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1. Introduction
E-UTRA requires downlink control signaling for proper operation. The downlink control signaling required to support data transmission includes
· scheduling assignment, required by the UE for demodulation and decoding of downlink data,

· scheduling grants, controlling the uplink data transmission, and

· ACK/NAK in response to uplink data transmission.

Downlink control signaling has been extensively discussed no the reflector in the past. In particular, joint-vs-separate coding of information to different UEs and FDM-vs-TDM of control signaling and user data has been the focus of the discussions. This contribution addresses some of the issues associated with the design of downlink control signaling.

2. Requirements

The following aspects should be addressed when designing the downlink control signaling:

· Coverage: Obviously the control signaling design must allow for a sufficiently low error rate also at the cell edge.

· Overhead: The overhead from the control signaling should obviously be kept small not to unnecessarily degrade the overall performance.
· Low complexity: The overall scheme should allow for low-complexity implementation, especially at the UE. For example, the UE should not be required to do blind decoding of a large number of control signaling formats.
With these aspects in mind, the control signaling design is discussed.

3. Question 1 – separate or joint coding between UEs?

Control signaling is one of the factors limiting cell coverage; operation is not possible beyond the point where the probability of decoding of control signaling is too low. The main problem when addressing a UE at the cell edge is to meet the Eb/N0 required by the control channel, given the C/I experienced by the UE. This can be achieved through a sufficiently large processing gain and/or by increasing the C/I experienced by the UE. Typically, processing gain is achieved through a combination of error-correcting coding and repetition coding. For example, a rate-1/3 convolutional code could be used, followed by repetition to obtain the required processing gain.

Obtaining a sufficient Eb/N0 at the cell edge can be done in two ways:
· processing gain, i.e., a sufficiently low code rate in the error correcting coding, or

· adapting the transmission parameters, i.e., providing a better C/I at the cell edger, e.g. through power control or by adapting the modulation and coding scheme to the instantaneous channel conditions.

Relying solely on processing gain would require a fairly low code rate. In ‎[3], a code rate of 1/7 or lower was considered. Assuming, as an example, a control signaling overhead of one OFDM symbol, this would correspond to a total of 87 bits of control information per TTI in 5 MHz. Either the scheduling flexibility would be seriously limited or a large control channel overhead is required. Note that, with this approach, the control signaling need to be designed for the worst case and therefore wastes bandwidth for user in more favorable positions of deployments. Obviously, to design the control channel for wide-area coverage by using a fixed, very low code rate to obtain the necessary processing gain is not an attractive strategy.

Alternatively, the transmission parameters can be set to provide the required Eb/N0 depending on the instantaneous conditions of the UE. Adaptation can be done in different ways:

· link adaptation, i.e., adjusting the modulation and/or coding scheme for the control signaling to match each UEs perceived radio conditions, or

· power control, i.e., adjusting the transmission power match the radio conditions.

Note that both of these schemes rely on individual processing of different UEs control signaling if UEs with different conditions are to be scheduled at the same time instant.

With the use of individual coding of different UEs control signaling, one could argue there is a loss in coding performance due to the smaller block size for each control channel. However, as the size of a separately coded control channel roughly is in the order of 40 bits, while a jointly coded control channel roughly has a size of 100-300 bits, the coding gain due to the larger block size is relatively small, less than 0.5 dB. This shall be put in relation to the ~3 dB gain (see Appendix A) in link adaptation from separate coding, resulting in an overall gain with separate coding.

Conclusion: Separate coding of control information intended for different UEs.

3.1. Power control
Link adaptation requires the UE to be able to process different number of coded bits. For example, a code rate of R could be used in advantageous conditions while a lower rate of R’<R is used in poor conditions. In essence, the “bandwidth” of the control signaling is varied to account for varying channel conditions.  However, using link adaptation has some impacts on the UE implementation: either the UE has to blindly detect which (out of potentially a large number) format that is used, or the network need to inform the UE about the format used on a separate control channel. Neither of these schemes seem attractive from a complexity perspective. 

With power control, the transmission power is adjusted to obtain the required Eb/N0. A reasonable code rate, e.g., rate 1/3, is selected. In poor conditions, the power of the control signaling is increased to ensure a sufficient Eb/N0 is reached. With this approach, there is no need for the UE to blindly detect multiple control signaling formats. In addition, the “bandwidth overhead” is reasonable as the code rate of the control channel does not have to match the worst-case conditions. The power necessary for boosting a control channel has to be “borrowed” from other transmissions occurring simultaneously in time. Depending on the mapping (discussed in Section ‎4), power can be “borrowed” from data and/or other control channels.

Conclusion: Power control of the individual control channels should be possible.

For proper operation of the power control, an increase in transmission power should result in an increase in the C/I at the UE. As planning or coordination of inter-cell interference for control channels may not always be used, a method for randomizing the inter-cell interference experienced while receiving the control channel is necessary. For example, a control channel transmitted in one cell should not consistently collide with the same control channel in the neighboring cell. This could be realized by mapping the control channels in neighboring cells in a pseudo-random way, e.g., through the use of sequences with minimum cross-correlation.

Conclusion: Allow for inter-cell interference randomization for control channels.

4. Question 2 – joint or separate between DL and UL?

In case a UE is scheduled in the downlink at the same time as it is assigned an uplink grant, two approaches can be foreseen: the downlink assignment and uplink grant are coded together into one message or the two are treated separately.

