both sides from the centre frequency have shown that the curves of the OoB emissions are symmetrical to the wanted frequency.

ITU-R SM.1541 does not provide limits for GSM systems. Therefore, the limits defined in ETSI EN 302 408, Chapter 4.3.2.1, Table a are shown.
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Fig. 3-10: OoB emissions from a GSM base station

It can be seen that the limit from the relevant ETSI standard is easily met, especially for higher frequency offsets.

3.3 Result evaluation
Analyzing the above shown measurement results leads to the following findings:

· The OoB domain is dominated by emissions resulting from the modulation of the signal. Peaks in the Spectrum (for example caused by the frequency generation) and image spectra do not show in this offset range.

· In some cases the OoB limits from ITU-R SM.1541 seem very generous and can easily be met by the equipment (example: land mobile), in other cases it seems to be a challenging task to meet the limits (example: DVB-T).

ITU-R SM.1541 generally leaves it up to the specific radio service which detector, measurement time and bandwidth are to be used for the measurements. The results, however, sometimes strongly depend on these parameters, for analogue as well as digital systems. The following paragraphs shortly discuss the impact of each of them.
3.3.1 Measurement bandwidth

Because in the OoB domain, the spectra often has steep parts where the power density quickly drops or rises with frequency, it is necessary to use a very narrow measurement bandwidth to obtain accurate results. Using too wide measurement bandwidths would otherwise widen the spectrum which may lead to seemingly overstepping the mask. If the limit is given in terms of spectral density (dBsd), the 0 dB reference for the mask is the maximum spectral density of a modulated signal. In these cases, that specifically apply to digital signals where the unmodulated carrier never shows up, the result is independent of the measurement bandwidth. In cases where the limits are given in absolute (channel) power, the result may be obtained by integrating the values measured with a narrow bandwidth over the channel bandwidth.

3.3.2 Absolute vs. relative limits

All measurements presented here have shown that the shape of the OoB emissions is dominated by modulation effects. The modulation, however, is fixed. Suppression of OoB emissions from digital systems may often be improved through optimized programming of DSPs when they originate from the baseband spectrum. Only the part that originates from non-linearities of the analogue stages (e. g. power amplifier) may involve considerable costs. For analogue systems, overstepping a relative spectrum mask is mostly due to overstepping modulation parameters such as maximum deviation which can easily be adjusted. 

So, in many cases it should be possible to meet even stringent limits in the OoB domain without making the equipment too expensive. Therefore, relative spectrum masks may be preferred that are valid for transmitters even of different power classes to provide optimum protection of neighbour-channel users.

3.3.3 Detector
The momentary spectrum width of analogue signals and hence the amplitude of sideband emissions strongly depends on the modulating signal. Although often performed under normal operating conditions, OoB measurements must assess the worst case for the adjacent victim service. This is only possible if the Peak detector is used which is quite obvious.

The spectrum of digital systems is mostly noise-like, with a fixed bandwidth and a fixed peak-to-average ratio (PAPR). This would generally allow using both peak and RMS detector for the measurement. In case of pulsed (TDMA) signals, however, the OoB emissions would have to be assessed while the transmitter is on (i. e. during an active time slot), because otherwise the result would depend on the timing and/or duty cycle which may be subject to changes. This means that the average burst level has to be measured with RMS detector in a triggered measurement.
In addition, pulsed signals often show sideband emission peaks (transients) originating from the process of switching on and off the transmitter. These transients would only show if the peak detector is used. The following graph shows the OoB spectrum of the same transmitter (RLAN transmitter Tx 3) measured AV-burst and peak.
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Fig. 3-8: OoB transient emissions of an RLAN transmitter

The top right window (“Time Overview”) shows the amplitude vs. time of the burst. The “Spectrogram” window on the left shows the frequency (x) vs. time (y) and level as different colours. From this display it can be seen that the OoB emissions are low outside the burst times (1) and higher during the burst (2). At the burst end, where the transmitter switches off, additional sideband emissions appear for a very short time (3). These are the so-called transients. The lower right window shows the spectrum during the burst (yellow trace) and during the transient (orange trace).
If the peak detector would be used for OoB measurements, the spectrum would be dominated by the transients. However, these peaks are usually extremely short in comparison to the sideband emissions due to modulation and therefore do not have significant interference potential in most cases. It is therefore suggested to specify the AV-burst level for OoB measurements of digital systems which calls for the use of the RMS detector with an integration time equal to the burst length (in case of TDMA signals).

