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1. Introduction

This contribution considers transmission sequences for the Primary Control Format Indicator Channel (CCFI) - that dimensions the PDCCH into an integer number n of the first OFDM symbols (n <= 3) in a sub-frame. Regarding the CCFI transmission, the following decisions were taken during RAN WG1#49:

· Cat0 is transmitted in the first OFDM symbol

· Coding: the 2 bits are mapped onto 4 sequences of length 16 QPSK symbols

· Spread over the whole system bandwidth

· Cell specific frequency domain mapping. 

· Cell specific hopping FFS.

· Cell specific scrambling, tied to the cell ID

· Same TX diversity scheme as for PDCCH

Previously, two approaches have been suggested for the mapping of CCFI: repetition coding for the 2 information bits [1-3] and a (3, 2) code with Hamming distance of 2 mapping the 2 information bits to a 3-bit codeword [4]. These approaches are further evaluated and compared to a proposed mapping scheme based on optimizing the distances among the four 2-bit combinations for the CCFI.
2. Design Principles

A key observation for the need to design better sequences than simple QPSK repetition of the 2 CCFI bits can be drawn from Figure 1. The distance between any two consecutive points on the unit circle (e.g. 00 ( 10 ( 11 ( 01 ( 00) is 
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while the distance between two diametrically opposite points (e.g. 00 ( 11, or 10 ( 01) is 2. However, the cost of error between any two consecutive points (e.g. 00 is correct and 10 is decided) and the cost of error between any two diametrically opposite points (e.g. 00 is correct and 11 is decided) is the same (CCFI is incorrectly decoded by a UE and a CCFI block error occurs impacting the PDCCH reception). Clearly, the QPSK constellation should be optimized so that the distances among all 4 constellation points are the same.

[image: image2]
Figure 1: Conventional QPSK Constellation.
Figure 2 shows the optimal QPSK constellation achieving the same distance over 2 repetitions among all points by reversing the position of the “11” and “01” points between the 2 consecutive repetitions (alternatively, the position on “00” and “10” may be reversed). The concept is to decrease the maximum distance for the conventional QPSK constellation (e.g. “00” ( “11”) while increasing the distance among the neighboring constellation points (e.g. “00” ( “10”) Designing the constellation points so that all of them have the same mutual distance over 2 consecutive repetitions yields the condition 
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 (where “acos” is the inverse of the cosine). For example, the “00” point is located at 
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 on the unit circle. For simplicity, and with negligible impact on the performance, 
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 can be approximated to 35 degrees. 
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Figure 2: Optimal QPSK Constellation over 2 Repetitions.

The square distance between the pairs of {“00” and “10”} and {“11” and “01”} remains always the same and equal to
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=2.667 which is equivalent to 5.333 over two repetitions. The square distance between the pairs of “00” and “01” is 4 during the first repetition and it is
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 = 1.333 during the second repetition for a total of 5.333 over two repetitions. The same distance is obtained in the same manner for all other combinations of the optimal QPSK constellation points. 

The constellation shown in Figure 2 is optimal in terms of maximizing the square distance of the constellation points over 2 repetitions, under the condition that all constellation points have the same square distance. The Hamming coding sequence proposed in [4] is also optimal in maximizing the square distance of the constellation points over 3 repetitions. The performances of conventional QPSK repetition, optimal QPSK repetition, and Hamming coding [4] are subsequently evaluated. 
Note that the optimal QPSK scheme with two repetitions can be found in the literature and is also known as the asymmetric QPSK rate ½ trellis code (see e.g. [6, 7]). Hence, both the optimal QPSK approach and the Hamming-based scheme are quite known in the literature.

