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1 Introduction

One of the outstanding issues regarding the definition of dynamic aperiodic sounding reference signals (SRS) is whether to support durations other than single-shot.  At the RAN1#61 meeting, several contributions showed that multi-shot sounding could produce performance gains [1][2].  At the RAN1#61bis meeting, we showed that configurable durations were preferential to the use of repeated single-shot triggering due to the impact on PDCCH loading when the uplink traffic is dominated by bursty traffic with small uplink payloads [3].  In this contribution, we examine the impact to PDCCH overhead at the individual payload level to gain a better understanding of the expected impact to the PDCCH each time multiple single-shot triggers is employed to emulate multi-shot sounding.
2 Implementation Methodology Definitions  
The impact to PDCCH loading is a function of the methodology used to implement the extended sounding duration, the characteristics of the uplink traffic that needs to be conveyed, and the uplink transmission capability of the UE needing to convey the uplink traffic.  One of the primary use cases for aperiodic sounding is for the purpose of conserving sounding resources when dealing with bursty traffic models.  In the following subsections, a possible implementation for each methodology is described before examining the relative impact on PDCCH overhead in Section 3 for a range of uplink packet sizes.  
2.1 Method A:  Repeated Use of Single-Shot Triggering
Method A consists of the repeated use of single-shot triggering to emulate multi-shot sounding.  The methodology assumed for this approach is illustrated in Figure 1.
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Figure 1  Expected Implementation Methodology for Repeated Use of Single-Shot Triggering
As depicted in Figure 1, the following process is assumed:
· Data arrives in the UE uplink buffer.  A scheduling request (SR) is transmitted in subframe i.

· At subframe i+4, the eNB sends the first uplink grant (UG), which is assumed to have a conservative allocation due to a lack of knowledge regarding the uplink buffer status.  This uplink grant also triggers the first uplink sounding transmission, depicted in Figure 1 as occurring in subframe i+8.  Note that in the event that not every subframe is a sounding subframe, but rather only every Rth subframe is a sounding subframe, then the actual SRS transmission may be delayed by d subframes, where d is uniformly-distributed in the range [0,R-1].
· The eNB also sends N-1 additional uplink grants to the UE in order to trigger additional soundings in order to emulate multi-shot sounding of duration N (i.e. N SRS transmissions).  These are depicted in Figure 1 as beginning in subframe i+5 and being transmitted in consecutive subframes, but depending upon the values of d and R and the scheduling methodology, these could each be delayed so that each uplink grant occurs 4 subframes before the next available sounding subframe.  In such cases, some number of these uplink grants could be delayed sufficiently so that they overlap the P1 uplink grants that occur beginning in subframe i+12 after the eNB receives the BSR.  In this case, only N’ = min{N,ceil((8-d)/R)} (where it is assumed than N<=8, R<=8) uplink grants will be needed to emulate the initial multi-shot sounding as the remaining sounding triggers can be performed using the P1 uplink grants illustrated as beginning in subframe i+12.
· In subframe i+8, the UE responds to the initial allocation by sending a BSR and uplink data.  The UE also sends the first aperiodic SRS transmission in this subframe.  Again, the aperiodic SRS transmission may be delayed by d subframes if R>1.
· In subframe i+9, the UE is depicted as beginning to send the remaining N’-1 uplink data transmissions and aperiodic sounding transmissions in response to the N’-1 uplink grants that are used to emulate multi-shot triggering.  Again, depending upon the values of d and R, these transmissions may each be delayed relative to the positions depicted in Figure 1.

· In subframe i+12, the BSR has been received and the eNB begins making the first of P1 uplink allocations in order to deplete the uplink buffer.  It is assumed that at this point, the eNB will be able to trigger additional soundings as necessary using the P1 uplink grants.  
· In subframe i+16, the UE begins making the first of P1 uplink data transmissions in order to deplete the uplink buffer.  Additional sounding transmissions may occur at or after subframe i+16, but are not depicted.
2.2 Method B:  Multi-Shot Triggering Using RRC-Configured Durations

Method B is illustrated in Figure 2.
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Figure 2  Expected Implementation Methodology for Multi-Shot Sounding Using Configurable Durations
As depicted in Figure 2, the following process is assumed:

· Data arrives in the UE uplink buffer.  A scheduling request (SR) is transmitted in subframe i.

