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1 Introduction

In order to support CCE interleaving while simplifying the corresponding UE blind decoding operations for the scheduling grants, it was agreed that the CCEs comprise of elements of four consecutive REs excluding the RS [1] (mini-CCE). In case of one Tx antenna, this required that the REs in the PDCCH region (first OFDM symbol) where the RS is placed in case of a second Tx antenna were left empty. The simplification of PDCCH blind decoding was deemed compelling enough to overlook the loss in spectral efficiency from leaving part of the useful BW empty. 
Subsequently, the suggestion was made to avoid this BW waste by utilizing the empty REs to transmit the CCFI in the case of 1 Tx antenna but there was no sufficient discussion due to time shortage and this issue was left as FFS [2]. 

This contribution analyzes the benefits of using the empty RS REs to transmit the CCFI in the case of 1 Tx antenna. These benefits can be classified into two categories:

a) PCFICH Performance Gains: The absence of transmit antenna diversity is compensated by the larger frequency diversity from spreading the CCFI transmission over 16 frequency disperse REs compared to using 4 mini-CCEs. This provides gain of 0.7 dB which improves CCFI coverage and provides a more balanced performance between 1 and 2 Tx antennas.

b) PDCCH Spectral Efficiency Gains: By utilizing empty REs, the ones that would otherwise be used for the CCFI transmission can be assigned to the transmission of other PDCCH fields. This can lead to:

a. Throughput gains of 9% if PDCCH size is reduced from 3 to 2 symbols (most likely for the lower system BWs where the CCFI relative overhead is larger – about 40% at 1.4 MHz in the first OFDM symbol after subtracting the PHICH and RS REs).

b. Less scheduling restrictions in support of transmission from/to low SINR UEs in the same sub-frame.

c. Less throughput loss from always constraining the PDCCH size within 3 symbols. 

c) CCFI Interference Randomization: The probability for moderate or large numbers of collisions is fundamentally smaller when transmission is in distinct REs than in groups of REs. Using mini-CCEs for the CCFI transmission will not achieve the desired CCFI BLER for the lower E-UTRA system BWs.  
2 CCFI to RE Mapping
The CCFI is a critical field whose reliability directly affects system throughput, particularly considering the scheduling of low SINR (cell edge UEs). In general, it is difficult to meet the desired BLER target of 1% or less at the 5% geometry CDF and power borrowing from other PDCCH REs is needed. In the case of 1 Tx antenna, the reduction in transmit diversity exacerbates this problem. As the empty REs are spread in frequency, the utilization of 16 such REs having large frequency separation increases the frequency diversity of the CCFI transmission relative to using 4 mini-CCEs as is the case for 2 Tx antennas. This partly compensates the absence of transmit antenna diversity and leads to a more balanced performance between the cases of 1 and 2 Tx antennas and easier achievement of the CCFI target BLER.
Bandwidth is obviously a most valuable resource and the objective for its full use is self-evident. However, as previously noted, having unused REs in the first OFDM symbol was decided in order to ease the CCE mapping and the UE blind decoding operations. The transmission of the CCFI over some of these unused REs reclaims some of the wasted bandwidth and reduces the inefficiency of the overall PDCCH design. Improving the robustness of the PDCCH operation obviously translates to a better system design with benefits ranging from enhanced throughput (e.g. 9% gains are achieved if the PDCCH size is reduced from 3 to 2 OFDM symbols), to less scheduling restrictions associated with transmissions to/from cell edge UEs while maintaining a maximum PDCCH size of 3 OFDM symbols, to less throughput loss whenever the preferred scheduling cannot be achieved due to the PDCCH size constraint. 

To maximize the frequency diversity of the CCFI transmission, its repetitions should be evenly distributed over the empty REs (not necessarily always resulting to the same distance between two CCFI REs as the number of empty REs is not a multiple of 16). An example for the placement of the CCFI REs for the case of 1 eNB transmitter antenna is shown in Figure 1. In general, some empty REs still remain and they are the majority for the larger BWs. It should also be noted that as only 12 empty REs exist for 1.4 MHz system BW, while the CCFI transmission requires 16, a pre-determined, cell-specific mini-CCE can be added to the CCFI transmission.  
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Figure 1: CCFI to RE mapping for one eNB Tx antenna
The CCFI performance with fully distributed transmission and with distributed transmission of 4 mini-CCEs is subsequently provided. Table 1 presents the simulation assumptions. Figure 2 presents the CCFI BLER results.
Table 1. Simulation Assumptions for Fully Distributed versus Block Distributed CCFI Transmission.
	Parameter
	Value

