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Fig. 6. Estimation of Pareto front solutions. (a) Estimated Pareto front forAQ4
multiple MNOs’ requirements, L = 2 and linear bidding strategy. (b) Estimated
Pareto front for multiple bidding strategies, L = 2, and z = 0.1.

third party is the unique objective to be maximized (referred649

as ISO) [17]; and 2) a baseline scenario with full operational650

topology (FOT), where none of the BSs is switched off.651

B. Estimation of the Pareto Front652

Here, we present the Pareto front analysis. In this set of653

experiments, we assume that all operators have the same traffic654

volume equal to the maximum possible traffic load, i.e., ρn = 1.655

In addition, we assume that each MNO submits three different656

bids, corresponding to L = 2, to the third party.657

Fig. 6 shows the Pareto front solutions achieved by solving658

the proposed multiobjective problem for different minimum659

financial gains with the same bidding strategy [see Fig. 6(a)]660

and different bidding strategies with the same minimum profit661

requirement [see Fig. 6(b)]. In both figures, the third party’s662

annual financial gain that can be attained by leasing its re-663

sources to one MNO is represented in the x-axis, and the annual664

economic profits of one MNO are given in y-axis.665

In Fig. 6(a), the set of optimal solutions is shown for the666

linear bidding strategy. Note that the stochastic search per-667

formed by means of the metaheuristic algorithm succeeds in668

estimating a Pareto front for the given parameters of the studied 669

problem. As expected, in all the different cases, the higher the 670

third party’s income (f1(x)), the lower the financial gain of 671

the MNOs (f2(x)). Thus, the Pareto front is monotonically 672

decreasing, meaning that the improvement of one objective 673

leads to the deterioration of the other objective, and there is 674

no feasible global solution maximizing all the objectives. A 675

second observation relies on the motivation of the MNOs to 676

maximize their economic gains, which is a fact that can be 677

explored through the parameter z that reflects the requirements 678

of the minimum profit gain, denoted in (11). As it is plotted 679

in the figure, the greedy behavior of the MNOs for higher cost 680

gains (z = 0.5) leads to lower income for the third party and, 681

at the same time, a lower number of achievable solutions. This 682

result is of significant importance since a greedy behavior from 683

the MNOs’ perspective will produce lower bids that may not be 684

accepted by the third party; thus, the MNOs will not be able to 685

offload their whole traffic. The selection of a proper value of the 686

parameter z helps the operators to decide whether it is profitable 687

for them to bid by taking into account their financial needs, 688

and by observing Fig. 6(a), we conclude that lower values of 689

z lead to higher income for the two involved parties. To provide 690

further insights for our approach, let us also highlight that, in 691

a realistic scenario with a large number of macro BSs, the cost 692

gains for the MNOs and the third party are significantly higher. 693

For example, by applying the proposed switching off technique 694

to the central area of London where an MNO may have up to 695

500 deployed BSs [31], the economic gains may reach up to 696


12.500 C for the MNO and up to 
25.000 C for the third 697

party. 698

In continuation, Fig. 6(b) illustrates the Pareto front by 699

examining different bidding strategies for the case of z = 0.1. 700

Again, we observe that the attained solutions are decreasing 701

monotonically. Moreover, as we see, the more tolerant the 702

bidding strategy of the MNOs, the higher financial gains for the 703

involved parties. This important insight can be easily explained 704

by taking into account the fact that a nontolerant MNO is more 705

greedy; thus, it requests more capacity for the same bids with 706

respect to a tolerant MNO, as shown in Fig. 5. As a result, 707

the third party may lose its incentive to lease the bandwidth, 708

and the economic benefits will be reduced for the MNOs and 709

the SC network. It is noted that the tolerant bidding strategy 710

offers better solutions due to the leasing of more resources and 711

the switching off of higher number of BSs, whereas the linear 712

bidding strategy implies an intermediate solution between the 713

extreme cases. Hence, along with the minimum guaranteed 714

profit, the bidding strategy is also an important indicator that 715

affects the decision of MNOs on bidding. 716

C. Numerical Results 717

Here, the performance results with regard to 718

telecommunication-oriented (network throughput and energy 719

efficiency) and cost-oriented (annual cost and income gains) 720

metrics are shown. In this set of experiments, we study a more 721

realistic scenario, where the MNOs have different traffic vol- 722

umes and, thus, different requirements and outcomes, when 723

our proposed algorithm is applied. According to recent studies 724
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Fig. 7. Annual energy efficiency for z = 0.1 and different bidding strategies.
(a) Tolerant bidding strategy. (b) Nontolerant bidding strategy.

