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1. Introduction

In LTE-A, aggregation of bandwidth will imply that more resources will be devoted to control as well as data. In this contribution, we estimate the LTE Rel.8 Aperiodic PUSCH physical layer control overhead to show where the overhead/payload ratio for Release 10 may be headed.  Clearly, because of additional features besides aggregation of bandwidth (e.g., Cooperative Multipoint Communications), this control overhead can be expected to increase beyond what exists for Release 8, and therefore its minimization will be important to ensure that the objectives for LTE-Advanced are met.

In section 2 we summarize the Release 8 scheme for Aperiodic PUSCH control information transmission. In section 3, we show that the control overhead is quite large even in LTE Rel.8 for cell edge throughput in particular. 

Since in LTE-A, we expect the amount of feedback information will be increased because system bandwidth will be increased up to 5 times compared to LTE Rel.8, if the same Aperiodic PUSCH mechanism as LTE Rel.8 is applied to LTE-A, the amount of control overhead would become in the order of 5 times that of LTE Rel.8. 

To avoid the above situation, the following solutions for reducing control overheads should be studied.

· More efficient feedback coding scheme

· Reducing the amount of feedback

· Increasing PUSCH capacity at the cell edge

2. Review of Aperiodic PUSCH Specifications in Release 8

Aperiodic or Periodic CQI reporting is specified in LTE Rel.8 [1] as per Table 1.  In this contribution we focus on the control overhead of the Aperiodic PUSCH modes of Table 1. 

Table 1:  Physical Channels for Aperiodic or Periodic CQI reporting [1, Table 7.2.1]

	Scheduling Mode
	Periodic CQI reporting channels
	Aperiodic CQI reporting channel

	Frequency non-selective
	PUCCH
	

	Frequency selective
	PUCCH
	PUSCH


In the Aperiodic PUSCH mode of Table 1, five feedback types, i.e. Mode 1-2, Mode 2-0, Mode 2-2, Mode 3-0 and Mode 3-1, are specified in LTE Rel.8 as shown in Table 2.  In the following sections, we calculate the control overhead based on each feedback type listed in this Table. 

Table 2:  CQI and PMI Feedback Types for Aperiodic PUSCH reporting Modes [1, Table 7.2.1.1]

	
	
	PMI Feedback Type

	
	
	No PMI
	Single PMI
	Multiple PMI

	PUSCH CQI
Feedback Type
	Wideband
(wideband CQI)
	
	
	Mode 1-2

	
	UE Selected
(subband CQI)
	Mode 2-0
	
	Mode 2-2

	
	Higher

Layer-configured
	Mode 3-0
	Mode 3-1
	


3. Control signaling overhead analysis for LTE Rel.8 Aperiodic PUSCH

3.1. Overhead analysis for the Cell-edge UE case

In this section, we analyze the control signaling overhead on AperiodicPUSCH for cell-edge UEs according to the following methodology.

Analysis Conditions & Organization of this contribution

We used the results presented in [4] and with the specifications [2] and [6], calculated the assigned MCS levels for cell-edge UEs. The results of this calculation are in Annex A., and show that a cell-edge UE will be assigned MCS0 (QPSK R=1/18) or MCS1　(QPSK R=1/9) typically, as that is the rate that would meet the throughput requirements. With that assumption we calculated the ACK/NACK and CQI/PMI overhead.

Annex B. lists the parameters we used in our Overhead analysis, such as the number of bits being carried for the modes of Table 2.

The full Control Overhead Analysis is shown in Annex C., with the full results in Tables in C1 to C12, and the Summary Tables are shown below in Tables 3-8. Only the Physical Channel Overhead is calculated, i.e. the higher layer messaging overhead is ignored.

Light blue color in each Table means that there is not enough resource for the control information shown, i.e. A/N, CQI/PMI or control signaling and RS. In other words, the information type occupies Aperiodic PUSCH maximum resources.
The results in Tables 3-8 (below) show that the maximum percentage of the total Aperiodic PUSCH subframe transmission resources consumed for A/N and RI transmissions is 28.6% and the maximum percentage for CQI/PMI transmissions is 85.7%, since RS transmission already occupies 14.3% of PUSCH resources.  

ACK/NACK overhead – cell-edge UE

We calculated the ACK/NACK overhead for the small/middle cases (Case 1 and 3) cells and the large cell case (5000m cell radius) as shown in Tables 3 and 4 respectively. 

