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An Auctioning Mechanism for Green Radio

Cristina Comaniciu, Narayan B. Mandayam, H. Vincent Poor, and Jean-Marie Gorce

Abstract: In this paper, an auctioning strategy is proposed for cellu-
lar networks that ensures net energy savings. The pricing scheme,
in conjunction with a two dimensional bid structure, incentivizes
cooperation at the terminal nodes for better interference manage-
ment at receivers and for cooperative relaying. It is shown that, for
the proposed auctioning strategy, network operators are guaran-
teed revenue gains, mobile nodes’ dominant strategy is to bid their
true valuation of their energy resources, and overall effective en-
ergy gains occur under the assumption of a reserve price for bid-
ding. Simulation results show that significant energy savings can be
achieved by employing this auctioning mechanism for a 3G cellular
set-up.

Index Terms: Cellular, cooperative relaying, green radio, interfer-
ence management, pricing, Vickrey auction.

I. INTRODUCTION

Climatologists have determined that the accumulation of
greenhouse gases (primarily carbon dioxide—CQ5) in the upper
levels of the earth’s atmosphere is forming a shield that prevents
heat rays escaping from the earth, thereby warming the planet to
unnatural levels [1], [2]. Scientists have warned that such global
warming may have significant negative impact on global health,
social and economic well-being. One measure that objectively
quantifies the impact of modern civilization on global warming
is the carbon footprint, which measures the quantity (in pounds
or kilograms) of CO, released into the atmosphere by a certain
human activity. Greenhouse gas (GHG) emissions have risen
sharply with the industrial revolution and they are projected
to further increase dramatically if significant measures are not
taken to prevent this. Currently, the telecommunication industry
sector accounts for about 2% of the GHG footprint (about the
same percentage as air traffic) [3]. For the wireless communi-
cations, most of the significant environmental impact is due to
high energy consumption in cellular base stations (BSs) [4].

There is considerable current interest in reducing the energy
consumption in the wireless sector, particularly in Europe, with
companies such as Orange (France), Erricson (Sweden), and Vo-
daphone (UK) vouching to dramatically reduce their CO5 emis-
sions in the range of 50-80% by 2020 [4]. Further, significant
effort has been directed toward the design of base stations pow-
ered by alternate energy sources (e.g., solar cells and wind tur-

Manuscript received October 1, 2009.

This paper was presented in part at IEEE Vehicular Technology Conference,
Anchorage, Alaska, September 2009.

C. Comaniciu is with the ECE Department, Stevens Institute of Technology,
USA, email: ccomanic@stevens.edu.

N. B. Mandayam is with WINLAB, Rutgers University, USA, email:
narayan@winlab.rutgers.edu.

H. V. Poor is with the Electrical Engineering Department, Princeton Univer-
sity, USA, email: poor@princeton.edu.

J.-M. Gorce is with Université de Lyon, INRIA INSA-Lyon, CITI, F-69621,
France, email: jean-marie.gorce@insa-lyon.fr.

bines).

To better understand the impact of energy consumption for
wireless networks, consider the example discussed in [5] of a
typical 3G operator in Europe who generates approximately 11
tons of CO, from each cell site each year. In [5], the authors
conjecture that a 34% reduction in the overall energy consump-
tion for the operator would save it $25 million each year, while
reducing the CO,, footprint by about 88,600 tons per year. Al-
though research on the design of green radio solutions is still
in its infancy, significant results already exist on energy effi-
cient designs to conserve battery power for mobile terminals
and wireless sensors. Some of the prior work on green wireless
also focuses on reducing the transmission power at the mobile
terminals, in order to reduce potential harmful effects to users’
health [6]. Because of the focus on mobile terminals, most of
the prior work on energy efficiency has primarily addressed up-
link communications. However, from an overall perspective, it is
necessary to consider the downlink, as base stations are the pri-
mary energy consumers of cellular networks. Consequently, in
this paper, we approach energy efficiency from the perspective
of optimized downlink communications, with a direct objective
of reducing energy consumption at the base station. Very few pa-
pers on green communications address the downlink problem,
with some prior work focusing on cell site dimensioning [7],
[8], and improving the efficiency of power amplifiers in the base
stations [9].

Following up on the idea that smaller cell sites may result in
lower transmission energy for base stations, but with a drawback
of increasing their overall number in the network, our approach
is to reduce the required transmission range for the base station
by exploiting relaying by mobile terminals.

