
IEEE INTERNET OF THINGS JOURNAL 1

Auction-based Multiple Channel Cooperative
Spectrum Sharing in Hybrid Satellite-Terrestrial IoT

Networks
Xiaokai Zhang, Daoxing Guo, Kang An, Gan Zheng, Symeon Chatzinotas, and Bangning Zhang

Abstract—In this paper, we investigate the multiple-channel
cooperative spectrum sharing in hybrid satellite-terrestrial inter-
net of things (IoT) networks with auction mechanism, which is
designed to reduce the operational expenditure of the satellite-
based IoT (S-IoT) network while alleviating the spectrum scarcity
issues of terrestrial-based IoT (T-IoT) network. The cluster heads
of selected T-IoT networks assist the primary satellite users
transmission through cooperative relaying techniques in exchange
for spectrum access. We propose an auction-based optimization
problem to maximize the sum transmission rate of all pri-
mary S-IoT receivers with the appropriate secondary network
selection and corresponding radio resource allocation profile
by the distributed implementation, while meeting the minimum
transmission rate of secondary receivers of each T-IoT network.
Specifically, the one-shot VCG auction is introduced to obtain
the maximum social welfare, where the winner determination
problem is transformed into an assignment problem and solved
by the Hungarian algorithm. To further reduce the primary
satellite network decision complexity, the sequential Vickrey
auction is implemented by sequential fashion until all channels
are auctioned. Due to incentive compatibility with those two
auction mechanisms, the secondary T-IoT cluster yields the true
bids of each channel, where both the non-orthogonal multiple
access (NOMA) and time division multiple access (TDMA)
schemes are implemented in cooperative communication. Finally,
simulation results validate the effectiveness and fairness of the
proposed auction-based approach as well as the superiority of
the NOMA scheme in secondary relays selection. Moreover, the
influence of key factors on the performance of the proposed
scheme is analyzed in detail.

Index Terms—Hybrid Satellite-Terrestrial IoT Networks, VCG
auction, sequential Vickrey auction, NOMA, multiple relay se-
lection.

I. INTRODUCTION

OVER the recent years, Internet of Things (IoT) have
become worldwide network based on standard communi-

cation protocols, helping to realize anything, anyone, anytime,
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anyplace [1], which greatly facilitate our daily life and provide
more intelligent services, such as smart home, transportation,
health-care, manufacture and factory [2]. However, the number
of IoT devices would reach more than 50 billion devices
by 2020 [3], where most of the IoT devices are connected
by the wireless links. With such a huge volume of IoT
devices anticipated to be connected into the remaining wireless
network, it is foreseeable that spectrum scarcity is critical
design constraint in massive IoT deployments [4], [5]. IoT
devices in the industrial, scientific, and medical are working
on crowded free band, as most of the wireless technologies
operating in this band, e.g., ZigBee, Wi-Fi, and Bluetooth,
which cannot provide seamless connectivity with the desired
quality of service (QoS) [6]. Therefore, it is preferred for IoT
networks to share the licensed frequency band with the pre-
existing primary network by cognitive radio (CR), which has
emerged as an intelligent technology to address the spectrum
scarcity issues. The emerging CR-IoT network provides a
novel paradigm solution for the sensor nodes to efficiently
utilize spectrum resources [7].

A recent feasibility study has shown that the constellation of
satellites, especially the Low Earth Orbit (LEO) constellation,
could be effectively used for distributed control and automa-
tion in a smart grid scenario, meeting the stringent latency re-
quirements [8]. The satellite-based IoT (S-IoT) system is truly
global coverage, which serves a huge number of devices, users
and/or objects [9]–[12]. Riot Research reports there are an
estimated 2.5 million S-IoT devices deployed in 2019, expects
that 2021 will see a major jump in deployed devices [13]. With
growing requirements of S-IoT services and limited availabil-
ity of L-band and S-band spectral resources, higher frequency
bands (above 10 GHz) like Ku and Ka have also been assigned
for mobile satellite services [14]–[17]. Furthermore, the line-
of-sight (LOS) S-IoT systems are vulnerable to be blocked by
heavy shadowing or obstacles for the high frequency band
in the cases of urban, populated, etc [18]. Deployment of
terrestrial relays in hybrid satellite-terrestrial relay networks
(HSTRNs) has been proposed to enhance coverage and high
data rate services [19]–[21]. To reduce capital expenditure
and operational expenditure, sharing infrastructure and radio
resources between S-IoT networks and terrestrial-based IoT
(T-IoT) networks is also an inevitable trend [22], [23].

Under the spectrum sharing environment, the secondary
users are allowed to utilize the licensed spectrum assigned
to a primary network, provided that the secondary spectrum
access will not deteriorate the QoS of primary user [21]. In an
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underlay model [24], the transmit power of the secondary user
is strictly constrained to satisfy an interference criterion at the
primary user. On the contrary, in an overlay model [25], [26],
the secondary users assist the primary transmission through
cooperative relaying techniques in exchange for spectrum
access. Thereby, in contrast to the underlay model, the overlay
paradigm does not pose stringent transmit power restrictions
to the secondary users. The integration of overlay paradigm
into the S-IoT network can provide significant benefits in
terms of spectral efficiency and transmission reliability, which
brings network coverage even when the direct communication
(DC) link is disrupted due to shadowing and obstacles [27].
On the other hand, the infrastructures of T-IoT networks
are widely deployed, which can effectively cooperate with
existing S-IoT network, and seem to be more convergent
towards for future deployment. Hence, to increase the potential
payoff, primary satellite network is willing to choose the
appropriate secondary network to cooperate. The author in
[28] firstly proposed that the secondary terrestrial users assist
the primary satellite transmission through cooperative relaying
techniques in exchange for spectrum access, where the outage
performance improvement via relay selection was evaluated.
However, existing works on hybrid satellite-terrestrial cooper-
ative networks are mostly based on orthogonal multiple access
(OMA) scheme. Recently, the CR-inspired non-orthogonal
multiple access (NOMA) scheme has received considerable
attention scenarios [29]–[31], as the NOMA scheme encour-
ages spectrum sharing among transmission nodes, which not
only improves the spectral efficiency but also ensures that
massive connectivity can be effectively supported. [22], [23],
[32] integrated the NOMA scheme into the cognitive hybrid
satellite-terrestrial overlay network, where the NOMA scheme
further improves the achievable performance. However, these
works are only restricted to a simplified single user and single-
channel scenario. It is foreseeable that multiple channel coop-
erative spectrum sharing is expected to meet the increasing
demand for user access and multimedia services.

The multiple relay selection and corresponding wireless
resource allocation are key issues to be studied for the hybrid
satellite-terrestrial IoT architecture. One of the potential solu-
tions is the centralized approach, where the primary satellite
network gather the channel state information (CSI) of potential
secondary network and apply the extensive search algorithm
to obtain the globally optimized solution for the primary
network [33]. The centralized approach would cause huge
overheads in the CSI acquisition, computational complexity,
and etc. From another point of view, secondary networks
own incomplete information. If a proper mechanism is im-
plemented, the secondary network would yield the actual
transmission rate by its local CSI, which can be seen as the
distributed implementation compared to the centralized way.
Meanwhile, both primary and secondary networks are rational
and willing to obtain the maximum payoffs by the cooperation
[23]. Without considering the fairness in overlay networks,
the secondary relay has no willingness to cooperate with the
primary networks. Therefore, we take fairness as an important
indicator in this paper.

