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1. Introduction
Release 11 introduces a new interference measurement mechanism based on the channel state information interference measurement resource (CSI-IM). Corresponding RAN4 testing framework and minimum performance requirements need to be agreed. The CSI-IM based measurements replace the previous unspecified mechanism, which in practice meant that UEs were acquiring highly erroneous interference estimates based on CRS REs that see an interference level highly different from the interference level for data on PDSCH. The issue of the observation interval for interference measurements over the CSI-IM was discussed in previous RAN1 meeting [1]
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 \* MERGEFORMAT [3] while in RAN#58 plenary it has been decided to further consider this problem in RAN4. In this paper we address the issues of interference averaging for CSI-IM.
2
Observation interval for CQI measurements in TS36.213
In LTE releases 8 to 10, the observation interval for deriving the reported CQI values is unrestricted in time and frequency. Essentially, this means that the UE may average over time channel estimates and interference estimates over multiple CRS/CSI-RS occurrences as long as the UE still meets the relevant performance requirements. Related to the averaging, current performance requirements essentially attempt to ensure that the UE provides proper sub-band CQI without averaging too much channel in frequency and time domain, interference in frequency domain, and that the UE provides proper CQI for each measurement subset, i.e. that the UE does not excessively average interference over different measurement subsets. Furthermore the requirements cover only low speed cases with a small reporting periodicity. Otherwise the UE is basically free to implement any kind of channel and interference averaging with current definitions. It should be also noted that in practice a considerable amount of averaging might be allowed, stemming from the fact that the CSI requirements are based on the worst performing implementation, not the average performance of all implementations as it is the case with the demodulation requirements.
RAN1 TS 36.213 specifications indicate the mechanism which should be followed when performing CSI measurements: “Based on an unrestricted observation interval in time and frequency, the UE shall derive for each CQI value reported in uplink subframe n the highest CQI index between 1 and 15…”.
The present RAN 1 specifications thus effectively leave it completely unspecified which CSI-IM REs may be used for interference measurement in the context of transmission mode 10 (TM10) in LTE release 11. Hence, there is no guidance to UE vendors over what resources the UE may average interference over. As a result the UE vendor cannot be certain which averaging granularity is appropriate considering its impact on system performance for the multitude of transmission strategies an eNodeB potentially can employ. 
Whether or not the UE averages the interference implies that the reported CQI reflects either instantaneous interference load or average interference load. In addition, since the performance requirements cover only low speed cases and a small reporting periodicity, UE is in principle free to do any kind of speed-dependent or CSI reporting mode –dependent channel and interference filtering and such algorithms are obviously completely UE vendor proprietary.

Hence, different UEs implemented in different ways in terms of channel and interference averaging will be providing fundamentally different types of CQIs. Typically, at the eNB side the CQI reports are further adjusted before scheduling using an outer-loop link adaptation algorithm (OLLA). This OLLA operation may comprise, in addition to for instance ACK/NACK -based offsetting of the reported CQI, for instance filtering of CQI reports over time. In addition to the need of additional CQI averaging, also the optimum OLLA parameters, for instance the OLLA offset change per ACK/NACK, the maximum OLLA offsets etc. may depend on how the UE does channel and interference averaging for the CQI reports. It should be further noted that the eNB is not aware of whether the UE is averaging the channel and interference and hence cannot tune the OLLA operation for each UE implementation separately. Thus we observe that: 
· From eNodeB perspective: current CQI definition risks that different UEs behave differently in terms of channel and interference averaging which the eNB is not aware of, hence making it difficult or impossible for the eNB to handle OLLA for all UEs optimally with one and the same algorithm. 
· From UE implementation perspective, it is extremely difficult to make CQI reporting perform well together with all envisioned OLLA and scheduler implementations given that these functionalities are completely proprietary to each eNB implementation. 
In other words, the current CQI definition while giving implementation freedom to both the eNB and the UE, might in fact lead to more difficult CQI adjustment and more complex CQI calculation/implementation in both the eNB and the UE, leading to suboptimal system operation.

The implications of the above issues have been observed in some real-life situations [1] [2] in which system performance degradation was seen due to poorly matching open loop link adaptation behavior with respect to the way the UE was performing CQI measurements, while with respect to other open loop link adaptation implementations the UE CQI reporting has been performing perfectly well. From the scheduler perspective at the eNB, different interference averaging strategies at the UE are not desired, as they lead to major challenges to the ACK/NACK based OLLA whose convergence behavior is highly dependent on the way the interference estimates vary in the CQI estimates. 