Coding the downlink assignment and uplink grant together in cases were both are transmitted to the same UE could allow for a reduced number of bits as the ID only needs to be conveyed once for both messages. However, it also implies varying formats for the control signaling. In principle, three formats are needed for a control channel: DL only, UL only, and DL+UL. This would imply blind control signaling format detection in the UE, which is not desirable. It also complicates the mapping of the control channels onto the physical OFDM resources. The starting point of one control channel would depends on the size of other control channels in the same subframe, which clearly complicates the design and has serious implications on the possibility of individual selection of transmission parameters such as power control.

If the number of bits required for downlink assignment and uplink grants are similar, one possibility is to design a ‘generic control channel’ which can be used for either DL assignments or UL grants. To inform the UE whether the control information on this particular channel is downlink or uplink related, a single flag bit could be used. Defining a generic control channel has the benefit of allowing dynamic sharing of the amount of resources between uplink and downlink related control signaling. For example, in one subframe pair, three downlink assignments and two uplink grants is transmitted and in the next pair one downlink assignment and four uplink grants.

Conclusion: Downlink scheduling assignments and uplink scheduling grants are coed separately also in the case of being transmitted to the same UE.
5. Question 3 – joint or separate of cat 1 and cat2/3?

In ‎[1], the control signaling for downlink resource assignment is divided into three categories: cat 1 for resource assignment, cat 2 for transport format, and cat 3 for hybrid ARQ information. During the control signaling discussions, it has been proposed to code cat 1 and cat 2/3 for the same UE separately. The main reason for this approach is MIMO. In principle, the cat 2/3 information could be coed separately from cat 1 and transmitted inside the scheduled resource blocks, thereby allowing for more flexibility regarding MIMO. A larger number of bits for cat 2/3 could be used when scheduling a MIMO transmission compared to a non-MIMO transmission. This could reduce the amount of control signaling bits required for non-MIMO transmissions. However, splitting the control signaling for a single user into two parts, cat 1 and cat 2/3, will increase the CRC overhead. The CRC for cat 1 could be made ID specific and therefore “come for free”, but an additional CRC is required for cat 2/3 incase of separate encoding. This increases the overhead and can offset the potential savings from separate coding. Furthermore, the overall error probability will be increased. If an overall error probability of p is required, the error probability of the two parts needs to be approximately p/2 each. Hence, with separate coding of cat 1 and cat2/3, either the overall performance of the control signaling is reduced or the transmission power has to be increase to maintain the same overall error probability. Therefore, it is proposed to take joint encoding of cat 1, 2, and 3 for one UE into one message as the working assumption and to reconfirm this assumption when the MIMO discussions have progressed further.

Conclusion: Joint coding of cat 1, 2, and 3 in the downlink scheduling message for one UE.
6. Question 4 – FDM or TDM of data and control?

Basically, the downlink control signaling can be multiplexed with downlink data in two ways: TDM or FDM.

TDM implies the control signaling is mapped to the first OFDM symbol in the subframe pair. In case the amount of control signaling is larger than what can be fitted into the first OFDM symbol, the second symbol can also be used, etc. The following properties of FDM can be identified:

· Power sharing restrictions. TDM implies that power cannot be shared between data and control; the only possibility is to share power between the control channels. This sets certain restrictions on the amount of power that can be spent on a control channel and may limit the scheduling flexibility. Especially for the ACK/NAK signaling this may be a critical issue. 

· Micro sleep has been claimed as an advantage for TDM, i.e., the possibility for the UE to decode the control channels and switch off the receiver circuitry if the UE is not addressed. To what extent this may reduce the power consumption is unclear. It should also be noted that the possibility for power reduction is impacted by the channel estimation; if the reference symbol energy in the first reference signal is insufficient for reliable channel estimation, the UE need to wait until the second reference symbol is received before the control signaling can be decoded
. The potential gain from micro sleep is also impacted by UE measurements for mobility; the time necessary for measurements may limit the possibilities for micro sleep. Macro sleep, i.e., the possibility for the UE to shut off the RF front end for several subframes in a row, is a more powerful tool for reducing the UE power consumption.

FDM implies the control signaling is mapped such that the duration is sufficiently longer than one OFDM symbol. The following properties can be identified:

· Power sharing flexibility. Power can be distributed between data and control as needed (within any limits set by RF requirements). For TDD, where the last OFDM symbols in some subframes are needed for guard periods, either some puncturing of the control signaling is allowed to fit into a slightly smaller number of symbols or the mapping is designed to take the need for guard time into account.

· Inter-cell interference aspects. FDM between data and control allows for a reuse larger than one in situations where this could be desirable. It may also have benefits in terms of interference coordination.

Conclusion: FDM between control channels and data.

7. Conclusion

A proposal for the design of downlink control signaling has been made, where

· each UE monitors N downlink control channels,

· each control channel has a known location and known modulation and coding scheme.

This is similar to the approach used for HSPA.

 It is recommended to agree on the following:
· Separate coding of control information intended for different UEs

· Power control of the individual control channels should be possible

· Allow for inter-cell interference randomization for control channels

· FDM of data and controls

· Joint coding of cat 1, 2, and 3 in downlink
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9. Appendix A
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Figure 4: System performance, slow power control vs no power control.

� Note that, in case of TDD operation, it is not always possible to use reference signals in the previous subframe pair. In order to maximize the commonality between FDD and TDD, the control signaling should be possible to decode also for “self-contained” subframe pairs � REF _Ref146421839 \r \h ��‎[2]�.
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