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1. Introduction
The PDCCH design for 1 eNB transmitter (Tx) antenna assumes that the sub-carriers allocated to the RS in case the eNB has 2 Tx antennas are left empty and their power can be used for boosting the transmission power of other channels (e.g. PDCCH, CCFI, ACK/NAK, RS) [1]. The motivation for this was to reduce the number of possible CCE structures from 3 to 2 (first CCE structure for 1 and 2 Tx antennas – second CCE structure for 4 Tx antennas) and therefore simplify the UE receiver design (for PDCCH decoding). 
In [2] it is proposed to utilize these unoccupied sub-carriers for placing additional RS for the single Tx antenna (and also, to utilize for RS transmission the sub-carriers where the RS from the 3rd/4th antenna would be placed even though these sub-carriers are currently assumed for PDCCH transmission). The performance evaluation shows substantial PDCCH BLER gains that can be as large as 1.3 dB for SINRs in the range of -5 dB to -2 dB. These gains are practically the same with the ones obtained with power boosting of the existing RS sub-carriers assuming that the RS in neighboring Node Bs do not overlap (RS shifting). A key assumption in [2] is that only the RS in the first OFDM symbol is used for PDCCH detection. Therefore substantially less RS sub-carriers are used than typically possible and, as expected, substantial BLER gains are observed when additional RS or boosting of the existing RS is applied.
This contribution evaluates the PDCCH BLER when the second RS in the first slot of the current sub-frame and/or the RS in the previous sub-frame are also included in channel estimation, when possible. The resulting BLER is compared to the case that additional RS (or RS power boosting) is used in the first OFDM symbol. The tradeoff between using the unoccupied sub-carriers for additional RS purposes versus using them to selectively boost the PDCCH transmission power, the UE receiver complexity, and overall system issues are also considered.
Based on the above issues, it is concluded that having additional RS in the PDCCH region for 1 Tx antenna is not only an unnecessary option for E-UTRA but it also results to increased system and UE complexity (contrary to the rationale of leaving these sub-carriers free of PDCCH transmission) and often leads to worse PDCCH performance than using the unoccupied sub-carriers to boost the power of a targeted PDCCH codeword or other signal in the first OFDM symbol.

2. Performance Evaluation and Impact of Additional RS in PDCCH Region
The simulation assumptions for the PDCCH BLER evaluation with and without additional RS in the PDCCH region are given in Table 1. The TU6 channel is considered in order to provide a setup for resulting to among the largest possible gains from having additional RS for channel estimation (for flatter channels, the gains are negligible). The additional RS for the single eNB Tx antenna is placed on the unoccupied RS sub-carriers from the second eNB Tx antenna and the PDCCH CCEs are spread over the first 3 OFDM symbols.
Table 1: Simulation Assumptions for PDCCH BLER Evaluation with/out Additional RS.
	Parameter
	Value

	BW and Carrier Frequency
	5 MHz, 2 GHz

	Transmitter/Receiver Antennas
	1 Tx – 2 Rx (uncorrelated)

	Channel Model
	TU6,  10, 120, 350 Kmph

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

	PDCCH
	40 information bits - Distributed over first 3 OFDM symbols

	Additional RS
	Unoccupied Sub-Carriers of 2nd Tx Antenna


The PDCCH BLER is presented in Figures 1-3 for UE speeds of 10, 120, and 350 Kmph, respectively.
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Figure 1: PDCCH BLER with and without additional RS for 1 Tx Antenna. UE speed is 10 Kmph.
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Figure 2: PDCCH BLER with and without additional RS for 1 Tx Antenna. UE speed is 120 Kmph.
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Figure 3: PDCCH BLER with and without additional RS for 1 Tx Antenna. UE speed is 350 Kmph.

