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1. Introduction
Issues related to single chip RF implementations of carrier aggregation have been discussed for many meetings in RAN4 [1], [2], [3]. It was shown that such implementations will generate interruptions when an SCell is configured/deconfigured and when one of the RF chains is turned on/off. In this paper we elaborate on the need to allow PCell interruptions during measurements on SCC when SCell is deactivated and shorter measurement cycles are configured.
This issue was discussed in RAN4 for many meetings but no agreement could be reached. In this paper we present the background of the discussion and why it is important that interruptions for during measurements on a deactivated SCell are allowed from Rel.10. 

2. Discussion

2.1. Measurements on SCC and PCell Interruptions

When the SCell is deactivated the UE still has to perform measurements on SCC. The measurement period is configurable through RRC signaling via the MeasCycleSCell parameter that has values from 160ms up to 1.28ms (depicted as measurement cycle in Fig.1). The UE has to average multiple measurements over a period of 5xMeasCycleSCell to produce a L1 measurement sample that is input into the L3 filter. How the UE is actually sampling the measurements is up to UE implementation as long as the measurement accuracy requirements are met. The actual time that is needed by the UE to perform the measurements(collect physical layer samples) is much shorter than the measurement cycle and the UE has to turn on the receiver only during this time. In order not to waste any power, the UE should turn off the receiver when it is not in used. This is shown in Fig. 1 where the PCell RF is always turned on but the UE RF is turned on only when it is taking the measurement samples (solid line). If the UE has to keep the receiver on all the time (dotted line), power is wasted.
Depending on the UE RF architecture, when the SCell RF chain is turned on/off an interruption on PCell can occur(a “glitch” on the PCell RF chain is induced because of transient phenomena caused by the lack of enough isolation between the two chains). This is a known problem for single chip RF implementations and recognized in RAN4 [1], [2], [3].
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Fig. 1 Power consumption during measurements on SCC

As such, if PCell interruptions are not allowed during measurements on SCell then the UE power consumption will be adversely affected. Currently, such interruptions are allowed with a 0.5% probability for measurement cycles of 640ms or longer. As many network configure shorter measurement cycles, it is important to extend the coverage of interruptions to shorter measurement cycles as proposed in [4]. It should be noted that the proposal is to allow 0.5% interruptions for measurement cycles of 256ms or longer. The network impact is kept the same as already allowed for longer measurement cycles and corner cases where the network cannot tolerate any interruptions are covered if 160ms is configured.

Proposal: Allow 0.5% packet drop rate for SCell measurement cycles of 320ms and 256ms from Rel.10.

Activation/deactivation was introduced in Rel.10 to enable UE power savings while still operating in CA mode. If interruptions are not allowed then the power saving benefits would be almost non-existent. The amount of power that is saved if the UE does not monitor PDCCH and does not compute CQI is very limited.
2.2. Background
2.2.1. Intra-band contiguous CA discussion
Discussion on interruptions started during the early days of carrier aggregation because it was seen that it would be beneficial if the UE could reconfigure the RF bandwidth when the SCell is deactivated to save power. The main scenario that was considered was 20+20MHz intra-band CA where the UE could toggle the RF bandwidth between 20MHz and 40 MHz. The target RF architecture was 1 RF chain used for adjacent carriers (e.g. 20+20 CA received through only 1 RF chain). In this case the actual power savings would come only from the ADC sampling rate change and are rather limited. Some companies supported the idea of allowing interruptions and the compromise was to allow interruptions with 0.5% probability when configured measurement cycle was 640ms or longer for intra-band contiguous CA.

This 0.5% probability of interruption means UE can only drop 1 out of 200 subframes and the average is long term such that the UE can do 2 interruptions in a short time interval within 400 subframes. The actual sampling algorithm for measurements is implementation dependent, it is up to UE to use the interruptions to save as much power as possible. The interruption is allowed for both UL and DL and RAN4 defined tests to check that UE meets the measurement accuracy requirements and does not drop more subframes than it is allowed to. One of the advantages of having such a requirement is that it allows for implementation flexibility and UE differentiation.
During this discussion single chip RF implementations for CA were not considered and inter-band CA were thought to use separate RF chips for each chain. As such, the problem of interruptions for inter-band CA was not brought up.
2.2.2. Single chip RF implementations
Single chip RF implementations were not discussed until November 2012 ([1] presented in RAN4#65). This solution is optimized for CA operation and it is expected that in the future most UEs will use this implementation. When this solution is employed, isolation between the two(or more) RF chains becomes an issue as the PCell RF chain is impacted due to transient phenomena on the SCell RF chain like change of settings such as dividers/multipliers used to create a certain frequency or switching one of the RF chains on/off.
This issue is well recognized in the literature and in RAN4 through contributions from multiple companies [1], [2], [3]. The problem applies to inter-band CA and intra-band non-contiguous CA also and the interruptions discussion was extended to inter-band CA and intra-band non-contiguous CA. As such, it was agreed to allow interruptions for the following cases also for intra-band NC CA and inter-band CA:
· SCell configuration/deconfiguration
· Depending on the PCell and SCell frequency the RF chain settings(frequency dividers and mulitpliers) may need to be changed in order to avoid spurious emissions
· The optimal settings depend on the CA combinations. If the UE supports multiple CA combinations it cannot know which combination will be configured so it cannot choose the optimal setting apriori
· SCell activation/deactivation
· Interruptions are allowed such that the UE can turn on/off the SCell RF chain
· Depending on the configured measurement cycle the UE may not be allowed to turn the RF chain on/off (see below)
· When SCell is deactivated and configured measurement cycle is 640ms or longer 
· The intra-band CA requirement from Rel. 10 was extended to cover inter-band CA also
· The interruptions probability is also 0.5%
2.3. Power Consumption Impact

