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1. Introduction

None of the interleavers used to randomize CCE REGs across n OFDM control (CTL) symbols in [2-8] guarantee a REG apportionment that achieves equal symbol power especially under heavily loaded conditions.  Hence, PDCCH capacity can be limited (<5% of the time) due to symbol power limitation.  Several ways to avoid or mitigate symbol power limitation are discussed. One avoid step is to limit power boosting and de-boosting to 6dB and one mitigatation step is to allow for up to a 2dB power offset between REGs of a given CCE allocated to different symbols
.  (Note: REG – resource element group)
Simulated throughput results show for deployment Cases 1 and 3 that limiting the boosting/deboosting range for PDCCH CCEs does not significantly limit throughput.  In addition, limiting the power offset between the REGs of a given CCE allocated to different symbols does not limit throughput either. It is further shown that Subblock sequence and Costas sequence lead to comparable throughputs under all conditions.  Results are based on the actual instantiation of a K=7 convolutional coder in the system simulator which does not have knowledge of the REG power offsets relative to the downlink common RS. 

Finally it is shown that the same “hit’ probabilities shown for Costas interleaver can be obtained by Subblock interleaver by choosing appropriate cell specific cyclic shifts although the benefit is minimal.
2. Control Symbol Power limitation
Methods for avoiding symbol power limitation due to CCE REG apportionment across n OFDM control symbols are given:
1 – Choose cell specific offsets with good CCE REG apportionment over n CTL symbols (see Annex C)
2 – CCE assignment conditioned on REG apportionment across the n CTL symbols

3 – Limitation of power boosting and de-boosting range of PDCCH CCEs to be less than or equal to 6 dB

4 – Allow for up to a 2 dB power offset between CCE REGs allocated to different symbols.
5 – Per symbol interleaving and per symbol cell specific cyclic shift to guarantee ‘ideal’ apportionment.
For example, for the n=2, 2TX Antenna case with a single PHICH group there are [42, 75] REGs available for CCEs on symbol 1 and 2 respectively.  In this example there are 13 CCEs of 9 REGs each.  Based on the control channel subblock interleaver permutation given in 36.212 [1] then the number of REGs allocated to the first symbol for each of the 13 CCEs is given by  [5, 4, 4, 3, 3, 4, 1, 2, 4, 3, 3, 2, 4] for cell specific offset of 0 (see Annex B Table 2 for other cell specific shifts), which can result in some symbol power limitation (see Annex A example) compared to a more optimal CCE REG distribution of [3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 4, 4, 4].  The first four methods given above will avoid or reduce symbol power limitation and any related performance impact.  The fifth method by itself can guarantee near optimal apportionment.
Given UE receivers use Equal Gain Combining of CCEs then there should be no performance issue due to Method 4 above.  From simulations 95% of the time no power offset is needed.  System simulation results in Annex B show the performance difference between Max Ratio and Equal Gain Combining.
3. Conclusions

Five methods were described to avoid or mitigate control symbol power limitation (SPL) caused by non-ideal CCE REG apportionment across the ‘n’ OFDM control symbols.  It is proposed to capture in 36.213: 
- power boosting/deboosting range for PDCCH CCEs <= 6dB 
- up to a 2dB power offset be allowed between the REGs of a given CCE allocated to different symbols 
A further possiblility is to allow per symbol based interleaving for near optimal apportionment but this would mean a change in the interleaving over n symbol working assumption agreed to in Jeju but results show it is not necessary.
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ANNEX A

Control Symbol Power Limitation Example

Suppose PDCCH1 has 2CCEs with a 6dB power boost and PDCCH 2-5 each have one CCE without any power boost or deboost.  The 5MHz carrier example assumes n=2 - see last table below.  For the more “optimal” mapping of 3 REGs on symbol 1 and 6 REGs on symbol 2 per CCE there are 96 power units (=2*3*(4.0*4)) for the 24 CCE REs in symbol 1 and 192 power units (=2*6*(4.0*4)) for the 48 CCE REs in symbol 2

However, based on the 36.212 Subblock interleaver permutation the CCE REG mapping results in a power limitation (see below in green) for symbol 1.

