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1. Introduction
In order to provide a complete answer to ITU WP 5D on RF parameters as agreed in [2], it is essential to evaluate the amount of required post PA filtering to meet the required and recommended spurious emissions and more specifically the second harmonic (H2) rejection for the NR spectrum around 28GHz (24.25GHz to 29.5GHz). This contribution discusses the requirement and specifics of the H2 emissions in the case of beamforming.
2. Discussion
In the agreed way forward [2] of last RAN4#81 meeting there was a specific request to study the feasibility of the general emission ITU recommendation of -30dBm/MHz in slide 7. It is to be noted that a -13dBm/MHz requirement is found in slide 6 for FCC regulation. This contribution will discuss the regulation and how it translates to a NR mm-wave transmitter harmonic rejection specification and consequently the required amount of post PA filtering required. It is to be noted that a similar requirement may apply to mixing products but those can be filtered before the PA and are not treated in this contribution.
2.1. Regulation and Translated NR Transmitter Requirement
2.1.1. ITU Recommendation
The ITU-R document [1] “Recommendation ITU-R SM.329-12: Unwanted emissions in the spurious domain” specifies the generic spurious emissions for radio equipment in the frequency range from 9kHz to 300GHz. 

Valid spurious emission measurement range

Within this frequency range the range of interest for NR above 6GHz is the 13GHz to 150GHz carrier frequency range where the limit for the measurement is up to the second harmonic and where it is specified that this includes the entire harmonic band (no truncation). It is thus to be noted that this H2 emission level is of concern for all foreseen cm/mm Wave NR bands up to 71GHz.

Reference bandwidth

A 1MHz reference bandwidth is assumed for emissions above 1GHz

Power measurement type

For equipment having integral antennas, Equivalent isotropic radiated power (e.i.r.p.) is the accepted power parameter which characterizes spurious domain emissions. It is to be noted that there is no specific discussion on equipment with beamforming capability, especially in which direction the spurious emissions shall be measured nor if it is a maximum or averaged approach that shall apply.

Category A/B/C/D recommendations
Category A limits are the attenuation values used to calculate maximum permitted spurious domain emission power levels. 
Category B limits are an example of more stringent spurious domain emission limits than Category A limits. They are based on limits defined and adopted in Europe and used by some other countries. 

Category C limits are an example of more stringent spurious domain emission limits than Category A limits. They are based on limits defined and adopted in the United States of America and Canada and used by some other countries. 

Category D limits are an example of more stringent spurious domain emission limits than Category A limits. They are based on limits defined and adopted in Japan and used by some other countries. 
For category A, from Table 10 in [1] it is unclear if the -13dBm for P<500W could apply to NR terminals, thus for above 6GHz equipment only Category B recommendation may apply at -30dBm

It is to be noted that FCC requirement for 5G are said to be -13dBm/MHz in slide 6 of [2] thus it seems that regulators recognize that a relaxed requirement is acceptable and aligns with ITU-R category A recommendation.
It is also to be noted that VSATs terminals that have similar behavior (high antenna directivity) than the intended above 6GHz NR terminals with beamforming have a specific recommendation.
Observation 1: Spurious emission requirements may vary from -13dBm/MHz to -30dBm/MHz depending on different ITU-R recommendation and FCC requirement.
Proposal 1: It is proposed to study if post-PA filtering is required for an NR transmitter architecture using the two spurious emissions limits of -13dBm/MHz and -30dBm/MHz specifically for H2 of NR terminal above 6GHz.
2.1.2. Minimum Transmission Bandwidth for NR Above 6GHz
In order to better understand how much H2 attenuation is needed to meet spurious emissions, yet another aspect must be discussed that is, the minimum transmission bandwidth. Since the reference measurement bandwidth is 1MHz any transmission bandwidth resulting in a H2 occupied bandwidth below 1MHz will require more attenuation. Given that we are discussing emissions of carriers above 24GHz, it is logical to assume a larger sub-carrier spacing than the 15kHz used for LTE bands below 6GHz. Therefore, a minimum transmission bandwidth of 12 sub-carriers with 60kHz spacing seems an appropriate assumption for carriers frequencies around 28GHz while 12 sub-carriers with 120kHz spacing may be assumed for carriers above 57GHz. This assumption results in transmission bandwidths of 0.72MHz and 1.46MHz respectively.
Figure 1 is extracted from [3] and allows an estimation of the resulting H2 occupied bandwidths assuming that NR signal has similar spectral properties to LTE as an OFDM signal.
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Figure 1: H2 PSD of a 100RB LTE signal.

