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1 Introduction
In Evolved UTRA two different approaches for transmitting downlink L1/L2 control signalling have been proposed, TDM or FDM. In this contribution we will analyse the following aspects of the two approaches. 

· The amount of control signalling need varies in time e.g. due to different number of users in the cell. This means that the scheme must be flexible. The scalability of both schemes is discussed in the chapter 2.
· The techniques to improve the coverage of control signalling are mainly diversity, power balancing and adaptive modulation and coding (AMC). The need and differences of utilising these techniques are discussed in chapter 3.
· The TDM and FDM approach have different processing times for control signalling. This is discussed in the chapter 4. The processing time have implications to e.g.
· HARQ

· Buffering

· Round Trip Time(RTT)
· Micro sleep is only possible with a TDM control, whereas an FDM control channel means that the whole sub-frame need to be received before the control signalling can be decoded, see chapter 5.
2 Scalability of TDM and FDM Control Signalling

The amount of control signalling varies depending on the amount of users to be scheduled in a sub-frame. Thus the control signalling scheme has to scale flexible to different amount of control signalling data bits. The scalability can be achieved by allowing a variable number of control signalling blocks, variable block sizes or the combination of both. These methods can be utilised in both TDM and FDM approaches. The granularity to scale the resources is different between TDM and FDM, if the resource assignment is done on a resource block (RB) level as the TDM granularity can be made smaller than the FDM granularity. However, power balancing can be utilised for compensating resource allocation granularity.  
To reduce the overhead of the control signalling, it is beneficial to divide the control channel into several code blocks and utilize adaptive coding for different code blocks as proposed for TDM approach in [1], [3] and [4].
3 Coverage of TDM and FDM Control Signalling

The common methods improving the coverage of the control signalling are to utilise diversity, do power balancing or adaptive modulation and coding. Adaptive modulation is not discussed in this paper as it is not seen as an attractive solution for control signalling. The adaptive coding is assumed to be possible if the control signal is divided into several code blocks. 

3.1 Diversity gain

The diversity gain is assumed to come from the frequency domain, the time diversity during the sub-frame is assumed to be small, see Figure 1. In the figure the BLER of the scattered FDM and distributed TDM schemes are compared to see the time diversity gain. The figure shows the simulation results for typical urban (TU) channel model environment using 150 sub-carriers with QPSK 1/3 coding . An MMSE receiver is assumed in two different velocities 3 km/h and 300km/h. It can be seen that for small velocities no gain can be achieved from time diversity and with 300 km/h the diversity gain at 1 % BLER is ~0.5 dB. This gain is not seen as significant enough.
The major improvement frequency diversity brings comes when a consecutive group of sub-carriers are divided to two sub-carrier groups sufficiently apart in frequency. Moreover, there is no significant difference between sub-carrier specific or RB specific diversity gains [7]. The frequency diversity can be achieved both with TDM and FDM of the control channel if RB sufficiently apart in frequency are assigned to control signalling. However, resource allocation granularity for the control channel follows the RB structure, the granularity of the control channel is smaller for FDM than for TDM. Similar diversity gain can obviously be achieved in scattered FDM [5] or TDM.
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Figure 1 Possible gain of time diversity in one sub-frame. BLER of 150 sub-carrier packet in Typical Urban channel using MMSE receiver, QPSK 1/3. 
As a conclusion both schemes will benefit similar from diversity and gain is more dependent on how the control signalling scheme is constructed.

3.2 Power balancing and adaptive coding
Power balancing between sub-carriers in an OFDMA system is possible only to a certain point, where the out-band emission and in-band distortion becomes too large. FDM enables power balancing between control signalling and shared channel resources, i.e. shifting power from data to control in coverage limited scenarios. Similarly, in TDM physical resources (i.e. sub-carriers) can be shifted from data to control and by adding these resources more power can be allocated to control signalling. Additionally, power balancing between code blocks is possible and if more resources are needed for control signalling the power balancing between shared channel and control channel is possible to a certain extent. 

