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1. Introduction
This contribution overviews a number of issues regarding DL PDCCH signaling, including: transmission rate, contents, and corresponding implications of the Cat0 field, PDCCH size and granularity, mapping of ACK/NAK transmission to corresponding resources, MCS assignment for DL/UL grants, and DL frequency domain scheduling. 

2. PDCCH Signaling Aspects
2.1. Cat0 Transmission Rate and Contents 

The transmission rate and contents of the Cat0 field are critical issues as they directly affect E-UTRA operation and UE design. In determining the Cat0 transmission rate and contents, the usual metrics of performance, complexity, and overall system operation directly apply. The comparison is between the case that Cat0 is transmitted in every sub-frame and specifies the number of control channel elements (CCEs) by specifying the number of DL/UL grants per MCS and the case that Cat0 comprises of 2-4 bits transmitted in the P-BCH and specifies the maximum PDCCH size per 10-20 msec. 

Performance: Throughput is naturally the paramount metric that should be maximized especially given the challenge in meeting the E-UTRA DL performance targets. The cost of sub-frame Cat0 transmission is about 1% of system throughput [1] (Cat0 is assumed to be transmitted with the lowest MCS) and is actually less than 1% for the larger BWs as, proportionally, the increase in the number of required bits is less than the BW increase. For simplicity, Cat0 transmission in the P-BCH is assumed to have no cost. 
The throughput gains in a fully loaded system from the ability to dimension the PDCCH in every sub-frame range were found to range between 3%-9% depending on the simulation assumptions (number of MCS, data rate distribution among UEs, etc.). These gains may actually exceed 10% in certain situations depending on the UE data rate mixture, application of DL/UL MU-MIMO, and the dynamic use of PDCCH for supporting functionalities (VoIP link adaptation, TA/TPC command transmission, RACH response, etc.) Moreover, in terms of peak data rate, sub-frame Cat0 may offer even larger gains than the ones for the average sector throughput without restricting E-UTRA operation.
In terms of average sector throughput and peak rate, sub-frame Cat0 transmission is preferable. 

Complexity: The main complexity issue relates to the number of blind decoding operations (BD) required at the UE and the mapping of DL/UL grants in control channel elements (CCEs). This cannot be accurately quantified at the moment for P-BCH Cat0 as several alternatives are possible, each with different tradeoffs in terms of BW waste versus transmission frequency diversity and flexibility and no concrete proposals exist yet [4, 5]. Nevertheless, for the present purposes, it suffices to consider that the number of BD with P-BCH Cat0 will always be larger than the maximum number of scheduled UEs, the UE will have to consider multiple search patterns, decoding complexity may be at least twice as large as the minimum required one, UE power consumption will proportionally increase, false CRC passes will also increase, and either BW waste or further constraints will also have to be imposed on the PDCCH multiplexing for additional scheduling restrictions and some frequency diversity loss.

With sub-frame Cat0 transmission specifying the number of DL/UL grants per MCS (note that not all of these grants are always necessarily used for data scheduling), each UE can be assumed to have full information of the PDCCH structure (regardless if Cat0 is incorrectly received by some non-scheduled UEs). The PDCCH mapping becomes very simple as it only needs to multiplex the scheduling grants according to their corresponding MCS [3]. Moreover, the mapping is further simplified if the size of grants in the different MCS is related by a simple integer scaling [2]. 

The BD number is upper bounded by the number of DL/UL grants in each MCS and can be made smaller than the maximum number of scheduled UEs with some minor additional mechanisms [3]. For example, it has been widely suggested that a UE can be configured through higher layer signaling over long time periods to receive the PDCCH with a certain MCS based on its long term SINR. In this case, a UE may only have to look at the PDCCH grants in the corresponding MCS, thereby further reducing the number of BD. In this manner, the maximum number of BD can even be made smaller than the maximum number of scheduled UEs (about 1/2-2/3 the maximum number of scheduled UEs [3]). Alternatively, as the MCS is capped by QPSK and typically many scheduled UEs have wideband SINR well exceeding the one required to receive the DL/UL grants with 1% BLER for the highest MCS (QPSK, r=2/3), the excess power can be used to lift the MCS of other DL/UL grants. In this case, spectral efficiency is somewhat improved at the expense of having more BD at the UE. 
Regardless of the mechanisms used to reduce the number of BD, sub-frame Cat0 specifying the number of DL/UL grants for each MCS always leads to the simplest and most efficient and without restrictions PDCCH multiplexing and the minimum number of BD, thereby providing (possibly substantial) reduced UE HW complexity, power consumption, and decoding latency.  

