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1. Introduction
In RAN4#57AH and RAN4#58, a number of contributions on RSTD performance requirements were considered, and a way forward was agreed in [1] according to the following general principles
·  The UE shall perform RSTD measurements on the non-configured SCC using measurement gaps
· RSTD inter-frequency accuracy requirements apply
· RSTD inter-frequency measurement reporting delay requirements apply
· The UE shall perform without measurement gaps RSTD measurements on the configured SCC, which may or may not be activated
· RSTD inter-frequency accuracy requirements apply
· RSTD intra-frequency measurement reporting delay requirements apply
Following our review of the recent agreements, we think that in certain circumstances there may be difficulties in measuring configured SCC without gaps, at least in certain CA deployment scenarios and we provide further analysis on the topic. Specifically one significant issue which we think should be considered is the impact of RF image when a direct conversion receiver architecture is used for CA.
This contribution is further updated to address comments made in RAN4#58
2. Image analysis in direct conversion receivers

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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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
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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
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(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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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. Impact on PRS reception

In single carrier PRS measurements, PRS muting patterns are typically used by the serving cell to enable the positioning reference symbols of weaker neighbour cells to be detected and measured, since there may be a loss of orthogonally from other, stronger PRS due to either reuse of the same cell specific frequency shift  
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or propagation differences extending beyond the duration of the cyclic prefix which can cause partial time overlap even for cases which should in principle be orthogonal.
Considering now the situation when PRS timing is measured, it can be seen that the PRS of a neighbour cell (for example on SCC) will suffer from the RF image of a subcarrier on the other frequency (for example PCC).  RAN4 has discussed (but not yet concluded) that a  
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= 25dB would be sufficient for demodulation purposes, however this is under the assumption that PCC and SCC are of roughly equal power.  For the case of neighbour PRS timing measurement, the neighbour signals are likely to be clearly weaker than the serving cells. A simple analysis to get an idea of how often this could occur was performed. Pathloss for serving and neighbour cells was evaluated according to
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The factor of 128.1 assumes 2GHz operation. If we assume users are located on a line directly between the serving cell to the neighbour cell, and both are operating at the same transmit power we can derive a cumulative distribution for the difference between the serving cell pathloss and the neighbour cell pathloss. For 1732m ISD, the results are shown in figure 8
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Figure 8 : CDF for difference between Pserving and Pneighbour
These results show that approximately 35% of the time, there is a 25dB or greater pathloss difference between the serving cell and a tier 1 neighbour cell. While this is based on a rather simple 1 dimensional model neglecting fading and antenna pattern effects, it is nevertheless true that large pathloss difference between serving and neighbour cells can commonly occur. This is the case even if we consider CA deployment scenarios with identical coverage on PCC and SCC, and the situation would likely be worse for carrier aggregation scenarios such as scenario 3.1 considered in the RRM work 
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Figure 9: Carrier Aggregation Scenario 3.1
Based on equation (5), 
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and it can be concluded that a subcarrier image rejection ratio of 0dB or worse can easily occur with relatively high probability (35% or more), even assuming the same transmission power for both the PRS symbols and the symbols on the interfereing subcarrier.
Release 9 RAN4 minimum performance requirements specify a side condition of 
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 PRS positioning occasions. Effectively, an IRRsubcarr of 0dB would mean that neighbour cells can probably only be measured with 
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(-10 dB, and this is certainly not the worst case – looking at the CDF in figure 1, approximately 20% of the time the IRRsubcarr could be -13dB or worse (38dB pathloss difference) and the RF image alone would make RSTD measurement of the neighbour impossible. Hence it can be seen quite likely that the serving cell activity on the other carrier harms the ability to measure neighbour cell PRS on PCC or SCC without gaps.
This analysis neglects practical implementation issues other than IQ imbalance and the resulting RF image. In practice, the design of analogue to digital converter resolution and automatic gain control may also be sufficiently impacted impacted by the need to measure a distant neighbour on one carrier while at the same time correctly demodulating data from both PCell and SCell.
We summarise the findings as follows
Observation : For intraband adjacent carrier aggregation and RSTD measurements without gaps, using a direct conversion receiver, RF images may significantly impair RSTD performance compared with a UE not configured for CA.
For single carrier operations, PRS muting is a technique which improves the hearability of neighbour cells in the presence of a strong serving cell. Considering the CA case with primary and secondary serving cells, PRS muting cannot mitigate against RF image from the serving cell on the other frequency. The fundamental IRR of the UE receiver provides some level of protection, but nevertheless the initial analysis indicates that there can often be significant degradation to RSTD measurement from the RF image
4. Discussion
Based on the discussion in sections 4 we can see that for intraband CA and common UE receiver architectures, there is a significant risk that RF images will degrade the ability of the UE to measure RSTD on neighbour cells. There would be a few solutions that could be considered. Otherwise, RSTD measurements have significantly higher UE complexity in CA while potentially offering worse performance.
· Allow the UE to stop monitoring the PCell (or SCell) while making RSTD measurements. 
This can be considered as a kind of autonomous measurement gap and appears a feasible approach, however, in that case it may be desirable to reconsider the delay requirements in [1] for RSTD measurements to avoid too frequent interruptions.
· Revisit the decision to perform RSTD measurements in carrier aggregation without gaps.
One benefit of this approach is that it gives the packet scheduler visibility of the times when the UE may not be receiving PCell (or SCell). However, there may be signalling implications for this kind of approach, because in principle gaps are needed to measure both the PCC frequency (to avoid the SCell image) and also to measure the SCC frequency (to avoid the PCell image).
· Reconfigure the UE to single carrier mode when positioning session is ongoing.
While avoiding RF images, this approach is probably quite undesirable because it requires further actions from the eNB while the positioning session is controlled by eSLMC. Moreover, it would not be desirable to increase the complexity of CA UE to support RSTD measurements on several configured carriers if the capability is not used in practise.
Based on these possible solutions, we think perhaps the most feasible one is to allow the UE to stop monitoring the PCell (or SCell) when making RSTD measurements so that RF images can be avoided. In this case the agreements about delay requirements in [1] also need to be revisited to avoid too frequent gaps.
The RF image problem is mainly relevant to the situation where a UE uses a single RF for intraband contiguous carrier aggregation. Under the proposed approach, UE can autonomously decide if it needs to reconfigure the RF and the network does not need to be aware of the UE architecture. While autonomous gaps(or other solution) would not be likely necessary for interband CA RSTD measurement, we believe it is desirable to have a generic core requirement for RSTD in CA which can be applicable for both intraband and interband cases.
When these issues were presented in RAN4#58, a number of comments are made which are now addressed.

