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1. Introduction
System level simulations indicate that E-UTRA with two eNB antennas offers 2-3x gains in average throughput over Rel ‘6 WCDMA deployments (see, e.g. [1]). A significant portion of these gains come from frequency domain scheduling (FDS) of UEs and AMC to maximize the sector and user throughput. To enable FDS, it is essential for each UE to accurately feed back the channel quality indicator (CQI) for the entire system bandwidth with sufficiently fine frequency granularity. An example of CQI is the preferred MCS, which is assumed in this contribution. Some compression schemes that assume SINR are given in the past contribution [4]. At the same time, it is extremely important to keep the UL feedback overhead for CQI feedback to a minimum. Consequently, techniques that efficiently compress the CQI information are of particular significance.
In this contribution, an efficient set-based compression scheme is studied and proposed. A fixed set of frequency-domain CQI profiles is predetermined and used to quantize the frequency-domain CQI. The set-based method is then compared with some other CQI feedback mechanisms in terms of their throughput and feedback overhead. It is demonstrated that the set-based method offers at least ~50% compression gain compared to the best-M method with comparable performance and more robustness at higher UE speed. In particular, the set-based scheme only requires a total of 15 bits for a 5-MHz system bandwidth. We therefore recommend that the set-based CQI compression scheme be adopted for E-UTRA.
2. CQI Feedback Methods
The UE uses the common reference signals (RS) in each sub-frame to estimate the DL channel. It also estimates the noise variance and uses it to compute the SINR on each cluster of adjacent frequency sub-carriers. The computed SINR values are converted to MCS values. Each cluster is assumed to consist of an integer number of 180 kHz RBs. Since the coherence bandwidth of the TU channel suggests a 2-RB cluster size, we assume a 2-RB cluster size. We now outline several CQI compression schemes. As an example, we assume a 5-MHz system bandwidth for illustrative purposes. We focus on the single-antenna transmission. The extension for MIMO is discussed in the companion contribution [5].
Best-M Individual 
Assuming full-buffer traffic at eNB, each UE is likely to get scheduled in RBs where it has high CQI. Based on this observation, it was proposed in [2] to feed back the CQI on its best M clusters, along with an indication of which clusters are the best. The other CQIs are averaged out and fed back. When the average is not an integer, we round it off. With 12 CQIs to feed back, the total number of feedback bits (assuming 5 bits per CQI) = 
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 bits to feed back the best M CQIs, 5 bits to feed back the average of the other CQIs, and 
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 bits to indicate the location of the best M CQIs. The best-M individual scheme offers an efficient compression when the system utilizes high-performance schedulers such as proportional fair. However, the basic form of best-M individual may need some significant modification to enable CQI feedback for the entire system bandwidth.
2.1. Threshold-based 

For the threshold-based scheme [3], a maximum difference threshold is set. The CQIs with the difference to the maximum CQI is less than the threshold are separated out. The rounded mean of these CQIs is fed back to the Node B. In addition, a one-bit indicator is sent to indicate which of the CQIs cross the threshold. The number of feedback bits is 12 + 5 = 17 bits. 
Proposed: Set-based compression
The set-based compression scheme follows the general concept of vector quantization where the frequency-domain CQI profile is quantized to a finite set of predetermined profiles. Furthermore, since the frequency-domain CQI varies around the mean (base) CQI, quantizing the delta CQI profile is more efficient. More specifically:
1. Let 
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be CQIs to be fed back. First, a base CQI is computed from the vector S by taking the mean and round it off to the nearest valid CQI. 
2. Next, the differences 
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are calculated.
3. Now a set of N-dimensional vectors 
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of all valid feedback difference vectors is chosen. Given the set, one chooses the set element that is closest to the actual difference vector D. The index 
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 in the set and the base value 
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4. The eNB reconstructs the CQI by adding the quantized difference vector 
[image: image10.wmf]i

