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1. Introduction
In RAN44#NR-AH2 meeting, a LS from ITU WP 5D [1] was discussed, and way forward [2] derived, trying to assess the feasibility of reduced spurious emissions for both UE and BS for mmWave NR. This contribution extends the discussion on UE already covered in [3] during NR study phase, and updates it based on further understanding of NR operation on one side and mmWave design on the other side.
2. Discussion
2.1. LS and Way Forward Background.
General spurious: Values in mmWave, there are two levels under discussion:
· -13 dBm/MHz (TRP) 
· FCC limit
· Category A limit defined in the ITU-R SM.329-12
· ITU-R response in the SI phase.
· -30 dBm/MHz (TRP) 
· Category B limit defined in the ITU-R SM.329-12
(This might be required for NR in some countries)
ITU-R has sent an LS [1] to ask 3GPP the feasibility of -30 dBm/MHz for both UE and BS, and if not feasible, achievable value is requested.
Additional spurious 
· ITU-R requests information regarding feasibility of more stringent limits to protect specific sensitive services
· One of their proposals is to increase reference bandwidth for some passive bands
· The following is an example of such more stringent limits 
· 23.6-24 GHz -> 200MHz　
· 31.3-31.8 GHz -> 200MHz
· 50.2-50.4 GHz -> 200MHz
· 52.6-54.25 GHz -> 100MHz
· 86-92 GHz -> 100MHz
2.2. Potential Spurious Issues

Figure 1 illustrates the principal spurs that may be critical in meeting spurious emissions for a mmWave NR transmitter using heterodyne up-conversion:

· The second harmonic:

· It is mostly related to PA linearity and can be reduced by reducing output power at around a 3dB/dB rate.
· Harmonic 2 complete spectrum is part of the spurious emission region.
· Harmonic 2 PSD is related to wanted RB allocation and is about 1.44 time larger for its 3dB BW as discussed already in [3].
· It is beam-formed as already explained in [3].
· It is to be noted that H2 may fall into the passive bands, which is the case for: 50.2-50.4GHz and 52.6-54.25GHz that sees the second harmonic of 24GHz and 28GHz NR bands.
· The wanted signal image:

· It is mostly related to IF and LO quadrature errors in up-converter and can be reduced by reducing output power but at a 1dB/dB rate.
· Image signal has same PSD than wanted signal and has an offset of 2x the IF frequency that can be in order of a few GHz thus image will fall in spurious emission region in some cases.
· It is beam-formed as it sees the same phase shits than wanted signal no matter where phase shifters are placed.

· It is to be noted that it may also fall into the passive bands that are adjacent to NR mmWave bands, which is the case for 23.6-24GHz and 31.3-31.8GHz.
· The carrier leakage:

· It is mostly related to DC offsets errors in up-converter and cannot be reduced by reducing output power as it is uncorrelated with the signal, it can only be attenuated by gain steps after the up-mixing process.
· Carrier signal is a CW tone as it is related to a DC error, thus it should not have major impact to wideband systems. It is placed at the IF frequency offset.
· It may or may not beam-formed depending on where phase shifters are placed with regard to up-mixing.
· It is to be noted that it may also fall into the passive bands that are adjacent to NR mmWave bands, which is the case for 23.6-24 GHz and 31.3-31.8 GHz.
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Figure 1: Principal spurs falling in spurious emission region for heterodyne transmitter
2.2.1. Spurious Related to Heterodyne Transmitter Architecture
As discussed above, both the carrier and image leakage can fall in the spurious emission region. Depending on LO injection mode these spurs can be below or above the NR band:
· Low-side injection (LO < RF) carrier and image spurs are bellow wanted signal

· High-side injection (LO > RF) ) carrier and image spurs are above wanted signal

Carrier Spur

Reusing the in-band emissions values from LTE bands >1GHz the assumed carrier rejection is 25dBc which should be feasible to maintain at mmWave frequencies but would be challenging to improve. This spur would thus be of -2dBm power for an equivalent transmitted power of 23dBm.

Improvement options:

· As already stated, power reduction can only improve if gain steps are applied after up-mixer(s).
· PSD cannot be improved since it is a CW spur.
· Applying offset calibration, but this would be required for multiple mixers depending on beamforming architecture.
· High Q filtering after the mixer which is hardly feasible for the UE.