	Bandwidth and Carrier Frequency
	5 MHz, 2 GHz

	Transmitter Antennas
	1

	Receiver Antennas
	2 (uncorrelated)

	Channel Model
	TU6,  10 Kmph

	Channel Estimation
	RS from previous sub-frame and 1st slot of current sub-frame

	CCFI Location
	Block Transmission: At 0, 1.5, 3.0, 4.5 MHz
Distributed Transmission: Every 3rd or 4th empty RE
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Figure 2: CCFI BLER with Fully Distributed and 4-RE Block Repetitions.
The performance gains from fully distributed transmission (16 unused REs with large frequency separation) over distributed transmission of 4 mini-CCEs exceed 0.7 dB, in the CCFI BLER range of interest (1% or less), and the gains increase for smaller CCFI BLERs. This is a lower bound for the performance difference as, depending on the method used for interference randomization of the CCFI transmission with 4 mini-CCEs, the maximum frequency diversity assumed in the simulations may not be achieved.
Randomizing the interference on CCFI transmissions, while achieving frequency diversity, is also a desirable objective. For the case that the CCFI uses 4 mini-CCEs, as there is not yet a definite method for interference randomization, it is assumed that the operating BW is divided into 4 separate consecutive zones and one CCFI transmission is randomly placed into one such zone [3]. This approach provides a balance between the objectives of frequency diversity and interference randomization. 
The limiting case for interference randomization on any transmission in general and the CCFI one in particular occurs for the 1.4 MHz system BW where there are 12 mini-CCEs in the first OFDM symbol and for each mini-CCE, there are 3 possible positions in 4 zones. With planning, the degrees of freedom are 3. With random hopping, the probability of [0, 4, 8, 12, 16] RE collisions is [19.8, 39.5, 29.6, 9.9, 1.2]%. Clearly, as CCFI power boosting needs to be relied upon to achieve the desired CCFI BLER target for 1 Tx antenna, using mini-CCEs to transmit the CCFI requires planning which is already very difficult. The outcome would be the same if any other partitioning of the mini-CCEs for the CCFI transmission was considered due to the fundamental limitation of positions. One obvious way out of this problem is to abandon the CCFI transmission for the 1.4 MHz BW and always have at least 3.5 OFDM symbols overhead, or at least 25% overhead, per sub-frame (excluding BCH and SCH transmissions). Another is to increase the number of CCFI transmissions for a corresponding increase in overhead. However, as there are 6 positions for the empty RE in every mini-CCE (with RS shifting), the probability of [0, 1, 2, 3, 4, 5, 6+] RE collisions is [11.2, 26.9, 29.6, 19.7, 8.9, 2.8, 0.9]%. This clearly avoids the need to impose planning. For the larger system BWs, randomization is easier as there are more mini-CCEs per zone and more RS REs than CCFI REs. Nevertheless, using distinct rather than grouped REs for the CCFI maintains the interference randomization advantage as interference randomization issues with the use of 4 mini-CCEs persist up to the 5 MHz system BW (probability for 1 or more mini-CCE collisions is 
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2.4%).  
3 Conclusions
This contribution considered the CCFI transmission for 1 Tx antenna and compared the options of using the empty REs in the first OFDM symbol versus using 4 mini-CCEs. Using the empty REs provides decisive advantages in terms of:

PDCCH Spectral Efficiency: 
a) Throughput gains in the order of 9% if the PDCCH size is reduced from 3 to 2 symbols.

b) Less scheduling restrictions in support of transmission from/to low SINR UEs in a sub-frame.

c) Less throughput loss from always constraining the PDCCH size within 3 symbols. 

PCFICH Performance: Gains of 0.7 dB at 1% CCFI BLER (larger than 0.7 dB for 
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1% CCFI BLER) are obtained. These gains are critical because of the direct CCFI reliability impact on system throughput and because of the difficulty in meeting the CCFI BLER target without power boosting. Also, using the empty REs partly compensates the absence of transmit antenna diversity and provides a more balanced CCFI BLER between the cases of 1 and 2 Tx antennas.
PCFICH Interference Randomization: As for one transmitter antenna CCFI power boosting is required to achieve 
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1% BLER at the 5% geometry CDF point, using mini-CCEs for the CCFI transmission cannot provide the desired interference randomization for the lower system BWs. Using the empty RE in mini-CCEs provides substantially larger CCFI interference randomization which can avoid limitations in achieving the desired BLER performance.
It is proposed to use the empty REs in the first OFDM for the PCFICH transmission with one transmitter antenna.
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