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Abstract This work seeks to demonstrate the economic importance of short-term spec-

trum auction and how it can be implemented with fewer overheads. This can be achieved

using the proposed market driven sealed bid spectrum auction process with a novel concept

called the green payment. The green payment serves as an incentive during the auction

process to encourage the users to use the radio spectrum in an efficient manner. The model

proposes to tax users that are not power efficient while those that are power efficient pay a

subsidy during the auction process. First, the appropriate bidding and auction periods are

examined and determined such that the bidding period is dependent on the traffic load in

the system. Using the obtained bidding period, the value of the green payments is then

examined and the appropriate level of tax and subsidy are also determined. The economic

importance of the model in terms of the revenue generation for the service provider and in

terms of the tax being adequate to finance the subsidy is also examined. These results show

that using the proposed concept of green payment, the energy consumed and the system

delay can be reduced when compared to a non-green payment based auction process. The

results also show that the proposed model is beneficial to the service provider in terms of

increase in profit and that the tax and subsidy system is self-sustaining.

Keywords Green payments � Dynamic spectrum access � Dynamic spectrum auction �
Bidding period � Energy efficiency

1 Introduction

Mobile devices using the wireless spectrum access are fast becoming amajor element that we

rely upon daily in order to access a wide range of digital services and applications. However,

this is being threatened by spectrum scarcity. This is as a result of the present static spectrum
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allocation and the fixed pricingmechanism that is presently adopted leading to congestion on

the radio spectrum [1, 2]. The static spectrum allocation does not allow for the same spectrum

band to be shared among different service providers while users are usually locked into a

long-term contract. Generally, with most mobile phone contracts, the users are paying a fixed

amount monthly for unlimited access to the radio spectrum. Therefore, static pricing

scheme discourages users from using the radio spectrum in an efficient manner because the

scheme provides no incentive to users to turn off unused applications, especially those

applications running in the background that are not needed. However, dynamic spectrum

access (DSA) has recently been recognised as an approach to sharing of the radio spectrum

[3]. In addition to DSA, spectrum auction is also proposed as a fair means of allocating the

radio spectrum dynamically [3–5]. Therefore, the goal of this paper is to examine and propose

a practical framework for secondary access to the radio spectrum by using a market driving

short-term spectrum auction process. However, unlike traditional auction process, this paper

does not intend to use only the user’s financial power in allocating the radio spectrum. This is

because the transmit power of one user has an effect on the other users using the same

frequency band in close proximity. Hence, in short-term, the DSA auction process with

spectrum reuse and the amount of spectrum that is available for auction can be influenced

based on the transmit power of the users in the system. Therefore, an incentive-based auction

with a reserve price which also depends on the transmit power of the users is proposed. The

use of an incentive has been described in [6] as an essential element in the success of a DSA

scheme. The use of an incentive-based auction to include a reserve price also has some other

advantages: when the spectrum is congested, the radio spectrum can be allocated in an

efficient manner and during off-peak periods; a fair level of revenue can also be maintained.

Generating more revenue from the radio spectrum is important because according to Fig. 1,

the present revenue obtained from the use of the radio spectrum is not proportionate to the

increase in demand for the radio spectrum.

To this end, this paper considers the use of two groups of users referred to as the low

powered users (LPU) and the high powered users (HPU) in order to show the heteroge-

neous nature of the future wireless network. The presence of a spectrum broker who is

responsible for carrying out the auction process is also assumed. Any user seeking access

to the radio spectrum submits a sealed offered price, which is the user’s valuation (bid) for

the radio spectrum. Based on the received requests and received signal to noise ratio (SNR)

of the users requesting the spectrum at a particular time, the spectrum broker applies the

green payment to the received bid by subsidising the power efficient users and by applying

Fig. 1 Traffic and revenue for increasing data (Source [7])
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a tax to the bids of the users who are not power efficient. After the application of the green

payment, the users with the highest set of bids are offered the available channels.

In a similar work, a short-term knapsack-based spectrum auction using the concept of

the coordinated access band was proposed [8]. The scheme allows the service provider to

maximise the revenue generated. Sequential and concurrent auction mechanism were also

considered in [9] while considering the revenue obtained by the wireless service provider

(WSP). However, the paper uses the concurrent auction in combination with the first price

spectrum auction. A slot by slot spectrum auction was proposed in [6] using price dis-

crimination scheme in order to maximise both the revenue of the WSP and that of the

primary spectrum owner. This paper is different from other papers because it does not only

consider the revenue obtained by the service provider but also considers how the auction

process affects the performance of the system in terms of delay and the energy consumed.

Another main difference is that it offers an incentive to the users to use the spectrum in an

efficient manner unlike in [10] where the incentive was offered to the primary users in

order to compensate for the interference experienced as a result of secondary access to the

radio spectrum.

The rest of this paper is organised as follows. Section 2 describes the system model by

explaining and defining all the components in the proposed model. The problem formu-

lation with the general system setup would be described in Sect. 3. Section 4 shows the

results and the discussions of the results while the conclusions are provided in Sect. 5.

2 System Model

An uplink infrastructure network is considered consisting of the users, the spectrum broker

and the database. The elements in the network are as described in Fig. 2. The users in the

system are divided into two equal groups in order to show the heterogeneous nature of the
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Fig. 2 The database approach to spectrum auction
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system. This is necessary because, with the introduction of DSA, different types of users

are seeking access to the same portion of the radio spectrum using varying levels of

transmitting power depending on the requirements. However, this is limited to two groups:

low powered users (LPU) and the high powered users (HPU) for simplicity’s sake.

Throughout this paper, an HPU is always an HPU and this is also true for a LPU. We do

not consider the scenario where the user can move from one group to the other.

The system consists of N users and NTC transmission channels in each cell. During an

auction period (t), the number of users seeking access to the radio spectrum are time

varying. They are represented as NUSA. After the auction process, a number of winners

emerge. These winners are represented as NWU. A channel for transmission can only be

utilised by one user at a time and users cannot communicate directly to another user except

via the central entity (base station). During any auction period, the database provides the

information to the auctioneer regarding the available channels in each cell before the

auction process. The number of available channel in each cell as provided by the database

is represented as NAC. After the auction process, the winning users are allocated a channel,

but not all winning user that is allocated a channel is able to transmit successfully because

of inference or noise from adjacent users sharing same channel. This is explained in more

detail in Sect. 3. NUT is used to represents the number of users who are able to transmit

after the auction and the allocation process and for the reason stated earlier NUT �NWU.