· Using 100MHz or 200MHz measurement BW may help, however being a CW signal, it still may not make sense.
For the carrier leakage, the cost of improving the spurious emission performance is prohibitive and it is doubtful that a CW spur can harm any wideband system in the mmWave range. Treating carrier leakage as an exception to spurious emission limit seems like the right option, at least for the UE.
Image Spur

Reusing the in-band emissions values from LTE bands >1GHz the assumed image rejection is 25dBc which should be feasible to maintain at mmWave frequencies but would be challenging to improve. This spur would thus be of -2dBm power for an equivalent transmitted power of 23dBm.

Improvement options:

· Power reduction can only improve dB per dB, >20dB AMPR would be needed. 
· PSD can be accounted for and a 100MHz fully allocated channel would see 20dB improvement when measured with 1MHz resolution BW, it would still be -22dBm. Note that 1RB is 0.720MHz and 1.44MHz transmit BW for 60kHz and 120kHz respectively, which means that measured power will be nearly -2dBm in 1MHz.
· Quadrature calibration could be applied, but it would be required for multiple mixers depending on beamforming architecture.
· High Q filtering after the mixer which is hardly feasible for the UE.

· Using 100MHz or 200MHz measurement BW will not help since 100MHz and 200MHz channels are supported and thus full allocation cases would see only a few dB improvement with a scaled requirement.
For the image leakage, the cost of improving the spurious emission performance for UE to -30dBm/MHz is prohibitive and already challenging at -13dBm/MHz. Again it is better treated with an exception; the exception could be linked to some RB allocation cases. AMPR does not seem a valid approach.
Observation 1 for carrier and images spurs:
· Both carrier and image spurs from a heterodyne mmW transmitter may fall into the spurious emission range.
· To reach -30dBm/MHz the carrier spur would require high Q filtering at mmWaves which is an unrealistic target for UE, especially since it is unclear how it could constitute an issue for wideband systems.
· To reach -30dBm/MHz the image spur would require high Q filtering or significant back-off which is an unrealistic target for UE and the system.
· Only direct conversion architecture could circumvent the issue, but it is not the scope of RAN4 to dictate an implementation.
2.2.2. Spurious Related to Harmonic 2
Harmonic 2 levels were already discussed in [3] and it was concluded that -13dBm/MHz was a reasonable target for the UE and may still require further study for low RB allocations. One aspect to consider is that when the study was conducted, the -13dBm/MHz specification was assessed taking into account a PA linearity associated with a 30dBc ACLR target and the 10dB PAPR of CP-OFDM waveform. Since then, a UE ACLR of 17dBc has been agreed upon together with use of DFT-s-OFDM waveforms which correspond to at least 3 to 4dB lower back-off level and thus potentially a 9dB higher harmonic 2. 
Before considering options for improvement we need to recognize that the -13dBm/MHz target is more challenging than initially thought of during the study phase.
Improvement options:

· Power reduction can improve 3dB per dB at best, but we would need an overall improvement of 17+9=26dB which would call for at least 6dB AMPR.
· PSD can be accounted for and a 100MHz fully allocated channel would provide >20dB improvement when measured with 1MHz resolution BW at second harmonic accounting for the 1.44 BW extension. For 1RB however H2 BW is 1.04MHz and 2.08MHz for 60kHz and 120kHz respectively, which means that measured power in 1MHz will be close to the full harmonic power. Restricting to RB allocation >10RB would reduce spurious emissions by 10dB.
· Moderate Q filtering after the PA could provide 10-15dB improvement but at the expense of significant post PA losses and size/cost for a UE, the efficiency of low pass filtering or harmonic trap would significantly hamper the possibility to address wide mmW bands.

· Similarly the antenna can be designed in a way that minimizes H2 radiations but would then make the design more narrow band.
· Using 100MHz or 200MHz measurement BW will not help since 100MHz and 200MHz channels are supported and thus full allocation cases would only see a few dB improvement with a scaled requirement.
· Finally, one last option is to use differential designs (including antenna) that provides harmonic 2 cancellation, at mmWave frequencies the cancellation mechanism cannot be perfect, thus it is only reasonable to account for 15 to 20dB improvement.
Example of a Differential Design

Figure 2 shows the simulated result of a 28GHz PA targeting both small cell BS and UE applications, this design uses a pseudo differential architecture for the entire transmitter up to the antenna, which is also driven differentially. 

