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1. Introduction
In this contribution we discuss image rejection for intraband adjacent carrier aggregation. First we provide some analysis of the impact of LO imbalance and discuss also the need for higher resolution analogue to digital converters to deal with a large carrier power difference. We also discuss the system simulation results, and the power imbalance which may be seen in practical scenarios. Finally we propose further work which we think it would be beneficial to look at, since there are clear tradeoffs to be performed, and RAN4 should discuss and decide on those. We provide further considerations on how image rejection would relate to measurements of deactivated SCells in a companion contribution [1].
2. Image analysis in direct conversion receivers
In [2], potential image problems, which may occur when deactivated SCell is stronger that PCell, were introduced. In this section, we provide further details of image rejection in intraband carrier aggregation, assuming direct conversion receiver architecture. Figure 1 shows a simplified block diagram of a direct conversion receiver (DCR), in which the RF signal is demodulated to quadrature components using an idealised local oscillator.
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Figure 1: Direct conversion receiver architecture
To receive an adjacent carrier aggregation signal, it is assumed that the local oscillator frequency would be centered between the two carriers of interest, so that RFL(t) represents the lower LTE frequency and RFU(t) represents the upper frequency. An ideal local oscillator can be modeled by the complex signal
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(1)
In frequency domain, this represents a single tone at frequency -fLO.
Considering a more realistic unbalanced local oscillator, this can be represented by the signal
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where


[image: image4.wmf](

)

(

)

f

f

j

j

ge

K

ge

K

-

=

+

=

-

1

2

1

,

1

2

1

2

1






















(3)
In (2) and (3) g represents the amplitude/gain ratio between I and Q branches and 
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phase deviation from the ideal 90° phase difference. In the frequency domain, (2) represents two tones at frequencies -fLO and +fLO.The spectrum of an ideal local oscillator is shown in figure 2a and an imbalanced LO is shown in figure 2b. For simplicity, only gain imbalance is depicted in figure 2b, i.e. g ≠ 1 and ϕ = 0. 
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Figure 2: a) Ideal local oscillator (left),  b) imbalanced local oscillator (right)
Now, considering the receiver in figure 1, figure 3a shows demodulation using an ideal local oscillator and figure 3b shows the same demodulation with an imbalanced LO. 
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Figure 3a: Demodulation with an ideal local oscillator
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Figure 3b: Demodulation with an imbalanced local oscillator
In figure 3a, the wanted signal is mixed to a frequency just above DC, and there is also a component at -2fLO which may be effectively removed by the low pass filters in figure 1. In figure 3b the situation with an imbalanced LO is shown.
Considering a direct conversion receiver, the LO is placed in the middle of the channel of interest. After down-mixing, there is useful information at both sides of the zero frequency. Due to imbalanced LO, spectral components from both positive and negative carriers are overlapping causing the “image” problem which is illustrated in figure 4.
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Figure 4: Direct conversion receiver with an imbalanced local oscillator
Classically, the image rejection is given as the ratio between the squared amplitudes of the original component and the image signal, e.g. for figure below & left, IRR can be evaluated as


[image: image11.wmf](

)

(

)

2

2

2

1

2

2

1

1

1

1

1

÷

÷

ø

ö

ç

ç

è

æ

-

+

»