From Figure 1 it can be deducted that the H2 3dB occupied bandwidth is about 1.44 times the transmission bandwidth. This would mean that the 3dB occupied bandwidth of H2 is 1.0368MHz for carriers around 28GHz and >2MHz for carriers above 57GHz. Although this number is an approximation the associated error in terms of required harmonic attenuation is less than 2dB.
Observation 2: Assuming a minimum of 12 sub-carriers and a minimum of 60kHz sub-carrier spacing, the H2 occupied bandwidth of NR radios above 6GHz is in excess of 1MHz. 

Proposal 2: It is proposed to study if post-PA filter is required for NR transmitter architecture above 6GHz assuming a H2 occupied bandwidth with a minimum of 1MHz. It is also proposed to focus the study on NR bands around 28GHz since they may present the larger H2 attenuation needs.
2.2. Harmonic 2 Behavior of an Antenna Phase Array
2.2.1. 2x2 and 4x4 Antenna Arrays Simulations

One aspect to be understood first is if harmonic emissions are beam-formed when the fundamental is beam-formed. Consequently the related simulation results are discussed in this chapter.
Figure 2 shows the block diagram assumed for this simulation and the associated the phase shift for the fundamental and second harmonic respectively. It is to be noted here that the assumed architecture is with the phase shifter before the PA which is efficient to predict the second harmonic behavior but also reduce the post-PA losses.
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Figure 2: Phase and delay relationship between fundamental and H2 in TX beam-former
Figure 3 shows fundamental and second harmonic beams for a 2x2 antenna array of isotropic elements for two different beams pointing respectively: =90( (top of Figure 3) and =50( (bottom of Figure 3).is the vertical steering angle at the fundamental and there is no steering in horizontal plane.
Similarly Figure 4 shows the same results in the same beam configuration for a 4x4 array. 

It is to be noted that the following plots shows the beam forming gain aspect but not the antenna directivity or efficiency for the two frequencies as this is simulated using isotropic antenna elements with a simple vector construction. Also the beam amplitude is plotted in linear scale.
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Figure 3: Representation of the fundamental (left) and H2 (right) beams for a 2x2 antenna array with 90( vertical and horizontal steering (top) and with 50( vertical and 90( horizontal steering (bottom) at fundamental.
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Figure 4: Representation of the fundamental (left) and H2 (right) beams for a 4x4 antenna array with 90( vertical and horizontal steering (top) and with 50( vertical and 90( horizontal steering (bottom) at fundamental
2.2.2. Observations from Antenna Phase Array Simulations

Observation 3: Fundamental and H2 beams

· As expected 2x2 and 4x4 arrays show similar behavior with higher beam forming gain from the 4x4 array. This is true for both beams at fundamental and H2 frequencies. It is to be noted that 4x4 array has lower beam side lobes.

· The H2 is beam formed and demonstrates a smaller beam width (higher directivity)
· The H2 has multiple beams thus the power is distributed within multiple beams
Since these simulations are not full EM simulations it is difficult to obtain a complete picture of the strongest H2 beam antenna gain relative to the fundamental, especially because the antenna efficiency and directivity at both frequencies are not taken into account. Moreover some specific antenna element patterns can attenuate significantly the antenna gain at second harmonic. Nevertheless the essential aspects of above simulations can be used for a qualitative study of H2 emissions: it is clear that H2 is beam-formed with a smaller beam width than the fundamental and further study implying full EM simulations are needed for a quantitative analysis.
As an example the gain of a 28GHz dual polarized patch antenna versus frequency from [4] is reproduced here and shows that antenna element gain at H2 is a few dB below the fundamental frequency gain.
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Figure 5: Antenna gain versus frequency of a 28GHz dual polarized patch antenna.
Proposal 3: 

· Assume that H2 is beam-formed with a smaller beam width than fundamental and thus e.i.r.p. spurious emission requirement should focus on the strongest H2 beam. 

