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1. Introduction
One of the fundamental RF parameters to define for NR is the unwanted emissions. In regulation, unwanted emissions are divided into Spurious emissions and Out-of-band emissions and the boundary between those two domains has a profound impact on the emission limits that can be defined for a radio access technology such as NR. This paper describes the details of the boundary between the spurious and OOB domain, how it was handled in specifications for WCDMA and LTE and what the impact may be for NR.
2. Boundary between spurious and OOB domain in 3GPP
When UMTS (UTRA) was first specified by 3GPP as an IMT-2000 technology in 1998-2000, spurious emission limits and the boundary between spurious and out-of-band (OOB) domain were fundamentally based on the international recommendation ITU-R SM.329 [1]. For requirements applicable in Europe, Category B limits were used, which are also covered in ERC Recommendation 74-01 [2]. Those limits are applicable also in many other countries that use European harmonised standards for product certification.
NOTE:
The term Out-of-band (OOB) emissions can cause some confusion and is for this reason mostly avoided in 3GPP BS specifications. Regulation defines OOB emissions as “Emission on a frequency or frequencies immediately outside the necessary bandwidth which results from the modulation process, but excluding spurious emissions”. OOB emissions are thereby the emissions closest to the transmitted carrier(s) and the term “Out-of-band” does not refer to emission being outside the operating band or an operator’s assigned band. Note that spurious emissions and OOB emissions are mutually exclusive through the definition, making the boundary between them very important. OOB emissions are for WCDMA and LTE BS defined through ACLR, spectrum mask (for WCMDA) and operating band unwanted emissions (for LTE).
Later in 2005-2006, when new frequency bands were added to WCDMA and LTE (E-UTRA) was included as a new wideband radio access, there was a need to update the way the limits were applied for base stations in particular. This was all done in close co-operation between 3GPP, ETSI and ECC and the final agreement for how to apply the limits is summarized in an LS response to 3GPP and ETSI from ECC PT1 [3]. How the limits are applied is documented in TR 25.942 [4] and the description is also copied into Annex A of this contribution.
The boundary between the out-of-band and spurious domain is based on the “250% rule” in ITU‑R SM.329 [1]. The rule states that “the spurious domain generally consists of frequencies separated from the centre frequency of the emission by 250% or more of the necessary bandwidth of the emission.” The application for WCDMA and LTE is as follows:

· The boundary between the out-of-band and spurious domain is for base stations fundamentally based on a 5 MHz channel bandwidth, placing it at 12.5 MHz from the carrier centre (10 MHz from the channel edge). This 10 MHz assumption originates from the UMTS 5 MHz carrier and is in 3GPP also applied for LTE BS transmissions, applying as a stricter requirement also to 10, 15 or 20 MHz RF bandwidth. Note that this is not the case for LTE UEs (terminals), where the 250% rule is applied also for larger carrier bandwidths.

· The limits inside the operating band for a UMTS or LTE BS are based on a reduced measurement bandwidth close to the carrier, as outlined in the recommendations (see Annex 2 of [2]). This reduction is in the 3GPP specifications interpreted as a relaxed limit of -15 dBm/MHz. While the recommendations allow for this reduction in a frequency range up to 10 times the necessary bandwidth, it was agreed that the relaxed limit could be applied in the complete transmitter operating band, plus in 10 MHz on each side of the operating band.

· The agreement above between 3GPP, ETSI and the ECC on the spurious emission limits is based on the following:

· The limits are in line with the limits used in ERC and ECC compatibility studies.

· There is no impact on in-band sharing between different IMT technologies.

· The limits are fair between operators and give mutual advantages, regardless of the technology deployed, the carrier bandwidth, the number of carriers or the position of the operator’s license block.