3.3.4 Border between OoB and wanted emission

ITU-R SM.1541 usually defines the border where the OoB domain starts at 50% offset from the necessary bandwidth, but even in that Recommendation there are exceptions from this general rule. Although from a theoretical standpoint this definition makes good sense, it is very difficult to specify in practice because that point nowhere shows up in the spectrum and even calculation of its value is difficult because the necessary modulation parameters are often not known by monitoring personnel. It may therefore be suggested to use the frequency offsets defined by the occupied power bandwidth (99%-bandwidth) or, if defined, 50% of the used channel width to both sides of the centre frequency as the border to the OoB domain.
No sensible definition seems to be the way this border is set in ESTI EN 300 328 for RLAN systems (see 2.2.5), because the wanted bandwidth of the signal is flexible and made dependant on the level of the spectral density. The OoB starts at an arbitrary point where this level is by a number of dBs down from the maximum in-band power density. With this definition, overstepping any OoB mask is virtually impossible and poor performing transmitters with high sideband emissions are simply granted a wider wanted bandwidth. 
3.3.5 Border between OoB and spurious domain

Generally the border between OoB and spurious domain is at an offset of 250% of the necessary bandwidth. This definition suffers from the same problems than the start of the OoB domain. Nevertheless, it has to be specified in relation to the bandwidth of the signal. Furthermore, it should be defined in a way that modulation-related emissions are mostly within the OoB domain while unwanted emissions due to the frequency generation and mixing processes are in the spurious domain. This is because of the different spectral shape of the two unwanted emissions and the different measures applicable to optimize them.

Our OoB measurements have shown that in some cases unwanted emissions due to modulation and switching show up as far as 250% of the OBW. Examples are FM broadcast, and RLAN. For some other systems, however, these emissions already disappear in the broadband noise floor of the amplifier at much lower offsets. Examples for this are DVB‑T, Land Mobile (PMR), UMTS and LTE800. 

Overall, the used offset of 250% of the occupied bandwidth seems to be a reasonable value, even for wideband signals such as RLAN. Modulation-related emissions have not been detectable outside this border as usually their level is already too low to be above the noise of the measurement receiver, in which case their interference potential may be neglected. 
4 Spurious domain

4.1 General

Generally, the spurious domain starts at a frequency offset of 2.5 times the necessary bandwidth. However, for very narrowband and wideband emissions, there may be exceptions. For these cases the boundary defined in ITU-R SM.1539.

ITU-R SM.329 separates different categories of applicable limits. Category A limits are minimum requirements and generally applicable. The limits are frequency independent but different for various radio services. Categories B through D describe more stringent limits for some radio services applicable in different regions (e. g. Europe, US, Japan). Category Z specifies limits according to CISPR that are applicable to electrical and electronic devices.

The reference bandwidth in which the spurious limits apply is independent of the radio service and only depends on the frequency range:

· 1 kHz between 9 and 150 kHz,

· 10 kHz between 150 kHz and 30 MHz,

· 100 kHz between 30 MHz and 1 GHz,

· 1 MHz above 1 GHz.

