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Introduction
Several co-existence issues arise when mm-wave and sub-6 GHz systems operate simultaneously. The sub-6 GHz systems could be either 5G or WLAN devices -- the RF issues are similar, and some of these them have been identified in prior works (cf. [1], [2], [3] and [4]).  This paper continues work in that direction. We first outline the pathways through which interference could occur. We present simulation results that show the coupling between co-located sub-6 GHz and mm-wave antennas.
We next discuss specific RF impairments resulting from the interference. To avoid too many generalities, we assume the sub-6 GHz transceiver is implemented as a direct-conversion radio architecture with a duplexer, while the mm-wave transceiver will be implemented with a super-het / dual-conversion architecture with a T/R switch.
 With these assumption, we can classify the RF impairments into the categories: 
· sub-6  RF mm-wave
· sub-6  IF mm-wave
· IF mm-wave  RF mm-wave. 
The purpose of the paper is to identify the main issues for further analysis in the work-item phase of NR in RAN4.
Interference Paths
For clarity, let us first outline the pathways through which interference can take place;
1. Over the air between the sub-6 and mm-wave antennas.
2. PCB substrate coupling or crosstalk between transmissions lines on the PCB.
3. If both transceivers are on the same die, through capacitive or magnetic coupling of the metal/poly layers on the silicon substrate.
Observation 1: For over-the-air coupling at distances less than far-field, interference will not be completely mitigated by the spatial selectivity of beam-forming. 
Beam-forming with antenna arrays relies on the “far-field” approximation of the electro-magnetic radiation. The Fraunhofer condition gives an estimate for the beginning of the far-field region; i.e., at a distance d >> 2D2/λ, where λ is the wavelength of transmission, and D is the largest effective dimension of the antenna.  
If D is for example 10 cm in length, then at 30 GHz transmission, the far field approximation starts well above 20 cm. More detailed analysis can be found in [5]. The spatial selectivity may not be completely lost at lower distances, say in the Fresnel region, but this needs to be analyzed via EM simulations and/or lab measurements.
Observation 2:  Path losses will be relatively small, which is immediate from the Friis equation for over-the-air transmission. For PCB traces, the losses will be an order of magnitude smaller than over-the-air losses.
The table below shows some sample path losses. The FR4 PCB material represents a worst-case loss; i.e., there are better-suited PCB materials which would yield lower loss.
Table 1. Path losses over different media
	Medium
	Loss in dB over 1 cm distance

	Air @ 28 GHz
	21

	Air @ 5 GHz
	6.5

	 FR4 @ 0.12mm width @ 28 GHz
	1.5




Coupling of sub-6 GHz antennas and mm-wave patch antenna
Consider the  antenna arrangement in Fig. 1, with different sub-6 GHz antennas and a single patch element for mm-wave.
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Figure 1. Sub-6 GHz antennas and a single mm-wave patch antenna 
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Table 2. Antenna isolation/coupling measured at mm-wave frequencies
The antenna isolation at mm-wave frequencies can be seen in Table 2.  We see that the isolation can be quite low, around 18.3 dB.

 Sub-6 GHz antennas and a mm-wave dipole antenna
Consider the following antenna arrangement below in Fig. 2, with the same sub-6 antennas before, but using a dipole antenna for mm-wave.
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Figure 2. Various sub-6 antennas and a single dipole mm-wave antenna 
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Table 3 Antenna isolation measured at mm-wave frequencies.

The antenna isolation at mm-wave frequencies can be seen in Table 3.  Once again, we see that the isolation is quite low, with worst case of 14.5 dB.
RF Impairments
In this section, we discuss the various RF impairments caused by the interference between sub-6 GHz and mm-wave transceivers.

Sub-6 GHz  RF port of mm-wave RX


Figure 4. Coupling between the mm-wave RF and sub-6 GHz circuits

1. De-sense of mm-wave RX by sub-6 GHz TX signal: consider a sub-6 GHz signal at 23 dBm EIRP that couples into the mm-wave antenna.  If the isolation between antennas is  60 dB,  which is very conservative, the resulting interferer, at LNA input, is -37 dBm. Suppose the IIP3 of the LNA is around -30 dBm. Then resulting input-referred inter-mod terms generated by the LNA are about -51 dBm. Notice that this is about 30 dB higher than sensitivity levels of the mm-wave receiver.

2. Higher-order harmonics of the sub-6 GHz PA falling in-band into the the mm-wave transceiver: for a PA operating around 4 GHz, we expect 7th order PA harmonics to be a potential source of in-band  interference to a mm-wave signal at 28 GHz. If the harmonic is, say,  50 dB below the main lobe, and further attenuated by, say, 50 dB by a duplexer, then a 23 dB PA @ 4 GHz produces an interferer at -77 dBm, which is larger than mm-wave sensitivity level.