Recently, as a subfield of economics and business man-

agement, auction theory has been introduced to provide an
interdisciplinary technology for radio resource allocation in
the wireless systems, which can be modeled in asymmetric
and incomplete information scenarios [34], [35]. To handle
the problem of resource competition among selfish users
via an incentive-compatible mechanism, auction theory has
been widely used in wireless communications for solving the
problem of maximizing utilization in the case of resource
scarcity [36], [37]. One of the most applied mechanism is the
sealed-bid second-price auction, also named Vickrey auction.
In Vickrey auction, the bidder who submitted the highest bid
is awarded the object being sold and pays a price equal to the
second-highest amount bid. The dominant strategy is bidding
one’s true value, which gives unique Nash Equilibrium (NE).
However, the Vickrey auction mechanism only is only suitable
for single commodity. In [32], the authors proposed a relay
selection based on the Vickrey auction mechanism to allow
secondary networks to compete for one cooperative spectrum
sharing channel, but they did not consider multi-channel
systems. The Vickrey-Clarke-Groves (VCG) mechanism, a
natural extension of the Vickrey multiunit auction, provides
a ready means of achieving efficiency [35]. The strategy-
proof VCG mechanism provides bidders with incentives for
submitting their true valuations as the bid prices and guar-
antees that bidders get benefits from their participation [38].
Among all mechanisms for allocating multiple objects that
are efficient, incentive compatibility and individually rational,
the VCG mechanism maximizes the expected payment of
each agent. The VCG mechanism not only achieves efficiency
but from the perspective of the seller, it does so in the
most advantageous way. It raises the highest revenue among
all efficient mechanisms [34]. Furthermore, another way to
extend Vickrey auction to multiple commodities is to apply
the sequential-auction mechanism. This mechanism can be
easily used when the users enter and leave the system in a
dynamic manner [33], which is easy to be applied in a rapidly
changing network topology. Therefore, both the VCG auction
and sequential Vickrey auction are investigated in this paper.

In this paper, we investigate the auction-based multiple
channel cooperative spectrum sharing in hybrid satellite-
terrestrial IoT networks. The main contributions of this paper
are summarized as follows:

• We introduce the multiple channel cooperative spectrum
sharing model in hybrid satellite-terrestrial IoT networks,
where the S-IoT network is the primary network shar-
ing the spectrum resource and the T-IoT networks are
potential secondary networks sharing the infrastructure.
We propose an auction-based optimization problem to
maximize the sum transmission rate of all primary S-
IoT receivers with the appropriate secondary network
selection and corresponding radio resource allocation
profile by the distributed implementations, while meeting
the minimum transmission rate of secondary receivers of
each T-IoT network.

• The one-shot VCG auction is introduced to obtain the
maximum social welfare by the distributed implementa-
tion, where the winner determination problem is trans-
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ferred into the assignment problem and solved by a
combinatorial optimization algorithm, named the Hun-
garian algorithm. Due to the incentive compatibility of
VCG, the secondary T-IoT cluster yield the true bids of
each channel, where both the NOMA and time division
multiple access (TDMA) scheme are implemented in the
cooperative transmission. Besides, the average allocation
and proportional allocation methods are proposed to
reallocate the extra payoff of the secondary network.

• To further reduce the complexity of the winner determina-
tion problem for primary satellite network, the sequential
Vickrey auction is implemented by sequential fashion
until all channels are auctioned, where both the NOMA
and TDMA scheme are implemented in the cooperative
transmission. The extra payoff is reallocated by average
allocation and proportional allocation methods.

• The proposed auction-based approaches are compared
with the centralized approach, location-based approach
and random selection approach, which validate the effec-
tiveness of the auction mechanism on cooperative spec-
trum sharing in hybrid satellite-terrestrial IoT networks
for multiple secondary relay selection. Moreover, the
achievable performance of the NOMA scheme is proved
to be superior to the OMA scheme. Finally, the effects of
key factors on the performance of the auction mechanism
are analyzed.

The rest of this paper is organized as follows. Section
II presents the multiple spectrum sharing system model in
hybrid satellite-terrestrial IoT networks and formulates the
signal transmission in the NOMA scheme. In section III, the
optimization problem is formulated for the considered coop-
erative spectrum sharing framework. Section IV and Section
V implement the VCG auction and sequential Vickrey auction
approach for the proposed system. In Section VI, the auction
mechanism is introduced for the OMA scheme. Section VII
shows the simulation results. Finally, conclusions are drawn
in Section VIII.

II. PROBLEM STATEMENT

A. System model

We consider the scenario of multiple channel cooperative
spectrum sharing in hybrid satellite-terrestrial IoT networks,
which is illustrated in Fig. 1. This architecture consists of
N multicast primary satellite receivers denoted as M =
{PU1, PU2, · · · , PUm, . . . , PUM}, where the different pri-
mary receivers (PRs) employ the frequency division multiplex-
ing access (FDMA) scheme. We suppose that reliable DC links
between satellite (S) and M are challenging to maintain since
the heavy shadowing and obstacles. Therefore, the primary
network tries to seek cooperation from the nearby secondary
IoT networks by recruiting the cluster heads as relays. The
potential secondary T-IoT networks obtain the access grant of
licensed spectrum by sharing the infrastructure with primary S-
IoT network. There are N secondary cluster heads denoted as
N = {R1, R2, · · · , Rn, . . . , RN}. Each cluster head, say Rn
(n ∈ {1, 2, · · · , N}), serves Kn secondary receivers (SRs),
denoted as Kn =

{
SUn1 , SU

n
2 , · · · , SUnkn , · · · , SU

n
Kn

}
. Each
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Fig. 1: System model.

node is equipped with a single antenna and operates in a half-
duplex mode, which means that the node cannot transmit and
receive simultaneously.

We consider N � M and each secondary network assists
at most one primary satellite receiver owing to the power
constraint. Hence, the proper relays selection for M primary
channel increases the spectrum efficiency and the transmission
capacity of PRs. Since the multi-relay cooperation for one
channel at the same time is overhead in synchronization and
coding, as well as the unnecessary co-channel interferences,
we consider one primary channel only recruits one relay
to forward the signal. The transmission is divided into two
temporal phase, where the first temporal phase is satellite mul-
ticast the M primary signal {xp1 , xp2 , · · · , xpm , · · · , xpM } to
the all potential secondary relays. The [N]n secondary relay
is eager to transmit

{
xs1 , xs2 , · · · , xskn

, · · · , xsKn

}
for Kn

SRs, where [A]n is used to denote the n− th elements of set
A. E (xpm) = E

(
xskn

)
= 0 and E

(
x2pm

)
= E

(
x2skn

)
= 1,

where pm ∈ M, kn ∈ Kn, n ∈ N and E (·) means the
expectation operation.

In this paper, all channels are assumed to experience
independent and identically distributed (i.i.d.). Furthermore,
we consider all channels follow quasi-static fading, i.e. the
channel gains remain to be constant within each transmis-
sion block but vary independently between different blocks
[39], [40]. The first temporal phase satellite link undergoes
Shadowed-Rice fading and the second temporal phase ter-
restrial link undergoes Nakagami-m fading [39], [40]. The
auction process can be implemented in every block interval.
The secondary relay gathers instantaneous CSI between the
PRs and SRs by the pilot in different channels, and the
cooperative relays are isolated without sharing CSIs among
them. HXY denotes the channel between X and Y, where
X,Y ∈ {S,N,M,Kn (n ∈ {1, 2, · · · , N})}, respectively.

