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1 Introduction
For LTE-Advanced carrier aggregation has been discussed for wider bandwidth transmission. Control signaling aspects for carrier aggregation have been discussed in RAN1#56bis. It was agreed that a PDCCH is transmitted within one component carrier. Regarding the PDCCH coding to indicate transport blocks on multiple Component Carriers (CC) following three options are discussed: 
· Option 1a: separate coding (One PDCCH allocates one TB on the same CC) 
· Option 1b: separate coding (One PDCCH allocates one TB on the same or a different CC) 
· Option 2: joint coding (One PDCCH may allocate multiple TBs on multiple CCs)
As discussed in a number of contributions [1-10], the complexity due to PDCCH blind decodings (BDs) and the overhead reduction are discussed as the major factors for the comparison between separate and joint coding. Regarding the blind decoding, in case of separate coding the number of BDs scales with the number of CCs. From our perspective this is not a major issue because the UE blind decoding processing capability is expected to be enhanced as the data rate capability is increased. In addition, the schemes for reducing the blind decoding complexity could be considered for joint coding and separate coding (e.g. reduction of search space, 2-step indication). Regarding the overhead, for separate coding (option 1a and option 1b) the PDCCH overhead is typically larger than for joint coding (option 2) since a duplication of selected fields (e.g. UE‑ID, HARQ) can be avoided and the size of selected fields can be reduced (e.g. resource allocation field due to coarser allocation granularity). Therefore, section 2 in this contribution focuses on the DL system level performance of separate vs. joint PDCCH coding. Section 3 discusses the pros and cons of the separate coding options. Finally, a PDCCH‑less component carrier operation is addressed.
2 Evaluation of throughput gain for joint coding
The main motivation of studying PDCCH joint coding is the potential overhead reduction compared to separate coding. In order to evaluate the DL cell throughput for joint and separate PDCCH coding system level simulations have been carried out. 
2.1 Simulation setup

In the simulations, PDCCHs for DL allocations are explicitly modeled, i.e. CCE resource management, dynamic CCE aggregation and PDCCH power control based on per CC wideband CQI feedback including PDCCH errors are is taken into account when the eNB schedules a DL UE. The simulated PDCCH schemes are outlined in Table 1. The details of the PDCCH payloads are shown in Table 3 in Annex A.  
Table 1 Simulated schemes
	Coding
	Scheme
	Details

	Separate
	Separate
	· Single TB allocated by a PDCCH (on any CC)

· 55bits PDCCH payload size (DCI format 1 for 20MHz is assumed).

	Joint
	Joint (fixed)
	· Up to two TBs are jointly allocated by a PDCCH (75bit PDCCH payload size)
· Multiple PDCCHs are used to allocated more than two TBs for a single UE

	
	Joint (dynamic)
	· UE monitors two PDCCH payload sizes (55bit for single TB allocation and 75 for allocation of two TBs)

· Multiple PDCCHs are used to allocated more than two TBs for a single UE

	Joint w/ bundling
	Joint (fixed) w/ bundling
	· Up to two TBs are jointly allocated by a PDCCH (69bit PDCCH payload size)

· HARQ operation for both TBs is bundled. If one TB is NACKed, both TBs are retransmitted.  

· Jointly coded PDCCH with common HARQ process ID, RV and NDI for two TBs. 

	
	Joint (dynamic) w/ bundling
	· UE monitors two PDCCH payload sizes (55bit for single TB allocation and 69 for allocation of two TBs)

· HARQ operation both TBs is bundled. If one TB is NACKed, both TBs are retransmitted. 

· Jointly coded PDCCH with common HARQ process ID, RV and NDI for two TBs.


We assume joint allocation of up to two TBs for the evaluation for the following reasons: 
· For joint coding with a fixed payload size, the joint allocation of two TBs is expected to provide a good tradeoff between overhead reduction in case of multiple TBs allocated to a single UE compared to the case of a single TB allocation to a single UE (overhead waste). 
· For joint coding with dynamic payload size, joint allocation of two TBs is expected to provide a good tradeoff between the overhead reduction and the UE BD complexity to monitor various PDDCH payload sizes (including the testing efforts). 