We conjecture that cooperation between end users and net-
work operators may result in significant overall energy savings.
We propose an auction based pricing system that incentivizes
both parties to cooperate for energy savings, and we prove that a
game theoretic model for this auction admits a Nash equilibrium
at which the network operator rewards cooperative behavior of
mobile terminals, while the terminals have a dominant strategy
of bidding their true valuation of energy resource.

In this formalism, the nodes’ cooperative options include em-
ploying better signal processing/interference cancellation tech-
niques, flexible QoS requirements, and relaying packets for re-
mote nodes.

While our analysis shows that effective energy gains can be
achieved by the proposed auctioning scheme, the magnitude of
the gains can only be quantified via simulation results. These
results enhance our earlier conference publication in [10], which
has focused only on the theoretical analysis.

Our preliminary simulation results show that energy gains as
high as 50% can be achieved in a 3G CDMA cell. Actual gains
depend on the system load, mobile terminals’ density, distance
of the destination nodes from the base station, and the actual
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pricing scheme employed.

Il. ENERGY CONSUMPTION MODELS
A. Energy based Utility Models for Base Station

According to references [4] and [11], a significant part of the
energy consumption for network operators is the operating en-
ergy for the base stations (as opposed to the embodied energy
for manufacturing, as it is in the case for mobile terminals), with
about 57% of the energy consumption being used for radio ac-
cess. Itis thus apparent that efficient resource management algo-
rithms are key components for more efficient communications.

By analyzing the base station power model consumption
in [11], we can see that significant energy is consumed in trans-
mit power, which results in even higher energy consumption due
to the inefficiency of the linear power amplifiers (LPAs). Con-
sequently, according to [11], for each watt of output power, ap-
proximately 3.5 W are required at the LPA input. Given this, the
effective gains in reducing output power at the base station need
to be multiplied by the inverse of the LPA efficiency at the base
station, 7p.

As 3G services mature, the revenue of mobile network op-
erators is expected to grow at a much slower rate than the cor-
responding increase in the amount of data traffic [4], with the
starkest difference seen so far with the companies that offer
more aggressive pricing for data services [4]. One way to im-
prove revenues for the operators is to reduce their energy costs,
so that becoming “greener” for environmental reasons also be-
comes financially beneficial.

Assuming an effective cost per unit energy to be ¢, the cost
of transmitting 1 bit for a connection can be expressed as (sim-
ilarly to the energy per bit utility function for mobile terminals
proposed in [12]):

_ npPicE[K] _ npPc 1)

r rP.(7)

where r is the transmission rate, E[K| = average number of
required retransmissions per packet, and P.(~y) is the probabil-
ity of correct reception of a packet, with ~ being the signal-
to-interference-plus-noise ratio (SINR) at the receiving node.
P_.(~) is determined by the receiving node characteristics (e.g.,
current interference and noise levels, interference cancellation
capabilities, etc.) and on the node’s QoS specifications (e.g.,
transmission rate, modulation level, etc.).

The cost in (1) can be reduced by:

i. Better interference management at receiving nodes.

ii. Reduced QoS requirements in terms of transmission rates.

iii. Support of external terminals for relaying, with an effect of
reducing P,, by using a smaller effective transmission range
for the base station.

From the above discussion, it is apparent that cooperation
from mobile terminals may potentially result in gains for the
network operators. One way to incentivize such cooperation is
to introduce reward pricing for cooperating nodes (see for ex-
ample [13]). These rewards will encourage the nodes to trade
off their QoS requirements or energy (for the case of relaying
nodes) for monetary rewards from the system operator. We note
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that in designing such a pricing scheme, the green energy sav-
ings goal is to reduce the overall energy consumption per trans-
mitted bit, rather than simply move the energy burden from the
base station (BS) to the mobile terminals.

The network operator’s utility per transmitted bit is propor-
tional to the revenue obtained from the transmission. A higher
transmission power will result in higher energy costs, thus di-
minishing the overall revenue of the operator. The revenue of the
operator comes from the price per bit A charged to the end user.
A reimbursement price per bit R can be used to reward inter-
mediate nodes that facilitate transmission with reduced energy
costs. Thus, the utility function perceived by the base station
operators is a measure of revenue per bit and can be expressed
as (see also [13] for a similar definition):

Uss=A—Eyxc—R (2)

where Ej, is the energy per transmitted bit consumed by the BS:
Ey = np(P;)P;/rP.(v), and R is the monetary reward for re-
laying which could be expressed as R = Ej 11, with E} = energy
per bit consumed by a relaying node, and p = unit price per en-
ergy expenditure.