E-UTRA Operation: PDCCH flexibility directly affects E-UTRA capabilities and for this reason it is of critical importance. In addition to the usual scheduling operation, PDCCH flexibility is needed for:

a) Support of DL/UL MU-MIMO according to optimizing a scheduler metric (PF, etc.)

b) Transmission of TA commands per UE need

c) Transmission (possibly) of TPC commands
d) Reconfiguration and initial setup of VoIP parameters (MCS) for link adaptation (regardless whether group scheduling or persistent scheduling per UE is selected)

e) RACH response and paging

f) General support of variable UE UL/DL grants (different data rates, peak rates, latencies, etc.)

g) Support of independent schedulers for DL and UL operation.
Naturally, all these functionalities affect the PDCCH size, occur at the sub-frame rate and cannot be predicted over time periods of 10-20 msec. In general, restricting the PDCCH size and hence the E-UTRA capabilities in blocks of 10-20 msec leads to either substantial throughput losses (always the largest PDCCH size is specified) or to sub-optimum or even flawed E-UTRA operation (PDCCH size is too small to allow desired E-UTRA operation).

The E-UTRA operation is also affected by the coverage it can provide. For delay sensitive traffic, it is not possible to postpone scheduling of cell edge UEs to whenever an opportunistically small PDCCH size occurs accompanied by relatively good SINR conditions for possible transmission and the PDCCH size should vary accordingly per sub-frame. This is further exacerbated by the fact that the DL and UL schedulers probably need to operate independently.
Further, due to the smaller number of BD operations, sub-frame Cat0 results to fewer false CRC passes. The analysis in [6] showed that P-BCH Cat0 would require at least 2 more bits in the CRC field of DL/UL grants relative to sub-frame Cat0 for the same probability of false pass. This assumed that the number of BD with P-BCH Cat0 equals the maximum number of scheduled UEs which is optimistic. As the number of raw information bits for DL grants is 50-60 and for UL grants is 30-40, sub-frame Cat0 offers a reduction in the corresponding codeword size by about 3.6% and 5.7%, respectively.
Another reason for having sub-frame Cat0 specifying the number of DL/UL grants per MCS relates to the ACK/NAK implicit mapping in UL/DL. To avoid over-dimensioning the corresponding resources with implicit mapping based on the first assigned RB, the implicit mapping should be based on the DL/UL grant number. However, with Cat0 in the P-BCH specifying the maximum PDCCH size it is not possible for each scheduled UE to know the order (number) of its DL/UL grant because of the use of multiple MCS. The only viable option is for a pre-determined mapping of the DL/UL grants with the different MCS [2, 4] and for each scheduled UE to know the number of DL/UL grants for each MCS. Of course, P-BCH Cat0 can signal the number of DL/UL grants per MCS but this would require too many additional bits in P-BCH and further unreasonable scheduling restrictions.
For performance, complexity, and overall E-UTRA system operation reasons, Cat0 should be transmitted in every sub-frame.

2.2. DL Scheduling: Consecutive versus Non-Consecutive RBs 

DL frequency domain scheduling (FDS) in non-consecutive RBs has been extensively shown to provide at least 15%-25% larger throughput than scheduling in consecutive RBs with the gains increasing for the larger operating BWs. The tradeoff is that the bit-map size proportionally increases with the BW as the corresponding number of RBs proportionally increases. It has also been shown that RB granularity of 180 KHz for data scheduling is unnecessarily small and concatenation of 2 RBs can be used without any significant throughput impact even for the highly frequency selective TU channel (our evaluations show 2%-3% throughput loss for the TU channel by using 2 RBs instead of 1 RB for granularity). 
Therefore, with concatenation of 2 RBs at 10 MHz, the bit-map size becomes 25. Similarly with concatenation of 3/4 RBs at 15/20 MHz the bit-map size remains 25 for a some additional throughput loss in the TU channel (no meaningful impact in other channels – small loss in practice for a channel mixture) which is easily compensated by the larger frequency diversity provided in the larger operating BWs (e.g. the gains from FDS in 10 MHz are about 50% larger than those at 5 MHz). Moreover, the CQI feedback overhead in the UL is also reduced by this RB concatenation. 
Frequency domain scheduling in non-consecutive RBs together with concatenation of a few 180 KHz for data scheduling should be applied in the E-UTRA DL.
2.3. PDCCH: Number of Required Payload Sizes and Formats (MCS) 