2.1 The Bidding Price (BP)

The bidding price is the amount submitted by a user to the auctioneer as its valuation for

the use of the radio spectrum. The proposed model assumes that all the users are truthful

and submit a true valuation. Such valuation reflects the user’s private value to access the

radio spectrum. These assumptions were made because the issue with truthful bidding and

bid shading which dominates auction theory in the perspective of an economist is more of

an economic problem than an engineering problem. Hence, it is not considered in this

paper. Truthful bidding allows the bidders to bid their true valuation [11] while bid shading

is a situation where some bidders lower their valuations in order to get some added

advantage during the auction process [12]. The users in this paper value the radio spectrum

in a similar way to that widely used in auction theory based models. The valuation of the

users show their willingness to pay and it is drawn from a range of values represented as

[VmaxVmin]. This is formulated based on the conventional settings in economics where users

has private valuation has done in [13]. Each bidding user independently draws their bid

value with a probability density function expressed as:

fVðviÞ ¼
1

Vmax ið Þ � Vmin ið Þ ð1Þ

where Vmax and Vmin are the maximum and the minimum possible bid valuation a user can

have respectively in price unit. The valuation (Vi) depends on the user’s budget per file and

it is always less than the users maximum budget and it (Vi) is derived from Eq. 1. The

budget for all the users in the system is the same and it is as specified in the parameters

Table 1 and throughout this paper, a situation where the bidding user does not have enough

to cover the necessary payments is not considered. Each of the bidders generates a bid

using the distribution which can be expressed as:

bi Price Unitð Þ ¼ NUSA � NACð ÞVi

NAC

þ Vmin For i ¼ 1; 2. . .:NUSA and NUSA [NAC ð2Þ
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The above equation was formulated to reflect the conventional economic theory of

demand and supply because with an essential commodity like the radio spectrum, demand

and supply plays an important role in determining its economic value. The conventional

theory of demand and supply can be found in [14]. It is also assumed that all the users have

knowledge of NAC and NUSA while formulating Eq. 2. This assumption is quite strong but

reasonable, since it enables the understanding of how an auction process can be imple-

mented for short-term spectrum access.

Using Eq. 2, each of the users intending to transmit generates a bid within the given

range and submits the same to the auctioneer. This must be done within a given time

window known as the bidding period (t). The appropriate bidding period is determined

later in this paper.

2.2 Auction Process

The auction model adopted in this work is the simultaneous sealed bid auction where no

bidder knows the bid of any other user and in the same auction period, no user can amend

the offered price after putting in the bid. The simultaneous process is adopted in order not

to introduce additional delay into the system. For an auction process to take place, the

value of the NUSA is always greater than the NAC. Hence this is taken into account when

formulating the auction period later in this work. During the auction process, the amount

paid by any of the winning bidders depends on bids submitted by the users and the payment

rules put in place by the auctioneer. In order to assess the effect of the payment rule on the

auctioneer’s revenue, two types of payment rules are examined: The discriminatory

Table 1 Parameters used
Parameters Value

Cell radius 2 km

Interference threshold -40 dBm

SNIRtreshold for HPU 1.8 dB

SNIRtreshold for LPU 21 dB

Users in a cell 200

Number of cell 19

[bminbmax] [5 8]

Desired percentile 30

Thrmax 4.5 bps/Hz

a 0.65

SNIRmax 21 dB

SNIRtreshold 1.8 dB

Cr 0.5

File size 2 Gbits

Frequency reuse factor 3

Height of base station 15 m

Budget 100,000 price units

Transmit power for LPU 0.09 W/bit

Transmit power for HPU 0.9 W/bit

N 100 (50 LPU and 50 HPU)

Energy Efficient Short Term Spectrum Auction Using the Concept… 193

123



payment rule and the uniform payment rule. In the former method, all the winning users

during the same transmitting period pay whatever value they bid while in the latter all the

users in the same group transmitting in the same bidding period (t) pay the same amount,

which is usually the average price for all NWU in the same auction period.

2.3 The Reserve Price

The reserve price (r) is the minimum price paid before the spectrum is allocated. It is

introduced because the demand for the radio spectrum is both time and space dependent

and therefore, when the demand is low, the reserve price helps to retain the minimum

selling price of the service provider. The reserve price might also prevent the use of the

spectrum if the value is set too high. Therefore, the reserve price is formulated by taking

into account the current traffic load in the system, the frequency band in use, the total

number of channels in the system and the number of channels in use. The reserve price is

expressed as:

r Price Unitð Þ ¼ CfNTCCr ð3Þ

where Cr is a constant in price units, which is used to specify the value of a spectrum band

in use. In this paper, this value is determined from the common knowledge regarding the

common price of the radio spectrum and it is specified in the parameters table. This is

introduced because the value of the spectrum varies depending on the frequency and the

application that requires the use of the spectrum. Furthermore, users believe that the bigger

the size of the network, the better the quality of service offered hence, the total number of

channels in the system is also taken into consideration when calculating the reserve price.

Consequently, the reserve price increases as the size of the network. The congestion factor

(Cf) is introduced because of the laws of demand and supply. The lower the demand the

lesser the price and the higher the demand the higher the price of a commodity as explained

in [15]. The congestion factor (Cf) is the number of requesting users per channel during an

auction period, which can be expressed as:

Cf ¼
NUSA

NAC

ð4Þ

In this work, Cf is the same for all the users who want to transmit within the same

bidding period (t).

2.4 The Bidding/Auction Period (t) and the Transmitting Period (T)

An auction period (t) represents the time window in which users that require the use of the

radio spectrum submit their bids to the auctioneer. Only bids submitted within this time

frame are considered by the auctioneer and only such users are considered as the con-

tenders for the next available transmit channel slots. The value of NUSA that submit a bid

during an auction period depends on the user’s arrival process. It is important to determine

the appropriate auction period because a long bidding period allows more bidders to arrive

and submit their bids, but this can introduce additional delay into the system and a short

bidding period might not allow enough users to arrive for an auction to be carried out. This

is because if NUSA\NAC then there is no need for an auction to be carried out since all

users seeking access can be allocated a channel. Another implication of more users arriving

as seen from Eq. (2) is that the bids of the users depend on the value of NUSA, while NUSA
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depends on the bidding period (t) as explained. Therefore, the higher the number of arrivals

(NUSA), the higher the bids submitted by the users. This might be considered as a positive

implication because the revenue obtained by the WSP is dependent on the user’s bid. The

higher the bidding values, the higher the revenue of the auctioneer. The number of arriving

bidders also determines the reserve price set by the auctioneer as seen from Eq. (4).

