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Introduction
During the ITU-R related work, the unwanted emission limits wdere extensively discussed and the results and conclusion from the work was submitted as a response to ITU-R WP5D on feasible compatibility parameters for the ange of 24-86 GHz.
RAN4 has received an LS from ITU-R requeting the feasibility of stricter spurious emission for mm-waves which is further discussed in this paper. In addition, the discussion in this paper is also applicable for co-existence and co-location discussions when mm-wave bands are concerned.
Discussion
The expectations from ITU-R WP-5D based on the received LS is as following:
ITU-R WP 5D notes that 3GPP is studying the feasibility of more stringent spurious domain emission limits than the -13 dBm/MHz limit (Category A) for base stations. WP 5D would like to know the feasibility of achieving -30 dBm/MHz spurious limits (Category B) in a practical design for base stations and user terminals. If achieving this limit is not feasible, WP 5D would like to know what is achievable and under which conditions or circumstances. 
With respect to the protection of specific sensitive services (e.g. the passive services in the band 23.6-24.0 GHz) from unwanted emissions of IMT-2020 base stations and user terminals, WP 5D would like to be informed about feasibilities to meet more stringent limits than the Categories defined in Recommendation ITU-R SM.329.
WP 5D is of the view that larger reference bandwidths (e.g. 100 MHz and 200 MHz), could be used to define unwanted emission limits for certain cases (e.g. protection of passive service systems). Thus, WP 5D seeks information on unwanted emission characteristics of IMT-2020 in the case of employing such larger reference bandwidths in general or limited to specific cases as outlined above.
A response is expected towards ITU-R WP5D meeting in October implying that a response should be finalized at latest in RAN4 September meeting.
Note that the submitted spurious emission in the ITU-R response earlier was the Category A limit of -13 dBm/MHz.
The feasibility investigation of stricter level for spurious emission would require several  fundamental considerations as following:
Frequency offset aspects
The spurious emission requirement covers a large frequency range from 30 MHz all the way possibly 2: harmonics as discussed in RAN4 implying that the range could be as high as 80 GHz for mm-wave bands around 40 GHz which is included in the NR WID objectives. 
This implies possible division into different levels depending on the frequency offset towards the operating band. For large offsets towards lower frequencies, it was shown that the antenna gain characteristics would give in sufficient suppression as well as antenna isolation measurements indicated isolation ~80 dB even at very low physical separation. For larger offsets towards higher frequencies, the antenna gain response is fairly flat but the PA characteristics and its noinse will be lower, thus a possible stricter spurious emission of -30 dBm/MHz can be discussed as long as the offsets are large enough. We thus in this paper will not further address the spurious emission at large offsets rather focus at smaller offsets even though concluding the size of offset is quite challenging given the discussions in this paper.
ACLR, output power and efficiency
The mm-wave transmitter technology and its performance considering the complex relation between the ACLR, efficieny and achievable output power should be taken to account. During the SI phase in addition to co-existence studies extensive studies on mm-wave power amlifiers in relation to the complex relation above for CMOS and GaN were presented [2] resulting in agreed BS ACLR of ~28 dB for proxy frequency of 30 GHz as in Figure 1.
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Figure 1	ACLR vs output power (Left) and Power-added efficiency vs. ACLR for CMOS and GaN ~30 GHz power amplifiers using CP-OFDM input signal.
The ACLR of ~28 dB corresponds to emission level of -15 dBm/MHz for large BS arrays and thus reaching level of -30 dBm/MHz implies ACLR level of 46-50 dB. Such level of ACLR would result in more than 10 dB lower available output power which is undesirable from coverage point of view and power added efficiency of ~ 1% which makes the thermal design extremely challenging. In addition as described in [2], when power is lowered, thermal noise and quantization noise would dominate above the PA non-linear distorsion most probably not reaching the desired      -30 dBm/MHz. Applying some linearization would be a partial mitigation to reach lower emission level which is discussed in the following chapter.