B. Signal transmission in the first temporal phase

The transmitted power and the bandwidth of [M]m PR are
denoted as PSm and Wm, respectively. The transmitted power
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ym,nPUm
=
√
αm,n0 PnH

m,n
Rn,PUm

xpm +

Kn∑
i=1

√
αm,ni PnH

m,n
Rn,PUm

xskn
+ ηm,nPUm

. (3)

ym,nSUn
kn

=
√
αm,n0 PnH

m,n
Rn,SUn

kn

xpm +

Kn∑
i=1

√
αm,ni PnH

m,n
Rn,SUn

kn

xskn
+ ηm,nSUn

kn

. (4)

Rm,nSUn
kn

=
1

2
wmlog2

1 +
αm,nkn

∣∣∣Hm,n
Rn,SUn

kn

∣∣∣2∑Kn

i=kn+1 α
m,n
i

∣∣∣Hm,n
Rn,SUn

kn

∣∣∣2 + 1/ρn

 . (6)

Rm,nSUn
kn

=
1

2
wmlog2

1 +
αm,nkn

∣∣∣Hm,n
Rn,SUn

kn

∣∣∣2(
αm,n0 +

∑Kn

i=kn+1 α
m,n
i

) ∣∣∣Hm,n
Rn,SUn

kn

∣∣∣2 + 1/ρn

 . (7)

of [N]n secondary relay is Pn, and the background noise
is modeled by a zero-mean, complex Gaussian variable with
variance σ2. If emn = 1, the satellite multicast the signal of
[M]m PR to the [N]n cluster head in the first temporal phase.
The received signal of [N]n secondary relay is given by

ymn =
√
PSmHm,nxpm + ηmn , (1)

where ηmn is the additive white Gaussian noise (AWGN)
observed by [N]n secondary relay. Therefore, the transmission
rate of the first temporal phase is given as

Rpmn =
1

2
wmlog2

(
1 +

PSm|Hm,n|2

σ2

)
. (2)

C. NOMA signaling in the second temporal phase

For the second temporal phase, the cooperative relays imple-
ment the Decode-and-Forward (DF) protocol to retransmit the
signal of [M]m PR. Besides, we introduce the NOMA scheme,
where the primary and secondary messages are superimposed
by using the NOMA principle for cooperative communica-
tions.

The observations at the [M]m PR and the kn − th SR
are written as Eq. (3) and Eq. (4), where ηm,nPUm

and ηm,nSUn
kn

are the AWGN, respectively, αm,n0 and αm,ni are the power
allocation coefficient for different receivers obeying αm,n0 +∑Kn

i=1 α
m,n
i = 1.

We consider that the SRs of [N]n secondary T-IoT nework
and the [M]m PR connect to the cluster head, where the
channel gain are ordered as

∣∣∣Hm,n
Rn,SUn

1

∣∣∣ < · · · < ∣∣∣Hm,n
Rn,SUn

k

∣∣∣ <∣∣∣Hm,n
Rn,PUm

∣∣∣ <
∣∣∣Hm,n

Rn,SUn
k+1

∣∣∣ · · · < ∣∣∣Hm,n
Rn,SUn

Kn

∣∣∣. The SIC
follows the order of the channel gains of receivers as xs1 →
· · · → xsk → xpm → xsk+1

→ · · · → xsKn
.

The SIC is carried out to separate the multiplexed signals
and combat the negative impacts of the inter-user interference.

The [M]m PR decodes xs1 → · · · → xsk . Therefore, the
achievable data rate for the [M]m PR is given by

Rm,npm =
1

2
wmlog2

1 +
αm,n0

∣∣∣Hm,n
Rn,PUm

∣∣∣2∑Kn

i=k+1 α
m,n
i

∣∣∣Hm,n
Rn,PUm

∣∣∣2 + 1/ρn

 ,

(5)
where ρn = Pn

/
σ2, and σ2 is AWGN noise power.

If kn > k for the kn− th SR, the receiver first decodes the
xs1 → · · · → xsk → xpm → xsk+1

→ · · · → xskn−1
. Hence

the achievable data rate for kn − th SR is given by Eq. (6).
If kn ≤ k for the kn − th SR, the receiver first decodes

the xs1 → · · · → xskn−1
. Hence the achievable data rate for

kn − th SR is given by Eq. (7).
If emn = 1, the transmission rate of the [M]m PR is

min
{
Rpmn , R

m,n
pm

}
. Besides, if the [M]m PR does not choose

to cooperate, the transmission rate is given by

Rpm = wmlog2

(
1 +

PSm|HS,pm |
2

σ2

)
, (8)

which can be seen as the reserved price for the satellite in
auction mechanisms.

III. THE OPTIMIZATION PROBLEM FORMULATION

An M × N matrix E is introduced to describe the multi-
relays cooperation between the PRs, i.e. set M, and the
secondary cluster heads i.e. set N. Specifically, E can be
expressed as

E =

 e11 · · · e1N
...

. . .
...

eM1 · · · eMN

 , (9)

where emn = 1 indicates that the [M]m PR chooses [N]n sec-
ondary network to implement cooperative spectrum sharing,
and emn = 0 otherwise.

The proper multi-relays selection can make full usage of m
channels, which brings benefits for both PRs and SRs. Since
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primary and secondary networks are rational, the PRs are eager
to achieve as much sum capacity as possible. Owing to support
the infrastructure, including energy consumption, hardware
price, time-window value, etc, the cooperative payoffs of
kn − th SR in [N]n secondary network have to be satisfied
with the minimum rate requirement Rm,nmin,kn

when emn = 1.
Otherwise, the secondary network has no willingness to join
the network for cooperation.

In this paper, we consider a cooperative spectrum sharing
scheme for hybrid satellite-terrestrial IoT networks. The design
key is to maximize the sum transmission rate of all PRs with
the appropriate secondary network selection and corresponding
power allocation profile, while meeting the minimum trans-
mission rate of SRs of each T-IoT network. Therefore, the
maximization problem can be formulated as

arg max
E,α

N∑
n=1

M∑
m=1

emn R
m,n
pm , (10a)

s.t. αm,n0 +
∑Kn

i=1
αm,ni ≤ 1, (10b)∑m=M

m=1
emn ≤ 1,∀n ∈ N, (10c)∑n=N

n=1
emn ≤ 1,∀m ∈M, (10d)

emn ∈ {0, 1} ,∀n ∈ N,m ∈M, (10e)
Rm,nSUn

kn

≥ Rm,nmin,kn
,∀emn = 1, (10f)

where α is the set of NOMA power allocation profile for all
chosen secondary networks. The constraint Eq. (10b) means
that the total power of the secondary cluster head is limited.
The N constraints in Eq. (10c) ensure that each secondary
network is allocated at most one channel. The M constraints
in Eq. (10d) ensure that each channel is allocated to at most
one secondary network. The M ×N Constraints in Eq. (10e)
mean that [M]m PR chooses [N]n secondary network or not,
which has been defined by Eq. (9). The constraints in Eq. (10f)
are satisfied with the minimum rate requirement for each SR
of the chosen secondary network, which makes the secondary
network willing to participate in cooperation.

Problem (10) can be solved by using a centralized approach
with extensive search algorithm, which has the following two
disadvantages. To begin with, the potential secondary networks
are forced to reveal all local information, including all required
channel gains for m channels in each secondary network and
the minimum required rate for each SR, which may not be
desirable due to high control overhead, delay, and privacy. In
addition, the centralized scheduler, i.e. the primary satellite
network, requires sophisticated computational capabilities to
solve a complicated mixed integer nonlinear programming
problem in a short time, which is almost impossible for the
satellite systems with severely limited computing resources
and large transmission delay.

The key issue in multi-channel relay selection for hy-
brid satellite-terrestrial IoT networks is the possibility of a
distributed implementation, which means the computation is
offloaded to distributed secondary networks. In this paper, we
apply the auction game mechanism to devise distributed solu-
tions for the resource allocation problems, which reduces the

computational complexity for the primary satellite network.
In the auction mechanism, the bids of secondary networks for
channels are based on its worth. The worth of the channel is
not the same for all users since the channel gains are different
due to the location and the fading variations. Therefore, the
proper incentive auction mechanism facilitates the cooperation
between the primary network and secondary networks, and
maximizes channel resource utilization.