C

 to the base layer CQI 
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The set can be designed in various ways. Three different designs are given in this contribution.
2.1.1. Run-length design
One construction method can be given by run-length concept, which represents repetitive symbols by its number of repetition (see Figure 1). The rationale behind such a set is that the variation of CQI is often slow across RBs, and contiguous RBs often have similar CQI. Thus, a typical CQI profile might look like as shown in Figure 1, which contains one run of +1’s and -1. Indeed, the idea that contiguous RBs might get scheduled together has been used to develop PDCCH signaling schemes.
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Figure 1. Run-length function
A run-length function can be parameterized by (
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 are the starting locations of +1’s and -1’s, respectively. 
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 are the lengths of consecutive +1’s and -1’s, respectively. There can be several constraints on  
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· If 
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The set can be extended to include scaled versions of the original set. That is: 
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. To limit the set size, a restricted subset can be used, e g. in terms of 
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2.1.2. Oscillatory run-length design
Oscillation can also be included in the run-length design (see Figure 2)
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Figure 2. Oscillatory run-length function
The oscillatory run-length function has +1 and -1 elements with oscillation. The oscillatory run length set can be parameterized by 
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 are the lengths of consecutive +1’s and -1’s, respectively. 
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 are the length of consecutive 0’s between +1’s and -1’s and between -1’s and +1’s, respectively. There can be several constraints on 
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. Cyclic shifts of the functions can also be included in the set. Similar to the previous design, multi-level extension and subset restriction can also be used.
2.1.3. Pulse design
Instead of run-length, a pulse profile can also be used to generate the set (see Figure 3). The same principles apply in restricting and extended the set.

[image: image50.emf]0 1 1

0 1 0

0

1 0

0 1

0

0

1

1

1 1 1


Figure 3. Pulse function assuming 3 clusters
3. System-level Simulation Results
In this section, we present system level simulation results to evaluate the CQI feedback mechanisms of Section 2. The algorithms are evaluated by simulations of a 5 MHz system bandwidth with 2-RB clusters (12 CQIs). Further evaluation can be done when larger cluster size is used. Other simulation assumptions are listed in Table A-1 in the Appendix. Simulation results are presented for two channel profiles: Pedestrian-A with low frequency selectivity, and TU with high frequency selectivity for the UE speed of 3kmph, 15kmph, and 30kmph. 
Several CQI compression schemes are evaluated: 
1. Best M individual 
2. Threshold-based 
3. Set-based with run-length, oscillatory run-length, and pulse designs
For run-length and oscillatory run-length designs, the base value is selected as a quantized mean of 12 CQIs. We only allow two runs in run-length designs in this simulation.
For 5-MHz system bandwidth, the overheads of the schemes for comparison are tabulated in Table 1.
TABLE 1: Parameters for simulation
	CQI Compression Scheme
	Parameters 

	Best M individual CQI feedback
	M=2,3,4=>
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	Threshold CQI feedback
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	Set-based: run-length 1
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	Set-based: run-length 2

	Statistical  => 
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	Set-based: run-length 3
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	Set-based: oscillatory run-length 
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	Set-based: pulse
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Figures 4 to 7 depict the average sector and 5% throughputs of the above schemes in the Pedestrian A and TU channels. The results are plotted against the total number of CQI bits. Observe that:
· The proposed set-based scheme with run-length design 3 (15 bits) achieves the overall best performance in terms of throughput and feedback overhead. Note that best-M scheme requires at least 22 bits (M=2), which incurs almost 50% more overhead compared to the set-based scheme.
· In TU 3-kmph channel, best-M performs somewhat better than set-based in terms of average throughput (~5%) at the expense of ~50% more overhead. Other than this scenario, best-M does not demonstrate any gain over the set-based scheme.
· At higher UE speed, best-M starts to deteriorate due to its larger number of bits while the set-based scheme demonstrates better robustness. This is to be expected, since the best-M technique focuses only on the maximum-SINR RBs, whereas the set-based scheme tries to capture the CQI profile across the entire band. 
· Threshold-based scheme performs the worst in all scenarios.
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FIGURE 4: Sector Throughput and 5 % Throughput For Ped-A Channel
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FIGURE 5: Sector Throughput and 5 % Throughput For TU Channel (3kmph)
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FIGURE 6: Sector Throughput and 5 % Throughput For TU Channel (15kmph)

[image: image72.emf]10 15 20 25 30 35

7.6

7.65

7.7

7.75

7.8

7.85

Number of Feedback Bits (Bits)

Average Throughput (Mbps)

TU (30kmph)

 

 

Best M

Threshold

Run Length1 (969)

Run Length2 (512)

Run Length3 (669)

Run Length Osc (1633)

Pulse (469)

[image: image73.emf]10 15 20 25 30 35

0.25

0.255

0.26

0.265

0.27

0.275

0.28

0.285

0.29

Number of Feedback Bits (Bits)

