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1. Introduction
In TR 36.888 [1], repetition of (E)PDCCH across multiple subframes had been identified to be a candidate solution. Some specification impacts have been indentified, such as specification of starting subframe of first transmission and the maximum number of repetitions, timing relationship between (E)PDCCH and PDSCH/PUSCH. 
In RAN1 # 74b, there were some discussions on PDSCH frequency allocation and agreed on:
Agreement:
· At first, discuss repetition case, and discuss non- repetition case

This paper analyzes the timing relationship for (E)PDCCH and PDCCH for repetition case.  

2. Timing relationship between (E)PDCCH and PDSCH 
Because both control channel and data channel need repetition, the current timing relationship of (E)PDCCH and PDSCH/PUSCH (e.g, same subframe for (E)PDCCH and PDSCH; 4-subframe gap between (E)PDCCH and PUSCH for FDD) needs to be revisited [1]. Some contributions [2]-[6] discussed the potential solutions of the timing relationship. In general, there are two directions: one is (E)PDCCH and PDSCH sharing the same starting subframe and the other is that  PDSCH is transmitted after (E)PDCCH. 
2.1.  (E)PDCCH and PDSCH share the same starting subframe
One solution is (E)PDCCH and PDSCH share the same starting subframe. This solution provides the smaller latency (~20 ms). There are several cases as shown in Figure 1:
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Figure 1 PDSCH and (E)PDCCH share the same starting subframe

· Case A: UE knows the repetition number of PDSCH before successfully-decoded (E)PDCCH 
· including UE knows it is the same with or larger than the repetition number of (E)PDCCH
· Case B: UE does not know the repetition number of PDSCH before successfully-decoded (E)PDCCH 
· Note that, the repetition of PDSCSH can be smaller than the repetition of (E)PDCCH 
Case A
UE knows the repetition number of PDSCH before successfully decoding the (E)PDCCH which still convey the exact PDSCH allocation and MCS. If the transmission mode (say TM2) and modulation order (QPSK) is known, UE may be able to compute LLRs for all data REs in a whole subframe and then combine the LLRs with the previously buffer subframe after subframe. In this case, the data buffer size does not increase with repetition number [6], but still significant and not possible for low-cost MTC UEs capable of 6 PRB.  After successfully decoding the (E)PDCCH, UE needs to keep only the LLRs corresponding to the actual PDSCH before turbo decoding. However, the UE still needs to do the channel estimation, which impossible for DMRS based TM but possible with CRS-based mode like TM2. Note that, if there is no (E)PDCCH transmitted to the UE or UE fails to decode the (E)PDCCH, all these signal processing are useless with wasted energy. This will bring in unnecessary complexity and significantly increase power consumption of UE. In addition, UE needs to know the repetition number of PDSCH in advance, e.g., by RRC signaling or restricting to a larger repetition number of PDSCH than that used for (E)PDCCH. eNB will lose the flexibility to dynamically adjust the repetition number, e.g., using PSD boosting or more resource in one subframe that will results in fewer subframes than what used for (E)PDCCH.
Observation #1: Even with known repetition number of PDSCH but not PRB allocation, a UE needs to demodulate and combine all the REs in each subframe. However, it will significantly increase UE complexity and power consumption. In addition, this case still limits eNB’s scheduling flexibility.
Case B
In this case, UE has no information about the repetition number of PDSCH.  Since the repetition of PDSCH may be smaller than (E)PDCCH, UE cannot do any combination and needs to buffer all the data REs over all possible subframes. The buffer size linearly increases with the repetition number, which is not acceptable.
Observation #2: Without information about the repetition number of PDSCH, the buffer size linearly increases with PDSCH repetition number, which is not acceptable.
2.2. PDSCH transmitted after (E)PDCCH
Another solution is PDSCH always transmits after (E)PDCCH, as Figure 2 shown. In this case, UE does not need to buffer or decode any REs for PDSCH before successfully decoding the (E)PDCCH. UE will attempt to decode (E)PDCCH first, and obtain the PDSCH time and frequency resource allocation from the successfully-decoded (E)PDCCH. 
There are several options on how to define the starting subframe and the repetition number of PDSCH. For example, a gap to the start subframe or the last subframe of (E)PDCCH can be pre-defined/ RRC-signaled /dynamically indicated in (E)PDCCH. 
The repetition number of PDSCH can also be RRC-signaled or dynamically indicated in (E)PDCCH. This gives eNB enough flexibility to dynamically adjust repetition number of PDSCH. Compared with the approach of PDSCH and (E)PDCCH sharing the same starting subframe, this method will increase the latency, e.g., 20 ms with 20 repetitions of (E)PDCCH ( ~ 9.7dB gain) [7], which should be acceptable for delay tolerant traffic. In addition, since eNB can dynamically indicate the repetition number of PDSCH, PDSCH can be transmitted with a very small repetition number (even no repetition) by PSD boosting or allocating more resource in one subframe. Comparing with the other solutions, the latency may not increase a lot in this case.
Observation #3: PDSCH can be transmitted after (E)PDCCH. A known gap from the starting subframe of PDSCH to the starting subframe or the last subframe of (E)PDCCH can determine the starting subframe of PDSCH. The latency may increase but it should be acceptable for delay tolerant traffic. 
This new timing relationship of uni-cast PDSCH will not introduce any coexistence problem to normal UEs since different UEs have different C-RNTIs. However, if this new timing relationship is adopted by common channels, e.g., SIB, paging and RAR, there may be a coexistence issue to latency UEs in normal coverage [8].
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Figure 2 An example of PDSCH transmitted after (E)PDCCH
2.3.  Summary