IV. VCG AUCTION FORMULATION FOR NOMA SCHEME

In this section, we will discuss the way to implement the
auction mechanism in multi-relays selection for multiple chan-
nel cooperative spectrum sharing in hybrid satellite-terrestrial
IoT networks. In the proposed system model, the number of
potential secondary relays is far more than the number of
primary channels. The PR can benefit from the relay with
appropriate channel conditions to retransmit the signal and
the potential competition among the secondary networks. We
consider the channel is block fading, the channel gain is
time-varying for each block. Hence, each auction progress
is independent and does not affect each other. The auction
commodities are M heterogeneous channels, we would apply
multiple nonidentical objects auction mechanism.

We suppose that all the secondary and primary networks
are rational, honest but with incomplete global CSIs, and
they expect long term maximum payoffs form the cooper-
ative spectrum sharing mechanism. The auction progress is
divided into two steps: (1) Secondary cluster heads eval-
uate the worth of the M primary channels, respectively,
Vn =

{
v1,n, v2,n, · · · , vM,n

}
, which is determined by the

channel gains and the corresponding NOMA power allocation
profile. Then, secondary cluster heads offer the vector bids,
Bn =

{
b1,n, b2,n, · · · , bM,n

}
, to the primary satellite system;

(2) According to the bidding vector and the auction mecha-
nism, the primary satellite system chooses the M secondary
networks for cooperative spectrum sharing with M channels,
accordingly.

Definition 1 The commodities is the utilization of the
multiple channels. The bids of all secondary network are
defined by the cooperation transmission rate of PRs within
the help of secondary relays, which is straightforward to be
obtained, calculated and compared.

Definition 2 The primary satellite network is the auction-
eer, which means all bids from secondary networks are sent to
the primary satellite network by sealed methods, which means
the bids vectors are secret for other bidders before announcing
the bidding results. After the auction, the primary satellite
network broadcast all bids and M winners to all secondary
networks.

Our primary concern is about the possibility of achieving
efficient allocations via an incentive-compatible auction mech-
anism.

Theorem 1 Without the auction mechanism design in the
proposed system model, the auction is an untruthful bidding,
i.e. vm,n 6= bm,n,∀m ∈M.
Proof The evaluation of vm,n is defined by Rm,npm . The value of
vm,n is the transmission rate under the minimum transmission
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Rm,nSUn
kn→kn−1

=
1

2
wmlog2

1 +
αm,nkn−1

∣∣∣Hm,n
Rn,SUn

kn

∣∣∣2∑Kn

i=kn
αm,ni

∣∣∣Hm,n
Rn,SUn

kn

∣∣∣2 + 1/ρn

 . (12)

Rm,nSUn
kn→kn−1

=
1

2
wmlog2

1 +
αm,nkn−1

∣∣∣Hm,n
Rn,SUn

kn

∣∣∣2(
αm,n0 +

∑Kn

i=kn
αm,ni

) ∣∣∣Hm,n
Rn,SUn

kn

∣∣∣2 + 1

/
ρn

 . (13)

requirement of other SRs. If vm,n < bm,n, which means that
if a lower power is allocated to the PR, i.e. αm,n0 decrease,
the utility of the PR is decreased. Meanwhile, utilities of SRs
may rise with more power assumption. Due to the selfishness
of the secondary network, the bid must be lower than the
truth value, i.e vm,n < bm,n. Therefore, without the auction
mechanism design, the auction is an untruthful bidding.

In this regard, the trustful biding mechanism is expected
to be established for the distributed framework to facilitate
the cooperative spectrum sharing. VCG mechanism was first
designed for multiple commodities problem, which could be
implemented in the M heterogeneous channels in this paper.
The objective of this mechanism is to implement a feasible,
efficient allocation. The social utility is guaranteed to be
maximal by charging the opportunity cost of the channels for
winners. In addition, bidding one’s true value is a dominant
strategy to obtain the maximum reward, which gives a unique
NE, because there is no incentive to bid higher or lower than
his true valuation for a channel.

A. The bids for secondary networks

In the second temporal phase, we would apply the NOMA
scheme to transmit the mixed PU and SU superposition
signals simultaneously at the same time and frequency block.
Therefore, we discuss the way to obtain the true value of
the channel by implementing the NOMA power allocation
profile in this subsection. The true value of the channel is the
maximum transmission rate of the PR under the conditions
of the minimum required rate of each SR. Therefore, the
maximization problem of the true bid for [M]m channel is
given by

arg max
αn

Rm,npm

s.t. 10 (e) , 10 (f) .
(11)

Theorem 2 If xsk−1
can be decoded in user sk−1, the user

sk could decode the xsk−1
and implement the perfect SIC for

first k − 1 signals.
Proof The transmission rate of xsk−1

in user sk is denoted by
Rm,nSUn

kn→kn−1

, which are given by Eq. (12) for kn > k or Eq.

(13) for kn ≤ k. Due to Hm,n
Rn,SUn

kn−1

< Hm,n
Rn,SUn

kn

, there is

Rm,nSUn
kn→kn−1

> Rm,nSUn
kn−1

, which completes the proof.
Theorem 3 If decoding order xs1 → xs2 → · · · → xsk

for k − th NOMA user in the secondary temporal phase, the
transmission rate increases with increasing power allocation

factor.
Proof If perfect SIC is implemented, the transmission rate
increases with increasing power allocation factor αm,nkn

accord-
ing to Eq. (6) and Eq. (7), which completes the proof.

Lemma 3.1 The true value of the channel for the secondary
network is that the rest power is allocated to the PR’s signal
when the minimum requirement of all SRs is satisfied within
the predefined NOMA SIC order.
Proof According to Theorem 3, we acknowledge that more
power is allocated to the NOMA user would increase the
transmission capacity. Therefore, only if the transmission rate
of secondary user meet the requirement of the Rm,nmin,kn

, the
transmission rate of the PR reach the maximum one, where
the SIC implementation is predefined by the order of channel
gain.

The true value vector V for N secondary network of M
channels is the same as the bidding vector B based on the
VCG mechanism. According to Lemma 3.1, the optimization
problem of (11) can be solved by applying the Algorithm 1.

B. The winner of the secondary network

The primary satellite network receives the N bids vectors
from the N secondary networks. According to the VCG
auction mechanism, the satellite would obtain the maximum
social welfare over all allocations, i.e., the sum of bidders
values. Since VCG allocation rule is efficient, the winner
determination problem is given as

π (B) ∈ arg max
E

∑
m∈M

∑
n∈N

bm,nemn ,

s.t. 10 (b) , 10 (c) , 10 (d) .

(16)

The objective function Eq. (16) is the binary integer linear
programming, which is derived from the allocation and got
maximized value. The straightforward approach to find the
exact or optimal winner determination problem solution is
to enumerate all exhaustive partitions, where each item is
included in exactly one subset of the partition [38]. However,
enumerating all partitions may not be a suitable approach
unless the number of items is extremely small. The winner
determination problem can be equivalent to the weighted
set packing problem, which is still an NP-hard problem. A
tractable solution of the winner determination problem can be
obtained by using the classic technique of linear programming-
relaxation in combinatorial optimization theory [38]. However,
this solution is restricted to some special cases, such as linearly
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Algorithm 1 The calculation algorithm of true value for
secondary T-IoT networks

1: Initialization:
The [N]n secondary network acquires the channel gain of
Mm, i.e., Hm,n

Rn,SUn
kn

and Hm,n
Rn,PUm , where n ∈ N,m ∈

M, and the transmission power of cluster head and the
AWGN are Pn and σ2

n, respectively.
2: Calculation Process:
3: for Multicast channels m = 1 to M do
4: Toward [N]n secondary network:
5: for kn = 1 to k, n++ do
6: The NOMA power allocation factors for users with

better channel gains than PR is given by Eq. (14).
kn + +

7: end for
8: for kn = Kn to k + 1 do
9: The NOMA power allocation factors for users with

better channel gains than PR is given by Eq. (15).
kn −−

10: end for
11: The power allocation factor is given by αm,n0,bid = 1 −∑Kn

i=1 α
m,n
i,bid.

