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1. Introduction
The shared control channel (SCCH) in E-UTRA is the major part of the overhead (in addition to the reference signal) that directly impacts the achievable throughput and peak data rates. Minimization of this overhead requires corresponding minimization of the signaling bits and optimization for the spectral efficiency of the transmission scheme. While only minor improvements are possible for the former, mainly through efficient mapping techniques for the scheduled UE IDs and resource block (RB) allocations, the latter requires careful design to exploit all unique attributes of OFDMA transmission and can offer dramatic improvements in the SCCH size as measured by the required RBs.

This contribution proposes an SCCH structure targeting the spectral efficiency optimization for the SCCH transmission. In particular, the focus is placed on the coding of SCCH Category 1 (Cat. 1). SCCH Cat. 2 and Cat.3 may be transmitted within the allocated resource blocks (RBs) for each scheduled UE (FFS).

2. Joint versus Separate Coding for SCCH Category 1
The advantage of joint SCCH coding in the number of signaling bits has been demonstrated in [1, 2]. However, in [2] it was argued that fast power adaptation per sub-frame of individual SCCH channels offsets the signaling load disadvantage of separate coding and provides net performance gains in terms of required transmit power. This was predicated on two key assumptions that do not hold in practice. The first is perfect CQI knowledge at the Node B without any impact from interference variations during consecutive sub-frames, reporting delays, and measurement errors. The second is that all scheduled UEs are localized. 

In [3], it was shown that for a single-user system, RB dependent modulation with power adaptation offers practically no performance gains over RB common or RB dependent modulation with constant power. By direct extension of these results to the SCCH, it can be concluded that power adaptation (with or without MCS adaptation) offers no advantage over MCS adaptation. Moreover, power adaptation may actually be detrimental or simply inapplicable because:

a) Since all cells apply SCCH power adaptation per sub-frame, CQI measurements per RB made during a previous sub-frame cannot properly predict the CQI per RB during a current sub-frame thereby decreasing or eliminating the applicability of power adaptation.
b) For asynchronous networks, SCCH power adaptation affects data scheduling as the varying interference power due to SCCH power adaptation per sub-frame leads to unpredictable CQI variations per sub-frame.
c) If the reference signals in adjacent cells occupy the same frequency sub-carriers as the SCCH in a reference cell, power adaptation in a current sub-frame cannot rely on CQI measurements made during the previous sub-frame. This is because, due to different SCCH power adaptation between sub-frames, the CQI in a previous sub-frame is associated with different interference than the CQI in the current sub-frame. Notice that frequency hopping of the reference signals is assumed possible and is needed for several critical E-UTRA functions.
d) Even without the issues outlined in (a)-(c), power adaptation requires a non-negligible error margin to account for CQI inaccuracies due to measurement errors and feedback delays. In the evaluation in [2], the CQI was instantaneous and without errors. Although feedback delays are always an issue for moderate and high speed UEs, they may also be an issue for low speeds UEs. This is because in order to reduce UL overhead, a CQI reporting rate lower than one sub-frame may be considered. The required error margin may substantially diminish the gains from power adaptation in the case of separate coding. In contrast, joint coding for each MCS region is selected based on the UE with the lowest SINR in that region which is typically above the smallest SINR value defining the MCS region. Therefore, there is an inherent margin already in the transmission with joint coding as absence of additional margin may, rarely, affect only a very small number of UEs [4]. 

For the above reasons, link adaptation through MCS adaptation is preferable to varying the transmitter power as the option to improve the spectral efficiency of SCCH transmissions. 
Separate coding also relies on localized scheduling for UEs as CQI per RB is not available for distributed UEs in order for power adaptation per RB to be applicable. Although VoIP-like low data rate UEs with distributed scheduling do not have to be explicitly scheduled every sub-frame, it is very likely that they may still be a significant part of the SCCH as they are typically much more numerous than high rate UEs and require similar signaling loads during initial scheduling. For VoIP-like UEs, as well as for high rate and high speed UEs, power adaptation per RB is not possible.
For the above reasons, we focus on joint coding for SCCH Category 1 and consider MCS adaptation for link adaptation. 
3. TDM versus FDM for SCCH
Regarding TDM versus FDM multiplexing, previous discussions and contributions suggested that TDM multiplexing has the advantage of potential micro-sleep power savings while FDM has the advantage of increased coverage as more OFDM sub-carriers can be allocated to the SCCH for larger cell sizes. 
Although the power savings from micro-sleep, if indeed achievable, appear to be minimal, TDM is advantageous because it allows for the entire frequency band to be used for channel dependent frequency scheduling of the data channel. Otherwise, either some RBs are not available for the data channel or puncturing of data has to occur in order to place control symbols, thereby decreasing throughput. Moreover, TDM multiplexing offers a transparent separation between the control and data channels which may prove advantageous in terms of SCCH signaling bits and overall implementation. 