3. LO mixing terms between the sub-6 GHz LO and mm-wave RF LO  could produce spurious tones that could either :
a. couple into the RX path of the sub-6 and mm-wave receivers.
b. couple into the PA path of either/both of the transceivers, generating spurious emissions.

4. Amplified phase noise from mm-wave TX to sub-6 RX, and vice-versa. Consider the far-out phase noise floor from a mm-wave LO at, say, -170 dBc/Hz.  Then a weakly beam-formed signal with say, 25dBm EIRP @ 28 GHz,   will result in -72 dBm of phase noise in a 20 MHz band at 4 GHz.

5. De-sense of the sub-6 GHz RX by mm-wave TX signal. As discussed in Section 2.1, mm-wave signals will not necessarily be beam-formed, i.e., spatial selectivity may not mitigate the interference to a co-located sub-6 GHz receiver.  From section 2, we see that a sub-6 GHz antenna has little rejection of mm-wave signals. Consider, therefore, a weakly beam-formed mm-wave signal with, say 25 dBm EIRP, experiencing for example 20 dB of path loss and antenna rejection, and another 50 dB of rejection from the duplexer. Then, the resulting signal would be at -45 dBm, which could desense the LNA of sub 6GHz receiver due to inter-mod terms.
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Figure 5. Coupling between mm-wave IF and sub-6 GHz circuits

1. Higher-order harmonics of the sub-6 GHz PA falling into the image band  at (RF – IF):
Depending on the RF and IF frequency plan, harmonics from the sub-6 PA could overlap the image band of the wanted signal at (RF+IF). For example, consider an RF LO = 18 GHz and IF LO = 10 GHz. Then, the 2nd order harmonics of a 4 GHz PA would fall into the image band at (RF-IF) = 8 GHz. Consider a 23 dBm signal from the 4 GHz PA with 2nd order harmonics at say -30 dBc.  If we assume say 50 dB of rejection at the duplexer and another 20 dB of antenna isolation at 16 GHz, the image signal is at -77 dBm, which exceeds mm-wave sensitivity by a few dB.

2. Images of the IF signal produced by the RF LO mixer. For certain combinations of RF and IF LO frequencies, the image signal could fall into the sub-6 GHz region. As a simple example, one could consider an RF LO = 16 GHz, and IF LO = 12 GHz, resulting in an image at 4 GHz.

3. DAC images and IF-LO mixer harmonics mixing with RF-LO. These terms, which we do not analyze here in detail for brevity, could fall into the sub-6 GHz spectrum at the output of the mm-wave antenna. To prevent this, additional filtering would be needed at the IF and RF stages. 

4. Sub-6 PA harmonics mixing into IF LO mixers, either during down- or up-conversion. Since there is no antenna path through which sub-6 PA harmonics could enter the IF stage directly, this phenomenon could occur through coupling via PCB material or silicon substrate, as mentioned in Section 2.

5. LO mixing between the sub-6 LO and mm-wave IF LO.  As in the case above, these mixing terms can arise from LO signals coupling via PCB or silicon-substrate. The resulting spurious tones could fall directly into the TX and RX paths of the transceivers -- either corrupting the wanted signal, or producing spurious tones that could potentially violate emissions standards.

Between IF and RF ports of mm-wave transceiver



Figure 6. Coupling between the RF and IF portions of a super-het transceiver.

As shown in the Fig. 6, the following impairments occur as a result of interference between the RF and IF stages of a mm-wave transceiver.
1. Harmonics of the LNA feeding into the IF port, along with the wanted signal. 

2. Mm-wave PA harmonics mixing with RF and IF LO’s.

3. Mixing of RF and IF LO’s, and their harmonics, producing spurious tones.

4. Leakage of IF and RF LO signals through TX path.

Conclusion
In this paper, we discussed the paths by which mm-wave and sub-6 GHz NR systems may interfere with each other. We also described, at a qualitative level, the possible RF impairments resulting from interference. The goal of the paper is to identify these issues and recommend them for further quantitative analysis. 
Observation 1:  For over-the-air coupling at distances less than far-field, interference will not be completely mitigated by the spatial selectivity of beam-forming.
Observation 2:  Path losses will be relatively small, which is immediate from the Friis equation for over-the-air transmission. For PCB traces, the losses will be an order of magnitude smaller than over-the-air losses.
Observation 3:  From the numerous issues described in Section 3, co-existence between sub-6 GHz and mm-wave systems needs to be studied further.
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