3GPP TSG RAN WG1#46 bis                                                    
                                           R1-062657
Seoul, Korea, 09 - 13 October, 2006

Source: 

Texas Instruments
Title:
Control Channel Multiplexing in E-UTRA Downlink
Agenda Item:

6.12.1
Document for:
Discussion and Decision
1. Introduction
The shared control channel (SCCH) and shared data channel (SDCH) multiplexing in E-UTRA downlink (DL) affects many E-UTRA attributes and has broad design and overall performance implications. Two possible approaches have been proposed; TDM and FDM [1-6].  
This contribution examines the various trade-offs between TDM and FDM. The multiplexing is considered with respect to Category 1 for DL grants, the UL grants, and the probable Category 0. Categories 2 and 3 for DL grants may be transmitted either with TDM or FDM (FFS). The 1 msec TTI is considered. Performance is first addressed followed by such design/performance attributes as micro-sleep, processing time, buffering requirements, HARQ processing and RTT delay, and throughput.
2. TDM versus FDM: SCCH Performance
The TDM option is depicted in Figure 1. The SCCH sub-carriers are located in the beginning of the TTI and are hopped for frequency diversity (RB hopping may be used instead of sub-carrier hopping). It is assumed that SCCH demodulation occurs after the reception of the entire reference signal (RS) during the first sub-frame (channel estimation is based on both RS in the first sub-frame and possibly RS in previous sub-frames in case the UE was scheduled in the previous TTI). This reduces the micro-sleep by two OFDM symbols, assuming that the secondary RS is moved to the fourth OFDM symbol of the sub-frame, but it enables improved channel estimation. It is also assumed that the SCCH occupies the first two OFDM symbols of the first sub-frame, with Category 1 and the UL grants (and the probable Category 0) at least partly occupying the second OFDM symbol. For coverage, the third OFDM symbol may also be at least partly occupied in which case the reduction in micro-sleep from including the second RS in channel estimation is only 1 OFDM symbol.
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Figure 1: TDM of SCCH and SDCH.
The FDM option is depicted in Figure 2. It is assumed that the SCCH is spread over the entire TTI. Channel estimation has available all RS during all sub-frames of a TTI. For low UE speeds, the entire RS in the previous TTI and the first RS in the next TTI can also be used for channel estimation. At high speeds, the RS in the current and adjacent sub-frames can be used for channel estimation. 
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Figure 2: FDM of SCCH and SDCH.
Figures 3 and 4 show the RS used for SCCH channel estimation. For very low speeds (e.g. 3 Kmph), additional preceding TTIs (not only the immediately preceding one) can be used but this would require very accurate Doppler estimation. For very high speeds (e.g. above 120 Kmph), the RS in the first sub-frames in the preceding TTI may not be used. For the TDM option, the worst case scenario is considered where the UE is not scheduled in the preceding TTI and does not have the RS from the second sub-frame available for channel estimation. 
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Figure 3: RS Used in Channel Estimation for TDM SCCH.
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Figure 4: RS Used in Channel Estimation for FDM SCCH.

Table 1 presents some additional simulation assumptions for the SCCH detection performance evaluation with the TDM and FDM options.
	Parameter
	Assumption

	Bandwidth
	5 MHz (2.0 GHz)

	Channel Model
	PA, TU6 (various UE speeds)

	Shared Control Channel
	Rate 1/3, K=9 Convolutional Code , 8 Tail Bits

	Antenna Configuration
	SFBC (2 antennas) at Transmitter, 2 at Receiver

	Channel Estimation
	Time Interpolation/Averaging
	Linear – Doppler dependent coefficients

0-30 Kmph, 30-120 Kmph, >120 Kmph

	
	Frequency Interpolation
	Least Squares


Table 1: Simulation Assumptions for SCCH Performance Evaluation with TDM and FDM.
In [7], it was shown that the SCCH performance at BLERs in the range of interest (around 1%) is significantly better with transmit antenna diversity than without it. SFBC is therefore considered as it provides the best performance for two transmit antennas.

