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1 Introduction

This contribution is related to an on-going discussion in 3GPP RAN1 concerning potential use cases and design of a new and enhanced PDCCH (ePDCCH) structure. Several motivations for the design of a new downlink control structure were discussed in the previous meetings and are summarized as follows [1]:

· Limited PDCCH capacity
· The existing PDCCH structure was designed to provide control signaling and resource assignments for UEs in a single transmission point per macro-cell deployments. Under CoMP scenario 4, several remote radio heads having the same cell ID are deployed in a single macro-cell. In such a scenario, the assignments corresponding to all RRHs may have to be simultaneously transmitted. This can cause a significant increase in the number of resource assignments and shortage of CCEs per subframe. In CoMP scenario 3, each RRH has a different cell ID relative to the associated macro-cell; however, all nodes share the same time/frequency resources, which may result in significant intra-cell interference. Therefore, the detection performance of the PDCCH in subframes with strong interference may be unsatisfactory. Although the almost blank subframe concept is supported in Rel-10, it requires the network node to reduce the activity (e.g., transmission power) in the ABS subframes, leading to inefficient spectral utilization. Hence, the PDCCH enhancements are necessary for this scenario, as well [4].
· Increased resource assignment payload

· Since the initial Rel-8 PDCCH design, several improvements have been made to the standard. In particular, new transmission modes, based on UE-specific reference signals, with support for MU-MIMO were designed. It is anticipated that transmission mode 9 to be widely used in future deployments. One of the DCI formats used with transmission mode 9 is format 2C. With its large payload size, the use of DCI format 2C may result in fewer resource assignments (i.e., fewer CCEs per subframe) based on the existing PDCCH structure.
· Interference avoidance/coordination on the control channels

· According to the downlink MIMO enhancement SID, the enhancement of MIMO performance through improved CSI feedback for high priority scenarios not directly targeted by the feedback enhancements in Rel-10, especially the case of 4 TX antennas in a cross-polarized configuration, in both homogeneous and heterogeneous scenarios should be studied [3]. In those environments, neighboring transmission nodes may interfere with each other. The existing mechanisms in earlier releases of LTE may not be sufficient for robust transmission of control channels in dense and diverse deployments. In that case, it might be beneficial to be able to perform interference avoidance/coordination by orthogonalizing the users in neighboring cells. This may be achieved by the proposed method in this contribution that is described later.
· Higher user throughput

· Due to capacity limits of PDCCH, some user data allocations may not be timely allocated. One reason for the limitation is the use of the hashing function to map CCEs in the control region. The hashing function (in some cases) may cause two candidate sets to collide, especially when an aggregation level higher than one is chosen for each UE. As a result, the number of assignments that can be transmitted on the PDCCH will be limited, reducing the overall user throughput and increasing transmission latency.
· Use of soft frequency partitioning and fractional frequency reuse with PDCCH

· The existing structure of PDCCH was designed based on a single frequency partition in each slot/subframe and assuming a frequency reuse factor of one. While hard frequency partitioning is very undesirable from network deployment and frequency planning perspective, the soft frequency partitioning combined with FFR techniques has been shown to provide more robustness and reliability for transmission of control signaling and data due to improved interference mitigation. The method proposed in this contribution would allow creation of several soft and configurable frequency partitions in each slot/subframe and frequency division multiplexing of control and data regions. Furthermore, use of frequency division multiplexing of data and control regions would allow separate power control for each channel type.   

· MU-MIMO and beamforming of control channels
· The existing structure of PDCCH relies on CRS for channel estimation and coherent detection. It is shown that CRS has more overhead and less effective when using closed-loop precoding techniques, beamforming and MU-MIMO. The beamforming of the control channels can significantly improve the performance of the cell edge users. The use of DM-RS instead of CRS would facilitate the use of beamforming for the control channels. 

· Control overhead reduction

· The resource allocation granularity is one OFDM symbol for the PDCCH, thus it amounts to approximately 7% overhead per OFDM symbol. In the frequency domain, the control channel overhead can be significantly lower if the granularity is defined as one PRB. For instance, in a 10 MHz system, the resource allocation granularity (L1/L2 overhead per PRB) is 2% and 1% in a 20 MHz system. Therefore, design of enhanced PDCCH can result in more efficient resource utilization for the control channel.

The following working assumptions were agreed in RAN1#66bis [2] taking requirements for new carrier types in CA enhancement WID, CoMP, and DL MIMO into account [3-6]. Introduce an enhanced physical downlink control channel that is able to

· Support increased control channel capacity

· Support frequency-domain eICIC (CA-based eICIC)
· Achieve improved spatial reuse of control channel resource

· Support beamforming and/or diversity

· Operate on the new carrier type and in MBSFN subframes. (We do not recommend the use of MBSFN subframes as a baseline for ePDCCH; i.e., similar to that of R-PDCCH design, since MBSFN numerology was not originally developed for high-throughput systems with unicast transmissions and particularly for small-cell deployments. The large CP size results in inefficient use of the radio resources).  