Therefore, in the modelling scenario it can be concluded that the longer the bidding period,

the longer the delay introduced into the system and the shorter the bidding period, the

smaller the value of the revenue obtained by the WSP. Hence, the bidding period is an

important factor that needs to be examined and chosen appropriately in order to balance the

trade-off between the auctioneer’s revenue and the delay in the system.

The appropriate bidding period is obtained such that the number of bidding users

arriving is more than the number of channels. The number of bidders that are able to

transmit after the allocation of the radio spectrum is defined as NUT. NUT is less than or

equal to NWU or NAC. It is less than NWU if some of the winning users are not able to

transmit after being allocated the spectrum because their bids are below the reserve price or

they do not meet the transmission requirement such as the SNIR threshold. NUT is less than

NAC when some of the available channels are not in use usually as a result of users offering

a bid price which is below the reserve price. Furthermore, it is also assumed that each of

the users has only one file to send at any giving time hence, the number of files arriving is

the same as the NUSA. This assumption is reasonable because before each file is sent an

auction must take place. The modelling assumptions can be summarised as:

NWU ¼ NAC ð5Þ

NUT �NAC or NWU ð6Þ

Usually, the application using wireless radio spectrum are time/delay sensitive. This

sensitivity varies from one application to the other. Voice communication is more delay

sensitive than data communication. However both has an acceptable delay/time limits. In

order not to breach this time limit, we need to define an appropriate auction period that

would satisfy the users requirement. The appropriate auction period should allow for NUSA

to be greater than NAC and such bidding period should not introduce additional or sig-

nificant delay into the system. Hence, we derive the appropriate auction period. First, an

expression for the probability of NUSA in any auction period is defined using a Bernoulli

distribution to model the independent time interval between the user’s arrivals. The bid-

ding period is assumed to be t and the probability (Pr) of a user arrival in each trial as

shown in Eq. 7. The bidding period t is divided into smaller periods called the trial periods.

If no user arrives during a trial period, it is termed as a failure but a user arrival during this

trail period is known as a success, which can be expressed as:

Pr ¼
kt
Ntr

ð7Þ

where k is the average user arrival rate and Ntr is the number of trials in period t. The

number of failed attempts (failure) is Ntr � NUSA. The probability of NUSA users arriving in

Ntr trials is given by the binomial distribution expressed as [16]:

Pr NUSA out of Ntrð Þ ¼ Ntr!

NUSA! Ntr � NUSA!ð Þ p
NUSAð1� pÞNtr�NUSA ð8Þ
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Substituting (7) into (8):

NUSAð Þ ¼ Ntr!

NUSA! Ntr � NUSA!ð Þ
kt
Ntr

NUSA

1� kt
Ntr

� �Ntr�NUSA

ð9Þ

Assuming the probability of a user arrival is small, the probability of NUSA users

arriving in Ntr trials is given by the binomial distribution can be written as:

1� kt
Ntr

� �Ntr

ffi e�kt ð10Þ

Therefore, the standard expression for the Poisson distribution is obtained as follows:

PrðNUSA users arriving in tÞ ¼ e�ktðktÞNUSA

NUSA!
ð11Þ

The above expression (11) shows that the probability depends on the arrival rate and

therefore, the equation represents themost likely number of bids to be received in any auction

period t. User’s arrival is used interchangeablywith file arrival because it is assumed that each

of the users only has one file to send at a given time. This bidding periodmust allow an auction

to take place; therefore NUSA must be greater than NAC (NUSA [NAC). NAC is assumed to be

fixed in this section. Furthermore, an expression to allow at leastNAC þ 1 bids to be submitted

in an auction period is derived. This is because if the number of bids received is less than the

number of available channels, there is no need for an auction to be carried out. Therefore,

substituting k ¼ TL
T
into Eq. (11) and varying the period, where TL is the traffic load in the

system in Erlang and T is the holding time also known as the transmitting period.

In order to illustrate how we derive the parameters used in our model an example is

provided using Fig. 3 under the assumption that NAC is 4 hence for an auction process to be

carried out the number arrivals must be [4. Hence, a user arrival of 5 is used in this

example and we assume a date rate of 3.8 bps/Hz for this illustration. From Fig. 3, it can be

concluded that the appropriate bidding period that allows exactly 5 arrivals (NAC?1)

decreases with the traffic load in the system when examined for all traffic loads. This is
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because the probability of arrivals depends on the traffic load in the system. Furthermore,

because the auction process takes time depending on the traffic load in the system, a

scenario where the auction process and transmission process are carried out simultaneously

is modelled.

In order to understand the approach used in this paper, an example is provided using

Fig. 4, where 5 users are arriving out of the N possible users in the system during each

bidding period. The bidding price (BP) and 3 bidding periods (t1 to t3) are illustrated with

this example. For proper understanding just for this example the users are represented as

Na
i , where the subscript i represents the user number and superscript a represent the packet

number. Hence N2
1 means that user number one is about to send packet number two. 3

channels are also assumed to be available in each bidding period (in our modelling process,

the number of available channel varies and the information regarding the available channel

is provided by the database). The reserve price (RP) is assumed to be 4 in this case and it is

placed below the bidding period because the auctioneer is not aware of this value before

the auction process. In the first bidding period, users number 1 to 5 arrive into the system

and each with a bidding value as indicated in the Fig. 4, since 3 channels are available, the

auctioneer picks the 3 users with the highest biding values (N1;N5 and N4). However only

N1 and N5 are allowed to transmit because of the reserve price. All the users that are not

successful in a bidding period retries in the next bidding period. Hence it can be seen from

the example that users 2 to 4 are also bidding again in t2. This is in addition to user 6 and 1.

User 6 is a new bidder who is attempting to send the first file as seen from the superscript

(N1
6 ) but user 1 is attempting to send the second file after the initial success in the first

bidding and transmission period.

2.5 The Auctioneers Revenue

The expected revenue (Re) of the auctioneer from one bidder during a single auction period

can be expressed as:

Re Price Unitð Þ ¼ bi ð12Þ

Substituting Eq. (4) into Eq. (12), the expected revenue can be expressed as:

Re Price Unitð Þ ¼ NUSA � NACð ÞVi

NAC

þ Vmin ð13Þ

The total revenue obtained by the auctioneer during all the auction periods (tn) can be

represented as:

Retotal Price Unitð Þ ¼
Xtn
1

XNUT

1

Re ð14Þ

Fig. 4 The bidding process
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It can be seen from the Eq. (13) that as NUSA increases the expected revenue also

increases. The number of arriving users (NUSAÞ can only increase provided the bidding

period is increasing. Therefore, the bidding period has a direct relationship with the rev-

enue of the WSP. This also shows that the bidding period is an important factor that needs

to be considered carefully when using an auction to allocate the spectrum. Another

important factor that is considered throughout this paper is the energy consumed.

