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1. Introduction

Gathering channel quality information at the eNB is crucial for both adaptive resource scheduling and link adaptation in the downlink. Obviously, there is a tradeoff between downlink performance and signalling overhead in terms of CQI reporting as discussed in [1,2] for example. The optimum operating point is likely to depend on the actual operating scenario including e.g. channel characteristics, user density and distribution and demanded services. Hence, there is a need to provide means to adapt the signalling overhead to the actual operating scenario. In this contribution a method is presented on how the CQI reporting for downlink transmission could be controlled in an efficient way. 
2. Discussion
2.1. Background

Basically, the amount of overhead related to CQI reporting can be adjusted by adapting

1) the number of users which are to send CQI reports
2) the  time interval for CQI reporting per UE
3) the size of a CQI reporting message which is a function of the 
a) number of measurements being included
b) the precision of the measurements
c) type of source coding applied

Connected to the question what can be adjusted are the questions how is it adjusted, i.e. what are the algorithms behind, and how is the adjustment controlled. Various approaches related to these two aspects are already mentioned in [1], §7.1.3.1.1.1. 
Here we focus on the controlling aspect and specifically on triggered UL CQI reporting initiated by the eNB. The pros of this kind of triggered reporting are

· central control of all adjustable parameters, see above, which allows for optimum balancing
· individual CQI reports are only requested when they are required, i.e. when data has to be transmitted. 
· Micro sleep mode may be entered by an active UE in the absence of a CQI request 

· reservation of resources for CQI feedback can be done according to the actual demand
· resources for CQI feedback can be assigned to users with minimum or just acceptable mutual interference

The cons are 

· additional consumption of resources for the CQI request message
· waste of resource in case a triggered CQI report from a UEs is identical to the previous one

Alternative mechanisms like periodic or triggered CQI reporting initiated by the UEs are regarded to perform inferior. Especially in case of periodic reporting the channel may vary faster or slower than the configured reporting period 
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 of UE k so that the CQI reports may either become outdated within the reporting period or unnecessary. This drawback may be overcome by UE initiated triggered reporting where the reporting period is immediately adapted to the individual channel variations, i.e. a CQI report is sent when the channel variations exceed a certain threshold. This approach seems to be most efficient but multiple access for those irregular CQI reports is an issue. Whereas dedicated feedback channels imply a waste of resources if not used, common feedback channels utilized in a random access manner suffer from unpredictable interference. Moreover, even if the reporting period is optimally set, the CQI report will become redundant if the UE is not scheduled because, for example, 
· the DL transmission queue(s) is(are) temporarily empty,
· higher priority traffic arrives at the eNB and pushes away best-effort traffic flows,
· the number of UEs is high so that any (especially non-GBR) UE gets delayed longer than the reporting period
2.2. Proposed signalling scheme

Since triggered reporting is regarded as an appropriate means to control the amount and timing of individual CQI reports together with the resources to be used for reporting, a potential implementation is proposed thereafter. The presumed message flow is depicted in figure 1. A key assumption of the proposal is that a subset of active UEs (or all if the number of active users is small) is simultaneously triggered for reporting. An appropriate subset of K users is determined by the scheduler according to e.g. the amount and discarding time of data packets in the queues. Besides the selection of users, the scheduler also decides about the amount of CQI feedback to be reported by each selected user. The specified amount of CQI feedback could be directly related to the number of PRBs, for example. It could be the same for all selected users or even different. 
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Figure 1: Dynamic CQI request for the DL-SCH operation

The corresponding trigger message is sent in conjunction with an appropriate probing sequence which supports the CQI measurement. Such a probing sequence may include a user or group of user specific spatial precoding, like e.g. beamforming. Each triggered user performs the requested measurements and sends back a corresponding CQI report. Since the eNB knows about the sizes of the individual CQI reports it can reserve and assign an appropriate amount of uplink resources to each user. As shown in section 2.3, this assignment comes with no additional signalling overhead if implicitly linked with the signalling of CQI feedback amount. 

Limiting the size of a CQI report to include measurements only for certain number of PRBs, each UE can choose independently which measurements are fed back. In order to benefit most from multi-user diversity, it could be reasonable to include only information about the best M PRBs, for example.  

