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1. Introduction
Sounding RS enables time and frequency – domain scheduling, which is one of the reasons why it constitutes a RAN1 working assumption for EUTRA. Because of the inevitable time delay between channel sounding and the follow – up scheduled transmission, channel quality indicator (CQI) estimate, obtained from sounding, can be expired or stale, which is more pronounced for faster UEs. Thus, (somewhat) faster UEs need to have more frequent sounding in order to maintain the fresh CQI at the NodeB. For instance, since the sub-frame rate is 1000Hz, for a UE with a Doppler of 200Hz, propagation channel for every 5-th sub-frame can be considered independent. In such example, if channel adaptive modulation and coding (AMC) is to be performed, the said UE should sound practically every sub-frame or every other sub-frame. Finally, it should be noted that such objective, of maintaining a fresh CQI at the NodeB, can be impossible to reach for very fast UEs [Doppler of 200Hz and more], where channel can change substantially from one sub-frame to the next. Thus, for such very fast UEs, a slow rate, infrequent sounding can be performed. Thus, slower UEs naturally ought to sound less frequently. As the UE speed increases, the sounding period should reduce, but only up to a point. Very fast UEs should abandon the goal of maintaining a fresh CQI, and should thus sound less frequently. 
As a simplest solution, it is certainly feasible to configure any given cell with a common sounding period for each UE, and for each sounding resource. However, in practice, any given cell can contain UEs with a disparate set of velocities [disparate Doppler spreads], and thus, an efficient allocation of sounding resources, to UEs, would be in accordance to the set of UEs velocities. Such allocation would enable efficient utilization of sounding resources. In the proposed allocation, very slow UEs sound only once per several [or more] sub-frames, whereas intermediate speed UEs sound once per few sub-frames, etc. Such allocation, however, is not straightforward, and is not always possible. For example, it is mathematically impossible to share a common sounding resource between two UEs, where one UE sounds with a period of 2 sub-frames, and the other UE sounds with a period of 3 sub-frames. Consequently, this paper discusses method of constructing and simultaneously using different sounding periods in a given cell, where each sounding period can be tailored to a velocity for a UE or a subset of UEs. 
2. Option 1: Associate Only One Sounding Period to Each Sounding Resource
For a given contiguous chunk of bandwidth, there can be at most 12 sounding resources, which are defined for any given OFDM symbol. This sounding capacity, which is the number of sounding resources [with CDM, FDM, or Hybrid multiplexing], is a fundamental limitation, determined by the ratio of the OFDM symbol duration and the channel delay – spread. Any sounding resource can be defined by a sequence index, specific cyclic shift, and a repetition factor (RPF), all of which can vary across time, to enable hopping. Thus, a given fixed sounding resource is defined by one value for (sequence index, cyclic shift, RPF) at one sub – frame (or slot), and potentially another value for (sequence index, cyclic shift, RPF) in subsequent time – slots. This sounding resource can be TDM-shared across UEs.  
One solution to the problem of tailoring the sounding period, to the UE speed, is to associate only one sounding period to each sounding resource. Thus, all UEs which are time – sharing a common sounding resource do so with a common sounding period, but with different offsets. Furthermore, different sounding resources can have different sounding periods, which allows for a certain amount of flexibility in tailoring sounding periods in accordance to UEs Doppler spreads. Thus, UEs whose Doppler spreads are relatively close can share one sounding resource, and with one sounding period. An example of this solution is summarized in the Table 1 below.  
	
	Sounding Resource Index
	Sounding Period [sub-frames]
	UE Doppler [Hz]
	