The agreed limits were implemented for both UMTS and LTE at that time, as described in Annex A. For LTE, the limits are interpreted as Operating band unwanted emission limits, which is a unified definition of all unwanted emission within the operating band, plus in 10 MHz on each side, as shown in Figure 1. Outside of that range, spurious emissions are defined, as shown in Figure 2.
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Figure 1: Defined frequency range for LTE Operating band unwanted emissions with an example RF carrier and related mask shape (from TR 36.942).
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Figure 2: Defined frequency ranges for LTE spurious emissions and operating band unwanted emissions (from TR 36.942).
3. Wideband, multicarrier and Multi-RAT transmissions

When LTE (E-UTRA) was developed, the focus was first on single-carrier transmission with flexible channel bandwidth (1.4 to 20 MHz). It was however quite early made clear that BS transmitters with multiple carriers would be deployed, in particular when the MSR standard was developed and later on when intra-band Carrier Aggregation was defined. It was then noted that the existing recommendations for spurious emissions did not give a proper guidance for such multicarrier transmissions and that for the text provided, mobile services were excluded. This is of particular concern for Category B spurious emission limits, since they are stricter.

This resulted in an update of ERC Rec 74-01 [2]. The updates concerned mainly how the necessary bandwidth is calculated for such a multicarrier/multi-RAT transmitter and how the boundary between out-of-band and spurious domain is determined, with the following elements
· The transmitter bandwidth is used as the necessary bandwidth for determining the limit between the out-of-band and spurious domain, and it is defined as the width of the frequency band covering the envelope of the transmitted carriers.

· Particular guidance is given in for wideband transmitters, with reference to ITU-R Rec SM.1539 [6].

· Rules are made applicable for both contiguous and non-contiguous transmissions within a frequency block.

Present UMTS, LTE and MSR specifications for base stations (and UEs) are fully in line with the updated version of ERC Rec 74-01. A more detailed description of the background and development of the spurious emission limits for multicarrier and multi-RAT transmissions can be found in Annex 2.

4. Boundary between spurious and OOB domain for NR

With the work on a New Radio access (NR) targeting IMT-2020 as defined by ITU-R, there are a number of regulatory aspects to take into account. For the unwanted emission limits and the boundary between OOB and spurious domain, the following properties of NR must be considered:
· Large BS RF bandwidths covering the full band, which is the norm already today. 

· Larger carrier bandwidths with numerology that may give higher out-of-band emission levels [9]. This has a direct impact on the assumed boundary to the spurious domain defined for a transmitted carrier, which is relevant for the Operating band unwanted emission mask (UEM) levels inside the band, assuming that these can be defined in a way similar to what was done for LTE. Such a mask cannot anymore use a 5 MHz carrier as a baseline for setting the limits, due to the wider carriers and the new numerologies.
· For a carrier placed at the edge of a band, the unwanted emission levels outside the band will depend on the carrier bandwidth and numerology, but also on any passband filtering applied for the band. Such a filter will most likely still be employed at lower bands, but is more challenging for higher bands for AAS-type systems, in terms of achieving high attenuation close to the band. This has to do both with the width of the band and the high absolute frequency, as well as the RF properties of mm-wave technologies (see [9]).
The present WCDMA and LTE unwanted emission limits are defined with a spurious emission level starting 10 MHz outside the operating band. The large carrier bandwidths and new numerologies will make such an assumption challenging already for lower bands and a higher number should be considered. The even larger carrier bandwidths and reduced possibilities for band filtering in higher bands (mm-wave) will in combination with new numerologies imply that the OOB domain will have to stretch further than 10 MHz from the band edge.
It should be noted that the regulation does not in any way stipulate a “10 MHz rule”, this is a voluntary constraint put by 3GPP on the emission limits. In particular for the new bands, we have to go back to what the regulation recommends, which is the “250% rule” as defined above. The rule for wider carriers and higher bands is defined in ITU-R Recommendation SM.1539 [6], as shown in Table 1. The recommendation defines a threshold value BU for the necessary bandwidth BN of the transmission. When the bandwidth of the transmission is higher than the threshold BU, the 250% rule (2.5 BN) is replaced by the rule listed in the “Separation” column, resulting in a separation somewhere between 150% and 250% of the necessary bandwidth.

