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1. Introduction
The EUTRA downlink pilot has received considerable attention but an agreement on the exact structure could not so far be reached. Nevertheless, there is consensus that the downlink EUTRA pilot structure should be one of the following two options:

a) Scattered pilot with pilot sub-carriers located in two OFDM symbols near the beginning and middle of each unicast TTI, respectively. 

b) TDM pilot with pilot sub-carriers located in one OFDM symbol near the beginning of each unicast TTI. Additional pilots (“UE dedicated” pilots) may be transmitted near the middle of the TTI if one or more high speed UEs is scheduled in the TTI. 
Notice that in the case of a TDM pilot, the “UE dedicated” pilots, whenever transmitted, are actually common to all UEs and the pilot format is effectively scattered. This is because distributed scheduling is assumed to apply for high speed UEs and “UE dedicated” pilot must occupy the entire frequency band and can consequently be used by all UEs. Therefore, even if a single high speed UE is scheduled in a TTI, the pilot format is effectively always scattered (which results to unnecessary overhead in case of a TDM pilot).
The attributes (advantages and disadvantages) of the scattered pilot are:
a) Simple solution that directly fulfills the LTE requirements with minimal performance losses and without additional complexity and overhead. It may also be suitable for MBMS (FFS) which will allow for a single pilot format in EUTRA. 
b) Possibility for larger UE power savings in micro-sleep mode as more shared control data can be multiplexed in the first OFDM symbol of each TTI (shared control channel may not have to occupy the second OFDM symbol).

c) The shared control channel has to be decoded with less pilot power than with the TDM pilot to achieve the same decoding latency. The performance loss, relative to the TDM pilot, is 0.2 dB - 0.8 dB [1]. However, this can be neutralized with a small coding gain for the shared control channel. The impact on the shared data channel from the correspondingly small coding loss is a trivial 0.01 dB – 0.07 dB loss.
The advantages and disadvantages of the TDM pilot are:

a) Better performance for the shared control channel (however, this is not important as indicated above).
b) Throughput loss ranging from 7%-13% (depending on the number of transmit antennas) when “UE dedicated” pilots are transmitted. These additional pilots are overhead and lead to a sub-optimal solution.

c) System, Node B, and UE complexity increase due to “UE dedicated” pilots including additional control signaling, additional frequency scheduling complications, doubling of TTI and channel estimation structures, and non-uniform pilot density in sectors/cells.
It becomes apparent that the main drawback of the TDM pilot is its requirement for additional pilot transmission in case of high speed UEs in order to meet the LTE requirements for the shared data channel (SDCH). Moreover, the UE power savings are primarily constrained by the shared control channel (SCCH) which, if multiplexed with the pilot, may have to occupy more than one OFDM symbols. Then, since the latencies of SCCH decoding and RF turn off/on are in the order of 3 OFDM symbols, there are only 2 OFDM symbols in a 7-symbol TTI for which the UE power savings can be accomplished. This additionally assumes that there is no uplink transmission after about the third OFDM symbol in order for the RF to be able to immediately turn off after the SCCH decoding, implying that at least the uplink CQI needs to be send by the third OFDM symbol of the downlink TTI. 
In this contribution we further analyze the requirement of “UE dedicated” pilots and the SCCH structure with respect to UE power savings and uplink transmission timing. We propose a straightforward pilot multiplexing method that practically eliminates the need for “UE dedicated” pilots. In an accompanying contribution [2], we also suggest a multiplexing method for the SCCH maximizing UE power savings and achieving the same savings for both scattered and TDM formats. 
2. Pilot/Control Channel Multiplexing to Avoid “UE Dedicated” Pilots
Extensive results from previous studies [1, 3] show that SDCH performance with TDM pilots fails even with QPSK modulation at UE speeds as low as 150 Kmph (at 2.6 GHz) when pilots from the next TTI are not available (e.g. next TTI is multicast, UE performs inter-frequency measurements, etc.). Moreover, even when the pilots from the next TTI are available for channel estimation, the TDM pilot experiences a loss relative to the scattered pilot varying from about 0.7 dB for QPSK to more than 2 dB for 16QAM and 64QAM at 10% BLER (the losses are larger for smaller BLERs) near the highest UE speeds specified by the LTE requirements [4]. Also, carrier frequencies larger than 2.6 GHz may also be used in the future further strengthening the case for scattered pilots. 
The notion of “UE dedicated” pilots has been suggested to overcome the above shortcomings for the TDM pilot. However, as mentioned in the introduction and further analyzed in [5], “UE dedicated” pilots are a particularly poor solution because, relative to the scattered pilot, they unnecessarily introduce substantial throughput penalties and increased overall complexity and lead to a pilot design that cannot be possibly justified as an acceptable choice for LTE. A more careful analysis is therefore required for the need of “UE dedicated” pilots.

