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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 maximally accurate CQI on the eNodeB 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 may 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. Since then, RAN1 has spent most of its efforts on the design of the content of various CQI reporting formats and relatively less time on how to ensure that the CQI is measured in a manner so that the usefulness of the CQI reporting is maximized. The present contribution is an attempt to cover some of the measurement aspects of the CQI reporting and illustrate the substantial system impact of ignoring an adequate measurement methodology.

2. Discussion

2.1. Semi-Static Signaling of Power Measurement Offset for CQI Computation

In RAN1 meeting #50bis, it was decided that the UE shall not always 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 eNodeB 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 single codeword experiences several different SINR states as is the case when significant channel variations occur over the subband over which the CQI is measured. Thus, there is a need for the eNodeB to semi-statically signal a nominal RS to data power ratio for the purpose of CQI computation. This could take the form of a power measurement offset relative to some fixed ratio of the RS to data power and the UE should then carry out the CQI computation under the assumption that the resulting RS to data power ratio will be used. Even though the eNodeB 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 eNodeB to avoid the CQI degradation problem altogether if it deems it beneficial. For cases when fast power control would be used, the eNodeB can reduce the CQI degradation since the dynamic range of the uncertainty in the power ratio can be reduced by appropriately adjusting the power measurement offset. In addition, the support of power measurement offset allows the range of the CQI table to be extended.
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 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 of the CQI expression. 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.
To further illustrate the burstiness of the inter-cell interference, system level simulations have been conducted for a 4x2 MIMO system with full buffer traffic, 10 active UEs per cell, subband size of 4 RB for CQI and precoding, and PFTF scheduling. The eNodeB antennas were spaced 10 wavelengths apart to create an uncorrelated antenna setup tailored for codebook based precoding with dynamic rank adaptation. The total received power of the inter-cell interference was logged for each subband for a particular UE. Two examples of how the inter-cell interference power varies over time are given in Figure 2. It is seen that the inter-cell interference can vary substantially even from one subframe to the next with interference-level jumps sometimes on the order of 10 dB for the UE with the most bursty inter-cell interference (cell-edge UE). The channel dependent precoding and dynamic rank adaptation leads to a flashlight effect which is manifested as highly bursty inter-cell interference. It should be further noted that the inter-cell interference situation is likely to degrade even further for the more realistic scenario when the data buffers are not full. 
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Figure 2: Example from system level simulations of how the interference power might vary over time in a subband for two different UEs.
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 onesubframe to another. Thus, by the time the CQI report has reached thee 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 eNodeB 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 eNodeB 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 report 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 quantity that can be tracked. 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 eNodeB 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 eNodeB 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 eNodeB 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 an eNodeB configurable forgetting factor λ to filter the Ink values in time. To get sufficient statistics, averaging the interference over some window in the frequency domain also seems required. 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 complex 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 be hit by PDCCH interference. Thus, the interference measurement should not utilize the data from at least the first OFDM symbol, possibly up to the third OFDM symbol.

Another important factor to consider is whether the UE should measure the interference based on the REs containing RS or the REs containing data. Ideally, the interference should reflect the interference as seen on the data REs of the PDSCH. However, a UE that measures the interference on the RS REs in a system where no frequency shifting of the RS in the different cells is employed will only measure the interference due to interfering RS and thus not accurately reflect the true system load in interfering cells. This is especially problematic in lightly loaded scenarios where the data REs on the PDSCH on average may see only negligible inter-cell interference whereas the RS REs are hit by strong interference from the RS in interfering cells. Thus, in such a scenario, the UE will constantly report extremely pessimistic CQI values if it measures inter-cell interference based on the RS REs. This problem can to some extent be mitigated by shifting the RS positions in the different cells, but for eNodeB’s with two and four antenna ports, there are only three different shifts to play around with. This requires careful planning and is even in an ideal deployment using three sector sites with perfectly shaped cells not sufficient. Needless to say, not all sites use only three sectors, not to mention that in practice the cell shapes are often far from ideal making planning rather difficult. 

To investigate the impact on performance of various interference measurement strategies for CQI calculation, system level simulations were conducted based on the assumptions given in Table 1. The result in the form of a CDF of the user rates for various ways of measuring the inter-cell interference is depicted in Figure 3. The simulations target an ideal deployment with three sector sites in low load scenarios. Measurements on the RS REs will then be highly pessimistic with a corresponding large penalty on the system performance. This is evident from the figure which shows that even when an ideally planned shifting is performed and ACK/NACK based adjustments of the CQIs are performed, the median user rates are 35% higher if the UE can measure the actual interference reflecting the interference situation on the data REs. Clearly, there is a strong need to support interference measurements in LTE handling this problem since the system should be able to take advantage of low load situations in interfering cells in order to maximize the performance by scheduling more aggressively or using multi-layer transmission. 