We note that F, in (2) may represent the energy spent for
sending directly to the destination node (direct link - no relay),
or the energy spent to send to the relaying node (in case of co-
operative relaying).

Based on the above discussion the BS utility function can be
written as

Uss = A — Eye — Ejpu. 3)

We note that a profit margin e per unit energy expenditure
for the BS could be defined, such as to guarantee the network
operator’s revenue in the absence of helper terminals e = \ —
(EpC)max > 0. To determine a fixed price A that will guarantee
a positive profit margin, the network operator must estimate a
worst case (E}p)max for all potential connections.

B. Utility Models for Mobile Terminals

Two different terminal types should be considered for mod-
eling: (i) The intended receiver (destination node); and (ii) a
relaying terminal.

B.1 Destination Node

At the receiving node, the utility of the terminal measures the
level of satisfaction a customer gets from the service it receives.
A general valuation function I'(Tp, A, ¢) is proposed to capture
the following performance metrics that are relevant to the desti-
nation terminal: Throughput (7p), price charged by the BS per
correctly received bit ()), and energy expenditure for advanced
signal processing (¢). The function I" should be: (i) Monotoni-
cally increasing in throughput T»; (ii) monotonically decreasing
in Aand q.

Consequently, the destination node’s utility can be deter-
mined to be equal to its valuation function:

Up =T(Tp, A, q). (4)

The selection of function I will determine the relative pref-
erences given by a user to these three metrics. Given the price
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A announced by the BS, and the user’s profile parameters, the
destination terminal optimizes its utility function, for a set of
choices in the following areas: Signal processing algorithms for
better interference management at the receiver, and QoS specifi-
cations in terms of throughput requirements for the connection.

The destination node can trade off required throughput for
lower payment, or can choose to implement sophisticated signal
processing at the receiver (e.g., multiuser detection, diversity,
beamforming, etc.) to reduce the interference level with a di-
rect impact in reducing the required transmission power for the
base station (for a given SINR requirement). The latter choice
comes with a price of increased computational energy expendi-
ture, which also affects the terminal’s utility.

The choice of the function I is not unique. Future work will
consider the impact of this function definition on capturing the
real preferences of the destination user, and on impacting the
achievable performance metrics at user and network level.

B.2 Relaying Node

Using relaying nodes could be beneficial for reducing the
overall energy consumption of the transmission. The operator
can reward cooperative behavior of the nodes, by paying a reim-
bursement price for the energy expended by relaying terminals.

The utility of a relaying terminal will depend on the reward
gained R, and on the energy expenditure of the terminal E;,
through the valuation function 0(Ej, c):

Definition 1. The valuation function 6(E;, c¢) istheminimal re-
ward price the potential relaying terminal would accept to be
paid for its energy expenditure E;.

An example of a choice for the valuation function for a user
could be 0(Ej}, ¢) = E;u. Users may also be able to set prefer-
ences to enable or disable relaying based on their current battery
levels. As such, we define a utility function for the relaying ter-
minal to be

if E,. < Ey,
otherwise

Ur = {R —79(E{,,c), ©)

where E,. is the current battery level for the potential relaying
node, and Fy;, is the threshold set by the user’s preferences:
E:n, € (0,1], with a value of 1 being assigned by a user who
is not interested in monetary rewards and will not cooperate in
relaying.

I11. AN AUCTION BASED GAME FOR ENERGY
SAVINGS

The network operator can potentially gain additional revenue
and save energy by enlisting the support of helper nodes for re-
laying. We propose an auction based mechanism for selecting a
relaying node for a given connection.

A. Auction Mechanism

An auction is a negotiation mechanism or a set of trading rules
for exchange of goods between sellers and buyers. Many auc-
tioning mechanisms have been studied by the economics com-
munity under various conditions and mechanism rules. These
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various auctioning mechanisms lead to a variety of properties
and outcomes of the bidding process. Some important proper-
ties to be specified in an auction are: (i) Open versus sealed-bid
(bids are known or not); (ii) number of bids allowed (one time
bidding versus successive bidding), (iii) winning rules, and (iv)
payment (e.g., highest price, second highest price, etc.).