The spurious limits are either given in dBc or as an absolute power level in dBm. The 0 dB reference is the power of the unmodulated carrier or the total power within the necessary bandwidth (PEP or RMS).
4.2 Example measurements of spurious emissions

The following graphs show emissions in the main part of the spurious domain for some selected radio systems. To enhance accuracy, the measurements themselves were usually made with a resolution bandwidth that is smaller than the reference bandwidth in ITU-R SM.329. The actual curves to compare with the spurious limits were derived by integration of the power flux density (PSD) over the measured samples taken inside the reference bandwidth.
4.2.1 DECT
For the key parameters of the Digital Enhanced Cordless Telephone standard see 3.2.4.
The measurements were made radiated (off air) because the equipment usually has no external antenna connectors. The measured levels are RMS during the bursts only (average-burst level). External triggering was used to synchronize the measurement with the transmitted bursts.
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Fig. 4-1: DECT spurious emissions (upper frequency range)
The measurements were done with a resolution bandwidth of 100 kHz. The radiated power of the DECT station was 250 mW = 24 dBm. This corresponds to the in-channel receive level in 1 MHz which was ‑12 dBm. The level axis in figure 4-1 can therefore be converted to directly reflect radiated power in 1 MHz bandwidth by adding 36 dB.

The harmonics were measured separately with the following results:

	
	Tx1
	Tx2

	
	frequency
	level/1MHz
	attenuation
	frequency
	level/1MHz
	attenuation

	Fundamental
	1881,6 MHz
	-6,0 dBm
	0,0 dBc
	1890,4 MHz
	-8,0 dBm
	0,0 dBc

	2nd harmonic
	3763,2 MHz
	-80,0 dBm
	74,0 dBc
	3780,8 MHz
	-77,0 dBm
	69,0 dBc

	3rd harmonic
	5644,8 MHz
	-79,0 dBm
	73,0 dBc
	5671,2 MHz
	-85,0 dBm
	77,0 dBc

	4th harmonic
	7526,4 MHz
	< -88 dBm
	> 82 dBc
	7561,6 MHz
	< -88 dBm
	> 80 dBc


Tab. 3-1: Harmonic levels of measured DECT base stations
For information: The most restrictive limit in ITU-R SM.329 (Cat D between OoB border and 1919,45 MHz) corresponds to an attenuation of 66 dBc.

4.2.2 Land Mobile Service (analogue)

The example measurements were done on same transceivers used for the OoB measurements. Key parameters are in 3.2.7. The spurious domain starts at 62.5 kHz offset (see ITU-R SM.1539 Table 2).
The measurements were made at the transmitter output to achieve maximum dynamic range and sensitivity. Measurements of both sides from the centre frequency have shown that the curves of the spurious emissions are symmetrical to the wanted frequency.
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Fig. 4-2: Land Mobile spurious emissions (upper frequency range)
The measurements were done with a resolution bandwidth of 10 kHz. The output power of all stations was 10W = 40 dBm. This corresponds to an in-channel receive level of 19 dBm. The level axis in figure 4-2 can therefore be converted to directly reflect radiated power in 100 kHz bandwidth by adding 21 dB.

The harmonics were measured separately with the following results:

	
	Tx1
	Tx2

	
	frequency
	level
/100kHz
	attenuation
/100kHz
	frequency
	level
/100kHz
	attenuation
/100kHz

