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1. Introduction
The performance of packet based wireless systems such as LTE relies heavily on the ability for the scheduler to perform channel dependent scheduling. The presence of accurate CQI on the NodeB side is a core component to enable successful operation of such a system. It is therefore important that the CQI is well-defined so that it can be tested and so that the scheduler obtain good knowledge of which transport formats the link to a certain UE can handle. A first step towards a more rigid CQI definition was taken in RAN1 meeting #50bis where it was decided that CQI should correspond to a recommended transport format, presumably corresponding to some fixed BLER target. In ‎[1], we describe additional aspects related to the CQI content and definition for frequency-selective CQI reports. The present contribution instead focuses on the measurement aspects of the CQI definition.

2. Discussion

2.1. Semi-Static Signaling of Nominal RS to Data Power Ratio for CQI Computation

In RAN1 meeting #50bis, it was decided that the UE shall not assume the RS to data power ratio to be known, at least for single codeword QPSK transmission. This thus opens up the possibility to perform fast power control in the downlink. It may be ok for the UE to not always know the power ratio for the purpose of demodulation. But when it comes to CQI computation, it is crucial that the UE has a reasonable assumption concerning the mentioned power ratio since CQI corresponds to a recommend transport format and the NodeB will suffer the least amount of link adaptation errors if it can follow the UE recommendation to as large extent as possible. Switching points for modulation and transmission rank are just two examples that depend on the absolute SINR values in the UE and these switching points are particularly hard to predict when a certain codeword experiences several different SINR states . Thus, there is a need to semi-statically signal a nominal RS to data power ratio for the purpose of CQI computation. Even though the NodeB may choose to apply fast power control and thus degrade the accuracy of the CQI reports, such a signaling mechanism would at least make it possible for the NodeB to avoid the CQI degradation problem altogether if it deems it beneficial. For cases when fast power control would be used, the NodeB can reduce the CQI degradation since the dynamic range of the uncertainty in the power ratio can be reduced by appropriately adjusting the nominal level.
2.2. Interference Averaging in the UE

Due to dynamically time-varying transmission properties in the interfering cells, the inter-cell interference is of a highly bursty nature even in low mobility scenarios. The common case of bursty traffic patterns in low load situations causes fast fluctuations of the transmission power on the different RBs in the interfering cells. The use of fast power control increases the burstiness even further. Multi-antenna schemes using channel dependent precoding introduce subframe speed variation of the spatial properties of the transmission, leading to highly time-varying interference as seen by the UE (also known as the flash light effect).

In essence, the interference basically exhibits strong variations from one subframe to another and is essentially unpredictable. This is illustrated in Figure 1 which depicts the time variations of the own channel power and the interference, i.e. the C-part and the I-part in the CQI. The difference between the C and I curves represents the instantaneous CQI. Clearly, the instantaneous CQI becomes as bursty as the interference. So by the time the CQI has reached the scheduler, which may be on the order of 5 ms, the CQI of the scheduled channel is typically completely different due to the bursty interference. Note that this is the case even when there is no mobility in the network. The burstiness thus leads to large errors in the CQI and hence hurts the scheduling and link adaptation. 
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Figure 1: Illustration of how bursty interference plus noise (denoted I) is essentially non-trackable and how it adversely effects an instantaneous CQI measurement. 
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represents a filtered version of I offering a stable reference for an interference filtered CQI reporting approach.
A fundamental problem with instantaneous CQI reports is that two quantities of widely different character are mixed into one value of the channel quality. The C-part is predictable and varies with the own channel fading at a relative low rate (for reasonable mobility where channel dependent scheduling and link adaption may work) whereas the I-part is highly non-predictable and typically changes completely even from one TTI to another. Thus, by the time the CQI has reached the NodeB, the interference has changed completely. Attempting to track such a non-predictable and quickly time-varying quantity only increases the signaling overhead and forces the scheduler to employ unnecessarily high back-offs. A classical approach to handle this problem is to let the NodeB filter the received CQI values. This however obviously has the drawback that also the much more stable C-part risks becoming degraded due to the extensive filtering needed to cope with the bursty I-part. In addition, the CQI needs to be updated at a much higher rate to support the filtering conducted on the NodeB side.

Clearly, the filtering should be performed on the UE side which has separate access to the C and I parts. The UE can then filter the bursty interference in time and frequency, providing long-term information about the average interference level and thus not reporting instantaneous interference levels since they are anyway of limited value. Note that the average interference level can be viewed as a form of MMSE estimate of the actual interference at the future scheduling instant under the assumption that the interference signal is a stationary temporally white random process. 

