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1 Introduction

On one hand, extensive CQI signalling in the uplink improves downlink system performance by allowing accurate resource scheduling and good link adaptation. On the other hand, such extensive signalling decreases spectral efficiency of the uplink. These two aspects must be carefully balanced in a proper system design (neither too much nor too little CQI signalling is desired) and in order to do this the sensitivity of the UL and DL to various CQI signalling loads must be evaluated. This document provides such evaluation.
The CQI signalling information is typically used for two separate purposes:
1. Resource scheduling. Users are assigned resources (chunks) by the NodeB scheduler based on their respective channel qualities. Since the scheduling in general requires a certain degree of fairness, there are other measures (besides channel quality) that determine the scheduling decisions. A fairer scheduler bases its scheduling decisions less on channel qualities and more on historical data rate figures of the users. So fair schedulers are likely to be robust to a decrease (compression) of CQI information.
2. Adaptive modulation and coding. A user is also assigned a code rate and a modulation format based on its channel quality. The NodeB finds a suitable code rate and modulation format to suit the instantaneous channel quality and primarily attempts to keep the BLER of the users at a certain desired level (10% in HSDPA).  It is well known from HSDPA studies that the system performance is sensitive to the choice of the modulation format/code rate.
Based on the above, a natural approach seems to design the CQI signalling format with stress on its purpose to support AMC and less emphasis on its purpose to support scheduling. Since a user is typically assigned data-chunks at its best subbands, it seems beneficial to describe the channel qualities of the high-quality subbands in more detail (more signalling bits) than the low-quality subbands.
In this document we show by system simulation that this approach indeed performs better than signalling approaches that do not make this distinction. In particular, we provide system simulation results for two CQI compression scenarios: CQI information compressed by a discrete cosine transform (as described in [3] and [4]), and CQI information compressed by a best-N reporting format, see for instance [2]. In Section 2, the particular CQI compression formats evaluated here are described. Section 3.1 shows how the performance of the uplink is affected and in Section 3.2 the DL system performance is evaluated. In Section 4 we summarize the conclusions and propose a text for inclusion in [1].
2 CQI transmission format description

In this document we evaluate two CQI reporting mechanisms for systems with N subbands:

1. Report P (<N) discrete cosine transform coefficients (notation: DCT-P). This compression exploits the fact that CQI values are correlated in frequency and basically decomposes the sequence of SNRs in a series of cosines with different frequencies. The compression is then performed by excluding some of the DCT coefficients and correlation is exploited by transmitting only those coefficients that are associated with the lower frequencies. Effectively a low-pass filtered version of the SNR-sequence is signalled, relying on the fact that the high-frequency components do not carry much further and more detailed information about the SNRs, see [3].
2. CQI-compression based on reporting the best M (<N) subbands (notation: best-M). This compression exploits the fact that subbands with low SNRs are more seldom assigned to a user then subbands with high SNR, see [2]. Along with the identification of the best M subbands, and the average SNR over the whole frequency band, the average SNR of the M best subbands is transmitted.
As a reference scenario we simulate the situation where perfect SNR-knowledge is available at the transmitter for each of the 375 kHz wide subbands. This scenario is likely to yield a prohibitively high signalling load in the uplink, but it provides an upper bound on the downlink performance and any CQI compression scheme can be associated with a performance loss compared to this reference scenario. 
Table 1: Transmitted information for evaluated scenarios.

	Reference
	N SNR values (one for each subband)

	Best-M scheme
	identifier for best M subbands + 2 SNR values (average SNR of all N subbands + average SNR of M best subbands)

	DCT-P scheme 
	first P coefficients of N-point DCT of N SNR values 


Table 1 shows in detail which CQI information is transmitted in each of the scenarios. The actual signalling load depends on the choice of N, M and P and the number of bits used to represent SNR values and the subband identifier. The following Section evaluates this load and motivates the choices made in this document.
3 The need versus the cost of CQI compression
3.1 The cost of CQI feedback – uplink performance

