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1. Introduction
The transmission of a Category 0 (Cat0) to dimension the control channel in E-UTRA downlink (DL) has been previously mentioned [1-3] but discussions have so far been confined on the reflector [4] and many issues related to the Cat0 structure and transmission method for the two control channel coding options (joint coding and separate coding) have not been adequately addressed. 
For example, the need for a Cat0 has not yet been agreed as it has been suggested that separate coding may not need a Cat0. Also, no uniform view exists on the contents of Cat0 with respect to the granularity with which it can specify the remaining control channel [1, 2], and whether it should include additional information such as a RACH response and a paging channel [3]. 
Furthermore, several options exist for the transmission of Cat0. In [1], it is suggested that Cat0 utilizes resource blocks (RBs) protected from adjacent cell interference (with the application of interference co-ordination through fractional frequency or time re-use – IC-FFR or IC-FTR) and is transmitted in one codeword for all MCS regions. In [2], it is suggested that Cat0 transmission uses the lowest MCS with repetition, it is transmitted in one codeword, the entire control channel is jointly coded (single MCS region), and the granularity of its occupancy is large and equals 1 OFDM symbol. Finally, [3] suggests a nested transmission for Cat0 where the transport format of the control channel in one MCS region is specified by the Cat0 in the previous MCS region. However, although spectral efficiency of Cat 0 transmission is improved in this manner, not all UEs can know of the control channel size and this, as it is later discussed, overall leads to bandwidth waste.      
This contribution examines the need for a Cat0 and the corresponding transmission method and signaling requirements.
2. Requirement for Category 0
The role of Cat0 is to support scaling of the downlink control channel by indicating the number of DL and UL scheduling grants. Cat0 has a predetermined structure to allow for its decoding by all UEs and an exemplary structure is shown in Figure 1 (from [4]). 
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Figure 1: Cat0 indicates the Control Channel Size.
For joint coding of the DL control channel in multiple MCS regions (for both DL and UL grants), a consensus appears to be that Cat0 scaling is necessary as each MCS region should be dimensioned to the corresponding number of scheduled UEs. 
For separate coding of the DL control channel, one option is to always provide for a maximum number of codewords and avoid having a Cat0. However, this obviously leads to wasted bandwidth especially if the number of scheduled UEs drops significantly below this corresponding maximum. An alternative option can be to signal Cat0 at predetermined instances that are often enough to capture some changes in the possible number of scheduled UEs but are less frequent than the TTI period. Apart from introducing obvious scheduler restrictions between two consecutive Cat0 transmission periods by placing a maximum in the number of scheduled UEs per TTI, which can be further exacerbated by the application of MIMO and having different UE capabilities, this option also cannot avoid wasting bandwidth when the number of scheduled UEs drops below this maximum. As it is later discussed, this waste in bandwidth is typically larger than the cost of transmitting a Cat0 (particularly in conjunction with IC-FFR or IC-FTR). 
Another reason that necessitates a Cat0 transmission in every TTI in the case of separate coding is the required scalability of the control channel with MIMO. Clearly, the size of the control channel is different depending on whether a UE supports MIMO or not. For the DL grants, under the assumption that for each UE all streams are assigned the same RBs and all RBs have the same rank, only Cat2/3 is affected. Then, since Cat1 is not affected, MIMO is not an issue for DL grants. However, the previous assumption to always have the same bit-map for Cat1 regardless of the MIMO application needs to be further examined in terms of corresponding throughput loss. Nevertheless, unlike DL grants, the notion of assigned RBs in the DL cannot be assumed for UL grants and there is always a direct impact on the codeword size depending on the application of UL SU or MU-MIMO. Naturally, for UL grants, the maximum codeword size with MIMO can be selected as always being the default one, but this only further increases the potential bandwidth waste. 
Due to the scheduling restrictions on the maximum number of UEs per Cat0 update period (if any and if more than 1 TTI), due to the bandwidth waste that results when a smaller number of UEs than the maximum one is scheduled, and due to the bandwidth waste that may also result from MIMO, especially for the UL grants, transmission of Cat0 in every TTI is also needed for separate coding. 
Another important advantage of Cat0 is that it allows the control channel to terminate on a fraction of an OFDM symbol (at the RB granularity), if this is the outcome from the scheduled number of UEs and the most spectrally efficient transmission of the corresponding control information. Each UE, having decoded Cat0 knows where the control channel ends and can implicitly interpret an RB assignment to either extent to the corresponding OFDM symbol or not.
3. Transmission Method for Category 0

Because of the critical Cat0 nature in the efficient transmission and proper reception of the remaining downlink control channel, its transmission characteristics should provide the desired BLER to the worst case scheduled UE and therefore it should have the same or immediately lower MCS as the lowest MCS region for the case of joint coding. Therefore, its spectral efficiency is small (e.g. for a scheduled UE SINR near the 5% CDF point although this criterion may be somewhat pessimistic as scheduled UEs typically have better SINR than their average one).