Thus, while the “unlimited observation interval” provides at first glance additional freedom for UE implementation, it also constitutes a problem from system performance perspective when different UEs from different vendors co-exist in one network, operate in various networks and have different behavior in terms of channel and interference averaging.
To avoid the problems associated with inconsistent UE behavior with respect to interference measurements, the RAN1 specifications need to offer clear guidance on which CSI-IM REs the UE is allowed to use for a particular measurement. Moreover, the newly specified interference measurement and channel state information feedback methods are supposed to serve the network operation in a flexible manner.

Based on the above observations, it seems clear that the specification should enable the eNB to match the OLLA functionality with the UE CQI measurement behavior. The natural way to do this is to restrict the measurement interval only to the latest CSI-RS and IMR occurrences before or in the CSI reference sub-frame. In this case, each CQI report would reflect instantaneous (per sub-frame) channel and interference statistics. This would provide the following benefits and properties:

-
Due to a more strict specification, UE behavior would become more harmonized across different vendors, enabling better OLLA optimization for all UE implementations. On the other hand, the specification will provide a clear guidance to UE implementation regarding the expected CQI estimation behavior.

-
The eNB would get more insight into channel and interference statistics experienced at the UE side – not only a longer term average, but also information about any dynamic interference fluctuations. OLLA filtering at the eNB side could be optimized accordingly.

· It is noted here that system simulations performed in RAN1 typically assume instantaneous interference load rather than averaged. It is not clear how the performance would change under the assumption of averaged interference that the specification allows currently.

-
In CoMP, eNodeB may expose IMRs belonging to different CSI processes to different intra- or inter-cell interference characteristics that may vary dynamically over time/frequency. Time averaging or excessive frequency averaging of interference at UE side within an IMR or across IMRs would go against the original design principles of the IMR.
- 
CQI reports may become more noisy because of more limited sample support, however the OLLA algorithm at the eNB may perform additional CQI filtering (in addition to adding the ACK/NACK –based offset) if needed.
Hence, our proposal is that the CSI-RS and IMR-based channel and interference measurements for deriving the CQI value at the UE side should be restricted only to the latest CSI-RS and IMR occurrence in or prior to the CSI reference resource. This may have an impact on the test case definitions in RAN4. For instance, it might actually need to be tested that the UE does not do excessive averaging in time or frequency domain.

3
CSI testing framework in TS36.101
The existing framework for interference/CQI testing dates from LTE Release 8, along with the corresponding minimum performance requirements for CQI. The key aspects of the Rel-8 methodology are summarized in the following:

3.1 


Verification of the CQI reporting accuracy under AWGN conditions (PUCCH 1-0, 1-1)
Channel: static; Interference: AWGN

The intention of the AWGN test is to ensure that the reported CQI (roughly) satisfies the condition of 10 % BLER in AWGN conditions, i.e. “a single PDSCH transport block with a combination of modulation scheme and transport block size corresponding to the CQI index, and occupying a group of downlink physical resource blocks termed the CSI reference resource, could be received with a transport block error probability not exceeding 0.1”. Both variance and bias of the reported CQI are verified as part of this requirement. Due to the granularity of the CQI, and the fact that the requirement needs to be passed in only one of two SNR points spaced by 1 dB, this requirement can be passed by a relatively large range of CQI biases, where CQI bias denotes a shift applied on top of the “correct value” derived based on RAN1 definition. An additional motivation of the AWGN test is to verify the CQI accuracy in the case of dual codeword MIMO (TM4 and TM9).

3.2 
Verification of the CQI reporting accuracy under frequency non-selective scheduling mode (PUCCH 1-0)
Channel: EPA5; Interference: AWGN

The intention of this test is to ensure that the UE does not apply excessive time-domain averaging on the channel part of the reported CQI. This is achieved in two ways: First, the variance of the reported CQI shall be above the specified threshold to properly capture channel dynamics over time, and secondly the relative increase of the throughput obtained with reported CQI compared to fixed transport format shall be above the specified threshold. In addition the BLER shall be above a certain value as to prevent severe under-reporting. Note that, in addition to verifying the time domain averaging, this requirement imposes some further limitations on the applied CQI bias.
3.3 
Verification of CQI reporting accuracy under frequency selective scheduling mode (PUSCH 3-0)
Channel: two-tap frequency selective channel with 5 Hz Doppler; Interference: AWGN

The intention of this test is to ensure that the UE does not apply excessive frequency-domain averaging on the channel part of the reported CQI. This is achieved in two ways: First, the sub-band differential CQI offset zero shall be reported at least % but less than % of the time for each sub-band, and secondly the throughput increase with follow-CQI shall be above a certain threshold. Similar to the frequency non-selective test, a sanity check is imposed on the BLER obtained with follow-CQI.
3.4 


Verification of the CQI reporting accuracy under frequency selective interference (PUSCH 3-0)
Channel: two-tap frequency selective channel with 5 Hz Doppler; Interference: piecewise AWGN

The intention of this test is to ensure that the UE does not apply excessive frequency domain averaging on the interference part of the reported CQI. This is achieved by verifying that the “low interference sub-band” is reported at least a specified portion of all reported CQIs. Similar to cases 3 and 4, the throughput gain from follow-CQI is verified as well.