Uplink performance suffers in general from the L1/L2 control signalling in the sense that the signalling reduces the spectral efficiency of the UL. In [6] it is suggested that the control signalling is embedded with the UL data transmission (provided there is uplink data) and thus transmission of a control bit roughly prevents the transmission of one or a few data bits in its place, depending on the code rate of the data and the allowed error rate of the control signal. Therefore, a proper measure of the cost of the CQI signalling is the CQI load in bits/s/Hz. Put in relation to the spectral efficiency of the UL data channel this measure provides a quantitative cost of the signalling. 
In order to compute this measure we assume that the average SNR-value of the best M bands (the best- M SNR) can be represented sufficiently accurate with 6 bits and that the average SNR of all subbands can be represented by 2 bits (relative to the best-M SNR). The best-M  SNR when represented with 6 bits spans, for instance, a dynamic range of 32dB with 0.5dB resolution. The average SNR of all subbands can then be related to this value fairly accurate with only 2 bits, since the average SNR over all subcarriers is almost always within 2-5dB less than the best-M SNR, see the left-hand plot of Figure 1. We further assume that relevant DCT-coefficients (Scenario 2) can be represented accurately with 6 bits each. Finally, the relevant subband identifier (Scenario 1) can be represented with
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The right-hand plot of Figure 1 shows this relation for the various bandwidth-modes. The particular evaluated scenario (10 MHz bandwidth -mode, 5 reported subbands out of 24 subbands) is marked with a circle.
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Figure 1: Left: Cumulative distribution of the difference in SNR between the best-5 SNR and the average SNR in dB (for 10MHz bandwidth mode and TU channel). Right: Number of bits needed to identify best M subbands in various bandwidth-modes.
With the above assumptions, the CQI transmission load is given in Table 2. Here, the additional choice P=4, is made for scenario 2 in order to have a fair comparison, that is, equal signalling loads in both scenarios. Figure 2 shows these 3 CQI load measures (in b/s/Hz) for the various relevant bandwidth modes. Note that for all BW-modes these choices yield roughly similar CQI signalling loads, with equality for the 10MHz bandwidth mode which is evaluated in the next Section. 
Table 2: CQI feed back signal loads

	 
	Number of bits per CQI report instant
	N=24 M=5 P=4
	CQI transmission once per radio frame

	Reference
	6N bits
	144
	14.4 Kbps

	Best-M scheme
	6+2 + 
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Figure 2: CQI-signalling load for evaluated scenarios and various BW-modes. For the best-N reporting curve, x/y denotes that the best x subbands out of y subbands are reported.
3.2 The need for CQI feedback – downlink performance

We give simulation results for Case 1 as defined by table A.2.1.1-1 in [1]. That is, we consider a carrier frequency of 2GHz, a system bandwidth of 10MHz, an inter-site distance of 500m, a penetration loss of 20dB and a mobile speed of 3km/h.
We stress that the evaluated schemes only differ in the CQI information being fed back. The fact that in the best-5 CQI scheme only 5 subbands are identified does not prevent the scheduler from assigning users more than 5 subbands when the proportionally fair measure indicates need for this.
Figure 3 evaluates the fairness curves of the 3 simulated scenarios. The relevant throughput curves for the evaluated scenarios are shown in Figure 4. Note that for a 10-user load the realistic CQI feedback schemes loose about 5% (Best-5) and 15% (DCT-4) in sector throughput compared to an ideal system where all CQI information is fed back. Table 3 shows the sector throughputs for the evaluated scenarios.
In general, the Best-5 CQI feed back scheme performs better than the DCT-4 scheme for similar CQI signalling load as soon as the system serves two or more users. (In the situation where the system serves only one user clearly the scheduler reduces to a trivial device and only the AMC makes the difference between the two scenarios. Then, the SNRs of bad subbands are also relevant to the system performance.) The CQI compression of the Best-5 scenario provides more detailed SNR information for the relevant subbands than the DCT-4 does. For 10 users, the sector throughput with the Best-5 signalling scheme is 12% higher than with the DCT-4 signalling scheme.
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Figure 3: Fairness curves for the evaluated scenarios.
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Figure 4: Throughput curves for the evaluated scenarios.
Table 3: Sector throughput for evaluated scenarios
	 
