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1. Introduction
In the scope of multiple SI/WIs(CoMP, DL MIMO, CA) of LTE Rel 11, the DL control channel(PDCCH) enhancement is widely studied. With the introduction of new technologies, such as MU-MIMO, CA, CoMP, the data capacity is continuously increasing, while in the same time, the PDCCH capacity is limited by its resource allocation and transmission scheme. It is commonly believed that the capacity of PDCCH may become a bottleneck of the system in the near future, especially in scenario 4 of CoMP studies[1][2].

There are two PDCCH resource considerations, one is the PDCCH enhancement in the legacy PDCCH region, and the other is the ePDCCH which allocate new control region in the legacy PDSCH region. The latter attract more attentions since it provide more resource rooms so we can solve the PDCCH capacity problem in the long run.

There are a lot of factors need to be considered in ePDCCH design, which may include 

· FDM vs. TDM issue on ePDCCH , where the timing requirement is studied carefully in [3], 

· the signalling of ePDCCH resource from legacy PDCCH dynamically [4] vs. from high layer semi-statically [5],

· The transmission schemes selection on DMRS or CRS. Though DMRS based schemes show advantages in capacity, the CRS based design is still worth some investigation[6], maybe both should be supported[4]

The control channel design improvements are so important and so complex that a lot of abilities required are summarized in RAN 1#66bis [7], which is captured below:

· 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.

It is a challenging work to design a scheme to fulfill all the requirements as well as some implicit requirements, however, some companies has shown their preference[8] , the chairman encouraged all companies to actively consider the way forward of ePDCCH design until #67.

Inspired by this, here we provide our ePDCCH design framework, the Virtual User(VU) ePDCCH concept. 
2. VU-ePDCCH design framework introduction
The first problem we should solve is how to indicate the resource for ePDCCH. We introduce a virtual user(VU) for better clarification of our concept, the VU does not exist in the system actually, however, we need to allocation a RNTI to the VU, denoted as Z-RNTI. The Z-RNTI allocation methods may include:

- By static allocation from the reserved RNTI values.

- By dynamical allocation from C-RNTI ranges, which may be used in cell specific manner.

At the same time, we assume there are two types of UEs in the system, one is the traditional UE(tUE), which will follow the R8/R9/R10 PDCCH operation method, the other is the enhanced UE(eUE), which will follow the PDCCH operation method we will define in R11.

The allocation algorithm is rather simple:

The eNB will allocate the PDCCH channel of tUEs with VU in the traditional PDCCH area, while the DCI bits carried in the PDCCH of VU will be redefined to point to an area for ePDCCH, the ePDCCH area newly allocated is shared by all eUEs, as illustrated in Figure 1.
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Figure 1  the ePDCCH area allocation indicated by VU PDCCH

Here, an eNB scheduler constraint is introduced: 
When eNB allocate the ePDCCH areas, it should be in the free PDSCH resource which has not been allocated to UEs. This is easy to understand if we consider the VU in a single user manner. The data REs in ePDCCH region will be indexed in sequence and form CCEs as the traditional way. 

Then eUEs PDCCH will be scheduled in ePDCCH area, until now, we don’t know what transmission schemes for ePDCCH will be supported in Rel 11, so at current stage we continue the description by the traditional PDCCH transmission method, which is CRS based with QPSK modulation.

Currently, we think the ePDCCH area is only for PDCCH usage, in order to reuse current PDCCH mechanism as much as possible, we do not define new search algorithms here, we calculate the CCE numbers in the ePDCCH area and the eUE will find its search space by its RNTI as the Rel8/9/10 did. The eUE can get its PDCCH location information by the same formula of traditional method except some resource parameters recalculation.

In figure 2, an example of two eUEs is illustrated; the difference of the two eUEs is that the ePDSCH allocated to eUE2 overlapped with the ePDCCH area, while eUE1 has a normal rectangle shape. 

So the eUE behaviour assumption in Rel 11 is that when it abstracts its ePDSCH REs, the REs occupied by ePDCCH should not be counted in, just as we take out the RS signals. This assumption may be released if the ePDCCH area is a FDM case or some resource wasted after the ePDCCH area is permitted.

There is a possibility that repeatedly allocate the ePDCCH areas in a chain, which means the VU with Z-RNTI can be reused in the ePDCCH area to allocate another ePDCCH area. In this case, we can predefine the levels number we will support or the implicitly break the chain by not assigning Z-RNTI PDCCH any more. In this case, we also assume the eNB will not allocate PDCCHs in different ePDCCH areas for same eUE, so the eUE need not decode the whole chain if it has already find its PDCCH, it is helpful to early decoding and decrease blind decoding tries.

