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1. Introduction
RAN4 received an LS on on SCell activation/deactivation from RAN2 in [1]. In this LS RAN2 asks questions related to deactivated Secondary component carrier (and specifically SCell) and what kind of implications and benefits retuning reception bandwidth for deactivated intraband SCell could have on system and end user performance. In this contribution we try to evaluate the implications. We consider both power consumption implications as well as other issues like potential image problems, which have not really been addressed earlier in RAN2 or RAN4 discussions.
In our studies we especially focus on the Carrier Aggregation Scenario 3, which is also illustrated in Figure 1. We investigate challenges that may arise when Primary and Secondary component carriers are adjacent to each other but power differences that UEs experiences between PCell and SCell are noticeable e.g. due to different cell coverage areas. The Carrier Aggregation Scenario 3 has earlier been considered especially in the context of inter-band carrier aggregation deployments but currently specifications do not limit the CA Scenario 3 to inter-band case only. Also in general various HetNet deployment scenarios are likely to become more common, which further increases deployment and thus power differences between the carriers (or within on carrier) 
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Figure 1: Carrier Aggregation Scenario 3.
2. UE Power saving aspects for deactivated Scell
In this section we discuss the implications of RF retuning and UE measurements for deactivated intraband Scells on UE power consumptions. 

The measurement requirements which will be defined by RAN4 for deactivated SCCs have a significant impact on UE power consumption, since they will directly imply a certain level of baseband and RF receiver activity in order to search for, and measure cells on the SCC, which would otherwise not contribute to UE power consumption in the deactivated state.
Negative power consumption implications due to deactivated Scell measurement can be limited by not requiring too frequent SCC cell search and measurement activities and thus, related baseband processing for the secondary component carrier, when the Scell is deactivated. Further details on how to achieve this in the RAN4 UE measurement core requirements are discussed in our contribution [2].
Next we focus on further details on how the reception RF BW affects UE power consumption.
RF blocks; LNAs, down-conversion mixers, synthesizers:
In general, the reception BW does not have a significant effect on the power consumption of the LNAs and mixers, since at least the mixer is a wideband block and the frequency response of the LNA should be wide enough to cover the BW required for intraband CA.  In addition, the current consumption is loosely dependent on the RF frequency at least at typical 3GPP frequencies 700MHz to 2.6GHz  The local oscillator signal generation (frequency synthesizer and dividers) may consume some more current at the higher operational frequencies, although the difference between e.g. the 1-GHz and 2-GHz operation is typically rather small. One should also remember that generating the final quadrature LO signals from the VCO frequency may need several frequency dividers at the RF frequencies below 1 GHz. So, in that sense the current consumption difference between 1 GHz and 2 GHz areas is small, perhaps of the order of 3-5% of the total RX current consumption at most.
Analog BB filter: 
The typical baseband (BB) filter topology is based on op-amp RC technique (operational amplifier – resistor –capacitor). Since most of the receivers nowadays utilize direct-conversion scheme, the BB filters are of low-pass type. In a single carrier case, the maximum BW of the filter needs to be half of the widest reception bandwidth. To be able to design proper filters, the unity gain bandwidth (GBW) of the opamp needs to be greatly wider than the maximum filter corner frequency. For a single-stage op-amp the GBW increases along with the transconductance gm, and the gm is a square-root function of a drain-current of a transistor (assuming CMOS process is being used). When two contiguous carriers are received, the BW of the filter is doubled. To maintain the filter performance, the GBW needs to be doubled as well which roughly means four times increase in current consumption. Therefore, the baseband current consumption is determined by the maximum reception BW. When the RX is configured for narrower reception, the BW of the baseband filter is mainly controlled by RC-poles, not by decreasing the current consumption of opamps. Therefore the tuning of BW of the filters due to SCell activation/deactivation scheme does not affect the current consumption significantly. 
Analog-to-digital converter, ADC: 
High bandwidth ADCs are also based on opamp and comparator technology. Therefore, for the opamps, the current consumption analyses above could mostly be repeated here for the analogue sections. Wider reception BWs require ADCs implemented with sub-blocks running faster. The power dissipation of the digital blocks is linearly dependent on the clock frequency. Typical ADCs in cellular devices use sigma-delta topology. Therefore, a high clock frequency is useful to achieve large oversampling ratios and as a result good enough accuracy (effective number of bits). Clock frequency can be changed dynamically, allowing for a reduction of ADC power consumption when the ultimate performance is not required.
Digital Baseband Processing:

Most, of the processing in digital baseband is done on a per carrier basis, for example digital filtering, FFT blocks and cell search and measurement functions. The baseband power consumption therefore scales approximately linearly with the number of carriers that are to be processed, although there are considerable savings for deactivated carriers compared to carriers on which data reception at L1 is necessary. This saving is available whether or not retuning is allowed, so it seems reasonable not to consider baseband digital processing in this particular discussion, although it would naturally be important to develop RAN4 measurement requirements which  maximise the benefits of carrier deactivation in the digital baseband and this aspect should be considered in other RAN4 discussions e.g. on measurement requirements.
Summary: 

As a conclusion, the effect of larger BW in different blocks which should be considered for this analysis can be summarised as:
· RF parts; the effect of reception BW is rather small as long as BW stays reasonable.

· By optimizing the analogue BB filter according to reception BW some savings in the current consumption can be obtained. 

· The most current-hungry block is the ADC. Having a wide reception BW and sufficient dynamic range can consume significant amount of current.
3. Receiver schemes and image rejection
The simplified block diagram of a typical direct-conversion receiver (DCR) is presented in Figure 2. DCR is typically used in cellular UEs in GSM, WCDMA, HSPA, and single-carrier LTE modes (Rel-7/8/9). From integrated circuit development point of view, DCR has several advantages compared to other receiver types, such as low complexity and power consumption, smaller silicon area, and a lower number of off-chip components. To ensure the attractiveness of carrier aggregation capable UEs, it would be essential to be able to utilize a single direct-conversion receiver also with Rel’10 UEs as well. This is especially true, considering that rel10 CA capabale UE may also be configured for lower data rates and single carrier operation, and user expectations would be for similar or better battery life than legacy UEs when operating at lower data rates (in non CA-mode).
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Figure 2: Direct conversion receiver.

If a single receiver is retuned to be able to measure both the PCC and SCC by widening the reception band, clearly the bandwidth and the processing speed of the blocks following the down-conversion mixer, i.e. analog BB-filters and amplifiers, analog-to-digital converters, digital BB, etc., must be increased. The wider operational speed and bandwidth requirement will lead to higher current consumption in analog baseband blocks and especially in the ADC.
From the receiver point of view, having either a single signal source (local oscillator in the middle of the reception band) or two separate signal sources (LO between the separate carriers), the difference is somewhat different. In the former case, the receiver operates in direct-conversion scheme, and in the latter case it operates in low-IF (intermediate frequency) scheme. The separation between the DRC and low-IF receive modes is somewhat small since the block diagram of the low-IF receiver can be presented as in Figure 2 as well (digital image-rejection assumed). However, since there is information on both sides of the carrier, after the down conversion both signals are overlapping, i.e. the non-wanted image channel problem exists (see Figure 4 below). The image problem is a relevant challenge in other receiver topologies except direct-conversion, where the received signal strength at both sides of the carrier has nearly equal power. In other receiver topologies the image signal (signal with equal distance from the LO but at opposite side) is a challenge especially is the wanted and image signals have significant received signal strength difference. In order to emphasize the image channel problem in the case of low-IF receiver consider the simplified receiver block diagram below. 
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Figure 3: Simplified receiver block diagram with image rejection.

Assuming a single-RX UE, the local oscillator (LO) signal is located midway between the CCs (see Figure 4). Let the PCC and SCC signals be located on the left-hand and right-hand sides, respectively. For the following analysis, the received signals at the antenna input can be presented as follows:
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	SCC:                
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After quadrature downconversion and low-pass filtering, the received signals Q(t) and I(t) can be presented as follows:
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As can be seen from both equations above (and Figure 4), both the PCC and SCC signals are present at the same IF frequency. Because signals Q(t) and I(i) contain different information, the signals must be separated from each other. The image-rejection can be obtained by shifting either of the signals by 90° and summing and subtracting the signal appropriately. First, shifting the I(t) signal in (3) by 90° results in 
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Then, the wanted signals can be obtained as follows:
	PCC:                   
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	SCC:                   
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As is seen, the PCC and SCC signals can be fully separated. The image rejection scheme can be implemented either in digital or analog domain. If the received PCC and SCC signal strengths do not differ significantly the in-band linearity requirements and the dynamic range requirements for the ADC are reasonable. For example, in WCDMA this is the case since the base station (BS) controls the powers of the own adjacent channels keeping the powers at the antenna input close to each other in order to maximize the system performance [3].
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 Figure 4: Simplified reception scheme in a low-IF receiver. 
In practise, due to imperfections such as component mismatch in down-conversion mixers and analog baseband filters and the quality of quadrature signals from the local oscillator, in there is a finite amplitude and phase balance between the I and Q branches. For example, if there is a slight amplitude deviation ΔA in the signal Q(t), the analysis above can be repeated as follows. The amplitude of the down-converted and filtered signal at Q-branch given in (3) is multiplied by (1+ ΔA).
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	Then, the received PCC signal would result in:
	