	Sector TP [Mbps]

	
	2 users
	5 users
	10 users

	Reference
	16.2
	18.4
	19.1

	Best-5 scheme
	15.9
	17.6
	18.3

	DCT-4 scheme
	15.5
	16.1
	16.3


4 Conclusions and Text Proposal
System simulations show that it is beneficial to compress the CQI information such that bits primarily carry information about the strong subbands, as in the best-M compression approach. A CQI compression approach as obtained by the discrete cosine transform carries equal information about all subbands and turns out to perform worse than the Best- M approach.
We propose the following text for inclusion in [1]
------------------------- start text ------------------------------------------------------------------------------------

9.1.1.2.2     Multiplexing of L1/L2 control signalling
The amount of overhead due to the L1 and L2 signaling and the exact mapping to the time-frequency resources needs further investigation. Mapping of CQI information can be performed through, for example, signalling the index of a few of the best subbands along with one/a few average-SNR value(s), or through the projection of subband SNRs onto a few discrete-cosine-transform coefficients. Sensitivity of DL performance to the particular choice of mapping needs careful consideration.
------------------------- end text ------------------------------------------------------------------------------------

Appendix: Simulation assumptions

The simulations results presented in Section 2 have been acquired in close compliance with the system simulation assumptions in annex A.2.1 in [1]. Table 4 summarizes these.
We apply chunk-common channel coding and chunk-common adaptive modulation. (see [5]). Note in particular that the user data multiplexing is performed on localized channel (users occupy one or more subbands during a whole TTI) and that scheduling is performed on a per-TTI basis by a time/frequency scheduler running the proportionally fair algorithm. Note further that H-ARQ re-transmissions (with a chase-combining receiver) are explicitly simulated with up to 6 parallel H-ARQ processes. We have assumed a CQI-delay of 3 TTIs and and a 6 TTI delay between H-ARQ re-transmissions. Finally, link adaptation is performed using all possible MCRs (modulation and coding rates) between 0.1 (15 information bits transmitted in 1 chunk (150 BPSK-symbols)) and 4.5 (16128 information bits transmitted with 64QAM in 24 chunks).
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Table 4: Simulation parameters for Case 1 as in [1], table A.2.1.1-1

	Parameter description
	Value

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

	Inter-site distance
	500 m

	Carrier frequency
	2.0 GHz

	Bandwidth
	10 MHz

	Link mapping / metric


	No metric / link embedded in system simulator

	Node B
	Total available power
	20 W

	
	Power assigned to pilot/data
	2 W / up to 18W 

	
	Number of TX antennas 
	1

	
	Antenna gain plus cable loss
	14 dBi

	
	Antenna pattern
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	Slow fading
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	8 dB

	
	
	Correlation between sites
	0.5

	
	Fast fading
	Typical urban 6-tap model, 3 km/h

	
	Penetration loss
	20 dB

	
	Interference
	White noise / proper power for each interferer

	UE
	Thermal noise
	Power density -173.9 dBm/Hz in 10MHz

	
	UE noise figure
	9 dB

	
	Antenna pattern
	0 dBi

	
	Number of RX-antennas
	2 (RX diversity)

	
	Channel estimation
	Ideal

	
	H-ARQ processing
	Chase combining

	
	Turbo decoder
	Max-log MAP with up to 8 iterations

	H-ARQ
	Traffic model
	Full queue 

	
	Number of processes
	6

	
	Delay from CQI-report to 1st transmission
	3 TTIs or 1.5 ms

	
	Time between retransmissions
	6 TTIs or 3 ms

	
	Maximum number of transmissions
	1 initial transmission + 3 re-transmissions

	Scheduler
	Transport formats
	Any MCS with 0.1 < MODrate x CODrate < 4.5

	
	User traffic multiplexing
	localized subbands, scheduled each TTI

	
	Scheduler
	Proportionally Fair
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