· Coexist on the same carrier with legacy UEs

It is further desirable to include ability to use frequency-selective scheduling and to mitigate inter-cell interference. In light of the above issues and/or desired improvements, we propose the following considerations for enhanced PDCCH design:
· The new ePDCCH region is defined in the time and frequency domain where each ePDCCH is formed based on similar CCE aggregation concept where each enhanced CCE (eCCE) is confined within a single PRB in each slot/subframe. Depending on the size of the eCCE, there may be one or more eCCEs within a PRB. This would allow frequency division multiplexing of ePDCCH and PDSCH.
· The DM-RS is exclusively used for channel estimation and coherent detection. This requirement would relax the dependency on CRS and further enable use of MU-MIMO and beamforming schemes for the control channels.
· Based on the new eCCE structure and design, new DCI formats shall be defined to support new applications and enhanced MIMO modes.
· The ePDCCH in the even-numbered slots in each subframe containing the legacy PDCCH shall begin immediately after the last OFDM symbol used for legacy PDCCH. This requirement will ensure backward compatibility and legacy support while introducing a new FDM-based control structure.
· The search spaces (both common and UE specific) of the Rel-11 UEs on non-backward compatible carriers (e.g., extension carriers) should be independent and separate from those of earlier releases. This would reduce the complexity and the number of blind detections for allocations exclusively on the non-backward carriers. In some cases, cross-carrier scheduling from the backward compatible carrier may be used.
· The resource blocks used for ePDCCH may be permuted and allocated in localized or distributed manner in order to exploit the frequency diversity gain.
· It is desirable to use the same physical structure for ePDCCH in TDD and FDD duplex schemes in order to reduce the cost and complexity of the multi-mode devices. Nevertheless, the downlink/uplink scheduling and allocation limitations of the TDD systems shall be taken into consideration in the design.
· Given that the small-sized cells and small-range dense deployments have become of great interest lately, it may be possible to use higher modulation orders such as 16QAM for baseband processing of the control channels due to lower path loss and higher operational SINRs. Thus, it is recommended that the performance of ePDCCH with higher modulation orders under realistic propagation and mobility conditions is investigated.
In Rel-8/9/10, the control region only supports transmit diversity transmission mode. The transmit diversity scheme is a robust transmission scheme but the efficiency may not be as good as beamforming based on spatial information especially in correlated environment. Increasing the number of transmit antennas may not yield higher MIMO gain for transmit-diversity-based PDCCH transmission. In some cases, performance degradation is even seen in some scenarios. Beamforming is a well-known technique to improve the coverage.  In Rel-11, beam-formed PDCCH is a promising concept, which should be extensively studied.  

In Rel-8/9/10, PDCCH only supports QPSK. With improved link quality due to precoding/beamforming, another direction is to support higher order modulation in high SINR region.  This increases the spectral efficiency, hence reduces overall system overhead of control channel. Especially in small-cell and dense deployments where the SINR is higher, it is more likely to use higher order modulation (e.g., 16QAM) for the control channel.     
2 Usage Scenarios
The new downlink control structure may find applications in various use cases including the following:

· CA-based eICIC and heterogeneous networks [6]
· In this scenario, with the consideration of the interference in heterogeneous networks, the PDCCHs of macro-node and low-power node are always transmitted on different component carriers. Cross-carrier scheduling is used for the CA-enabled UEs. The PDCCH resource on the scheduling carrier may be limited. However, how significant the PDCCH resource limitation is depends on the number of UEs configured with carrier aggregation in CA-based heterogeneous networks.

· Inter-band carrier aggregation [5]
· Inter-band carrier aggregation includes scenarios where a lower frequency band is aggregated with a higher frequency band. Typically, larger coverage is achieved on the lower frequency band due to lower propagation loss. It is possible to increase the traffic channel coverage on the higher frequency band through cross-carrier scheduling from the PDCCH on the lower frequency band. This may result in PDCCH capacity limitations on the lower frequency bands. On the other hand, further study is needed to clarify the benefits of increasing the data coverage on the higher frequency band. In particular, spectral efficiency is low for cell edge UEs on the higher frequency band, since low coding rates shall be used for data transmission. In addition, the impact on PDCCH capacity on the lower frequency band depends on the number of cell edge UEs on the higher frequency band that are configured with carrier aggregation. 

