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1. Introduction
As a follow up on [2] with additional measurements and simulations and as agreed in [1], this contribution provides some quantification of critical coexistence aspects between the sub-6GHz NR and LTE radio and the above 6GHz NR radios. Some discussion of cmWave to mmWave radio coexistence is also provided. The focus is on harmonic related interference issues.
2. Discussion
In the agreed way forward [1] of last RAN4#81 meeting there is a specific request to study UE-to-UE and in-device co-existence between mmWave NR towards sub-6GHz NR or LTE and from sub-6GHz NR or LTE towards mmWave NR. Some of the possible interference mechanisms were discussed in details in [1] but was based on a qualitative assessment of the issues. This contributions provides further inputs based on measurements and simulations on harmonic related interference and, especially, discusses harmonic behavior of beam-formed systems.
2.1. Harmonic Spurious Response of Above 6GHz NR Systems
2.1.1. Antenna Array Harmonic Behavior
One aspect to be considered a priori is if harmonic emissions are beam-formed when the fundamental is beam-formed, related simulation results are discussed in this chapter. Figure 1 and 2 show the block diagram assumed for this simulation and the associated the phase shift for the fundamental and second harmonic in transmit and receive mode respectively. It is to be noted here that the assumed architecture is with the phase shifter before the PA and after the LNA which is the only way to predict the second harmonic behavior but also reduce the post-PA/pre-LNA losses.
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Figure 1: Phase and delay relationship between fundamental and harmonic 2 in TX beam-former
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Figure 2: Phase and delay relationship between fundamental and harmonic 2 in RX beam-former
The behaviour can be generalized for further harmonics taking into account the following rules:

· If antenna elements are spaced by /2 at Fo, they become spaced by n/2 at nth harmonic;
· For TX, HD generated at nth harmonic is emitted with n times the fundamental phase shift; and
· For RX, nth harmonic blocking signals reaching a delay-line phase shifter are shifted by n times the fundamental phase shift
For the first 3 harmonics this results in the following table that is used in subsequent simulations of phase array antennas using simple vector constructions:

Table 1: Element spacing and phase increments versus harmonic order

	Frequency
	Fo
	2Fo
	3Fo

	Element spacing
	/2
	
	3/2

	Phase increment between elements 
	
	2
	3


2.1.2. 4x4 Antenna Array Beam Simulations
Figure 3 shows the fundamental, second harmonic and third harmonic beams for a 4x4 antenna array of isotropic elements for a beams pointing of =90( (‘Bore sight” and is the vertical steering angle at the fundamental and there is no steering in horizontal plane).
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Figure 3: Fundamental (left), second harmonic (middle) and third harmonic (right) beams for a 4x4 antenna array with 90( vertical and horizontal steering at the fundamental.

Similarly Figure 4 shows the fundamental, second harmonic and third harmonic beams for a 4x4 antenna array of isotropic elements for a beams pointing of =70( (is the vertical steering angle at the fundamental and there is no steering in horizontal plane).

[image: image4.png]



Figure 4: Fundamental (left), second harmonic (middle) and third harmonic (right) beams for a 4x4 antenna array with 70( vertical and 90( horizontal steering at the fundamental.
It is to be noted that the following plots shows the beam forming gain aspect but not the antenna directivity or efficiency for the different frequencies as this is simulated using isotropic antenna elements with a simple vector construction. Also note that amplitudes are plotted using linear scale.

To better assess the relative amplitude of harmonic beams vs fundamental beam a full 3D EM simulation would be needed encompassing the antenna element gain at each frequencies. Early results suggest that this would result in reduced parasitic beams but would still result in the same observations:
Observation 1: The harmonic response of both the transmitter and receiver is beam-formed for both the fundamental and associated harmonics thereof. This results in multiple beams with smaller beam widths at the harmonics

2.1.3. Resulting Harmonic Spurious Responses
Figure 5 illustrates the current licensed and unlicensed foreseen 5G bands (in blue) and their harmonics (green=no overlap; orange=overlap with 802.11ad/aj) with addition of the current unlicensed bands targeted by 802.11ad and 802.11aj (grey) technologies for the different regions in the above 6GHz frequency region. As of today, potential 5G band allocation in this frequency range in China is not known.
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Figure 5: The fundamental and harmonic frequencies of foreseen 5G mm-wave bands and 802.11ad/aj targeted bands per regions.