Coverage, whenever an issue, can be addressed by both TDM and FDM multiplexing in the same manner, that is by increasing the SCCH size or scheduling a smaller number of UEs as the data channel will also have similar coverage issues (especially in the uplink which provides the coverage limitations in practice). 
Consequently, because of cell throughput and design simplicity reasons, TDM is preferable to FDM.
4. Proposed SCCH Structure

The proposed SCCH structure for Categories 0 and 1 is shown in Figure 1. TDM of the control and data channels is assumed (Figure 2 shows an exemplary structure with FDM). A new Category (Cat. 0), as also suggested in [1], is added to inform the UEs of the SCCH size, thereby limiting the waste of resources associated with having a fixed SCCH size. Unlike [1] where the SCCH granularity is 1 OFDM symbol, the granularity in Figure 1 is only 1 RB. Moreover, 3 MCS regions are considered (as an example). The first MCS region is associated with reserved RBs for use at the cell edge through the application of interference co-ordination. In practice, more than 3 MCS regions may be needed as shown in [4]. 
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Figure 1: TDM Structure of SCCH Category 0 and Category 1 Fields. 
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Figure 2: FDM Structure of SCCH Category 0 and Category 1 Fields. 
The specifics of the suggested SCCH coding can be summarized as follows:

a) Category 0 should be received by all UEs. It informs of the number of scheduled DL and UL UEs for each MCS region and consequently, of each MCS region size for Category 1 transmission. The MCS regions are predetermined. Category 0 is transmitted in reserved RBs to mitigate inter-cell interference. It may occupy part or all of some reserved RBs.
b) At least one or more RBs are reserved in each cell for protection from inter-cell interference. The position of the first reserved RB can be a function of the cell ID or it can be signaled in the SCH (2 bits are required). The relative position of the MCS regions can be specified relative to the one of the reserved RBs.
c) SCCH transmission to cell edge UEs is carried through the reserved RBs that are protected from most of the inter-cell interference through interference co-ordination.  

d) Frequency hopping is applied to RBs corresponding to the same MCS region to decrease or avoid channel correlation and provide frequency diversity. This also allows effective link adaptation for distributed scheduled UEs.
e) If one MCS region ends while another MCS continues, the RBs of the latter can continue following the same pattern, leaving RBs that would be occupied by the former for Cat. 2 and 3 or for the data channel, or they can change the pattern and occupy RBs of the former so that the SCCH Cat. 1 has a continuous structure (the loss in frequency diversity is minimal). 

f) Based on the reported CQI per RB, the scheduler first determines the number of UEs whose SCCH transmission can achieve the desired BLER target (e.g. 1% BLER) with the highest MCS. Subsequently, the second highest MCS is considered, and so on until the SCCH of all UEs selected for scheduling is mapped onto a certain MCS. 
g) If for any scheduled UEs, the SCCH transmission cannot achieve the desired target BLER (at the lowest MCS region), the transmission may either still occur if it can achieve reasonably low BLER or scheduling of these UEs can be postponed for a later sub-frame (blocked transmission). The selection of the lowest MCS region should be such that blocked transmissions are very infrequent (e.g. 1% or less probability of a blocked transmission).
h) The size of each MCS region may vary between consecutive sub-frames depending on the number of DL/UL UEs whose SCCH is transmitted in each MCS region. Only the number of these DL/UL UEs needs to be signaled in SCCH Cat. 0. An additional option may be to vary the position of each MCS region from sub-frame to sub-frame but this is not expected to bring any meaningful gain.  
With interference co-ordination, the low SINR values of the geometry CDF are improved. It is also shown in [4] that no repetition coding is necessary, thereby improving spectral efficiency and avoiding unnecessary increase of the SCCH size and the corresponding overhead. 
Convolutional or turbo coding is used depending on the codeword size, and possibly the channel selectivity, in each SCCH region [5]. Although turbo coding is almost always the case for 10 MHz operating bandwidth, convolutional coding may often be the case for the lower bandwidths where only 1 or 2 UEs may be scheduled for DL and UL transmission per MCS region. The UE can determine the coding type after decoding SCCH Cat. 0 and finding the number of UEs in each MCS region. 
5. SCCH Category 0

5.1. Transmission Method

The SCCH category 0 (Cat. 0) is a critical field that should be accurately received by all UEs in the sector as it is necessary to correctly decode the remaining SCCH. Therefore, its MCS should be low enough to ensure accurate reception at UEs in low SINR regions. As the spectral efficiency is small, additional mechanisms are needed to ensure that SCCH Cat. 0 does not consume a lot of resources. 