· Additional carrier types [5]
· Additional carrier types in Rel-11 (i.e., a carrier segment or an extension carrier) are expected to be non-backward compatible; i.e., legacy PDCCH is not transmitted on additional carrier types. Without further enhancements in the downlink control channels, the PDSCH/PUSCH channels on the non-backward compatible carriers may only rely on cross-carrier scheduling from a backward compatible carrier. Given that the bandwidth and the number of UEs connected to the non-backward compatible carriers can be similar to backward compatible carriers, the PDCCH resource on the carrier where PDCCH is sent can be significantly limited.
· Given the non-backward compatible nature of carrier segments and extension carriers, there is a potential to reduce the overhead of the control signal, broadcast, and synchronization channels on these carrier types. The notion of a carrier segment allows for appending additional resource blocks to a component carrier, while still retaining the backward compatibility of the primary carrier.
· The new carrier types are believed to be useful in practical deployments where the size of the available frequency block does not match the provisioned bandwidths of 1.4, 3, 5, 10, 15, 20 MHz in the LTE standards. If the size of the frequency block is smaller than 5 MHz (corresponding to 25 RBs), the number of resources on the carrier segment or extension carrier may not be sufficient to efficiently transmit user data and the overhead channels such as (PSS, SSS, PBCH, PDCCH, etc.). Although it is desirable to reduce the overhead on the new carrier types (i.e., extension carrier and carrier segment), in practical deployment scenarios, if the frequency gap between the PCell and the SCell is large, the time and frequency synchronization and alignment of the carriers in a carrier set may not be maintained without including synchronization signals in the SCells.
· If the new carrier types are going to be without CRS (i.e., a wideband and common reference signal) and UE-specific reference signals (i.e., narrowband and dedicated reference signals) are used for channel estimation and coherent detection of control and data channels, then a wideband synchronization signal may be required on the carrier segment or the extension carrier for path loss and RSRP measurements that are essential for mobility management, triggering handover, and activation and deactivation of new carrier types while the UE traverses different cells in the network.
· Regardless of the type of carriers, we believe that it is required to align the slots and subframes of the carriers in the carrier set in the time domain. This will simplify the HARQ timing and operation, and resource assignments on the PCell and SCells. Also, for implementation purposes, it is imperative to ensure the sub-carrier alignment is maintained the same on the PCell and SCells. The frequency distance of the SCells and PCell should be an integer multiple of the LTE channel raster. If the new carrier types are at frequency distances that are not integer multiples of 100 kHz, then predefined frequency offsets can be specified to align the center frequencies. 
· Enhanced MIMO modes [3]
· Use of new ePDCCH will improve the robustness of the control channels and thus will mitigate the interference among neighboring transmission nodes in dense and diverse deployments. In that case, the new control structure will allow interference avoidance/coordination by orthogonalizing the users in neighboring cells.
· CoMP [4]
· Scenarios 3 and 4 of CoMP in heterogeneous networks as mentioned earlier will benefit from new ePDCCH design as well as higher ePDCCH capacity. 
3 Proposed Downlink Control Channel Structure
Based on the observations, motivations, and the design requirements discussed in previous sections, we propose a new control channel structure that we believe not only satisfy the current expectations, but also is extensible and scalable to meet the evolution of the technology.
Figure 1 illustrates the high-level concept of the new PDCCH design. The frequency resources in each slot (or subframe depending on the desired time-domain granularity and the choice of TTI) are partitioned into a number of frequency partitions (FP) where each frequency partition contains one or more ePDCCH regions. Each ePDCCH region consists of an integer number of physically consecutive (localized) or logically consecutive (distributed) physical resource blocks (PRBs). Each ePDCCH region may be assigned to one or more RRHs associated with a macro-cell. Although we use CoMP scenario 3 or 4 as an example, the proposed design can be used in other deployment scenarios such as non-backward compatible carriers. Furthermore, the proposed design can be equally applied to TDD and FDD duplex schemes.  
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Figure 1: Proposed structure for ePDCCH regions
The ePDCCH regions are located in the same or different frequency partitions. Note that the partitioning of frequency resources is soft and configurable and may change over time based on a cell-specific semi-static or dynamic pattern. The ePDCCH regions are located in predetermined (configurable) frequency partitions and the beginning of each region is calculated based on a frequency offset (FO) from the reference location, as shown in Figure 1.
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Figure 2: Procedure for forming ePDCCH regions over a slot
Figure 2 depicts the procedure for forming the frequency partitions and the ePDCCH regions. The PRBs are permuted over the entire available system bandwidth to exploit frequency diversity gain. The permuted PRBs are regrouped and form frequency partitions FP0 to FPK. The number of frequency partitions is configurable and depends on the network deployment parameters and topology. A second-level permutation may be applied to the PRBs within each frequency partition to further exploit frequency diversity gain. The permuted PRBs within each partition can be divided into one or more ePDCCH regions. The grouping and the number of ePDCCH regions depend on the number and the relative position of the RRHs that may or may not share the same cell ID within a macro-cell. As shown in Figure 3, each ePDCCH region contains one or more ePDCCH corresponding to the UEs that are served by the eNB. The location of the ePDCCH regions and individual ePDCCH channels are coordinated across neighboring eNBs to reduce the inter-cell interference. The coordination of the ePDCCH regions corresponding to RRHs within a cell is conducted by the eNB. Similar to the previous releases of LTE, each ePDCCH comprises a number of enhanced CCEs depending on the desired aggregation level. One or more eCCEs are assigned to one PRB. Note that currently each CCE consists of 36 sub-carriers and each PRB comprises 12×NSym sub-carriers, thus it is anticipated that each PRB may encompass one or more eCCEs. In the case of eCCE aggregation, aggregated eCCE units are mapped to different PRBs to ensure maximal use of frequency diversity. 
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Figure 3: Contents of ePDCCH region 
Figure 4 illustrates the structure of the PRB including the DM-RS reference signals which is similar to that of Rel-9/10 of LTE. While the figure depicts DM-RS locations (assuming the existing orthogonal cover codes are used for multiplexing of the two reference signals) corresponding to two transmit antennas, higher antenna configurations and thereby more DM-RS signals can be accommodated similar to that of Rel-10 for the purpose of beamforming of the UE-specific control channels.
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Figure 4: Structure of the physical resource block with 12 sub-carriers by 7 symbols (example DM-RS shown for 2 TX antennas)
The frame structure supporting the new ePDCCH is shown in Figure 5 for backward compatible and non-backward compatible carriers. Note that some non-backward compatible carriers, depending on their types, may or may not include ePDCCH and instead use cross-carrier scheduling from a backward compatible carrier.
Since user traffic is allocated in PRB pairs over a subframe, in consideration for downlink link budget, the ePDCCH may or may not exist in each downlink slot. The smaller cell sizes may require reconsideration of the existing assumption for minimum TTI of 1 ms and to reduce it to 0.5 ms (one slot), which further reduces the user-plane and control-plane latency and increases the spectral efficiency. In that case, the ePDCCH would exist in each downlink slot and resource allocations will be performed within each slot. The proposed structure is the same for TDD and FDD duplex schemes. Depending on the TDD frame configuration mode, the ePDCCH is located in the downlink slots (or subframes) similar to that of FDD systems. 
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Figure 5: Relative location of ePDCCH in time and frequency domains over backward compatible (above) and non-backward compatible carriers. Note the slot/subframe alignment across carriers (example FDD) 
We believe that the proposed ePDCCH structure meets all the design requirements that were laid out earlier in this contribution and further provides the necessary flexibility and extensibility for the evolution of the current systems beyond Rel-10 of LTE.
4 Conclusions and Recommendations
A new ePDCCH structure was proposed were the control blocks are contained in PRBs and are frequency division multiplexed with data blocks across frequency over the extent of a slot or subframe. The PRBs containing the control blocks are permuted in different stages prior to assignment of ePDCCH to maximally exploit the frequency diversity gain.
It is proposed that the following recommendations be considered as the baseline for the design of ePDCCH:
1- ePDCCH shall consist of one or more eCCEs that are mapped to one or more permuted PRBs