One possibility for obtaining suitable interference measurements is to introduce cell specific holes in the resource grid where the PDSCH is normally transmitted. The position of the holes should hop in a pseudo random and cell specific manner so as to avoid the need of planning and faithfully reflect the various forms of interference the REs in the PDSCH may see. The density of the holes should be sufficiently high to provide reasonable accuracy of the interference measurements while still not introducing substantial overhead increase. A density of 4 holes per RB pair mimics the density of RS on the first OFDM symbol and therefore seems like a reasonable trade-off between overhead and estimation accuracy. This may be combined with the previously mentioned eNodeB controlled interference averaging in the UE so as to obtain stable inter-cell interference estimates.

An alternative to introducing empty resource elements is to let the UE measure interference on the data REs upon which it is scheduled. This does has no impact on the resource element grid but has the drawback that interference measurements can only be obtained when the UE is scheduled and not outside the resource allocation. Nevertheless combined with extensive interference filtering in time and frequency, this would provide the possibility for the eNodeB to get information about the long-term interference via the CQI reports. It however appears attractive if interference can be measured also when the UE is not scheduled so for that reason we prefer the approach of introducing empty resource elements.

Table 1: Simulation assumptions.
	Traffic and Mobility Models

	User distribution
	Uniform

	Terminal speed
	3 km/h

	Data generation
	File download traffic model, each user downloads one file of size 2 MBit.

	Radio Network Models

	Distance dependent path loss
	L = 15.3+20+37.6*log(d), d = distance in meters

	Shadow fading
	Log-normal, 8dB standard deviation

	Multipath fading
	SCM Suburban Macro

	Cell layout
	Hexagonal grid, 3-sector sites, 21 sectors in total

	Inter-Site Distance (ISD)
	500m

	General System Models

	Spectrum allocation
	5MHz

	Base station power
	20W

	Max antenna gain
	14dBi

	Modulation and coding schemes
	QPSK, 16QAM, and 64QAM, Rel-6 turbo codes, rates 0.07 0.09 0.11 0.13 0.16 0.20 0.24 0.29 0.35 0.41 0.49 0.56 0.64 0.72 0.79 0.86 0.91 0.95 0.97

	Channel estimation
	Ideal

	Channel quality estimation
	Measurement period of 5ms, measurement error N(0,0.5) in dB-scale independent between RBs

	Reuse
	Uncoordinated reuse 1

	Traffic load
	User arrival intensity of 0.25 user/s/cell, which together with a file size of 2MBit/user gives an offered load of 0.25*2 = 0.5 Mbps/cell.  

	HARQ
	Yes

	CQI and PMI granularity
	4 RB

	Feedback delay
	3 subframes

	E-UTRA Characteristics

	Transceiver antennas 
	2x2 (antenna separation: tx 10 λ, rx 0.5 λ, LTE 2tx codebook

	Receiver
	MMSE  

	Scheduler
	PFTF (not important in low load scenario)

	Link adaptation
	Initial MCS selection with BLER target of 10%
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Figure 3: CDF of user bitrates. Solid curves from left to right: measurement on RS without shifting, measurment on RS with perfectly planned shifting,  measurement on the data REs Dashed curves show the corresponding performance when the eNodeB performs ACK/NACK based adjustment of the CQIs.
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, the placement of the control channel versus the PDSCH, and the REs elements used for interference estimation all have substantial impact on the CQI estimation accuracy. In particular, we provided system level simulation results indicating a 35% loss of median user rates in low system loads compared to a system in which the UE measures the inter-cell interference on the appropriate REs. To address the problems related to these areas, we propose the following:

· To minimize CQI errors, it should be possible for eNodeB to semi-statically signal a particular UE a power measurement offset to be used for CQI computations

· Note: This is regardless of modulation order

· Support of eNodeB 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 eNodeB

· A simple forgetting factor approach may be used for time filtering

· An average over a window in frequency may implement frequency domain filtering

· 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 REs used for interference measurements should be specified so that the eNodeB has a reasonable chance of compensating the CQI values for various imperfections.

· To ensure that the interference estimate reflects the interference situation on the REs of the PDSCH, interference measurements should be avoided at least on the first OFDM symbol, but possibly up to the three first OFDM symbols, and in addition

· empty REs hopping over the resource grid in a pseudo random cell-specific fashion should be introduced and used for the interference estimation in the UE

· An empty RE density of four holes per RB pair seems reasonable to mimic the amount of data available for interference estimation if the UE would perform interference estimation based only on the RS in the first OFDM symbol.

[image: image9.png]interference (4B}

time-domain interferecen varaition
50 T T T T T T T T T

-100 4
05 - Bl
10k Bl
115 4
RFiS Bl
251 Bl
301 Bl

FAMMA AN N A AN AN ]

40 L L L L L L L L L
0 10 Eil Eil a0 50 60 70 Eil 90 100

simulation tirme (ins)




_1255270126.unknown