5% Throughput (Mbps)

TU (30kmph)

 

 

Best M

Threshold

Run Length1 (969)

Run Length2 (512)

Run Length3 (669)

Run Length Osc (1633)

Pulse (469)


FIGURE 7: Sector Throughput and 5 % Throughput For TU Channel (30kmph)

4. Other System Aspects

As demonstrated above, the set-based compression scheme offers competitive throughput performance over the best-M individual scheme despite the fact that best-M requires ~50% more feedback overhead. Several other factors need to be considered:
· Scheduling flexibility at the eNB: Other than the fact that the Node B may use different types of schedulers (including round robin), the Node B may perform CQI averaging across different RBs. In addition, the Node B may also assign sub-optimal RBs to the UEs due to several practical reasons—for instance, there could be multiple UEs with thje same preferred RBs, hence some of these UEs have to be scheduled on sub-optimal RBs. In that case, it is important for the Node B to be able to access the CQI for the entire system bandwidth. As pointed out earlier, the best-M individual scheme requires some modification to accommodate this feature. Similarly, the threshold-based scheme does not offer such flexibility. On the other hand, the set-based scheme provides the mean CQI for the entire system bandwidth. 
· Since the mean (base) wideband CQI is transmitted together with the frequency information, the set-based scheme can be configured to transmit only the wideband CQI by switching off the other 10 bits.
· As evident from Section 2.3, the set-based scheme is scalable to larger system bandwidth. Although the profile set given in Section 3 for 5-MHz can be replicated 4 times to cover the 20-MHz transmission bandwidth, this results in linear increase of the feedback overhead (15 bits x 4 = 60 bits). While this alternative offers more flexibility, a new profile set can be generated for each of the higher bandwidth. Using the run-length design (see Section 2.3.1), a run-length design with at most 20-bit overhead can be obtained for the 20-MHz bandwidth. That is, only 5 additional bits are required for 20-MHz over those required for the 5-MHz bandwidth. 
· Since the profiles consist of ±m and 0, the compression can be performed with low UE complexity. Note that there are only 3 levels for each profile: {-m,0,+m}. This can be exploited for efficient correlation between each of the compression profiles/codewords and the frequency-domain CQI.  
5. Conclusions
In this contribution, an efficient set-based compression scheme is studied and proposed. A fixed set of frequency-domain CQI profiles is predetermined and used to quantize the frequency-domain CQI. The set-based method is then compared with some other CQI feedback mechanisms in terms of their throughput and feedback overhead. It is demonstrated that the set-based method offers at least ~50% more compression gain compared to the best-M method with comparable performance and more robustness at higher UE speed. In particular, the set-based scheme only requires a total of 15 bits for a 5-MHz system bandwidth. We therefore recommend that the set-based CQI compression scheme be adopted for E-UTRA.
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Appendix A
Table A-1 gives the system level simulation assumptions.
TABLE A-1: System Level Simulation Assumptions

	PARAMETER
	VALUES

	Channel profile
	Ped-A (3 kmph), TU (3, 15, 30 kmph)

	Number of sectors per cell
	3 sectors, with either two or four 120-degree antennas per sector

	Number of UEs per cell
	10 UEs

	Traffic Model
	Full-buffer

	Scheduler
	Proportional Fair

	Number of Node-B antennas
	1

	Number of UE antennas
	2

	System Bandwidth
	5 MHz

	Resource Block Bandwidth
	180 kHz 

	Modulation Schemes
	QPSK r = 1/5, 1/4, 1/3, 2/5, ½, 3/5, 2/3, ¾ 

16QAM r = 2/5, 9/20, ½, 11/20, 3/5, 2/3, ¾, 4/5, 5/6 

64QAM r = 3/5, 5/8, 2/3, 17/24, ¾, 4/5, 5/6   

	TTI duration
	1.0 ms (14 OFDM symbols)

	CQI feedback delay
	4 TTIs

	CQI Feedback Error
	Modeled from link level simulation

	HARQ Feedback Delay
	8 TTIs. Error-free ACK/NACK assumed

	Max Number of HARQ Retransmissions
	3

	Scheduling Details
	MCS fixed across the scheduling bandwidth


























































































































































































































� Statistical  means that we select a subset of run length set1 with channel profiles.
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