The major reason for the introduction of “UE dedicated” pilots is the complete SDCH failure with TDM pilots at high speeds, that are nevertheless well within the LTE requirements, when pilots from the next TTI are not available. Therefore, the assumption of unavailability for these pilots needs to be re-examined.
A multicast TTI still needs to have multiplexed the unicast SCCH in order to enable UE scheduling for uplink transmissions. To maximize UE power savings and minimize uplink scheduling latency, the uplink SCCH needs to be located in the first symbol of each TTI. This is probably readily achievable in the case of a multicast TTI since the downlink part of the SCCH does not exist and downlink control information for multicast transmission is substantially smaller than for unicast transmission.   

The uplink SCCH of course requires unicast pilots which are also needed for CQI reporting for downlink unicast scheduling at the end of multicast transmission. Regardless of the size of the SCCH associated with uplink transmissions, the unicast pilots of the first multicast TTI can be selected to occupy the entire frequency band. Moreover, the unicast pilots of the last multicast TTI need to occupy the entire frequency band in order to enable CQI reporting for unicast downlink scheduling. Unicast pilots for intermediate multicast TTIs can be chosen to cover only the frequency band of the uplink SCCH. This is illustrated in Figure 1 for the exemplary case of TDM unicast and multicast TTIs. Clearly, the same applies for FDM multiplexing of unicast and multicast TTIs provided that the corresponding frequency sub-bands do not vary among TTIs. The only modification needed in the latter case is for the unicast channels to occupy only the unicast frequency band. Modifications to mixed extensions such as TDM SCCH multiplexing and FDM multiplexing of SDCH and multicast data are straightforward based on those for purely TDM and FDM unicast and multicast.

[image: image2.bmp]
Figure 1: Pilot and Control Channel Multiplexing in Multicast TTIs.

In the exemplary setup of Figure 1, three multicast TTIs are TDM with unicast TTIs. For the multicast TTIs, the unicast uplink shared control and pilot channels are TDM in the first OFDM symbol. For the first and last multicast TTIs, the pilot in the first OFDM symbol occupies the entire frequency band, similarly to unicast TTIs, to enable its use for unicast channel estimation and, for the last multicast TTI, CQI reporting. Multicast data may also be multiplexed in the first OFDM symbol of all multicast TTIs, depending on sub-carrier availability. Clearly, the overhead of this approach, if any, is constrained only on the unicast pilot symbols in the first multicast TTI that are outside the sub-band occupied by the unicast uplink SCCH (there is no overhead if CQI reporting by some UEs is arranged). In case of only one multicast TTI or if the uplink unicast SCCH occupies the entire frequency band because of its load or for frequency diversity gains, there is no overhead.
The implication of the above unicast pilot multiplexing in multicast TTIs concerning the performance of the unicast SDCH is that channel estimation performance is effectively the same as if there was no multicast transmission. Also, other UE functions such as inter-frequency measurements may occur after the first OFDM symbol in every TTI. 

The relative SDCH performance with scattered pilot and with TDM pilots without “UE dedicated” pilots has been reported in [1] and it is virtually identical for UE speeds up to 150 Kmph while at 350 Kmph (2.6 GHz) the scattered pilot outperforms by about 0.7 dB for QPSK to more than 2 dB for 16QAM or 64QAM (10% BLER). Clearly, for UE speeds between 150 Kmph and 350 Kmph, the relative gains with the scattered pilot are between the values at the above speeds. 
The significance of the above gains from the scattered pilot is limited for several reasons. First, they occur at UE speeds well beyond the region of the highest LTE performance requirements (requirement is to optimize for low UE speeds and maintain acceptable performance with small additional loses at very high speeds). Second, they are substantial only for the higher order modulations which are unlikely to be used at these high speeds as even for the smallest possible CQI reporting delay of 1 TTI, the channel variations cannot be effectively tracked by the scheduler [6]. Third, for QPSK modulation, they are somewhat diminished by the coding loss the SDCH incurs with the scattered pilot in order to provide SCCH coding gain so that to achieve the same SCCH performance as with the TDM pilot. 
Consequently, the TDM pilot without “UE dedicated” pilots is a viable alternative to scattered pilots under the unicast uplink control and pilot channels multiplexing in multicast TTIs that was described in this section. The system, Node B, and UE complexity are similar to those with the scattered pilot and, based on previously reported link level results, the SDCH throughput is also practically the same with some minor losses at very high speeds for the TDM pilot. 
3. Summary and Conclusions
We have described a multiplexing method for the unicast shared control and pilot channels in multicast TTIs. This multiplexing method enables uplink UE scheduling and CQI measurements during multicast TTIs. Moreover, it allows the use of the TDM unicast pilot format without experiencing performance failures at high UE speeds and without having to introduce associated UE dedicated pilots. In this manner, the TDM pilot will provide practically the same throughput (except at very high speeds) and overall system complexity as the scattered pilot.  
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