2.6 The Energy Model

According to Feeney and Nilsson [17], the energy consumed by wireless devices consists

of the energy used in generating and processing the signals. It also includes the energy

consumed by the power amplifiers and other components. The energy model used in this

paper can be represented as a 2 state Markov chain as shown in Fig. 5. In the energy model

a user can transit from 1 to 4 as shown below:

1. A user who has file(s) to send moves into the OFF state and continues to be in this state

until such a user is among the winning bidders.

2. A user who is among the winning bidders moves from the OFF state to the ON state.

3. The user remains in the ON state until after transmission, if the transmission is

successful, or until when the user receives a failed signal, either because of low offered

bid compared to the reserve price or because of a poor quality channel.

4. After transmission, the user moves back to the OFF state in order to send the next file.

In the ON state, it is assumed that a transmission is successful provided the signal to

noise plus interference ratio (SNIR) and the reserve price are above the set thresholds. If

the user moves from the ON state to the OFF state, and the thresholds are not met, then the

energy consumed in processing the request of the user during the state transition is con-

sidered as energy wasted. A processing time, which is the time taken to process the

received bid, is also assumed. All users that move from the ON state to the OFF state have

the same processing time.

As mentioned earlier the device can require a high transmit power or a low transmit

power when in the ON mode. The transmit power for each group of users is fixed but both

groups can switch to the OFF mode. Generally, in this paper, the HPU transmits at higher

bit rate compared with the LPU depending on the users SNIR based on the truncated

Shannon bound. Therefore, the energy consumption is modelled as a function of the bit rate

which is directly proportional to the transmit power level. The energy consumed in

transmitting one file by user i is as shown below:

Ei Joulesð Þ ¼ PiSf

Br

þ PDtd ð15Þ

OFF ON
31

4

2

Fig. 5 Energy and system model as a two-state Markov chain
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where Pw is the transmit power for user i in watts, Sf is the file size in bits and Br is the bit

rate in bits/seconds, PD is the power used in powering the user device in Watts and td is the

time in seconds in which the device is powered on. The device is assumed to be powered

on during the bidding and the transmission periods. It is assumed that all users are

transmitting the same file size. Therefore, a higher bit rate means transmitting for a shorter

period for the HPU compared to the LPU. The total energy (ET) consumed by the system in

Joules can be expressed as:

ET Joulesð Þ ¼
XNWU

i¼1

EiNFGii ð16Þ

where NFGi
is the total number of file generated for user i (both successfully sent and the

ones not successful sent) and N is the total number of users in the system. The average

energy consumption per file sent is calculated as shown below. Where NFSi is the total

number of files successfully sent by user (i) in the system.

E ¼ ETPN
i¼1 NFSi

ð17Þ

2.7 The Green Payment (R)

The green payment (R) is either in the form of a tax or a subsidy and the main aim of

introducing the green payments is to allow the bids of the LPU to be subsidised, the bids of

the HPU to be taxed and to increase the probability of LPU winning the bid. This is

because all the users (LPU and the HPU) are all opportunistic spectrum users and such

users need to reduce the interference to other users by keeping their transmit power level

low. Hence, the aim is to use the green payment to encourage the users to keep their

interference level as low as possible. This is because this paper wants the primary users

(they are not considered in this paper) to perceive the interference at a level, which does

not disturb their transmissions. The auction-modelling scheme allows the granting of

access to the radio spectrum to the HPU only when the bid of the HPU after the tax is

above the reserve price and above the bids of the LPU with the subsidy. This is because

sometimes due to the value of money involved; low demand for the use of the spectrum or

the importance of the application seeking the use, the HPU should be allowed to transmit

after paying the price for using such transmits power. An equation of the green payment is

(Eq. 19) derived from the inverse of the Truncated Shannon Bound (TSB) is obtained to

either tax or subsidise the users [18]. The TSB represents the transmission rates that can be

achieved in practice given an adaptive modulation scheme in a real world scenario. This is

dependent on the SNIR of the user expressed as

Thr ¼
0

a:S SNIRð Þ
Thrmax

8<
:

SNIR\SNIRthreshold

SNIRthreshold\SNIR\SNIRmax

SNIR[ SNIRmax

ð18Þ

S SNIRð Þ ¼ log2 1þ SNIRð Þ

where S SNIRð Þ is the Shannon bound and a is the rate reduction factor as defined in the

parameters table, Thrmax is the maximum throughput for the codeset and Thr is the

throughput of the system. Thrmax and SNIRthreshold are specified in the parameter table. The
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SNIRthreshold is the minimum threshold that allows the detection of the information at the

receiver and SNIRmax is the maximum SNIR beyond which there is no change in

throughput. The TSB is used to represent the transmission rates that can be achieved in

practice given an adaptive modulation scheme in a real world scenario. This is dependent

on the SNIR of the user. In order to use the green payments to control the interference

caused by the users requiring high SNIR in a fair manner, and to penalise or subsidise users

based on the interference they contribute into the system, an equation related to the TSB is

used to derive the green payment equation. The reason for using this equation is due to the

fact that the transmission rate is an important parameter in a wireless communication

system. This is because the transmission rate is dependent on the SNIR and this is

dependent on transmit power and interference. The derived green payments equation

formulated from the TSB is written as:

R PriceUnitð Þ ¼ 21þ�h � 1 For green payment subsidy

21þ�h þ 1 For green payment tax

�
ð19Þ

where � s the green payment factor derived later in this paper. The value of � is chosen in

such a way that the green payments does not introduce too much tax/subsidy into the

system leading to delay or reduction in the system throughput, hence the reason for it being

called the green payment factor. h is the absolute value of the linear difference between the
SNR value of a user i (wi and the value of the SNR of a set threshold (wj).

hi ¼ wi � wjj for i ¼ 1; 2; 4. . .NUSA ð20Þ

The set threshold (wj) is derived by first arranging the received SNR of the NUSA users

who are seeking access to the radio spectrum at time t in an ascending order

wt ¼ w1;w2;w3. . .wNUSA

� �
ð21Þ

Then to determine which of the SNR at time t is the set threshold, the equation below is

used, where Pc is the desired percentile. The appropriate value of the desired percentile is

obtained later in this paper. A percentile is usually used in statistics to indicate what

percentage of scores is less than set threshold in an investigation.