Once the requested amount of information is available at the eNB, final resource scheduling as well as transport format (TF) selection and radio bearer (RB) selection is performed. Depending on the CQI reports only a subset of users triggered for CQI feedback may finally be scheduled for data transmission. 
It is considered as an important feature of the system design that the eNB antenna weights employed during probing and data transmission remain constant to constrain channel variability to UE mobility only. This holds also for interfering eNBs to allow for reliable signal-to-interference and noise measurements per PRB. Using the system design approach from [3,4] (single beam per sector, reuse 1) which has the above mentioned feature, some system simulations have been performed to show the benefit of balancing the number of selected users K and the amount of requested feedback per users in combination with opportunistic scheduling. Figure 2 depicts the average normalized sector throughput as a function of the relative feedback amount per user in percent. The relative feedback amount is defined by the number of PRBs included in the CQI report related to the maximum number of PRBs in a frequency band of 10MHz which is assumed to be 40 (i.e. PRB size in frequency is set to 15). Only the best PRBs in terms of SINR are reported. Reports are received at the eNB without loss. The average sector throughput is normalized to its maximum for complete SINR channel knowledge at the transmitter. Different curves are provided for different figures K.
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Figure 2: Impact of CQI report amount on downlink system performance using opportunistic scheduling
It is obvious that the required feedback amount per user to achieve no or negligible performance loss compared to full feedback scales inversely with increasing number of users. Selecting 4 users with roughly 45% relative feedback amount achieves the same normalized sector throughput (i.e. 95%) as 40 users with 0.09% relative feedback amount. The overall amount of feedback increases from 4*0.45*40=72PRBs to 40*0.09*40=144. Note that this increase is not linear with the number of selected users. Moreover, what cannot be seen here due to normalization, the absolute average sector throughput is about 1.36 times higher for 40 users than for 4 due to an increased multi-user diversity gain.
2.3. CQI request message details
An efficient way to inform the UEs about the amount of measurements to be included in the CQI report is to transmit a list of numbers bk of known order, see second column of table 1. Together with another figure F specifying the overall amount of feedback information requested by the eNB, the user specific numbers bk ({0,1,…,2B-1} of length B bits may specify the relative part to be transmitted by each user k. From these figures each user can determine the absolute amount of feedback information xk e.g. in terms of number of PRBs by calculating
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where K is the number of active users. Users which are not selected for CQI reporting is assigned the value bk=0. 
	UE ID
	relative feedback amount bk (B=2)
	absolute feedback amount xk 
	amount of UL feedback channels     fk
	UL feedback channel indices 

	UE1
	3
	15
	12
	0-11

	UE2
	0
	0
	0
	NA

	UE3
	3
	15
	12
	12-23

	UE4
	2
	10
	8
	24-33

	UE5
	0
	0
	0
	NA

	UE6
	1
	5
	6
	34-39

	UE7
	3
	15
	12
	40-51

	UE8
	1
	5
	6
	52-57

	UE9
	2
	10
	8
	58-65

	UE10
	0
	0
	0
	NA

	
	total feedback amount F
	
	
	

	
	75
	
	
	

	(
	(
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	(

	Updated if required, i.e. (de)association of UEs
	CQI report request message 
	Computed at UE


Table 1: Example for a channel assignment scheme for CQI reports using FDMA

Note that the position in the list, i.e. the row in table 1, where a UE finds its value bk needs to be signalled only when a UE becomes active. In addition, all users have to be notified when the size of the table varies unless the size is fixed a priori. The parameter F might be send together with the list of bk or at a lower frequency. Hence, the main signalling overhead comes from the list itself consisting of K(B or Kmax(B bits. With B=2 and K=Kmax=30 this amounts to 60 bits.  Adding a CRC of 16 bit and using an MCS with an efficiency of 1/3 bits per symbol to ensure correct reception with high probability, about 228 symbols are needed, for example. 
Besides computing the absolute feedback amount xk, corresponding uplink channels may also be determined in the UEs according to columns 4 and 5. First the amount of required (=assigned) UL resources fk is derived from xk according to some generally nonlinear function including the characteristics of UL L1/L2 processing.  The set of reserved resources for CQI reporting of a UE is directly linked with a set of continuous channel indices. The first index is simply obtained by accumulating all fk figures of UEs at a “higher position”. 
2.4. Summary and Proposal
Despite the price for the extra signalling of the triggered CQI requests it is proposed that 
· the amount of CQI reports is under full control of the eNB which enables to adjust the overall and user specific reporting overhead to the actual operating scenario. 
· the eNBs dynamically request for CQI reports from a variable subset of active UEs. CQI reporting can be switched off individually and dynamically depending on 

· DL queue states and priorities

· availability of up-to-date CQI reports 

· implicitly with the CQI request message, collision-free uplink channels are assigned to the reporting UEs. Since the request is sent in one broadcast message, efficient coding can be applied.
· missing CQI requests are used as a trigger for UEs to enter micro sleep mode until the next CQI request message is broadcasted
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