3.5 


Other CQI test cases

In addition to the cases 1-4 above, the accuracy of the UE selected sub-band CQI (PUSCH 2-0, PUCCH 2-0) is verified by utilizing a throughput based criteria. Furthermore, a static CQI test was introduced for Rel-10 eICIC, which purpose is to check that UE performs channel and interference averaging correctly within each respective CSI sub-frame set. No BLER criterion was retained because the agreed Rel-10 reference receiver is unaware of CRS interference in almost blank sub-frames. Instead minimum requirements for CQI were derived in terms of differences between median CQIs reported for each CSI sub-frame sets. 
3.6 


Verification of IMR definition for CSI reporting in TM10
For CoMP CSI tests, one important aspect is to verify the proper usage of IMR in terms of interference measurements for CSI reporting. Thus, the introduction of a new test in TS36.101 is under discussion in RAN4. So far there have been some proposals in [4] for the design of an IMR definition test, in which a static CQI test based setup associated with multiple IMR resources configuration was proposed to verify interference measurement. In this proposal, the multiple IMR resources configured with different Iot levels are used to ensure no interference averaging across different IMRs. However, such proposal does not allow differentiating UE implementations with or without interference averaging within one IMR resource due to a fixed Iot level setting corresponding to a specific IMR resource. 

3.7



Summary

As discussed above, excessive averaging over time/frequency for the channel part is prevented to some extent by the principles governing current frequency non-selective/frequency selective tests respectively. Such protection is only partial: UE behavior in terms of channel/interference averaging still remains un-specified/un-tested in many cases such as e.g. higher UE velocity and larger reporting periodicities. RAN1 specifications lack information on what the CQI is supposed to represent in such conditions. Also, one of the root causes for the issues highlighted in Section 2 is that CQI testing methodology since release 8 is built on AWGN or piece-wise AWGN interference models. For the interference part AWGN model does not prevent averaging in time domain – on the contrary, performance only improves the more UE averages interference over time under such conditions. Finally, we also note that CQI is conditioned upon PMI, and whether PMI derivation should be based on instantaneous or averaged channel/interference statistics is also relevant for the discussion.
In general, upcoming discussions in RAN4 on TM10 CSI testing should try to clarify the CQI definition, especially whether it is supposed to reflect instantaneous or averaged channel and/or interference statistics. We highlight the fact that if statistics are to be averaged, averaging mechanisms should clearly be described in the specifications in order to ensure consistent UE behavior. Once the CQI definition is clarified, RAN4 can devise a suitable testing methodology. According to the discussion in the previous section, our view is that from system perspective a CQI reflecting instantaneous channel/interference statistics is preferable: this would ensure consistent UE behavior among various UE chipset implementations while freedom is left to eNodeB to further process CQI reports if seen beneficial.
4
Simulation results
Related to restricting the CSI measurements to be done based on one CSI-RS resource and IMR, a concern could be raised on the channel and interference (or CSI) estimation performance since there is no longer a possibility to average (almost) freely over time and frequency. However, instead of a loss in estimation performance, in typical fractionally loaded scenarios the performance can actually significantly improve:  As mentioned earlier, if the UE averages interference over multiple IMRs, the interference measurement will represent average interference load, whereas from eNB point of view the “correct” interference could be the instantaneous interference seen in one IMR sub-frame. On the other hand, as we have pointed out in this contribution, it would be quite risky for the eNB to assume averaged interference as this might not match with the UE CQI estimation behavior. 

It is further noted that in previous RAN4 studies [1], it has been concluded that the interference measurement accuracy using 4 REs/PRB IMR granularity is accurate enough while no concerns have been raised over the requirement of time/frequency averaging. Hence, it is only reasonable to assume that 4 REs/PRB are enough even without excessive channel/interference averaging.