Table 2 shows the most important simulation assumptions. Configurations of n=1 (1 OFDM symbol across all carriers) and n=0.4 (1 OFDM symbol in 2 out of 5 CCs, see section 4 for more details) for the control region size are simulated, since overhead smaller or equal to n=1 provides best cell throughput. It should also be noted that a CCE aggregation size of 16 has been introduced in the evaluation in order to the support large payload sizes and sufficiently low code rates for joint coding. Further simulation assumptions and details of the PDCCH contents are provided in Annex A. 
Table 2 General assumptions
	Parameter
	Assumption 

	Carrier setup
	5 x 20 MHz Component Carriers (CC)

	TB mapping
	one TB per CC per UE

	RBG size
	4 RBs

	Control region size
	n=1 (1 OFDM symbol across all carriers) 

n=0.4 (1 OFDM symbol in 2 out of 5 carriers) 

	PDCCH payload (format 1)
	Separate coding: 55 bit
Joint coding: 75 bit (69 bit in case of HARQ-ACK/NACK bundling)

	CCE aggregation sizes
	[1 2 4 8 16]  (Note: [1] not applicable for 75 bit payload)

	PCFICH
	16 REs / 20 MHz

	PHICH
	168 REs

	Traffic model
	Full buffer


2.2 Simulation results
Figure 1 shows the simulation results of (a) cell throughput and (b) CCE resource utilization in case of a control region size of n=1 for the TU channel. As can be seen in Figure 1 (a), there is no gain observed from joint coding. This is because adequate CCE resources are available even for separate coding to achieve sufficient multiuser diversity. This observation is confirmed by Figure 1 (b) which shows that on average the available CCE resources (72 CCEs) for DL allocations are not fully utilized for all schemes. It should be noted that also in terms of cell‑edge throughput (5%-tile of throughput CDF) no significant performance differences are observed.  
Figure 2 shows the results for a control region size of n=0.4. Also in this case, there is no gain observed from joint coding. As can be seen form Figure 2 (b) for more than 10 UEs per cell the CCE resources are almost fully utilized for all schemes (typically more TBs are scheduled with joint coding as shown in Figure 6 in Annex B). However, the number of TBs, which can be scheduled with separate coding, is sufficient to achieve most of the multi-user diversity gain. 

It is assumed that joint allocation of more than two TBs per PDCCH does not provide significant additional gain, since the most significant PDCCH overhead reduction comes from two TB allocation compared to single TB allocation.

In addition, for the non-full buffer case, which is more realistic scenario, the potential benefit from joint coding is expected to be further reduced, since the number of UEs, which can be simultaneously assigned in a subframe is lower than in the full buffer case. 
From these observations, we suggest to use separate coding (option 1a or option 1b) as a baseline. We discuss two options for separate coding below section. 

The following additional observations are made: 

· the cell throughput for n=0.4 is generally higher (~4%) than for n=1 because more PDSCH resources are available and still sufficient UEs can be scheduled. 

· HARQ process and ACK/NACK bundling for two TBs causes 2~3% loss in cell-throughput performance, but the UL overhead can be reduced and ACK/NACK coverage can be improved [12]
· Simulation results for Urban Micro(UMi) model are shown in Annex B. The same trends as for TU are observed. 
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(a) Cell throughput                                                (b) CCE resource utilization

Figure 1 simulation results for TU3km/h, n=1 
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(a) Cell throughput                                                (b) CCE resource utilization

Figure 2 simulation results for TU3km/h, n=0.4 
3 Comparison of separate coding options
This section discusses the two options for separate coding. 
· Option 1a: separate coding (One PDCCH allocates one TB on the same CC) 

· Option 1b: separate coding (One PDCCH allocates one TB on the same or a different CC) 

In the following both DL and UL assignments are considered. With respect to the UL and DL aggregation the following cases are considered: 
· Case1: Symmetric UL/DL carrier aggregation

· Case2: Asymmetric UL/DL carrier aggregation with more DL CCs

· Case3: Asymmetric UL/DL carrier aggregation with more UL CCs
UE specific carrier aggregation is assumed, i.e. the number of aggregated DL and UL CCs is configured per UE. It should be noted, that the same discussion applies to cell specific carrier aggregation.
3.1 Option 1a: One PDCCH allocates one TB on the same CC
This option is a straightforward LTE extension for DL assignments. Since the PDCCH CC position implicitly indicates the assigned CC for the PDSCH, no explicit CC indication field in the PDCCH is necessary. 
A straightforward solution for UL assignments for cases 1 and 2 (as shown in Figure 3 (a) and 3 (b)) is that the PDCCH allocates the TB on the UL CC which is paired with the DL CC on which the PDCCH is transmitted. However, in case 3 (Figure 3 (c), more UL CC than DL CC) multiple UL CCs may by paired with a single DL CC. Therefore, a means to indicate the intended UL CC is required. This could be avoided by restricting the UE capability to configurations allowing only less or equal UL CCs than DL CCs. If case 3 is intended to be supported on a cell level, an implicit indication, e.g. by UE-ID or CCE search space, seems to be preferable. For this less important case implicit CC indication allows keeping the same PDCCH payload sizes as for the more important cases 1 and 2. 
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(a) Case 1: symmetric DL/UL                                               (b) Case 2: asymmetric DL/UL (more DL)
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(c) Case 3: asymmetric DL/UL (more UL) 
Figure 3 symmetric and asymmetric carrier aggregation scenario 
3.2 Option 1b: One PDCCH allocates one TB on the same or a different CC
For both DL and UL assignments, it is necessary to indicate the CC on which the TB is allocated. This indication may be explicit by a PDCCH field or implicit, e.g. by the UE-ID or CCE search space. This option allows for a more flexible PDCCH transmission compared to option 1a. Moreover, in our understanding - in contrast to LTE - this implies that on a given CC multiple PDCCHs indicating DL TBs and multiple PDCCHs indicating UL TBs are allowed. Figure 4 illustrates an example of PDCCH transmission for various carrier aggregation scenarios. The potential benefits are listed below: 
· Possibility to operate with PDCCH-less CC as mentioned in section 4, which improves the data throughput in certain scenarios (e.g. 1 OFDM symbol across all carriers is not required as shown in section 2.2 ). 