Reference case 3 from TR 25.814 [6] is assumed to be most challenging environment. In the controlling signalling concept introduced in [1], power balancing may be used within the control channel to meet performance requirements. To assess the need for power balancing between the control channel and the shared channel, the average power needed for control signalling per sub-carrier is evaluated. Figure 2 shows this quantity as a function of the number of users allocated in UL and DL. If the curve is above 1 or 1 it means that no power balancing to favour the control signalling at the price of reduced shared channel power is needed. The different curves show the results for different dynamic ranges allowed for power balancing, i.e. the maximum power difference between sub-carriers. Dynamic ranges 5 and 10 dB are considered to be reasonable. More detailed results in and simulation assumptions in [2].  
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Figure 2 The scaled average power needed for control signalling sub-carriers as a function of users allocated for UL and DL (same number of user in both directions), reference case 1 and 3.

Figure 1 shows that in Case 1 [6] using the TDM control channel scheme [1], power balancing to favour control signalling is not usually needed. Power balancing exceeding a few percents is needed only in Case 3 when there are 1 to 3 users, When there are only a few users, the number of subcarriers in the control channel is small, and there is ample opportunity to balance power between the control channel and subcarriers that may be used for the shared channel even if the control channel is Time Division Multiplexed. For example, some sub-carrier can be left un-used to enable power balancing.  
Based on this analysis we conclude that the possibility to utilize power balancing between control and shared channels to increase coverage is not an issue when deciding whether to TDM or FDM the control channel. 

4 The processing times of different Control Signalling multiplexing schemes 
In previous RAN1 meeting the discussion of control channel multiplexing has been micro-sleep. Far more important is the possibility of providing the possibility of low latency for the control information resulting in lower round trip time, lower buffering requirements and lower decoding complexity. With the low round trip times required in LTE any measure to reduce the latency should be exploited. 
4.1 Processing time of TDM and FDM
There is a difference in processing times for TDM and FDM control channels as the decoding of control channel can start at different times during the reception of the signal. This is illustrated in figure 3 below. The UE can only start the processing of the shared data channel once the control channel has been decoded. The figure shows an example for a short CP sub-frame.  With the TDM control channel the control signalling is in first two OFDM symbols and the shared channel processing can start well before the sub-frame has ended while in case of FDM the control channel processing can only start once the full sub-frame has been received and the shared channel processing can only start thereafter. The difference in processing delay between TDM and FDM can be up to 5/7 of sub-frame depending of the processing time of the control channel.
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Figure 3 Example of difference of processing times in UE, when TDM (up) or FDM (down) control signalling scheme is used. The processing times in the figure are only examples. 
4.2 HARQ in case TDM or FDM is utilised in Control Signalling

The interval of HARQ process depends on the propagation delays processing times at the BS, transmission times of the ACK/NACK packet and processing times at the UE. The increase in the processing time that FDM control signalling introduces might require an additional HARQ process and hence additional HARQ buffering. 
4.3 Buffering in TDM and FDM

The UE Rx buffering requirements will be different for TDM and FDM approach. There is the need to buffer the input signal for the time it takes to decode the allocation table and configure the receiver. As already shows, this is much longer time in FDM and the input buffer is therefore bigger. 
4.4 RTT delay

Round Trip Time (RTT) is determined by the frame structure, physical channel structures and processing time requirements set for the UE and base station. The physical layer contributes to the total latency via the delays introduced by transport block processing in the transmitter, allocation table creation, radio propagation delays, BS and UE processing times, HARQ retransmission delays etc. 
Hence, due to the increased processing time, the RTT delay will increase if FDM is used instead of TDM for the control signalling. The TDM control channel means that the decoding capacity needed can be designed to meet the control channel data rate as opposed to the delay, which in practice means that the decoding capcity needs to be higher than the control channel data rate. 
5 The Micro Sleep 

As shown in section 4, a TDM control channel has major benefits in lowering the implementation complexity and latency and this is the main argument for having a TDM control channel. In previous RAN1 discussions, the discussion on whether or no to have a TDM control channel was concentrating on the issue of the power savings that can be achieved with micro sleep. In our opinion micro sleep is an additional benefit of the TDM control channel that a UE manufacturer can take advantage of if wanted and can be introduced at a later stage when the technology has evolved.  
6 Conclusions

The both TDM and FDM can be scalable to different control signalling data bit needs. The granularity to scale the TDM might be smaller than in the FDM case, however e.g. power balancing can be utilised to diminish the effect of granularity to shared channel performance. Similarly there is no visible difference in the coverage of FDM or TDM approach as discussed in chapter 3. The difference will arise in processing delay as described in chapter 4. This analysis favours the TDM approach as well as the possibility to enable the micro sleep mode. Thus it is recommended to use TDM as a control signalling multiplexing scheme.
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