	Fundamental:
	85,175 MHz
	19,0 dBm
	0 dB
	156,025 MHz
	19,0 dBm
	0 dB

	2nd harmonic
	170,350 MHz
	-96,0 dBm
	115 dB
	312,050 MHz
	-71,0 dBm
	90 dB

	3rd harmonic:
	255,525 MHz
	-68,0 dBm
	87 dB
	468,075 MHz
	-69,0 dBm
	88 dB

	4th harmonic:
	340,700 MHz
	-81,0 dBm
	100 dB
	624,100 MHz
	-62,0 dBm
	81 dB

	5th harmonic:
	425,875 MHz
	-80,0 dBm
	99 dB
	780,125 MHz
	-59,0 dBm
	78 dB

	6th harmonic:
	511,050 MHz
	-78,0 dBm
	97 dB
	936,150 MHz
	-73,0 dBm
	92 dB

	7th harmonic
	596,225 MHz
	-102,0 dBm
	121 dB
	1092,175 MHz
	-67,0 dBm
	86 dB

	8th harmonic:
	681,400 MHz
	-132,0 dBm
	151 dB
	1248,200 MHz
	-70,0 dBm
	89 dB

	9th harmonic:
	766,575 MHz
	-132,0 dBm
	151 dB
	1404,225 MHz
	-77,0 dBm
	96 dB

	10th harm:
	851,750 MHz
	-132,0 dBm
	151 dB
	1560,250 MHz
	-80,0 dBm
	99 dB


Tab. 4-2: Harmonic levels of measured Land Mobile stations at transmitter output
For information: The most restrictive limit in ITU-R SM.329 (Cat B) corresponds to an attenuation of 76 dBc.

In addition to the measurement at the transmitter output, the harmonics of Tx2 and an additional Tx3 were also measured off-air as field strength or power flux density (pfd):

	
	
	Tx2 (attenuation)
	Tx3 (attenuation)

	harmonic
	frequency
	Tx-output
	off air
	Tx-output
	off air

	Fundamental:
	156,025 MHz
	0 dB
	0,0 dB
	0 dB
	0,0 dB

	2nd harmonic
	312,050 MHz
	90 dB
	80,3 dB
	23 dB
	86,3 dB

	3rd harmonic:
	468,075 MHz
	88 dB
	57,8 dB
	85 dB
	75,8 dB

	4th harmonic:
	624,100 MHz
	81 dB
	75,4 dB
	104 dB
	93,4 dB

	5th harmonic:
	780,125 MHz
	78 dB
	80,0 dB
	125 dB
	97,0 dB

	6th harmonic:
	936,150 MHz
	92 dB
	 
	136 dB
	 

	7th harmonic
	1092,175 MHz
	86 dB
	76,2 dB
	151 dB
	> 84 dB

	8th harmonic:
	1248,200 MHz
	89 dB
	87,0 dB
	151 dB
	> 84 dB


Tab. 4-3: Harmonic levels of measured Land Mobile stations at Tx output and off-air

4.2.3 RLAN
The same RLAN devices as for the OoB domain were measured. For key RF parameters see 3.2.5. The spurious domain starts at 40 MHz offset.
The levels in the following graph are normalized so that 0 dB corresponds to the total AV-burst power (= power of the unmodulated carrier).
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Fig. 4-3: RLAN spurious emissions (upper frequency range)
The measurements were done with a resolution bandwidth of 300 kHz. The output power of all stations was 100 mW = 20 dBm. This corresponds to a total in-channel receive level of 12 dBm in 16 MHz bandwidth. The level axis in figure 4-3 can therefore be converted to directly reflect radiated power in 1 MHz bandwidth by adding 8 dB.

The harmonics were measured separately with the following results:
	
	Tx 1
	Tx 2
	Tx 3

	
	frequency
	level
/10MHz
	atten.
/1MHz
	frequency
	level
/10MHz
	atten.
/1MHz
	frequency
	level
/10MHz
	atten.
/1MHz

	Fundamental
	2427 MHz
	-17,0 dBm
	 
	2432 MHz
	9,0 dBm
	 
	2412 MHz
	-27,0 dBm
	 

	1st harm.
	4854 MHz
	< -77 dBm
	> 72 dBc
	4864 MHz
	-62,0 dBm
	83 dBc
	4824 MHz
	<-80 dBm
	> 64 dBc

	2nd harm.
	7281 MHz
	< -77 dBm
	> 72 dBc
	7296 MHz
	-65,0 dBm
	86 dBc
	7236 MHz
	<-80 dBm
	> 64 dBc

	3rd harm.
	9708 MHz
	< -77 dBm
	> 72 dBc
	9728 MHz
	-66,0 dBm
	87 dBc
	9648 MHz
	<-80 dBm
	> 64 dBc


