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Resource Sharing of Multiple Underlaying D2D links and Uplink Cellular Communications
Xiaogang Ran,Ning Wei,Zhongpei Zhang
National Key Laboratory of Science and Technology on Communications of UESTC
Chengdu 611731, P.R.China 

I. Introduction 

DEVICE-TO-DEVICE (D2D) communication under-laying cellular networks can improve local service. In D2D communication, two physically close users transmit a data signal to each other over a direct link, instead of being relayed by a base station (BS), D2D communication may achieve higher data rates, lower power consumption, and more efficient resource (e.g., spectrum) utilization. Such a concept has recently been incorporated into IMT-Advanced systems as an important supplement to increase the spectral efficiency.
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Fig. 1. Multi-D2D links as an underlay share uplink resources of one cellular users.
D2D can share resources with cellular users orthogonally or non-orthogonally.In the orthogonal case, dedicated resources are allocated to D2D users, which, though no interference between cellular and D2D communication, cannot exploit the full potential of D2D communication to improve spectral efficiency. Therefore, non-orthogonal resource sharing has received much more attention. In the non-orthogonal case, D2D user and cellular user both cause interference to each other in the non-orthogonal case, which, therefore, calls for appropriate resource sharing designs with effective interference management.

In this article, we try to allocate one cellular user’s uplink radio resource to more than one D2D pairs while guaranteeing the performance cellular user, in order to maximum the spectral efficiency. Consider D2D communication as an underlay sharing uplink resources of a multi-user cellular system. Our goal is to design proper non-orthogonal resource sharing strategies, applicable to common cellular systems, such that the D2D links can maximally utilize one cellular resources and meanwhile the quality of normal cellular communication is guaranteed. We characterize the optimal resource sharing strategy by using a GP model. Further-more, we also propose two suboptimal resource sharing strategies with less complexity and signaling overheads. Finally, the effect of the proposed D2D resource sharing strategies is verified by proper numerical examples.

II. PROBLEM STATEMENT

We consider underlying D2D communication sharing uplink resources in a cellular system that consists of one cellular user and N pairs of D2D users as shown in Fig. 1, Without loss of generality, we assume that the all D2D links may reuse the cellular user’ frequency bands for direct transmission. The  
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Denote the channel from the cellular user to the BS by 
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 , and the channel from the cellular user to the D2D receiver 
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, and the channel from the D2D transmitter  
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. We denote the power of the Additive White Gaussian Noise (AWGN) at the receiver by 
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, and the assigned transmit powers of the cellular and the D2D link 
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, respectively. Due to the coexistence of cellular and D2D users on the same frequency band, the throughputs of the cellular user and theD2Duser are given respectively by:
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And the sum rate equations for non-orthogonal sharing of all the D2D links:
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, by summing up rates from the cellular link and the D2D link in general., the cellular users’ links may have higher priorities than the D2D communication that was basically introduced as an optional service of cellular systems [1], [2].Therefore, the resource sharing between the cellular and D2D users must be elegantly designed so that the D2D can achieve the maximum benefit while the cellular users’ requirements are always satisfied. To meet this goal, we maximize the throughput of the D2D links with a group of QoS constraints imposed by the cellular user, by properly choosing the transmit power p of the cellular and D2D users, respectively. The problem is formulated as:

                                Maximize  
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Subject to     
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where  
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  is the maximum power of the cellular user and the D2D user respectively,  
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 is the QoS threshold of cellular user. Finding the optimal resource sharing strategy is a challenging task, as it is not difficult to see that (4) is a non-convex problem since both 
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, Despite this difficulty, in this paper we capitalize on geometric programming   to the optimal solution to (4), and we also provide two suboptimal but simple resource sharing schemes.

III. OPTIMAL RESOURCE SHARING 

Geometric Programming

First, We provide a brief introduction on geometric programming. A monomial is a function 
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  is the strictly positive quadrant of  .. is a constant, and  
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Then, a geometric program in standard form is written as:

Minimize 
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GP in standard form is not a convex optimization problem, because posynomials are not convex functions. However, with a logarithmic change of all the variables and multiplicative constants, we can turn the GP in convex form, and the convex optimization problem can be solved by approaches,like interior-point methods. We use MOSEK to solve the GP problem.

Guaranteed rate of cellular user

The original problem is equivalent to the following one:

                                                          Minimize  
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Let 
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Now, the optimization problem in (4) can formulated as follows:

                                   Minimize 
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Inspecting(7), we see that the constraints are monomials(and hence posynomials),but the objective function is a ratio of posynomials, we can turn it into the following form:
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Where 
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And (8) is not a GP in standard form, but a signomial programming(SP)[9].SP problems can be solved by solving a series of GPs. To transform it to standard form, approximating the denominator posynomial of (4) by a monomial. Then the ratio of a posynomial and a monomial is still a posynomial.

