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1 Introduction
Efficient CQI reporting for E-UTRA uplink has been the main motivation for numerous contributions in the past meetings. Overall, uplink CQI reporting schemes can be grouped into two main groups of Best-M and full-band reporting methods. Standard Best-M, Differential-M, (Distributed) Haar Best-M, DCT Partitioning are examples of the former and DCT Significant-M and Hadamard are examples of the latter groups. A summary of these approaches can be found in [1]-[3].

In our recent contributions [4]-[7], we have shown that Best-M CQI reporting using Haar compression provides high performance with a very low overhead requirement. Haar-based method is very close to the performance of the Best-M individual scheme while requiring significantly less in feedback signaling. In comparison to Best-M individual, Haar compression results in at least 25% saving in feedback overhead [4]-[5].  Also in [6]-[7], Distributed-Haar, a combined method of Best-M individual Haar and sub-band grouping, was introduced. This resulted in a further reduction of the feedback overhead. The Distributed-Haar scheme is a very flexible scheme that can support both system performance, and efficiency in feedback signaling. Distributed-Haar scheme can easily meet the recent RAN1 #49 recommendation of 10 bits per TTI budget for CQI feedback while providing 15% higher throughput over Best-M individual, DCT Partitioning and DCT Significant-M. 

In this contribution we show that Haar compression can also be used for an efficient full-band CQI reporting. An attractive feature of the full-band Haar CQI reporting is that the update can be done in an incremental fashion. Unlike other methods, such as DCT Significant-M that require reception of the entire coefficients before the decompression and update, in the full-band Haar CQI reporting method, each transmitted coefficient can be used to update and improve the resolution of the existing report. Thus, it provides a very flexible structure to adapt the overhead of the reporting scheme to a given CQI budget. It is shown that full-band CQI reporting outperforms DCT Significant-M at both 3 km/h and 15 km/h. 

This paper is organized as follows: first a review of full-band Haar CQI reporting is provided. Then the performance of the full-band Haar is compared against DCT Significant-M and DCT Partitioning at various UE speeds. Descriptions of other CQI feedback reporting schemes that are referenced and compared to in the simulations can be found in [8]-[9]. 
2 Full-band CQI Reporting using Haar Transform

2.1 Haar Compression and Decompression 

Haar compression is based on the Haar wavelet transform. A brief explanation of the Haar compression method can be found in [10]-[11]. Haar compression encodes an input stream in multiple steps according to the levels of the detail of the input sequence. Haar compression belongs to the class of lossy compression methods, and it is recognized as an effective and low complexity compression/decompression means for processing 1-Dimensional or 2-Dimensional data. The reconstruction can be done in one single step or in multiple steps to provide flexibility.
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In a Haar compressed vector, the first element is the Approximate and the remaining elements are Detail coefficients, respectively.
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(1)

While all the elements are required for complete recovery of the original vector, however the compressed vector y has the property that the importance of the elements erodes from the first to the last. This feature can be used in a multi-step reconstruction of the input vector. Assuming an input vector y with length 23=8, then the compression process can be shown as
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Hence, the decompression process can be implemented in a single step 
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or in multiple steps as 
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While technically, both approaches arrive at the same result, the multiple steps approach does not require all the detail coefficients at once. For example, as shown in the following example:
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(5)
· The approximate coefficient yields the average of the input vector.

· The approximate coefficient plus the first detail coefficient yield two values equal to the average of the first and second halves of the input vector.

· the approximate coefficient plus the first two detail coefficients yield three values equal to the average of the first and second quarters of the input vector and the average of the second half of the vector.

· ….
2.2 Applying Haar for Full-band CQI Reporting 

The general mechanism for UL CQI reporting can be summarized as follows: the UE computes CQI values and performs compression on the whole CQI vector. According to the channel condition, UE speed and the requested granularity of the reporting by the eNodeB, the UE sends all or some of the elements of the compressed vector. At the eNodeB the received vector is decompressed using always the same matrix F. Hence, the total number of bits transmitted is:
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where 
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 are the number of elements of the compressed vector sent and number bits per compressed vector element, respectively. 

