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Introduction

The target of the E-UTRA Study Item phase is to define the baseline solutions of the E-UTRA in the Technical Report [1] and evaluate the system performance in such manifold measures that it can fairly be justified, whether the LTE requirements set in [2] are met by the LTE system [1]. The control signalling overhead and its impact to the throughput and coverage are identified as evaluation topics e.g. in [3]. The purpose of this document is to show that a control channel structure exists with a reasonable overhead and sufficient flexibility in indicating allocations.
Downlink Control Channel overhead

Downlink control channel signalling overhead is analysed as a function of number of allocations. The control channel signalling is assumed to consist of a common signalling part and an allocation signalling part. The common signalling part is not related to a specific allocation, but may include such fields as Paging Indicators and RACH response. The allocation signalling part includes all the allocations both for the downlink and for the uplink. The signalling information is divided to channel coding blocks, where the first channel coding block is expected to be of known size, known modulation and coding format and locate in the known physical sub-carrier resources. Any succeeding channel coding blocks may have a variable format in terms of channel coding, size and location in the physical sub-carrier resources. Thus, the allocation signalling part may actually consist of several further parts.
It is assumed that for the Paging Indicators and RACH response signalling the preferred channel coding format is not known at the eNB transmitter, due to lack of measurement feedback from the UE. Thus, the common signalling part is expected to be transmitted by the most robust format over the whole cell. These signalling bits are expensive due to their inherent low channel coding rate requirement, which consumes a lot of physical transmission resources. The common signalling part should favourably be as small number of bits as possible.
To reduce the overhead of control signalling, it is beneficial to utilize Adaptive Modulation and Coding (AMC). The control channel may be divided into further multiple parts with different Modulation and Coding Schemes (MCS), as proposed in [4]. Thus, a number of nested parts with different MCS can be supported. Each allocation signalling part may include any number of UE allocations for the downlink and for the uplink, because the size of the allocation signalling part is exactly given in the common signalling part or in the previous allocation signalling part of the nested structure. It is favourable to group allocations for the UEs to the same channel coding block, if their signal reception conditions (e.g. based on CQI reports) are kown to be close to equal and to separate channel coding blocks, if their signal reception conditions are kown to be significantly different. A special challenge is to signal UEs robustly, if their signal reception conditions are not kown by the serving eNB.
Downlink control channel overhead is calculated by assuming the following bit-field indicators;

· Common signalling part

· Paging Indicators (8 bit)
· RACH response (8 bit) 

· Format and size (physical resource location) of the allocation signalling part (4 bit)
· Error detecting code (12 bit)

· Allocation signalling part (may consist of any number of nested entries)

· Downlink allocation

· UE identification by the c-RNTI (10 bit)
· Transport Format of the allocation (5 bit)
· HARQ control information (5 bit)
· Other information  (2 bit)
· Uplink allocation

· UE identification by the c-RNTI (10 bit)
· Transport Format of the allocation (5 bit)
· Other information (2 bit)
· HARQ ACK/NACK for the previous allocations (1 bit per previous allocation)

· indicator of the allocated physical resource (as discussed below)

· Format and size (physical resource location) of the next nested allocation signalling part (4 bit)
· Error detection code (12 bit)
The concrete signalling bit-fields and their length are actually parameters to be proposed in details later, but some reasonable assumptions are made already for the overhead analysis, as indicated in the paranthesis above. The other allocation information may be e.g. an indication of the duration of the allocation. The UL power control and timing advance are considered important, but their signalling frequency is expected to be low (of the order of 10 Hz). Accordingly, their contribution to the total control channel overhead calculation is so small that it is not discussed here. Furthermore, all allocations are supposed to be localized, and no signalling related to distributed allocations is assumed.
The downlink coverage of LTE is limited by the common signalling part of the control channel, because the physical downlink shared channels may exploit the significant coverage gains offered by the soft combining of HARQ retransmissions and channel dependent scheduling in the frequency domain. For the allocation signalling part, the Transport Format should be selected so that the coverage of the intended UE receiver is not limited but is bounded by the most robust Transport Format available.
The thoughput and performance analysis of the downlink control channel is done by simulating the cellular scenario as defined in Table A.2.1.1-1 [1]. The most challenging scenarios, case 1 and 3, are concentrated on. The full load interference is generated in other than the serving cell and the signal-to-interference statistics is collected for all the UEs in the coverage area. The cumulative distribution of  the g-factor is shown in Fig.1.
Table A.2.1.1-1 – UTRA and EUTRA simulation case minimum set

	Simulation
	CF
	ISD
	BW
	PLoss
	Speed

	Cases
	(GHz)
	(meters)
	(MHz)
	(dB)
	(km/h)

	1
	2.0
	500
	10
	20
	3

	2
	2.0
	500
	10
	10
	30

	3
	2.0
	1732
	10
	20
	3

	4
	0.9
	1000
	1.25
	10
	3
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Figure 1. The cumulative g-factor distribution in a cellular scenario for case 1 and 3.
The selected channel coding scheme sets the threshold for a user probability distribution. The operation point for the control channel is expected to be at around 1% BLER and the required signal-to-noise ratio is listed for a couple of examples with the convolutional code in Table II. The convolutional code is motivated by the small Information Block Length (IBL), and it is known e.g. from [4] that the threshold for Turbo coding is between 100 and 300 bits. The required SNR is evaluated with 2 receiver antennas and 2 transmit antennas applying transmit diversity generated by the Space Frequency Transmit Diversity (SFTD) technique. Distributed transmission over 10 MHz bandwidth is assumed, with frequency selectivity defined by the 3GPP Typical Urban power delay profile. Corresponding to the identified SNR operational points, the probability that a UE will be in outage (BLER higher than 10^-2) is estimated from the g-factor distribution depicted in Fig 1.