[18], in most European countries, there are usually up to725

two telecommunication companies holding the major part726

of the market share, up to two smaller operators serving an727

intermediate portion of the users, and finally, up to one smaller728

MNO with a very small slice of the market. By exploiting these729

interesting findings, we consider the scenario in which two730

MNOs (i.e., BS1 and BS2) are fully loaded (ρ1 = ρ2 = 1.0),731

two operators (i.e., BS3 and BS4) have relatively lower traffic732

with ρ3 = ρ4 = 0.7, and the fifth MNO (denoted by BS5)733

has very low traffic (ρ5 = 0.3). The results presented in the734

following are calculated for an operating point on the Pareto735

front that is assumed to satisfy all the involved parties in the736

auction. We would like to highlight that the selection of a737

solution among the Pareto front solutions can be either derived738

through agreements between the involved parties or another739

distinguished entity may select it.740

1) Telecommunication Metrics: Fig. 7 presents the total741

network energy efficiency versus L for tolerant [see Fig. 7(a)]742

and nontolerant [see Fig. 7(b)] bidding strategies. The number743

of switched-off BSs of every algorithm is also shown in the744

plot (right y-axis), along with the percentage gains in terms745

of energy efficiency of our approach compared with the state-746

of-the-art works. First, we observe that the energy efficiency747

achieved by the MAS scheme increases with the number of748

levels for tolerant and nontolerant bidding since the biggest749

Fig. 8. Annual energy efficiency for different bidding levels and strategies.

variety of the proposed bids (higher number of levels) implies 750

a higher number of choices for the resource allocation. Another 751

important remark is that MAS significantly outperforms the 752

baseline scenario, FOT, (where no BS is switched off), and 753

the ISO algorithm. The better performance of our proposal in 754

terms of energy efficiency is justified by the higher number 755

of switched-off BSs as this is highlighted also in the plots. 756

As we have already mentioned in Section III-C, the goal of 757

our proposal lies in maximizing the energy efficiency, an ob- 758

jective neglected in the auction-based works of the literature, 759

whereby only the maximization of the third party’s income 760

was considered. Comparing the behavior of our algorithm in 761

the two figures, it can be observed that the tolerant bidding 762

strategy achieves more considerable gains with respect to the 763

nontolerant bidding, mainly due to the deactivation of many 764

underutilized BSs in the network. These results emphasize 765

the role of the bidding strategy and the number of bidding 766

levels on the achievable energy efficiency, thus providing the 767

necessary insights to the MNOs to select the most appropriate 768

strategy based on their interests. In Fig. 8, the conclusions of 769

Fig. 7(b) and (a) are better illustrated since the comparison 770

between the three schemes and the different bidding strategies 771

is more clearly shown. Finally, we should mention that the 772

results of linear bidding are not shown here for simplicity, given 773

that the achieved gains range between the two aforementioned 774

cases. 775

Along with the total network energy efficiency performance, 776

it is interesting to study the individual energy efficiency gains 777

of the different MNOs. To that end, the individual gains for 778

the specific (but representative) case of z = 0.1 and the two 779

different bidding strategies are quantified in Table II, where 780

interesting conclusions can be extracted. In particular, inde- 781

pendently of the bidding strategy and the number of L, the 782

ISO scheme is beneficial only for the group of operators that 783

switch off their BSs, who are always the same (MNO1 and 784

MNO2), whereas the rest of the operators always keep their 785

BSs active. More specifically, the MNOs that switch off their 786

BSs theoretically achieve infinite energy efficiency, as they 787



IEE
E P

ro
of

BOUSIA et al.: MULTIOBJECTIVE AUCTION-BASED SWITCHING-OFF SCHEME IN HETEROGENEOUS NETWORKS 11

TABLE II
OPERATOR ENERGY EFFICIENCY (X 104 Mbits/Joule) WITH RESPECT TO THE FOT SCHEME FOR z = 0.1

Fig. 9. (a) Normalized throughput for different bidding levels and strategies.
(b) Number of lacking PRBs.