It can be seen from this graph that there is no direct harmonic overlap of foreseen 5G spectrum but there is overlap of second harmonic spectrum of 28GHz bands in Korea and Japan with the 802.11ad targeted bands. It is also to be noted that in the US, the second harmonic of the 28GHz and 37GHz spectrum is in close proximity to the targeted 802.11ad and 70GHz 5G spectrum and interference may have to be considered.
Observation 2: 
· There is no direct harmonic overlap of frequencies within the foreseen 5G spectrum.
· There is 5G harmonic overlap with targeted IEEE 802.11ad spectrum in Japan and Korea
· In the US, the second harmonic of the spectrum at 28GHz and 37GHz is close to the 57GHz to 71GHz spectrum.
Above 6GHz, harmonic emissions and specifically second harmonic emissions are discussed in a separate paper [3] as there are strict regulation requirements beyond UE to UE and in-device coexistence.
In the remaining cases, the fact that harmonics of a phase array antenna are beam-formed as seen in previous chapter is to be taken into account for both general, UE to UE and in-device coexistence at mmWave frequencies. Especially coexistence between 24.25GHz to 29.5GHz systems with 57GHz to 71GHz systems since second harmonic interference can be of concern. Since there is no H3 related issues, spurious harmonic receiver responses can be ignored since second harmonic response is usually cancelled with balanced mixers.
Proposal 1: 
· Since no direct harmonic emissions nor spurious harmonic responses are foreseen with the currently known 5G spectrum, it is proposed that general harmonic emissions requirement is used; and
· TX and RX harmonic related coexistence issues above 6GHz is FFS depending on potential issues related to new spectrum allocation.
2.2. Spurious Harmonic Behavior of Sub-6GHz NR and LTE Systems
2.2.1. Sub-6GHz Receiver Harmonic Response

RF Front-end Selectivity
As discussed in [2] there are multiple cases of sub-6GHz bands receiver spurious harmonic responses within the 28GHz band foreseen for 5G use. As a possible worst case example, a 5GHz LAA receiver 5th harmonic spurious response in the 28GHz bands was suggested. This chapter provides measurement of a 5GHz LNA using high Fmax technology data in Figure 6 to help quantify the issue.
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Figure 6: 0-30GHz wideband 5GHz LNA gain (S21) and return loss (S11) measurement. 
With a gain of 15dB in the 5GHz to 6GHz range and a gain around -30dB above 15GHz, this LNA design provides in excess of 45dB selectivity for the 25GHz to 30GHz band where an unwanted 5th harmonic spurious receive response could occur in the RX mixer.
Considering a quasi-square LO signal driving the RX mixer a 5th harmonic spurious response of close to 15dBc can be considered (a square signal is 14dBc).
The rest of the RF front end: diplexing filter, band filter and switches should be able to provide another 20dB to 30dB of attenuation of the 28GHz band; also the RF mixer does not have infinite bandwidth, and 10dB extra attenuation can be anticipated.

Overall it is reasonable to consider that up to 90dB of attenuation of the 28GHz signal is achieved by the RF part before it is down converted to baseband.

2.2.2. Sub-6GHz Receiver De-sense Due to Spurious Harmonic Response

Maximum Interference Level Allowable at Baseband

To achieve less than 0.2 dB de-sense for a reference sensitivity of -94dBm representative of a 20MHz LTE receiver in the 0.7GHz to 6GHz frequency range, a maximum equivalent interfering level of -102dBm/20MHz at both antennas shall be obtained. We focus here on the largest LTE bandwidth as this is the worst case assuming larger signal bandwidths at 28GHz.

