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1 Introduction

There has been intensive discussion on introduction of an enhanced physical downlink control channel for CA Enhancement new carrier type, CoMP, DL MIMO, etc. From RAN1#67, the following agreement and working assumption have been made in designing the enhanced physical downlink control channel: 
	Agreement:
· Both localised and distributed transmission of the enhanced control channel are supported

· At least for localised transmission, and for distributed transmission where CRS is not used for demodulation of the enhanced control channel, the demodulation of the enhanced control channel is based on DMRS transmitted in the PRB(s) used for transmission of the enhanced control channel

· Antenna ports 7-10 is/are used

· The scrambling sequence used is FFS

Working assumption:

· There are no cases where CRS is used for demodulation of the enhanced control channel.


In this contribution, the E-PDCCH structures and corresponding RS design issues will be discussed.

2 Reference Signal Design

Possible RS design alternatives for E-PDCCH demodulation include:

· Alternative 1: CRS-based enhanced control signaling

Demodulation of E-PDCCH can be based on the legacy wideband CRS (WB-CRS) when using for example transmit diversity or when multiple UEs are multiplexed in the same RBs. As the WB-CRS is widely and densely distributed, channel estimation accuracy will be better compared to other RS design alternatives. 

However, a WB-CRS is not (or may not be) available in CA enhancement new carrier, CoMP, and MBSFN subframes which are the main cases requiring the enhanced physical downlink control channel. This means that different downlink control channels need to be designed depending on the availability of WB-CRS if we decide to use WB-CRS for demodulation of the enhanced physical downlink control channel. Considering the receiver complexity in the UE side, we do not see the benefit of this alternative. 

On the other hand, we also need to have further discussions about machine-type communications (MTC). If MTC receivers have the channel estimator based on WB-CRS for simplicity and support E-PDCCHs, then Alternative 1 should be supported. Since RAN1 has not made a clear understanding about MTC yet, this part should be left for further study.

· Alternative 2: Group-UE-specific DMRS based enhanced control signaling

In the group-UE-specific DMRS scheme, the eNB does not precode the DMRS according to any of the beamforming patterns that might be suitable for a particular UE. Instead, eNB simply follows a pseudo-random precoding pattern in the frequency domain so that the DMRS is decodable from a group of UEs. Group DMRS is particularly useful for transmission of control channels conveying UE-common information (e.g. E-PHICH, E-PCFICH, DCI format 3/3A, etc.).  

It is important to note that from UE’s perspective, there is no difference between group-UE-specific DMRS and UE-specific RS, as the same receiver structure will be used to perform channel estimation and data demodulation/decoding.

· Alternative 3: UE-specific DMRS-based enhanced control signaling

A UE-specific DMRS is transmitted per PRB and is precoded according to a beamforming vector that is suitable for this UE, assuming UE feedback is available and reasonably accurate.  Within one PRB, a UE will be allocated a DMRS port for E-PDCCH demodulation. Multiple UEs can share the same set of PRBs using a MU-MIMO transmission scheme (discussed below) if the inter-UE interference is small enough. Otherwise, multiple UEs can be multiplexed in different PRBs in an FDM fashion. 

Proposal: Confirm the working assumption saying that there are no cases where CRS is used for demodulation of the enhanced control channel. Further discussion is needed for MTC UEs.

3 Distributed E-PDCCH and Localized E-PDCCH
In LTE Rel-10, R-PDCCH has been introduced for the control signaling from the donor eNB to relay nodes. Both interleaved mode and non-interleaved mode are configurable for R-PDCCH. Similarly, we can introduce distributed E-PDCCH and localized E-PDCCH for the design of enhanced physical downlink control channels in LTE Rel-11. Difference from R-PDCCH is that E-PDCCH will use the DM-RS for demodulation while R-PDCCH uses the CRS. 
As pointed out in Section 1, RAN1 already agreed on supporting both localized and distributed transmission of the enhanced downlink control channel from RAN1#67. Following are the further discussions on the transmission schemes of localized and distributed ones.