From these results, we can see that 1-bit or 2-bit ACK/NACK occupies 7.0-8.6% or 13.9-17.2% of the resources of PUSCH in the small/middle size cell-edge UE case.

Similarly, we can see that 1 bit or 2 bit ACK/NACK occupies 28.6% of the resources of PUSCH in the large size cell-edge UE case.

For example, the TBS size for MCS0 in 1.25MHz case is 176 bits [2]. Table 3 shows that the ACK/NACK bits occupy quite a large fraction of the resources of PUSCH even though the actual number of ACK/NACK information bits is only 1 or 2 bits.

One of the reasons that ACK/NACK occupies such a large portion of the PUSCH resources compared to data is that ACK/NACK uses repetition coding or simplex coding plus repetition code. These codes by themselves will not give enough coding gain, and to meet the targets for ACK/NACK transmission performance, more channel resources must be used.  A similar phenomenon can be observed for the RI feedback since coding scheme of RI is the same as ACK/NACK.

CQI/PMI/RI overhead – cell-edge UE 

We also calculated the CQI/PMI control signaling overhead, as shown in Table 5. 
From these results, we can see that CQI/PMI occupy 85.7% of the resources of PUSCH when 7 RB, i.e. 1.25MHz, is transmitted.

Total control signaling overhead (CQI/PMI+RI+ACK/NACK+RS) – cell-edge UE

Similarly, we can see in Table 6 that the total control signaling i.e. CQI/PMI+ACK/NACK+RI (Rank Information)+RS(Reference symbols), occupies 100% of the resources of PUSCH in all Aperiodic PUSCH feedback modes.

More detailed results are shown in Annex C.

From these results, we can see that there is no resource left to send data in, when the Aperiodic PUSCH feedback is allocated on a subframe with these channel conditions.

However, these above values show the overhead in the one Aperiodic PUSCH subframe. If we average the control overhead for a longer time period, the overhead values will be decreased, but the control overhead will still occupy a significant portion of PUSCH resources.  

For example, when the UE velocity is 3km/h, one subframe every 6 to 7 subframes might be enough for Aperiodic PUSCH feedback as shown in Annex D, but that still implies approximately more than 12% total PUSCH channel overhead for CQI/PMI.

Thus, the focus on the overhead values on one PUSCH subframe can be taken as indicating that the portion of resources devoted to control can be substantial.

Table 3: ACK/NACK overhead on Aperiodic PUSCH in small/middle size cell case 
(1.25MHz: 7 RBs, Case 1/3, cell edge)

	MCS level
	Overhead(%) of 1 bit A/N
	Overhead(%) of 2 bits A/N

	MCS0
	8.6
	17.2

	MCS1
	7.0
	13.9


Table 4: ACK/NACK overhead on Aperiodic PUSCH in large cell case 
(1 or 2 RBs, MCS0, 5000m cell radius, cell edge)

	# of RBs
	Overhead(%) of 1 bit A/N
	Overhead(%) of 2 bits A/N

	1
	28.6
	28.6

	2
	28.6
	28.6


Table 5: CQI/PMI overhead on Aperiodic PUSCH 
(1.25MHz: 7 RBs, Case 1/3/5000m cell radius, cell edge)

	MCS level
	Overhead(%) of Mode 1-2
	Overhead(%) of Mode 2-0
	Overhead(%) of Mode 2-2
	Overhead(%) of Mode 3-0
	Overhead(%) of Mode 3-1

	MCS0
	85.7
	85.7
	85.7
	85.7
	85.7

	MCS1
	85.7
	85.7
	85.7
	85.7
	85.7


Table 6: Total Control(CQI/PMI+RI+ACK/NACK)+RS overhead on Aperiodic PUSCH
(1.25MHz: 7 RBs, Case 1/3/5000m cell radius, cell edge)

	MCS level
	Overhead(%) of Mode 1-2
	Overhead(%) of Mode 2-0
	Overhead(%) of Mode 2-2
	Overhead(%) of Mode 3-0
	Overhead(%) of Mode 3-1

	MCS0
	100.0
	100.0
	100.0
	100.0
	100.0

	MCS1
	100.0
	100.0
	100.0
	100.0
	100.0


3.2. Overhead analysis for the Average UE case

In this section, we analyze the control signaling overhead on Aperiodic PUSCH for an “average” UE.  as in the following tables.

