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1
Introduction

In RAN1#66bis, it was agreed to introduce a new enhanced physical downlink control channel:

“Working Assumption:

· Introduce an enhanced physical downlink control channel that is:

· able to support increased control channel capacity

· able to support frequency-domain ICIC, 

· able to achieve improved spatial reuse of control channel resource 

· able to support beamforming and/or diversity

· able to operate on the new carrier type and in MBSFN subframes

· able to coexist on the same carrier as legacy UEs

Desirable characteristics include ability to be scheduled frequency-selectively, and ability to mitigate inter-cell interference.”
On the design details, one of the first aspects to be decided is multiplexing between PDSCH and E-PDCCH. Basically two options have been mentioned, hybrid FDM/TDM multiplexing and pure FDM multiplexing. In this contribution we discuss this aspect of E-PDCCH design, and also analyse further the related issue of PDSCH processing time.
2
Comparison of multiplexing schemes
As mentioned, the basic choices for multiplexing between PDSCH and E-PDCCH are hybrid FDM/TDM and FDM. The main benefit of hybrid FDM/TDM compared to pure FDM has been mentioned to be lower E-PDCCH decoding latency, since in principle the UE is able to start decoding E-PDCCH already after the first slot when the first UE-specific RS have been received for channel estimation purposes. Consequently, this would leave slightly more time for PDSCH processing. The processing time aspect is analysed further in the next section.
If the UE starts E-PDCCH decoding already after the first slot, the channel estimation for E-PDCCH will be degraded resulting also in E-PDCCH link performance loss. In order to quantify this, we simulated the hybrid TDM/FDM E-PDCCH with a R-PDCCH –like setup where the only difference to R-PDCCH was that we allowed resource mapping starting from the second OFDM symbol. We compared utilization of the full UE-RS pattern to using only UE-RS in the first slot (limited pattern). We ran the simulations for both DCI format 1A and DCI format 2C. Our simulation assumptions are listed in Appendix A. As seen from Figure 1, the degraded channel estimation translates into roughly ~1 dB performance loss with the biggest impacts at aggregation levels 4 and 8. In a practical system with colored interference, degraded interference covariance estimation could imply further performance loss for E-PDCCH as enhanced receivers (as studied already in RAN4 for Release 11) require good estimates of interference covariance. Obviously, it would be desirable if proper support of enhanced receivers would be ensured also for E-PDCCH from the start.

Another (minor) issue related to channel estimation is that since hybrid TDM/FDM would rely on OCC=2 UE-RS only in the first slot, ranks higher than four become impossible in the same PRB pair.
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Figure 1. The performance of R-PDCCH -type of E-PDCCH with full DMRS pattern compared to limited DMRS pattern. Aggregation levels {1, 2, 4, 8}.

Other aspect related to E-PDCCH decoding latency is micro-sleep. During Release 8 PDCCH design, UE power consumption savings via micro-sleep between subframes were considered of utmost importance, hence the TDM-based design was chosen. However, with the new design, the location of UE-specific RS at the end of the first slot anyway means that the micro-sleep possibilities are heavily reduced compared to Release 8 PDCCH even with hybrid FDM/TDM. Since even in Release 8 micro-sleep does in fact not reduce power consumption much, it seems unnecessary to over-optimize micro-sleep possibilities for E-PDCCH.