Distributed E-PDCCH

An E-PDCCH is distributed over multiple distributed PRBs to obtain the frequency diversity gain as well as interference diversity gain, as shown in Figure 1. Since HARQ is not applied to E-PDCCH either, robust transmission of E-PDCCH is important. Distributed PRB transmission is to enable robust transmission by achieving frequency diversity. The group-UE-specific DMRS is used for the UEs to estimate the channel response for demodulation, i.e. Alternative 2. In the example shown in Figure 1, the UEs receiving E-PDCCHs 1, 2, and 3 use the same DMRS for demodulation of those E-PDCCHs.
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Figure 1. Distributed transmissions of E-PDCCHs
There are four candidates in E-PDCCH transmission schemes:
· Transmit diversity scheme 

Transmit diversity, e.g. SFBC, has been used for transmissions of physical layer control channels. It requires at least two orthogonal reference signals to differentiate one antenna port from the other. If DMRS ports 7 and 8 are reused as the group-UE-specific DMRS, then the pair of DMRS can be used for transmit diversity scheme. Since DMRS ports 7 and 8 share the same set of frequency-time resources but are distinguished by the CDM codes, there is no increase of DM-RS overhead in using both ports.
· Multi-port single-layer transmission scheme with E-PDCCH precoder cycling 

For example, multiple DMRS ports are transmitted and the precoder applied to each E-PDCCH RE is predefined. In this transmission scheme, the UE estimates the channel response of each DMRS port and then reconstructs the precoded channel response of an E-PDCCH RE by applying the predefined precoder. One example of this transmission scheme is that E-PDCCH transmission ports alternate between ports 7 and 8 in an RE-wise manner. In this case, precoding is DMRS port alternating. Another example is to apply a set of  precodings to the E-PDCCH REs in a predefined manner. This transmission scheme achieves spatial diversity gain via precoder cycling. 
· Single-port transmission scheme

One DMRS port needs to be defined to support E-PDCCH single-port transmission scheme. It can be UE-RS port-5 or either DMRS port 7 or 8.  Since port-5 was not mandatory for LTE FDD, it is recommended to utilize either DMRS port 7 or 8 in the sense of reusing the existing DMRS structure. Here, note that it has been already agreed that antenna ports 7-10 is/are used for the enhanced downlink control channel from RAN1#67. We assume that UE-RS port-5 is excluded for this purpose. Then we have to specify which DMRS is actually used between ports 7 and 8. It can be hard-coded, e.g. port 7 only, derived from other parameters, e.g. transmission point ID, or configured by higher layer signaling. Same precoding (or equivalently antenna virtualization) is applied to the DMRS and E-PDCCH REs in a given PRB for the UEs to demodulate E-PDCCH in a transparent manner. PRB-wise precoder cycling can be used to achieve diversity gain in the frequency domain. Note that from UE’s perspective, the channel estimation and demodulation process is mostly the same as in the UE-specific RS case, except that PRB bundling cannot be used in channel estimation. One benefit of the single-port transmission scheme over dual-port transmission schemes is that the DMRS power can be 3-dB boosted since only one DMRS port is turned on for a single PRB. 

· Dual-layer transmission scheme
Dual-layer transmission of distributed E-PDCCH is possible for the group of UEs experiencing multi-rank channels. This can effectively reduce the amount of resources for distributed E-PDCCH transmissions. As DMRS ports 7 and 8 share the same set of frequency-time resources, no additional DMRS overhead is required to support dual-layer transmission. The search space should be designed in a way to help multiple E-PDCCHs share both layers, and a UE configured with dual-layer E-PDCCH will perform MIMO receiver operation in order to decode these two layers.  In addition, similar to the case of single-port transmission scheme, PRB-wise rank-2 precoder cycling can be applied to achieve diversity gain in the frequency domain.
A companion contribution [1] presents the E-PDCCH performance comparison results among the transmit diversity scheme, the dual-port single-layer transmission scheme with E-PDCCH precoder cycling, and the single-port transmission scheme. The link-level simulation results show that the single-port transmission scheme outperforms the other schemes for high CCE-aggregation levels. This is because the 3-dB power boosted DMRS in the single-port transmission scheme improves channel estimation performance. 
One of potential problems in the transmit diversity scheme is that there will be an orphan symbol on the OFDM symbols containing DMRS.  Assuming SFBC is applied as the transmit diversity scheme, 3 subcarriers will be used for DMRS and the remaining 9 subcarriers can be used for E-PDCCH on the OFDM symbol within a PRB. Pair of subcarriers is needed for SFBC and therefore we will have one orphan subcarrier we cannot apply SFBC to.  If we do not use the orphan symbol, then it will result in a significant E-PDCCH performance loss.
Localized E-PDCCH
An E-PDCCH is transmitted on one or more PRB part(s) using its own UE-specific DMRS, as shown in Figure 2, where a PRB-pair consists of one or multiple PRB part(s). This transmission scheme is supposed to maximally achieve beamforming gain for E-PDCCH. Therefore, reasonably accurate channel knowledge at the eNB is necessary. If the channel knowledge at the eNB is inaccurate, then the eNB may need to consider a relatively large margin in resource allocation for robustness. The UE-specific DMRS is used for the UEs to estimate the channel response for demodulation, i.e. Alternative 3. In the example shown in Figure 2, the UEs receiving E-PDCCHs 1, 2, and 3 use their own DMRS for demodulation.
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Figure 2. Localized transmissions of E-PDCCHs