Tab. 4-4: Harmonic levels of measured RLAN routers

For information: The most restrictive limit in ITU-R SM.329 (Cat B) corresponds to an attenuation of 50 dBc.
4.2.4 FM Broadcast
The key RF parameters of the analogue sound broadcasting system are listed in 3.2.2. 
Measurements were done at the transmitter output of several broadcast transmitters of different power classes. Because the spurious limits in ITU-R SM.329 are dependant on the transmit power, each measurement is shown in its own graph to allow comparison of the spectrum with the relevant limit.
In all three graphs the level is normalized so that the total wanted power corresponds to 0 dB. The actual measurement bandwidth was 1 kHz
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Fig. 4-4: Spurious emissions of a 13 KW FM broadcast transmitter (upper frequency range)
Since the transmitter output power was 13 KW = 71 dBm, the level axis of figure 4-4 can be converted to directly reflect the spurious levels in dBm (in 100 kHz BW) by adding 71 dB.
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Fig. 4-5: Spurious emissions of a 100 KW FM broadcast transmitter (upper frequency range)
Since the transmitter output power was 100 KW = 80 dBm, the level axis of figure 4-5 can be converted to directly reflect the spurious levels in dBm (in 100 kHz BW) by adding 80 dB.
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Fig. 4-6: Spurious emissions of a 10W FM broadcast transmitter (upper frequency range)

Since the transmitter output power was 10 W = 40 dBm, the level axis of figure 4-6 can be converted to directly reflect the spurious levels in dBm (in 100 kHz BW) by adding 40 dB.

The harmonics were measured at the transmitter output of Tx3 separately with the following results:

	
	Tx3 (10W)

	
	frequency
	level/100 kHz
	attenuation/100kHz

	Fundamental
	100 MHz
	18,5 dBm
	 

	2nd harmonic
	200 MHz
	-54,0 dBm
	72,5 dBc

	3rd harmonic
	300 MHz
	-91,0 dBm
	109,5 dBc

	4th harmonic
	400 MHz
	-77,0 dBm
	95,5 dBc

	5th harmonic
	500 MHz
	-97,0 dBm
	115,5 dBc

	6th harmonic
	600 MHz
	< -110 dBm
	>128,5 dBc

	7th harmonic
	700 MHz
	< -110 dBm
	>128,5 dBc

	8th harmonic
	800 MHz
	< -110 dBm
	>128,5 dBc

	9th harmonic
	900 MHz
	< -110 dBm
	>128,5 dBc

	10th harmonic
	1000 MHz
	< -110 dBm
	>128,5 dBc


Tab. 4-5: Harmonic levels of a 10W FM broadcast transmitter

For information: The most restrictive limit in ITU-R SM.329 (Cat B) corresponds to an attenuation of 77 dBc.

4.2.5 UMTS
For the key parameters of the UMTS standard see 3.2.8.
The measurements were done at the transmitter output of a common UMTS base station on 2152.4 MHz.
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Fig. 4-7: GSM900 spurious emissions (upper frequency range)
The measurements were done with a resolution bandwidth of 30 kHz. The output power of the GSM station was 3W = 35 dBm. This corresponds to the in-channel receive level in 1 MHz bandwidth of 20 dBm. The level axis in figure 4-7 can therefore be converted to directly reflect radiated power in 1 MHz bandwidth by adding 15 dB.