· At subframe i+4, the eNB sends the first uplink grant (UG), which is presumed to be conservative due to lack of knowledge regarding uplink buffer status.  This uplink grant also triggers the N SRS transmissions, depicted in Figure 1 as beginning in subframe i+8.

· In subframe i+8, the UE responds to the initial allocation by sending a BSR and uplink data.  The UE begins transmitting the series of N sounding transmissions.  Again, these are depicted to occur beginning in subframe i+8 and transmitting in consecutive subframe, but depending upon the values of d and R, each sounding transmission may be delayed appropriately.
· In subframe i+12, the BSR has been received and the eNB begins making the first of P2 uplink allocations in order to deplete the uplink buffer.  It is assumed that at this point, the eNB will be able to trigger additional soundings as necessary using the P1 uplink grants.  
· In subframe i+16, the UE begins making the first of P2 uplink data transmissions in order to deplete the uplink buffer.  Note that P2 may be different than P1 due to the additional PUSCH allocations that occur initially in order to emulate the multishot sounding.
3 PDCCH Overhead Analysis
For the PDCCH overhead analysis, the following is assumed:
· Once the BSR has been received, the eNB begins making allocations in consecutive subframes until the uplink buffer is depleted, thus implying that any subsequent sounding transmissions that are desired can be triggered by simply setting the appropriate bit in these uplink grants (i.e., no additional allocations are made for the primary purpose of triggering aperiodic SRS).
· The size of the data traffic in the uplink buffer reported by BSR is denoted by , which is a continuous variable representing the number of RBs that must ultimately be assigned for uplink transmissions in order to fully deplete the uplink buffer, assuming a transmission rate averaged over all RBs transmitted after the BSR has been received.
· The number of sounding transmissions required to adequately sound the channel for frequency-selective scheduling purposes is defined as N (i.e., the multi-shot sounding duration).

· The power headroom associated with a UE is measured in terms of W, the number of RBs that can be allocated within a single subframe to the UE due to power headroom constraints.  In the following analysis, it is assumed that the uplink payloads are small enough so that W remains constant during the duration of the packet transmission, but W could be viewed as an average over the P1/P2 subframes used to convey the uplink buffer.
· The sounding interval is given by parameter R, where R=1 indicates the UE can sound in every subframe, R=2 indicates every other subframe, etc.

· The contents of the BSR are not available for scheduling until subframe i+12, assuming that the BSR is transmitted in subframe i+8.
· A scale factor  is used to account for the average reduction in throughput per RB for uplink PUSCH transmissions sent prior to obtaining the BSR using method A.  This scale factor accounts for the loss of traffic throughput due to the combination of overheads such as BSR and a conservative MCS due to the reduced channel information.  Similarly, a scale factor  is used to account for the average reduction in throughput per RB for uplink PUSCH transmissions sent prior to obtaining the BSR using method B.  
· Define M as the number of RBs allocated per uplink grant for each of the uplink allocations made prior to receiving buffer status information at the eNB. 
· Define inc as the PDCCH overhead increase factor for Method A compared to method B.
Based on these assumptions, the average increase in PDCCH overhead 
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, as a function of payload size, sounding frequency, sounding duration, and uplink headroom is given by (1).  The derivation is included in the appendix.
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(1)