There is a rich literature of applying auctioning strategies for
resource allocation problems in ad hoc networks. Some recent
results address auction design for cooperative relaying with a
solution based on best response bid updates for an SNR and a
power auction solution, respectively [14].

For the case of dynamic resource allocation problems, one
time bidding with sealed-bids reduces drastically the amount
of information needed for bidding, and hence reduces overhead
and resource allocation delays.

For these kind of applications, the Vickrey auction [15] is an
appealing choice, as it has been shown to have desirable prop-
erties such as a dominant equilibrium strategy for the bidders to
bid their true valuation of the goods. In a Vickrey auction, the
highest bid wins, but pays the second-highest price.

For our relaying allocation problem, we consider a more com-
plex two-dimensional bidding, in which bidders specify the es-
timated energy gains they provide for the base station, and their
monetary reward requests. As such, a bidder i will specify its
bid as s; = (AEy (i), R(3)).

The base station receives all the bids from all users and com-
putes its utility gain from selecting node j as

AUss(j) = AEy(j)c — R(j). (6)

The base station considers for final selection only those bids
for which its utility gain (6) is positive. The base station’s utility
gain is maximized by selecting an auction winner node j*, such
that

J* =arg max AUgs(j)| Aves(5)>0
= argm]aXAUBS(j) {AEb(j)C - R*(j)} | AUss(j)>0- (7)

As we have mentioned previously, a Vickrey auction imple-
mentation is preferable, due of its desirable equilibrium prop-
erty: All users have a weakly dominant strategy of bidding their
own valuation of the resources.

For the Vickrey auction implementation, the equilibrium
strategy for an arbitrary bidder j is to select its reward R(j)
to be

R(j) = 0(5)- (8)

We note however that R*(5) in (7) does not represent the re-
ward price claimed by user j, but rather, according to the rules
of the Vickrey auction, the reward claimed by the user with the
next lowest reward claim (second lowest ranking starting with
the winner).

Theorem 1. For the proposed second price Vickrey auction with
two-dimensional bids, paying the second lowest price for the
winner may lead to gains less than the second highest utility
gain. Furthermore, the auction pricing strategy does not guar-
antee positive utility gains for the base station.
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Proof: Consider user j to be the winner of the auction,
user 4 to be a user that has requested the next lowest price (but
not necessarily yielding the next highest gain) and user & that
yields the second highest utility gain for the base station.

Since node k yields the second highest utility gain, we have

AEy(j)c — R(j) > AEy(k)c — R(k)

=AEy(j)c — R(i) > AEy(k)e — R(k) + (R(j) — R(4)) .
<0

We can see that depending on the difference between the first
and second utility gains for the base station and first and second
lowest price requests, the base station may end up with a lower
than second highest utility gain.

Further, consider the maximization of the utility for user j:

AEy(j)e — R(j) = AEy(j)c — R(i) — R(j) + R(i) > 0
=AU, = AEy(j)c — R(i) > (R(j) — R()).
<0

The final base station gain is not guaranteed to be positive. [

Based on the above theorem, we see that the Vickrey auction
implementation is not an appealing strategy for the base station
operators. We propose an alternate strategy for rewarding users,
a modified Vickrey auction, for which the payment for the win-
ner node is the requested reward plus the difference between the
first and second highest utility gains.

Theorem 2. For the proposed modified Vickrey auction with
two-dimensional bids, paying the winner the above pricing
scheme yields an effective gain for the BS that is equal to the
second highest utility gain for the bidding.

Proof: Consider user j to be the winner of the auction,
and user k to be the node that yields the second highest utility
gain for the base station. Denote by « the difference between
the highest and second highest utility gains. Then,

AUy, =AEy(j)c — R(j) — =
=AEy(j)c — R(j) — AEy(j)c
+ R(j) + AEy(k)e — R(k)
_AEy(k)e — R(k)
—AEy(k)e — R(k).

Theorem 3. For the proposed modified Vickrey auction with
two-dimensional bids, the above described pricing strategy en-
sures that all users have a dominant strategy of bidding their
true valuation of resources.

Proof: The first component of the two-dimensional bid for
the players comprises the users’ estimates of the energy gains
they can provide for the base station. For this component, the
users cannot cheat, as this is the fixed resource they are selling
to the BS. For the second component, pricing, users may poten-
tially have incentives to cheat to obtain greater utilities.

