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1 Introduction

Dynamic aperiodic sounding reference signals (SRS) have been agreed as an UL sounding enhancement for LTE-A.  At the RAN1#61 meeting, it was agreed that one-shot SRS transmission is supported [1].  At the RAN1#62 meeting, it was further agreed that Rel-8 (time/frequency/code) SRS resources are re-used for aperiodic sounding and cell-specific SRS configuration parameters are applicable to both periodic and aperiodic sounding [2].  Though that agreement specifies that aperiodic SRS is transmitted in cell-specific SRS subframes, it does not address the issue of how partitioning might be performed to separate periodic and aperiodic transmissions.  Though it should be up to eNB implementation as to whether (and how) discrete partitions are formed between periodic and aperiodic resources, it is still necessary to examine the issue at this stage to determine if any standardization is needed that would improve the eNB flexibility in this area.  In this contribution, we examine potential benefits related to subframe-based partitioning between periodic and aperiodic SRS transmission. 
2 Non-Partitioned Resources for Periodic and Aperiodic SRS
In Rel-8/9, dimensions of frequency, time, and code division are used to orthogonally multiplex different UEs onto a limited amount of sounding resources.  The signalling mechanism used to achieve this uses a combination of broadcast signalling of the cell-specific parameters and higher-layer signalling of the UE-specific parameters.
For Rel-10, the question becomes whether to employ a similar approach for the signalling of aperiodic resources.  One possibility for aperiodic sounding is to simply treat the entire set of periodic resources that are currently signalled through broadcast as a superset of both periodic/aperiodic resources for Rel-10 UEs.  In this case, the only RRC signalling that is required is that associated with the configuration of any aperiodic parameters that might require a value different from that of the periodic parameters.  The primary benefits of using this methodology are that no changes are required to the cell-specific broadcast parameters and all unused sounding resources by periodic SRS are available for trunking the aperiodic sounding transmissions.  The primary drawback to this methodology is that it is difficult to perform narrowband sounding across the entire band in a predictable timeframe.  This is caused partly by the fact that the number of vacant resources available for aperiodic sounding can change from subframe to subframe based on the loading of the periodic transmissions.  It is also caused by the fact that no single hopping pattern will typically be valid in every sounding subframe when the periodic sounding transmissions are configured with a mixture of different sounding periods.
This drawback is illustrated in Figure 1, which shows one of the three possible methods of multiplexing UEs with different sounding periods.  In the illustration, a cell-specific sounding subframe occurs every 10 ms, thus creating a sounding interlace of period 10 ms.  This 10-ms interlace is further decomposed into multiple sub-interlaces of periods 20 ms, 40 ms, 80 ms, 160 ms, and 320 ms by using appropriate subframe offsets.  Also shown in the illustration is a 10 ms hopping pattern (in yellow) for comparison.  Note that even though the sounding resources are occurring at a 10 ms interval, the 10 ms hopping pattern does not provide the UE with the appropriate bandwidth location in every subframe since each subframe corresponds to a different fundamental period.  In this case, the probability that an aperiodic transmission of bandwidth mSRS,n aligns with existing periodic transmissions of the same bandwidth is dependent upon the fraction of bandwidth assigned to periodic transmissions of that bandwidth within a given subframe.  For this example, those probabilities are 0.5 for the half bandwidth case and 0.25 for each of the one-fourth and one-twelfth bandwidth cases.
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Figure 1:   Multiple Interleaved Sounding Periods (Top) & A 10 ms Hopping Pattern (Bottom) 

Although this example illustrates the case of a single interlace being split into multiple sub-interlaces, the other two methods of multiplexing (i.e., cyclic shift multiplexing within a single interlace and time-division multiplexing by placing different periods on their own interlace) suffer from related problems since a single hopping pattern will not be valid in general for all sounding subframes.  
3 Subframe-Based Partitioning
As discussed in Section 2, when the periodic and aperiodic transmissions occur in the same sounding subframes,  there is a high probability that the available sounding resources in the frequency domain do not match the one configured for  aperiodic SRS through higher layer.  When frequency hopping is enabled for aperiodic SRS, it is generally not possible to configure a single aperiodic hopping pattern that will correctly align the bandwidth locations of narrowband aperiodic transmissions with like-bandwidth locations of existing periodic transmissions in every sounding subframe.  One problem associated with this is that it can be difficult to sound across the entire bandwidth in a reasonable timeframe since the resources indicated by the aperiodic configuration can be mismatched in a given subframe, thus preventing the eNB from triggering a channel update in a particular portion of the bandwidth during this opportunity.  The eNB will then have to wait for the next opportunity for which the aperiodic hopping pattern indicates the same bandwidth location, and even then, there is a possibility that the resource bandwidths will be mismatched and further delay will occur.  One possible solution to this problem is to indicate separate subframe-based partitions for aperiodic and periodic transmissions.  This is discussed in the following subsections.
3.1 Subframe Based SRS Resource Partitioning
One of the possible partitioning methods is to divide the cell-specific SRS subframes into two subsets, one for periodic SRS and the other for aperiodic SRS, with the aperiodic partition only being meaningful to the Rel-10 UEs.  Some possible partitions are shown in Table 1 in the Appendix, where srs-Subframe-Config is the existing Rel-8 cell specific subframe configuration parameter and is used to inform all UEs (Rel-8/9 and Rel-10) about the total cell-specific SRS subframe configuration while periodic-srs-Subframe-Config  is used to inform only Rel-10 UEs about the SRS subframes configured for periodic SRS. The same cell-specific SRS subframe configuration table in Rel-8 can be used for this purpose.  The cell-specific aperiodic SRS subframes are not explicitly signalled in this case, but are derived by subtracting the cells-specific periodic SRS subframes from the total cell-specific SRS subframes. This allows the eNB to partition the SRS subframes between periodic and aperiodic SRS flexibly based on different deployment scenarios while maintaining backward compatibility to Rel-8 UEs.