From figure 3, we can see the eNB constrain we introduced and the eUE behavior assumption is still fine with the chained ePDCCH. Such as eUE 2, it is allocated in the ePDCCH area 2, so when it can get its ePDSCH resource information, it has already known the REs occupied by the two ePDCCH areas. 

It should be noted though there are future usage possibilities on chained manner, such as multiple transmission schemes support in section 3,  more optimization efforts should be on the first ePDCCH allocation, because as the chain length increases, the reliability on PDCCH will decreases, and the complexity will increases.
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Figure 2 the eUE scheduling example
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Figure 3 the VU-ePDCCH work mode in a chain manner

In this section, we illustrated how the VU-ePDCCH method allocates the ePDCCHs by the concept of a Virtual UE with Z-RNTI. However, it seems that the traditional CRS and QPSK based transmission scheme is low efficiency in current R11 ePDCCH discussion. VU-PDCCH framework is open to many other transmission schemes, so in next section, we illustrate how the VU-ePDCCH concept supports other transmission schemes..
3. The multiple transmission schemes support of VU-ePDCCH
Currently, many ePDCCH transmission schemes are studied, such beamforming, higher order modulation, MU-MIMO, etc. We have said that some of bits in the PDCCH information payload will be redefined to indicate the ePDCCH resource allocation; we notice that since the VU does not have the real data transmission, there a lot of bits related to data transmission, e.g RV bits, TPC bits, can be redefined. There are a lot of concept can be reused from current DCIs.

In order to get the ePDCCH configuration information, each eUE will regard itself as the VU to decode the PDCCH with Z-RNTI, though it is possible for the blind detection for Z-RNTI search space with all possible aggregation levels with all supported DCI formats, which can reach a full flexibility with slight modification with each DCI format, an alternative way is to use one DCI format with higher aggregation level to carry all necessary information for ePDCCH area, the reasons include:


-The signalling carried on VU PDCCH of Z-RNTI is like common signalling, which should be over-protected.


-to adopt only one DCI format is helpful to lower down the number of blind decoding tries of UE. 

We prefer to choose one format already existed to satisfy the coverage requirement and information loading requirement,  but do not preclude the possibility of a new DCI format or even a new coding scheme in Z-RNTI PDCCH when the necessity is proved, and the bits in the DCI may be optimized by special considerations for PDCCH instead of PDSCH. 

Those information listed in Table 1 is one example to clarify our concept. 
	information
	bit number
	Possible bit definition
	explanation

	ePDCCH/enhaced PDCCH indication
	1
	0- new ePDCCH in PDSCH 
	ePDCCH/ legacy PDCCH enhancement support

	
	
	1- legacy PDCCH area
	

	Work_mode bits


	3bits, at most 8 methods supported even consider the future possibilities.
	0- tradition method
	CRS based, QPSK, same as legacy PDCCH

	
	
	1- simple enhancement method
	Such as QAM16/64, no CSI feedback needed

	
	
	2- R-PDCCH like method, low CSI feedback
	low CSI feedback /long term channel characters  requirement for static users

	
	
	3-high CSI load feedback dependent method
	More CSI feedback considerations for moving users.

	
	
	4-7 etc/reserved.
	Other possibilities.

	ePDCCH time domain indication
	2 bits/more bits
	0-2 the symbols length/bitmap
	Corresponding to 1-3 symbols, if we confine the ePDCCH in the first 4 symbol of slot 1 or bitmap method to cover the full sub frame

	
	
	3- all the symbols
	FDD is supported

	ePDCCH freq domain indication
	Variable  bits according to the system band width
	can be bitmaps/start position with length/ RB index formula
	Refer to current RB indications methods in the DCI formats, localized or distributed. The CCE width larger than RB width may be considered to save more bits.

	
	
	One special value such as 0
	TDD is supported, all the subcarriers.

	CIF 
	3 bits
	0-4 indicate the carrier index, 5-7  reserved
	Cross carrier scheduling is supported.

	others
	Reuse current DCI information as much as possible, provided related ability is supported.
Or special information related to the Work_mode bits.


Table 1 the information bits definition for Z-RNTI PDCCH payload
The Work_mode bits are borrowed from high layer signalling, since we try to find a dynamic solution at sub frame level, maybe we should consider move them down to Z-RNTI PDCCH payload. 
According to the resource allocation bits, it can refer to the current RB allocation bits in DCIs, we can think it as a normal user scheduling but with different time domain symbol selection.
From table 1, we emphasize that the traditional method should not be overlooked, it can be predicted to safeguard the performance bottom line of ePDCCH, and it is possible to introduce the PDCCH transmission schemes step by step in VU-ePDCCH framework. Combined with the ePDCCH area point back to legacy PDCCH area, it provides a good start point : at the very beginning, when only a few eUEs are in the system, the eNBs need not allocate ePDCCH area in the PDSCH; the eUEs will do the same PDCCH operation as the tUEs, except one additional step of decoding Z-RNTI PDCCH. 