The size of the compression/decompression matrices is determined from the number of Nsb sub-bands. For a system with Nsb=25 sub-bands, the size of the compression/decompression matrices will be 32×32. The remaining 7 unused places in the input vector are filled by zeros. The zeros are needed to be spread across the vector to balance the weight of the vector. Hence, the following locations in the input CQI vector are filled with zeros. 
y(6) = 0, y(10) = 0, y(14) = 0, y(18) = 0, y(22) = 0, y(26) = 0, y(28) = 0


(7)
It should be noted that the zero insertion does not increase the overhead as after the compression the following 7 elements are dropped as they are not relevant in decompressing the compressed vector. Let y5 be the compressed vector, then elements
y5(19), y5(21), y5(23) , y5(25), y5(27), y5(29), y5(30)




(8)
can be dropped without any loss of information.

Assuming 5 bits per CQI value, the first element of the compressed vector that is equal to the mean of the vector expects 5 bits of resolution. However, the remaining elements that are basically differential information can be represented by 4 bits. Thus,
If 
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 and assuming an Reporting Interval (RI) of 4 TTI, the average CQI budget will be,


[image: image14.wmf]25

.

8

4

33

=

bits/TTI

Coefficient bits can be reduced or expanded to result in an integer number of bits per message. For example, using 3 bits for one detail coefficient results in 8 bits per report. Alternatively, rate matching can be used,
Figure 1 shows incremental update of the full-band Haar compression/decompression process. As shown, decompression with two coefficients yields only information about the average of the lower and upper bands. However, by taking more coefficients into consideration finer resolutions become available.
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Figure 1 – Incremental update using Full-band Haar

For a given update interval, two options might be considered for CQI reporting using full-band Haar compression. For example, assuming an update rate of 4 TTI,

Option 1: One shot decompression and update
1. UE takes a snapshot every 4 TTI 

2. In every TTI, UE sends 
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3. Upon complete reception of 
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bits, the eNodeB decompresses the receive vector.
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Figure 2 – Option 1 for CQI Reporting and update, assuming an update rate of 4 TTI
Option 2: Incremental decompression and update
1. Take a snapshot every TTI 

2. In every ith TTI, send the ith 
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· in the 1st TTI: the 1st 
[image: image24.wmf]4

Total

N

 bits from the 1st TTI’s snapshot, 

· in the 2nd TTI: the 2nd 
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 bits from the 2nd TTI’s snapshot, 

· …

3. Upon receiving each 
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 bits, the eNodeB updates only that portion of the 
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and then decompresses the available partially updated vector. Hence, a better tracking of the channel can be expected.
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Figure 3 – Option 2 for CQI Reporting and update, assuming an update rate of 4 TTI

2.3 Main Features of the proposed reporting schemes 
There are several benefits using the proposed full-band Haar CQI reporting that can be listed as:

· Compared to Best-M methods, there is a significant saving by not requiring sending the label and average information.

· Gradual update is possible. In other words, it is not necessary to receive the whole set of coefficients at the eNodeB to start updating the scheduler. The eNodeB can update the scheduler per reception of each element. Thus, the update rate could be every TTI. 

· By using incremental update, the system can be easily adapted to various UE conditions or a given CQI budget.

· In comparison against other full-band compression methods, full-band Haar is significantly less complex. For a given dimension, Haar compression/decompression matrices need a significantly less number of computations. The whole matrix calculations rely only on basic shift and addition/subtraction operations. Also, unlike Hadamard transform methods [3], a significant number of matrix elements are zero which contributes to more savings in computations. For example, 
If vector length =4:
¼ of the elements of comp/decomp matrices are zero

If vector length =8:  
½ of the elements of comp/decomp matrices are zero

If vector length =16: 
¾ of the elements of comp/decomp matrices are zero

If vector length =32: 
192⁄1024 of the elements of comp/decomp matrices are zero

As an example W and F matrices for a vector length of 8 are shown here:
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3 Performance Evaluation
In our previous contributions [4]-[7] we compared the performance of different variants of Best-M Haar against other CQI reporting schemes. System throughput simulations showed that Haar-based methods provide superior performance in throughput and signaling efficiency over other methods. In this document we compare the performance of the full-band Haar versus DCT Significant-M and DCT Partitioning. 
3.1 System Definition

A system-level simulation using a proportional fair scheduler was performed to evaluate the aforementioned CQI reporting schemes in a 10 MHz system. In the downlink transmission RB grouping is assumed, where one CQI sub-band contains 2RBs. In the simulation a CQI granularity of 20 MCS levels is used. The impact of CQI measurement delay and errors are considered as suggested in [8]-[9]. The simulation parameters are listed in Table 3.