Mm-wave transmitter linearization 
Linearization schemes such as Digital Pre-Distorsion could reduce the PA non-linearities and reduce the unwanted emission. Considering various beam-forming schemes, for many schemes a linearizer could be needed on each sub-array to obtain the desred reduction in unwanted emission. The linearization bandwidth could be 3 to 5 time the signal bandwidth to ensure that the third and possibly fifth order intermodulation is captured. Given the large carrier bandwidths foreseen for NR carrier in mm-wave frequencies, e.g. a 400 MHz carrier would require a linearization bandwidth of 1.2 GHz to 2 GHz resulting in sampling rate of multiple Gsamples to process in real time. On top of this, the analog transmitter chain also needs to support the higher linearization bandwidth, which increases power consumption. In an array system this added power consumption per TX-branch hits the overall total power consumption hard since added power is multiplied with number of branches.
In addition, the size of wanted signal and linearization bandwidth compose a complex dependency. Linearization could reduce the unwanted emission in a range around the wanted signal but further out additional filtering would be needed as the linearization would be less effective. Note that linearization of ~30 dBc unlinearized signal to ~50 dBc which is the required level of ~50 dBc needed to have emissions below -30 dBm is quite a challenge given the variation in PA AM/AM and AM/PM (gain and phase) characteristics described in [3].
[image: ][image: ]
Figure 2	Gain and phase characteristics of 28 GHz CMOS PA
In addition, as other contribution such as quantization noise could dominate additional reduction of quantization noise would be needed by adding more bits to the DAC where for each bit, ~6 dB is obtained at the expense of 4x current consumption which again would challenge the thermal properties. 
The  mm-wave filtering is further discussed in the next chapter.
Mm-wave filtering
In [4], the mm-wave filters was discussed in detail. In addition to importance of integrable filters, the tradeoffs considering attenuation, bandwidth and Insertion Loss (IL) was described as following:
As sharp filtering with narrow bandwidth leads to excessive loss at mm-wave frequencies, to get the insertion loss down to a reasonable level as well as the sensitivity to production tolerances, the passband can be made significantly larger than the signal bandwidth. A drawback of such an approach is that several unwanted neighbouring wideband channels will pass the filter. In choosing the best loss-bandwidth trade-off there are some basic dependencies to be aware of:
IL decreases with increasing BW (for fixed fc).
IL increases with increasing fc (for fixed BW).
IL decreases with increasing Q.

Example of filter performance for different bandwidths and Q values were described as is given in Figure 3 and a PCB integrated filter design and performance is described in Figure 4.
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Figure 3		Example 3-pole LC filter with 800 and 4x800 MHz bandwidth, for different Q value
As a reference case we can consider  a stripline PCB integrated example filter. Such a filter is small enough to fit within an antenna array at 28 GHz, bandwidth is set large enough to bring down insertion loss to acceptable level, and to meet the variations in production where integration is straight forward in a PCB based antenna, 

Centre frequency: 28 GHz
3 dB bandwidth: 4x800 MHz
Insertion loss: 0.6 dB (which could double due to roughness).
Stopband 1: -30 dB within DC-21 GHz
Stopband 2: -30 dB within 38-68 GHz
Size 2x5 mm (substrate size in the figure)
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Figure 4	Example of strip-line mm-wave filter
The characteristics of the filters above indicate that to reach the attenuation needed to reduce the in-band emissions of -13 dBm/MHz to -30 dBm/MHz, either large offsets or high losses considering the low mm-wave Q value would be a consequence. The large insertion losses not only would reduce the available power but also degrade the sensitivity significantly as same filter is used in both transmit and receive paths due to unpaired nature of mm-wave bands. 
There are discrete filters also available which are difficult to integrate but the required attenuation would require more than 1 GHz of guard as well as losses ~3 dB. In addition to filter losses, routing losses would occur resulting in even larger reduction of available power and sensitivity.
As also discussed in the linearization chapter, stricter requirements around -30 dBm/MHz given many dependencies might require both linearization and filtering or filtering for other cases depending on the linearization bandwidth and size of offset. Still the reduction in available output power and sensitivity would be unavoidable.
We thus propose careful considerations settling reasonable offset and performance loss before committing to much more stringent emission levels. At larger offsets as indicated above, it might be easier to reach lowered spurious emission level. 
Despite that the discussion in this paper had the BS aspects in mind, many of the considerations and implications could also be applicable for UE.
Other considerations
Given the available state-of-the-art mm-wave capabilities and limitations, and as the discussion above also concern the co-existence and co-location within 3GPP, other mitigations could be considered such as synchronization for systems within one band or adjacent bands.
For adjacent services, other mitigation schemes such as coordination and site handling could be a solution to avoid unnecessary stringent and some time non-feasible requirements at this stage.
Conclusion
In this paper, the stricter spurious emission for mm-wave bands as requested by ITU-R WP-5D was discussed in detail with focus on lower offsets (still in GHz size) as for very large offsets due to antenna gain response, isolation etc the stricter spurious emission level is a less of issue compared to lower offsets.
The PA characteristics considering the complex relation between output power, ACLR, efficiency and also noise floor was described and the impact in terms of significantly reduced output power as well as efficiency in conjunction with larger DAC dimensioning with increased power consumption was described. The possibility for linearization and the relation between signal/linearization bandwidths and the offset where stricter level should apply were described implying that for offsets beyond linearization bandwidth additional fltering would also be necessary.
Given the complexity of itegrating filters where high level of integration is a necessity for mm-wave band products, mm-wave filtering considering PCB integrated example and the tradeoffs between bandwidth, attenuation insertion loss for different Q values were discussed. 
[bookmark: _GoBack]Taking to account the the important parameters such as complexity, efficiency, available power and sensitivity affecting coverage and thermal aspects, it is thus proposed to carefully consider the aspects described in this paper before settling reasonable offset and performance loss before committing to much more stringent emission levels. 
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