Assume that node j tries to cheat and departs from its true
valuation bidding. Denote the node’s true valuation by 6(j).
Suppose that the node decides to bid R(j) = 0(j) + y.
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We consider the two possible cases:

a) Node j loses the auction, which results in Ur(j) = 0. If
the node would have won the auction by bidding R(j) =
6(j) then its utility would bave been Ug(j) = 0(j) + =,
x > 0. So overbidding decreases its utility. If bidding the
true valuation would not have won the auction, then Ur(j)
remains the same which implies that there is no incentive to
overbid.

b) Node j wins the auction.

In this case the node gets paid R(j) = 6(j) + ', where 2’
is the difference between its utility gain and the next highest
one (for node k). If node j would have won with a reduced
price R(j) = 6(j) as well, the reward would have been
R(j) = 6(j) + x. Given that the strategies of other users
stay the same, we have

¥ =AEy(j)e—0(j) —y— AEy(k)c— R(k) =2 —y

which implies that node 5 gets a reward of R(j) = 0(j) +
y+x—y = 6(j)+z and in turn that node j cannot increase
its utility by raising its price above its true valuation.

Suppose that node j decides to underbid its true valuation: Say,

R(j) =00j) — .

We again consider two possible cases:

a) Node j loses the auction so that Ug(j) = 0, which im-
plies that the lower bid does not change the outcome of the
auction, and hence node j does not have an incentive to un-
derbid its true valuation of resources.

b) Node j wins the auction.

If the action of underbidding changed the outcome of the
auction, then the payment: R(j) = 0(j) — y + «’, where 2’
is the difference between node j;’s utility gain and the next
highest one.

If node j would have bid its true valuation, then the differ-
ence in the utility gain for the BS between the winning node
k and node j would have been z.

If node j’s action changed the outcome of the auction in
its favor (i.e., node j wins) by underbidding, then node j
gets as a reward R(j) = 0(j) — y + ', where 2’ can be
determined as

o' = AEy(j)e — R(j) +y — AEy(k)e — R(k) =y —z

with x = AEy(k)c — R(k) — (AEy(j)c — R(j)) > 0.
Then, the actual reward for node j can be determined to be

R(j) =0(j) —y+vy—2x < 0(j) = Ugr(j) <0.

Similarly, if underbidding wins the auction, but bidding true
valuation would also have won, the node utility is Ug(j) =
' — gy, with

' = AEy(j)c — R(j) +y — AEy(k)c— R(k) =y + =

which implies Ur(j) = z, which does not increase with
underbidding and thus node ;j does not have an incentive to
underbid its true valuation of resources.

O
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B. Effective Green Energy Savings

While the above proposed auctioning mechanisms ensure that
both BS operators and terminals experience utility gains, we
need to show under what conditions these individual utility gains
result in real overall energy savings and are not merely a shift of
energy consumption from the base station to the mobiles.

Assume that the true valuation of an arbitrary mobile node j
for its energy expenditure can be captured by a price per unit
energy parameter y(j), such that 6(j) = Ej(5) (7).

In order to achieve overall energy savings, when a node j wins
the auction, we need to satisfy the following condition:

AEy(j) — Ey(j) > 0. 9)

If node 5 wins the auction then the base station has a positive
gain in utility:

AU, = ABy(j)e — By(j)u(j) — = > 0
= AEy(j) — Ey(j)u(j)/c — x/c >0
>

= AE(j) — By (j)p(i)/c > 0.

If u(j)/c > 1, orequivalently, u(j) > ¢, the above inequality
guarantees effective green energy savings. Thus, for a given cost
per unit energy resource, ¢, we require

(i) >o=c. (10)

We can define ¢ to be the reserve price for the relaying termi-
nals, such that no resource is sold under this reserve price. The
reserve price ¢ ensures true net energy savings for the system.
We can also see that the above reserve price condition is com-
mon sense for the relaying nodes, which need to overcome their
own energy costs to ensure net monetary gains.

IV. IMPLEMENTATION ISSUES

The proposed auctioning mechanism ensures that overall ef-
fective energy savings can be implemented for the cellular sys-
tems by combining signal processing, with energy efficient re-
source management, relaying, and pricing.

Relaying has been shown in the literature to result in perfor-
mance gains and/or energy savings for cellular networks (see for
example [16] and the references therein).