Table 3 – Simulation parameters
	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Inter-site distance (ISD)
	500m

	Number of transmit antennas at Node B
	1

	Number of receive antennas 
	2

	Distance-dependent path loss
	L=I + 37.6log10(.R), R in kilometers

I=128.1 – 2GHz

	Lognormal Shadowing
	Similar to UMTS 30.03, B 1.41.4 

	Shadowing standard deviation
	8 dB

	Penetration Loss  
	20dB

	Channel model
	Typical Urban (TU)

	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
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	BS Antenna Gain plus cable loss
	15 dBi

	Carrier Frequency
	2.0 GHz 

	System Bandwidth
	10 MHz

	RB bandwidth
	180 KHz

	Number of UEs per Sector
	10

	UE speeds of interest
	3km/h, 15 km/h 

	Maximum Node B transmission power 
	35 dBm

	UE Traffic Model
	Full Buffer

	Noise Figure
	9dB

	Thermal noise density
	-174 dBm

	Scheduler
	Proportional Fair

	HARQ
	Asynchronous (Chase combining)

	CQI measurement error
	Gaussian zero-mean error model

	CQI averaging window
	4 TTIs

	CQI feedback delay
	2 TTIs

	CQI reporting interval
	 2, 4 and 8 TTIs 

	Target BLER 
	10%


3.2 Simulation Results

The average sector throughput performance of full-band Haar, DCT Significant-M and DCT Partitioning is evaluated under different CQI reporting intervals. The update mechanism for decompression is based on the incremental approach of option 2. Figures 4 and 5 show the average sector throughput performance of the system for UE speeds of 3km/h and 15km/h, respectively. 
For each case, there are three curves for the full-band Haar, each corresponding to a particular RI. Each reporting interval also implies the number of the coefficients sent to the NB for decompression. As demonstrated in both figures, increasing RI from 2 ms to 8 ms improves the performance. The fundamental reason for this behavior is that by extending the RI, the eNodeB receives a higher number of coefficients and therefore will be able to decompress the CQI information with more accuracy. This phenomenon is depicted earlier in Figure 1.
Although the reference point of interest is the 10 bits/TTI CQI budget that is based on the recent RAN1 meeting #49, it is worthwhile to note that at UE speed of 3 km/h, the full-band Haar scheme offers significantly better performance than other schemes over a wide range of bits/TTI. At speed of 15 km/h, the full-band Haar with RI=4 and RI=8 performs about the same as the DCT schemes at the range of 10 bits/TTI. For RI=4 and RI=8, it is important to mention that such performance is achieved by requiring only 8.25 and 8.125 bits/TTI that is 10% less than the recent RAN meeting #49 agreement. This will result in higher coding gain for better cell edge performance.
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Figure 4 - Average sector throughput vs. the number of overhead bits per TTI at a UE speed of 3 km/h.
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Figure 5 –Average sector throughput vs. the number of overhead bits per TTI at a UE speed of 15 km/h. 
4 Conclusions and discussions

In this contribution we demonstrate the application of Haar compression for full-band CQI reporting. Full-band Haar CQI reporting offers a flexible process for CQI reporting that can be easily adapted to different operating conditions. Important features of Haar are incremental update and very low complexity for compression and decompression. Simulation results show that under the constraint of a low overhead budget per TTI, i.e., ~10 bits/TTI, the full-band Haar scheme achieves a significantly higher performance over the DCT schemes at a low speed of 3 km/h and about the same performance at a higher speed of 15 km/h. The above mentioned performance for RI=4 and RI=8 are achieved at a CQI budgets of only 8.25 and 8.125 bits/TTI that are 10% less than the recent RAN meeting #49 agreement. This will result in higher coding gain for better cell edge performance.
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