	
	1
	20
	200 Hz +
	

	
	2
	10
	0 – 10
	

	
	3
	10
	0 – 10
	

	
	4
	10
	0 – 10
	

	
	5
	7
	10 – 30
	

	
	6
	7
	10 – 30
	

	
	7
	7
	10 – 30
	

	
	8
	5
	30 – 100
	

	
	9
	5
	30 – 100
	

	
	10
	5
	30 – 100
	

	
	11
	2
	100 – 150
	

	
	12
	1
	150 – 200
	


Table 1: An Example of Allocating One Sounding Period to Each Sounding Resource

Table 1 describes how each sounding resource can be used with only one sounding period, while different sounding resources can have different sounding periods. Naturally, Table 1 is just exemplary of sounding resource management, and can be adapted depending on the percentage of fast or slow UEs, etc, for more efficient utilization of sounding resources. The described solution, however, is not the most efficient, because it requires only one sounding period for any given sounding resource. Such solution becomes inefficient when it becomes inevitable to multiplex UEs with substantially different Doppler spreads on a common sounding resource. For example, suppose a cell where all UEs, except for one, are relatively slow [0 – 10Hz Doppler]. Furthermore, suppose that the remaining faster UE could be in the 100 Hz range. In the described scenario, where one sounding period is used, the faster UE should once per 5 sub-frames. However, the restriction of “One Sounding Period to Each Sounding Resource” would force the other (slow) UEs, which share the one sounding resource with a faster UE, to sound once per 5 sub-frames. This is inefficient because slower UEs can afford to sound at a slower rate. The subsequent solution, which involves more complex resource management, allows for UEs to time-share a common sounding resource, but with disparate sounding periods, and thus enables more a efficient sharing of sounding resources.      
3. Option 2: Muxing of Different Sounding Periods on One Sounding Resource
3.1.  Multiplexing of Different Sounding Periods

Illustrative Example: In this example, we describe how three UEs can time-share a common sounding resource across consecutive sub-frames. For purposes of illustration, we assume that one out of three UEs [say UE1] is an “intermediate speed” UE, where two other UEs [say UE2 and UE3] are “slow UEs.” The UE1 sounds relatively frequently - every other sub-frame, because its channel varies faster. On the other hand, the UE2 and UE3 sound every fourth sub-frame. Sounding [sharing] pattern of three UEs can thus be  
… UE1 , UE2 , UE1 , UE3 | UE1 , UE2 , UE1 , UE3 ….  

Thus, UE1 sounds during sub-frames which are either “0 mod 4” or “2 mod 4.” The UE2 sounds during sub-frames which are “1 mod 4” and the UE3 sounds during sub-frames which are “3 mod 4.” Such sounding allocation is efficient because the sounding resource is utilized every sub-frame, and the allocation itself can be adapted to UE speeds. For example, if UE1 slows down [in future], then system can be reconfigured, so that UE1 uses the sounding resource only during “0 mod 4” sub-frames. 
General Structure: In order to time – share a common sounding resource, we assume that sounding for each particular UE is periodic (but re-configurable). By this, we mean that, any UE which performs sounding, is configured to do so in a periodic deterministic fashion. The sounding period of UE1 will be designated as s[1]. Note that it is impossible to time – share a common sounding resource with periods which are not multiples of each other. For example, as we noted above, it is impossible for two UEs to use s[1] = 2, and s[1] = 3. Thus, for the purpose of the proposed design, we will next define the set of possible sounding periods, where each distinct sounding period is a multiple of another [this is true for a particular sounding resource]. 

Specification [Possible Sounding Periods]: Let {M1, M2, …, MN} be any sequence of not necessarily different positive integers. Then, the set of possible sounding periods is defined as follows

( = {M1, M1M2, M1M2M3, …, M1M2 … MN}


(1)
If any two sounding periods are selected from the set Λ, one selected sounding period will be an integral multiple of another, or alternatively, two selected sounding periods will be identical. This property will enable multiplexing of different sounding periods as they will be multiples of each other. 

Next, we state a feasibility condition for time-sharing of any given sounding resource. Without loss of generality, let s[1] ≤ s[2] ≤ … ≤ s[K] be the set of desired sounding periods, where k-th sounding period s[k] is to be applied by the k-th UE. Here, all UEs are time-sharing a common sounding resource. Then, the time-sharing allocation for the sounding resource exists is an only if s[k] belongs to some set Λ, for some values of M1, M2 ,…, MN, and for every k from {1, 2, …, K}, and simultaneously, if it holds that
1/s[1] + 1/s[2] + … + 1/s[K] ( 1 


(2)
Thus, proposed design mandates the set of “possible sounding periods” to be Λ, with the structure as defined above. Given this particular set Λ, we note that for any pair of distinct sounding periods, one sounding period is an integral multiple of another. Furthermore, the collection s[1], s[2], …, s[K] is the collection of “used sounding periods,” where each s[k] belongs to the set  Λ of “possible sounding periods.” When and only when the strict equality holds in (2), then the sounding resource is fully utilized throughout all sub-frames. Such was the case with the introductory example above. 