As discussed in [1], having PDSCH and E-PDCCH in different slots of the same PRB pair also complicates power balancing and antenna mapping: Essentially for efficient PDSCH channel estimation the UE should be able to interpolate the channel over both slots. In case of hybrid FDM/TDM this restricts the antenna mapping, precoding and power setting to be the same between PDSCH and E-PDCCH transmitted within the same PRB pair. FDM does not suffer from similar restrictions between PDSCH and E-PDCCH.
One design goal set for E-PDCCH in RAN1#66bis was ability to support frequency-domain ICIC. With both multiplexing schemes, E-PDCCH being mapped to the PDSCH region, support of frequency-domain ICIC is basically provided. However for a given amount of control information, hybrid FDM/TDM will consume more resources in frequency domain, hence leaving less freedom for frequency-domain ICIC utilization.
Finally, in order to have PDSCH scheduled only in the second slot, the UE will need to have (part of) the corresponding DL grant in the first slot of the same PRB pair because otherwise the UE will not be aware of the E-PDCCH transmission in the first slot. Hence there is an issue of informing UE about the exact PDSCH resource mapping in such case. Due to this, when the UE gets only an uplink grant, the second slot will be essentially wasted in case of hybrid FDM/TDM. FDM multiplexing does not suffer from similar problems as any other DCIs can be multiplexed within the same PRB pair in order to provide improved resource utilization.
 Observations: FDM multiplexing provides at least the following benefits over hybrid FDM/TDM:

- 
E-PDCCH link performance gain of ~1dB.
- 
Increased flexibility in power balancing and antenna port mapping between PDSCH and E-PDCCH.
- 
Increased flexibility in frequency-domain ICIC.
- 
Significantly improved utilization of resources in case of UL grant –only transmissions.
3
PDSCH processing time aspects
Since we observe clear benefits of FDM compared to hybrid FDM/TDM, it seems worthwhile to analyse in a bit more detail the problem related to reduced PDSCH processing time. Exemplary timing diagrams are shown in Figure 2, Figure 3 and Figure 4 for Release 10, for PDSCH with hybrid FDM/TDM –based E-PDCCH and for PDSCH with FDM –based E-PDCCH, respectively. For simplicity we assume that the actual time used for E-PDCCH decoding would be the same Td in each case. Also we assume for simplicity here that Release 10 PDCCH decoding time is the same. In Release 8, LTE was designed to support cell sizes up to 100 km, hence the maximum timing advance is TTA = 0.67 ms (not accounting for the additional Tx-Rx turnaround time in TDD).
In case of Release 10 PDCCH, typically the PDSCH processing starts in the end of subframe k (see Figure 2) as it can be safely assumed that PDCCH has been decoded at this point, and on the other hand PDSCH processing can not start before end of subframe k since the UE needs to wait until the UE-specific RS in the second slot have been received. Hence the time left for PDSCH processing would equal 3 ms – TTA, in other words 2.33 ms in the worst case (FDD).
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Figure 2. PDCCH-PDSCH decoding timing in Release 10.
In case of hybrid FDM/TDM –based E-PDCCH, the PDSCH processing may start either at the end of subframe k or slightly after depending on the E-PDCCH processing time, see Figure 3.
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Figure 3. E-PDCCH - PDSCH decoding timing with hybrid FDM/TDM -based multiplexing.

Finally, in case of FDM –based E-PDCCH, E-PDCCH processing starts after subframe k and PDSCH processing can start only when E-PDCCH has been decoded. This is illustrated in Figure 4.
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Figure 4. E-PDCCH - PDSCH decoding timing in case of FDM multiplexing.
Based on the above discussion, we calculated some exemplary values for the PDSCH processing time with different values of Td assuming the maximum value for timing advance TTA = 0.67 ms.
Table 1. PDSCH processing times with different options for control channel multiplexing.
	
