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1. Introduction

Carrier Aggregation between band 17 and 4 includes the issue, that if the mobile transmits on band 17, the third harmonic falls into the receive band of band 4. During the previous 3GPP RAN4 meeting #62 proposals have been shown [1] [2], that assume, if enough filtering can be done in the signal path, the problem can be reduced if not solved. Unfortunately it hasn’t been taken into account, that cross-coupling on the PCB inside the mobile will result in a leakage of the third harmonic into the receiver. This contribution shows a measurement which proves this cross-coupling problem. This is a general problem for all CA band combinations with harmonics issues (Category B) and therefore applies to band combinations 12+4 and 20+3 as well.
2. Description of cross-coupling issues
There are many ways how a harmonic can leak from the transmit path to the receive path. Many of these ways are shown in figure 1 below.
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Figure 1: Cross-coupling of harmonics
The harmonics are mainly generated inside the power amplifier. The level at the PA transistors is quite high, may be up to 0...+10dBm. To reduce the harmonics usually the PA is a module, where a matching is integrated together with an additional lowpass filter. Both components are designed to reduce the harmonics at the PA module output. However, there are still several possibilities, how the harmonics generated in the PA transistors can leak outside. Four of these possibilities are:
· Coupling from the signal lines radiating the harmonics

· Control lines of the PA module (enable lines, biasing, interface etc.) can radiate the harmonics on the PCB
· Supply lines of the PA core are usually blocked, but a reduced level of the harmonics will still leak out here

· Ground connections of the power amplifier will have a significant current on the harmonics, which can leak out

All of these possibilities of leakage will result in a signal of the third harmonic leaking into both, the main and the diversity receivers, even if at the antenna port the harmonics would be reduced by five harmonic filters as proposed in [2]. The harmonic radiated by the PA control-, supply and signal lines will be picked up by the components of the receive path in the following ways:
· Signal lines of the receiver on the PCB receive the third harmonic

· Control and supply lines of the antenna switch can pick up the harmonic from the other control, supply or signal lines for the PA

· Bond wires of the filters, antenna switches or the transceiver chip can pick up the harmonic

· The ground currents will be picked up by the ground connections of the filters, antenna switches or the transceiver

All of this will result in a harmonic that is generated inside the PA leaking into the receiver, even if the output signal at the antenna port is filtered perfectly by cascading many filters.
There is one additional effect that can happen: The perfectly filtered signal without harmonics is radiated by the antenna. Unfortunately there are many other signal lines inside a mobile, for example supply lines to the battery, lines on the display, connections to the charger, SIM card, camera, earpiece, microphone etc. All of these lines are similar to an antenna and they are somewhere connected to semiconductors, but unfortunately almost all semiconductors have a non-linear characteristic and therefore can work like a diode, which would use the fundamental of the TX signal to regenerate the harmonics. These harmonics are then radiated by the lines and picked up by the receive antennas. A similar effect is currently discussed in RAN4 for basestations, where a passive non-linear element generates intermodulation or harmonics (called passive intermodulation there). However, currently there are no measurements how severe this effect is in reality.
To find out about the cross-coupling on the board some measurements have been done.

3. Measurement Setup

The measurement setup has been done to show only the cross-coupling effect, regardless what the performance in the transmit path is. For this reason the main RX/TX path of a mobile is set to transmit a 1MHz sine wave on band 17 with a center frequency of 708MHz resulting in the transmitted signal to appear at 709MHz. The transmit signal has been observed with a spectrum analyzer as a TX port termination to exclude any radiation. 
As the main receiver is coupled to the TX path via the duplexer, an observation of the RX signal at the main RX path would be dependent on the suppression of the TX harmonic, which would overlay the cross-coupling effect. Therefore the diversity receiver is chosen to observe the signal, as there is no direct signal connection to the main RX/TX path. If something can be received on the frequency of the third harmonic, it can only be cross-coupling on the board. The diversity receiver is set up to receive at 2130MHz and the output signal is recorded at a spectrum analyzer at the baseband output. To be able to check the received level, a signal generator is connected to the diversity receiver to compare the signal generator level to the leaking harmonics signal. Additionally the signal generator provides a termination of the receive port to prevent any radiation leaking directly into the signal path. 
Theoretically the diversity receiver should not receive anything of the third harmonic, which is at 2127MHz, since the diversity receiver signal path is not connected to the main RX/TX signal path. However, in reality the third harmonic of the transmit signal will find its way due to cross-coupling on the PCB to the diversity path, even if they are not intended to be connected at all. The measurement setup is shown in figure 2.
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Figure 2: Measurement Setup for Cross-coupling of harmonics
3. Measurement Results
Figure 3 shows the measurement result of the spectrum analyzer at the receiver output. It shows the RX output Spectrum with the harmonic at marker M1 and the reference signal from the signal generator at marker D2. In this case the signal generator produced a signal of -80.5dBm at the receiver input. Since the two signals have the same signal strength at the RX output, this means, that also the 3rd harmonic is equivalent to -80.5dBm at the receiver input. The TX output power has been set to 22dBm. The harmonic could be measured at the TX output to be -72dBm during the test exceeding the -30dBm/MHz requirement by far. This low level indicates that the harmonic is not leaking from the TX antenna port to the diversity receiver but from the PA on the board.
The result is that the leakage in this case is causing a level of the harmonic in the diversity receiver of - 80.5dBm. It can be assumed, that this is already an ideal case, since the cross-coupling to the diversity receiver is much lower than the cross-coupling to the main receiver, since the diversity receiver is completely separated from the main signal path. Additionally the layout of this PCB has already been optimized for low cross-coupling, therefore it cannot be expected, that a careful layout will improve that. A harmonic at about -80.5dBm will result in approximately a desensitization of 20dB at LTE 5MHz. However, in reality this will vary a bit depending on the resource block allocations used for the RX and the TX. 
Conclusion 1: The cross-coupling in this optimized test case will result in a desensitization of about 20dB.
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Figure 3: RX Spectrum with the harmonic at marker M1 and the reference signal from the signal generator at marker D2
This is a scenario optimized for low cross-coupling and neglects all other contributions. In a real mobile there will be more contributions:
· Both, the main and the diversity receiver will receive the harmonic
· The main receiver is usually much closer to the TX than the diversity receiver, since it is connected to the same duplexer, therefore the cross-coupling will be worse on the main receiver