3. Performance Evaluation
The simulation assumptions are provided in Table 1. 
	Parameter
	Assumption

	CCFI Size
	2 bits

	CCFI Coding
	Repetition, Hamming, Optimal QPSK

	Bandwidth
	5 MHz (2.0 GHz)

	Channel Model
	Ped. A, TU6, 10 Kmph

	Antenna Configuration
	1 or 2 (SFBC) at Transmitter, 2 at Receiver

	Channel 
Estimation
	Time Interpolation
	Averaging 

	
	Frequency Interpolation
	Least Squares

	Buffering for Channel Estimation
	RS from 1st OFDM Symbol and Preceding sub-frame
3 dB RS boost for SFBC (nulled RS sub-carrier per antenna)


Table 1: Simulation Assumptions

CCFI is assumed to be transmitted only in the first OFDM symbol. For brevity, the CCFI BLER is presented only for 10 Kmph in order to capture the most important range of UE speeds for E-UTRA (for higher UE speeds, the only difference is an additional fractional dB penalty due to channel estimation losses). Nevertheless, the performance with perfect channel estimation is also presented in order to abstract its impact from the relative performance of the examined repetition methods.  

The BLER is for any of the 2 CCFI bits being in error. CCFI transmission exploits frequency diversity. The channel BW is divided into a number of regions equal to the number of CCFI repetitions. With SFBC, 2 CCFI transmissions are paired in adjacent cub-carriers (pair transmission is then distributed). Without Tx diversity, the transmission of CCFI sub-carriers is fully distributed in the operating BW.
The examined channel models are the TU6 and the PA. Since cell edge UEs (low SINRs) typically experience the full frequency selectivity of the channel, TU6 captures this. However, for smaller BWs or when there is some correlation between the 2 Rx antennas, a flatter channel model is more appropriate and the performance with the PA channel is also evaluated to capture a worst case (and pessimistic) setup and provide a lower performance bound.
Figure 3 presents the CCFI BLER for the PA channel with and without Tx antenna diversity. Figure 4 considers the TU6 channel. For the Hamming approach [4], the number of repetitions has to be a multiple of 3 without Tx diversity and a multiple of 6 with paired SFBC Tx diversity. For this reason, 15 and 18 repetitions were applied respectively, and the SINR is adjusted for 16 repetitions.
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Figure 3: CCFI BLER for the PA channel with and without Tx Diversity (SFBC).
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Figure 4: CCFI BER for the TU channel with and without Tx Diversity.

Targeting 1% CCFI BLER (in order to avoid the CCFI reception quality affecting the overall PDCCH one), optimal QPSK transmission outperforms conventional QPSK by about 1 dB for relatively flat channels (however, notice that receiver antenna diversity was assumed), and by about 0.8 dB in frequency selective channels. Optimal QPSK and Hamming coding perform practically the same in frequency selective channels while optimal QPSK outperforms by about 0.3 dB in relatively flat channels. 

With the exception of a flat channel and no Tx antenna diversity, the optimal QPSK and Hamming coding achieve 1% CCFI BLER at about -5 dB SINR. This implies that even the worst geometries can be accommodated without excessively relying on CCFI power boosting (in fact, CCFI power reduction is most often possible if only scheduled UEs need to correctly receive the CCFI). 

4. Conclusions

This contribution evaluated the performance of CCFI transmission with conventional QPSK repetitions, Hamming coding, and optimal QPSK repetitions. Both Hamming coding and optimal QPSK repetition provide very substantial performance gains (~1 dB) over conventional QPSK repetition. 

The table below summarizes the comparison between the optimal QPSK repetition and Hamming coding:
Table 2: Comparison with Hamming-based
	
	Optimal/rotated QPSK (asymmetric QPSK rate ½ [6, 7])

	Performance in frequency selective channel
	Comparable to Hamming-based

	Performance in frequency non-selective channel
	Slightly better (by up to 0.3dB)

	Flexibility/granularity
	Better granularity (multiple of 2) compared to Hamming-based (multiple of 3)

	Used with SFBC/SFBC-FSTD
	More natural fit to SFBC-based (due to multiplicity of 2) 

	CCE-to-RE mapping
	More natural fit for the CCE with 4 or 8 useful REs


Based on the above analysis, it is proposed that optimal QPSK repetition is used for the CCFI transmission due to the substantial gains it provides relative to conventional QPSK repetition and due to the structural advantages it provides over Hamming coding. 
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