The EUTRA ACLR has been simulated using AM/AM and AM/PM PA model extracted from transistor level simulations. The same transistor level simulation has been used to simulate the harmonic 2 level using a sinusoidal signal. As already discussed, ACLR results starts to be optimistic above 18dBm output power as more and more of the peaks exceeds the PA model range. Although we use the raw simulation numbers in this contribution it is important to stress that these are still optimistic values as no impairments have been accounted for that would significantly reduce the cancellation effect.
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Figure 2: Gain, EUTRA ACLR and H2 (CW) versus Pout for a mmWave differential transmitter
The first observation is that up to 10dBm output power the harmonic two power increases at a 2dB/dB rate then at close to 3dB/dB rate above. 
A harmonic 2 power of -30dBm is achieved for 14.5dBm output power and corresponds to a EUTRA ACLR >32dBc, note that this is already more back-off than targeted for BS which allows up to 28dBc ACLR.
At 28dBc ACLR the harmonic 2 level is -24dBm already, and extrapolating up to 17dBc ACLR at close to 20dBm output power, the harmonic 2 level reaches output power above -20dBm. This is still assuming an optimistic harmonic 2 cancellation mechanism from the differential architecture. 

Observation 2 for harmonic 2: If -30dBm/MHz harmonic 2 level may be achievable for BS using both differential architecture and some further 10-15dB filtering, it is totally unrealistic for the UE unless one is ready to accept the post PA extra loss and suffer low battery life or possibly up to 6dB MPR and suffer significant coverage loss.
2.3. Proposals

As explained above, there is at least three critical spurious emissions where a -13dBm/MHz specification already constitutes a challenge for a mmWave NR UE implementation, making a -30dBm/MHz requirement or its scaled version an unreasonable target for a low cost UE or would severely reduce the system interest if AMPR was used to reach this level. Accordingly, the following proposal is made.

Proposal for UE spurious emission improvement:

· If -30dBm/MHz spurious emissions level is used as general target for UE then at least three exceptions up to a level of -13dBm/MHz shall be allowed.
· Whether the exception levels for image and H2 could be scaled with RB allocation is FFS.
· It is FFS if carrier leakage is really an issue and could be ignored at mmWave frequencies.
· It is FFS if frequency plan must be disclosed for test purpose to allow to only test the intended spurs or if a generic number (3-5?) of exceptions is allowed.

3. Conclusion
This contribution discusses the feasibility of improved spurious emissions for mmWave NR UE, it concludes that using a -30dBm/MHz target is unrealistic for harmonic 2 and similarly for the image and carrier leakage of a heterodyne transmitter. The following observations and proposal are made:
Observation 1 for carrier and images spurs:
· Both carrier and image spurs from a heterodyne mmW transmitter may fall into the spurious emission range.

· To reach -30dBm/MHz the carrier spur would require high Q filtering at mmWaves which is an unrealistic target for UE, especially since it is unclear how it could constitute an issue for wideband systems.

· To reach -30dBm/MHz the image spur would require high Q filtering or significant back-off which is an unrealistic target for UE and the system.
· Only direct conversion architecture could circumvent the issue, but it is not the scope of RAN4 to dictate an implementation.
Observation 2 for harmonic 2: If -30dBm/MHz harmonic 2 level may be achievable for BS using both differential architecture and some further 10-15dB filtering, it is totally unrealistic for the UE unless one is ready to accept the post PA extra loss and suffer low battery life or possibly up to 6dB MPR and suffer significant coverage loss.
Proposal for UE spurious emission improvement:

· If -30dBm/MHz spurious emissions level is used as general target for UE then at least three exceptions up to a level of -13dBm/MHz shall be allowed.
· Whether the exception levels for image and H2 could be scaled with RB allocation is FFS.
· It is FFS if carrier leakage is really an issue and could be ignored at mmWave frequencies.
· It is FFS if frequency plan must be disclosed for test purpose to allow to only test the intended spurs or if a generic number (3-5?) of exceptions is allowed.
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