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Introduction
Generally there have two approaches proposed for carrying L1/L2 signaling information in the downlink.  The first is to send at least some of the signaling information in the first few symbols of the sub-frame or TTI (TDM mode) [1]–[5].  This may allow the terminal to shut down some of its operations for the remainder of the TTI (“micro-sleep”), and also has the advantages of simplicity, and low latency in decoding control information.  The other proposal is to use a subset of the subcarriers for the entire portion of the sub-frame (FDM mode) [6]–[8].  This may have an advantage of sharing power between the traffic and control channels leading to increased coverage, and possibly more efficient operation and a higher peak user capacity.  In this contribution we provide a qualitative assessment of the advantages of each method.
We also provide in the appendix a simple link level analysis of TDM vs. FDM with joint channel coding, when different amounts of RS symbols are used.
Summary of Contributing Factors
Following is a list of the main arguments in favor of each type of coding.

In favor of TDM:
· Simplicity – TDM coding is attractive from a design perspective as it does not require interspersing of control and data channels, or puncturing control data on top of data symbols.

· Latency – By having the control channel in the first symbols of the sub-frame, control channel decoding can begin (and likely finish) before the end of the sub-frame, whereas in FDM it must begin after the TTI is complete.  The latency advantage this gives depends on the relative complexity of the TDM and FDM control decoding.  It also depends on the extent to which shared channel processing can be accomplished before the end of the TTI.  In [2], an example figure shows shared channel processing beginning as soon as the control channel decoding is complete, in which case a latency advantage of 5/7 of a sub-frame is achieved.  If, however, the shared channel processing can only begin at the end of the TTI, the latency advantage is decreased to the time required to decode the FDM control channel (assuming the TDM control channel decoding is complete before the end of the TTI).  This is shown in Figure 1 below.  Note also that if the FDM control channel is individually coded, the time to accomplish the decoding step may be longer than to decode a jointly coded TDM control channel
· Buffer Size Reduction – The decoding of the control channel early in the sub-frame allows the terminal to stop buffering those RBs that have not been allocated to the user.  This might be a useful advantage if a class of terminals is defined for which the eNodeB must limit itself to scheduling only a fraction of RBs in each TTI.  For example, if a terminal knows it will be scheduled on at most half of the RBs in a TTI, then with sufficiently early decoding of the Cat-1 control information, it might stop the buffering of all RBs and switch to buffering only those RBs on which it has been scheduled.
· Micro-sleep – This allows a terminal to shut down part of its receiver functions between control channel bursts, to preserve battery life.  There is skepticism among many companies about whether or not this would be achievable when the TTI is 0.5 ms.  The increase of the TTI to 1 ms may allow this potential gain to be realized more easily.  It has been noted in [6] that it is also possible to achieve battery life savings by defining sleep intervals of several sub-frames at a higher layer, allowing substantial savings while keeping latency low.
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Figure 1. Latency advantage of TDM Control Channel Encoding.
In favor of FDM:

· Coverage – One of the principal arguments in favor of FDM as been its advantage of coverage, gained by the sharing of power between control and data tones.  Increasing the number of OFDM symbols can improve coverage in the case of TDM (as well as other methods described in [1]), but when associated with joint coding of Cat-1 signaling this must be done for all terminals and therefore may be less efficient than in the case of FDM with individual coding, where the power balance between control and data tones can be changed per terminal.
· Reduced Overhead – In [6] the argument is made that FDM with individual coding requires less overhead than TDM with joint/individual coding when the number of SDMA users per RB is 2 or 4.  This seems to make the FDM case more scalable as the number of users scheduled per TTI increases.  An argument against this advantage is that the number of users scheduled per TTI could be decreased.  That is, one can always schedule fewer users per TTI, and transmit more data per user per scheduling event.  This adds latency however, and in extreme cases may limit capacity for very low rate delay-sensitive traffic.
· Detection gain – In [7] it is suggested that FDM has gain over TDM due to the increased number of reference symbols that can be used in detection.  This gain rests on the assumption that only the first reference symbol is used for channel estimation.  If the second reference symbol is used, the latency and micro-sleep advantages of the TDM approach are reduced.  It was concluded in [7] that if the same number of reference symbols is used, for the same amount of data, the detection performance should be the same.  We also have found that by using the second reference symbol in the previous sub-frame, much of the detection gain shown in [7] can be regained, particularly at low mobile speeds.  This is shown in the Appendix.  Using the previous secondary reference symbol in TDM control channel decoding reduces the micro-sleep benefit of TDM (since the terminal must stay awake to detect it), but preserves the latency advantage of early control channel decoding.  Also, assuming a TDM control channel is sent completely in the first sub-frame of a 1 msec TTI, using the second RS to detect the control channel might improve detection while preserving all of the latency and some of the micro-sleep benefit of the TDM arrangement.
Discussion of Combinations of Coding and Multiplexing
It is difficult to compare the cases of TDM and FDM multiplexing of control signaling without also considering the coding scheme (joint vs. separate) that goes along with them.  From considering previous contributions there appear to be two main candidates for combinations of coding and multiplexing:

· Separate coding of Cat-1/2/3 information with FDM [6]
· Joint coding of Cat-1 (& Cat-0) information with TDM multiplexing, followed by separate coding of Cat-2/3 information using FDM [3], [9].
These proposals both acknowledge the advantage of FDM with separate coding in allowing adaptation of MCS level to most efficiently transmit information to each user, without wasting power to broadcast information unnecessarily to the entire cell.  However they differ in the value of the initial TDM step.  The advantage of this TDM stage is the previously mentioned latency and buffer size, as well as obviating the need to blindly decode a large number of possible scheduling choices.  The disadvantage appears to be a loss of efficiency compared to a pure FDM approach, as well as a potential limitation on the number of simultaneous users per TTI in extreme traffic cases.
Conclusions 

We surveyed previous work comparing TDM and FDM multiplexing for L1/L2 downlink control signaling, and summarized the advantages of each scheme.  In discussing TDM multiplexing, we assumed its most likely configuration in the case of a 1 msec TTI would be transmission of all control information in the first few TTI symbols, in order to preserve the maximum possible micro-sleep and latency advantage.  We do not point to a conclusive choice between TDM and FDM approaches, but do find that one of the previously reported disadvantages of TDM might be alleviated at the expense of some micro-sleep gain.
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A.  Appendix
We investigate a method for improving TDM reception in which the UE trades in the benefits of “Micro-Sleep” for increased performance while maintaining the low latency advantage.  By using the reference symbols from the previous TTI, a UE can improve the CSI, especially at low mobility, and hopefully approach the performance of the FDM transmission.  This method would only be required for UE with low geometry so the majority of UE would still be able to receive the benefits of “Micro-Sleep”.  

We consider 4 options and decode each using only the reference symbols shown in the figures.  The first is scattered FDM in which the control channel is scattered throughout the TTI in both time and frequency.  The second, TDM Option 1, is what is normally referred to as TDM for the control channel, only the 1st OFDM symbol is used and the reference symbols are scattered in the OFDM symbol before it.  TDM Option 2 allows for a small “micro sleep” and only looks at the last 3 OFDM symbols of the previous TTI.  TDM Option 3 uses the reference symbols from the entire previous TTI, if the UE had received data in the previous TTI this information would already be available to it.  Not that for Options 2-4 the transmitted signal and latency for decoding is the same.
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Figure 2 Control channel placement Scattered FDM
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Figure 3 Control channel placement TDM-Option 1
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Figure 4 Control channel placement Option 2
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Figure 5 Control channel placement Option 3
A.1. Simulation Parameters

	BCH transmission bandwidth
	10 MHz

	FFT size
	1024

	Sampling frequency
	15.36 MHz

	Used sub-carriers
	601

	Channel model
	TU 3 km/h and TU 120 km/h

	Number of Tx antenna
	2

	Number of Rx antenna
	2

	Channel Estimation
	MMSE

	Coding
	Turbo Code Rate 1/3 with max-log-map

	Transmit Diversity
	SFBC

	Pilot Boost
	2.5 dB

	Payload Size
	400 bits


A.2. Results

Link Level performances are shown in Figure 6 through Figure 11.  
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Figure 6 BLER vs. SNR for Control channel over TU 3 km/h 
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Figure 7 BLER vs. SNR for Control channel over TU 30 km/h 
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Figure 8 BLER vs. SNR for Control channel over TU 120 km/h 
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Figure 9 BLER vs. SNR for Control channel over SCM-A 3 km/h 
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Figure 10 BLER vs. SNR for Control channel over SCM-A 30 km/h 
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Figure 11 BLER vs. SNR for Control channel over SCM-A 120 km/h 

By examining the perfect CSI curves, we see that there is very little of performance gain for FDM over TDM from temporal diversity.  Even at 120 km/h there is at most a 0.15 dB difference between the two schemes.  However, we do see a significant difference due to channel estimation error.  This is because the different schemes each have different numbers of reference symbols to use to estimate the channel.  In the above figures we see that at low 3km/h TDM option 3 actually outperforms Scattered-FDM by 0.1 dB this is because TDM option 3 has more reference symbols which allows better CSI and hence improved performance. Of course FDM is also able to capture the reference symbols from the previous TTI, however for brevity this was not simulated here.  At 3 km/h TDM option 2 performs 0.4 dB worse than Scattered FDMA, with TDM option 1 having the worst performance 0.7 dB behind Scattered FDM.

At 30 km/h, Scattered FDM and TDM option 3 have similar performance with TDM option 1 and 2 falling 0.6 and 0.4 dB behind respectively.  Finally at 120 km/h Scattered FDM shows a clear performance benefit over the TDM schemes.  This is because the reference symbols in the previous TTI are of very little use in channel estimation and even the small amount of extrapolation necessary to estimate the second OFDM symbol significantly adds to the channel estimation error.  The more complicated estimation strategies used for TDM option 2 and 3 result in their worse performance. 
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