	PCC:                   
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As can be seen from (9), after quadrature signal processing there is still image signal left. The ratio of the received signals can be calculated as follows:
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Clearly, if there was no amplitude imbalance present (ΔA = 0), the power ratio would be infinite. Due to the finite amplitude balance, a fundamental image rejection IRRfund is present. Furthermore, if the SCC (or any interference signal at the frequency area reserved for SCC) has ΔP dB larger received power compared to PCC, the total image rejection is decreased by the amount of ΔP. Likewise, reception of SCC is corrupted is PCC has larger reception power. In the next section we show our initial studies how large power differences the UE may observe between PCC and SCC and thus, how large ΔP can be.  
Observation 1: Any received signal strength imbalance ΔP between PCC and SCC will decrease the image-reject performance accordingly. 
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Figure 5: Down conversion and image rejection schemes with finite IRR.
4. Power differences between PCell and SCell in Scenario 3

In [4] we present our simulation results for measurements of deactivated secondary carriers using the RAN4 agreed simulation assumptions [5]. In these simulations Primary and Secondary component carrier are assumed to be on different frequency bands 800 MHz and 2GHz and therefore ~8.4 dB pathloss difference is assumed between the two carriers.  If in the same scenario 3 PCell and SCell were on adjacent carriers, the UE would not observe this 8.4 dB average pathloss difference between the carriers. However, due to different cell coverage areas for Primary and Secondary component carriers in the Scenario 3, UEs are likely to experience quite noticeable power differences between PCell and SCell in a given UE location. 
Using the simulations presented in [4] we have tried to investigate in the Scenario 3 how large power differences UE could experience between PCell and SCell which are adjacent to each other.  In Figure 2 we present CDF curves for RSRP power differences between Primary and configured Secondary component carriers using 200 ms RSRP measurement periods.  Both the 3 km/h and 50 km/h cases have been simulated
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Figure 6 RSRP power differences between PCC and SCC
Due to approximately 8.4 dB average pathloss difference between the carriers, we see that 50%-ile CDF point is ~ at 8.4  dB (especially in 3km/h case). RSRP measurement filtering and UE speed naturally also impact the statistics somewhat. If we disregard ~8.4 dB power difference between PCell and configured SCell, we can still observed significant RSRP differences between PCell and SCell. This remaining power differences gives an indications of PCC and SCC power differences, which UE might observe in the Scenario 3 if PCC and SCC were adjacent carriers.
For intraband CA, when the mobility is primarily performed using PCC and thus PCC is kept unchanged most of the time (i.e. inter-frequency handovers for changing Primary Component Carrier are only rarely performed), the RSRP power differences between adjacent PCC and SCC is likely to vary with the magnitude indicated by Figure 6 (after taking into ~8.4 dB pathloss difference due to the inter-band simulations).
From these initial results we can observe that even without considering any UE Rx power differences due to different traffic distributions on PCC and SCC, the UE can significant power differences between PCell and SCell. In case deployment differences between PCC and SCC are even more different in the future CA deployment scenarios, it is expected that the UE may experience even more significant power differences between PCC and SCC. Furthermore, it is the finally network’s RRM strategies and how frequently activation and deactivation of SCell is done, which define how large Rx power differences UEs are likely to observe between Scell and Pcell. 

It is probably worth noting that in the results presented in [4] PCC changes between two carriers are enabled through inter-frequency handovers although both of the layers PCC and SCC have continuous coverage. This naturally limits the situations where the RSRP of SCC is large than the RSRP of PCC but with another RRM and mobility strategy SCC will more frequently be the stronger component carrier in a given location. 
5. Discussion on potential image rejection issue
In typical direct-conversion receivers, e.g. in WCDMA, the received signal strength at both sides of the carrier has similar power level. Therefore, the image-reject requirement is quite modest – say 20 dB. Also in case of DC-HSDPA co-located cells with very similar coverage area and thus similarly power levels need to be used. For instance, serving cell both for the primary and secondary carriers change simultaneously whereas in the CA scenario 3 PCC and SCC coverage areas are significantly different and thus, power difference between PCC and SCC may also be rather large even with the same basestation Tx power.