Table 1: Guideline values for the boundary of the spurious domain 
(Extracted from ITU-R SM.1539 [6])

	Frequency
range
	Normal
separation
	Wideband case
(BN  BU)

	
	
	BU
	Separation

	30 MHz  fc  1 GHz
	2.5 BN
	10 MHz
	1.5 BN + 10 MHz

	1 GHz  fc  3 GHz
	2.5 BN
	50 MHz
	1.5 BN + 50 MHz

	3 GHz  fc  10 GHz
	2.5 BN
	100 MHz
	1.5 BN + 100 MHz

	10 GHz  fc  15 GHz
	2.5 BN
	250 MHz
	1.5 BN + 250 MHz

	15 GHz  fc  26 GHz
	2.5 BN
	500 MHz
	1.5 BN + 500 MHz

	fc  26 GHz
	2.5 BN
	500 MHz
	1.5 BN + 500 MHz


Note that the recommended separation to the boundary of the spurious domain stipulated by the rule in [6] gives a considerably larger offset from the carrier edge or band edge than the 10 MHz used today for LTE and WCDMA. Two examples:
· A 100 MHz carrier at any frequency >3 GHz would give a recommended 200 MHz offset from the edge to the start of the spurious domain.

· A 1 GHz carrier at any frequency >15 GHz would give a recommended 1.5 GHz offset from the edge to the start of the spurious domain.
While such large offsets to the boundary between the OOB and spurious domain may not be necessary for an NR specification, it is quite clear that the present way of specifying unwanted emissions cannot remain intact.

An additional aspect is that unwanted emissions for NR need to be specified as OTA requirements for active antenna arrays, see also [7]. This means that the metric to use and the way the limit is specified may be quite different from earlier systems.

5. Summary 

This paper gives an overview of existing requirements for WCDMA and LTE on unwanted emissions and the regulation that it depends on, where the so called “250% rule” defining the boundary between the OOB and spurious domain is fundamental. By looking at the expected properties of NR in terms of larger carrier bandwidths, new numerology and AAS-type deployments, in combination with the RF properties of mm-wave technologies, it becomes clear that the present way of specifying unwanted emissions must be revisited. In particular, the 10 MHz offset from the band edge (and carrier edge), where spurious emission limits starts to apply for WCDMA and LTE, will need to be revised.
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Annex A
Regulatory background or spurious emissions (Cat B)

(Excerpt from TR 25.942, clause 14.2.3)

When the R99 specifications were developed, the limits for spurious and out-of-band emissions were developed in a liaison activity between 3GPP and CEPT/ERC TG1. The resulting limits for spurious emissions were directly transposed from SM.329 [32], including the Category B limits and were included in the 3GPP specifications until the 2006‑12 versions.

A modification of the limits were considered as a result of new frequency bands being added that gave different boundary conditions for the limits, plus the work on E-UTRA which also includes flexible RF bandwidths. This modification of the limits for UTRA is included in the specifications after 2006-12. After a liaison activity between 3GPP, ETSI and ECC, the following is concluded about the new limits as reported in [33]:

1) Compatibility between UTRA and adjacent band services has been addressed in the relevant CEPT studies, such as ERC Report 065 [35]. It is essential that the out-of-band and spurious emission limits used to demonstrate compatibility for UTRA in those studies are respected. The new limits do not change any such limits used to demonstrate adjacent band compatibility, and are thus consistent with ERC Report 065.

2) The potential impact on the in-band sharing was considered, and it was concluded that compatibility with existing technologies in the 3G bands will not be affected by the change. Compatibility for future similar technologies in the band will also not be affected, since the new spurious emission limits across the band is identical to the existing spurious emission limit for UTRA that applies for in-band compatibility analysis.

3) It is also noted that the new spurious emission limit can be applied not only to UTRA, but also to other similar technologies in the UTRA operating bands. This can give mutual advantages when multiple operators are deployed in the 3G operating bands. The new limits can from this aspect be technology neutral and fair between operators, since they do not depend on technology, carrier bandwidth, number of carriers or the position of the operator’s license block.

It was for these reasons agreed between 3GPP, ETSI and CETPT/ECC that the new limits can be included in the 3GPP and ETSI specifications.

A.1
Old Category B spurious emission limits (until 2006-12)

The spurious emission requirements applicable for UTRA base stations (R99) include as one part the  Category B requirements in ITU-R Rec. SM.329 [32]. These requirements as applied to UTRA are illustrated in Figure 14.4 for two example carrier positions in operating Band I, which has a downlink band of 2110-2170 MHz. Figure 14.5 shows examples with two 5 MHz carriers in the band.