-

+

=

g

g

g

RF

g

RF

IRR

U

L





















(4)
For a straightforward direct conversion receiver, it can be assumed that |RFU| ≈ |RFL|, i.e. both sidebands have equal amplitude In general, that is not the case, since due frequency mirroring different OFDM modulated subcarriers may have different instantaneous amplitudes and in carrier aggregation, there may be multiple carriers (with different instantaneous amplitudes falling within the receiver bandwidth).
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Figure 5: Image rejection ratio in a direct conversion receiver
For LTE, due to amplitude imbalance between the OFDM subcarriers, the per sub carrier IRR can be generalized as
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(5)
IRRfund represents the fundamental frequency dependent quadrature accuracy of the receiver analog parts, LO signal generation etc. 
Due to sub-carrier power fluctuation, the effective rejection IRRsubcarr can be better or worse than IRRfund. Generalized IRR analysis can be extended in a similar way for adjacent carrier aggregation receivers similarly.
Figure 6 below presents the down-conversion scheme of two adjacent RF carriers using imbalanced LO. Due to IQ imbalance, the carriers are overlapping after down-conversion, and this cannot be removed by any filtering scheme, since both carriers contain useful information.
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Figure 6: Images in adjacent carrier CA
Generalising the per sub carrier IRR analysis shown in figure 4, we get the result shown in figure 7 for intraband adjacent carrier aggregation. It can be seen that receiving two carriers with average signal strength imbalance will further degrade the worst-case IRRcarr , since it increases the possible ratio between 
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Figure 7 : IRR for adjacent carrier CA
In the example shown in figure 7, the per subcarrier image rejection ratio, IRRcarr is typically much better for the carriers on the right hand side of zero frequency, since these originate from the component carrier transmitted on higher power. The lower component carrier has a worse IRR and is more heavily interfered in the example both because it is a weaker signal to start with, and also because the interfering component carrier is stronger.
3. Dynamic range in RF-BB interface
In addition to the image problem discussed in section 2, the power difference between carriers (and subcarriers) also determines the receiver dynamic range, and especially the number of bits required in the analogue to digital conversion stages of the UE. For example, if we assume that a stronger SCell is deactivated but being received by the UE RF (e.g. due to retuning glitches not being allowed) then the RF receiver gain needs to be set so that there is no clipping in the analogue to digital converters. Since the gain of the blocks prior to ADC must be set according to the stronger signal, the amplitude of the weaker signal may not be sufficient to overcome the noise of the ADC and the required signal-to-noise ratio may not be reached. If the input signal level of the weaker carrier is at minimum detectable signal level according to release 8 or 9 specifications, the gain should be at maximum thus causing clipping in the ADC input due to the stronger signal. To prevent clipping and ADC be able to detect the weaker signal with adequate SNR, the dynamic range of the ADC should be increased. Assuming that the deactivated SCell is 12dB stronger than the PCell, then an additional 2 bits of ADC dynamic range would be needed compared to a release 8 or 9 UE to receive the PCell. 
As a rule of thumb, each additional bit of resolution doubles the power consumption of an ADC so it can be seen that supporting a large dynamic range has a high cost in terms of power consumption. This is in addition to the necessary increase due to wider bandwidth/higher sample rate needed for intraband carrier aggregation.
4. Discussion
In section 2 and 3, we have shown that dealing with carrier power imbalance will create additional complications in both setting requirements on local oscillator balance and UE dynamic range. In addition, the balance of the modulator in the eNB will play a similar role. As such, it is clear that the maximum instantaneous difference in carrier power which can be reasonably supported is a very important system level attribute which impacts UE power consumption, complexity, and cost. The next question which arises is how significant power differences can we expect to see in different carrier aggregation interband deployments.
In [3] we provided system simulation results for scenario 3.1, the topology of which is show in figure 8, where both carriers are adjacent. 
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Figure 8 : Scenario 3.1
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Figure 9 : PCell - SCell RSRP difference results with 2 UE per cell
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Figure 10 : PCell - SCell RSRP difference results with 10 UE per cell
In these results, we found that around 5% of the time, SCell RSRP was 10dB stronger than PCell, and similarly, around 5% of the time PCell RSRP was 10dB stronger than SCell. In these simulations, interfrequency handover was enabled, so that the PCell can be changed to the current SCell frequency and vice versa, if the handover criterion is met.
These results show that significant instantaneous power differences will sometimes exist if topologies like scenario 3_1 are used for intraband carrier aggregation. Moreover, these simulations do not show the full extent of the problem because they only show difference in RSRP, and not the instantaneous difference in RSSI between different subcarriers which depends on load of each cell, and the behaviour of the scheduler.
In [4], RAN WG2 said “RAN2 assumes that in all CA deployment scenarios the network is supposed to keep sufficiently low power imbalance between adjacent component carriers by utilizing efficient RRM strategies, for instance by keeping the PCell as the strongest cell and/or releasing any too weak or strong SCells (causing too big power imbalance).”
However the results indicate that even if such efficient RRM strategies are used, such as keeping the PCell as the strongest cell (in the average sense) there will still be a significant amount of time when the SCell is instantaneously stronger. Moreover, if the PCell is kept as the strongest cell, then the PCell image may have a significant impact on the accuracy of the measurements which can be performed on the SCell, especially the RSRQ, where the RSSI component will be affected by the power from the PCell. Hence we think that this is an important area which should be studied further.
5. Further work