Analysis Conditions

As in section 3.1 above, Using the results presented in [4] and inferring from the specifications  [2] and [6], the results in Annex A show that the average UE will be assigned MCS7(QPSK R=1/2.76)  to MCS9(QPSK R=1/2.11) typically, as that is the rate that would meet the average throughput requirements.

CQI/PMI/RI overhead – Average UE

Using these results from Annex A, we calculated CQI/PMI overhead as shown in Table 7. From these results, we can see that for the small/middle Case 1 and Case 3 cell sizes, CQI/PMI transmission occupies 19.1-53.9% of the resources of PUSCH when 7 RB’s are transmitted.

Total control signaling overhead (CQI/PMI+RI+ACK/NACK+RS) – Average UE

Similarly, we can see in Table 8 that the total control signaling occupies 39.6-76.2% of the resources of PUSCH in all Aperiodic PUSCH feedback modes for they small/middle cell-sizes.

More detailed results are shown in Annex C.

From these results, we can see that there is not enough resource left  to send data in some modes, e.g. Mode 1-2,  if Aperiodic PUSCH feedback is allocated on a subframe, even in the average UE case.

Similar to the previous section, the above values are the overhead in one Aperiodic PUSCH subframe. If we average the control overhead over a longer time period, the overhead values will be decreased, but will obviously still be approximately 5.5% - 11% of the total resources if transmitted every 7 frames at pedestrian speeds of up to 3Km/hr.

Thus, focusing on the physical layer control overhead values on one Aperiodic PUSCH subframe, or on the high mobility case, these overhead values shown in these tables are not negligible.  

Table 7: CQI/PMI overhead on Aperiodic PUSCH
(1.25MHz: 7 RBs, Case 1/3, average UE)

	MCS level
	Overhead(%) of Mode 1-2
	Overhead(%) of Mode 2-0
	Overhead(%) of Mode 2-2
	Overhead(%) of Mode 3-0
	Overhead(%) of Mode 3-1

	MCS7
	44.6
	26.7
	53.9
	24.8
	47.1

	MCS9
	34.4
	20.6
	41.6
	19.1
	36.4


Table 8: Total Control (CQI/PMI+RI+ACK/NACK)+RS overhead on Aperiodic PUSCH
(1.25MHz: 7 RBs, Case 1/3, average UE)

	MCS level
	Overhead(%) of Mode 1-2
	Overhead(%) of Mode 2-0
	Overhead(%) of Mode 2-2
	Overhead(%) of Mode 3-0
	Overhead(%) of Mode 3-1

	MCS7
	66.9
	49.0
	76.2
	47.1
	69.4

	MCS9
	54.9
	41.0
	62.0
	39.6
	56.8


4. Impact on LTE-A specification and solutions for reducing control overhead

As shown in the previous sections, control overhead is quite large even in LTE Rel.8. In LTE-A, we expect that the amount of feedback information will be increased because the system bandwidth will be increased up to 5 times compared to LTE Rel.8, if we are considering aggregation of bands, and are ignoring any additional new control signaling that must be present, to effect Bandwidth Aggregation.

If the same Aperiodic PUSCH feedback mechanism as LTE Rel.8 is applied to LTE-A, the amount of control overhead would become in the order of 5 times that of LTE Rel.8, which means that the expected LTE-A increases in spectral efficiency due to enhanced functionality will be reduced.  Furthermore, this effect is enhanced for UEs contributing to cell-edge throughput, which jeopardizes the ability of LTE-A to meet IMT-Advanced objectives without overly complicating other aspects of the system.

To avoid this situation, several solutions for reducing control overhead should be considered, including:

· More efficient feedback coding scheme

· Reducing the amount of feedback

· Increasing PUSCH capacity at the cell edge

More Efficient feedback coding scheme

In LTE Rel.8, simple repetition coding is applied for ACK/NACK or RI transmission. Because of that, especially in low MCS scenarios, a substantial portion of Aperiodic PUSCH resources are occupied by 1 bit or 2 bits ACK/NACK and RI.  Repetition Coding is the one of the reason that Aperiodic PUSCH in LTE Rel.8 has such a large control overhead. We can reduce the amount of control overhead by using a more efficient feedback coding scheme in LTE-A.