Another thing is, with the different work mode, the related information for modulation/demodulation/RS allocation/etc will be different, and all these indications are required to be carefully designed in order to fit into one unified DCI format.

In Figure 4, we show an example of VU-ePDCCH scheme with a chained work mode, with a different transmission scheme at different segment of the chain. We emphasize that it is an example to show the potential of supporting future enhancements, but we will focus the first stage of the chain in Rel 11, and just try to leave an interface for future enhancement possibilities.
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Figure 4  one example of the VU-ePDCCH work mode in a chain manner

with multiple transmission schemes support

4. The design Considerations of VU-ePDCCH
·  PDCCH enhancement vs. ePDCCH

Both methods targets at the PDCCH capacity enhancement, while ePDCCH is easier to utilize more aggressive schemes by allocation of new control areas. PDCCH enhancement focus on the legacy area, in this case, eUE and tUE will cowork in the same area, so some simple transmission scheme such as  QAM16/64 by CRS  may be a better choice. 

The preference of the two options will depend on the study results of how severe the PDCCH capacity problem will be. We can predict that the problem may be moderate in the short term, but will become severe as time pass by, since PDSCH transmission scheme are developing continuously. So moderate improvements in legacy area may be a useful but temper solution for recent years, however, we need to find a long term solution by ePDCCH in the long run.

Observation: The two options seem focus on short term simple solution and long term aggressive solution separately. By the VU-ePDCCH design framework, we provide the smooth transition among the two choices.

· TDM vs. FDM

The tradition PDCCH works in a TDM manner, while the R-PDCCH works in a FDM like manner, 

The TDM like manner in VU-ePDCCH will lead to some eNB scheduling constraints and/or some new UE behaviour assumption. The FDM manner is relatively easier and save design effort from the eNB design point of view, however, we noticed that our design targets include eUEs, which may have limited capability compared with the Relays. For example, the low-end MTC described in [9][10] will focus more on cutting the cost, instead of improving the CPU capability. So, ePDCCH multiplexing scheme needs to be considered in terms of multiplexing capacity, resource flexibility, and UE decoding capability [11].

Observation: The TDM vs. FDM problem may be a deadly issue for some eUEs in foreseeable future while it is a complexity issue for eNBs. Since we may provide services to low-end eUEs, TDM or TDM/FDM support may be needed at current stage, while FDM can be used by some powerful eUEs, and also can be utilized in the long term consideration, so the support to FDM may be necessary too. It can be designed to support the TDM, TDM/FDM, and FDM in VU-ePDCCH design framework.

· CRS vs. DMRS

DMRS related transmission schemes have been studied extensively in the past years, and CRS based transmission schemes based transmission schemes have been studied and put into practices even longer. Especially the traditional PDCCH work method has been well understood and implemented, though it seems lower efficiency, it also has the advantages of simplicity and reliability. So, CRS based transmission schemes should not be precluded at current stage. 

Additionally, DMRS based transmission schemes often rely on the CSI information feedback on ePDCCH areas, which may introduce additional measurement and timing considerations since eUE may move around.

Observation: CRS based schemes especially the traditional PDCCH transmission scheme should not be precluded, for it can provide a simple and reliable way to expand the PDCCH capacities, while DMRS based schemes deserve more study efforts, since it has the potential to provide significant PDCCH performance gains especially on static users.

· PDCCH configure vs. high layer configure.

It must keep in mind that we are designing ePDCCH targeting facing a large number of UEs in very complicated environments, which is different with the eNB-Relay environment, so keep the flexibility through PDCCH configuration at sub frame level is essential to handle the fast-changing environment. The VU-ePDCCH scheme can provide similar or better flexibility compared with the traditional PDCCH method.

Observation: the resource allocation bits should be kept in the PDCCH as the traditional PDCCH way did; the flexibility at sub frame level is one of the most important principles for control channel design, especially for the complicated and dynamic eNB-eUE environments. Some parameters with long changing period may be configured in the high layer to ease the burden of DCI.
· Legacy support

We can see that from the view of tUE, nothing has changed in the PDCCH area, the VU can be regarded as an ordinary UE here. In the PDSCH area, since ePDCCH only occupy some free PDSCH resources after the tUE have been allocated, so there are not impact to the PDSCH transmission of tUE. The impact will be limited in the eNBs and eUEs, which we will address in Rel 11.

