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1. Introduction
WP 5D response request [1] includes an item “6.4 Spurious emissions”. In 3GPP WF [2] response in brackets is “In the spurious domain, emission limits will be aligned with ITU-R SM.329-12, Category A and B.” Category A limit is -13 dBm / MHz and Category B is -30 dBm / MHz. The ITU codument [3] defines the limit as conducted which is not applicable for mmWaves and we feel this topic needs more discussion. In this paper we discuss feasibility of spurious emission requirements.
2. Discussion

If UE must meet two limits, more stringent limits sets the real requirement for UE unless different emission limit applies for different use cases like RB allocation or output power. In this case, Cat-A and Cat-B limit applicability is based on country. Unless 3GPP wants to exclude some European countries, it is not meaningfull to state that both Cat-A and Cat-B limits are applicable but to retain to talking about only one limit and only one general spurious emission limit should be specified for as 3GPP requirement including the method of verification.   
2.1. Existing recommendations and regulations
In addition to value, the verification method must be defined in conjunction to the value. Possibilities are conducted, Total Radiated Power (TRP) where emission to all directions are measured and then total outcoming power is calculated and Equivalent Isotropic Radiated Power (EIRP) where maximum of electric field is calculated and then it is assumed that UE will radiate with same power to all directions.   
2.1.1.  ITU SM.329-12 
ITU recommends in SM.329-12 [3] two levels, Cat-A of -13 dBm / MHz and Cat-B of -30 dBm / MHz for spurious emissions depending on country for handheld systems. 
ITU document [3] has limits specified as “conducted”. This is not feasible for mmWaves but requirement should be based on EIRP or TRP measurement. Conducted reference plane can be used and a reference for deriving requirement by properly understanding antenna system impact. 
2.1.2. ERC 74-01E
ITU Category B limits in [3] originate from European recommendation 74-01E [4] which in turn says: 

“When a system is coupled to an "Active Antenna System", the limits of Table 2 should be met by the combined system; therefore compliance should be verified through an e.i.r.p. measurement (either near-field or far-field) and subsequent conversion to absolute power/attenuation values delivered to the transmission line, taking into account only the conventional "passive" gain (directivity) of the antenna.”
It seems to have an intention to verify emission level with EIRP but then convert the value to conducted plane but we have not been able to understand how exactly the conversion is intended to be made.
It should also be noted that other services, such as satellite systems, have adopted relaxed limits from ITU Category B in ETSI harmonized standards.
Observation 1: -30 dBm / MHz limit is recommendation and it is specified as conducted.

2.1.3. FCC 16-89A1
For Unite States, the FCC defines the emissions limit as the “conductive power or the total radiated power of any emission outside a licensee's frequency block shall be -13 dBm/MHz or lower” in 47CFR 30.203 [11]. The FCC rule making proceeding is publically available online [11] and includes industry comments/submissions and FCC commentary.  The limited interference concerns in industry submissions were focused predominately on the protection of radio astronomy services but did not result in a modification of the -13dBm limit.  Also FCC allows referece to the conducted reference plane for defining spurious emission requirement. 

In latter sub-section we provide some technical aspects why Cat-B limit -30 dBm / MHz is challenging for UE.
2.1.4. Unlicensed 60 GHz requirements (EN 302 567 and 47CFR 15.255)
The European 60 GHz unlicensed regulatory requirement [5] defines spurious emissions as -30 dBm / MHz as EIRP but this requirement also has 13 dBm / MHz in band emission requirement (EIRP). If applied to NR system requirement, a back off would be needed for smaller allocations which would then relax requirements for emissions. 
The FCC defines for same application an [6] electrical field strength that corresponds to -41 dBm / MHz EIRP for frequencies 1 – 40 GHz and
 -9.92 dBm / MHz EIRP for 40 – 200 GHz excluding the operating band (57-71 GHz).

The reason why 60 GHz WiFI products can comply with these is that transmission BW is very wide so PSD for 1 MHz measurement BW of any emission is very low. In fact, if we compute the PSD assuming 2.16 GHz transmission BW and 35 dBm EIRP, the emission requirement is only 35 dBm – 10*LOG10(2160) – (10 or 42) = - 8 or - 40 dBc depending on frequency but e.g. for 2nd harmonic, the requirement is only -8 dBc. 

For licensed NR system, we need to prepare for one RB transmission where no BW help is available and similar requirement would be 33 dB tougher. 
Observation 2: None of the regulatory requirements for mmWave mobile systems present as stringent limit as -30 dBm / MHz EIRP would present for NR system as spurious emissions requirement. 

2.2. Feasibility of requirements for UE

In addition to regulatory recommendation and requirements, RAN4 should discuss feasibility of any proposed requirement. mmWave NR will be new type of system and since intention is to create a commercially feasible mobile system, requirements should be accommodating commercial device implementation. So, far we have not seen any discussion on ITU Cat A or Cat B limits. In this sub section we discuss what challenges there are for mmWave UE to meet spurious emission requirement. 
2.2.1. Antenna gain

We discussed antenna gain in [9] and present again the patch antenna gain. The plot in Figure 2 of [9] indicated high antenna gain at 50 GHz. We took some more measurement data and found that element gain is even higher at 2 x Fc. The measurement data is shown in Figure 1. The gain is even higher at 2nd harmonic than in fundamental. 
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Figure 1 Patch antenna gain at fundamental frequency (a) and 2 x fundamental (b)

