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1 Introduction
Numerous CQI reporting schemes have been proposed and investigated in the past meetings [1]-[6]. The main criteria for comparison have been:

· Feedback overhead

· Performance

· Versatility and Complexity

Another important criterion that is required to be taken into account is the multiplexing delay due to the limited capacity of the uplink control channel [7]. The investigation in [7] attempted to estimate the degradation imposed by this limitation by extrapolating the result from a system without this limitation. In this contribution, we continue that investigation by extending the scope of the comparison to more efficient schemes and also different UE speeds. It is worth mentioning that the simulation platform is also modified to implement the PUCCH multiplexing delay to avoid any potential inaccuracy resulting from the extrapolation. 
Overall, uplink CQI reporting schemes can be grouped into two main groups of Best-M and full-band reporting methods. Standard Best-M [1],[3], Differential-M [1],[3], (Distributed) Haar Best-M [5] and DCT Partitioning [2] are examples of the former, while DCT Significant-M [2] and Full-band Haar [6] are examples of the latter groups. A summary of these approaches can be found in [1]-[6].

In our recent contributions [5]-[6], we have shown that the Haar transform can be applied to both categories of reporting schemes, namely Best-M and Full-band. In both categories of Best-M and Full-band reporting, it has been shown that application of Haar transform leads to significant reduction in the feedback overhead without compromising the performance of the system.  In this contribution, we further demonstrate the superior performance of Haar-based schemes in a system with restricted reporting period. Since Haar-based schemes require significantly less number of bits for CQI reporting, the imposed multiplexing delay in the reporting will be less and hence the performance gain between Haar-based schemes and others will be further widened.
This paper is organized as follows: first a review of application of Haar transform for compression of CQI information is provided. Then the performance of the Best-M distributed Haar and Full-band Haar are compared against DCT Significant-M, DCT Partitioning and Best-M individual at various UE speeds. 
2 Applications of Haar Transform for CQI Reporting
In this section, brief reviews of Best-M distributed Haar and Full-band Haar CQI reporting schemes are provided. More details of each scheme can be found in our previous contributions [4]-[6].
2.1 Best-M Distributed-Haar Reporting 

Figure 1 shows an example of Distributed-Haar compression for CQI feedback for Nsb=8 subbands and NG=2 groups. The flow of the reporting mechanism can be summarized as follows:

1. Divide the sub-band into NG groups. Locations of the groups are known in advance to both UE and eNodeB. The groups can be defined in any way; however a uniform spread of the group across the band might be preferred.

2. At each reporting interval, apply a Haar-based compression [4] to the 
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CQI values of one of the groups.

3. Perform step 2 on the remaining groups in consequent reporting intervals to cover the whole frequency band.

As a result of this approach, in every reporting interval, the number of sub-bands is reduced from 
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. Hence, this allows using a smaller M for each reporting interval. 
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Figure 1 – Distributed-Haar CQI Feedback

As an example let’s consider a system with Nsb=25 and M=5. For such system the Best-M individual with and without Haar compression requires 34 bits and 46 bits overheads, respectively. However, using the Distributed-Haar the sub-band can be divided into two groups of 12 and 13 sub-bands and then Haar compression is applied with a smaller M value of 3 to each group. Then, for reporting of odd and even groups we will have
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(1)
Hence, this results in an average reporting of 9.5 bit/TTI that is almost half the number of bits produced in the non-distributed case.  
The Best-M Distributed-Haar with M=3 reports the CQIs of the M×NG = 6 best sub-bands and 2 average CQIs for each pair of odd and even reports. Also of note is that the odd and even updates can be applied as independent updates to the CQI when they are received by the NodeB.  Therefore the NodeB receives a partial CQI update every 2 TTI (for M=3 case with ~10 bits/TTI), reducing feedback latency.  As it will be shown in the next section, this approach provides a good trade-off between the performance and the required overhead. 

2.2 Full-band Haar CQI Reporting 
The general mechanism for Full-band 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 decompression matrix. 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 [6]. 
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 only 4 bits. Thus,
If 
[image: image9.wmf]4

=

c

N

coefficients (  
[image: image10.wmf]17

4

3

5

=

´

+

=

Total

N

 bits
If 
[image: image11.wmf]8

=

c

N

coefficients (  
[image: image12.wmf]33

4

7

5

=

´

+

=

Total

N

 bits
Figure 2 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 2 – Incremental update using Full-band Haar

An interesting feature of full-band Haar reporting is that the eNodeB does not need to receive the whole vector before it starts decompressing the information. For example if
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, the eNodeB does not need to wait to receive the whole 33 bits of information. The decompression can be done in an incremental fashion by receiving every coefficient.  In other words, 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 [6].
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.