In this paper, we assume that each link requires a certain BER
(bit error rate) performance (which, in conjunction with error
correcting codes, is directly linked to the probability of correct
packet reception in the utility function definitions). The required
BER can be mapped into an SINR target . For an illustrative
example for 3G wireless systems based on CDMA technology,
the achieved target SINR requirement for a general linear re-
ceiver filter is given as:

PthBi (CZTSi)2
(cFei)o? + > hoti Pihyi(cl sy )?
where ¢; is the receiver vector filter, s; is the signature sequence

for user ¢, h;; is the path gain between transmitter ¢ and receiver
4, and o2 is the noise power.

SINR; = (11)

=7
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Hence, for a fixed transmission rate, the energy per bit gains
that a mobile terminal can induce at the BS, are given by the
power transmission gains due to link quality improvements:

(cfei)o® + Dokoti Pyhi(c] si)?
hBi(CZTSi)2

Aptzpt—Ptd:’y —Ptd.

(12)

The energy improvements A E, can be estimated by a poten-
tial relaying terminal by assessing A P;, based on initial knowl-
edge of transmitted power required by the BS for the direct con-
nection, P (broadcasted by the BS with the call set-up request
at the auction initiation phase), and by estimating the downlink
path gain for the new transmission and the current interference
level at terminal, together with the impact of possible improve-
ments from signal processing (e.g., multiuser detection mitigat-
ing the interference).

We note that implementation of signal processing algorithms
comes at the price of increased complexity, which in turn re-
sults in additional computational energy consumption, which
adds to the energy expenditure for the relaying node. The per-
formance/complexity tradeoff is captured by the computational
energy ¢, which can be approximated based on the computa-
tional complexity of the algorithm [17].

The implementation of the auction mechanism consists of
three phases [18]: Announcing, bidding, and permitting.

Announcing (the auction initiation phase): The BS an-
nounces that there is a need for a relaying terminal, together
with broadcasting additional information on the requesting con-
nection: The ID and location of the destination node, and the
transmitted power required by the BS for the direct connection,
Pe.

Bidding: The terminals estimate the potential power gain (12)
they will bring for the requesting connection, and the energy
consumption required to relay the packet. Based on this infor-
mation the nodes construct the two-dimensional bid, and send it
to the BS. We note here that a potential collision (or increased in-
terference) problem among the bids may arise in practical imple-
mentations. This may be resolved either by allocating reserved
mini-slots for bidding, or by implementing contention resolu-
tion mechanisms. For the latter case, the BS should wait for
an estimated collision resolution time to ensure a fair decision
based on receiving all bids.

Permitting: Upon receiving the bids from the terminals, the
BS determines the winner based on the proposed auctioning
mechanism, and broadcasts the winning node ID and the reward
price.

We note that a Vickrey auction is an appealing choice because
of its truthful bidding property, but in general, it has several
practical limitations as mentioned in [19]. First of all, a Vick-
rey auction will not maximize the gain of the auctioneer (in this
case the operator). We can see that this is also the case for our
modified Vickrey auction solution, although we did show that a
positive gain for the operator is guaranteed.

Given the above property, one of the potential problems to
occur is the lying auctioneer [19], which may overstate the sec-
ond best bid to the winning bidder unless that bidder can verify
it. Some solutions proposed in [19], include the use of crypto-
graphic electronic signatures, that will allow the auctioneer to
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present the second best bid to the winning bidder, or using an
automated trusted third party auction server.

Despite the truthful bidding property which is true when users
act independently, another potential problem in a Vickrey auc-
tion is collusion of the bidders, which could potentially result
in a drastic reduction of revenue for the operator. However, this
is unlikely to occur, especially in our proposed bidimensional
bid auction, as a successful collusion would need to involve all
bidders, and this would imply discovery of all nodes in the net-
work, and further would require acquiring knowledge on their
bids, which change dynamically with every bid announcement.

On a final note, we mention that some extreme cases may
occur for which the proposed auctioning mechanism may not
result in overall gains for the operator and the system. As an
example, if all utility gains constructed based on the received
bids are negative, the BS will simply not select a winner and
will proceed with the connection without relaying. Another par-
ticular case that needs to be resolved is the case with only one
terminal resulting in positive utility gain for the operator. In this
case, a convention may be made to define a reserve price for
the operator =*, such that this would be considered as the “sec-
ond lowest bid” for the purpose of constructing the reward price
for the winning terminal, while ensuring a positive gain for the
operator.