· Possibility of frequency scheduling of the PDCCH (selection of CC with good channel condition or less interference). This is e.g. beneficial for the following cases:

· Frequency scheduling of PDCCHs carrying UL assignments

· Heterogeneous network deployments (e.g. with macro and femto/relay) with range expansion [11]. Figure 5 shows an example of a PDCCH allocation in a heterogeneous deployment. In case of range expansion (i.e. macro cell low geometry UEs are covered by femto/relay), the PDCCH reception reliability for DL CC1 transmitted from the femto/relay may not be sufficient. Therefore, it may be required to transmit the PDCCH on DL CC2 (i.e. low interference) to assign a TB on DL CC1 or TBs on any UL CC in addition to a TB on DL CC2. 
· Possibility to improve the CCE blocking probability. The scheduler has more flexibility to allocate PDCCHs. The search spaces, e.g. as defined in LTE, for any TB allocation could be used on any configured CC. This argument holds for DL as wells as for UL.
· Possibility to configure different search spaces per CC, i.e. uneven distribution of the overall UE’s BD budget across CCs. E.g. assuming 44 BDs per UE per CC (as in LTE) in case of a 2 DL CC configuration, 88 BDs could be allocated to a single CC (e.g. to a CC experiencing low interference)
Taking into account above discussion, we suggest to study option 1b in more detail during the study item.  
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(a) Case 1: symmetric DL/UL                                   (b) Case 2: asymmetric DL/UL (more DL)

[image: image10.emf]PDSCH PDSCH

S

C

H

/

B

C

H

PUSCH

P

U

C

C

H

Downlink

Uplink

P

U

C

C

H

PHICH

PDCCH   

PHICH

      PDCCH

PUSCH

P

U

C

C

H

P

U

C

C

H

S

C

H

/

B

C

H

UL CC for UE2

DL CC for UE1

f

DL CC2 DL CC1

UL CC1 UL CC2

UL assignment 

for UE1

UL assignment 

for UE2


(c) Case 3: asymmetric DL/UL (more UL) 
Figure 4 symmetric and asymmetric carrier aggregation scenario 
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Figure 5 example of operation for heterogeneous deployment 
4 PDCCH‑less Component Carrier operation 

Non-backward compatible CCs are considered in order to allow a more efficient operation for LTE-A UEs. In non-backward compatible DL CCs, it is useful to allow an operation without PDCCH region and therefore, possible to transmit the PDSCH from the first OFDM symbol. This is beneficial especially for an operation scenario with a small number of UEs in the system (e.g. home eNB, hotspot), where the PDCCH region on the remaining DL CCs is sufficient to accommodate the required PDCCHs. Therefore, the DL data throughput can be improved. 
As already shown in Figure 1 and Figure 2 in section 2, even for a larger number of UEs per cell like e.g. 20UEs, defining a control region (one OFDM symbol) only in selected CCs is sufficient. Around 4% cell throughput gain is observed in the simulation. A slight further throughput improvement is possible for an operation scenario with a smaller number of UEs. 

A DL CC without PDCCH can be indicated by using the 4th PCFICH state or by a semi-static configuration via higher layer. The operation details including the PCFICH handling and the PHICH transmission on these DL CCs should be further discussed.
The handling of synchronization and the transmission of system information in case of operating PDCCH‑less component carriers is addressed in an accompanying contribution [13]. 

5 Conclusion 

In this contribution, we evaluated the DL non-MIMO data throughput performance for joint and separate PDCCH coding. According to the simulation results, no gain for joint coding is observed because  adequate control resources to achieve sufficient multiuser diversity are available for separate coding even in case of n=1 (1 OFDM symbol across all CCs) and n=0.4 (1 OFDM symbol in 2 out of 5 CCs). Therefore, we propose to use separate coding as a baseline for further studies.  