Figure 5 presents the SCCH BLER performance for the PA and TU6 channels with the TDM and FDM options. For simplicity, the case of single codeword for separate coding is considered. Similarly, Figure 6, presents the SCCH BLER performance for a longer codeword to reflect the case of joint SCCH coding (although this appears unlikely for the FDM option). It should be noted that for ideal channel estimation, both TDM and FDM achieved practically identical performance and no meaningful time diversity gain was observed for FDM for low to medium UE speeds. 
Although the desired BLER is not achieved for SINRs corresponding to the 5% CDF of the evaluation setups in 25.814 (Cases 1-4), this could be achieved through a lower coding rate of 1/4 and interference co-ordination or repetition, and does not affect the conclusions for the relative BLER performance difference between TDM and FDM. 
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Figure 5: SCCH BLER with TDM and FDM (short codeword).
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Figure 6: SCCH BLER with TDM and FDM (long codeword).

From the BLER results in Figures 5 and 6, the following observations can be made. Due to the larger RS portion available for channel estimation, FDM outperforms TDM and the relative performance is largely independent of the codeword length. The FDM gain depends on the propagation channel. For channels with low multi-path diversity, such as the Pedestrian A one, channel estimation close to the ideal one is achieved. FDM outperforms by about 0.2 dB for low UE speeds and by about 0.3 dB for high UE speeds. For channels with high multi-path diversity, the additional RS available with FDM is more significant. FDM outperforms TDM by about 0.7 dB at low UE speeds and by about 0.9 dB at high UE speeds. Naturally, the reason why more RS is available with FDM is the micro-sleep assumption for TDM. Otherwise, without micro-sleep and with larger SCCH decoding latency with TDM, the performance would be practically identical. Time diversity gains for FDM are also limited from the Tx and Rx antenna diversity, although some small gains are observed at 120 Kmph.
The desirable attributes of micro-sleep and smaller decoding latency with TDM are again briefly stated later in this document, and the question becomes whether they offset the better SCCH BLER with FDM. An additional observation from Figures 5 and 6 is that the SCCH performance limitation is in low multi-path diversity channels where about 2.5 dB more are required to reach a BLER around 1% than in high multi-path diversity channels. Although low multi-path diversity channels are more likely towards the cell interior where coverage is not an issue, they may nevertheless occur towards the cell edge depending on the propagation environment. Therefore, it is likely that the previous 2.5 dB difference is not fully compensated by the possibly better UE location experiencing the low diversity channels and such channels actually provide the coverage/performance limitation. Then, the difference between the TDM and FDM options as it relates to coverage is trivial.

Regarding the total power needed for SCCH transmission, this will again depend on the mixture of channels experienced by the scheduled UEs. For an average distribution among low and high diversity channels, the additional power per SCCH codeword with TDM will be about 0.4-0.5 dB. Moreover, for joint coding into multiple MCS regions, this additional power for TDM is per MCS codeword and not per individual codeword. Therefore, the total additional transmission power required with TDM is small, particularly with joint coding. Also notice that in case of joint coding for TDM, this difference will be completely offset from the gains of turbo coding with a larger codeword relative to convolutional coding with a smaller codeword. It should again be noted that the worst case scenario was assumed for TDM where the RS in the second sub-frame of the preceding TTI is not available.            
3. Power Balancing
Power balancing, by trading off SCCH and SDCH power, has been indicated as an advantage for FDM to provide increased SCCH coverage. However, TDM can also extent coverage by increasing the SCCH size at the expense of decreasing the SDCH size. Additionally, power balancing for TDM (if needed) is possible among the various code blocks (whether joint or separate coding is used).
At the very low SINR regions, the two options are fundamentally equivalent. For example, the extreme case where for FDM twice the transmission power is allocated to a SCCH sub-carrier and zero transmission power is allocated to a SDCH sub-carrier is equivalent for TDM to the case where the SCCH sub-carrier is repeated and replaces a SDCH sub-carrier. This was also shown in [1]. For higher SINRs, which may be achieved even at cell edge with interference co-ordination, providing additional coding protection is preferable to increasing the transmission power. In such cases, TDM is preferable.
Additional constraints for applying power balancing are the CQI variations, the planning required for FDM, and the possible additional transmission of a power indicator to specify the power offset between the RS and data signal in order to determine the metric scaling for QAM demodulation (unless the power offset can be reliably computed at the UE). CQI variations occur when the transmission power is varied between TTIs making previous CQI unreliable. This is analyzed in more detail in [8]. Planning relates to cases where some of the SCCH sub-carriers to which power balancing is applied overlap among adjacent cells. Then, power balancing is obviously nullified and the desired SCCH performance is not achieved. Moreover, even if careful planning could avoid such situations, the SCCH power balancing would affect the SDCH scheduling due to the rapid interference variations.
Based on the above, power balancing is not an advantage of FDM over TDM and relying on it may actually be a disadvantage on the SCCH and SDCH performance. TDM can provide coverage extension, whenever necessary, by increasing the SCCH size. The respective performance gains due to improved coding for TDM are at least the same (or better) as the ones due to increased power transmission for FDM and overall system performance is more reliable.   
4. Micro-Sleep