3.2.  Multiplexing of Different Sounding Periods

In order to provide a design for multiplexing possibly different sounding periods, we now introduce the concept of a “Sounding Resource Sharing Tree” (SRST). The root vertex of the SRST will be labeled as v[0, 1] and the root vertex will have M1 children, which descend from the root vertex. Children of the root vertex will be labeled as v[0, M1], v[1, M1], …, v[M1-1, M1]. Each of these children (of the root vertex) will have M2 children of their own, each of which will have M3 children of their own, etc (until MN). In general, SRST tree is defined as follows:

Definition: The SRST tree is defined recursively, starting from the root vertex v[0, 1], which has no parent node. The root vertex v[0, 1] has M1 children: v[0, M1], v[1, M1], …, v[M1-1, M1]. Recursive relationship for generating remaining vertices of the SRST tree is: any vertex v[m, M1M2 … Mn] will have Mn+1 children v[m + qM1M2 … Mn, M1M2 … MnMn+1], where q = {0, 1, 2, …, Mn+1 - 1}. This recursive relationship, which fully defines the SRST tree, is shown in Figure 1. Example of a SRST tree is in Fig. 2. 
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Figure 1: Illustration of the Recursive Relationship which Defines the Sounding Resource Sharing Tree
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Figure 2: An Example of the Sounding Resource Sharing Tree

Vertices of the SRST tree are interpreted as follows: each vertex v[m, M1M2 … Mn] represents a potential sounding transmission, which is defined by the sounding period M1M2 … Mn and by the relative offset “m,” with respect to a common reference sub-frame. Note that each child vertex, which is labeled as v[m + qM1M2 … Mn, M1M2 … MnMn+1], for some q, only occupies a subset of sounding sub-frames from its parent vertex v[m, M1M2 … Mn]. Thus, if a particular vertex v[m, M1M2 … Mn] is actually used in the final allocation of sounding sub-frames, then no descendants [children, grand-children, …] of that vertex (vertex v[m, M1M2 … Mn]) are allowed to be re-used, in the final allocation [for other UEs].    

3.3.  Specification of the Sharing Configuration
Valid Sharing Configuration is any set X of vertices on the Resource Tree, so that no vertex from X descends from another vertex from X. Each vertex v[m, M1M2…Mn] from X, is allocated to a distinct UE, and consequently that UE sounds with a period M1M2…Mn and with a relative offset “m.” Consequently, Any Valid Sharing Configuration X solves the problem of time-multiplexing UEs with different sounding periods, on a common sounding resource. Thus, when each vertex from X is allocated to a different UE, then two desired goals are satisfied: first, each UE transmitter uses periodic sounding, and second, different UEs share the sounding resource across distinct sub-frames. An (under-utilized) example of Valid Sharing Configuration [for M1 = 3, M2 = 2, M3 = 2] is given in Figure 3.   
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Figure 3: An Example of Allocation on the Sounding Resource Sharing Tree
Thus, specifying period and offset of a particular sounding transmission [for a UE] amounts to specifying a vertex from the resource tree. A Valid Sharing Configuration is nothing more than a set of vertices, with the above stated properties. A greedy algorithm, which is guaranteed to converge, and which specifies a Valid Sharing Configuration starts from s[1] ≤ s[2] ≤ … ≤ s[K], which can be assumed without loss of generality [with the appropriate ordering permutation]. Following is the pseudo – code for the mentioned greedy algorithm 

Initialization: all vertices are available

for k = 1 to K do 


find an available vertex v[m, s[k]] from the list of available vertices 

put v[m, s[k]] into X 

remove v[m, s[k]] and all its descendents from the list of available vertices.

end

During each pass [value of “k”], the above greedy algorithm for selecting a Valid Sharing Configuration involves a selection, which is left up to implementer, for finding an available vertex v[m, s[k]], from the list of available vertices. This algorithm is just an example for finding a Valid Sharing Configuration, and other algorithms are clearly possible. Using basic combinatorial principles, it can be shown that the number of different available choices for a Valid Sharing Configuration is given as follows
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(3)
First term in above product is s[1], second term is s[2] - s[2]/s[1], third term is s[3] - s[3]/s[1] - s[3]/s[2] etc. Thus, a Valid Sharing Configuration is not unique, and a number of possible solutions exist. 
4. Conclusion
This document discusses possible options for time – sharing of sounding resources. Baseline option [Option 0] is the one which defines one common sounding period for all UEs and all sounding resources. This option is the simplest one, but it offers no flexibility in tailoring the sounding periods to individual velocities of UEs. On the other hand, Option 1 does allow for different sounding periods, as long as each individual sounding resource uses only one sounding period. Thus, Option 1 offers more flexibility in allocation of sounding periods across UEs. Finally, Option 2 for organizing the sounding resource manager offers the most flexibility in sharing of the sounding resources. It should be noted that Option 0 is a special case of Option 1, which is in turn special case of Option 2.    
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