Page 4
Draft prETS 300 ???: Month YYYY


3GPP TSG RAN WG1 #48 Meeting
R1-071003
St. Louis, USA 12 – 16 Feb, 2007
Source: 
Nokia

Title:
Structure and transport of the Downlink Control Channels
Agenda item:
6.9.2
Document for:
Discussion and decision

1. Introduction

This paper addresses issues about the structure and transport of the Physical Downlink Control Channel (PDCCH) according to RAN1 decisions in Riga, as follows;
· Downlink control signaling is located in the first n OFDM symbols

· n 
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· Data transmission in the downlink can at earliest start at the same OFDM symbol as the control signaling ends

· Multiple control channels are used

· Each control channel is convolutionally coded

· A UE monitors a number of control channels

· One control channel carries information for one MAC ID

· At least two formats for control signaling is supported

· The power setting of each control channel is up to the Node B, but is constant within a TTI for one control channel

As this decision requires flexibility and several transport formats for the control channels, it is expected that a huge number of alternative arrangments of PDCCH channels will appear. Further on, the signalling information will vary both in its length and in its required channel coding rate. Hence, if arbitrary systematic mapping structure is allowed, the subcarrier resources used for different PDCCH channels will be mutually dependent. These mutual impacts will largely increase the number of control channel positions, from where each UE has to search & decode its candidate PDCCHs. This contribution, therefore, proposes a modular structure of the control channels to limit the need of exhaustive search & decode processing in the UE.
2. A proposed structure of the Downlink Control Channels
Every downlink sub-frame is time multiplexed between the downlink control signalling and the shared data transmission resources. The downlink control signalling part of the sub-frame precedes the shared data transmission resources of the downlink and of the uplink, as shown in Fig.1. The downlink control signalling consists of multiple control channels i.e. Physical Downlink Control Channels (PDCCH), each of which carries information for one MAC ID. This means that each UE has to search for and decode the PDCCHs intended for its reception from the downlink control signalling resources of that sub-frame. For the UE power saving, it is notable that discontinuous transmission and reception periods may be defined, so that the UE will not need continuously decode all the sub-frames, but may instead decode them only at defined sub-frame periods of time.
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Figure 1. Time multiplexing of downlink control signalling and the shared data transmission resources of one sub-frame. (The uplink sub-frame is dashed here to show that FDD and TDD duplex modes exist. What is the required time-distance from the last symbol of the downlink control signalling part to the first symbol of the referred uplink sub-frame is FFS. Offset TUL is the time from the beginning of the downlink sub-frame to the beginning of the corresponding uplink sub-frame, to which the same downlink control signalling part refers to. Offset TUL is defined as an integer multiple of sub-frames + an offset (tbd) in number of samples +/- the Timing Advance.)
The multiple control channels present in the downlink control signalling part of the sub-frame are proposed to be arranged as a modular structure so that the UE may find the candidate PDCCHs efficiently from the possible set of alternatives. As different signalling entry types (e.g. a downlink allocation, an uplink allocation, etc) are of different size i.e. Information Block Length (IBL) and they are possibly encoded with different channel code rates for different UEs, their usage of sub-carrier symbol resources varies a lot. In a structure of multiple channels, the channel search and detection itself may thus get exhaustive.
A modular structure is motivated by the choice of Effective Code Rate (ECR) such that a given IBL coded with the lowest ECR forms a set of “largest” PDCCHs, each of which is possible to be replaced by two half-size PDCCHs, if higher ECR is sufficient. Further on, each of the half-size PDCCHs is possible to be replaced by two quarter-size PDCCHs, if needed. The multiple control channels are thus proposed to be arranged as a modular structure of code blocks of different sizes, see Fig.2. Each code block is modulated to an exactly known set of sub-carriers, despite of the presence of other code blocks.
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Figure 2. A proposal for a modular structure of PDCCH control channels. Each PDCCH is modulated to an exactly known set of sub-carriers in the defined number of OFDM symbols n. The structure is modular in a sense allowing a number of the largest PDCCHs to be divided to a larger number of smaller PDCCHs. The size of each PDCCH is selected depending on the signalling entry it carries and on the selected ECR.
In addition to channel coding, it is expected that power balancing between sub-carrier resources is necessary to guarantee high enough received SINR for correct decoding at sufficiently low BLER. Each code block is favourably extended over a set of sub-carriers on all the OFDM symbol resources available for the control signalling, which maximizes the resources for power balancing and on the other hand minimizes the impact of power balancing. Say, if PDCCHs were mutually time multiplexed to any given degree, the symbol power resources would be constrained by the time multiplexing factor. For these reasons, it is proposed that multiplexing happens in the OFDM symbol resolution so that the scheduling on PDSCH and the dimensioning of PDCCH can happen with reasonable granularity.