The measurement was only done at the beginning of the spurious domain where the spurious limit of ITU-R SM.329 is just met. However, the falling spectral levels towards the right end already show that the spurious levels lower considerably at higher frequency offsets.
4.2.6 GSM
For the key parameters of the GSM standard see 3.2.9.
The measurements were done at the transmitter output of a common GSM base station on the so-called “C1” frequency (930.6 MHz) carrying the broadcast channel (BCCH). Although GSM is a TDMA system and normally transmits in bursts, the C1 frequency is continuously transmitted with full power. Therefore, external triggering was not necessary to measure the RMS level in the OoB domain. The transmitter output power of the station was 15 W = 12 dBW = 42 dBm.
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Fig. 4-8: GSM900 spurious emissions (upper frequency range)
The measurements were done with a resolution bandwidth of 30 kHz. The output power of the GSM station was 15W = 41 dBm. This corresponds to the in-channel receive level in 100 kHz bandwidth of 30 dBm. The level axis in figure 4-8 can therefore be converted to directly reflect radiated power in 10 kHz bandwidth by adding 10 dB.

The 2nd harmonic could not be seen above the noise floor of the measurement receiver which means that it was below -100 dBm (receive level in 100 kHz), corresponding to less than -90 dBm (transmit level in 100 kHz bandwidth).

The results show that the spurious limit of ITU-R SM.329 is easily met. In fact, the spurious emissions are typically between 40 and 60 dB below the limit.

4.3 Result evaluation
ITU-R SM.329 defines limits of spurious emissions either as absolute levels (in dBm), usually in terms of radiated power, or suppression (in dBc) relative to the level of the unmodulated carrier. All levels are given in a certain reference bandwidth that may be different from the actual measurement bandwidth. Generally, the RMS levels are used; in case of TDOA emissions it is the average burst level. This section discusses the effect of these parameters and their applicability in view of the measurement results.
4.3.1 Reference bandwidth

In ITU-R SM.329, the reference bandwidth depends on the frequency range:
· 1 kHz between 9 and 150 kHz,

· 10 kHz between 150 kHz and 30 MHz,

· 100 kHz between 30 MHz and 1 GHz,

· 1 MHz above 1 GHz.
These reference bandwidths are oriented on the average bandwidth of a victim system operating in neighbouring frequency bands. The measurements show the following general tendency:

Both digital and analogue transmitters have noise-like unwanted emissions spreading over a frequency range that is much larger than any reference bandwidth. The impact of this kind of unwanted emissions can be linearly scaled with bandwidth to fit any bandwidth of a victim receiver. E.g. if the unwanted noise-like level is -90 dBm in 100 kHz it would be -80 dBm in 1 MHz bandwidth and so on. So for this kind of unwanted emissions any reference bandwidth is equally suitable.

Analogue transmitters often have narrow-band unwanted emissions that show as distinct peaks in the spectrum (see for example fig. 3-2 and 3-5). The interference potential of these peaks depends on their bandwidth relative to the bandwidth of the victim receiver. In case they are unmodulated carriers (bw=0), the interference level is independent of the reference bandwidth and therefore applicable to all victim systems. If the peaks are wider than the bandwidth of the victim receiver, their levels scale similar to the noise-like emissions, but only up to the bandwidth of the unwanted emission peak itself. This circumstance gives rise to the argument that the reference bandwidth for unwanted emissions should match the narrowest bandwidth of victim systems in the frequency range.
4.3.2 Absolute vs. relative levels

Currently, ITU-R SM.329 specifies a mixture of absolute and relative levels for the spurious emissions. Keeping in mind that the purpose of limiting spurious emissions is to protect neighbouring radio services from interference, absolute levels should be preferred as they directly quantify the interference potential of these unwanted emissions.
However, it is not possible to guarantee interference free co-existence of neighbouring systems in all cases. The minimum protection distance can always be improved if spurious emissions are further suppressed. In cases where a relatively high suppression can be achieved without greatly affecting the equipment costs, it is sensible to specify a relative level for the suppression even if the resulting unwanted level of a low-power device would then fall well below the allowed unwanted level of a high-power transmitter with a more stringent suppression requirement. This would allow bringing the low-power device closer to the victim receiver than envisaged for the distance to the high power one.

So, both absolute and relative levels have their field of applicability and this result is independent of whether the transmitter is analogue or digital. 