12: if ∀i ∈ {0, 1, · · ·Kn} , 0 < αm,ni,bid < 1 then
13: The bid of [N]n secondary network for [M]m chan-

nel is given by

bm,n = Rm,npm

(
αm,n0,bid, α

m,n
k+1,bid, · · · , α

m,n
Kn,bid

)
.

14: else
15: The bid of [N]n secondary network for [M]m chan-

nel is equated to 0.
16: end if
17: Store the NOMA power profiles and the bid into Λm,n

and bm,n, respectively.
m++

18: end for
19: return The bidding vector B =

{
B1, · · · ,BN

}
, where

Bn is [N]n secondary network of M channels.

ordered bids, hierarchical bids and single item bids, etc., which
could not be applied in this paper.

In this paper, we transform the winner determination prob-
lem into the assignment problem, where a bidding vector is
a number of agents and the multiple channels are a number
of tasks. Any agent can be assigned to perform any task,
incurring some cost that may vary depending on the agent-task
assignment. Therefore, the winner determination problem can
be solved by a combinatorial optimization algorithm, named
Hungarian algorithm, which solves the assignment problem
in polynomial time and achieve an O

(
n3
)

running time [41].

C. The payoffs of the VCG auctions

The M channels are allocated to M secondary networks
with the maximum social welfare. The VCG payment for
bidder n is calculated by taking the difference between the

optimal welfare when bidder n is not participating. Therefore,
the payment rule can be expressed as

Rn
pay = Pn (B) = π

(
0,B−n

)
− π−n (B) , (17)

where B−n denotes the bidding victor without bidder n, and
π−n (B) is the social welfare of individuals other than bidder
n from an efficient allocation, which can be defined as

π−n (B) =
∑
j 6=n

EjBj . (18)

Generally, the payment rule in VCG mechanism is based on
the second highest bid which guarantees that winning bidder
pays less than his/her submitted bid.

The extra payoffs of the bidders is

Rpayoff
n (B) = π (B)− π

(
0,B−m

)
, (19)

which means the difference in social welfare when bidder n
reports Bn versus when bidder n reports 0.

Therefore, if the winner of [M]m channel is not the highest
bid, the payment for the satellite is the bid, and the NOMA
power allocation profile is αn. If the the winner of [M]m
channel is the highest bid, the payment of the winner is the
second-highest bid, i.e Rmpay =

[
Rn
pay

]
m

, and the winner
would get extra payoffs. Besides, if the Rmpay is lower than the
reserved price Rpm , the [M]m channel would not cooperate
with the T-IoT networks.

For the NOMA system, the extra payoff needs to be reallo-
cated to all SRs. Besides, the extra payoff is eager to improve
all SRs’ utility as well as fairness. According to Theorem 3,
the payoffs of SRs would increase with more power allocation.
Hence, we introduce two methods to reallocate the extra power
resources to obtain fairness as much as possible.
• The first is the average allocation method, which means

extra power is distributed evenly to each user. We
introduce the reallocation power factor β1 into the
average allocation method in the secondary temporal
phase, which is ranging (0, 1]. The power factor of PR
is (1− β1)αm,n0 , and the power of kn − th SR is(
β1α

m,n
0 /Kn + αm,nkn

)
. Based on the new power allo-

cation profile, the payment of PR is given as Eq. (20).
Furthermore, the β1 is formulated as Eq. (21).

• Another is the proportional allocation method, i.e., SRs
power increases proportionally by reallocating the extra
power. The reallocation power factor β2 are introduced
into the ratio method, which is ranging among (0, 1]. We
have the following identity

αm,n0 (1− β2) + τ
∑Kn

i=1
αm,ni = 1, (22)

where τ is the NOMA power reallocation factor for
SRs corresponding to the β2. There is τ = 1 +
αm,n0 β2/(1− αm,n0 ). It can be derived that τ > 0, which
means all SRs obtain more transmission capacity by the
extra payoff power allocation. Therefore, the payment
equation can be given as Eq. (23). Furthermore, β2 is
calculated as Eq. (24).

The payoffs of selected T-IoT networks are obtained by take
new power allocation profile into Eq. (6) and Eq. (7).
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αm,nkn,bid
=



(
2
2R

m,n
min,kn/wm−1

)(∣∣∣∣Hm,n
Rn,SUn

kn

∣∣∣∣2+1/ρn

)
2
2R

m,n
min,kn/wm

∣∣∣∣Hm,n
Rn,SUn

kn

∣∣∣∣2 kn = 1

(
2
2R

m,n
min,kn/wm−1

)[
(1−

∑kn−1
i=1 αm,n

i,bid)
∣∣∣∣Hm,n

Rn,SUn
kn

∣∣∣∣2+1/ρn

]
2
2R

m,n
min,kn/wm

∣∣∣∣Hm,n
Rn,SUn

kn

∣∣∣∣2 1 < kn ≤ k

(14)

αm,nkn,,bid
=


2
2R

m,n
min,kn/wm−1

ρn

∣∣∣∣Hm,n
Rn,SUn

kn

∣∣∣∣2 kn = Kn

(
2
2R

m,n
min,kn/wm−1

)(∑Kn
i=kn+1 α

m,n
i,bid

∣∣∣∣Hm,n
Rn,SUn

kn

∣∣∣∣2+1/ρn

)
∣∣∣∣Hm,n

Rn,SUn
kn

∣∣∣∣2 k < kn < Kn

(15)

1

2
wmlog2

1 +
(1− β1)αm,n0

∣∣∣Hm,n
Rn,PUm

∣∣∣2[
(Kn − k)β1α

m,n
0 /Kn +

∑Kn

i=k+1 α
m,n
i

] ∣∣∣Hm,n
Rn,PUm

∣∣∣2 + 1/ρn

 = Rmpay. (20)

β1 =

αm,n0

∣∣∣Hm,n
Rn,PUm

∣∣∣2 − (22R
m
pay − 1

)(∑Kn

i=k+1 α
m,n
i

∣∣∣Hm,n
Rn,PUm

∣∣∣2 + 1/ρn

)
[
1 + Kn−k

Kn

(
22R

m
pay − 1

)]
αm,n0

∣∣∣Hm,n
Rn,PUm

∣∣∣2 . (21)

1

2
wmlog2

1 +
(1− β)αm,n0

∣∣∣Hm,n
Rn,PUm

∣∣∣2
τ
∑Kn

i=k+1 α
m,n
i

∣∣∣Hm,n
Rn,PUm

∣∣∣2 + 1/ρn

 = Rmpay. (23)

β2 =

αm,n0

∣∣∣Hm,n
Rn,PUm

∣∣∣2 − (22R
m
pay − 1

)(∑Kn

i=k+1 α
m,n
i

∣∣∣Hm,n
Rn,PUm

∣∣∣2 + 1/ρn

)
αm,n0

∣∣∣Hm,n
Rn,PUm

∣∣∣2 +
αm,n

0

1−αm,n
0

(
22R

m
pay − 1

)∑Kn

i=k+1 α
m,n
i

∣∣∣Hm,n
Rn,PUm

∣∣∣2 . (24)

D. The implementation of VCG auction

Based on the above observations, the VCG auction can be
implemented as follows:
• Information: Each secondary network cluster head, acted

as a bidder, acquires the channel gain Hm,n
Rn,PUm

and
Hm,n
Rn,SUn

for M channels, which is not available for
other bidders. Hence, the incomplete information prevents
bidders from lying. Since the dominant strategy for k−th
bidder is yielding the truth capacity for forwarding the
PU’s signal, all potential relays would implement the
transmitted power Pn to achieve as higher capacity as
possible.