The C-part would be left unfiltered since it is a trackable quantity. The filtered interference serves to give a stable reference for the interference part when essentially computing the CQI as C/I (or C - I in dB scale). This is illustrated in Figure 1 from which it is realized that the interference filtered CQI is a much smoother signal than its instantaneous counterpart. The NodeB can then focus on scheduling according to the physical channel’s quality variations instead of having to cope with non-predictable interference. Consequently, signaling overhead will be reduced since the reporting periodicity can be set for the slowly varying C-part instead of trying to track the non-predicable I-part in order to get sufficient statistics to filter the dynamics on the NodeB side.

The support of interference filtering on UE side is particularly important for the best-M kind of CQI schemes that are now part of the LTE standard. These schemes focus on reporting CQI for the best subbands over the bandwidth, exploiting the fact that there is a preference for the scheduler to schedule a UE on its best subbands. Thus, it is critical that the selected subbands remain a good choice even by the time the UE is scheduled in the downlink. If the subband selection is based on instantaneous CQI, there is a high risk that the UE will select subbands with momentarily low interference instead of the subbands with strong own channel. This effect is pronounced by the fact that fading dips are usually very deep (corresponding to weak inter-cell interference) and sharp whereas the fading peaks (leading to strong inter-cell interference) are smoother and do not deviate from the average as much as the fading dips. Designing the CQI reporting under the assumption that it is possible to track the sharp dips of an already bursty interference does not seem like a robust solution – we essentially risk having “random-M” instead of best-M. 

We thus propose to introduce NodeB configurable interference filtering over time and frequency in the UE. Such a scheme could be as simple as letting the UE measure the interference Ink at time instant n and RB k and then applying a NodeB configurable forgetting factor λ to filter the Ink values in time and frequency. This would produce the filtered interference value 
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. The UE would then assume for the purpose of CQI computation that the noise plus interference is a spatially and temporally white additive Gaussian noise process with variance 
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.  This ensures that if the noise plus interference indeed satisfies those properties, the instantaneous CQI equals its interference filtered counterpart.

2.3. Part of Subframe Used for Interference Measurements

In order to really benefit from the CQI reporting, it is important that the CQI reports provide reliable and useful information about the inter-cell interference to the scheduler. As previously discussed the introduction of interference averaging is one corner stone in achieving this goal. Another important factor to consider is which part of the subframe should be used for estimating the interference. Clearly, the estimated interference should represent the interference the UE sees on the PDSCH. But in a synchronized network, such interference is not present during the entire subframe since the control signaling can occupy up to the three first OFDM symbols. The control signaling may be power controlled in an entirely different manner than the PDCCH and, the utilization of the resource elements (REs) during the control signaling, may be different from the utilization of the data REs. The situation is even worse for the multi-antenna case where the control signaling uses transmit diversity schemes while the PDSCH may very well employ precoded rank adapted spatial multiplexing giving rise to entirely different interference properties. This makes it clear that the interference computation in the UE should not be based on measurements on the OFDM symbols that may bit hit by PDCCH interference. Thus, for frame structure 1, the interference measurement should not utilize the data from the three first OFDM symbols.

3. Summary and Conclusions

This contribution discussed several aspects of the CQI measurement methodology. The possibility to perform fast power control in the downlink, the typically highly bursty inter-cell interference and the placement of the control channel versus the PDSCH all have substantial impact on the CQI estimation accuracy. To address the problems related to these areas, we propose the following:

· It should be possible for NodeB to semi-statically signal a particular UE the nominal RS/data power ratio that shall be used for CQI computations

· Note: This is regardless of modulation order

· NodeB configurable interference averaging in time and frequency on the UE side

· The interference is filtered producing some interference plus noise variance 
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· When computing the CQI (i.e., recommended transport format), the UE shall assume that the noise plus interference is a temporal and spatially white Gaussian process with variance 
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· The filter parameters can be semi-statically configured by the NodeB

· A simple forgetting factor approach is used

· The filter parameters can be configured so that an instantaneous CQI report may be obtained if so desired.

· The filter parameters can also be configured so that the filtered interference corresponds to the average interference level.

· The interference estimate should reflect the interference situation on the PDSCH and hence not include interference in OFDM symbols potentially hit by interference from the control channels of other cells

· Implying that for frame structure 1, the interference in the three first OFDM symbols shall not be included in the interference estimate.
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