The payload sizes for DL grants and UL grants may vary significantly, particularly if FDS with non-consecutive RBs are used for the former. However, it is also desirable to map both grants into an integer number of CCEs in order to provide simple multiplexing and mapping of the PDCCH. Rate matching (RM) will be needed for this purpose [2] but DL grants and UL grants having the same MCS can be in general assumed to require a different number of CCEs (different payloads). The exact values and the corresponding RM can be determined once the exact payloads are decided. 
The selected MCS and their number should be such that they maximize the spectral efficiency of PDCCH transmission, ensure the required coverage, and assist in confining the PDCCH within the first 3 OFDM symbols without imposing strict scheduler restrictions (note that some scheduler restrictions will certainly still be required unless the maximum PDCCH occupancy is relaxed to 4 OFDM symbols). As the highest MCS is capped by the necessity of QPSK to enable arbitrary TPC, and OFDM significantly loses diversity for high code rates, the highest MCS should be (QPSK, r = 2/3). The highest MCS helps in maximizing the spectral efficiency and reducing the PDCCH size. The lowest MCS is determined by cell edge coverage considerations and depends on the operating conditions. For example, with 2 Tx antennas diversity, the minimum code rate can be r=1/6 further considering that scheduled UEs have better SINR than their long term SINR obtained from the geometry CDF curves and, less significantly, that some excess power is typically available from capping the highest MCS. Similarly, if IC-FFR/FTR is used, the minimum code rate can be r=1/3. On the other hand, for only 1 Tx antenna and no IC-FFR/FTR, the minimum code rate can be 1/9 
In addition to the highest and lowest MCS, a middle MCS may be needed to limit the power fluctuations and corresponding interference variations due to TPC, limit adjacent cell interference issues, and bridge the SINR gap between the highest and lowest MCS. With IC-FFR/FTR and 2 Tx antennas, a middle MCS does not seem necessary (r=1/3 and r=2/3). However, without IC-FFR/FTR, an MCS with code rate of 1/3 is also needed (r=1/6, r=1/3, r=2/3) while for 1 Tx antenna 2 middle MCS with code rates of 1/6 and 1/3 are desirable (r=1/9, r=1/6, r=1/3, r=2/3). Note that the lowest MCS should also account for channels with little frequency selectivity.
The deployed MCS set can be an implementation issue but the UE will need to know the possible ones in order to interpret the PDCCH mapping and the decoder operations. As the suitable MCS depend on the deployment scenario, the set of MCS may be implicitly derived or signaled in the P-BCH or D-BCH (2 bits seem adequate) as the UE does not need to know for example whether IC-FFR/FTR is applied.        
Different payloads are generally required between the DL grants and UL grants. Suitable RM should be applied to match each DL/UL grant for a given MCS to an integer number of CCEs. 

Multiple code rates are required to optimize PDCCH spectral efficiency, ensure coverage, reduce transmit power fluctuations, and limit PDCCH size to at most 3 OFDM symbols without strict scheduler constraints. The code rates depend on the deployment and can be signaled on the BCH.
3. Conclusions
This contribution addressed PDCCH signaling issues related to Cat0 transmission rate and contents, DL scheduling, and payloads and MCS for the DL/UL grants. Based on results and analysis in numerous past contributions and on the present analysis, the following conclusions apply:
a) Cat0 should be transmitted in each sub-frame and specify the number of DL/UL grants per MCS.

b) ACK/NAK mapping with associated DL/UL grant should be based on the grant number.
c) DL scheduling is in non-consecutive sub-bands resulting from concatenation of a few RBs.

d) DL and UL grants generally have different payload sizes. RM should be applied so that each grant occupies an integer number of control channel elements for any MCS.

e) Multiple code rates are necessary for the transmission of DL/UL grants. Their number depends on the deployment scenario and can be signaled (2 bits) on the P-BCH or the D-BCH. 
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