There are three candidates in E-PDCCH transmission schemes:

· Single-port transmission scheme

One DMRS port per E-PDCCH needs to be defined to support E-PDCCH single-port transmission scheme. Depending on how many PRB parts are defined in a PRB-pair, more orthogonal DMRS may need to be further supported.  For example, if {1,2,4} PRB parts are defined in a PRB-pair, {1,2,4} sets of orthogonal DMRS are needed, respectively. Then we have to specify which DMRS corresponds to an E-PDCCH. It can be hard-coded, derived from other parameters, e.g. UE ID for MU-MIMO, or configured by higher layer signaling. Same precoding (or equivalently antenna virtualization) is applied to the DMRS and its corresponding E-PDCCH REs for the UEs to demodulate E-PDCCH in a transparent manner. 
· Dual-layer SU-MIMO transmission scheme

Dual-layer transmission of E-PDCCH is possible for UEs experiencing multi-rank channels, and it can effectively reduce the amount of resources required for E-PDCCH transmissions. If DMRS port 7 and 8 are used for dual-layer transmission, then there will be no increase in DMRS overhead. Noteworthy, since the UEs experiencing rank-1 channels cannot decode the dual-layer E-PDCCH, this transmission scheme should be limited to high geometry UEs experiencing multi-rank channels only. 
· Dual-layer MU-MIMO transmission scheme 

By applying accurate precoding as well as assigning appropriate multiple E-PDCCHs onto the same PRB such that the assignment leads to small inter-UE interference, MU-MIMO of E-PDCCH can be supported. This operation can efficiently increase the E-PDCCH capacity as in MU-MIMO of PDSCH. However, the eNB needs to have accurate channel knowledge for MU-MIMO scheduling. Otherwise, due to the inter-UE interference, the eNB may need to take into account a larger margin in resource allocation which may dismiss the E-PDCCH capacity gain.
Regardless of the transmission schemes for localized transmission of E-PDCCH, it is obvious that one DMRS needs to be defined per layer of E-PDCCH. Assuming that MU-MIMO of E-PDCCH transmissions is enabled by applying UE-specific DMRS scrambling sequence, one DMRS port and one scrambling sequence should correspond to an E-PDCCH for both single-port transmission scheme and MU-MIMO transmission scheme. In case of dual-layer SU-MIMO transmission scheme, two DMRS ports and one scrambling sequence should correspond to an E-PDCCH.
Proposal: A transmission layer of an E-PDCCH has its own DMRS port and scrambling sequence for localized transmission of E-PDCCH.
Multiplexing of distributed and localized E-PDCCHs

If we introduce both distributed transmission and localized transmission of E-PDCCHs, then how to multiplex different types of E-PDCCH needs to be studied. Since distributed E-PDCCH and localized E-PDCCH cannot live in the same PRB, frequency division multiplexing is the most natural solution. The UEs should be aware of which PRBs are reserved as distributed E-PDCCH region or localized E-PDCCH region. This indication can be signaled via a higher layer and/or the physical layer.
In the distributed E-PDCCH region, Alternative 2 (group-UE-specific DMRS) is adopted for multiple E-PDCCHs to share the same DMRS resources. In the localized E-PDCCH region, Alternative 3 (UE-specific DMRS) is adopted for individual E-PDCCH to have its own DMRS.
Proposal: Populate distributed E-PDCCHs in the distributed E-PDCCH region and localized E-PDCCHs in the localized E-PDCCH region while the regions are multiplexed in the frequency domain.
4 Discussion on introduction of 16QAM