One way to improve the spectral efficiency of Cat.0 transmission is to place it in reserved RBs for which UEs at the cell edge are substantially protected from inter-cell interference. This will increase the lower expected SINR values (see [5] for the geometry distribution), thereby improving the spectral efficiency as a higher MCS can be used (relative to the case that no inter-cell interference protection is afforded to cell edge UEs). From the results in [5], Cat.0 can be transmitted with QPSK modulation and rate 1/3 convolutional coding assuming transmit antenna diversity. 
5.2. Signaling Bits

The actual information carried by SCCH Cat. 0 is not large and is comparable to the CRC. For example, for 10 MHz operating bandwidth, 6 MCS regions and no IM, having 3 bits to indicate the number of UEs per MCS (for a maximum of 7 DL/UL UEs per MCS), the total number of bits needed for Cat. 0 is 36. Notice that the number of DL scheduled UEs needs to be indicated from the number of UL ones as the corresponding number of signaling bits is different. With IM, having 5 MCS regions for UEs in the cell interior and 3 MCS regions for UEs at the cell edge and 3 bits to indicate the number of UEs in each MCS region, the total number of Cat. 0 bits is 48. However, by considering a 16-bit CRC, the total number of (reserved) RBs needed to transmit Cat. 0 is 3.8 (with QPSK rate 1/3 and tail-biting). Also, some scheduler restrictions will be needed for the maximum number of scheduled UEs per sub-frame as otherwise the size of the SCCH may become exceedingly large (e.g. over 3 OFDM symbols depending on the number of active UEs in the serving sector) [4].     

5.3. Cat.0 Size and Overhead Reduction

Several ways to reduce the number of bits per MCS region may be considered. For example, certain MCS regions statistically have a much smaller number of UEs than others [4] and the corresponding number of bits may be reduced (e.g. from 3 or 4 to 2). Also, some restrictions can be placed on the scheduler regarding the UEs that can be scheduled in each sub-frame. As the scheduling gains are mostly applicable to low speed UEs for which the channel does not materially change between consecutive sub-frames, the scheduler may not use a subset of available MCS regions in one sub-frame and use them at the next sub-frame (where the corresponding UEs are also scheduled) – see also [4]. Such restrictions can substantially reduce the SCCH Cat. 0 size and 2-3 RBs can be sufficient.
Nevertheless, as just the CRC transmission requires 1 RB, the SCCH Cat. 0 size can be assumed to require 2-3 RBs at best. Alternatively, if a subset of MCS regions are used per sub-frame, more powerful coding (e.g. rate 1/4) may be considered and avoid CRC transmission as the resulting BLER is much smaller than the BLER of the remaining SCCH. Then, transmission of SCCH Cat. 0 can be achieved in 2 RBs (or about 8% of 1 OFDM symbol at 10 MHz) and its relative overhead is reasonable. 

It should be noted that it is desirable in terms of total SCCH overhead to avoid permanent restrictions for the total number of MCS regions as this will decrease the effectiveness of SCCH transmission since SCCH channels that could be transmitted at a missing MCS region will have to be transmitted at the next lower one. In [4], it is shown that the larger the number of MCS regions, the smaller the number of RBs required to transmit SCCH Cat. 1. 
Another alternative that has been suggested for the reduction of SCCH Cat. 0 overhead is to transmit it periodically (once every multiple sub-frames). This is meaningful only if the associated SCCH Cat. 0 overhead reduction is larger than the overhead associated with “empty” SCCH transmissions in some MCS regions and with the inability to place additional SCCH of scheduled UEs in good SINR conditions in a higher MCS region by increasing its size. 
Considering the number of SCCH signaling bits in the Appendix, whenever SCCH transmission to a UE has to be supported with a low MCS (e.g. QPSK modulation), it requires more than 1 RB. Therefore, as many UEs need to be simultaneously scheduled and as low MCS regions need to often exist in the SCCH transmission, the inability to reasonably adapt the SCCH between sub-frames is much costlier than the transmission of SCCH Cat. 0 in every sub-frame. Even if the period of Cat. 0 transmission is as often as every other sub-frame, it likely remains a worse alternative to continuous SCCH Cat. 0 transmission if even small variations in the number of scheduled UEs in the lower MCS regions occur between consecutive sub-frames.
An option that allows both the SCCH size to vary between consecutive sub-frames and the SCCH Cat. 0 to be periodically transmitted is to perform blind detection of the SCCH size in sub-frames where Cat.0 is not transmitted. This is only possible if the number of size variations for each MCS region between updates is small. This may impose scheduler restrictions. Moreover, as the number of MCS regions may be somewhat large (e.g. about 6 or more), and the UE receiver already has perform multiple decoding operations, one for each MCS, having additional multiple decoding operations for each MCS region may result into materially increased complexity and/or latency.