In-device Concurrent Sub-6GHz LTE or NR and Above 6GHz NR Operation
If no other selectivity or isolation is considered and a 28GHz 23dBm signal is assumed, the 5th harmonic spurious response would result in a baseband interfering level of: 23dBm-90dB=-67dBm
This means that an extra 35dB of isolation and/or selectivity must be found in the system. Multiple elements can further contribute to this in the path from the mm-wave antenna to the RF antenna:

· Beamforming gain of 28GHz antenna vs omnidirectional sub-6GHZ antenna (lower probability of receiving full power of 28GHz beam)
· Antenna isolation at 28GHz (10-20dB?)
· Sub-6GHz antenna gain at 28GHz (-10dBi?)
· Some extra attenuation can be anticipated from the wider bandwidth of the 28GHz interfering signal vs the sub-6GHz wanted signal.

· PCB isolation needs to provide at least the same amount of attenuation than the first 3 items. (50dB?)
In the case where the above would not reach the required 35dB further attenuation of 28GHz signal, extra filtering (>20dB) can be added between the sub-6GHz LNA and mixer such that no extra front end losses is suffered. This is most probably the case for the higher bands above 3GHz having lower order harmonic spurious responses and less frequency distance for filtering. In this case an extra filter between LNA and mixer is most probably needed, especially for band 42, 43 and 46 and future NR bands in the 3.3GHz to 4.99GHz range.
Above 6GHz NR UE to Sub-6GHz LTE or NR UE Coexistence

In the case of >6GHz UE to <6GHz UE coexistence it is reasonable that the de facto path loss will provide the extra 35dB of attenuation and thus further adding the sub-6GHz antenna low gain at 28GHz no UE to UE coexistence issue shall be anticipated due to sub-6GHz receiver spurious harmonic responses.
Above 6GHz NR BS to Sub-6GHz LTE or NR UE Coexistence

In the case of >6GHz BS to <6GHz UE coexistence the BS power on a beam may be significantly higher than 23dBm it is not clear at this stage whether the overall antenna coupling and path loss (especially in indoor case) will be sufficient to prevent de-sense of the sub-6GHz bands UE especially above 3GHz. Nevertheless as suggested for the in-device coexistence case extra filtering (>20dB) can be added between the sub-6GHz LNA and mixer to prevent de-sense in such a way that no extra front end losses is suffered.
NR or LTE sub-6GHz de-sense due to coexistence with NR above 6GHz transmitters

Proposal 2: Since the sub-6GHz RF front-end provides important 28GHz selectivity, extra 28GHz selectivity can be added after the LNA and accounting for path losses, it is proposed that no Reference sensitivity degradation of the sub-6GHz bands need to be studied in relation to spurious harmonic responses to mm-wave signals in the following coexistence cases:
· In-device concurrent sub-6GHz LTE or NR and above 24GHz NR operation
· Above 24GHz NR UE to sub-6GHz LTE or NR UE coexistence
· Above 24GHz NR BS to sub-6GHz LTE or NR UE coexistence

2.2.3. Sub-6GHz transmitter harmonic and noise level
As discussed in [2] there are multiple cases of sub-6GHz bands transmitter harmonics interfering with cm and mmWave bands foreseen for 5G use. As a possible worst case, a 5GHz LAA transmitter 5th harmonic and noise emissions in the 28GHz bands was suggested. 
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Figure 7: 5GHz WiFi PA gain (S21) and input return loss (S11) in the 0 to 30GHz range.