NOTE:
There is an additional limit in 3GPP specs to protect the services in the bands adjacent to the BS transmit band as explained in 14.2.2.1, giving extra protection in the bands immediately adjacent to the operating band. This additional limit is stricter than the corresponding Category B limits and is visible as a “slope” outside the operating band edges in Figure 14.4.
The category B requirements allow for a reduced measurement bandwidth close to the carrier. This is described for land mobile services in Annex 7 of [32]. The reduced measurement bandwidth is in 3GPP interpreted as an increase of the spurious emission limit for the base station in TS 25.104 Category B requirements and applies up to+/- 60 MHz from the carrier center for UTRA (12 times the necessary bandwidth), with transition point at +/-50 MHz. 
The 3GPP interpretation has however been stricter than the ITU-R recommendations when applied to UTRA, since the increased spurious emission limit is only applied in the downlink part of the UMTS operating band plus an additional 10 MHz on each side of the band as shown in Figure 14.4 for two example carrier positions. In this band, the Category B requirements allow an increased limit up to +/ 60 MHz from the carrier. In 3GPP BS specifications however, the spurious emissions limit outside of 2100-2180 MHz is always set to the stricter level of -30 dBm, regardless of the position of the carrier in the band.
For the Band I example in Figure 14.4, where the operating band is 60 MHz wide, the 50 MHz transition point for the "reduced measurement bandwidth" falls inside the band at one operating band edge if the carrier is positioned at the other band edge. It gives a substantial 10dB tightening of the spurious emission requirement for a small part of the band in this specific case It is also shown in Figure 14.4 that the tightening does not apply if the carrier is in the middle of the band. For operating bands II and VII, which are 75 and 70 MHz wide respectively, the tightened requriement will apply for a larger part of the operating band. This additional requirement has a considerable implementation impact, but as shown in subclause 14.2.3.3, it gives no benefits in terms of improved co-existence with other services in the band or in adjacent bands.
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Figure 14.4 Old UTRA Category B spurious emission limits for a single 5 MHz carrier in two example carrier positions. The dotted red line shows the limits as in ITU-R SM.329 [32].
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Figure 14.5 Old UTRA Category B spurious emission limits for two 5 MHz carriers in two example carrier positions.  The dotted red line shows the limits as in ITU-R SM.329 [32].

A.2
Implications for Evolved UTRA (Long Term Evolution in 3GPP)

For the evolution of UTRA to E-UTRA, the requirements in TR 25.913 [34] state that “E-UTRA shall operate in spectrum allocations of different sizes, including 1.25 MHz, 2.5 MHz, 5 MHz, 10 MHz, 15 MHz and 20 MHz in both the uplink and downlink.” Operation with bandwidths other than 5 MHz will have major implications for the category B limits.

The +/-50 MHz and +/-60 MHz transition points for the Category B limits are derived as 10 and 12 times the necessary bandwidth respectively for bands above 1 GHz [32]. With a necessary bandwidth varying from 1.25 to 20 MHz for E-UTRA, the transition points between limits will vary accordingly from 12.5 to 200 MHz and 15 to 240 MHz respectively. For the bandwidth options 10, 15 and 20 MHz, the transition points would now always fall outside the operating band as shown in Figure 14.6. It is not obvious how the widening of the OOB domain should affect the spurious emission limits immediately outside the band edge.
The limits for the 10 MHz carrier in Figure 14.6 should be compared with the limits for 2x5 MHz in Figure 14.5. The base station is in both cases transmitting a wideband 10 MHz signal, but the Category B limits turn out to be very different.
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Figure 14.6 The situation for one 10 MHz E-UTRA carrier in two example carrier positions. The dotted red line shows the limits as in ITU-R SM.329 [32] for a 10 MHz carrier.

A base station can also transmit a mix of different carrier bandwidths, e.g. 2x5 + 10 MHz or any other combination of the possible bandwidths. It then becomes more unclear what the transition points are for the limits and how the spurious emission limits should apply.