Reducing the amount of feedback

As shown in Tables 5, 6, 7 and 8 above, Rel.8 LTE specifies large amounts of CQI/PMI feedback. That is one reason that LTE Rel.8 has large control overhead on Aperiodic PUSCH.  Since we expect system bandwidth expansion and increases in the amount of feedback information in LTE-A, we should try to reduce the amount of feedback in LTE-A, e.g. efficient source coding or by reducing the number of required information bits etc. 

Increasing PUSCH capacity on cell edge

One of the reasons that Aperiodic PUSCH has high control overhead is that the PUSCH capacity is very low at the cell edge.  

Thus, if we can increase the capacity of PUSCH at the cell edge in LTE-A, we can decrease the impact of the control overhead.  

Several new schemes, e.g. CoMP, Relay , TxD and SU-MIMO, are being considered, which we can expect to reduce the control overhead in LTE-A.

5. Conclusions

In this contribution, we focused on the Aperiodic PUSCH transmission of control plus data for LTE Release 8 and showed that the control overhead of Aperiodic PUSCH is not negligible in the cell edge cases and in the “average” UE cases.

In LTE-A, we expect the amount of feedback information will be increased, because the system bandwidth will be increased up to 5 times compared to LTE Rel.8.  If the same Aperiodic PUSCH feedback mechanism as LTE Rel.8 is applied to LTE-A, the amount of control overhead would become in the order of 5 times that of LTE Rel.8.

To avoid the above situation, the following solutions for reducing control overheads should be studied.

· More efficient feedback coding scheme

· Reducing the amount of feedback

· Increasing PUSCH capacity on cell edge
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Annex A:  Overhead analysis for different MCS level [1][4][5]

In the system level simulation shown in reference [4], the system bandwidth is set to 5MHz and 5 UEs are dropped in a cell. 

We used [4] because the results therein and the use of the RR scheduler allowed us to calculate the throughputs and derive MCS levels per UE at the cell-edge UE and the average UE cases.

The following tables show the cell edge user throughput and the average user throughput. 

The MCS levels on Table A2 were calculated from the throughputs shown in Table A1 and parameters in reference [4].

Table A1: Comparison on user throughput with RR scheduler [4]

(a) 5% value of CDF of user throughput
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(b) Average user throughput
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Table A2: Implied MCS levels of Table A1

(a) 5% value of CDF of user throughput

	Condition
	Implied MCS levels

	1
	QPSK R=1/16

	2
	QPSK R=1/12

	3
	QPSK R=1/80


(b) Average user

	Condition
	Implied MCS levels

	1
	QPSK R=1/2

	2
	QPSK R=1/3

	3
	QPSK R=1/3


Annex B: Parameters of overhead calculations in Annex C 

Table B1: Parameters of overhead calculations in Annex A
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	13dB (default value)[2][3]
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	8dB (default value)[2][3]

	DL system bandwidth
	110RBs

	The number of TX antennas on eNB
	4


Table B2: The number of control information bits in each Aperiodic PUSCH mode

	
	Mode 1-2
	Mode 2-0
	Mode 2-2
	Mode 3-0
	Mode 3-1

	Rank
	2 bits
	2 bits
	2 bits
	2 bits
	2 bits

	CQI/
PMI
	64 bits

C

Q

I

WideBand

8

UE selected

-

Subband

-

P

M

I

Single

-

Multiple

56

	35 bits

C

Q

I

WideBand

4

UE selected

31

Subband

-

P

M

I

Single

-

Multiple

-


	79 bits

C

Q

I

WideBand

8

UE selected

43

Subband

-

P

M

I

Single

-

Multiple

28


	32 bits

C

Q

I

WideBand

4

UE selected

-

Subband

28
P

M

I

Single

-

Multiple

-


	68 bits

C

Q

I

WideBand

8

UE selected

-

Subband

56
P

M

I

Single

4

Multiple

-




Annex C:  Overhead analysis on Aperiodic PUSCH at different MCS levels

Table C1 to C12 show the overhead on Aperiodic PUSCH.

In the following tables, overhead(%) is defined as the following equation.
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stands for the number of occupied REs by each control information, i.e. ACK/NACK, CQI/PMI or ACK/NACK+RI+CQI/PMI+RS, in the above equation.
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stands for the number of total REs on PUSCH including RS.