Table II: Some examples about the control channel performance.

	Channel coding type
	Code rate
	Required SNR for 1% BLER [dB]
	Case 1: g-factor distribution at c.d.f [%]
	Case 3: g-factor distribution at c.d.f [%]

	Convolutional
	1/2
	1.80
	42 %
	50 %

	Convolutional
	1/3
	-0.33
	29 %
	37 %

	Convolutional
	1/6
	-3.60
	8 %
	14 %

	Convolutional
	1/8
	-4.85
	4 %
	8 %


The downlink control signalling channel is shared between the UEs according to the g-factor distribution to the channel coding blocks of different code rate and size. The system bandwidth in case 1 and case 3 is 10 MHz. Accordingly, there are 24 Physical Resource Blocks (PRBs) in downlink and 24 Resource Units (RUs) in uplink. The simulation procedure is the following;

· A fixed number of UEs are allocated, the same number in uplink and in downlink

· All  PRBs are distributed randomly to the DL users, so that each user gets at least one PRB
· All RUs are distributed to the UL users, each UE gets a contiguous set of RUs of random length, at least one

· G-factors are selected in random for the UEs, according to the distributions in Fig 1.

· There are at most 4 control channel parts for the allocations with different code rate. The UEs are assigned into these parts so that BLER 10^-2 or lower is guaranteed, according to the thresholds in Table II. 

· The allocation parts are nested so that a more robust part indicates the transport format of a less robust part

· The number of information bits required for demodulation, decoding, and HARQ operation (called “category 2 and category 3” in [5])  is calculated according to the indicative bit-counts given above.
· The information identifying the resource block assignment (called “Category 1” information in [5]) in UL is caluclated based on the allocation method described in [6]. To benefit from nesting, there is in each part a bit-field added for indicating, which of the RUs that have not been allocated in a more robust part are allocated in this part.

· The Category 1 overhead in DL is calculated based on a joint coding approach of the kind discussed in [5]. To benefit from nesting there is a bit-field indicating, which of the PRBs that have not been allocated in a more robust part are allocated in this part. For each allocated PRB an index indicates which UE gets the resource. 

· For each part, the resulting number of information bits is transformed to a number of physical resources (sub-carriers in one OFDM symbol) according to the code rate. The total overhead for all parts is calculated.

· The procedure is repeated 10,000 times and the average physical resource usage is calculated. 
The results present the average physical resource overhead as a function of number of UEs to signal an allocation for. This is shown in Fig.2. The results are shown with (full control channel) and without (allocation only control channel) the overhead of the common signalling part, for case 1 and 3. The results indicate that as a function of number of UEs to signal allocations, the signalling overhead increases, and the physical resource consumption as number of sub-carrier symbols increases proportional to the channel coding rate. Due to joint coding, the overhead of Category 1 information grows logarithmically, whereas categories 2 and 3 grow linearly. This is visible in Fig. 2. To set the overheads in perspective, the lower horizontal line indicates the 400 sub-carriers that are available in the first OFDM symbol in a sub-frame after removing the 200 sub-carriers reserved for the reference signals transmitted from 2 Tx antennas. The upper horizontal line indicates the 1000 sub-carriers that would be available for a TDM control channel, if in addition to the 400 sub-carriers in the first OFDM symbol, the whole second OFDM symbol were used for the control channel. 
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Figure 2. The physical resource overhead as a function of number of UL and DL users allocated in a sub-frame.
Analysis of the throughput and coverage

The simulations show that even in very extreme signal reception conditions, about two UE allocations can be signaled in downlink and two UE allocations in uplink, in the overhead of 1 OFDM symbol, excluding the reference symbols, and about six UE allocations in downlink and six UE allocations in uplink in the overhead of 2 OFDM symbols. This is a sufficient number of UEs to realize much of the potential gain from the channel dependent scheduling in the frequency domain, which is seen as one of the dominant throughput enhancing features of LTE.
Conclusions

The LTE control channel overhead was calculated and its impact to the throughput and coverage was shortly analysed. The true observed interference distribution from case 1 and 3 at full load was used as a criteria to divide the UEs to separate channel coding blocks.

It is remarkable that signalling up to six UEs both in downlink and uplink, in a sub-frame, was shown feasible. This actually means that allocations for 24 UEs can be signalled both in downlink and in uplink during 2 ms time. This number compares to signalling one UE allocation in the HSDPA for downlink only. If code multiplexing were applied for the HSDPA downlink, we have to note that the signalling capability may be extended e.g. up to 4 UEs, but that will increase the signalling channel overhead and potentially reduce the number of channelization codes available for the shared data channel below the maximum of 15. This study indicates that control channel structures exist with sufficient robustness and flexibility to enable reaching the LTE targets.
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