Observation: VU-PDCCH design frame work has little impact to the tUEs, and in fact, the ePDCCH can point back the legacy PDCCH, except one more step of decoding Z-RNTI PDCCH, by this means and if the traditional transmission scheme is supported , all eUEs can decode its PDCCH as tUEs do.

· MBSFN subframe support

The problem comes from that in the PDSCH region, the CRS does not exist, the problem can be solved by embedded RSs ,or by allocate the ePDCCH area at the first symbol of PDSCH area, which is close to the CRS of PDCCH region.

Observation: the better support for MBSFN under VU-PDCCH design framework is FFS.

· Common search space vs.  VU search space

In VU-ePDCCH framework, we transmit the ePDCCH resource information through a user search space. In fact, we think these information is similar to common signalling, which in theory can be transmitted in common search space[4]. However, we believe that the ePDCCH scheduling information may be existed in each sub-frame in the future, so it may cause great impact to other important system information, as the result, we decide to find a user search space defined by Z-RNTI to carry the ePDCCH area scheduling information, which is common signalling for eUEs in some sense.

Observation: the VU-ePDCCH design framework find another space than common space to transmit the ePDCCH scheduling information, the impact to common signalling is avoided.

5. The advantages of VU-ePDCCH
Current ePDCCH design considerations mainly focus on the capacity enhancement, but it should be kept in mind that the design principal of control channel is different with that of data channel, which means that the reliability and flexibility in control channel have implicit effect on the PDSCH transmissions. So, expand the PDCCH capacity in a flexible and reliable way is what we should seek. The VU-ePDCCH framework shows some advantages in these aspects.

· Flexibility

At per sub-frame level, VU-ePDCCH framework provide a dynamical method for the control area to erode into PDSCH region, while the PCFICH can dynamically release the PDCCH area to PDSCH transmission. These two mechanisms can cooperate perfectly; let’s see an example to solve a typical problem illustrated in [12].

The problem is the “PDSCH Starting Symbol Mismatch Avoidance for JP-CoMP” described in Figure 5.The PDCCH overload of neighbouring cells is different, which leads  to different legacy PDCCH areas(different PCFICH), but for the JP-CoMP transmission, it needs the transmission start at the same time, so it may leads to some resource waste and/or some extra signalling.
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Figure 5 the PDSCH Starting Symbol Mismatch problem description
In Figure 6, we illustrate an example how the problem is treated under VU-ePDCCH scheme. Provided there are enough eUEs in the future, we can set same legacy PDCCH area by same PCFICHs with cell A, and cell B allocate an ePDCCH area to achieve same PDCCH capacity. So the JT eUEs can start transmission at the first symbol of PDSCH.
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Figure 6  the example of VU-ePDCCH scheme to solve the PDSCH starting position mismatch problem
We can see that the flexibility of VU-ePDCCH may help the system to find easy solutions to some troublesome problems, and it can improve the system capacity implicitly.
· Reliability
We note that the baseline transmission scheme is the natural extension of traditional PDCCH transmission scheme. So we predict the performance bottom line will be similar with the traditional PDCCH. Combined with some possible mechanisms such as higher aggregation level choices in the ePDCCH area, the reliability can be slightly improved in a simple way.

· Future safe

The VU-ePDCCH framework supports the enhancement of ePDCCCH step by step, both from the resource allocation and the transmission scheme. We can imagine: 

at the first, when there few eUEs and more tUEs, the ePDCCH area can use the legacy PDCCH area, with the increasing eUEs number, the eNB start to allocate relatively small ePDCCH in the PDSCH region, and as time pass by, the eUE number increases more, the ePDCCH area become bigger and advanced transmission schemes is introduced step by step as the PDSCH did. All these change will happen gradually in a concrete way. A more detailed evolution prediction is illustrated in another contribution R1-113692.

It must be noted that one major consideration of VU-ePDCCH framework is the increase of blind detection numbers of eUE, which relate to the Z-RNTI PDCCH aggregation level, DCI format choice, and the number of search space the eUE need monitor, a reasonable value will be found in consideration of the eUE capabilities.

6. Conclusion
In this contribution, we introduced a flexible and reliable design framework for ePDCCH/PDCCH enhancement; it can provide a safe evolution way to solve the PDCCH capacity problem both in the short term and long run, so we propose:

Proposal: Adopt VU-ePDCCH design framework as a candidate solution of ePDCCH/PDCCH enhancement for further evaluation.
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