· Compared to schemes such as bitmapping, it provides significantly more accurate representation of the channel and consequently more reliable scheduling can be achieved.

· 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. 
3 Effect of PUCCH Multiplexing Delay on CQI reporting

In RAN1 meeting #49, the Structure-A based on CAZAC was agreed as the working assumption for uplink CQI channel. It was noted that Structure-A provides more multiplexing capability and it can support up to 12 UEs at a time. Hence, in a system with a higher number of UEs, this limitation dictates a minimum reporting interval for each scheme. The imposed delay varies from one scheme to another and it is basically a function of the required number of bits for the CQI reporting. Following the same basic calculation concept that was summarized in [7], a minimum reporting interval can be calculated for each scheme as shown in Table 1. For example, assuming 24 UEs, then (
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) 2 TDMA groups are needed to accommodate all the UEs. Then, for Best-5 Individual that needs (
[image: image20.wmf]é

ù

10

/

46

) 5 sub-frames to complete one report, the minimum reporting interval will be (2×5) 10 sub-frames. As demonstrated in Table 1, Haar-based schemes incur significantly less impact by the limitation of the PUCCH. As will be demonstrated in the next section, it leads to a significantly better performance by Haar-based schemes. 
	Scheme
	Signaling Bits
	Number of subframes required for one report
	Minimum reporting interval with 24 UEs (ms)

	Best-M(=5) Individual
	46
	5
	10

	Best-M(=5) Average
	26
	3
	6

	Bitmap (Th=1.5 dB)
	19
	2
	4

	DCT Significant-5
	39
	4
	8

	DCT Partitioning (5-4-1)
	43
	5
	10

	Best-M Differential
	29
	3
	6

	Distributed Haar
	20
	2
	4

	Full-band Haar  (incremental update)
	9
	1
	2


Table 1 – Minimum reporting interval for various CQI schemes
4 Performance Evaluation
In our previous contributions [4]–[6] we have compared the throughput performance of Distributed-Haar, Full-band Haar, Best-M Individual, DCT Significant and DCT Partitioning with different reporting intervals under the assumption of 10 UEs/sector at different UE speeds. The Haar approaches were shown to be superior to the others. In this section, we increase the number of UEs to 24 UEs/sector to evaluate the throughput performance of these CQI reporting schemes under the imposed PUCCH multiplexing delay.
4.1 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 2.
The CQI uplink channel budget is assumed 10 bit/TTI. The multiplexing delay for each scheme is implemented as indicated in Table 1.

	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
	24

	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

	Target BLER 
	10%


Table 2 – Simulation parameters
4.2 Simulation Results

The average sector throughput performance of  Best-5 Individual, DCT Significant-5, DCT partitioning, Distributed Haar and Full-band Haar with Nc = 16 is evaluated under the minimum CQI reporting intervals as shown in Table 1. Figures 3 and 4 show their average sector throughputs performance of the system for UE speeds of 3km/h and 15km/h, respectively. 

It can be found from Figures 3 and 4, Distributed Haar and Full-band Haar has similar throughput performance at UE speeds of 3km/h. At the speed of 15km/h, the throughput performance of Distributed Haar is slightly better than Full-band Haar. Both Haar approaches provide much higher throughput than other schemes at 3 km/h and 15 km/h. At the UE speed of 3km/h, Distributed Haar and Full-band Haar provide throughput gains of 14.9%, 9.5% and 4.8% over DCT Significant-5, DCT Partitioning (5-4-1) and Best-5 Individual, respectively. At the UE speed of 15km/h, Distributed Haar provides throughput gains of 6.7%, 10.4% and 1.6% over DCT Significant-5, DCT Partitioning (5-4-1) and Best-5 Individual, respectively. Full-band Haar provides throughput gains of 6.5%, 10.2% and 1.4% over DCT Significant-5, DCT Partitioning (5-4-1) and Best-5 Individual, respectively. 
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Figure 3 - Average sector throughput of different schemes at a UE speed of 3 km/h
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Figure 4 – Average sector throughput of different schemes at a UE speed of 15 km/h 
5 Conclusions and discussions

In this contribution, the impact of the PUCCH multiplexing delay in CQI reporting is investigated. It is shown that due to the low overhead requirement of Haar-based schemes, they outperform the other methods.
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