• Bids: Due to share the infrastructure, including the cost of
energy consumption, hardware price, time-window value,
etc, the k− th bidder requires the minimum transmission
rate Rm,nmin,kn

for each SR. Based on Theorem 3, the dom-
inant strategy for each bidder is to transmit the remaining
power to the primary user under the requirement of
meeting the Rm,nmin,kn

. Hence, the NOMA power allocation
factor and truth bids vector B for bidder are obtained by

Algorithm 1, respectively. Moreover, all relays send their
bids to the satellite simultaneously by the sealed method.

• Allocation: The primary satellite network adopts the
Hungarian algorithm to solve the winner determination
problem. Furthermore, after the auction progress, the
primary satellite network broadcasts all bids with number
of bidders to the potential cluster heads, announces the
winner of the bidding. If the T-IoT network finds that the
broadcasted bids are not the previous bids, it regards that
the primary satellite network is deceptive, and chooses to
quit the cooperation as a penalty. Besides, if the Rmpay is
lower than the reserved price Rpm , the [M]m PR would
apply the DC link to transmit.

• Payoffs: According to the broadcast information of the
satellite, the chosen secondary T-IoT network would re-
allocated the NOMA power allocation profile by average
allocation method or proportional allocation method.

After the auction progress, all parameters is determined and
the transmission is started.
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V. SEQUENTIAL VICKREY AUCTION FORMULATION FOR
NOMA SCHEME

In last section, we introduce the VCG auction, where the
auction decision is determined by one shot through Hungarian
algorithm. The computation complexity of Hungarian algo-
rithm is O

(
n3
)
. Although the optimization problem (16) can

be solved in polynomial time, it is still complicated for primary
satellite network with limited computing resources. Moreover,
the sequential-auction algorithm can be used when the users
enter and leave the system in a dynamic manner. Based on this
observation, we proposed sequential Vickrey auction fashion
to further reduce the complexity of the auctioneer.

Definition 3 A sequential bidding fashion allows every co-
operative spectrum sharing channel to be auctioned one after
another. Moreover, when a channel is auctioned, the winner
for the channel and the channel itself does not participate
in the rest of the auction. This continues until all bands are
sold-off one by one.

The Vickrey auctions achieves efficient and effective deci-
sion making in a single commodity scenario. The dominant
strategy for the bidder is bidding one’s true value.

Remark 1 The proposed sequential Vickrey auction fashion
is truthful. The Vickrey auction is the truthful bids for single
commodity [32]. Since M channels are independent, Already
auctioned channels have no effect on the bid of each newly
auctioned channel. Therefore, bidding one’s true value is a
dominant strategy for each step of the sequential auction.

The calculation of truthful value for each secondary network
is the same as the VCG auction progress. Algorithm 2
illustrates the sequential Vickrey auction fashion.

A. The payoffs of the sequential Vickrey auction

If [M]m PR chooses to cooperate with a T-IoT network, the
payoff Rmpay is the highest no-winner bid or the reserved price
Rpm , which is determined by a bigger one. The calculation of
extra payoff of the winner in T-IoT networks is the same as
VCG auctions by average allocation or proportional allocation
method.

VI. THE ANALYSIS OF AUCTION-BASED OMA SPECTRUM
SHARING

In this section, we introduce the OMA scheme for com-
parison, where TDMA scheme is adopted in the second
temporal phase as illustrating in Fig. 2. The PR takes t0 sub-
timeslot , and i− th SR takes ti sub-timeslot to transmit the
signal. Therefore, the transmission rate of [M]m PR in [N]n
secondary network is given as

Rm,nPUm−OMA =
1

2
t0wmlog2

(
1 + ρn

∣∣∣Hm,n
Rn,PUm

∣∣∣2) . (25)

Similarly, the transmission rate of k[N]n
SR in [N]n secondary

network is given as

Rm,nSUn
kn
−OMA =

1

2
tknwmlog2

(
1 + ρn

∣∣∣Hm,n
Rn,SUn

∣∣∣2) . (26)

Algorithm 2 The sequential Vickrey auction fashion of the
multi-channels

1: Initialization:
The [N]n secondary network acquires the channel gain of
Hm,n
Rn,SUn

kn

and Hm,n
Rn,PUm , where n ∈ N,m ∈ M, and

the transmission power and the AWGN are Pn and σ2
n,

respectively. The winner set W is set to null.
2: Sequential auction:
3: for Multicast channels m = 1 to M do
4: The truthful bid calculation:
5: for n = 1 to |N| do
6: Toward [N]n secondary network:
7: for kn = 1 to k do
8: The NOMA power allocation factors for users with

better channel gains than PR is given by Eq. (14).
9: n++

10: end for
11: for kn = Kn to k + 1 do
12: The NOMA power allocation factors for users with

better channel gains than PR is given by Eq. (15).
13: n−−
14: end for
15: The power allocation factor is given by αm,n0,bid = 1−∑Kn

i=1 α
m,n
i,bid.

16: if ∀i ∈ {0, 1, · · ·Kn} , 0 < αm,ni,bid < 1 then
17: The bid of [N]n secondary network for [M]m

channel is given by

bm,n = Rm,npm

(
αm,n0,bid, α

m,n
k+1,bid, · · · , α

m,n
Kn,bid

)
.

18: else
19: The bid of [N]n secondary network for [M]m

channel is equated to 0.
20: end if
21: end for
22: The truthful bids for [M]m channel are sent to the

primary satellite network by the sealed method. If the
reserved price Rpm higher than all bids, the [M]m PR
apply the DC link. Else, the satellite choose the highest
bids as the winner.

23: W = [wm] ∪W
24: N = N\[wm]
25: m++
26: end for
27: return The all winner of the sequential auction W.

A. The VCG auction in TDMA scheme

The same as NOMA, the VCG auction in TDMA scheme is
divided into two steps. For the first step, the bidders evaluate
the true value of each channel. The true value for [M]m
PR in [N]n secondary network is the maximum transmission
rate under the requirement of the minimum rate of SRs. The
maximization problem is formulated as

arg max
t0

Rm,npm−OMA, (27a)
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Fig. 2: The TDMA sub-timeslot allocation.

s.t.
∑Kn

i=0
tm,ni ≤ 1, (27b)

Rm,nSUn
kn−OMA

≥ Rm,nmin,kn
,∀emn,OMA = 1, (27c)

The constraint in Eq. (27b) is the total sub-timeslot lim-
itation. The constraint in Eq. (27c) means that SRs should
meet at least the minimum transmission rate. The optimization
problem can be easily solved by the calculating the maximum
transmission time for PR, where the bidding vector is BOMA.

Another step is the winner determination problem for the
primary network, the optimization problem is formulated as

π (BOMA) ∈ arg max
E

∑
m∈M

∑
n∈N

bm,nOMAe
m
n,OMA, (28a)

s.t.
∑m=M

m=1
emn ≤ 1,∀n ∈ N, (28b)∑n=N

n=1
emn,OMA ≤ 1,∀m ∈M, (28c)

emn,OMA ∈ {0, 1} ,∀n ∈ N,m ∈M. (28d)

The constraint Eq. (28b) means that the total time slot of the
secondary cluster head is limited. The N constraints in Eq.
(28c) ensure that each secondary network is allocated at most
one channel. The M constraints in Eq. (28d) ensure that each
channel is allocated to at most one secondary network. The
objective function Eq. (28) is the binary integer programming,
which can be solve with Hungarian algorithm.