A.3
New Category B spurious emission limits (after 2006-12)

Because of the implications in different operating bands and for a variable bandwidth system like E-UTRA, a modification is made to the spurious emission limits. The limits are based on Category B in ITU-R Rec. SM.329 [32] with the following difference compared to the present limits:

1)
The -15 dBm limit (corresponding to the reduced measurement BW of 30 kHz in [32]) is applied in the spurious domain over the whole operating band, plus in 10 MHz on each side.

2)
The spurious emission limit inside the operating band is independent of both the carrier bandwidth(s) and the number of carriers transmitted.

For the 5 MHz bandwidth in today’s UTRA specification, point 1) above will in most cases not make any difference for the limits, unless the base station transmits one or two isolated carriers at one of the band edges, as shown in Figure 14.7.
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Figure 14.7 New UTRA Category B spurious emission limits (thick line) for a single 5 MHz carrier in two example carrier positions. The dotted red line shows the limits as in ITU-R SM.329 [32].

With point 2) above, limits become homogenous over the operating band independent of carrier bandwidth, the width of the operating band and the number of carriers. This is shown in Figure 14.8 for a 10 MHz carrier example. Note that limits for a 2x5 MHz configuration will be the same as for the 10 MHz example and that the spurious domain limits in Figure 14.7 and Figure 14.8 are also the same.
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Figure 14.8 New E-UTRA Category B spurious emission limits (thick line) for 2x5 MHz carriers in two example carrier positions. The dotted red line shows the limits as in ITU-R SM.329 [32]. Note that the ne spurious emission limits would be identical for a 10 MHz carrier.
A.4
Co-existence studies performed for UTRA

During the development of UTRA in 3GPP, the study of limits on unwanted emissions to facilitate in-band co-existence with other systems has been one of the major tasks in 3GPP TSG RAN WG4. The methodology used is well documented in the present document, aiming at repeatable results, full understanding of the process and mutual agreements between all parties on how to turn the analysis into useful requirements. 

The present document contains a collection of system scenarios, methodology, parameters, results and studies of UTRA co-existence, including assumptions and models of cell layout (macro, micro, pico, and Hierarchical cells), antennas, propagation, mobility, power control, handoff models and system loading. Co-existence scenarios between UTRA systems and with other technologies are described, including step-by-step simulation descriptions. Similar studies are documented in ECC Report 082 [36].

Important aspects of the methodology used in the RAN4 studies are

· Semi-static simulations of one victim and one aggressor network.

· Commonly agreed simulation assumptions, scenarios and parameters, including network layout, propagation models, services used, power control, radio resource management, interference models, performance targets, capacity assessment etc.

· A requirement that at least two (often 4-6) companies contribute to each simulations, in order to verify the validity of the results.

The co-existence studies in the present document and in [38] are used to tailor the unwanted emissions requirements for UTRA, using the parameter ACIR, which defines the Adjacent Channel Interference Ratio. UTRA-to-UTRA sharing on adjacent carriers is shown feasible down to ACIR values of 30 dB for the downlink (see clause 8 of this report). The corresponding ACLR (Adjacent Channel Leakage ratio) for the base station was set to 45 dB, i.e. with a 15 dB margin to this value, in order to not let the base station be the limiting link for co-existence. 
The implication is that for the unwanted emissions from a UTRA base station to have an adverse impact on sharing with another system, the ACLR would have to be close to 30 dB. This corresponds to an unwanted emission level of +7 dBm/MHz for a UTRA base station transmitting with 43 dBm output power, which is the level assumed in the studies. Note that this level is 22 dB above the -15 dBm/MHz spurious emission limit (Category B) for UTRA.
It should also be noted that the -15 dBm/MHz limit is today the existing limit across the band for almost all scenarios, and it is not to be changed. It is for the scenario with a carrier at one band edge, where the old limit today is -25 or -30 dBm/MHz, that the same -15 dBm/MHz limit will apply as in the rest of the operating band. From an in-band sharing point of view, this means that with today’s UTRA spurious emission limits, -15 dBm/MHz is already the level to apply for in-band sharing between systems and this will not be different with the new limit.
The studies performed in 3GPP cover sharing between UTRA and other UTRA systems, GSM and cdma2000. This includes systems with bandwidths ranging from 200 kHz to 5 MHz. Present sharing studies ongoing in 3GPP for the Evolution of UTRA include also 10 MHz systems (flexible bandwidth). 