So far, the simulation results in [3] show that there is quite likely to sometimes be carrier imbalance when scenarios such as 3_1 are considered. We propose the following steps to be performed.
1. RAN4 needs to discuss and develop core requirements for image rejection performance for intraband carrier aggregation. This work should be based on the assumption of a direct conversion receiver and consider practical complexity issues.
2. The power differences which can arise in different deployment scenarios could be studied further. At any rate, the core RF requirements will define the limitation on the scenarios in which intraband CA is feasible, and it needs to be understood when those requirements are being developed that certain scenarios are being excluded. Larger power differences could be expected to be seen in CA scenario 4 or 5, and these may prove to be more practical for interband CA than intraband CA.
CA Scenario 4 
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CA Scenario 5
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3. The effectiveness of RRM strategies in mitigating problems could still be considered further. Although the discussion of power imbalance arose from consideration of deactivated SCells and retuning, image rejection is a general problem. While it seems to be a valid strategy to try to ensure that the PCell is the strongest cell, due to delays and the dynamically changing situation there will still be times when the SCell is significantly stronger. 
4. It would also be highly beneficial to model more explicitly the effect of image rejection ratio at the system level. Unfortunately, due to the coupling created between both carriers (and all subcarriers), so far the modelling has been challenging, but it would be necessary to model in order to answer questions such as whether it would be better to allow retuning glitches on the PCell (which then allows the UE to switch to narrower bandwidth except at the moments when it is performing measurements) or would it be better to disallow retuning and accept the performance impact from the deactivated SCell image. Allowing retuning could be an important tool to mitigate such problems (at least when the SCell is deactivated), but this needs to be traded off against the impact of the retuning itself.
5. Impact on UE measurements from RF images could also be considered as part of the work. For example, if PCell is stronger than SCell (according to efficient network RRM strategy) then are the SCell measurements without gaps still sufficiently accurate.
6. Conclusions

This contribution has provided further analysis on the impact of power difference between component carriers in intraband carrier aggregation when received with a direct conversion receiver. Local oscillator imbalance leads to images such that PCell subcarriers are impacted by SCell subcarriers and vice versa. This already occurs when a direct conversion receiver is used to receive a release 8 or release 9 signal, but the power differences between component carriers are an additional effect when carrier aggregation is considered, and the maximum power difference which needs to be supported is an important attribute of carrier aggregation at system level.
The maximum power difference which can be supported will directly have implications for the cost, power consumption and complexity of UE designs and should not be over specified. On the other hand, not being able to handle larger power differences means that certain CA deployment scenarios may not be feasible for intraband carrier aggregation, and we think that this aspect needs to be discussed further in RAN4. RRM strategies such as ensuring that the PCell is always the strongest cell may be partially effective in mitigating problems, but they do not make the image disappear and the necessary delays in UE and network handover  mean that there will still be instants when the SCell is stronger than the PCell, and PCell demodulation is significantly affected.
Allowing RF retuning could still be one useful tool to avoid problems in case the SCell is deactivated, but further modelling would be necessary to understand the effectiveness and whether the PCell losses due to retuning, or the PCell losses due to image were greater. This would be scenario and traffic model dependent, so there might not be a definitive answer but there may be scenarios in which there are losses if RF retuning is not allowed. In addition, RF retuning in case of deactivated SCell would allow for some power savings although this might not be the main benefit, and it would seem difficult for RAN4 to reach consensus on this point.
We also discussed a way forward, and other work which we think it would be beneficial to carry out in RAN4 in order to ensure that intraband carrier aggregation is properly specified. At a minimum, RAN4 should understand the power differences between component carriers which need to be supported and define RF requirements accordingly. 
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