According to the payment of VCG mechanism, if the bid
of [M]m channel winner is the highest bids in all bids for
[M]m channel, the payment of the winner is the second
highest bids Rmpay−OMA. Hence, the time resource are requited
to reallocate and the SRs obtain the extra payoff. The sub-
timeslot is reconfigured as

tm,n0,win = Rm,npm−OMA
−1 (

Rmpay−OMA

)
, (29)

where the superscript −1 is the reverse function. Since
tm,n0,win < tm,n0,bid, the remain time resources tleft = tm,n0,bid −
tm,n0,win are distributed to Kn SRs by two methods to obtain
more utilities and fairness, i.e., the average allocation method
and the proportional allocation method. For the average alloca-
tion method, each SR is allocated additional tleft/Kn of time
resources. For the proportional allocation method, k[N]n

SR is

allocated additional tlefttkn

/∑Kn

k=1 tk of time resources.
If the bid of [M]m channel winner is not the highest bids

in all bids for [M]m channel, the payment of the winner is
the bidder. The payoffs of SRs are equivalent to the minimum
required transmission rate.

B. The sequential Vickrey auction in TDMA scheme

The sequential Vickrey auction in the TDMA scheme is
introduced to reduce the complexity of the auctioneer. The

auction progress is the same as Algorithm 2. The difference
depends mainly on the allocation of time resources, which
is the same as the Eq. (29). The channels are sold one after
another. In addition, when a channel is auctioned, the winner
for the channel and the channel itself does not participate in
the rest of the auction. This continues until all bands are sold-
off one by one. The payment of the winner is the second-
highest bids Rmpay−OMA for [M]m channel. Hence, the time
resource is required to reallocate and the SRs obtain the extra
payoff, where the proposed average allocation and proportional
allocation can be applied in the same way as VCG auction.

VII. SIMULATION RESULTS AND DISCUSSION

In this section, simulation results are provided to evaluate
the effectiveness of the proposed two auction-based mecha-
nisms and the priority of the NOMA scheme. For the satellite
link, the channel gain between the satellite and terrestrial
devices, including cluster heads and PRs, is represented by
HSRt

= LSRt
GtGs

∣∣h2SRt

∣∣, where LSRt
is free space loss

and other related losses, Gt and Gs are terrestrial devices
and satellite antenna gain, respectively, hSRt

is small scale of
fading undergoing the Shadowed-Rice distribution [23]. We
apply Gr and Gp represent antenna gain of cluster heads
and PRs, respectively. For the terrestrial link, the channel
gain is HRkn = d−ηRkn

hRkn in second temporal phase, where
d is the distance between Rk and n, η is propagation path
loss exponent, hRkn is the small scale of fading obeying the
Nakagami-m distribution [22].

TABLE I
SIMULATION PARAMETERS

Parameters Values
Satellite transmission power 100 w
Terrestrial noise temperature 300k
Satellite noise temperature 300k

Satellite transimiter antenna gain Gs 20 dB
Cluster heads antenna gain Gt 25 dB

PRs antenna gain Gs 5 dB
Center frequency 4 GHz

Satellite hight 800 Km
Nakagami fading parameter of HSRr 19.4

Scatter component of HSRr 0.158
LOS component average power of HSRr 1.29

Nakagami fading parameter of HSRp 0.739
Scatter component of HSRp 0.063

LOS component average power of HSRp 8.97e− 4
Terrestrial path loss exponent 2

Number of realizations 104

The number of PR 5

We consider that LEO satellite users suffer from frequent
heavy shadowing severity, which is blocked by bushes or
buildings, where PRs are randomly distributed in a square
range area with a side length of 1000 meters. The IoT cluster
heads are randomly distributed in this area, and the links
between the satellite to cluster heads undergo light frequency
shadowing. The secondary IoT receivers are subject to uniform
distribution around its transmitter in a circle with a radius of
300 meters. The channel bands are normalized to one. The
detailed simulation parameters are listed in Table I [22].
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Fig. 3: The transmission rate of the different approaches versus
the power of the cluster heads for the NOMA scheme in the
secondary phase.

A. The payoffs of PR in cooperative spectrum sharing

In order to prove the effectiveness of the proposed auction-
based approach, the centralized approach, location-based ap-
proach, and random selection approach are also provided for
performance comparison1. The centralized approach requires
that the primary satellite network is aware of the global CSI of
each secondary network in each channel, which is unrealistic
for hybrid architecture. The location-based approach means
the PRs choose the closest cluster heads to cooperate, which
only requires the location information of the cluster heads
and is feasible to be implemented in practice. Besides, the
random selection approach represents that the satellite can
randomly select a cluster head for cooperative transmission
as the benchmark.

Fig. 3 and Fig 4 reveal the sum transmission capacity of PRs
under the different approaches versus the transmission power
of cluster head Pk for both NOMA and TDMA schemes based
secondary phase transmissions. The number of potential relays
is 50, and the location of the PRs and secondary T-IoT network
are the totally same for both schemes. Besides, the minimum
transmission rate of two users are considered as Rk1min =
0.4bps/Hz and Rk2min = 0.8bps/Hz. The optimal capacity
is achieved for the centralized approach, which acquires the
globe CSIs and achieves the upper bound for the transmission
rate of the PRs. The primary satellite would only satisfy
the minimum transmission in the centralized approach as
the global CSIs are obtained. Furthermore, overheads remain
the prior concern, especially for onboard processing satellite
systems, which would cause an intolerable delay owning to
the CSIs acquisition and computation complexity. For the
location-based approach, the primary satellite network requires
the location information of the PRs and cluster heads, then

1Once the payment of the bidders is higher than that of the direct
transmission, the satellite would choose to cooperate with the terrestrial IoT
cluster since the satellite is rational. Therefore, the proper relay selection for
multiple channels would greatly improve the utility of the primary satellite
users.

20 30 40 50 60 70

The transmission power of the cluster head

0

1

2

3

4

5

6

7

8

9

T
h

e 
tr

an
sm

is
si

o
n

 r
at

e 
b

p
s/

H
z

VCG Auction

Sequential Auction

Centrialized approach

Location-based approach

Random Selection

Fig. 4: The transmission rate of the different approaches versus
the power of the cluster heads for the TDMA scheme in the
secondary phase.

chooses the shortest distance cluster head for each PR to
cooperate. The complexity of the location-based approach
and sequential Vickrey auction is almost the same for the
primary satellite network. Moreover, it is can be seen in
Fig.3 and Fig. 4 that the PRs’ sum transmission capacity of
sequential Vickrey auction is almost five times than that of
a location-based approach. Furthermore, the VCG auction is
also obviously superior to the sequence Vickrey auction. This
is due to the fact that the VCG auction applies the Hungarian
algorithm to obtain the globe optimization of all bids, but
the sequential auction only auctions the channel one by one,
which can be seen as one of the sub-optimal of the winner
determination problem of Eq. (15). To be noticed, the order
of the sequential auction slightly affects the sum transmission
capacity, where each sequential auction order can be seen as
the sub-optimal of the winner determination problem of Eq.
(15). In addition, the random selection approach presents a
benchmark or the lower bound for the transmission rate of the
PRs in the considered network. Furthermore, comparing Fig.
3 and Fig. 4, the transmission rate of the NOMA scheme is
superior to the TDMA scheme under the arbitrary transmission
power of cluster head in the second temporal phase, which
proves the superiority of the NOMA scheme.