Power consumption is a critical issue and should be optimized for LTE terminals. The 1 msec TTI choice offers the possibility for substantial power savings due to micro-sleep with the TDM option and allows for an important differentiating advantage of LTE relative to alternative technologies. Even with current RF technology, the UE will be able to shut down its RF and base-band for more than 50% of the TTI (more than 1 sub-frame), thereby allowing for considerable reduction in power consumption. 
With joint coding, there is no significant percentage reduction in micro-sleep from using turbo instead of convolutional decoding. Since multiple MAP decoders can be used in parallel for the contention-free interleaver, the turbo decoder latency will be higher than the convolutional decoder one by only a small factor (e.g. 2x-3x). The exact value for both will naturally depend on the PHY clock rate but decoding in less than one OFDM symbol should be regarded as achievable.
5. Processing Latencies and Buffering Requirements
With TDM, the resource allocation for a scheduled UE is known well before the end of the TTI (in about 30% of the TTI duration). The UE can thus begin the FFT processing, application of channel estimation, based on a RS sub-set, and decoding much earlier than it would with FDM. Buffering will also be larger with FDM as the resource allocation is not known before the end of the TTI while with TDM it is known after about 30% of the TTI.
6. Uplink Throughput and Distributed (“Sounding”) RS Transmission Rate
Although the exact offset between DL and UL transmissions has not yet been specified, with TDM, UL transmissions may commence after about half sub-frame while, with FDM, they can only occur after somewhat more than 2 sub-frames (1 TTI). Therefore, with TDM, uplink transmissions can occur faster by about 0.75-1.0 msec. 
This has direct implications in the relevance and accuracy the Node B scheduling decisions have with respect to the channel that will be experienced at the time of the UE signal transmission. The total latency between the CQI measurement at the Node B and the signal transmission at the UE is further increased by the time the Node B needs to estimate the CQI, decide on the UE scheduling (scheduler bottleneck), form the control channel, and by the propagation delay for its transmission. For example, some of the latency gains with TDM can be traded off to alleviate the scheduler operation. 
Using theoretical analysis, [9] concluded that FD x TCQI < 0.25 (FD is the Doppler shift and TCQI is the CQI update rate) is needed for localized scheduling to outperform distributed one. In [10] it was verified through simulations that FD x TCQI < 0.2 is needed. Assuming CQI reporting delay of 2.5 msec for TDM, the corresponding effective delay for FDM can be assumed to be 3.3 msec. Then, at 30 Kmph for FDM, FD x TCQI = 0.185, implying that for FDM UL localized frequency scheduling is not useful for speeds as low as 30 Kmph. In general, UL throughput losses with FDM will be experienced for all speeds with the exception of very low pedestrian ones (for example, relative to stationary channels, the throughput loss at 30 Kmph with TDM will be experienced at 18 Kmph with FDM, etc.). Since E-UTRA is UL limited, such throughput losses are particularly detrimental.
7. Conclusions
The tradeoffs between TDM and FDM for the SCCH were examined and are outlined below:

a) FDM can provide some SINR gains over TDM. For coverage limiting UEs, these gains are small, about 0.2 dB, while for average transmission power per codeword they are about 0.4-0.5 dB. TDM with joint coding may completely offset these SINR gains due to turbo coding gains. 

b) For coverage purposes (power stealing from SDCH for FDM, larger SCCH for TDM), there is no fundamental difference between the TDM and FDM potential. TDM has an advantage when system level issues are considered for the two coverage extension methods of the two options.

c) TDM offers the ability for micro-sleep thereby assisting in the critical issue of UE power consumption and offering a significant differentiation for LTE relative to other systems. 

d) TDM allows for smaller processing latencies and buffering requirements, thereby simplifying the UE hardware design.  
e) TDM offers UL throughput gains (except for very low UE speeds) and/or simplifies UL scheduling. These gains are important as E-UTRA is UL limited.
Based on the above tradeoffs, it is recommended that TDM is used for the shared control channel.
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