From the receiver design point of view it would be beneficial to be able to use the same RX path also in case of dual-carrier on adjacent carriers. However, as mentioned earlier, when two separate carriers at different sides of the LO are being received, the receiver will operate in low-IF mode. With a similar IRR performance to that required by RAN4 for rel8/9 E-UTRA, would mean that the down-converted image signal could corrupt the reception if the SCC signal is stronger than the PCC (or vice versa, if PCC is being received and SCC is the stronger one). Depending on the received signal power levels, noise sources and interferers, the image channel may become one of the major noise contributors. E-UTRA specifications require an IRR of 25dBc, hence the additional noise contribution can start to become significant to overall system performance even when the carrier power offset is considerably less than 25dB (for example, limiting the potential use of 64QAM modulation on the lower power carrier), Based on this analysis, we believe that when the SCC is received at higher total power than the PCC (for example due to deployment scenarios) there is the potential for an image rejection issue. If both SCC and PCC are active, this is less of a problem because data will be scheduled more on the more favourable carrier due to normal link adaptation. However, in case the SCell is deactivated, downlink data must be scheduled by the PCell and in this case the image rejection of the SCC becomes more important. One obvious way of mitigating the problem is to allow the receiver to operate as much as possible for this case in  DCR mode rather than low IF mode, However, this can only be achieved by retuning the RF for measurements, so that SCC measurements can still be performed without gaps.
These image problems could also be avoided by avoiding CA deployment scenarios, where Primary and Secondary component carriers have rather different cell coverage areas and different power levels observed by a given UE in case of adjacent carrier CA. Considering that HetNet type of deployment scenarios are likely to become more common in the future and even co-channel macro – HeNB deployments are considered in the recent RAN1 eICIC studies, it may not be safe to make this type of a deployment limitations even for adjacent carrier LTE CA deployment scenarios. Even for coordinated deployments, we think there may be cases where some UE will experience power differences, depending also on deployment scenario and network RRM strategies for PCell/SCell switching. However, we would like to hear other companies views whether some further CA deployment scenario and possibly network RRM limitations could be made as an alternative.
6. Conclusions 
In the contribution we have considered power consumption implications related to returning of RF BW and UE measurements of Scell. We have also studied potential image problems, which may occur when deactivated Scell is stronger that Pcell. So far, we have analysed the impact of retuning related to downlink deactivation only, and additional analysis of the uplink should still be performed.
Based on the discussion in Section 2 we conclude that it is essential to avoid too frequent UE measurement on deactivated Scell in order to avoid unnecessary power consumption in baseband. UE Scell measurement aspects and related requirements are considered more in detail in [2]. Related to the effect of larger BW in different blocks in UE RF we concluded the following in Section 2:

· RF parts; the effect of reception BW is rather small as long as BW stays reasonable.

· By optimizing the BB filter according to reception BW some savings in the current consumption can be obtained. 

· The most current-hungry block is the ADC. Having a wide reception BW and sufficient dynamic range can consume significant amount of current.
In this contribution we have also discussed issues related to receiver implementation in case, where a single RX path is retuned to be able to receive both the PCC and SCC signals on adjacent carriers even if SCC is deactivated. Due to RF retuning, the received bandwidth increases which will leads to higher current consumption in receiver blocks following the down-conversion mixer.
More crucially, it was shown that any received signal strength imbalance ΔP between PCC and SCC will decrease the image-reject performance in case of adjacent PCC and SCC accordingly.  To provide a means of mitigating this effect, it may be desirable to consider allowing RF retuning, so that the UE receiver can operate as much as possible in direct conversion configuration, rather than low IF configuration.
In section 5 we also discussed that image problems could be avoided or at least clearly limited by avoiding CA deployment scenarios, where Primary and Secondary component carriers have rather different cell coverage areas and different reception power levels for a given UE in case of adjacent carrier CA case. However, considering that HetNet type of deployment scenarios are likely to become more common in the future and even co-channel macro – HeNB deployments are currently considered in RAN1 as part of eICIC work, it may not be safe to make this type of deployment limitations even for adjacent carrier LTE CA deployment scenarios. Even for coordinated deployments, we think there may be cases where some UE will experience power differences, depending also on deployment scenario and network RRM strategies for PCell/SCell switching. We would like to hear other companies views whether some further CA deployment scenario and possibly network RRM limitations could be made. 
In any case in one way or another, solutions for avoiding significant power consumption increases due to activation and deactivation of Scell and measurements of deactivated Scell should be developed. It is critical that the specification enables means for avoiding image problems with typical and widely used RF solutions in order to make adjacent carrier CA successful feature in the future LTE deployments.
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