Power Budget with 6dB boost & no boost PDCCHs (10CCEs have 3:6 REG near “optimal” mapping)

CCH:   32 pu sym1

RS:    100 pu sym1

UE1:    96 pu sym1
192 pu sym2 (2CCE PDCCH, 6dB boost)

UE2:    48 pu sym1
  96 pu sym2 (1CCE for each of 4 PDCCHs, 0dB boost)

---------------------------------------------------------------------------------------------------

276 pu sym1
288 pu sym2

(36.212) MAPPING - #REGS PER CCE IN 1st OFDM CONTROL SYMBOL: 
[5, 4, 4, 3, 3, 4, 1, 2, 4, 3, 3, 2, 4]

MORE OPTIMAL MAPPING - #REGS PER CCE IN 1st OFDM CONTROL SYMBOL:  

[3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 4, 4, 4]

Power Budget with 6dB boost & no boost PDCCHs (5:4, 4:5, 3:6, ….  36.212 CCE REG mapping)
CCH:   32 pu sym1

RS:    100 pu sym1

UE1:  144 pu sym1 
144 pu sym2  (2CCE PDCCH, 6dB boost)

UE2:    72 pu sym1
  88 pu sym2  (1CCE for each of 4 PDCCHs, 0dB boost)

----------------------------------------------------------------------------------------------------

348 pu sym1
232 pu sym2
Table 1 – REG Allocation per Control Symbol

	n=2
	Ant1,2 RS Loc. occupied

	#RS/REG
	2
	0

	REG
	#REGs

	Type
	ofdm sym1
	ofdm sym2

	PHICH
	3
	0

	PCFICH
	4
	0

	Unallocated
	1
	0

	CCE 1-10
	3
	6

	CCE 11-13
	4
	5

	#REs total
	300
	300


ANNEX B

System Performance for EG and MR CCE combining

The throughput results below for deployment Cases 1 and 3 show that limiting the boosting/deboosting range for PDCCH CCEs do not significantly limit throughput.  In addition, limiting the power offset between the REGs of a given CCE allocated to different symbols does not limit throughput either. Subblock sequence and Costas sequence lead to comparable throughputs under all conditions.  
Results are based on the actual instantiation of a K=7 convolutional coder in the system simulator which does not have knowledge of the REG power offsets relative to the downlink common RS.  The Shift Type 1 shifts the interleaver sequences by cell id multiplied by 7, Shift Type 2 shifts the interleaver sequences according to Table 4, and Shift Type 3 shifts the interleaver sequences according to Table 5.
Table 2 – Sector Throughputs for n=2 & #TX Antennas=1
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Table 3 – 5% UE Throughputs for n=2 & #TX Antennas=1
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ANNEX C

Cell Specific Offsets and #REGs/CCE in 1st OFDM Control Symbol for n=2 & #TX Ant=2
Table 4 below shows the number of REGs per CCE in the 1st OFDM control symbol for a set of different cell specific offsets.  Table 5 below shows the number of REGs per CCE in the 1st OFDM control symbol for another set of different cell specific offsets.  The cell specific offsets in Table 5 have been selected to generate “near optimal” #REGs/CCE sequences as well as very low collisions (see [3] and [5] for the collision definition) as shown in Table 6.  Note that the ‘near optimal’ #REGs/CCE sequence in terms of avoiding symbol power limitation is given by [3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 4, 4, 4].  The cell specific offset can be chosen based on a 3x3x1 reuse (see Figure 1) based on Table 4 or  Table 5 below.  Of course the actual  choice is implementation dependent.  
Table 4 – #REGs/CCE in 1st Symbol for a Set of Cell Specific Offsets for n=2 & #TX Antennas=2
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k*13+j REG Shift #REGs IN FIRST SYMBOL PER CCE


Table 5 - #REGs/CCE in 1st Symbol for a Set of Cell Specific Offsets for n=2 & #TX Antennas=2
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Figure 1 – Cell Specific Offset 3x3x1 Reuse Pattern of Cell 1 to Cell 9 for Table 5 (j is shown in parantheses)

Table 6 – Number of Collisions (Hamming Auto-correlation)  between Different Cells using the Cell Specific Offsets in Table 5 and Reuse Pattern in Figure 1 (the average collisions (averaged over all possible cyclic shifts) for this case is 8.096)
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The figure below shows the numbers of hits for subblock and Costas sequences.  Without a properly selected set of cyclic shifts, Costas sequence has a fewer number of hits.  However, using the set of cyclic shifts in Table 5, subblock sequence has fewer hits than the Costas.
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Figure 2 – Numbers of Hits vs. Cyclic Shifts for Subblock and Costas Sequences

Table 7 – REG Allocation per Control Symbol

	n=2
	Ant1,2 RS Loc. occupied

	#RS/REG
	2
	0

	REG
	#REGs

	Type
	ofdm sym1
	ofdm sym2

	PHICH
	3
	0

	PCFICH
	4
	0

	Unallocated
	1
	0

	CCE 1-10
	3
	6

	CCE 11-13
	4
	5

	#REs total
	300
	300


36.212 CCH Subblock Interleaver REG sequence = { 22 86 38 102 62 14 78 26 90 42 106 34 98 50 114 56 8 71 0 64 16 80 28 92 44 108 36 100 52 116 53 5 69 29 93 45 109 57 9 73 1 65 54 6 70 30 94 46 110 58 10 74 2 66 18 82 24 88 40 104 32 96 48 112 60 12 76 4 68 20 84 21 85 37 101 61 13 77 25 89 41 105 33 97 17 49 81 113 23 55 87 7 39 71 103 31 63 95 15 47 79 111 27 59 91 11 43 75 107 3 35 67 99 19 51 83 115}
ANNEX D