The PDCCHs are entirely frequency multiplexed to the sub-carriers on all of the OFDM symbol resources available for control signalling, see Fig.3. This enables efficient power balancing between the PDCCHs so that each of them meets the expected SINR at the intended UE receiver. Frequency diversity is known to provide gains and thus every PDCCH is actually proposed to be modulated to a distributed set of sub-carriers, as in Fig.4, instead of consequtive ones, as shown in Fig 3.
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Figure 3. Each PDCCH is extended to the full number of OFDM symbols available for control signalling to maximize the resources for power control and to minimize the impact of power balancing. 
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Figure 4. PDCCH distributed over the system bandwidth. Each code block on a PDCCH is distributed to a set of sub-carriers. (E.g. CB1 consists of CB11, CB12, CB13, CB14 ; CB2 consists of CB21, CB22, CB23, CB24 ; CB3 consists of CB31, CB32, CB33, CB34.) Here, RS(A1) and RS(A2) show the presence of the reference symbols for two antennas in the first OFDM symbol of the sub-frame.
3. Channel coding and modulation

QPSK modulation is proposed for PDCCHs, because the power balancing (needed for wide area coverage) in use would make amplitude estimation of symbols inside the code block quite challenging, if higher order QAM modulations were applied instead. The PDCCH symbol to pilot symbol power offset may change for each code block and also the interference power on the PDCCH symbols varies so that a channel estimation in-accuracy would sacrify the probability of correct decoding for short code blocks and high order QAM. Robustness of correct decoding, in-sensititvity to arbitrary power boosting of sub-carriers and non-required signalling of power offsets are the main motivations for proposing QPSK-only modulation for the PDCCHs.
The IBL of PDCCH is in the order of 30 to less than 100 bits once the PDCCHs were decided to be separately coded. This means that convolutional code provides gains over Turbo code, which would gain from larger block length. The choice of channel coding is available to alleviate requirements for the dynamic range of power balancing. If all the PDCCHs were coded with a single code rate, it would result high dynamic power range between sub-carriers and/or waste of sub-carrier resources due to forced selection of a low code rate. High dynamics in power balancing had un-favourable impact on the adjacent cells (as interference) on the same frequency and also on the adjacent frequency as (interference) leakage. The set of ECR need to be studied further, but the candidate values could e.g. be from a set of {1/8, ¼, 1/2} or {1/6, 1/3} for a modular structure of PDCCHs.
4. Signalling information present in a PDCCH

The signalling information (early drafts of which are already in [1]) carried in the PDCCH is needed at least for;