To achieve a desired BLER of around 1% at the 5% CDF point without additional mechanisms to improve the SINR in that region, repetition coding for a low MCS (e.g. QPSK, r=1/3 or r=1/4) is required. One way to improve the spectral efficiency is to place Cat0 in reserved RBs through IC-FFR or IC-FTR. This will substantially increase the 5% CDF SINR values. From the results in [5] for Case 3, Cat0 can accommodate the 5% CDF point with QPSK and rate 1/3 (or, for additional margin, rate 1/4) convolutional coding assuming transmit antenna diversity and two receiver antennas. Particularly for the case of synchronous networks, IC-FTR can ensure that Cat0 is not transmitted with a low MCS in every TTI as cell edge UE scheduling is confined in certain TTIs. Then, Cat0 may have one predetermined (low) MCS during TTIs where cell edge UEs are scheduled and another (higher) MCS during the remaining TTIs. 
Another way to improve Cat0 spectral efficiency is to have a nested transmission where Cat0 for the lowest MCS region is transmitted first and Cat0 for another MCS region is transmitted in the previous MCS region [3]. However, in order to have enough Cat0 bits before the lowest MCS region for coding to be effective, the corresponding field is also assumed to carry RACH response and paging indicators. It is not clear whether that information should always be transmitted with the lowest MCS or whether it should be assumed present in every TTI (for the overall Cat0 codeword to have a fixed, known size). 
Moreover, for the nested Cat0 approach, as only scheduled UEs in the highest MCS region can know the control channel size, bandwidth waste or throughput losses result if the control channel does not always occupy an integer number of OFDM symbol, or even a predetermined number of OFDM symbols, which is unlikely because of spectral efficiency and scheduler flexibility reasons. In an OFDM symbol partly occupied by the control channel, RBs not used by the control channel can only be used by UEs in the highest MCS region since only those UEs know the control channel size. However, the SINR of such UEs in these RBs may be poor and assignment to other UEs would have been preferable. This is only possible, without extra signaling to introduce a time dimension for the RB mapping in a TTI, if the field of “joint DL/UL grant” flags is placed in the lowest MCS region. As discussed in the next section, under the assumption of a single codeword for all MCS regions, the Cat0 overhead is low.

4. Signaling Bits for Category 0

The Cat0 size for the specification of all MCS regions sizes is first examined without any possible optimizations. Considering 10 MHz operating bandwidth, 6 MCS regions, no IC-FFR or IC-FTR, and having 3 bits to indicate the number of UEs per MCS (for a maximum of 7 DL UEs and 7 UL UEs per MCS), the total number of bits needed for Cat0 is 36. With IC-FFR and particularly with IC-FTR, the 1-2 lowest MCS regions can be avoided. Then, for 5 MCS regions, the total number of Cat0 bits is 30. Considering a 16-bit CRC, the Cat0 overhead (with QPSK rate 1/3 or rate 1/4 and tail-biting) at 10 MHz is about 1.8% of the TTI (for QPSK rate 1/3 with 2x repetition, tail-biting, and no interference co-ordination) or about 1.1% of the TTI (for QPSK rate 1/4, tail-biting, and interference co-ordination). It should be noted that reducing the MCS regions is not a better alternative as it may substantially impact the remaining control channel overhead [6].
Several ways to reduce the number of bits per MCS region may be considered. For example, lower MCS regions statistically have a much smaller number of UEs than higher ones [6] (since a scheduled UE typically has a better SINR than its average one) and the corresponding number of Cat0 bits may be reduced. For a reduction in the number of bits from 3 to 2, for 3 of the 5 MCS regions (IC-FFR/FTR), or for 3 of the 6 MCS regions (no IC-FFR/FTR), the Cat0 bits become 24 (IC-FFR/FTR) or 30 (no IC-FFR/FTR) and comparable to the CRC. The CRC can also be omitted from Cat0. As each MCS region is protected by CRC, there is no impact on the control channel decoding by not having CRC for Cat0. 
With the above optimizations, the corresponding Cat0 overhead under the assumptions in the first paragraph becomes about 1.0% of 1 TTI (no IC-FFR/FTR) or about 0.6% of the TTI (IC-FFR/FTR). 
For separate coding, periodic Cat0 transmission is meaningful only if the associated overhead reduction is larger than the overhead associated with “empty” codewords. Considering that each codeword has 56 information bits (e.g. [7]) and a further 16 bits for CRC-colored UE ID, the corresponding overhead per codeword for QPSK rate 1/3 is about 1.3% of 1 TTI (or 2.6% for a cell edge UE with 2x repetition and no IC-FFR/FTR). Clearly, unless the maximum number of UEs for which the control channel is dimensioned is scheduled, the bandwidth waste exceeds the cost of Cat0 transmission, and it becomes significant if the number of scheduled UEs is smaller by more than 1 relative to the maximum number.  
5. Conclusions
This contribution considered aspects for the transmission of DL control channel Category 0. Based on the analysis, the following conclusions apply:
· Cat0 transmission overhead can be confined to 1% or less of the TTI

· Cat0 transmission should be in every TTI

· Cat0 transmission should apply to either separate or joint DL control channel coding

· Cat0 transmission should be in one codeword for all MCS regions (joint control channel coding) and not in a nested fashion

· Cat0 should encompass all necessary MCS regions (reduction in MCS regions to reduce Cat0 overhead is not desirable as the increase in the remaining control channel overhead is larger)

· Cat0 should dimension the control channel with granularity smaller than 1 OFDM symbol

· Cat0 codeword does not require CRC
· Cat0 transmission benefits from interference co-ordination (spectral efficiency nearly doubles)
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