Light blue color means that there is not enough resource for each type of control information, i.e. A/N, CQI/PMI or control signaling and RS. In other words, each type of information occupies its maximum resources.

The maximum percentage of A/N and RI resources are 28.6% and the maximum percentage of CQI/PMI resource is 85.7% since RS occupy 14.3% of PUSCH resources in the following tables.  

MCS0

Table C1: ACK/NACK overhead on PUSCH(MCS0, cell edge UE@Case 1/3/5000m cell radius)

	# of RBs
	Overhead(%) of 1bit A/N
	Overhead(%) of 2bits A/N
	Comments

	1
	28.6
	28.6
	 

	2
	28.6
	28.6
	 

	3
	21.4
	28.6
	 

	4
	15.3
	28.6
	 

	5
	11.9
	23.8
	 

	6
	9.8
	19.5
	 

	7
	8.6
	17.2
	1.25MHz

	8
	7.4
	14.8
	 

	9
	6.9
	13.9
	 

	10
	6.1
	12.3
	 

	25
	2.5
	4.9
	5MHz

	50
	1.2
	2.4
	10MHz

	100
	0.6
	1.2
	20MHz


Table C2: CQI/PMI overhead on PUSCH(MCS0, cell edge UE@Case 1/3/5000m cell radius)

	# of RBs
	Overhead(%) of Mode 1-2
	Overhead(%) of Mode 2-0
	Overhead(%) of Mode 2-2
	Overhead(%) of Mode 3-0
	Overhead(%) of Mode 3-1
	Comments

	1
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	2
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	3
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	4
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	5
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	6
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	7
	85.7
	85.7
	85.7
	85.7
	85.7
	1.25MHz

	8
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	9
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	10
	85.7
	82.3
	85.7
	76.5
	85.7
	 

	25
	54.8
	32.7
	66.2
	30.4
	57.8
	5MHz

	50
	27.4
	16.4
	33.1
	15.2
	28.9
	10MHz

	100
	13.7
	8.2
	16.6
	7.6
	14.5
	20MHz


Table C3: Control signaling and RS overhead on PUSCH(MCS0, cell edge UE@Case 1/3/5000m cell radius)

	# of RBs
	Overhead(%) of Mode 1-2
	Overhead(%) of Mode 2-0
	Overhead(%) of Mode 2-2
	Overhead(%) of Mode 3-0
	Overhead(%) of Mode 3-1
	Comments

	1
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	2
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	3
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	4
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	5
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	6
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	7
	100.0
	100.0
	100.0
	100.0
	100.0
	1.25MHz

	8
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	9
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	10
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	25
	78.9
	56.8
	90.3
	54.5
	81.9
	5MHz

	50
	46.6
	35.5
	52.3
	34.4
	48.1
	10MHz

	100
	30.4
	24.9
	33.3
	24.4
	31.2
	20MHz


MCS1

Table C4: ACK/NACK overhead on PUSCH(MCS1, cell edge UE@Case 1/3 cell radius)

	# of RBs
	Overhead(%) of 1bit A/N
	Overhead(%) of 2bits A/N
	Comments

	1
	28.6
	28.6
	 

	2
	21.4
	28.6
	 

	3
	15.5
	28.6
	 

	4
	10.3
	20.5
	 

	5
	8.6
	17.1
	 

	6
	7.4
	14.8
	 

	7
	7.0
	13.9
	1.25MHz

	8
	6.2
	12.3
	 

	9
	4.9
	9.8
	 

	10
	4.7
	9.3
	 

	25
	1.9
	3.7
	5MHz

	50
	0.9
	1.9
	10MHz

	100
	0.5
	0.9
	20MHz


Table C5: CQI/PMI overhead on PUSCH(MCS1, cell edge UE@Case 1/3)

	# of RBs
	Overhead(%) of Mode 1-2
	Overhead(%) of Mode 2-0
	Overhead(%) of Mode 2-2
	Overhead(%) of Mode 3-0
	Overhead(%) of Mode 3-1
	Comments

	1
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	2
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	3
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	4
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	5
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	6
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	7
	85.7
	85.7
	85.7
	85.7
	85.7
	1.25MHz