6. Conclusions
The structure and signaling of the SCCH in the E-UTRA downlink was addressed. The following main attributes are suggested for the SCCH transmission:
a) Joint DL/UL coding in multiple MCS regions for SCCH Category 1 (transmission for SCCH Categories 2 and 3 is FFS).

b) MCS regions have variable size.

c) Frequency hopping for the RBs of each MCS region to achieve frequency diversity.

d) SCCH Category 1 for scheduled UEs are considered for assignment based on a target BLER starting from the highest MCS region and continuing in descending order of MCS regions.

e) Application of interference management (IM) for the SCCH transmission to cell edge and cell interior UEs to improve overall spectral efficiency and avoid repetition coding and excessive SCCH sizes.
f) Each cell has at least one RB reserved for the purposes of IM. The position of this RB is determined from the cell ID or it can be transmitted in the synchronization channel. The starting position of the RBs for each of the MCS regions is determined based on the starting position of the reserved RBs for IM.

g) Continuous transmission (in every sub-frame) of SCCH Category 0 to adapt the SCCH size to the number and channel conditions of scheduled UEs. SCCH Category 0 transmission should preferably occur at reserved RBs through IM to improve the received SINR for cell edge UEs and allow higher MCS than otherwise possible. CRC transmission may be omitted by targeting SCCH Category 0 BLER smaller than the BLER for the remaining SCCH. Additional mechanisms to reduce the size of SCCH Category 0 should also be examined.
h) TDM for the control and data channels.
i) Switching between convolutional and turbo coding is supported depending on the codeword size [1, 2] and possibly the number of transmitter antennas and the propagation environment [5].
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7. APPPENDIX: SCCH L1/L2 Signaling Bits
Tables 1 and 2 list the L1/L2 SCCH signaling bits for the downlink and uplink, respectively. They are similar to those presented in [1, 2]. The sizes for Cat. 0, resource assignment, and MIMO depend on the operating bandwidth and the number of scheduled UEs.
Table 1: Downlink SCCH Signaling Bits.

	
	Field
	Size
	Comment

	Cat 0

(SCCH Size)
	Number of UEs per MCS
	TBD
	Indicates number of scheduled UEs per MCS region      (depends on number of MCS regions and operating BW)

	Cat 1

(Resource Allocation)
	ID (UE or group specific)
	9
	Indicates the UE (or groups of UEs) data is intended

	
	Resource Assignment
	TBD
	Indicates which RBs the UE should demodulate

	
	Duration of Assignment
	2-3
	For example, for persistent scheduling

	Cat 2 

(Transport Format)
	MIMO information
	TBD
	Depends on the selected MIMO scheme

	
	Modulation Scheme
	2
	QPSK, 16QAM, 64QAM

	
	Payload Size
	6
	Interpretation depends on modulation and RB number

	Cat 3 

(Asynchronous HARQ)
	HARQ Process
	3
	Indicates current HARQ process

	
	Redundancy Version
	2
	For IR

	
	New Data Indicator
	1
	For soft buffer cleaning


Table 2: Uplink SCCH Signaling Bits.

	
	Field
	Size
	Comment

	Resource Assignment
	ID (UE or group specific)
	9
	Indicates the UE (or groups of UEs) data is intended

	
	Resource Assignment
	TBD
	Indicates which UL RBs the UE should transmit into 

	
	Duration of Assignment
	2-3
	For example, for persistent scheduling

	TF
	Transmission Parameters
	TBD
	Modulation, Payload, MIMO, etc.


Tables 3 and 4 present the L1/L2 control information for the joint coding of DL and UL per MCS region for 5 MHz and 10 MHz operating bandwidth, respectively. Asynchronous HARQ is assumed for the DL and synchronous HARQ is assumed for the UL. Moreover, 3 bits are considered for the duration of assignment and 6 bits for DL MIMO information (DL MIMO scheme is not decided, but 6 bits can serve as an indication). The Table approach is assumed for RB mapping [6]. For the UL transmission, the resource type indicator proposed in [7] is assumed. 
The SCCH Category 0 size depends on the operating bandwidth and the number of MCS regions. For 10 MHz bandwidth, the maximum number of scheduled UEs in DL and UL is 48. Therefore, for 3 MCS regions, the number of bits required for Cat. 0 is 18. The corresponding number for 5 MHz is 15.  

Table 3: L1/L2 SCCH Information Bit per MCS Region. 10 MHz
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Observe that SCCH Cat. 1 requires more bits than Cat. 2 and 3. Moreover, the transmission for the latter may occur at the RBs where the UE is scheduled (FFS), thereby allowing for improved SINR. Therefore, it is important to minimize the amount of RBs required for the transmission of SCCH Cat. 1 as the remaining SCCH information will certainly require a smaller number of RBs.  
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