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1. Introduction

It is likely that initial chipset implementations for inter-band and non-contiguous intra-band carrier aggregation will consist of separate integrated circuit chips for each radio chain.  However, as adoption rates increase, there will be an opportunity to create solutions based on single-chip solutions to reduce cost, area, and current consumption.  However, single-chip RF implementations carry additional challenges resulting from the diminished isolation achievable between radios.  In this contribution, we discuss challenges associated with the synthesizers and VCO's associated with carrier aggregation when implemented in a single chip.
This paper further elaborates what was already presented in [1]. Based on the identified challenges we present a proposal to allow some receive and transmit interruptions at the UE to enable VCO and synthesizer frequency switch. 
2. Discussion

Reference architectures for carrier aggregation RF implementations by which specifications are defined have been provided in various TR's on carrier aggregation [2], [3].  For inter-band carrier aggregation and for non-contiguous intra-band carrier aggregation, it has been assumed in the reference architecture that separate RF chains (mixer, baseband filter, analog-to-digital or digital-to-analog converter) are used, but whether these are contained within two discrete IC chips or whether these are integrated into the same IC is left to implementation.  Placing each RF chain on a separate IC enables good isolation between the two radios so that they can behave more independently.  However, if both radios are placed within the same IC, then the isolation becomes a much more challenging problem.
Some of these challenges have already been identified such as when harmonic interference is present for class A2 inter-band combinations where it was suggested that there is limited isolation between the DA of Band 4 and the LNA of Band 17 on a single chip implementation [4].  

Due to limited isolation other challenges exist, in particular, due to the interaction between local oscillators on the chip.  It is well known that VCO's are susceptible to large power fluctuations in neighboring circuits.  For example, when a radio is turned on, the perturbation on the supply lines can affect other VCO's on the chip causing them to tune off frequency momentarily until their phase locked loops can re-settle.  Other synthesizers operating in nearby frequencies can also influence the output of a VCO causing it to tune off or increasing its phase noise.  Lastly, synthesizers produce spurs whose locations and amplitude can be managed by carefully adjusting the divider values and appropriate filtering.  However, with single chip carrier aggregation implementations, the spurious products from separate synthesizers create mixing products as well.  
In a phase-locked-loop (PLL) synthesizer, in-band phase noise and side band spurious tone such as reference spurs at the local oscillator (LO) output are two key parameters [6]. In a Non-Carrier Aggregation mode operation, PLL’s multiplier/divider/ loop BW settings are chosen such that, in Rx LO such spurs do not land on top of jammers/blockers and in Tx LO such spurs do not violate emissions and do not fall in sensitive bands like GPS. However, when two PLL-Synthesizers are assigned to PCC and SCC and operate simultaneously in a single chip with poor isolation between the two PLLs/VCOs, VCO pulling and coupling can degrade the DL performance of both PCC and SCC and cause an emission failure at UL [7]. This situation can be avoided if the UE has the opportunity to choose multiplier/divider settings of each PLL assigned to each PCC-DL, PCC-UL and SCC-DL such that coupling between VCOs are minimized. 
To address this problem the synthesizer has to be reprogrammed with optimized values for each particular channel and channel combination. In order to obtain the optimized values, the reprogramming would have to be done when the frequencies of the PCell and SCells are known. As future UEs will have to support multiple band combinations it would be impossible for the UE to know apriori the proper VCO/synthesizer settings, hence, the UE would have to change its VCO/synthesizer setting while in operation. As the UE will only know the SCell frequency at the moment this is configured by RRC, it could only apply the correct settings after this event. During this period, the synthesizers are disabled, new divider values are programmed, and their PLL's are allowed to re-lock.  This duration can be approximately 1 ms or longer depending on the time required to put the radio and baseband in a controlled state and the time to restart. Considering the above a 1-2ms interruption is needed after SCell is configured.  
Based on all of the discussion so far we propose to allow a 2ms interruption in DL reception and UL transmission after SCell is configured. A text proposal for 36.133 to capture this proposal in the specifications is provided in the Annex. It should be noted that this interruption will occur on the UL as well as the transmitter chains will also be impacted. Hence, the interruption should be introduced for UL also.
Proposal: Allow a 2ms interruption in the DL reception and UL transmission after SCell is configured.
In this paper we haven’t analyzed in depth transient effects that may appear when the SCell chain is turned on/off at activation/deactivation or during measurements on SCC[8]. These will impact the PCell chain and interruptions on PCell will be needed. Allowing the UE to turn off the SCell chain when this is not needed (while the SCell is deactivated and UE is not performing measurements) could have some significant power consumption benefits. Hence, it should be considered to extend the interruptions that are currently allowed for intra-band to inter-band CA also. This could also have the benefit that there would be universal requirements that apply to all CA cases and not just in certain scenarios as is the case in the current specifications.
As stated above, for intra-band contiguous CA some interruptions are allowed when the SCell is deactivated and the measurement cycle is longer than 320ms for power saving benefits. In the case of intra-band non-contiguous CA or inter-band CA(different chains for different carriers) the power saving benefits will be even higher. In the case of contiguous CA most power savings were enabled by change in ADC sampling frequency. For the case of multiple chains the power savings will be gained from powering down the components that are related to the SCell, hence, benefits will be even larger. Therefore, it should be considered to allow interruptions with certain packet drop limitations (such as 0.5% as is the case for measurement cycles longer than 320ms) even for shorter measurement cycles such as 320ms. 
We would also like to note that a single chip RF implementation is somehow closer to intra-band CA from an RF point of view as most of the RF components from the different chains interact with each other. From this point of view it should be considered to extend the CA intra-band requirements to inter-band also.
3. Conclusion
In this paper we analysed some challenges associated with single chip RF solutions for carrier aggregation. Single chip solutions offer the benefits of reduced cost, size, and power consumption, but also introduce additional challenges and performance characteristics due to increased coupling between circuitry on the same integrated circuit. In particular, the synthesizers and VCO's need to be set with an optimized set of parameters to avoid spurious emssions. As the UE does not have apriori information about which channels will be used for CA, an interruption to allow the reprogramming of the VCO/synthesizers is needed when SCell is configured.
Proposal: Allow a 2ms interruption in the DL reception and UL transmission after SCell is configured. 
A text proposal for 36.133 is included in the Annex.
Also, due to possible transient effects when turning the SCell chain on/off and their impact on the PCell chain extending the interruptions allowed in intra-band CA to inter-band CA to enable power saving should be considered. Also, allowing the interruptions to measurement cycles shorter than 640ms should be considered.
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Annex

7.X
Interruptions with Carrier Aggregation 
7.X.1
Introduction

This section contains the requirements related to the interruptions (packet drops) that are allowed when a UE is operating in CA mode.
7.X.2
Requirements
7.X.2.1
Interruptions at SCell addition/release for intra-band CA
When an intra-band SCell is added or released as defined in [36.331] the UE is allowed an interruption of up to 5ms on PCell during the RRC reconfiguration procedure [36.331]. This interruption applies to both receive and transmit.
7.X.2.2
Interruptions at SCell addition/release for inter-band CA
When an inter-band SCell is added or released as defined in [36.331] the UE is allowed an interruption of up to [2]ms on PCell during the RRC reconfiguration procedure [36.331]. This interruption applies to both receive and transmit.
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