	8
	85.7
	82.3
	85.7
	76.5
	85.7
	 

	9
	85.7
	65.4
	85.7
	60.9
	85.7
	 

	10
	85.7
	62.6
	85.7
	58.2
	85.7
	 

	25
	41.6
	24.8
	50.2
	23.1
	43.9
	5MHz

	50
	21.1
	12.6
	25.6
	11.7
	22.3
	10MHz

	100
	10.6
	6.3
	12.8
	5.9
	11.2
	20MHz


Table C6: Control signaling and RS overhead on PUSCH(MCS1, cell edge UE@Case 1/3)

	# of RBs
	Overhead(%) of Mode 1-2
	Overhead(%) of Mode 2-0
	Overhead(%) of Mode 2-2
	Overhead(%) of Mode 3-0
	Overhead(%) of Mode 3-1
	Comments

	1
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	2
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	3
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	4
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	5
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	6
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	7
	100.0
	100.0
	100.0
	100.0
	100.0
	1.25MHz

	8
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	9
	100.0
	99.3
	100.0
	94.8
	100.0
	 

	10
	100.0
	95.6
	100.0
	91.2
	100.0
	 

	25
	63.3
	46.6
	72.0
	44.8
	65.6
	5MHz

	50
	39.2
	30.7
	43.6
	29.8
	40.4
	10MHz

	100
	26.8
	22.5
	29.0
	22.1
	27.3
	20MHz


MCS7

Table C7: ACK/NACK overhead on PUSCH(MCS7, average UE@Case 3)

	# of RBs
	Overhead(%) of 1bit A/N
	Overhead(%) of 2bits A/N
	Comments

	1
	13.7
	26.8
	 

	2
	7.1
	14.0
	 

	3
	5.0
	9.9
	 

	4
	3.6
	7.0
	 

	5
	2.9
	5.7
	 

	6
	2.4
	4.7
	 

	7
	2.0
	4.0
	1.25MHz

	8
	1.8
	3.5
	 

	9
	1.6
	3.1
	 

	10
	1.4
	2.8
	 

	25
	0.5
	1.1
	5MHz

	50
	0.3
	0.6
	10MHz

	100
	0.1
	0.3
	20MHz


Table C8: CQI/PMI overhead on PUSCH(MCS7, average UE@Case 3)

	# of RBs
	Overhead(%) of Mode 1-2
	Overhead(%) of Mode 2-0
	Overhead(%) of Mode 2-2
	Overhead(%) of Mode 3-0
	Overhead(%) of Mode 3-1
	Comments

	1
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	2
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	3
	85.7
	65.4
	85.7
	60.9
	85.7
	 

	4
	77.8
	46.4
	85.7
	43.2
	82.1
	 

	5
	63.4
	37.9
	76.7
	35.2
	67.0
	 

	6
	52.4
	31.3
	63.3
	29.1
	55.3
	 

	7
	44.6
	26.7
	53.9
	24.8
	47.1
	1.25MHz

	8
	38.9
	23.2
	47.0
	21.6
	41.0
	 

	9
	34.4
	20.6
	41.6
	19.1
	36.4
	 

	10
	30.9
	18.5
	37.3
	17.2
	32.6
	 

	25
	12.3
	7.3
	14.9
	6.8
	13.0
	5MHz

	50
	6.2
	3.7
	7.5
	3.4
	6.5
	10MHz

	100
	3.2
	1.9
	3.8
	1.8
	3.3
	20MHz


Table C9: Control signaling and RS overhead on PUSCH(MCS7, average UE@Case 3)

	# of RBs
	Overhead(%) of Mode 1-2
	Overhead(%) of Mode 2-0
	Overhead(%) of Mode 2-2
	Overhead(%) of Mode 3-0
	Overhead(%) of Mode 3-1
	Comments

	1
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	2
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	3
	100.0
	99.6
	100.0
	95.0
	100.0
	 

	4
	100.0
	74.7
	100.0
	71.5
	100.0
	 

	5
	89.2
	63.6
	100.0
	61.0
	92.7
	 

	6
	76.0
	54.9
	87.0
	52.7
	78.9
	 

	7
	66.9
	49.0
	76.2
	47.1
	69.4
	1.25MHz

	8
	60.2
	44.5
	68.3
	42.9
	62.3
	 

	9
	55.0
	41.1
	62.1
	39.6
	56.9
	 

	10
	50.8
	38.4
	57.2
	37.1
	52.5
	 

	25
	28.8
	23.8
	31.4
	23.3
	29.5
	5MHz

	50
	21.6
	19.1
	22.9
	18.9
	22.0
	10MHz

	100
	18.0
	16.8
	18.7
	16.6
	18.2
	20MHz


MCS9

Table C10: ACK/NACK overhead on PUSCH(MCS9, average UE@Case 1)