jj j ¼
jPcNUSA

100
þ 1

2

k
ð22Þ

The above equation gives an absolute value (integer) known as the percentile rank. This

shows that whatever the value of j, the jth SNR in Eq. (21) is the set threshold (wj). For

example if j is 2, then the second SNR (w2Þ in Eq. 21 is the set threshold, therefore wj ¼ w2

with this example. The set threshold is not the same or related to the SNIR threshold

(SNIRthreshold) in the TSB equation. The value of the percentile rank used has an effect on

the total revenue needed to subsidise the bids of the users as seen from Eq. (22). As Pc

increases the percentile ranks also increases. This means that the number of users falling

below the percentile rank increases and percentile value of 100 means that all the users are

subsidised and no user is taxed. As explained earlier, the green payment equation can either

be a tax or subsidy. In order to determine if the green payment of any user in the system is

either a tax or subsidy, the scenarios that determines the users paying a tax or subsidy at

any traffic load can is summarised into case 1 to 3 as explained below:
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2.7.1 Case 1: Most of the NUSA Users Arriving in Period t are Low Powered Users

This happens when all or most of the bids received in an auction period are from the LPU.

When this scenario occurs some of the LPU whose SNR is above the percentile value

appear to fall in the tax category. As an example when NUSA is 6, and 4 transmit channels

are available in the system. Where wC
A represents the SNR of all the users attempting to

transmit at any period arranged in ascending order and superscript C can either be LPU or

HPU indicating low powered or high-powered users respectively and subscript A repre-

sents the position number of each of the SNR values in ascending order. Therefore, in the

above example, A varies from 1-6 since there are 6 bidders seeking access to the radio

spectrum during the auction period and the SNR is represented as:

wC
A ¼ wLPU

1 ;wLPU
2 ;wLPU

3 ;wLPU
4 ;wLPU

5 ;wHPU
6

� �
ð23Þ

Assuming the percentile rank (J) which is calculated from Eq. (22) is 3 then wc
j ¼ wLPU

3 .

Therefore, wLPU
4 ;wLPU

5 ;wHPU
6 [wLPU

3 . This means that the SNR of users 4 and 5 who are

LPU fall above the percentile value and the corresponding green payment for users 4 and 5

appear to be a tax. However, if this happens a tax is not be applied to the bid of the users (4

and 5 in the example) and neither is their bid subsidised, but users whose SNR are less than

the value of percentile rank (users 1 and 2 in this example) are subsidised by adding the

value of the green payment to their original bid and a tax is deducted from the bid of user 6.

This is done so that only the set of users with the lowest values of SNR are subsidised and

this subsidy is only when necessary. In the above example, the HPU (user 6) has the least

priority to transmit and user 4 is able to transmit if the bid is above the reserve price but the

bidder is not subsidised.

2.7.2 Case 2: Most of the Bidders Requiring the Use of the Spectrum are High
Powered Users

Some of the HPU have an SNR value less than the value of the percentile rank, using the

same illustration as in the example above.

wC
A ¼ wLPU

1 ;wHPU
2 ;wHPU

3 ;wHPU
4 ;wHPU

5 ;wHPU
6

� �
ð24Þ

Assuming the percentile rank is 3, user 2 appears to fall into the category of users

receiving subsidy, but in the work this set of users is not subsidised or taxed as the

percentile rank that is used in this case is 2 rather than 3. Therefore, user 3 is paying the

minimum possible tax. This is done to prevent the bid of such user from going below the

reserve price thereby making some of the available channels idle and lowering the system

throughput.

2.7.3 Case 3: The Arriving Bidders Fall Equally In-between the High Powered Users
and Low Powered Users

This is when the value of the percentile rank falls somewhere in between the HPU and the

LPU: In this case each of the users is taxed or subsidised accordingly as illustrated below

using the same illustration as previous examples:

wC
A ¼ wLPU

1 ;wLPU
2 ;wLPU

3 ;wHPU
4 ;wHPU

5 ;wHPU
6

� �
ð25Þ
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Users 1 and 2 are subsidised and user 3 is neither taxed nor subsidised and the other

users are taxed with user 4 paying the least amount of tax.

The aim of adopting the above rules is to subsidise users only when it is necessary,

thereby preventing users from paying tax when the spectrum is not in use by the LPU. The

rule also allows the tax received to be able to subsidise the bids of the LPU and prevent

unnecessary denial of access to the HPU thereby, reducing the system throughput. As an

example, substituting NUSA = 5 and Pc = 30 into the Eq. (22) gives j an approximate

value of 2 meaning that in the event of at least 5 arrivals, 2 falls below the percentile rank.

These two users should be able to transmit because their bids are either subsidised or they

are paying the minimum amount of tax using the green payment equation. This also means

that only two of the transmitting users are subsidised thereby helping in balancing the value

of the tax and subsidy making the system self-sustaining.

The green payment (R) as explained earlier is then applied to each of the received bids as:

bfinali ¼
bi þ Ri For wC

i \ and i is a LPUwC
A ¼ wLPU

A

bi � Ri For wC
i [wC

j and i is a HPU

bi For others

8><
>: ð26Þ

For i ¼ 1; 2; 3. . .NUSA and j is the percentile rank of the threshold as

where bi and Ri are representing the bid submitted by user i and the value of the green

payments paid to user i for a bidding period respectively.

3 General System Setup

One spectrum broker and N wireless users are considered, modelling an infrastructure

based uplink wireless network. The users require short-term access to the radio spectrum. It

is assumed that the users in the same group transmit at the same constant power as shown

in the parameters table. A hexagonal cell structure where cells that are located next to each

other cannot share the same channel is assumed. A frequency reuse factor as specified in

the table of parameters table. A fixed total number of channels (NTC) is available in all the

cells. The channels are assumed to have similar characteristics and in the absence of

interference no channel is better in quality than the other. Hence, the users are allocated the

least interfered channels based on their offered bid. The user with the highest bid is offered

the least interfered channel and the winning bidder with the least bid is offered the most

interfered channel. The file arrival process conforms to a Poisson distribution and the

channel holding time is exponentially distributed. Each of the users who want to transmit

during each auction period submits a uniform sealed bid bi(i ¼ 1; 2; 3; . . .:NUSA) to the

spectrum broker. A period t allowing a minimum of NAC þ 1 arrival is assumed for the

bidding period depending on the traffic load in the system as explained earlier using Fig. 3.