Observation 3: Patch antenna will not provide any rejection for any emission above lowest fundamental operating frequency
2.2.2. Array gain
Another gain factor in mmWave UE is the array gain. The array gain comes from phase shifting signals to antennas that are at different locations in such manner that radiated signals are in phase at certain directions. The distance of the antennas from each other much be λ/2 or greater for array to be able to form a beam. If the distance is greater, the beam forming only improves. Therefore, in principle, any spurious emission at frequency greater than fundamental, is beam formed, although the peak gain angle may be different per array element.
An other component we have to consider is phase shifter frequency response. Phase shift most probably is not the same for the spurious emission that it is for the fundamental but it is safe to assume that all phase shifters in an array behave similarly at same frequencies since they are copies of same design. This would then mean that a) the spurious emission beam peak direction is not coincident with the fundamental beam, b)  there is still a beam on other frequencies than fundamental, c) array provides positive gain on other frequencies, especially higher frequencies than the fundamental and d) beam direction and magnitude is difficult to characterize for all spurious frequencies. 
To see if this is true, we took some measurements to evaluate the antenna array gain at 2nd harmonic and confirm the harmonic is beamformed as anticipated from simulation. The results from 4 antenna linear array are shown in Figure 2. The measured 1x4 linear array has clear peak but in this case lower peak amplitude than at fundamental. 
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Figure 2 Measured antenna array gain at fundamental frequency (a) and at 2nd harmonic (b) for different polarization angles
Observation 4: Array has gain and beam at 2 x fundamental frequency. 

2.2.3. LO leakage
mmWave transmitter reference architecture is super heterodyne type which in this respect means that there are two LO frequencies of which at least the other one is outside channel BW and most probably outside operating band and therefore in spurious emissions domain.  LTE carrier leakage is specified as -25 or -28 dBc depending on band. Comparison with possible mmWave requirements is not so straight forward since the frequency is implementation dependent so the antenna and array gain at those frequencies is unknown.
2.2.4. PA 2nd harmonic

Bigger and more simple problem to estimate is PA 2nd harmonic. Typical performance for LTE PA without special filtering is close to -5 to -10 dBm at 23 dBm fundamental output power. If we use this assumption and assume parameters used in co-existence study [10] and information from [9] and above that antenna and array are same for 2nd harmonic as for fundamental, we get that PA 2nd harmonic EIRP level would be from 6 to 1 dBm. It is unclear what is minimum transmission bandwidth for NR but assuming one RB with 60 kHz SCS, this yields 31 to 36 dB fail in requirement. We feel that this limit is extremely difficult to meet with a feasible PA which has sufficient efficiency and integration level for a mobile handheld application [14]  
Observation 5: mmWave UE has more than one unwanted spurious emission sources and bandwidth of some spurious emissions depend on transmission bandwidth configuration  

2.2.5. Filters for mmWave 

Harmonic rejection filters have been discussed in [13] and reference concludes that it is possible to build a filter for mmWave frequencies with reasonable loss and sufficient rejection. Even we agree with this objective statement, we do not think RF filters are feasible for NR UE. Firstly, it is difficult to build a filter with sufficient rejection over full harmonic range and sufficiently low IL if all production tolerances are considered. Secondly, given that a patch antenna has 2.5 x 2.5 mm^2 dimensions, and antennas has two feeding points, implementing two of the filters shown in [13] for each patch antenna would increase the module size significantly. Thirdly, antennas and arrays can be used for 28 GHz and 39 GHz bands without notable compromises. If distributed filters are needed, array module becomes band dependent assuming one filter cannot cover passband from 26 to 40 GHz with rejection from 52 to 80 GHz. 
2.3. Observation 6: Harmonic rejection filter is not fesible for commercial UESummary

Recommendations and regulations refer both TRP and EIRP depending on document. Defining requirement as TRP captures better how much harmful emissions in total device radiates. 
From UE implementation view point, defining requirement as EIRP would mean that requirement at conducted reference plane is tighter by the amount of antenna gain and array gain. In Table 1 we tabulate the conducted reference plane equivalent requirement for different possible spurious emission requirements. 

Table 1 Equivalent conducted requirement for different examples of spurious emission requirements

	Limit [dBm / 1 MHz]
	Conducted equivalent requirement [-dBc] 

	
	EIRP
	TRP

	-13
	47
	36

	-20
	54
	43

	-30
	64
	53


LTE equivalent requirements LO leakage is -25 and -28 dBc and PA harmonic levels without filters in close to -32 dBc. From table 1, the -13 dBm / MHz requirement defined as TRP is closes to the LTE requirement.
Finally, it is worth noticing that for the purpose of sharing study specifying requirement as TRP would simplify the overall simulation methodology. If the requirement is specified as EIRP we might instead need to provide additional information such as characterization of beam gain, beam direction and beam shape in all the spurious domain. This information would be something very difficult to provide given the very large spectrum to be analysed and the frequency dependency of those characteristics.  
Therefore, we think it is not feasible nor meaningful to define spurious emission requirement as EIRP but RAN4 should define requirement as TRP or conducted.
Proposal 1: 3GPP Spurious emissions requirement is defined as TRP
Considering technical challenges in UE, the FCC discussion and the higher pathloss at mmWave frequencies, we propose that 3GPP sets spurious emissions limit as -13 dBm / MHz TRP.

Proposal 2: Spurious Emissions limit for NR mmWaves is -13 dBm / MHz 
3. Conclusion
We discussed existing regulatory recomendationas and recuirements for mm wave area an analysed the applicability for 3GPP NR UE. We concluded that limits written in ITU recommendation are too stringent for feasible UE implmentation and similar system exist and co-exist when system spurious emission limit is set to -13 dBm / MHz TRP which is same as FCC limit. We made six observations and based on those observations we concluded two proposals

Proposal 1: 3GPP Spurious emissions requirement is defined as TRP
Proposal 2: Spurious Emissions limit for NR mmWaves is -13 dBm / MHz 
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