	# of RBs
	Overhead(%) of 1bit A/N
	Overhead(%) of 2bits A/N
	Comments

	1
	10.7
	21.4
	 

	2
	5.4
	10.7
	 

	3
	3.6
	7.1
	 

	4
	2.7
	5.4
	 

	5
	2.1
	4.3
	 

	6
	1.8
	3.6
	 

	7
	1.5
	3.1
	1.25MHz

	8
	1.3
	2.7
	 

	9
	1.2
	2.4
	 

	10
	1.1
	2.2
	 

	25
	0.4
	0.9
	5MHz

	50
	0.2
	0.4
	10MHz

	100
	0.1
	0.2
	20MHz


Table C11: CQI/PMI overhead on PUSCH(MCS9, average UE@Case 1)

	# of RBs
	Overhead(%) of Mode 1-2
	Overhead(%) of Mode 2-0
	Overhead(%) of Mode 2-2
	Overhead(%) of Mode 3-0
	Overhead(%) of Mode 3-1
	Comments

	1
	85.7
	85.7
	85.7
	85.7
	85.7
	 

	2
	85.7
	72.0
	85.7
	67.0
	85.7
	 

	3
	80.4
	48.0
	85.7
	44.6
	84.8
	 

	4
	60.3
	36.0
	72.8
	33.5
	63.6
	 

	5
	48.2
	28.8
	58.3
	26.8
	50.9
	 

	6
	40.2
	24.0
	48.5
	22.3
	42.4
	 

	7
	34.4
	20.6
	41.6
	19.1
	36.4
	1.25MHz

	8
	30.1
	18.0
	36.4
	16.7
	31.8
	 

	9
	26.8
	16.0
	32.4
	14.9
	28.3
	 

	10
	24.6
	14.7
	29.7
	13.7
	26.0
	 

	25
	9.6
	5.7
	11.6
	5.3
	10.1
	5MHz

	50
	4.8
	2.9
	5.8
	2.7
	5.1
	10MHz

	100
	2.4
	1.5
	2.9
	1.4
	2.6
	20MHz


Table C12: Control signaling and RS overhead on PUSCH(MCS9, average UE@Case 1)

	# of RBs
	Overhead(%) of Mode 1-2
	Overhead(%) of Mode 2-0
	Overhead(%) of Mode 2-2
	Overhead(%) of Mode 3-0
	Overhead(%) of Mode 3-1
	Comments

	1
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	2
	100.0
	100.0
	100.0
	100.0
	100.0
	 

	3
	100.0
	76.6
	100.0
	73.2
	100.0
	 

	4
	85.3
	61.0
	97.8
	58.5
	88.6
	 

	5
	71.1
	51.7
	81.1
	49.7
	73.8
	 

	6
	61.6
	45.4
	70.0
	43.8
	63.9
	 

	7
	54.9
	41.0
	62.0
	39.6
	56.8
	1.25MHz

	8
	49.8
	37.7
	56.1
	36.4
	51.5
	 

	9
	45.8
	35.1
	51.4
	33.9
	47.3
	 

	10
	43.3
	33.4
	48.4
	32.4
	44.7
	 

	25
	25.6
	21.7
	27.6
	21.3
	26.1
	5MHz

	50
	20.0
	18.0
	21.0
	17.8
	20.2
	10MHz

	100
	17.2
	16.2
	17.7
	16.1
	17.3
	20MHz


Annex D:  Feedback frequency [8]

Focusing on the 70-percentile, it can be observed that it is safe to perform PMI adaptation every 4-5 sub-frames in order to ensure proper operation at up to 30kmph, assuming no PUCCH feedback of PMI. We can expect an Aperiodic PUSCH feedback frequency reduction if PUCCH feedback is also used.
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Figure D1: CCDF of rank and PMI adaptation interval for 4x2 systems, geometry = 0 dB
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