have their traffic served at zero energy cost, whereas the active788

operators serve their own traffic without improving their situa-789

tion. The proposed MAS eliminates this unfairness by offering790

the chance to more MNOs to switch off their BSs, providing791

them with extra incentives to participate in the auction. The792

individual gains are remarkable of our proposal for both the793

MNOs and the whole network.794

Despite the importance of the energy efficiency results, the795

deactivation of the BSs in the network and the traffic offloading796

to the SCs potentially implies loss of connections. To that797

end, we study the normalized throughput that represents the798

percentage of served connections in the system. In Fig. 9(a),799

it can be observed that, as the number of switched-off BSs800

increases, the MAS approach experiences small losses (around801

5% and 3% for tolerant and nontolerant bidding, respectively). 802

The degraded performance is explained by the high number 803

of deactivated BSs, leading to the service of all the traffic 804

mainly by the SC network (since at most one BS remains 805

active). The MNOs are able to decide whether the throughput 806

performance can be sacrificed to achieve energy efficiency, or 807

even small losses are prohibitive (thus, a tolerant strategy is not 808

acceptable). The results in terms of lacking PRBs are given 809

in Fig. 9(b). As it is observed, a larger number of PRBs are 810

lacking, when the MAS strategy is applied. In our case, there 811

are different reasons for the degraded throughput performance. 812

The unserved users exist because either lower bids (thus, fewer 813

PRBs) are selected or the overall PRBs are not adequate for the 814

total offloaded traffic. However, the impact on the throughput is 815

negligible, as it was shown in Fig. 9(a). 816

2) Cost Metrics: The total annual network cost and the 817

individual annual gains for the operators and the third party, 818

compared with the state-of-the-art algorithm and having as a 819

benchmark the FOT scheme, are presented in Figs. 10 and 12, 820

respectively. 821

The annual network cost is given versus the different number 822

of bidding levels and for the tolerant [see Fig. 10(a)] and 823

nontolerant [see Fig. 10(b)] bidding strategies, respectively. 824

The total network cost is the sum of the average cost of all 825

MNOs and the third party for the operation of all infrastructures 826

(i.e., the active BSs and SCs). The first observation is that the 827

network cost is the same for level pairs (l = 3 and l = 5) and 828

(l = 7 and l = 9) for the MAS algorithm, due to the number 829

of switched-off BSs that is the same for the two cases. The 830

MAS scheme achieves a considerable reduction up to 94% 831

and 96% for tolerant bidding, when compared with ISO and 832

FOT schemes, respectively. For the case of nontolerant bidding 833

strategy, the cost reduction is lower. This result is explained by 834

the fact that MNOs are more greedy, and in their attempt to 835

increase their economic gains, they do not offer high bids for 836

the requested capacity. As a consequence, the third party does 837

not accept the allocation of resources to low prices, and some 838

BSs may not be switched off. Concerning the ISO scheme, we 839

observe that the total annual cost is not affected by the different 840

bidding levels since, in ISO auction, only one bid is offered 841

based on the maximum traffic expectations, and fewer BSs are 842

deactivated. A clear comparison between MAS, for tolerant and 843

nontolerant bidding, and ISO is given in Fig. 11, where the 844

annual network cost behavior is highlighted. 845

The individual revenue of each MNO and the third party is 846

plotted in Fig. 12. We may observe that, similar to the energy 847

efficiency gains, the ISO scheme provides financial gains only 848

to particular operators (MNO1 and MNO2) and particularly to 849
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Fig. 10. Annual network cost for z = 0.1 and different bidding strategies.
(a) Tolerant bidding strategy. (b) Nontolerant bidding strategy.

Fig. 11. Annual network cost for different bidding levels and strategies.

the MNOs that switch off their networks, whereas the economic850

gains of the remaining operators are zero compared with the851

FOT scheme since these MNOs keep their BSs active and serve852

Fig. 12. Annual cost gain for z = 0.1 and different bidding strategies.
(a) Tolerant bidding strategy. (b) Nontolerant bidding strategy.

their own traffic without having any benefit from the auction. 853

On the other hand, for the proposed MAS approach, more 854

operators are able to have economic benefits, independently of 855

the particular number of levels. Furthermore, as the number of 856

bidding levels increases, the MAS algorithm achieves higher 857

financial gains for the operators due to the higher number 858

of combinations of bids offered. In addition, for the tolerant 859

bidding strategy [see Fig. 12(a)], the economic gains are higher 860

compared with the nontolerant behavior [see Fig. 12(b)]. 861

D. Discussion 862

Based on the analysis in Sections IV-B and IV-C, we have 863

shown that the proposed MAS scheme outperforms the state-of- 864

the-art approaches in terms of energy efficiency (network and 865

individual), annual network cost, and individual cost gains. In 866

addition, it achieves balanced results for the MNOs with respect 867

to the individual energy efficiency and cost gains. Furthermore, 868

through a performance assessment, we have identified the sig- 869

nificance of the bidding behavior, the number of levels, and pa- 870

rameter z. In particular, better performance results are attained 871

in terms of energy efficiency, aggregate network cost, and indi- 872

vidual cost gains, when a higher number of levels are chosen 873
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and through tolerant bidding. Moreover, higher values of z874

achieve lower gains for both the MNOs and the third party. Fi-875

nally, although minor losses may appear in terms of throughput,876

the attained benefits with respect to energy efficiency, individ-877

ual and network cost gains are remarkable and are adequate for878

giving the necessary incentives to the MNOs and the third party879

to apply the proposed auction-based switching-off strategy.880

V. CONCLUSION881

In this paper, motivated by the low BS utilization during882

the night and the coexistence of multiple MNOs and third-883

party SCs in the same area, we proposed a novel auction-based884

offloading and switching-off algorithm that achieves energy885

savings and cost reduction by encouraging MNOs to offload886

their traffic and switch off the redundant BSs. Moreover, by887

employing auction tools and novel bidding strategies, we intro-888

duced a switching-off scheme that allows the MNOs to reduce889

their expenditures. The proposed scheme has been evaluated890

in terms of energy efficiency and cost metrics for various891

conditions (different bidding levels and behaviors). The results892

have shown that our proposal can significantly improve the893

network energy efficiency, guaranteeing at the same time the894

throughput. Regarding the financial costs/gains, the proposed895

scheme provides higher cost benefits and fairness compared896

with the state-of-the-art algorithms. It provides also interesting897

insights concerning the rules and behaviors that the MNOs898

should follow when they participate in an auction strategy. The899

study of other schemes for the solution of the problem (such900

as backwards induction) and the potential trade-offs would be901

interesting research line for future works.902
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