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Discussion and decision
Introduction

At the RAN WG1#45 meeting Nokia showed some initial results on the impact of DL control signaling overhead on LTE [1]. This contribution continues the study based on the assumptions already discussed in the earlier document. The focus is on the respective performance benefits of separate and joint coding of resource allocation information (Cat 1-3) to UEs scheduled in downlink. This is observed in [2] as one of the most important aspects of DL control channel design. 
Joint and separate control channel coding

Aspects of joint vs. separate control channel coding are summarized e.g. in [3]. The main advantage of joint coding is a reduction in the number of signalling bits. Separate coding, however, allows for link adaptation by utilizing Transmit Power Balancing, as evaluated in [4], if there is reliable CQI information at eNodeB.  In this contribution we consider the overall overhead of joint and separate coding, taking the possibility of power balancing into account. 

Multi-part control channel

Instead of using joint coding of all allocation information, we evaluate the multi-part control channel concept discussed in [5]. There, the control channel is divided into parts, where different code rate and possibly a different transmit power may be used. It is assumed that there is a common part of the control channel which all UEs are assumed to receive. The part of the control channel carrying UE-specific allocation information is divided into multiple parts. Within each part, joint coding is used. Thus a multi-part control channel may benefit of gains mechanisms of both joint and separate coding methods.
Power balancing dynamic range
The use of power balancing is not straightforward in an OFDM system. Increasing the power transmitted close to the edges of the bandwidth may increase the out-of band emissions. Further, non-linearities in the transmission chain may also lead to in-band interference effects. As spectral masks and transmitter requirements are not defined yet, we consider that there is a maximum dynamic range of transmit power, which indicates the maximum power difference that may be used on any subcarriers of an OFDM symbol. As tentative values of this dynamic range we have used examples of 5, 10 and 15 dB.

Number of signaling bits
The details of the signalling bit-fields such as their length are to be proposed in details later, but some reasonable assumptions have to be made for the overhead analysis. Here we assume the following signalling fields and number of bits. Note that here the overhead of signalling distributed vs. localized allocations are not taken into account, all allocations are assumed to be localized.
· Allocation signalling  (Cat 1-3)
· 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)

· indicator of the allocated physical resource 

· multi-part resource allocation: according to [5] 

· separate coding: bit mask 

· Uplink allocation

· UE identification by the c-RNTI (10 bit)

· Transport Format of the allocation (5 bit)

· Other information (2 bit)

· indicator of the allocated physical resource 

· multi-part resource allocation: according to [5] 

· separate coding: first and last physical resource block 

· HARQ ACK/NACK for the previous uplink allocations (1 bit per previous allocation)

· Error detection code (12 bit)
· For separate encoding, c-RNTI is masked with the error detection code
The other allocation information may be e.g. an indication of the duration of the allocation. In addition to the bit fields indicated above, for a multi-part control channel there is a 3-bit field in each part indicating the number UEs in each part, and one bit indicating whether the UE has a DL or UL allocation. Also, the format and size (physical resource location) of the next nested allocation signalling part is indicated by 5 bits.  

In addition to the UE-specific data indicated above, UL power control commands and timing advance also need to be signalled, but their signalling frequency is expected to be low (tens of Hers). Accordingly, their contribution to the total control channel overhead calculation is small and not discussed here. 
To avoid extensive hypothesis testing, it is important that the UE knows the MCS, the size, and the physical resource location of the control signalling blocks that it tries to decode, both in joint and separate coding. These needs to be signalled on a common signalling part. In addition, non-allocation signalling may have to be transmitted on the common control channel. 
· Common signalling part

· Paging Indicators (8 bit)

· RACH response indication (1 bit) 

· Format and size (physical resource location) of the allocation signalling parts (8 bits)

· For separate coding, this indicates the number of UE-specific control channel blocks for DL and UL allocations
· Error detecting code (12 bit)
As the overhead due to the common signalling part is assumed to be almost the same for joint (multi-part) and separate encoding, this part is not taken into account in the evaluation. 

Performance comparison between joint and separate coding

The throughput and performance analysis of the downlink control channel is done by simulating the most challenging cellular scenario, case 3. 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 cases evaluated
	Simulation
	CF
	ISD
	BW
	PLoss
	Speed

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

	3
	2.0
	1732
	10
	20
	3
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Figure 1. The cumulative g-factor distribution in a cellular scenario for case 1 and 3.
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 used in the evaluation due to the small information block length. 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. 