· a dedicated downlink allocation of a UE

· a dedicated uplink allocation of a UE

· a Paging allocation in downlink

· a Random Access response allocation in downlink

As most control signalling is expected to be UE dedicated signalling, it is natural to apply the c-RNTI as MAC ID, as it is anyway uniquely valid for each UE served in a cell and reliably known by both the eNB and the UE (RRC signalling). Thus, MAC IDs used for other types of signalling channels should also be reserved from the c-RNTI space to avoid management of multiple IDs and addressing conflicts. If the c-RNTI bit-field is overshooting in size for the PDCCH purposes, MAC ID could be a shortened version of it [2].
If common information (a.k.a. cat0) for the structure and parametrisation of the PDCCHs is required, that can have a specific code block included with the modular structure proposed here. It is feasible that the cat0 information code block, is present in known sub-carrier symbol resources in as many OFDM symbols as the full downlink control signalling is, and it need not be constrained to be transmitted in the first OFDM symbol only.
5. Rate matching
As different signalling entry types need to be defined - e.g. for a downlink allocation, for an uplink allocation, etc -it is obvious that their IBL will not be equal, as each of them will be minimized in bits as much as feasible. In order to keep the coded PDCCH structure modular, any given signalling entry has to be rate matched to the exact set of sub-carrier resources, selected for that PDCCH. Rate matching guarantees that the symbol resources of the PDCCH are exact and modular, see Fig.4. However, once the UE knows which PDCCHs it needs to decode, it is not yet known what is the actual rate matching factor applied for the Information Block in question. The rate matching factor can be blindly decoded easily from a reasonably small set of rate matching factors. The modular structure of control channels and rate matching together allow isolation of IBL and code block length variability so that search and decoding complexity is not directly cumulated as a function of number of PDCCHs present in the sub-frame. 

The flexibility of rate matching is a large benefit, because the signalling entry types anyway need to be standardised exactly. Now, any future update to the signalling fields would cause problems in the legacy decoders searching for PDCCHs of presumed size. Due to the modular structure, the code block sizes are kept constant even with the future updates and just new rate matching factors have to be standardized respectively. Thus, the modular structure is possible to be searched through consistently –both by the previously defined rate matching factors and newly defined rate matching factors. Say, all the code blocks realizing the previously defined (legacy) rate matching factors can be found normally despite of possible presence of entries with the new rate matching definitions. Vice versa, the code blocks realizing new rate matching factors can be found normally despite of possible presence of entries with the old rate matching definitions.
It is notable, that the rate matching factor slightly modifies the ECR either by puncturing or repetition. However, the modular structure in number of sub-carrier symbols for the PDCCH is maintained. If the expected received Es/No would get impacted by the rate matching, it can easily be taken into account reversly in the power balancing ratio for the expected SINR at the receiver.
As an alternative to the rate matching described above, it is possible to do bit padding to match any given signalling entry to the desired IBL. This operation avoids blind detection of rate matching and is straightforward to execute. However, it will not be optimal in consuming sub-carrier and transmit power resources. It is also notable that having signalling entries padded to equal lengths, an entry identification is necessary, as the signalling entries are not uniquely known by their length in this case.

[image: image6.emf]PDCCH #k

PDCCH #k1 PDCCH #k2

PDCCH #k11

RM1

RM2

RM3

RM4

RM5

entry

entry

entry

entry

entry


Figure 4. An example of rate matching (RM) of signalling entries to the modular structure of PDCCHs. The largest signalling entries with the lowest ECR are mapped to the largest PDCCH (PDCCH #k). Those coded with a higer ECR are mapped to the PDCCHs of half the size of the largest PDCCH (as PDCCH #k1). The smallest signalling entries with the highest code rate are mapped to the smallest PDCCHs (PDCCH #k11). If they apply a lower code rate, they are mapped to the double size PDCCH (as PDCCH #k2).
6. Dimensioning of control signalling to different bandwidths

The selection of E-UTRA bandwidths has an impact to the scalability of the PDCCH. The number of sub-carrier symbols available for control signalling is largely dependent on the bandwidth. Also the number of bits in the signalling entries depends on the bandwidth, as coding of the resource allocations depend on the number of PRBs. Thus, mapping of PDCCHs to the symbols available for control signalling have bandwidth dependent matching factors. Basicly the algorithm is simple, just divide the number of sub-carrier symbols available for control signalling to an integer number of PDCCHs, which are able to carry at least a required number of largest IBLs at the lowest code rate. The modular structure of the PDCCH is then maintained by potentially replacing any of the largest PDCCH with up to two half-size PDCCHs or up to four quarter-size PDCCHs. An example is given in Fig.5.
The modular structure could actually be represented as a tree. Each node of the tree corresponds to an exactly defined set of sub-carriers. Figure 6 gives an example of a tree representation of a structure in Fig.5. A more generic representation of a tree structure, compatible to that of Fig.2 (with n1=3) is given in Fig.7. The benefits of the tree include an easy way of indexing possible search ande decode options for the UEs.
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Figure 5. The system bandwidth divided to an integer number of modular PDCCHs.
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Figure 6. An example of the modular structure of PDCCHs in Figure 5 represented as a tree. Each node in the tree is an exactly defined set of sub-carriers.
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Figure 7. A more general example of the modular structure of PDCCHs represented as a tree. Each node in the tree is an exactly defined set of sub-carriers.