The auction process is also carried out with multiple users (NWU) emerging as winners

depending on the number of available channels (NWU) after applying the green payments to

the bid of the users. The flow chart is shown in Fig. 6 below. The winning bidders are

subsequently allocated to the available channels. Each user that is allocated a channel

transmits successfully provided the SNIR of such user is above the SNIR threshold

(SNIRi � SNIRtreshold) and the final bid price is above the reserve price (bfinali � rÞ. Each of

the users in each group transmits at a different bit rate according to the users received SNIR

level, as determined by the TSB as explained in [7].
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4 Results and Discussion

The results in this paper are derived based on computer MATLAB modelling of an

hexagonal cell structure using the parameters listed in Table 1 below with one spectrum

broker and N users in the system. The traffic arrival is based on Poisson distribution with

arrival rate (k) and inter arrival rate described by an exponential distribution. The users are
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Fig. 6 System flow chart
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divided into two equal groups consisting of the HPU and the LPU. These two groups are

used in order to mimic the heterogeneous nature of the future wireless network in a

simplistic manner. The arrival process is independent of the user group as illustrated in

cases 1 to 3 previously in sub section II (G). Hence in any bidding period t the number of

LPU or HPU arriving varies.

The first problem that is formulated is to determine the range of values for the green

payments that maximise the system performance over different traffic loads. Such a value

should make the system profitable and maximise the system capacity. It must also min-

imise the energy consumed by the cellular network. The value of the green payment factor

(�) in Eq. (19) is varied from 0 to 0.1 for different traffic loads to obtain a range of values

for � that achieves the aim of this paper. The aim is to allow the HPU to access the radio

spectrum mainly when the LPU are not transmitting, to allow the tax obtained to pay for

the subsidy, to reduce the amount of energy as a result of the auction process introduced

into the system, not to introduce significant delay into the system and to allow the system

to be able to operate at maximum capacity when required. It is worth pointing out that the

system performance used in this work is per cell.

Furthermore from Eq. (21), it can be seen that as the percentile value increases, the

percentile rank also increases, meaning that the number of users to be subsidised also

increases as explained in the three modelling scenarios named case 1 to 3 in section II(G).

Therefore in order to examine the effects of varying the green payment factor (�) and the

value of the percentile used on the value of the total green payment, the value of the green

payment is varied. The total green payment (Rtot) is calculated as shown:

Rtot Price unitð Þ ¼ Rttp � Rtsp ð27Þ

where Rttp and Rtsp represents the total tax and total subsidy paid in price unit respectively.

Figure 7 shows the results obtained by varying the value of the green payment factor (�)
in Eq. (18) for different percentile values. It can be seen that with the percentile value of
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10, the value of the green payment factor can be increased up to 0.08 before the total green

payment value goes below the zero margin. This is because the percentile equation as

specified determines the number of users to be taxed or subsidised. This result is examined

because the aim is to make the tax received to be able to pay for the subsidy. Therefore, the

auctioneer does not have to set aside some amount to pay for the subsidy. It can be seen

from this figure that as long as the value of � is\0.05, then the system is self-sustaining for

all the percentile value examined. As the percentile value increases the system can no

longer be self-sustaining especially at high values of �, as the tax received cannot finance

the subsidy. This does not pose a major problem if the subsidy is coming from an external

source such as the government. However, in this work one of the aims is to allow the tax

paid by HPU to be able to subsidise the LPU who are receiving a subsidy, hence the 30th

percentile is used in this paper. Furthermore, it can be seen that it is important to examine

the range of values of � that allows the system to be self-sustaining after having a fixed

value of the percentile.

After selecting the 30th percentile based on the above reasons, the value is now kept

constant to determine the range of values for � that would make the tax pay for the subsidy.

This is necessary because one of the aims of this paper is to allow the tax to pay for the

subsidy. Figure 8 shows the green payment against the tax. The total green payments for

all traffic loads are initially zero because no tax or subsidy is paid when � is 0. The total

green payments rise after the initially zero value because as seen from Eqs. (19–22), the

subsidy paid increases with increases in � and also the tax increases with �. However as the
value of � increases, more HPU are squeezed out and the number of HPU paying a tax

reduces in the process. Therefore, as the HPU are squeezed out gradually, the tax paid can

no longer pay for the subsidy, thereby decreasing the value of the total green payment

gradually until the total green payment goes to negative. The total green payment is

negative when most or all the HPU in the system have been squeezed out. In terms of

allowing the tax paid to pay for the subsidy and allowing the system to be self-sustainable

the most suitable range of � can be obtained to be between 0.01 and 0.05 for all the traffic

loads examined

The aim of the green payment is not to completely squeeze out all the HPU in the

system. Hence, the ratio of HPU to LPU during transmission is examined to determine the
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value of � that would not completely squeeze out all the HPU in the system depending on

the traffic load in the system. It is important to show the ratio of the HPU to LPU in the

system while varying � because it helps to verify the fact that the reduction in the total

green payment value is due to a reduction in the number of HPU in the system. As seen

from Fig. 9, the ratio of the successful transmit files of the HPU compared to that of the

LPU decreases as the value of � increases from 0 to 0.1 for all the traffic loads examined.

First, this result shows that there is a need to only test the range between 0 and 0.1 because

as the value of � approaches 0.1 the ratio decreases to zero. The decreasing ratio can

especially be noticed at a traffic load above 2 Erlangs and it is as a result of the HPU being

completely squeezed out due to the increase in the tax paid. As the tax increases, the bid of

the HPU is subsequently below the reserve price. Therefore, a value of � above 0.1 means

the HPU are never granted access to the radio spectrum unless the overall budget is

increased. This also means that no HPU are allowed access to the spectrum and there is no

way of subsidising the bids of the LPU. It can be argued that if no HPU is granted access

then there is no need to subsidise the LPU. However, the aim of this work is not to

completely squeeze out the HPU but to grant the HPU access when the interference caused

does not have a significant impact on the primary users in the system, or when LPU are not

transmitting and the power can be spread over a wider bandwidth. It can be concluded from

this that the higher the probability of LPU arriving, the lesser the chances the HPU are

having of getting through. The result shows that the range of values for � that allows a

significant proportion of the HPU to transmit when the system is not in use by the LPU (if

only the ratio is considered) is between 0 and 0.06 for all traffic loads between 1 and 6

Erlangs. Squeezing out the HPU and leaving the system empty or below its capacity is not

an ideal situation because this gives a low value of throughput to the system. The system is

operating below capacity because there are times when channels are available but because

the offered bid of the HPU is below the reserve price as a result of the excess tax paid.