Table II: Some examples of 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 %


Evaluation method

The downlink control signalling channel is shared between the UEs that are scheduled during one sub-frame in downlink and/or in uplink. 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 (24) in uplink. The simulation procedure is the following;

· A fixed number of UEs are allocated, the same number in uplink and in downlink. The UEs are distributed into the cell, and have G-factors according to the distribution in Fig. 1.
· 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

· The code rate and transmission power is chosen
1. Multipart without Power Balancing: 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 is 10^-2 or lower is expected, according to the thresholds in Table II. The transmission power is the same for all subcarriers.
2. Multi-part with Power Balancing: The G-value range of the UEs that have an allocation in DL and/or in UL is divided into four parts with equidistant G-value thresholds. UEs are placed in these parts according to their G-value. For each part, the code rate and transmission power are chosen so that  BLER 10^-2 or lower is expected for the UE with the worst G-value in each part, and the dynamic range of power balancing is respected.

3. Separate coding: The code rate is 1/3. For each UE, the transmission power is chosen so that  BLER 10^-2 or lower is expected, and the dynamic range of power balancing is respected.
· The number of Category 1,2  and 3 information bits required for demodulation is calculated according to the indicative bit-counts given above, assuming QPSK modulation.
· 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 used power is calculated in terms of subcarrier power, which is the power that is used to transmit one subcarrier in full load without power balancing. 
· The statistics of physical resource usage is collected over 10 000 random allocation drops. 

Resource usage

The results present the average physical resource overhead as a function of the number of UEs. In fig.2, the number of subcarriers used is reported as the function of the number of UEs. Fig. 3 depicts the amount of power used.  Note that if the number of UEs is e.g. 4, it means that the DL resources are shared among 4 UEs, and the UL resources are shared among 4 different UEs.  The results indicate a qualitative difference in the usage of physical resources and power between the multipart and separate encoding schemes. For the latter, the overheads grow linearly in the number of UEs. In contrast, for the multi-part control channels, the number of information bits grows slower than linearly in the number of users. Due to joint coding, the overhead of Category 1 information grows logarithmically, whereas categories 2 and 3 grow linearly. 

When combining multi-part signalling with power balancing, we observe a superior resource usage as compared to separate coding, both in terms of subcarriers and power used. 
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Figure 2. The number of subcarriers used for different control channel structures
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Figure 3. The power used for different control channel structures
Outage analysis
The amount of sub-carrier resources that has to be used to control signaling depends on the number of UEs to be allocated. It is preferable that most of this variation can be used by the shared channel. That is, if the control channel is smaller, the remaining resources may be used by the shared channel. Thus the average resource usage is an important factor in control channel design. However, it is preferable to have a fixed maximum and minimum size of the control channel. From that perspective, resource outage becomes an issue in control channel design. A resource outage for the control channel means that there would be a subset of possible scheduling decisions that cannot be signaled using the maximum number of resources available for the control channel. This either indicates a reduced performance for the control channel for such scheduling decisions, or that the scheduler has to be constrained to avoid certain kinds of decisions. 
Within the aforementioned constraints, transmit power balancing may be applied between the multiple-parts of the control channel i.e. between the coding blocks of the control channel, or between the control channel and the shared data channel. Thus, transmit power balancing may be occasionally used to boost some of the channel coding blocks for the most critical receivers to increase the coverage probability up to very high value, say from 95% to 99%, with an expense of increased code rate for some other code block(s) in that sub-frame. On the other hand, transmit power balancing may be applied to create an optimal number of code blocks for a control channel to minimize the sub-carrier resource outage as well.

To understand the constraints on the scheduler that arise as a consequence of resource outage, it is instructive to plot a higher percentile from the resources usage cumulative distribution functions. In Figure 4, and 5, the 90% point of the CDF of the physical resource and power usage in Case 3 are depicted, respectively.
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Figure 4. The subcarriers used for different control channel structures at the 90% point of the CDF
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Figure 5. The power used for different control channel structures at the 90% point of the CDF
As an example of the maximum size of the control channel we consider 1000 subcarriers, which correspond to what is left of the two first OFDM symbols in 10 MHz after removing 400 subcarriers for reference signals for two antennas. From figures 4 and 5 we observe that  for both multipart and separate coding,  6-7 UEs per link direction (alltogether 12-14 UEs) can be allocated in a sub-frame without too much constraining the scheduler due to control channel considerations.  
Conclusion
In this contribution, a jointly coded multi-part control channel was compared to a separately coded control channel. It was observed that under ideal assumptions for power balancing, the multi-part principle was able to simultaneously gain both of the sub-linear growth of the number of information bits due to joint coding and the resource and power savings by applying power balancing. With 4-5 UEs per link direction or more, the multi-part jointly coded control channel outperforms a separately coded one. 

The results with power balancing are ideal in a number of respects. First, fluctuating interference would cause a second order effect on the evaluation results discussed above. Power balancing makes the interference experienced at neighboring cells worse. The physical resources used for transmitting control channel blocks may be selected so that interference from individually power balanced blocks in other cells is averaged. In such a case, power balancing in neighboring cells may have only a small effect on the effected SINR experienced over a control channel block. The fading characteristics would however be worse, and accordingly the channel code performance that the evaluation is based on, would be worse.  Anther non-ideality would be the CQI errors and latency, which would increase both the physical resource and power overhead. 
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