Fig. 5 and Fig 6 depict the sum transmission capacity of PRs
by different approaches versus the number of potential sec-
ondary T-IoT networks for both NOMA and TDMA schemes
based on secondary phase transmissions. The power of cluster
heads is 50W, and the location of the PRs and secondary
T-IoT network are the same for the NOMA scheme and
TDMA scheme at the same varying parameters. The minimum
transmission rate of two users in k−th secondary network are
considered as Rk1min = 0.4bps/Hz and Rk2min = 0.8bps/Hz. It
is obvious that the transmission rate of all approach increases
with the increasing number of the relays, which is resulted
from the competition among the secondary networks increases
as the increasing numbers. According to the auction rules, if
the relay finds that the broadcasted bids are not the previous
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Fig. 5: The transmission rate of the different approaches versus
the number of potential secondary T-IoT networks for the
NOMA scheme in the secondary phase.

bids, it can be deduced that the primary satellite network is
deceptive and chooses to quit the cooperation as a penalty.
Decreasing the number of bidders would result in less satellite
payoff. Since the satellite is rational, it will not cheat during
the auction for obtaining long term profits. If the primary
satellite network would like to obtain as many payoffs as
possible, it must recruit as many secondary relays as possible
for the competition. Besides, the proposed auction approaches
are superior to the location-based approach, which proofs
the effectiveness of the proposed approaches. The sequential
auction is the sub-optimal of the winner determination problem
of Eq. (15), and the VCG auction is the optimal result of
Eq. (15). In addition, the random selection approach presents
a benchmark for the transmission rate of the PRs in the
considered network. The centralized approach achieves the
upper bound for the transmission rate of the PRs, which would
cause an intolerable delay owning to the CSI acquisition and
computation complexity. Moreover, comparing Fig. 5 and Fig.
6, the transmission rate of the NOMA scheme is superior to
the TDMA scheme under the arbitrary number of potential
secondary T-IoT networks in the second temporal phase, which
proves the superiority of the NOMA scheme.

B. The fairness for cooperative spectrum sharing

The fairness is a key indicator to facilitate the cooperation
between the primary S-IoT network and the secondary T-IoT
networks. Therefore, we analyze the fairness by using Jain’s
fair index (JFI) [23], which is defined by

J =
(
∑N

i=1 Ri)
2

N
∑N

i=1 (Ri)
2 , (30)

where Ri denotes the rate of user i. It is noted that JFI
translates a resource allocation vector {R1, R2, · · · , RN} into
a score in the interval of [1/N, 1]. A higher JFI indicates a
fairer resource allocation method. We generate two SRs in
each secondary cluster. The minimum transmission rate of
two users in k − th secondary network are at least satisfied

20 30 40 50 60 70 80 90 100

The number of the cluster heads

0

1

2

3

4

5

6

7

8

9

T
h
e 

tr
an

sm
is

si
o
n
 r

at
e 

b
p
s/

H
z

VCG Auction

Sequential Auction

Centrialized approach

Location-based approach

Random Selection

Fig. 6: The transmission rate of the different approaches versus
the number of potential secondary T-IoT networks for the
TDMA scheme in the secondary phase.

20 30 40 50 60 70

The transmission power of the cluster head

0.7

0.75

0.8

0.85

0.9

0.95

1

T
h
e 

JF
I

VCG Auction with average allocation

VCG Auction with proportional allocation

Sequential Auction with average allocation

Sequential Auction with proportional allocation

The Centrialized approach

Fig. 7: The JFI of the VCG auction, the sequential auction
and the centralized approach versus the power of the cluster
heads for the NOMA scheme in the secondary phase, where
the power reallocation adopts the average allocation and
proportional allocation methods, respectively.

with the Rk1min = 0.4bps/Hz and Rk2min = 0.8bps/Hz. All
simulation results are obtained with the average JFI applying
the transmission of the PRs and each SR in the winner
secondary network, which achieves 104 realizations.

Fig. 7 and Fig. 8 reveal the JFI of the VCG auction, the
sequential auction and the centralized approach versus transmit
power of cluster heads Pk for both NOMA and TDMA
schemes based secondary phase transmissions. The number
of potential relays is 50. The primary satellite would only
satisfy the minimum transmission in the centralized approach
as the global CSIs are obtained. The transmission rate of
PRs is increasing with the power increase. Therefore, the JFI
of the centralized approach decreases as is shown in Fig.
7 and Fig. 8. In the auction mechanism, the payments of
winning cluster heads would be no more than the bids and
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Fig. 8: The JFI of the VCG auction, the sequential auction
and the centralized approach versus the power of the cluster
heads for the TDMA scheme in the secondary phase, where
the power reallocation adopts the average allocation and ratio
allocation methods, respectively.
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Fig. 9: The JFI of the VCG auction, the sequential auction
and the centralized approach versus the number of the cluster
heads for the NOMA scheme in the secondary phase, where
the power reallocation adopts the average allocation and
proportional allocation methods, respectively.

obtain the extra payoff. For the scenarios with the NOMA
scheme, the extra power is reallocated to the SRs. For the
scenarios with the TDMA scheme, the extra time slot is
reallocated to the SRs. The proportional allocation method
and the average allocation method are adopted for both the
NOMA scheme and the TDMA scheme. As shown in Fig. 7
and Fig. 8, the proportional allocation method achieves better
fairness than the average allocation method for both the VCG
auction and the sequential auction. The fairness continues to
increase with increasing power until it stabilizes in auction-
based approaches.

Fig. 9 and Fig. 10 show the JFI of the VCG auction,
the sequential auction and the centralized approach versus
the number of potential secondary T-IoT networks for both
NOMA and TDMA schemes based secondary phase transmis-
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Fig. 10: The JFI of the VCG auction, the sequential auction
and the centralized approach versus the number of the potential
secondary T-IoT networks for the TDMA scheme in the sec-
ondary phase, where the power reallocation adopts the average
allocation and proportional allocation methods, respectively.

sions. The transmission power of relays is 50W. Since the
transmission rate of PR will increase with the increase of the
number of cluster heads, and the SR can only obtain the mini-
mum transmission rate, the fairness of the centralized method
decreases as the number of relays increases. The fairness of
the auction-based approach increase with the number of the
secondary network increasing, which is resulted from both the
transmission rate of PRs and SRs are increasing. Besides, The
proportional allocation method achieves better fairness than
the average allocation method for both the VCG auction and
the sequential auction. Based on the observations in Fig. 7 -
Fig. 10, the proposed auction-based approaches achieve better
fairness, which improves the cooperation between the S-IoT
network and T-IoT networks.

VIII. CONCLUSION

In this paper, we investigated the multiple-channel coop-
erative spectrum sharing in hybrid satellite-terrestrial IoT net-
works by auction mechanism, where the selected secondary T-
IoT cluster heads assisted the primary satellite users transmis-
sion through cooperative relaying techniques in exchange for
spectrum access. We proposed an auction-based optimization
problem to maximize the sum transmission rate of all pri-
mary S-IoT receivers with the appropriate secondary network
selection and corresponding power allocation profile, while
meeting the minimum transmission rate of secondary receivers
of each T-IoT network. The VCG auction has been introduced
to obtain the maximum social welfare, where the winner
determination problem is solved by the Hungarian algorithm.
The sequential Vickrey auction has been implemented by
sequential fashion until all channels are assigned. Due to the
incentive compatibility of those two auction mechanisms, the
secondary T-IoT cluster yielded the true bids of each channel,
where both the NOMA and TDMA scheme are implemented in
the second temporal phase. Finally, simulation results validated
the effectiveness and fairness of the proposed auction-based
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approach as well as the superiority of the NOMA scheme
in secondary relays selection. Moreover, the influence of key
factors on the performance of the auction mechanism was
analyzed by the simulations.
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