Equation (1) was evaluated for a range of uplink buffer sizes, sounding durations, sounding intervals, and power headroom values.  In all cases, an allocation of a single RB was assumed for uplink grants prior to receiving the BSR (i.e., M=1) and the scale factors used to account for the average reduction in RB throughput prior to obtaining channel knowledge was set to 0.5.  Figure 3 summarizes the results for the case where the sounding interval is 2 subframes, the uplink allocation is limited to 4 RBs, and the sounding duration is equal to 2, 3, and 4 sounding subframes.  Additional results are provided in the appendix.  
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Figure 3 Average PDCCH Overhead Increase Factor for R=2, W=4, and Different Sounding Durations
As can be seen in Figure 3 and the appendix, each time single-shot triggering is employed to emulate multi-shot triggering, the PDCCH overhead can easily be increased by 50% to 100% for small-to-medium uplink payloads, relative to the PDCCH overhead expected from configurable durations.
4 Summary 

This contribution examined the impact to PDCCH overhead resulting from the use of single-shot triggers to emulate multi-shot sounding.  It was shown that for small-to-medium uplink payloads, the PDCCH overhead is increased by 50% to 100% each time the technique is employed to obtain wideband channel information.  Thus, configurable durations are the methodology preferred for implementing multi-shot sounding.
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6 Appendix

6.1 Derivation of PDCCH Loading Impact

Assumptions:

· If the SR is transmitted in subframe i, the first uplink grant is transmitted in subframe i+4,

· If the first uplink grant is transmitted in subframe i+4, the first uplink data transmission occurs in subframe i+8,
· The SRS triggered by the first uplink grant is transmitted at the nearest sounding reference subframe equal to or greater than subframe i+8, which may be delayed relative to the transmission of the first uplink data transmission by d subframes, where d is randomly selected from a discrete uniform distribution containing the points {0,1,…R-1} 
· Any subsequent uplink grants prior to receiving the BSR are transmitted 4 subframes prior to the next available sounding subframe.
· 
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Based on these assumptions, the ratio of PDCCH overhead of Method A relative to Method B, for a given value of d is:
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(5)

Substituting (3), (4), and (5) into (2) and averaging across all values of d yields the average increase factor,
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6.2 Additional Evaluation Results of PDCCH Overhead Increase Factor
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Figure 4  PDCCH Overhead Increase Factor for R=1
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Figure 5  PDCCH Overhead Increase Factor for R=2
[image: image15.emf]0 10 20

1

1.5

2

Avg PDCCH Increase

R=3, N=2

 

 

W=1

0 10 20

1

1.5

2

Avg PDCCH Increase

 

 

W=2

0 10 20

1

1.5

2

Avg PDCCH Increase

 

 

W=3

0 10 20

1

1.5

2

Avg PDCCH Increase

Buffer Size, in RBs

 

 

W=4

0 10 20

1

1.5

2

2.5

3

Avg PDCCH Increase

R=3, N=3

 

 

W=1

0 10 20

1

1.5

2

2.5

3

Avg PDCCH Increase

 

 

W=2

0 10 20

1

1.5

2

2.5

3

Avg PDCCH Increase

 

 

W=3

0 10 20

1

1.5

2

2.5

3

Avg PDCCH Increase

Buffer Size, in RBs

 

 

W=4

0 10 20

1

1.5

2

2.5

3

Avg PDCCH Increase

R=3, N=4

 

 

W=1

0 10 20

1

1.5

2

2.5

3

Avg PDCCH Increase

 

 

W=2

0 10 20

1

1.5

2

2.5

3

Avg PDCCH Increase

 

 

W=3

0 10 20

1

1.5

2

2.5

3

Avg PDCCH Increase

Buffer Size, in RBs

 

 

W=4

0 10 20

1

1.5

2

2.5

3

Avg PDCCH Increase

R=3, N=8

 

 

W=1

0 10 20

1

1.5

2

2.5

3

Avg PDCCH Increase

 

 

W=2

0 10 20

1

1.5

2

2.5

3

Avg PDCCH Increase

 

 

W=3

0 10 20

1

1.5

2

2.5

3

Avg PDCCH Increase

Buffer Size, in RBs

 

 

W=4


Figure 6  PDCCH Overhead Increase Factor for R=3
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Figure 7  PDCCH Overhead Increase Factor for R=4
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Figure 8  PDCCH Overhead Increase Factor for R=5
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