Recall the arithmetic-geometric mean inequality:
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Denote the denominator posynomial,
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We finally get the desired result:
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Optimization subject to highest rate constraints

Practical considerations of communication systems require setting a highest achievable spectral efficiency due to the limitation caused by the supported MCSs. So, An upper limit on the link spectral efficiency,  
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 bps/Hz, is further assumed. We consider the rate constraints in the Signal to Interference plus Noise Ratio (SINR) domain by assuming that an SINR higher than a maximum value, 
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 ,does not increase the throughput when the link spectral efficiency is limited to 
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   bps/Hz. The assumption is in line with state-of-the-art link adaptation technique with a limited amount of MCSs. The throughput cannot be further improved by increasing SINR if the current SINR is high enough to support the highest MCS.

Now the optimization problem in (4) can be formulated as follows
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Transforms to SP:

                                                     Minimize 
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We can see that objective and the last two constraint are SPs. So we can still use the algorithm above to solve the problem.

IV. SUBOPTIMAL RESOURCE SHARING 

A. Suboptimal strategy I

Guaranteed rate of cellular user

In the previous section we have explored the optimal resource sharing between the cellular and D2D users by solving(4). In this section we would like to propose two suboptimal but much simpler resource sharing schemes. While the optimal resource sharing is achieved by jointly optimizing the transmit power of all the D2D users, one suboptimal design is to restrict all the transmit power of the D2D users to be the same. In this case, All D2D users use the same transmit power 
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Then the problem becomes to:
Maximize  
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Since  
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To solve the first order derivative,
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Since the objective in (10) is increasing in 
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And the optimal 
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Subject to highest rate constraint

D2D pair 
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As we know, the objective in (5) is increasing in 
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B. suboptimal strategy II

Guaranteed rate of cellular user

Suppose that we choose only one D2D link to share one cellular user‘s resource.
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Proof: Assume that the D2D user 
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 is associated with cellular user. Then, the maximum rate it can achieve under the QoS constraint is obtained by solving the following problem:

                                                      Maximize 
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  Following the analysis of suboptimal solution I, the potential 

rate of D2D link 
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which leads to the objective value in (13), The maximum D2D rate is then given by 
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Subject to highest rate constraint

Considering the highest rate constraint, we need to put one more constraint in (12),which leads to:

                         Maximize
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Follow the proof of suboptimal strategy II without highest rate constraint, the potential rate of D2D link 
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The maximum D2D rate is then given by 
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V. NUMERICAL EXAMPLES

This section demonstrates the effect of the proposed resource sharing design by comparing the GP method strategy, suboptimal strategy 1 (SS1) in (15), suboptimal strategy 2 (21), and the strategy in [3, Sec. III-B] (YS) that provided the optimal resource sharing for one cellular user and one D2D link. For fairness ,we set 
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, and the distance between all the D2D pairs and the BS is longer than 0.3，and the distance between the BS and the two users in each D2D pair to be the same. D2D is randomly distributed in the giving area. The statistics are collected over multiple realizations of the position of the D2D links. For simplicity, we consider the single-slope path loss channel model 
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Fig. 2(a) shows the average D2D throughput at different distance between Cellular UE and the BS. One can see that the

optimal strategy solved by creating a GP model provides the best performance for D2D communication, while the two suboptimal ones also achieve better performance than the existing design. Note that, the sum rate improve in muilti-D2D links maximization over one D2D link, because a small D2D link distance 𝐿 implies low D2D transmitting power leads to a stronger D2D link in most of the cell area while causing   limited interference to cellular link. So one cellular user has the potential to support more than one short-distance D2D link for sharing. In addition, we observe decreasing gain as 
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 increases, for we restrict all users to be within the single cell, the maximum power D2D links can use is decreasing with 
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 increasing.Fig.2(b) shows the average D2D throughput at different distance between Cellular UE and the BS with highest rate constraint. The sum rate of all the D2D links is a litter lower than the case without highest rate constraint. But the sum rate improvement over one D2D link is still significant. Fig 3 displays the total D2D throughput with different D2D links. With the increasing of D2D links, the total D2D throughput increases. Again, we can see the resource sharing of the cellular user with multiple  D2D links is better than with only one D2D link. 
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                                            (a)                                                                                                            (b)
Fig. 2 (a)The maximum rate of the sum of all D2D links without highest rate constraint. Fig. 2(b) The maximum rate of all D2D links with highest rate constraint. There are 4 D2D links. 
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Figure 3(a) Total D2D throughput versus the number of D2D links without highest rate constraint. Fig 3(b) Total D2D throughput versus the number of D2D links with highest rate constraint. The distance between Cellular UE and BS is 0.5.
VI. CONCLUSION

We studied multi-pair D2D communication as an underlay sharing uplink resources in a cellular system. We achieve the optimal resource sharing power allocation in a GP method in the sense that the D2D link reaches the maximum sum-throughput with guaranteed QoS for cellular users. We further proposed two simple suboptimal resource sharing strategies without substantial performance loss. The effect of our proposed resource sharing strategies was demonstrated by numerical examples.
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