	Release 10
	Hybrid FDM/TDM –based E-PDCCH
	FDM-based E-PDCCH

	Td=0.2 ms
	2.33 ms
	2.33 ms
	2.13 ms

	Td=0.5 ms
	2.33 ms
	2.33 ms
	1.83 ms

	Td=0.6 ms
	2.33 ms
	2.23 ms
	1.73 ms


With reasonable decoding time values Td, hybrid FDM/TDM may not cause any reduction in the PDSCH processing time compared to Release 10. As seen, FDM-based E-PDCCH somewhat reduces the PDSCH processing time. During RAN1#66bis discussions, several UE vendors indicated that the reduced PDSCH processing time would not cause major issues in practical UE implementations. However, some companies [2]
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[3] also felt that PDSCH processing time should not be reduced too much, for example for allowing for Release 10 hardware to be still used for PDSCH decoding [3].
Given that FDM has clear advantages over hybrid FDM/TDM and that many companies do not see problems with reduced PDSCH processing time, it does not seem appropriate to adopt hybrid FDM/TDM as the solution for E-PDCCH. However we are open towards finding a solution to relax the PDSCH processing in case of FDM-based E-PDCCH. 

The proposal in [3] was to reduce maximum transport block size when PDSCH is scheduled with E-PDCCH. The proposal assumes that the UE would be also monitoring PDCCH and hence could be then scheduled with PDCCH to still reach the peak data rates. However, the approach of monitoring both E-PDCCH and PDCCH would either double the blind decoding effort needed by the UE to find the DL/UL grant or restrict PDCCH/E-PDCCH scheduling at the eNB side due to smaller number of allowed search space locations per PDCCH/E-PDCCH if the number of blind decoding attempts is kept fixed.
However, peak data rates with maximum transport block sizes may happen in practice only in very high SINR scenarios which are very unlikely when the timing advance value is very large. From that perspective, it may be sufficient to limit maximum transport block size in case of large TA values while still enabling current maximum TBSs to be used in case of smaller TA values, e.g. in small cell scenarios. Such an approach would not require PDCCH monitoring by the UE to reach the peak data rates, and also it would not restrict maximum TBS or peak data rates that can be achieved in practice. Still, the PDSCH processing requirements could be clearly reduced as the largest timing advance values reduce PDSCH processing time quite significantly.
Observation:

-
PDSCH processing requirements can be relaxed by reducing the maximum transport block size in case of large timing advance values.

4
Conclusions

Based on the discussion in this paper, our proposal is as follows:

Proposals:

· Multiplexing between PDSCH and E-PDCCH is based on FDM.
· Fully unused PRB pairs configured for E-PDCCH can be utilized for PDSCH scheduling.
· If needed, consider relaxing PDSCH processing requirements by restricting maximum TB size in case of large timing advance values.
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Appendix A – Simulation assumptions
	Parameter
	Value

	System bandwidth
	10 MHz

	Carrier frequency
	2.0 GHz

	Antenna configuration at eNB
	8, cross-polarized, 0.5λ spacing

	Antenna configuration at UE
	2, cross-polarized

	E-PDCCH configuration
	Transmission in the first slot: OFDM symbols #1 - #6

	Channel model
	SCM Urban Macro NLOS

	UE velocity
	3 km/h

	Transmission mode
	Closed-loop spatial multiplexing 

	Precoding
	Rel-10 double codebook for 8-Tx

	Precoding granularity
	Localized allocation:

(W1, W2) = (50 PRB, 1 PRB)

	PMI reporting delay
	5 ms

	PMI reporting periodicity
	(W1, W2) = (10 ms, 10 ms)

	Number of layers
	Fixed rank 1

	Modulation and coding
	QPSK modulation, coding rate according to CCE size and aggregation level

	DCI formats and payload
	DCI 1A: 27 + 16CRC bits

DCI 2C: 42 + 16CRC bits

	HARQ
	No retransmissions

	Number of allocated PRBs
	Aggregation {1, 2, 4, 8} = {1, 2, 4, 8} PRBs

	CSI-RS configuration
	8-Tx CSI-RS, 10 ms periodicity

	CRS configuration
	2 CRS ports

	UE-RS configuration
	Rel-10 UE-RS pattern for rank 1:

Full pattern: UE-RS allocated in both slots

Limited pattern: UE-RS only in the first slot

	Channel estimation algorithm
	CSI-RS: Realistic channel estimation
UE-RS: Realistic channel estimation, no PRB-bundling