In order to increase the E-PDCCH capacity, introduction of 16QAM as a new E-PDCCH modulation scheme was suggested [2,3,4]. Since 16QAM can transmit 4 coded bits on an RE, usage of 16QAM can improve the spectral efficiency in transmitting E-PDCCH if the channel quality is good enough. 
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Figure 3. Example of power borrowing from unused REG in the PDCCH power assignment
In the legacy PDCCH design, only QPSK was allowed so that the eNB can borrow the power of unused or low power assigned REs for a PDCCH as illustrated in Figure 3. This power borrowing enables high flexibility in eNB’s power assignment to downlink control channels and leads to high utilization of transmission powers. Since QPSK does not require the amplitude reference, the power borrowing can be done transparently.   

On the other hand, the amplitude reference is necessary for the receiver to demodulate 16QAM received signals. Because of this, the ratio of PDSCH EPRE to RS EPRE is specified for demodulation of 16QAM or 64 QAM PDSCH [5]. Accordingly, if 16QAM is introduced for E-PDCCH, the ratio of E-PDCCH EPRE to RS EPRE is needed and the eNB should strictly follow the ratio in E-PDCCH power allocation. This will restrict the flexible power borrowing and lead to low utilization of transmission power resources. 

Assuming Alternative 2 (Group-UE-specific DMRS based enhanced control signaling) for distributed E-PDCCH transmissions, the eNB cannot adjust the DMRS EPRE based on E-PDCCH EPRE since multiple UEs will use the same set of DMRS for the demodulation of their own E-PDCCHs. Therefore, the E-PDCCH power borrowing will not be allowed in distributed E-PDCCH transmissions with 16QAM. 
Assuming Alternative 3 (UE-specific DMRS-based enhanced control signaling) for localized E-PDCCH transmissions, the eNB can adjust the DMRS EPRE based on E-PDCCH EPRE. However, the eNB still cannot borrow power from unused or low power assigned DMRS for the DMRS corresponding to a high-power E-PDCCH. For example, let’s suppose a UE is to decode an E-PDCCH on DMRS port 7 and the eNB does not transmit E-PDCCH on DMRS port 8 in a PRB-pair. Since DMRS port 8 does not need to be transmitted, the power for DMRS port 8 can be used for DMRS port 7 and this DMRS power borrowing can improve the channel estimation performance for the UE. However, if 16QAM is applied, then the DMRS power borrowing should be avoided because it will break the predefined ratio of E-PDCCH EPRE to RS EPRE. 
An alternative to using 16QAM for E-PDCCH capacity enhancement is to introduce SU-MIMO transmissions to E-PDCCH [4]. As long as QPSK is used, we can still take advantage of the power borrowing in a transparent manner while achieving the same spectral efficiency improvement as 16QAM. Similar to the case of 16QAM, SU-MIMO can be applied if a UE is experiencing good channel condition (MIMO channel rank and SINR).

Proposal: Support QPSK as the only modulation scheme of E-PDCCH.
5 Conclusions

This contribution discussed the demodulation reference signals of E-PDCCH. From the observations we’ve seen in this contribution, the following proposals are presented for RAN1’s discussion and decision:
· Confirm the working assumption saying that there are no cases where CRS is used for demodulation of the enhanced control channel. Further discussion is needed for MTC UEs.

· A transmission layer of an E-PDCCH has its own DMRS port and scrambling sequence for localized transmission of E-PDCCH.
· Populate distributed E-PDCCHs in the distributed E-PDCCH region and localized E-PDCCHs in the localized E-PDCCH region while the regions are multiplexed in the frequency domain.

· Support QPSK as the only modulation scheme of E-PDCCH.
Furthermore, we identified potential transmission schemes for E-PDCCHs as follows:

· Distributed E-PDCCH
· Transmit diversity scheme

· Dual-port single-layer transmission scheme with E-PDCCH precoder cycling
· Single-port transmission scheme

· Dual-layer transmission scheme
· Localized E-PDCCH
· Single-port transmission scheme

· Dual-layer SU-MIMO transmission scheme

· Dual-layer MU-MIMO transmission scheme
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