Using partition #2 in Table 1 as an example, srs-SubframeConfig#0 is broadcast to all the UEs.  In addition, periodic-srs-SubframeConfig #2 is broadcast to only Rel-10 UEs to indicate the partition between periodic and aperiodic SRS subframes.   In this particular example, 100% of the subframes are configured as cell-specific SRS subframes,  half of which are configured for periodic SRS (i.e. subframes # 1,3,5,7,9) and the other half for aperiodic SRS (i.e. subframes # 0,2,4,6,8).   Using partition #47 as another example, srs-SubframeConfig #14 is broadcast to all UEs, while periodic-srs-SubframeConfig #4 is broadcast to only Rel-10 UE to indicate the subframe partition.  In this case, 80% of the subframes are configured for SRS, whereas 20% are configured for periodic SRS and 60% are for aperiodic SRS.   

It can be seen from Table 1 that such a partitioning method provides many possible combinations with different subframe usage ratios between periodic and aperiodic subframes, It keeps the same overall SRS resource allocation capability of Rel-8/9 in terms of percentage of subframes and subframe offsets configured for SRS. It allows flexible semi-static partitioning of the total cell specific SRS resources between periodic and aperiodic SRS based on different deployment scenarios. It also enables aperiodic SRS frequency hopping without the need of dynamically signalling the frequency domain resources.
3.2  Frequency Hopping Support 
With the above cell specific SRS subframe partitioning, it is much simpler to schedule aperiodic SRS transmissions for multiple UEs in the same subframe.  The scheduling delay is deterministic and predictable.  In addition, frequency hopping patterns can be assigned to the cell-specific aperiodic SRS subframes as shown in  Figure 2.  Unique frequency hopping patterns are determined for a given aperiodic SRS configuration such as SRS bandwidth, SRS hopping bandwidth, and frequency position.   The hopping subframe index starts at the first aperiodic subframe in system subframe 0 and increments at each of the subsequent aperiodic SRS subframes (regardless of actual aperiodic SRS assignments).  The frequency location varies as a function of the hopping subframe index according to a predetermined pattern that is known by all Rel-10 UEs and the eNB. 
Since a Rel-10 UE knows the cell-specific aperiodic SRS subframes and thus the hopping subframe index for a given aperiodic subframe, it is able to calculate the frequency domain location of its aperiodic SRS transmission when it is triggered or scheduled.   For example, when aperiodic SRS for a UE is triggered at subframe 1 of system frame 1 or at subframe 4 of system frame 2, the UE can easily determine the frequency location for aperiodic SRS transmission on the two subframes (shown in blue in Figure 2). 

[image: image2]
Figure 2:    Frequency hopping support for aperiodic SRS 

In case of multi-shot aperiodic SRS, a UE can similarly determine the subsequent subframes and the starting frequency location in each of those subframes for aperiodic SRS transmission according to the hopping subframe index and the predetermined hopping pattern. This hopping scheme allows for uplink sounding over a wider bandwidth with narrow-band aperiodic SRS transmission without the need of dynamically signalling the frequency domain locations, and thus less signalling overhead is required. 

4 Summary 
To facilitate aperiodic SRS scheduling by the eNB and to reduce or eliminate the overhead for dynamic signalling of aperiodic SRS resource allocation, subframe-based cell-specific SRS resource partitioning between periodic and aperiodic SRS should be supported. 
Proposals:

· Subframe-based, cell-specific SRS resource partitioning between periodic and aperiodic SRS should be supported
· Aperiodic SRS transmission should support frequency hopping.
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6 Appendix

6.1 Example of subframe-based cell specific SRS resource partitioning  
Table 1.  Some examples of possible subframe-based SRS resource partitions (“p” indicates subframes for periodic SRS while “a” indicates subframes for aperiodic SRS) 
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