2- ePDCCH shall exclusively use DM-RS for channel estimation and coherent demodulation

3- Rel-11 UE search spaces over non-backward compatible carriers shall be limited to ePDCCH regions

4- ePDCCH structure shall be the same for TDD and FDD duplex schemes

5- ePDCCH regions shall be located in configurable frequency partitions with soft frequency reuse factor of one or higher by taking inter-cell and intra-cell interference coordination considerations into account.

6- The use of shorter TTI value of one slot in downlink transmissions within small-sized cells should be investigated while ensuring no negative impact on downlink link budget for both control and data channels.
In link-level and system-level simulations, the PDCCH is typically abstracted and the actual control payload (DCI information) encoding and decoding procedures are not precisely modeled. In order to evaluate the performance of the ePDCCH and to benchmark it against the legacy PDCCH design, it is imperative to model the control channel encoding, detection, and decoding processes under realistic conditions and under the new scenarios envisioned in CoMP, DL MIMO enhancement, and enhanced CA and to evaluate the performance related metrics such as probability of false alarm and probability of detection corresponding to ePDCCH, ePDCCH capacity, control channel coverage, cell spectral efficiency, and average user throughput. It is also imperative to analyze and evaluate the effect of the new control channel structure design on HARQ, user-plane, and control-plane latencies.
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