Simulation Assumptions

Table 8. L1/L2 Control channel parameters
	Parameter
	Assumption/Value

	L1/L2 control channel multiplexing
	TDM with data, each L1/L2 control channel mapped across entire BW

	L1/L2 control channel payload size
	DL assignments
	5 MHz:
48 bit

	
	UL assignments
	5 MHz:
36 bit

	Maximum # DL assignments per sub‑frame
	5 MHz:
6, 10

	Resource / power sharing between L1/L2 control channels
	Dynamic sharing between DL assignments

Number of control channels with different MCS levels are adjusted dynamically according to allocated UEs and aggregated CCEs

No sharing between DL and UL assignments

	Power control
	On, power boost +/- 6dB or +/- 2dB.
Maximum power offset for CCE REGs between symbols: 0, 2, unlim. dB

	CCE size
	36 REs

	CCE aggregation sizes / MCS levels
	8 / QPSK rate 1/12
4 / QPSK rate 1/6
3 / QPSK rate 2/9
2 / QPSK rate 1/3
1 / QPSK rates 2/3  

	Coding
	Convolutional, K=7

	Reference signal overhead
	5 MHz:
50/600 REs  (assuming reference signals for 2TX antennas)

	L1/L2 control channel overhead
	DL ACK/NACK (PHICH)
	5 MHz:
3 out of 125 REGs  (50 in 1st symbol +75 in 2nd symbol)

	
	PCFICH
	5 MHz:
4 out of 125 REGs

	
	UL assignments
n=2

	
5 MHz:
6 CCEs / 216 REs / 54 REGs )


	
	DL assignments 
n=2

	
5 MHz:
7 CCEs / 252 REs / 63 REGs)


	Control channel errors
	Explicitly modeled for DL & UL assignments, FER computed only for DL

	Intercell interference randomization
	Explicitly modeled for DL & UL assignments, each CCE RE (REG) modeled and interleaved across n=2 symbols excluding RS, PCFICH, PHICH locations.  Power allocation for  RS, PCFICH, and PHICH is accounted for.  


Table 9. Simulation Assumptions
	Parameter
	Assumption/Value

	Cellular layout
	Hexagonal grid, 19 cell sites, 3 cells per site, wrapped‑around

	Inter-site distance (ISD)
	500 m, 1732 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
	20 dB

	Carrier frequency
	2 GHz

	Bandwidth
	5 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 (11 used for data, 2 for control (n=2), 1 for RS overhead)

	Channel model
	Typical Urban (TU) used for PDSCH and for  PDCCH signal

	UE deployment
	10 per cell (uniform random spatial distribution over cells)

	Minimum distance between UE and BS
	35 m

	Frequency reuse factor
	1

	Hybrid ARQ scheme
	IR , Chase combining (asynchronous) (2/3<MCS<4.8), 16 levels

	Hybrid ARQ round trip delay
	6 subframes ( ms) ,  N=6 Stop and Wait

	Max number of hybrid ARQ retransmissions
	8

	Thermal noise density
	-174 dBm/Hz

	Antenna pattern (horizontal)
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 = 70 degrees, Am = 20 dB  (70 degree horizonal beamwidth)

	Total BS TX power
	43 dBm 

	BS antenna gain (incl. cable loss)
	14 dBi

	BS transmitter
	1 antenna

	UE speed 
	3 km/h

	UE receiver
	2 antennas

	UE antenna gain
	0 dBi

	UE noise figure
	9 dB

	CQI feedback delay
	2 ms

	CQI subband size
	180 kHz (12 subcarriers)

	CQI quantization
	5 bits per value/subband

	CQI feedback cycle
	4 ms

	CQI Error Stdev
	1dB for low SINR and 0.5 for high SINR

	Link to system level interface
	K=7 Convolutional Coder instantiation for PDCCH, EESM for PDSCH

	Traffic type
	Full buffer

	Scheduler
	Time and frequency selective Proportional Fair scheduler

	Number of UEs per sector
	10

	Cyclic prefix
	Short

	Centre Frequency
	2 GHz

	Channel Estimation
	Non Ideal

























































































































































































































































































































































































� Note that even if these techniques are not used and the power is limited in both symbols to guarantee equal power we suspect only a small performance impact and are currently validating this assumption.
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