The PDCCH BLER with perfect channel estimation was obtained for UE speed of 10 Kmph. Although there is some time diversity within 3 OFDM at 350 Kmph, it will only slightly affect the slope of the curve and is immaterial to the derived conclusions.
From the results of Figures 1-3, the following observations can be made:

a) For the UE speeds where E-UTRA is to be optimized (0-15 Kmph), the maximum gain from having additional RS is 0.25-0.3 dB and is obtained for highly frequency selective channels at the lowest SINRs of the geometry distribution. 

b) For the UE speeds where E-UTRA is to achieve good performance (15-120 Kmph), the maximum gain from having additional RS is only marginally increased at the lowest operating SINRs to 0.35-0.4 dB (at the maximum UE speed of 120 Kmph for this range). 
c) For the largest UE speed in E-UTRA operation (350 Kmph), the maximum gain from having additional RS is about 0.5 dB. Similar gain should be expected when the previous sub-frame is a MBSFN one (interpolation to the last RS of the previous sub-frame was applied only for the first OFDM symbol).
It should be noted that for the majority of scheduled UEs having (possibly instantaneous) SINR near or above 0 dB and experiencing a less frequency selective channel than the TU6 with 2 Rx antennas, the BLER gain from additional RS will be negligible when enough of the already existing RS is used.

Using RS from the previous sub-frame when possible (no MBSFN) can be argued to be incompatible with micro-sleep. However, apart from being an implementation issue with potential UE power savings that have not yet been determined, especially in comparison to macro-sleep (DRX), micro-sleep can still be employed by low speed UEs (which can use the RS in the first slot of the previous sub-frame and represent the case of most interest) or by UEs with SINR above 0 dB (which experience minimal gains from using additional RS past the first slot for channel estimation).
Using the unoccupied sub-carriers for additional RS in the first OFDM symbol naturally makes these sub-carriers unavailable for power boosting of the other signals which, especially when already existing RS is properly utilized for their demodulation, can be more important to power boost. In coverage limited cases where RS power boosting is useful, using such boosting instead of additional RS results to simpler UE operation (measurements, channel estimation, etc.) considering that the RS in the PDSCH region is also power boosted (most likely by the same amount). 
In general, keeping the unoccupied sub-carriers free for power boosting of one or more of the signals existing in the first OFDM symbol, including the RS, as deemed necessary by the eNB scheduler, provides better operational capabilities than fixing their allocation for additional RS since having such overhead and the corresponding mandatory feature in E-UTRA is neither essential nor critically affecting PDCCH BLER.

Finally, using additional RS in the first OFDM symbol for 1 Tx antenna results to two different channel estimators; the first for a single Tx antenna and additional RS and the second in all other cases. It also unnecessarily introduces additional test cases for the corresponding performance verification. This is against the justification used in deciding to leave these sub-carriers unoccupied (simplify CCE structure in order to reduce UE receiver complexity).
3. Conclusions
This contribution evaluated the PDCCH BLER gain from placing additional RS in the unoccupied sub-carriers in the case of 1 eNB Tx antenna and considered further system and UE receiver aspects. In particular, the following observations apply:

a) The PDCCH BLER gains offered by the additional RS are in most cases of interest very small, when the UE appropriately exploits already existing RS, to justify this additional fixed overhead. Micro-sleep may still be employed by low speed UEs or UEs with SINRs above 0 dB.

b) It is preferable to allow the eNB scheduler the operational capability to use the unoccupied sub-carriers to power boost signals in the first OFDM symbol as needed per sub-frame. Also, if the existing RS needs to be power boosted, this boosting results to a more consistent operation with the one in the PDSCH region and to less overhead than always having the additional RS.

c) Having additional RS in the first OFDM symbol for 1 eNB Tx antenna necessitates a different channel estimator and other measurement functionalities than the ones used for every other transmitter antenna configuration. 

Based on the above observations, having additional RS in the first OFDM symbol would be an unnecessary mandatory feature, introduce an additional option than simple RS power boosting, increase the necessary test cases and complexity of the UE receiver, and is contradictory to the rationale for leaving the corresponding sub-carriers empty.
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