· As the filtering has some limitations, the harmonic at the antenna port will still be existent, in this case it was -72dBm resulting in ~30dB desensitization, however, with additional filtering this may be slightly improved
· There will be harmonics restoration at passive non-linear elements connected to wires, this will increase the level of the harmonics

· The LNA input of the receivers will receive a significant amount of the fundamental of the lower frequency band. As the LNA with its transistors is of course non-linear as well, it will regenerate the harmonic degrading the receiver sensitivity
All these contributions will result in a receiver sensitivity degradation that is larger than the ~20dB degradation due to the cross-coupling.
Conclusion 2: The cross-coupling in real scenarios will be worse than the 20dB desensitization shown here.

Conclusion 3: Due to the many ways the harmonic will degrade the sensitivity, it is not possible to get a good sensitivity by just cascading many filters
It has also been tested, how much a reduction of the power can reduce the harmonic. While the output power has been reduced from 22dBm to 12dBm, the 3rd harmonic level was reduced from 
-72dBm to -84dBm. This shows that generally the 3rd harmonic is reduced by ~1dB, if the output power is reduced by 1dB. It may be possible to improve this a bit by using a higher biasing, but then a lot of battery power is wasted. This lower harmonic power could also be observed at the diversity receiver input.
Conclusion 4: The 3rd harmonic is reduced by ~1dB if the output power is reduced by 1dB.
4. Proposal to solve the harmonics issue
The issue of the harmonic leaking into the carrier aggregation receiver cannot be solved by filtering hardware as described above. Therefore other ways need to be considered to solve the issue. Some of the possible solutions are:

· If the received signal and the harmonic are having a similar level, so that the reception is still possible but degraded, the TX power in the UE can be reduced, so that the harmonic is reduced as well to allow a better reception. 

· If the received signal and the harmonic are having a similar level, so that the reception is still possible but degraded, the reception can be improved by choosing a modulation scheme with more redundancy requiring a lower SNR
· If the received signal and the harmonic are having a similar level, so that the reception is still possible but degraded, the TX power in the basestation can be increased, so that the received signal is stronger to allow a better reception

· The carrier frequency of the carrier aggregation RX band (high band) may be changed to the frequency of another cell in the high band where the harmonic doesn’t disturb the CA reception

· The carrier frequency of the low band UE TX may be changed to the frequency of another cell in the low band, where the harmonic doesn’t hit the CA receive frequency in the high band
· The resource blocks used in the low band UE TX can be moved to a location where the third harmonic doesn’t fall into the resource blocks used by the high band carrier aggregation RX

· The resource blocks used by the high band carrier aggregation RX in the UE can be moved to a location where the third harmonic of the resource blocks used by the low band TX doesn’t hit them

· The carrier frequency of the UE TX may be changed by a handover to the high band carrier TX frequency corresponding to the carrier aggregation receive frequency in the high band
· The basestation can switch off carrier aggregation
All these measures can only be initiated by the basestation. However currently the basestation doesn’t have the information about the reason, why the reception is degraded, it only has the information that there is a bad reception through the CQI value. Therefore it would be useful to signal to the basestation some information that eases the decision which measure to take to resolve the issue. These values could be signaled:
· The fact that there is an issue with the harmonic, as the mobile knows its own harmonic level
· The level difference between the harmonic and the received signal to optimize the TX/RX levels, since the mobile has the best information about its own harmonic level
· The mobile can propose one of the solution strategies
· The mobile can propose the amount of a shift of resource blocks for the UE TX or the UE CA RX
Of course this additional signaling needs to be added in the 3GPP specs.
Conclusion 5: There are several possibilities to circumvent the 3rd harmonic issue. It would be helpful to signal to the basestation more information on how to solve the issue.
These solutions can also be used for the other band combinations with harmonics issues.
5. Conclusions 

Conclusion 1: The cross-coupling in this optimized test case will result in a desensitization of about 20dB.

Conclusion 2: The cross-coupling in real scenarios will be worse than the 20dB desensitization shown here.

Conclusion 3: Due to the many ways the harmonic will degrade the sensitivity, it is not possible to get a good sensitivity by just cascading many filters.
Conclusion 4: The 3rd harmonic is reduced by ~1dB if the output power is reduced by 1dB.

Conclusion 5: There are several possibilities to circumvent the 3rd harmonic issue. It would be helpful to signal to the basestation more information on how to solve the issue.

These conclusions are valid for other CA band combinations of category B as well.
6. Summary
Since there is cross-coupling, it is not possible to implement a filtering, that reduces the 3rd harmonic in some carrier aggregation scenarios with harmonic relations to acceptable values. Instead we propose several ways to circumvent the issue and a signaling that eases the implementation of these solutions.
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