It would be reasonable to assume that the results of the co-existence studies performed for UTRA could to a large extent be applied also for in-band sharing with systems of similar bandwidths and RF properties under similar scenarios. Considering the very large margin of more than 20 dB between the limit of ‑15 dBm/MHz and the level where studies show an adverse impact from BS emissions on a victim system in the band, an adverse effect on the in-band sharing between UTRA and future technologies in the UTRA bands is very unlikely.
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Annex B
Necessary bandwidth for multicarrier and multi-RAT Tx

(Excerpt from TR 37.900, clause 6.6.1.2)

The boundary between unwanted emissions in the spurious domain and the out-of-band domain is normally defined based on the necessary bandwidth of the emission, where the spurious domain generally consists of frequencies separated from the centre frequency of the emission by 250% or more of the necessary bandwidth of the emission. 
The necessary bandwidth of a transmission is defined by the ITU-R [6] as “the width of the frequency band which is just sufficient to ensure the transmission of information at the rate and with the quality required under specified conditions. “ For UTRA, the necessary bandwidth is set to be 5 MHz and for E-UTRA it is the same as the Channel Bandwidth. In both cases this is also identical to the occupied bandwidth.

In the present version of the international recommendations on spurious emissions, ITU-R SM.329-10 [6] and ERC Rec 74-01 [15], there is no definition of necessary bandwidth related to multi-carrier or multi-RAT transmission for Base Stations. There is a general statement regarding multi-carrier transmission in [6], but it does not apply to Base Stations in the mobile service, making it difficult to set the boundary between the out-of-band and spurious domains for multi-carrier and MSR Base Stations.

This lack of definition has been identified as a shortcoming within the ECC, and the Project Team ECC SE21 has worked on defining the necessary bandwidth and the boundary in case of Multicarrier and multi-RAT transmission as part of an ECC WG SE Work Item to revise ERC Rec 74-01 [15]. The revision is scheduled to be completed in September 2010 and may also later be introduced in ITU-R SM.329 [6].

In an LS from ECC SE21, forwarded to 3GPP through ETSI TFES in [28], the present draft text concerning Multicarrier BS for the “Working document towards the revision of ERC REC 74 01” is provided in an Annex. The revised text provides the following elements of relevance to MSR Base Stations:

1. A new Note 3 is added to recommends 1 of the draft revision, identifying with reference to satellite transmitters that the radio regulation gives some guidance on multicarrier transmitters and that similar guidance for Multicarrier Base Stations in the Mobile Service is given in Annex 2 of the recommendation

2. A new third clause is added to Annex 2 of the draft revision, giving guidance on the necessary bandwidth for Multicarrier Base Stations. The transmitter bandwidth is used as the necessary bandwidth for determining the boundary between the out-of-band and spurious domains, where the transmitter bandwidth is defined as the width of the frequency band covering the envelope of the transmitted carriers. This definition corresponds to the RF bandwidth of an MSR Base Station.

3. For determining the boundary between the out-of-band and spurious domains, reference is given to ITU‑R SM.1539 [29], with the addition that when applying the recommendation for Multicarrier Base Stations operating up to 6 GHz, the value of the upper threshold value BU in Annex 1 of [29] should be BU = 10 MHz.
The implication of point 2 above is that the necessary bandwidth for an MSR Base Station will be equal to the RF bandwidth. The necessary bandwidth will thus not depend on the bandwidth of the individual carriers transmitted or on the RAT of the carriers, only on the total RF bandwidth.

The implication of point 3 above is that the boundary between the out-of-band and spurious domain will be at least 10 MHz away from the RF bandwidth edges, assuming an RF bandwidth of at least 5 MHz.

Based on the draft revision of ERC Rec 74‑01 presented above, the conclusion is that operating band unwanted emission limits defined in such a way that they comply with the spurious emission limits in international recommendations ([6] and [15]) for frequencies separated more then 10 MHz from the RF bandwidth edges, will be in line with those recommendations.
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