Hence, there is a need to examine the throughput of the system with a varying value of �. It
is also important to examine the performance of the system as the value of � is varied. This
is because the performance of the system in terms of delay and throughput is important to

any wireless system.

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

 R
at

io
 o

f s
uc

ss
fu

ll 
tr

an
sm

itt
in

g 
se

ss
io

ns
 o

f  

ß

TL 1 Erlang

TL 2 Erlangs

TL 4 Erlangs

TL 6 Erlangs

H
P

U
 to

 L
P

U

Fig. 9 Ratio of transmitting files of HPU to LPU against � for different traffic loads

206 A. Oloyede, D. Grace

123



Figure 10a shows the corresponding throughput value as � increases from 0 to 0.1 when

the least interference channel assignment scheme is used. It can be seen that at traffic loads

of 1 and 2 Erlangs the throughput decreases at higher values of �. This is because the

system is not loaded to capacity. This can also be because most of the HPU are completely

denied access even when the LPU are not transmitting or because NUT is less than NAC.

Furthermore, at traffic loads of 4 and 6 Erlangs and at lower values of �, the throughput is
lower because of the interference from the HPU transmitting. At lower traffic loads the

LPU can avoid using the same channels as the HPU transmitting in other cells because of

the least interfered channel assignment scheme in use. The avoidance is possible since

more channels are available than the number of channels required. However, at higher

traffic loads when the system is approaching maximum capacity, the least interfered

channel assignment scheme has no effect. This is because the LPU has little or no option of

transmission channels to choose from. This is because all the channels are busy most of the

time due to the increase in the traffic load. In order to determine if it is the reserve price

that is preventing the system from operating at full capacity below 4 Erlangs, the reserve

price is removed. Figure 10b shows that removing the reserve price does not have any

significant effect on the throughput at lower values of �, but it does increase the throughput
at higher values of the green payment factor (�) at traffic loads between 1 to 4 Erlangs. This
signifies that at values of � above 0.05, there is a need to make the reserve price constant,

especially at low traffic loads. Furthermore, the reserve price has no significant effect at

higher traffic load above 4 Erlangs because the LPU who are getting subsidies are always

transmitting on the radio spectrum and there is no need for the HPU to come into the

system. From the throughput point of view, the range of values of the green payment factor

that maximises the throughput is between 0.03 and 0.55. This is because at this value the

system can be operated to capacity.
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After considering the throughput of the system, another important factor that is con-

sidered is the amount of energy consumed by the system. This is because one of the

important features in many of the proposed future wireless systems is energy conservation.

Figure 11 shows that the average energy consumed per successful file sent. The energy

consumed here is the total energy consumed by only the users who are among the winning

bidders (NWU) and this is divided by the number of bidders who are able to transmit

successfully (NUT). It is worth pointing out that that the number of winning bidder (NWU) is

always less than or equal to the number of bidders who are able to transmit successfully

after the transmission period (NUT). The energy consumed reduces initially because the

amount of energy consumed by the winning bidders reduces as the value of � increases.

This is because as � increases more of the winning (NWU) bidders are LPU as a result of the

tax being paid by the HPU. However, as the value of � increases the value of NUT also

reduces. This is because more of the HPU who are among the winning bidders are not able

to transmit successfully. Initially, the reduction in the value of NUT is gradual until it gets

to a point where there are channels available but they are not put to use and all the users

who are able to transmit successfully are only the LPU. This is because the HPU who are

among the winning bidders are not always able to transmit. This is also because the value

of the tax paid is higher as � increases, thereby making the bid value of the HPU go below

the reserve price. At the point when only the LPU are able to transmit, the average energy

is flat as seen for values of � above 0.06. This is because on the average the number of HPU

who are among the NUT becomes constant and the traffic load is also constant. The rise in

the value of the average energy consumed after a value of � is equal to 0.05 is because

there is a sudden reduction in the value of NUT without a corresponding reduction in the

value of the energy consumed. The sudden reduction in the value of NUT is because the

HPU are almost completely squeezed out of the system at higher values of �. At high
values of � more of the winning bidders are LPU, but the number of LPU among the

winning bidder is not enough to occupy all the available channels and the aim of the

proposed model is not to make the system to work below its capacity. Therefore in terms of

energy consumed by the system, the range of values of � that significantly reduces the

consumed energy per file has a range between 0.04 and 0.05. This is because at those range
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of values, the average energy consumed per successful file sent is minimised for all traffic

loads.

Taking all the above reasons into consideration � is chosen to be 0.045. This value is

chosen in order to obtain an optimal value that maximises all the aims of this paper. This

value is seen as the optimal value of � because when the throughput and energy are taken

into consideration, the optimal value is the point where the least energy is consumed. This

value is also optimal because it makes the system to be self-sustainable (the tax received

can pay for the subsidy paid out).

Using the optimal � value of 0.045, the system performance with and without the green

payment and without the reserve price are examined in order to determine how each affects

the general performance of the system. It is assumed that the bidders derive their bid using

a uniform random distribution as explained earlier and a user does not pay if the data

transmission is not successful but energy can still be consumed.

In order to determine the effects of using the discriminatory or uniform price increase,

the two price increase scheme are examined alongside with the 50 % and the random price

increase. By random price increase it is meant that the user uses Eq. (4) during any bidding

period to generate their bids all the time. However, with the 50 % price increase the

bidders such as bidder (i) uses Eq. (4) to generate their new bid at time t represented as bti
but also add 50 % of the last value of bid submitted (bt�1

i ) to the new bidding value

provided the user is not among the winners in the last bidding period in which the user

participated. This is done in order to understand the effects of the price generation

mechanism on the revenue of the auctioneer and it is summarised using this equation:

bi Price Unitð Þ ¼ bti þ
bt�1
i

2
ð28Þ

Figure 12 shows the revenue obtained by the WSP using the 50 % price increases or the

random price increases either with a discriminatory auction or uniform auction. From the

results the discriminatory (50 % or random price increase) performs slightly worse than the

uniform price (50 % or random price increase). It can be seen that the price increase per
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session (50 % or random) does not have any significant difference in the result obtained for

the revenue of the WSP. The reasons are explained better with Fig. 13.

However, from Fig. 13 the throughput of the system performs worse with the 50 %

price increase. This is because it (50 %) gives an advantage to the HPU to be able to win

the auction process at the expense of the LPU thereby lowering the system performance.