We further discussed two options for separate coding, option 1a (One PDCCH allocates a TB on the same CC) and option 1b (One PDCCH allocates a TB on the same or a different CC). Although option 1a is a straightforward approach from LTE, option 1b has the following potential benefits: 

· Possibility to operate with PDCCH-less CC which allows for improvement of data throughput. 

· Possibility of frequency scheduling of the PDCCH (selection of CC with good channel condition or less interference), which is important in a heterogeneous network deployments (e.g. with macro and femto/relay) with range expansion [11]. 

· Possibility to improve the CCE blocking probability, thanks to the flexible PDCCH allocation
· Possibility to configure different search spaces per CC, i.e. uneven distribution of the overall UE’s BD budget across CCs
Therefore, we propose to study option 1b in more detail during the study item. 
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Annex A: simulation assumptions
Table 3. DCI formats assumed in SLS
(values based on LTE Rel-8 DCI format 1 for 20 MHz (100 RBs))
	PDCCH fields
	Separate coding
(Rel-8 DCI format 1)
	Joint coding
	Joint coding 
+ bundling

	TB1 - RB allocation
	1 + 25
	1 + 25
	1 + 25

	TB1 - MCS
	5
	5
	5

	TB1 – HARQ process, NDI, RV
	3 + 1 + 2
	3 + 1 + 2
	3 + 1 + 2

	TPC
	2
	2
	2

	RNTI/CRC
	16
	16
	16

	TB2 - RB allocation
	-
	10
	10

	TB2 - MCS
	-
	4
	4

	TB2 – HARQ process, NDI, RV
	-
	3 + 1 + 2
	0 + 0 + 0

	Total
	55
	75
	69


Table 4. Simulation parameters
	Parameter
	Assumption/Value

	Cellular layout
	Hexagonal grid, 21cell sites, 3 cells per site, wrapped‑around

	Inter-site distance (ISD)
	500 m

	Distance-dependent path loss
	L = 128.1 + 37.6log10(R), R in kilometers

	Lognormal Shadowing 
	As modeled in UMTS 30.03, B 1.4.1.4

	Shadowing standard deviation
	8 dB

	Correlation distance of Shadowing
	50 m

	Shadowing correlation
	Between sites
	0.5

	
	Between cells per site
	1.0

	Penetration loss
	10 dB

	Carrier frequency
	2 GHz

	Bandwidth
	5x20 / 100 MHz

	Subcarrier spacing
	15 kHz

	Resource block size
	180 kHz (12 subcarriers)

	Cyclic Prefix overhead
	7.1 % (short CP)

	Subframe duration
	1.0 ms

	Number of OFDM symbols per subframe
	14

	Channel model
	Typical Urban (TU)
Urban Microcell (UMi) (static model)

	UE deployment
	4, 5, 6, 8, 20, 40 per cell (uniform random spatial distribution over cells)

	Minimum distance between UE and BS
	35 m

	Frequency reuse factor
	1

	Hybrid ARQ scheme
	Chase combining (asynchronous)

	Hybrid ARQ round trip delay
	6 subframes (6 ms)

	Max number of hybrid ARQ retransmissions
	8

	Thermal noise density
	-174 dBm/Hz

	Antenna pattern (horizontal)


	= 70 degrees, Am = 20 dB 

	Antenna pattern (vertical)
	TU: 2D

UMi: 3D (According to 36.814)

	Total BS TX power
	46 dBm 

	BS antenna gain (incl. cable loss)
	14 dBi

	BS transmitter
	1 antenna

	UE speed 
	3 km/h (100km/h in warmup phase)

	UE receiver
	2 antennas

	UE antenna gain
	0 dBi

	UE noise figure
	9 dB

	CQI scheme
	Per-RB subband feedback

	CQI feedback delay
	2 ms

	CQI subband size
	720 kHz (48 subcarriers, 4 RBs)

	CQI quantization
	none

	CQI feedback cycle
	5 ms (3 km/h)

	Link to system level interface
	EESM

	Traffic type
	Full buffer

	Scheduler
	Time and frequency selective Proportional Fair scheduler

	PDSCH intercell interference model
	Frequency selective (TU or UMi respectively)


Annex B: additional simulation results
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Figure 6 average number of assigned TBs (n=0.4)  
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(a) Cell throughput                                                (b) CCE resource utilization
Figure 7 simulation results for UMi 3km/h, n=1
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(a) Cell throughput                                                (b) CCE resource utilization

Figure 8 simulation results for UMi 3km/h, n=0.4
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