Nevertheless, the performance of SINR estimation was further studied using extended link simulations including the impact of more realistic interference load. The UEs are dropped uniformly into a traditional 3GPP Case 1 hexagonal cell network using a single cell 4x2 precoded MIMO antenna configuration. The used channel model is the SCM Urban Macro. The interference estimate in the SINR estimate is estimated over a sub-band from the IMRs and averaged over one or two sub-frames that have active IMRs whose periodicity is 5 ms. Two system load cases are assumed, full load and 50 % fractional load which means that the physical resource blocks are allocated in the interfering cells with 50 % probability. The detailed simulation assumptions are listed in Appendix A.

Figure 1 summarizes the average SINR error, in dB domain, as a function of the geometry factor. It can be observed that averaging the SINR over 2 sub-frames improves the estimation performance only if the ideal reference is also averaged, i.e. in practice this would help only if the eNB assumption about the UE-side averaging would be known. Even in this case the performance improvement is negligible. Also as we have mentioned, there is no way currently for the eNB to know how much the UE is averaging, hence the concept of “correct” CQI does not exist in the current specifications. On the other hand, averaging only within a sub-frame over a sub-band provides good estimation performance.

If the estimate is compared against the instantaneous ideal SINR (1 IMR), i.e. no time domain averaging, significant losses can be observed. This is caused in the full load case by changing fast fading channel and changing precoding across the IMR instances. In the fractional load case comparison to non-averaged ideal SINR leads to a conclusion that averaging of the estimate is actually harmful if the target is to report CQI corresponding to the environment conditions during the specific IMR sub-frame. These results illustrate clearly that the CQI that the UE is supposed to report is a moving target and whether or not interference can be averaged totally depends on what the CQI is supposed to reflect in terms of interference conditions.
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Figure 1. Mean absolute SINR error with and without averaging for full load (left figure) and fractional load (right figure). “Ideal x IMR” is used to denote the assumed “correct” SINR which could be based on the assumption of averaging (2 IMR) or no averaging (1 IMR).

Observations:

· In full load scenario, there is negligible impact of interference averaging in terms of CQI performance.

· Averaging in time can also degrade the estimation performance depending on what the CQI is supposed to represent.

· In practical fractional load scenario, averaging interference over multiple IMRs may significantly increase the CQI error.

5
Conclusions

In this contribution we have discussed some aspects of the CSI reference resource definition in Release 11. In general, upcoming discussions in RAN4 on TM10 CSI testing should try to clarify the CQI definition, especially whether the latter is supposed to reflect instantaneous or averaged channel and/or interference statistics. Then, RAN4 can work on devising a suitable testing methodology.
Based on some real-life experiences and on presented simulation results, we emphasize the importance of specifying restrictions to the observation interval used for deriving the CQI value: our proposal is that the CSI-RS and IMR-based channel and interference measurements for deriving the CQI value at the UE side should be restricted only to the latest CSI-RS and IMR occurrence in or prior to the CSI reference resource. Allowing RAN1 to perform the necessary specification changes would also help RAN4 in focusing the CSI-IM testing methodology and the corresponding performance requirements. 
Our proposals are summarized as follows:

Proposals:

1. Discuss and clarify the CSI reference resource definition in terms of observation interval in time/frequency for both channel part - from CSI-RS, and interference part - from IMR.

2. Send LS to RAN1 to provide clear guidance that the CSI-RS and IMR-based channel and interference measurements for deriving the CQI value at the UE side should be restricted only to the latest CSI-RS and IMR occurrence in or prior to the CSI reference resource. RAN1 is asked to make the corresponding specification changes.
3. RAN4 devises a corresponding testing methodology for CSI reporting verification in TM10.
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Appendix A – Simulation assumptions

	Parameter
	Value

	Network layout
	Hexagonal, 3GPP Case 1

	System bandwidth
	10 MHz

	Carrier frequency
	2.0 GHz

	Antenna configuration
	4x2

	Channel model 
	SCM Urban Macro

	PDSCH resource allocation
	Full band

	Transmission scheme
	Single cell precoded SU-MIMO

	HARQ
	Enabled, up to 4 transmissions

	Codebook for CL-MIMO
	Rel-8 codebook for 4-Tx

	PMI granularity
	Narrowband

	Modulation and coding
	Link adaptation (OLLA enabled)

	CSI-RS configuration
	4-Tx CSI-RS, 5 ms periodicity

	CRS configuration
	2 CRS ports

	DM-RS configuration
	Rel-10 DM-RS

	Channel estimation for feedback
	CSI-RS: Realistic channel estimation

	Interference estimation for feedback
	Based on IMR (4RE/PRB density, 5ms periodicity)

	Channel estimation for demodulation
	DM-RS: Realistic channel estimation 