From the throughput result, it can be seen that the discriminatory or random price increase

does not affect the throughput of the system. This is because the discriminatory or uniform

price increase only has an effect on the average revenue of the service provider while the

price increase per file (50 % or random) determines if the bid of the user is accepted or

rejected and subsequently if the file is sent or not.

In order to determine the effects of the green payment and the reserve price on the

performance of the system, the models with and without the green payment and reserve

price are considered.

Figure 14 shows the traffic load against the throughput using the optimal value of � for

scenarios with and without the green payment and with the green payment but with and

without a reserve price. The throughput results without the green payment are significantly

lower because without the green payment the HPU is always interfering significantly with

the LPU and other HPU in the other cells with whom they share the same channel, thereby

making the system operate at a lower throughput. The schemes with the reserve price

perform worse compared to the schemes without the reserve price because the reserve price

sometimes hinders the transmission of users in the system. The hindrance is as a result of

the users not being able to transmit when channels are available but they (channels) are not

offered to the users because the offered bids are below the reserve price. However, the

importance of the reserve price is demonstrated later with Fig. 17. The throughput also

saturates close to 4 Erlangs per cell because 4 Erlangs is the maximum throughput per cell

that can be achieved since 4 channels are available in each of the cells at the maximum.

Another important performance parameter is the energy consumed by the system.

Figure 15 shows the energy consumption per file sent with and without the green payment

and with and without the reserve price. The energy consumed increases with the traffic

load because as the traffic load increases the collision in the system also increases. Fur-

thermore, energy consumption increases with the traffic load. The increase in collision is
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because whenever a bid is rejected energy is wasted as explained with the energy model.

The energy consumed using the green payment with a reserve price is slightly above the

scenario without the reserve price. This is because a few of the bids are rejected as a result

of the offered bid going below the reserve price. The difference is about 20 % on the

average, which is very low compared to over 120 % average increase without the green

payment. The energy consumed without the green payment is significantly more because

more packets are being dropped as a result of HPU interfering and making the SNIR of the

interfered signal fall below the SNIR threshold. This result also showed that the use of the

reserve price increases the energy consumed by the system.

Figure 16 shows the traffic load against the delay. It can be seen that the delay increases

with the traffic load for all the examined scenarios. However, without the green payment

the delay is significantly more when compared with the scheme with the green payment.

The scheme without the reserve price also performs better than the scheme with the reserve

price. The reasons are the same as the reasons explained for the energy consumed in

Fig. 15.

Figure 17 shows the average revenue with and without the green payment, with the

green payment but without the reserve price and without both the green payment and

reserve price. The price paid per file for all the scenarios increases with the traffic load

because as the traffic load increases the competition in the system increases. From the bid

equation, the bids also increase in order for the bids to be above the reserve price if there is

a reserve price. The revenue increases with the traffic load with and without the green

payment until when the traffic load is 4 Erlang and begins to flatten out because the

maximum capacity of the system has been reached. The revenue without both the green

payments and the reserve price is lower compared to all the others because the accepted

bids are not necessarily above the reserve price. The crossover between the scenario with

green payments and without a reserve price and with a reserve price is because at lower

traffic loads the bids accepted without the reserve price is lower but as the traffic load

increases, the green payments also increase thereby making the average revenue increase

above the reserve price.
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The reserve price is useful at lower traffic loads because the users put in a bid, which is

relative to the traffic load. At traffic load of 1 Erlang the slight difference between the two

scenarios without the reserve price is because of the green payment.

Finally, in order to determine if the system can be self-sustaining the average and total

green payment (tax and subsidy) is examined. Figure 18a shows the total subsidy and tax

paid against the corresponding traffic load. The total subsidy paid increases with an

increase in traffic load while the total tax decreases as the traffic load increases. The total

tax decreases because as the traffic load increases fewer HPU are granted access to the

spectrum thereby reducing the total amount of tax paid. It can also be seen from Eq. 22 that
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as the number of arriving users (NUSA) increases (traffic load), the value of j also increases

meaning that more of the admitted users are falling below the SNR threshold (because the

capacity of the system does not increase) hence, more subsidy is paid out and less users are

paying a tax especially when case 1 as explained earlier occurs more often than case 2 or

three. Case 1 is the situating where most of the arriving users (NUSA) arriving in the same

period are LPU. It is worth pointing out that the occurrence of any of the three cases

occurring depends on the user’s arrival model explained earlier for all the traffic loads.

However, as seen in Fig. 18b the average tax paid per successful transmitted file for each

of the users is more than the average subsidy but the average tax per successful
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transmission for the HPU is relatively flat. This is because the total value of the tax paid is

decreasing with the number of HPU who are able to transmit successfully. This is unlike

the LPU who are able to receive more subsidies and the average files transmitted suc-

cessfully are slightly more. The tax paid decreases with traffic load also because none of

the equations formulating the green payments increases with traffic loads (Eq. 21 depends

on SNR not SNIR) but the number of HPU paying a tax or admitted into the system

reduces with traffic load because more subsidy is paid out. The average subsidy however

increases with the traffic load because more users are subsidised as the traffic load is

increasing. It can be seen from the result that if the traffic load continues to increase or if a

higher value of the green payment factor is used, a time would come when the total tax

paid would not be able to finance the total subsidy.

5 Conclusions

An energy efficient dynamic pricing mechanism to assign the radio spectrum using a sealed

bid auction process with a reserve price along with a green payment to help energy efficient

users has been proposed. The green payment was derived from the inverse of Shannon’s

equation with some variables such as the green payment factor (�) introduced. After

examining the effect of varying � on the ratio of successful transmission sessions of the

HPU compared to the LPU in the system, the system throughput, the revenue of the WSP

and the energy consumption in the system, the optimal value of the green payment factor

(�) is approximated to be 0.045. This showed that the energy consumption level of the

system can be varied with the green payment. This paper also examined the effect of the

reserve price and the random channel assignment scheme and the assignment scheme with

the least interfered channel on the throughput and discovered that both affects the system

especially when the system is not fully loaded. Hence, it was discovered that there is a need

to make sure that the reserve price is set to reflect the current traffic in the system and that

the presence of the reserve price helps in increasing the revenue of the WSP at lower traffic

load and that the green payment increases the gross revenue of the WSP. It also shows that

discriminatory pricing scheme performs better than the uniform pricing scheme. This paper

further showed that using the optimal value of �, the green payment scheme performs

better than the scheme without the green payment in terms of increase in revenue,

throughput delay and more importantly energy consumed.
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