Two solutions to define the timing relationship for (E)PDCCH and PDSCH have been analyzed. Table 1 summarizes some comparisons between the two solutions. For the solution of PDSCH and (E)PDCCH sharing the same starting subframe, buffer size or UE power consumption may significantly increase. The other solution of PDSCH after (E)PDCCH may have larger latency but allows eNB to dynamically adjust repetition number of PDSCH. In addition, UE will only need to buffer and decode the PDSCH resources indicated in the successfully-decoded (E)PDCCH without increasing buffer size and UE power consumption as in the other approach. Based on the observations and analysis, we propose:
Proposal #1: Specify a new time relationship to allow PDSCH always transmitting after (E)PDCCH at least for the unicast channels. Consider introducing a gap between PDSCH and the first or last subframe of (E)PDCCH for UEs to determine PDSCH starting subframe. Detail design for the starting subframe of PDSCH is FFS as well as the repetition number. 
Table 1 Comparison of different timing relationships for (E)PDCCH and PDSCH
	
	PDSCH and (E)PDCCH sharing the same starting subframe
	PDSCH transmitted after (E)PDCCH

	
	Case A
	Case B
	

	Buffer size
	Slightly larger
	linearly increasing with the repetition number
	Same

	Complexity and UE power comsumption
	Large (uncessary decoding)
	Middle
	Small

	Latency
	short
	short
	May have larger latency 

	Schdeuling flexibility
(Adjusting PDSCH repetition number)
	Poor
	Poor
	good


3. Conclusion
In this paper, we analyzed the timing relationship for (E)PDCCH and PDSCH. Some observations are made:
Observation #1: Even with known repetition number of PDSCH but not PRB allocation, a UE needs to demodulate and combine all the REs in each subframe. However, it will significantly increase UE complexity and power consumption. In addition, this case still limits eNB’s scheduling flexibility.

Observation #2: Without information about the repetition number of PDSCH, the buffer size linearly increases with PDSCH repetition number, which is not acceptable.
Observation #3: PDSCH can be transmitted after (E)PDCCH. A known gap from the starting subframe of PDSCH to the starting subframe or the last subframe of (E)PDCCH can determine the starting subframe of PDSCH. The latency may increase but it should be acceptable for delay tolerant traffic. 
Based on the observations and analysis, we proposed:
Proposal #1: Specify a new time relationship to allow PDSCH always transmitting after (E)PDCCH at least for the unicast channels. Consider introducing a gap between PDSCH and the first or last subframe of (E)PDCCH for UEs to determine PDSCH starting subframe. Detail design for the starting subframe of PDSCH is FFS as well as the repetition number. 
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