Interruptions are still not allowed when the measurement cycle is 320ms or shorter. We would like to point out that the power savings in the case of single chip RF ICs are higher than for the intra-band contiguous CA because an entire RF chain can be switched off. Hence, it is very important to allow interruptions in these cases. 
Based on [5], the power consumption savings are in the range of 10%-40% of the total RF power consumption of the UE. This comparison is between the total RF power consumption when the SCell chain cannot be turned off  and the RF power consumption when the SCell chain cannot be switched off completely. Depending on the design, a larger or smaller part of the SCell RF chain can be turned on/off without impacting the PCell so the power consumption impact is different. It should be noted that the actual isolation is very hard to predict in the design phase because of differences in the manufacturing process.
2.4. Network Impact
First of all we would like to point out that the current proposal has the same network impact as the interruptions that are currently allowed. As such, if this amount of interruptions is intolerable by the network this would mean that the current specifications are not correct. 

In RAN4#69 opponents of the proposal to allow interruptions were asked to show some analysis on the system capacity, however, no such data was provided so far. 

An analysis on the system impact caused by interruptions was presented in [6], [7]. It was claimed that 3DL packets and 4UL packets will be impacted. To assess the actual impact, in Fig. 2 we show the DL/UL timeline with and without interruptions. The interruption occurs in subframe N, it is assumed that the UE will drop both UL and DL transmissions. The impact can be summarized as follows:

DL impact:

· PDSCH in N-4 has to be retransmitted because of missed ACK in subframe N
· PDSCH in N has to be retransmitted because UE missed DL grant in subframe N
UL impact
· PUSCH in N-4 may have to be retransmitted because UE missed ACK in subframe N
· UE will suspend the re-transmission in N+4 because it did not receive ACK/NAK in subframe N(lack of ACK/NAK is interpreted by the UE as ACK)
· PUSCH in N has to be retransmitted because UE did not transmit in subframe N
· Lost grant in N for N+4 Tx
Based on the above observations the actual impact is 2 DL subframes lost and at most 3 lost UL transmissions. Considering that the UL target BLER for the first transmission is likely to be 10%, the probability that the PUSCH in N-4 has to be retransmitted is only about 10%. Hence, there is a high probability that only 2 UL transmissions will be lost. This analysis shows only the worst case scenario when a UE is scheduled in every TTI. As this is unlikely to happen in a real network, the losses will actually be smaller. Furthermore, if there is a lot of data that should be transmitted to the UE the network will most likely activate the SCell and not keep it deactivated. 
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Figure 2. UL/DL transmissions timeline with and without interruptions
In [8] an analysis on the PDCCH link adaptation impact was presented. It was shown that if the configured target BLER is equal to or higher than the actual PDCCH error rate the impact would be minimal, however, if the network wants to configure a low target BLER (e.g. 0.1%) then there would be a big loss in PDCCH capacity since the network will use 8CCEs most of the time. In [10] it was pointed out that if the network is targeting such a low BLER it will have to use 8CCEs most of time anyway to account for fading and bursty interference. Based on link simulation results for PDCCH BLER, the SINR required for 0.1% BLER is relatively high (above 0dB even for 8CCEs in EPA5 with high correlation) and since the difference in SINR for 0.1%BLER between 8CCEs and 4CCEs or 2CCEs is rather small, the network will have to use 8CCEs for the majority of UEs. Therefore, the actual loss in PDCCH capacity due to interruptions is minimal. 
Such a low PDCCH target BLER is a corner case as the PDCCH BLER demod tests are all defined for 1% error rate. VoIP was brought up as an example of a service that may require such target BLER. In the case of pure VoIP transmissions, the UE will most likely be in DRX and interruptions are not allowed during DRX on period. If the UE is not configured with DRX then the VoIP packet can be recovered through HARQ re-transmissions. Hence, it is unlikely that interruptions will have a significant impact on VoIP traffic.
The latest proposal put forward in RAN4#71 [9] was not to allow interruptions for the shortest measurement cycle of 160ms. This would allow the network to configure this measurement cycle for corner cases when the interruptions would have an impact on the network operation. It would be neither fair nor feasible to sacrifice the power consumptions of many UEs in the network just to protect some corner cases for which the impact is not even clear.
2.5. Other Aspects
In addition to what was shown in the previous sections, we believe that the following aspects should also be considered:

· If interruptions are not allowed for lower measurement cycles CA UEs with single chip RF ICs could have worse power consumption compared to discrete solutions depending on the network settings
· Even though single chip RF is optimized for CA operation, power consumption could be worse if low measurement period is configured
· Unfair to penalize UEs that are actually optimized for CA operation
· Could make the design choice more difficult (single chip vs. discrete?)
· Activation/deactivation was introduced to enable power savings
· Not allowing interruptions makes activation/deactivation almost meaningless
· Power consumption is very important part of user experience

· 0.5% interruptions will have almost no impact to the user experience, however, faster battery drain will definitely have an impact on the user experience
· When the number of component carriers will increase the wasted power will also increase

· The number of idle RF chains is the same as the number of deactivated CCs. The UE may be forced to keep more than one RF chain(up to 4) on all the time, the amount of power wasted will increase linearly
3. Conclusion
In this paper we revisited the issues associated with single chip RF solutions for carrier aggregation. We reiterate our previous proposals of allowing interruptions during SCC measurements when SCell is deactivated for shorter measurement cycles.
Proposal: Allow 0.5% packet drop rate for SCell measurement cycles of 320ms and 256ms from Rel.10.
This proposal maintains the current requirements that do not allow any interruptions when the shortest measurement cycle (0.5%) is configured by the network. Hence, if a very low PDCCH BLER is required in some corner cases the network can still configure this measurement cycle to avoid interruptions. 
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