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1 Introduction

In RAN WG1#46bis discussions, along with frequency selective transmission of PUSCH, the use of frequency hopping was decided to obtain frequency diversity gain for frequency non-selective transmission of PUSCH. In this contribution, we discuss the multiplexing of both frequency selective UEs and frequency non-selective UEs. Then we discuss two multilevel hopping schemes which maintain a single carrier property. 
2 Multiplexing of frequency selective/hopping transmission in PUSCH
As per the decision in RAN WG1#46bis, the multiplexing structure to support both frequency selective and non-selective transmission without collision needs to be discussed before dealing with detailed hopping structures. For this issue, two options can be considered, TDM and FDM as illustrated in Figure 1.
 As we discussed in [1], the advantage of TDM over FDM is the increased frequency selective/hopping gain since it utilizes whole system bandwidth in a sub-frame. TDM will achieve higher peak data rate than FDM, since allocating whole bandwidth to UE is possible if needed. 
In case of FDM, it can provide finer granularity in the portion of frequency hopping bands and frequency selective scheduling bands, since it would be allocated with the unit of RB. Providing the finer resolution may be important in the wider system bandwidth. 

To achieve the increased frequency selective/hopping gain and the higher peak data rate, it is preferred to use TDM structure. But in the wider system bandwidth, FDM structure may be needed for the fine resolution of the resource allocation. In case of FDM, we prefer FDM structure like Figure 1(a) to maximize the frequency diversity by hopping across side sub-bands while keeping the single carrier property of the localized transmission in uplink.
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Figure 1. Examples of the multiplexing between FH bands and FSS bands in PUSCH
3 Hopping structures
In this section, we investigated the desirable hopping scheme for PUSCH transmission. Firstly, followings need to be taken into account in the design of hopping schemes 

· In case of allocating multiple RBs, the use of consecutive RBs should be maintained after hopping. Otherwise, the single carrier property will be violated. 

· Number of hopping patterns should be enough to achieve frequency diversity and inter-cell interference (ICI) randomization effects
Because of the single carrier property, it seems difficult to apply a general hopping scheme with which each RB hops almost randomly. Instead, a possible way to preserve the single carrier property would be that hopping occurs between groups of RBs to be scheduled, i.e. a group of RBs is a basic hopping unit. Furthermore, to allow allocation of different numbers of RBs to multiple UEs with hopping, a kind of multi-level hopping can be considered, where a set of hopping units constitute a mother hopping unit. An example structure is shown in Figure 2.
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Figure 2. Hopping structure
In Figure 2, each hopping level consists of a set of hopping units. The hopping units of the same level have the equal size (number of RBs). On the other hand, the hopping units of different levels have different sizes. In Figure 2, the size of hopping unit is 12 RBs, 6 RBs, 3 RBs, and 1 RB for level 1, 2, 3, and 4, respectively. The hopping unit is denoted by
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, where i1…im represents the index of hopping unit at level m.
We suppose that the index of a RB allocated to a certain UE at time n is denoted as K(n), which can be expressed as follows:

K(n)=k1(n)·12 + k2(n)·6 + k3(n)·3 + k4(n)
where k1(n), k2(n), k3(n), and  k4(n) represent the position of hopping units at level 1, level 2, level 3, and level 4, respectively. k1(n), k2(n), and k3(n) can take one value from 0 or 1. At level 4, k4(n) can have one value among 0, 1, and, 2. The multilevel hopping is performed by applying the hopping for each level, i.e. the values of k1(n), k2(n), k3(n), and  k4(n) independently change at every hopping instance. 

Now we can define a multilevel hopping sequence with M levels as HM(n), where n is the time index. Then HM(n) is expressed as HM(n) = (h1(n), h2(n), hm(n), …, hM(n)), where hm(n) indicates the amount of hopping at level m. The number of possible values of hm(n) equals to the number of hopping units at level index m. In Figure 2, h1(n), h2(n), h3(n) can be one value of 0 or 1. h4(n) can have one value from 0, 1, and 2. These values represent the amount of hopping at the corresponding level.
Then the hopped position of RB at time n+1 is defined as following equation:

K(n+1)= k1(n+1)·12 + k2(n+1)·6 + k3(n+1)·3 + k4(n+1)
= {(k1(n)+ h1(n))mod 2}·12 + {(k2(n)+ h2(n))mod 2}·6 + {(k3(n)+ h3(n))mod 2}·3 +{(k4(n)+ h4(n))mod 3}
To satisfy the single carrier property, only a set of RBs corresponding to a hopping unit 
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at a level m should be allocated to a scheduled UE. For example, if m = 2 and R00 is allocated, the corresponding RB indices are {0, 1, 2, 3, 4, , 5}. 

Defining different hopping function at each level facilitates generation of a set of multilevel hopping sequences. In this example, the number of hopping possibilities from a time instant to another one is 24, i.e. 2 hopping possibilities at level 1, 2 hopping possibilities at level 2, 2 hopping possibilities at level 3, and 3 hopping possibilities at level 4.

Assuming the settings above, if RB0 (hopping unit R0000) is allocated to UE4, k1(n), k2(n), k3(n), and  k4(n) are 0, 0, 0, and 0, respectively. If the multilevel hopping sequence is given as H(n)=(1, 0, 0, 1), after hopping, k1(n+1), k2(n+1), k3(n+1), and  k4(n+1) become 1, 0, 0, and 1, respectively. Eventually, the position of the used RB after hopping is expressed as K(n+1) = 13, which corresponds to RB 13, i.e. R1001. For all RBs, the value of elements in HM(n) decides the hopping unit at each level in the similar way shown in this example. 
Since the resource allocation unit should be the same as the hopping unit, this structure gives the limitation on the resource allocation. For example, the allocation across R0002 (RB 2) and R0010 (RB 3) at level 4 is not allowed. 
To increase flexibility of allocation, we introduce a modified hopping structure. In Figure 3, hopping at level 1and level 2 has the same hopping structure with the structure in Figure 2. On the other hand, the hopping structures in level 3 and level 4 are not applied. By doing this, the resource allocation within hopping units at level 2 does not have the limitation mentioned above, i.e. the allocation across RB 2 and RB 3 at level 4 is allowed. As a result, the resource allocation flexibility is improved compared to the approach shown in Figure 2. However, it should be noted that the possible number of hopping patterns will be reduced, since the hopping is done with only 2 levels. 
   [image: image5.emf]1 RB

LEVEL

1

2

R0 R1

1 HARQ RTT

1

st

subframe

2

nd

subframe

3

rd

subframe

4

th

subframe

R

00

R

10

R

01

R

11

UE2 UE3 UE4 UE1

: Hopping unit R

index

0 1 2 3 4 5 6 7 8 9 101112 131415 16 1718 192021 2223


Figure 3. Modified hopping structure
4 Conclusion

We discussed multilevel hopping schemes for the frequency hopping in PUSCH transmission. The multilevel hopping scheme guarantees the single carrier property along with the frequency/interference diversity gain. The modified hopping is also introduced to support the improved flexibility in the resource allocation. We propose that RAN1 adopts the multilevel hopping scheme as a way to support the hopping in PUSCH. 
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