· H2 antenna gain vs fundamental is FSS

2.3. PA Harmonic Level

Unfortunately, at this time direct measurement of a 28GHz PA second harmonic level was not possible for this contribution and consequently only simulation is used instead. It is understood that this represents a worst case for the harmonic level. 

Figure 6 shows the relative H2 level of a 28GHz 17.5dBm GaN linear power amplifier design with integrated output matching which is representative of what would be needed for a 23dBm 2x2 antenna array. It is to be noted this has not been specifically designed for H2 performance and does not include any harmonic filter or trap.
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Figure 6: Simulated output power (left) and relative harmonic 2 level (right) vs input power of a 28GHz GaN power amplifier.

Observation 4: PA harmonic performance

· Taking into account NR waveforms with up to 10dB PAPR at least 8dB back-off is required for the PA
· At this operating point, we observe at least 30dBc of H2 level 
2.4. H2 Spurious Emission Calculation

Although the exact level of H2 cannot be calculated due to limitations in evaluating the antenna emissions at second harmonic and most numbers are derived from simulations, the order of magnitude can be calculated from the elements provided in this contribution.

From the antenna simulation it can be seen that H2 is beam-formed and has a smaller beam width than the fundamental. On the other hand, the antenna gain and efficiency should be lower and the antenna element design optimized for lower H2 emissions. For the time being we may assume that the antenna design will only provide a few dB of attenuation of the H2 strongest beam vs the desired beam at the fundamental frequency.
If we then consider a minimum H2 occupied bandwidth of 1MHz and a H2 level of 30dBc at the transmitter output, a spurious emission level of -7dBm/MHz can be calculated which is only a few dB away from the FCC requirement. The specification should be achievable with some optimized antenna and PA output matching designs.

It is more than 20dB away from the stringent -30dBm/MHz ITU recommendation though and would require at least the addition of an H2 trap which will increase post-PA losses and thus reduce the system efficiency. In this case, it will be difficult to realize a wide band design (24.25GHz to 29.5GHz for example) as trap filters cannot yield enough attenuation over such a wide bandwidth (close to 20%).
As already discussed in the first paragraph the ITU recommendation is fairly generic and it should be feasible to meet the requirement in most of the radiation sphere and only accept a few exceptions on limited set of directions.
Conclusion:

· A -13dBm/MHz spurious emission level seems achievable without a specific harmonic filter
· To reach -30dBm/MHz spurious emissions however some form of H2 filter need to be added between the PA and the antenna or some exceptions in a limited set of directions should be allowed for second harmonic.
3. Conclusion

This contribution provides an input on potential spurious emission requirements for NR transmitter above 6GHz and a qualitative study of the H2 emissions of a 28GHz phase array system. This study makes a preliminary conclusion that no specific harmonic filtering is required if a -13dBm/MHz requirement is retained but would be required with consequent additional losses if a -30dBm/MHz specification would apply.
Conclusion:

· A -13dBm/MHz spurious emission level seems achievable without a specific harmonic filter

· To reach -30dBm/MHz spurious emissions however some form of H2 filter need to be added between the PA and the antenna or some exceptions in a limited set of directions should be allowed for second harmonic.

It is suggested that further study is needed on both the requirement and the NR system performance; this contribution makes a few proposals in order to align the studies, as are copied below.
Proposal 1: It is proposed to study if post-PA filtering is required for an NR transmitter architecture using the two spurious emissions limits of -13dBm/MHz and -30dBm/MHz specifically for H2 of NR terminal above 6GHz.

Proposal 2: It is proposed to study if post-PA filter is required for NR transmitter architecture above 6GHz assuming a H2 occupied bandwidth with a minimum of 1MHz. It is also proposed to focus the study on NR bands around 28GHz since they may present the larger H2 attenuation needs.

Proposal 3: 

· Assume that H2 is beam-formed with a smaller beam width than fundamental and thus e.i.r.p. spurious emission requirement should focus on the strongest H2 beam. 

· H2 antenna gain vs fundamental is FSS
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