7. About decoding the downlink control signalling
Decoding of the downlink control signalling is a critical issue for the UE timing, and thus for the air interface design. Even if the demodulation and channel decoding are made simple for the UE, it is obvious that the flexibility of the PDCCH structure causes a large impact to the number of search & decode attempts that the UE is required to process at each sub-frame. It is expected that the UE will have to decode the PDCCHs in about two OFDM symbols, because the allocations and their formats are necessary for the demodulation and decoding of the PRBs in the PDSCH. Until the control channel information is known, the UE will need to store the unmodulated sub-carrier symbols to a sample memory.
The modular structure of the control channel has benefits in enabling structured search & decode processes by the UE. Especially the modular structure allows;
1) parallelization of the search & decode processes (i.e. to decode simultaneously from multiple candidate places of PDCCHs before knowing the results of decoding tests on the other candidate PDCCHs)
2) possibility to search & decode the PDCCHs in any favoured order;

· say, from the largest PDCCH to the smallest PDCCH

· from the smallest PDCCH to the largest PDCCH

· from the PDCCH, whose SINR is closest to the expected SINR value at the receiver (as the transmitter is expected to power control respectively), to the SINR deviating more from the expected SINR
3) possibility to limit per each UE the number of search & decode processes of PDCCHs.
There may be further information available, which allows a UE not to decode all the possible PDCCH code block sizes in every sub-frame. Say, if the UE is in the LTE_Idle state it needs to search & decode for the Paging, but not for those of regular downlink nor uplink allocations. If the UE created a RACH burst (in LTE_idle state or in LTE_active state), it knows to search & decode for the potential RACH responses, but not for those of regular downlink and uplink allocations. If the UE is in LTE_Active state, it may omit search & decode of Pagings, but needs to process all the regular signallings e.g. dedicated downlink allocations and dedicated uplink allocations. 
Even further, it is possible to define a limited set of PDCCHs in the modular structure, which the UE is mandated to follow. There could e.g. be four (as in HSDPA) largest PDCCHs each UE will follow instead of all of them. This can easily be signalled to each UE indexing the nodes of the tree by the RRC signalling, when the UE connects to the cell. These kinds of limitations are very hard to exploit and signal, if a modular structure is not defined, because in that case, due to the variable IBL and variable code rate of PDCCHs to other UEs, the sub-carrier positions of PDCCHs would change. Thus, it were not possible to skip processing some of the PDCCHs and still find the hit of the required PDCCHs.
Other means of limiting UE search & decode complexity will likely exist.


4) other benefits

8. Summary
A modular control channel structure is proposed, because it allows;
· efficient usage of all sub-carrier resources available in the downlink control signalling part of the sub-frame

· maximal number of UEs allocated per sub-frame depending on the transmission resources their signalling will require
· discrete structure of control channels, despite of their variable IBL and variable ECR

· UE to find the control channels from well-defined sub-carrier symbol positions

· transport of each PDCCH by a QPSK modulation

· transport of each PDCCH by an ECR selected from a defined ECR set
· transport  of each PDCCH by power balancing of sub-carriers between the other PDCCHs
· transport of each PDCCH by power addition from the un-used sub-carriers

· transport of each PDCCH by a large degree of frequency diversity

· reasonable limitations per UE to the configurability of the control channels, that each UE is mandated to decode
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