4.3.3 Detector

According to ITU-R SM.329, the unwanted emissions have to be measured RMS. In case of pulsed signals from a TDOA system, the average burst power is specified as RMS level during the burst only.

Many protection ratio measurements have shown that in most cases the interference potential of an unwanted emission is relative to the RMS level. Especially digital victim systems are often quite immune against short interfering peaks as the bits lost during interference time may be rectified by the error correction. In so far, the RMS detector for unwanted emission measurements seems reasonable.

In case of TDOA systems, the situation depends on whether the pulse/pause ratio is constant or varies. If the pulse/pause ratio is constant (e.g. in DECT systems), the long-term RMS value, which characterizes the interference potential, also stays constant. For these systems, the RMS level, averaged over multiple bursts, would be a sensible value to specify in the Recommendation. However, it may be difficult or even impossible to measure practically because the dynamic range available for the measurement dramatically decreases with rising pulse/pause ratios: If we have Pulses of 100 µs with pauses of 100 ms (example from RLAN), the long-term RMS value would be 30 dB less than the AV-burst level whereas the system noise level would be the same. In this example the dynamic range would decrease by 30 dB making it hard to detect the low spurious levels at all. 

If the pulse/pause ratio is variable (e. g. in GSM or RLAN systems), we have to assume a “worst case” scenario which is often reached when all time slots are occupied, making the emission quasi permanent. To enable compliance measurements with the maximum spurious levels under normal working conditions, it is necessary to measure and specify the average burst level. This result will then be independent of the number of occupied time slots or user traffic during the measurement.  
4.3.4 Radiated vs. transmitter output power

Currently recommendation ITU-R SM.329 leaves it open whether the limits for unwanted emissions apply to the transmitter output or in terms of radiated power flux density (pfd). Item “Considering d)” in the Recommendation already mentions the possible difference between both interpretations due to the frequency response curve of the antenna. For the victim receiver, only the interfering field strength is important which supports the radiated pfd interpretation of the limits (see also considering g), but compliance measurements are very difficult when performed off-air and sometimes even impossible.

The measurements have shown that there may be in fact substantial differences between unwanted emissions measured off-air and conducted (see Table 4-3). The following figure compares the unwanted emissions of RLAN transmitter 2 measured at the transmitter output and off-air.
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Fig. 4-9: Spurious emissions of RLAN Tx2 measured at transmitter output and off-air (upper frequency range)

The attenuations when measured off-air were often less than when measured at the transmitter output. This result is in so far surprising as the effectiveness of the transmitter antenna rapidly decreases with increasing harmonic frequencies. One possible explanation of this discrepancy is that the transmitter is always properly terminated during the conducted measurement, whereas the impedance of the antenna system may not be ideal, thereby stipulating higher levels of the unwanted emissions.

The consequence is that in order to assess the interference potential of unwanted emissions the limits should be applied in terms of radiated field strength despite the problems associated with direct measurements. 
4.3.5 Border between OoB and spurious domain
As mentioned before, the border between OoB and spurious domain usually is at 250% of the necessary bandwidth of the system. The biggest problem with this definition is that the necessary bandwidth cannot be measured. It has to be known or calculated using system parameters often unknown to monitoring services. As a compromise, we have used a border of 250% of the occupied bandwidth instead. Although this border is in all cases further away from the carrier frequency, the measurements have shown that the spurious limits from ITU-R SM.329 cannot be met by some systems, although for high frequency offsets, the unwanted emissions of all transmitters were well below these limits.
The following figure shows the measurement results for land mobile stations from figure 3-2, zoomed around the OoB border.
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Fig. 4-9: Spurious emissions of land mobile stations (close to the OoB border)

Also some digital DECT transmitters have difficulties meeting the spurious limits at the OoB border (see figure 4-1).
It may therefore be suggested to extend the border between OoB and spurious domain to more than 250% of the necessary bandwidth, or, alternatively, to specify less stringent spurious levels close to the OoB border than for frequencies far away from it.
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