V. SIMULATION RESULTS

Our theoretical analysis shows that effective energy gains can
be achieved using the proposed auctioning mechanism. In this
section, we are quantifying the magnitude of the achievable
gains via simulations results in Matlab. We simulate a single-
cell CDMA system of radius R = 2500 m operating in the
900 MHz frequency band with a transmission bandwidth of
3.84 MHz that is similar to a 3G system. A transmission rate
of R = 32 K is considered for data. Destination terminals are
employing matched filter receivers, and the computed capac-
ity for this cell is 22 users. The target SINR for the system is
~ = 5.75. Power control is implemented to ensure that all links
meet target SINR.

Our simulation set-up considers a number of terminals uni-
formly distributed within the cell, with some active connections
already in use. The number of active connections determines
the load of the cell, e.g., 6 active connections is approximately a
25% load.

We investigate the energy and monetary gains achieved by the
base station, as well as the effective (green) energy gains, when
a new connection is set-up in a cell with a given load by using
the proposed auctioning algorithm. The performance metrics are
obtained by averaging over 1000 different cell realizations (in
terms of nodes positions, and random selection of destination
nodes).

We first investigate what is the optimum value for the termi-
nals’ unit price per energy u, in terms of multiples of ¢ (unit cost
for energy).

In (10), we showed that a sufficient condition for energy gains
is to have i > ¢, but this is not a necessary condition. We can
see in Fig. 1, that overall effective energy savings can still be
achieved for 11 < ¢, but they are greatly reduced, and further this
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Fig. 1. Energy and monetary gains versus pricing (50% load for the cell).
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Fig. 2. Destination nodes’ positions within the cell.

may not be an appealing choice for the relaying terminals. From
Fig. 1, we can see that while the base station operators benefit
from cheaper relaying, the effective energy gains are very small
in this case, and an optimal effective energy gain is obtained
for u = ¢. We note that the terminals are more likely to prefer
n>c.

The price p could be potentially regulated by agreement be-
tween operators and terminals. From Fig. 1, we can see that a
range for u between 1 and 1.5 would be beneficial for the overall
system.

We investigate also how the energy and monetary gains vary
with the load (Fig. 3), the available number of nodes for relaying
(Fig. 4), and the position of the destination node within the cell
(Fig. 5).

In Fig. 3, we can see that lightly loaded systems benefit more
from relaying, with achieved overall energy savings up to 50%.
As the load increases, the system becomes more sensitive to the
interference created by the additional relays, and thus the gains
reduce. This illustrates the inherent tradeoff between saving
transmission power for individual transmissions while adding
more interferers into the system, albeit at a lower transmission
power.

To study how the gains vary with the destination node’s posi-
tion in the cell, we position the destination nodes in a ring, with
varied inner radii within the cell (Fig. 2).
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Fig. 4. Energy and monetary gains versus number of available nodes
(25% load, outermost destination region).

We consider a destination nodes’ positions ring of width 0.2R
(R = radius of the cell), and we vary the inner radius from 0.2R
to 0.8 R (Fig. 5).

As expected, from Fig. 5, we note that the highest energy
gains are obtained when the destination nodes are at the outer-
most ring in the cell, which is the case that demands the most
energy from the base station. We can see that in this case, we
obtain overall energy gains up to 50%.

To summarize, our proposed auction based relaying mecha-
nism becomes very effective when the system is lightly loaded,
a sufficient number of terminals are available for relaying (good
positions for relaying terminals are available) and the direct con-
nection is energy hungry (the destination node is positioned to-
wards the edge of the cell).

As a final note, we mention that our simulations have made
the implicit assumption that all the links used for transmission or
exchanging bidding information meet their target SIR require-
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Fig. 5. Energy and monetary gains versus destination area (25% load,
N = 50 nodes available).

ment (power control was also implemented), and such the packet
error rate is very small. Future work may investigate how the
system is affected if errors do affect the bidding process.

VI. CONCLUSIONS

In this paper, we have proposed a pricing scheme and an
auctioning mechanism to enforce terminals—base station coop-
eration for achieving effective energy gains for a cellular sys-
tem. We have shown that, for the proposed auctioning strategy,
network operators are guaranteed revenue gains, mobile nodes’
dominant strategy is to bid their true valuation of their energy
resources, and overall effective energy gains occur under the as-
sumption of a reserve price for bidding. Our simulation results
show that significant effective energy savings can be achieved
(up to 50%) by employing this auctioning mechanism for a 3G
CDMA cellular set-up.
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