· An Image rejection ratio of 25dBc has now been agreed

This was already assumed in the analysis provided for RAN4#58. However, this value is now confirmed by RAN4, which makes the further analysis on the impact on RSTD more straightforward.
· Is the problem restricted to intraband contiguous CA?

We agree it is rather likely that the receiver architecture with one receiver is only applicable for intraband CA, and for interband CA it is likely that separate RF chains are used for the aggregated bands. This means that in principle there would not be the same issue for interband CA. On the other hand, it is highly desirable to have  common performance requirements for intraband and interband CA whenever this is feasible; from a baseband and algorithm point of view it is not very desirable to have to make different implementation for interband and intraband CA. 
· It was commented that image rejection may be a generic issue, not related to release 10 carrier aggregation.
Although there will be receiver images in a release 9 receiver also, there are two important differences. The first  point  is that when muting is used, the serving eNB could be expected to mute data transmissions in PRS occasions as well as the PRS transmission itself. For example [2] indicates that during the time that cells are muted they should either transmit no PDSCH, or a small number of RBs on PDSCH to improve the hearability of the PRS being measured.
Clearly, if no muting is used, there is the potential for images to affect the release 9 PRS measurement also. If muting is used in release 9 then this would also be expected to be effective in improving the hearability of neighbour cells by reducing the possibility of a strong RF image since there will be no, or small transmission on the image frequencies. In order to use the same methodology with two carriers, simultaneous muting of cells on the PCC and SCC would be needed. This may be more difficult to ensure than for the single carrier case.
The second aspect which should be considered is the possible deployment scenarios like scenario 4 or 5

	#
	Description
	Example

	4
	F1 provides macro coverage and on F2 Remote Radio Heads (RRHs) are used to provide throughput at hot spots. Mobility is performed based on F1 coverage. Likely scenario when F1 and F2 are of different bands, e.g., F1 = {800 MHz, 2 GHz} and F2 = {3.5 GHz}, etc. It is expected that F2 RRHs cells can be aggregated with the underlying F1 macro cells.
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	5
	Similar to scenario #2, but frequency selective repeaters are deployed so that coverage is extended for one of the carrier frequencies. It is expected that F1 and F2 cells of the same eNB can be aggregated where coverage overlap.
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If RRM requirements are to be defined for CA RSTD measurements, they should also be valid for these scenarios if not explicitly excluded by specifications. Considering for example, scenario 4, it is quite likely that UE in the vicinity of the remote radio heads will have their PCC switched to F2 (the remote radio head frequency), and F1 will be the SCC. On the other hand, due to the non continuous coverage on F2, it appears that frequency layer F1 (the SCC) is the more useful CA frequency as far as RSTD measurements are concerned. Since there is only hotspot coverage on F2, it may not be possible to detect any neighbour PRS on F2.
If measurements are performed on F1 without gaps in this scenario then the receiver bandwidth necessarily includes F1 and F2 while the RSTD measurements are being made. According to conclusions based on  system simulation results in [3], the instantaneous RSRP of PCell can even be more than 30 dB higher than the instantaneous RSRP of SCell with ~10-20 % probability in this scenario. Noting that we may want to measure PRS from a distant SCC neighbour in this configuration, a 30dB higher PCell power would be a problem.
Another aspect to consider is that the need for gaps is indicated to the eNB by RRC signalling from the UE. Thus the rules for when gaps are/are not requested for RSTD measurements should be well defined, The UE is not aware of the deployment scenario, so cannot take that into account when requesting gaps or otherwise for the measurement.

In summary, although receiver images can be expected even in a release 9 UE implementation operating witout carrier aggregation, the following additional factors should also be taken into account
· Muting of PDSCH in a release 9 UE will mute the image frequency. This cannot be assumed for a CA UE unless both the PCell and the corresponding SCell are muted simultaneously.

· The dynamic range of CA signals at the receiver has the potential to be greatly more than a release 9 signal. While RRM strategies may ensure that the PCell is assigned to the strongest frequency, this then means that the SCC RSTD measurements may be problematic. This would, of course, affect normal mobility  measurements also, however the case appears to be worse for positioning measurements because of the need for hearability of neighbours. Also, while it may be acceptable for normal mobility measurements of the SCC to fail in case the SCC is temporarily not usable, the SCC may be the critical one as far as poistioining is concerned.

5. Conclusions
In this contribution we have analysed the impact of RF images that occur in a direct coversion receiver on RSTD measurements for carrier aggregation. In this case, we believe that the RF image of a primary or secondary serving cell will have a negative impact on the ability to measure PRS on the other component carrier. Based on some initial pathloss analysis, we think that the probability that RF images will impact the measurement of neighbour PRS are significant. The contribution has also been updated to address comments made in RAN4#58
 Some solutions for addressing this aspect have been presented, however, views of other companies on the appropriate way forward would be welcome. In considering the appropriate solutions we could consider
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