Figure 7 provides a wideband gain measurement of a 5GHz band WiFi PA showing the very small gain in the 25GHz to 30GHz range and with close to 60dB attenuation of the 25-30GHz frequencies versus the in-band 5-6GHz frequencies. This allows anticipating very low noise emissions in this range.
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Figure 8: Measured wideband output noise of 5GHz WiFi PA in OFF (top) and ON (bottom) states.
Figure 8 is another measurement showing that there is no rise of output noise in ON state versus OFF state of the PA for frequencies above 10GHz. In fact, the noise is dominated by the spectrum analyser noise floor at -88dBm/MHz at 25GHz. This correspond to a floor of -148dBm/Hz and adding the further attenuation from the band filter and sub-6GHz to >24GHz antenna isolation of at least 30dB, sub-6GHz transmitter noise emissions received in the NR bands above 24GHz is below thermal noise. With such result no issue should be anticipated for In-device, UE to UE and UE to BS sub-6GHz to >24GHz coexistence cases due to transmitter out-of-band noise.
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Figure 9: 5GHz WiFi PA fundamental to 5th harmonic (top to bottom) measurements
Figure 9 are snapshots of a spectrum analyzer measurements of the same 5GHz WiFi PA harmonics at 21dBm output power up to the 5th harmonic which fall in the 25-30GHz frequency range of interest for NR. The data corrected from cable losses can be found in table 2.

Table 2: Corrected harmonic power and dBc levels

	Harmonic order
	Reading on plot
	Cable losses
	Corrected reading
	dBc

	1
	18.9dBm
	1.8dB
	20.7dBm
	0

	2
	-19dBm
	2.5dB
	-16.5dBm
	36

	3
	-42dBm
	3dB
	-39dBm
	60

	4
	-58dBm
	3.6dB
	-55.6dBm
	75

	5
	-47dBm
	4dB
	-43dBm
	63.7


Considering a 23dBm output power, a conservative 20dB further attenuation from the RF front end filter and/or diplexers, the 5th harmonic power reaching the antenna is below -63dBm. Any lower LTE or NR band would result in a higher order harmonic issue and an even lower interfering power.

Further considering the sub-6GHz antenna lower gain at mm-wave frequencies, the path losses and beam forming selectivity of the mm-wave antenna, at least an extra 30dB of harmonic attenuation can be anticipated even in the worst case where both antennas are on the same UE, resulting in less than -93dBm interfering power reaching the NR bands >24GHz.
Proposal 3: Given the very low level of interfering harmonic and out-of-band noise observed, it is proposed that no Reference sensitivity degradation of the above 24GHz NR bands need to be studied in relation to spurious emissions from sub-6GHz LTE or NR radios in the following coexistence cases:
· In-device concurrent sub-6GHz LTE or NR and above 24GHz NR operation
· Sub-6GHz NR or LTE UE to above 24GHz NR UE coexistence
· Sub-6GHz NR or LTE UE to above 24GHz NR BS coexistence
3. Conclusion
This contribution provides further input on potential NR and LTE coexistence issues due to harmonic responses. For NR transmitter above 6GHz no harmonic related issues can be anticipated given the current frequency allocations. In order to simplify the NR UE to UE and in-device coexistence study the following proposals are made:

Proposal 1: 
· Since no direct harmonic emissions nor spurious harmonic responses are foreseen with the currently known 5G spectrum, it is proposed that general harmonic emissions requirement is used; and

· TX and RX harmonic related coexistence issues above 6GHz is FFS depending on potential issues related to new spectrum allocation.
Proposal 2: Since the sub-6GHz RF front-end provides important 28GHz selectivity, extra 28GHz selectivity can be added after the LNA and accounting for path losses, it is proposed that no Reference sensitivity degradation of the sub-6GHz bands need to be studied in relation to spurious harmonic responses to mm-wave signals in the following coexistence cases:

· In-device concurrent sub-6GHz LTE or NR and above 24GHz NR operation
· Above 24GHz NR UE to sub-6GHz LTE or NR UE coexistence
· Above 24GHz NR BS to sub-6GHz LTE or NR UE coexistence
Proposal 3: Given the very low level of interfering harmonic and out-of-band noise observed, it is proposed that no Reference sensitivity degradation of the above 24GHz NR bands need to be studied in relation to spurious emissions from sub-6GHz LTE or NR radios in the following coexistence cases:
· In-device concurrent sub-6GHz LTE or NR and above 24GHz NR operation
· Sub-6GHz NR or LTE UE to above 24GHz NR UE coexistence
· Sub-6GHz NR or LTE UE to above 24GHz NR BS coexistence
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