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Abstract—Providing femto-access points (FAPs) with compu-
tational capabilities will allow (either total or partial) offloading
of highly demanding applications from smart-phones to the so
called femto-cloud. Such offloading promises to be beneficial in
terms of battery saving at the mobile terminal (MT) and/or
in latency reduction in the execution of applications. However,
for this promise to become a reality, the energy and/or the
time required for the communication process are compensated
by the energy and/or the time savings that result from the
remote computation at the FAPs. For this problem, we provide
in this paper a framework for the joint optimization of the
radio and computational resource usage exploiting the tradeoff
between energy consumption and latency. Multiple antennas are
assumed to be available at the MT and the serving FAP. As a
result of the optimization, the optimal communication strategy
(e.g., transmission power, rate, precoder) is obtained, as well
as the optimal distribution of the computational load between
the handset and the serving FAP. This paper also establishes
the conditions under which total or no offloading are optimal,
determines which is the minimum affordable latency in the
execution of the application, and analyzes as a particular case
the minimization of the total consumed energy without latency
constraints.

Index Terms—Femto-cloud, offloading, battery saving, energy-
latency trade-off, energy efficiency, multi-input multi-output
(MIMO).

I. INTRODUCTION

Cloud computing is becoming a key flexible and cost-
effective tool to allow mobile terminals (MTs) to have access
to much larger computational and storage resources than those
available in typical user equipments. Furthermore, reducing
the computational effort of the MTs may help to extend
the lifetime of the batteries, which is currently an important
limitation of user devices such as smart-phones. At the same
time, an exponential growth of femto deployments is expected
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[1], [2] due, in part, to the fact that spatial proximity between
the handset and the serving femto access point (FAP) enables
successful communication with high rates and reduced power.
In this context, femtocell deployments can be seen as an
opportunity to offer low-cost solutions for cloud services by
equipping the FAPs with some amount of computational and
storage capabilities. By exploiting the virtualization and distri-
bution paradigms employed in cloud services, very demanding
applications for MTs in terms of computation, storage, and
latency could be distributed over cooperative FAPs. This idea
was already presented in [3] under the concept of media-edge
cloud for multimedia computing.

The challenges of supporting mobile cloud computing appli-
cations include, but are not limited to, the offloading decision
criteria, admission control, cell association, power control, and
resource allocation [4]. Most of the work done so far corre-
sponds to the management aspects, the experimental evaluation
of the energy saving associated to the offloading, and/or the
definition of an offloading criterion that takes into account the
energy cost of the radio interface (e.g., 3G or WiFi) but without
optimizing the energy cost of the data transfer according to
the current channel conditions [3], [5]-[12]. Notice, however,
that depending not only on the application but also on the
current channel conditions, the best strategy as far as the
offloading process is concerned may be different. This radio-
cloud interaction is addressed in [13], by considering the
Gilbert-Elliott channel model for the wireless transmission.
While that model may provide some hints about the impact of
the quality of the wireless link on the transmission rate and the
offloading decision, it does not consider the optimization of the
precoding strategy for the offloading when multiple antennas
are available (i.e., multi-input multi-output (MIMO) channels)
or the inclusion of practical constraints such as the maximum
transmission power available at both the MT and the serving
FAP. On the other hand, this model includes the energy cost
when the MT is transmitting but not when the MT is receiving,
and so the downlink (DL) is not considered in the analysis
carried out in [13].

In this paper, we provide a framework for the joint opti-
mization of the computational and radio resources usage in
the described scenario assuming that multiple antennas are
available simultaneously at the MT and the FAP. As a result
of the optimization, the optimal transmission strategy will
be obtained (including the transmission power, the precoder,
and the rate for transferring the data in both uplink (UL)
and DL), as well as the optimal distribution of the compu-
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tational load between the MT and the FAP. As in [3], [6],
[7], [12], [13], energy consumption and also total execution
time are the key performance indicators considered for the
optimization. However, our work presents some differences
w.r.t. previous works. Firstly, instead of considering that the
application is run either totally at the cloud or totally at
the MT, we include as an optimization variable the amount
of data to be processed at each side and show under what
conditions parallelizing the processing is optimum. Secondly,
different from previous works, our approach allows adapting
the transmission strategy to the current channel as perceived
by the MT in the DL, and by the serving FAP in the UL,
and includes practical aspects such as the maximum radiated
powers and the maximum rate supported by the system. More
importantly, our analysis provides the optimum transmission
strategy for the offloading in a MIMO set up, which goes
beyond the optimal MIMO strategy when considering a stand-
alone communication problem where the objective is only the
maximization of the mutual information or the minimization
of the transmission power [14]. This aspect represents a step
forward w.r.t. other works in the literature related to offloading
such as [13]. Finally, our analysis includes the derivation of
the conditions under which total or no offloading are optimum,
the minimum energy required to execute an application with
no latency constraints, and the minimum required time budget.

Our paper is a generalization of the results presented by the
same authors in the conference paper [15]. The main novel
technical contributions w.r.t. that paper are:

o This paper derives the solution of the general problem and
presents results for the case of transmitting through multiple
eigenmodes of MIMO channels, whereas in [15] only the
particular cases of single-input single-output (SISO), multi-
input single-output (MISO), and single-input multi-output
(SIMO) channels were addressed.

o An in-depth theoretical analysis of the functions describing
the inherent tradeoff between the latency and the energy
spent in the communication is derived, whereas in [15] only
a numerical analysis by means of simulations was provided.

o Partial closed-form expressions of some key figures of the
problem (communication energy, rate, etc.) and a simple
one-dimensional convex numerical optimization technique
are provided for the resource allocation problem, whereas
in [15] only a multi-dimensional numerical method with
high complexity was proposed to solve the problem.

o This paper analyzes in detail some particular cases de-
rived from the general problem that were not presented in
[15]. These derivations include the optimality of the non-
offloading and total offloading approaches, the minimum
affordable latency, and the minimum required energy with
no latency constraints.

We would like to emphasize that this paper focuses on the
theoretical radio-cloud interaction of application offloading.
Of course, other business and economic aspects could play a
fundamental role in the exploitation of this kind of scenarios
(see [16] for a reference describing the business model of
cloud computing, or [17] for cloud pricing structures including
computing, storage, and network prices). For example, if the

application is offloaded to a FAP owned by the user running
the application, only technical criteria may be considered when
taking the offloading decision. On the other hand, in a “pay
as you go” cloud computing model (i.e., if the user has to
pay for the remote execution), the decision could be not to
offload the application even if this would be advisable from
a technical point of view in terms of energy and/or latency.
These economic aspects are, however, beyond the scope of
this paper.

It is also important to remark that the analysis carried
out in this paper is applicable both to a single user system
and to a multiuser system where a set of resources (i.e.,
bandwidth and CPU rate) have been already pre-allocated
(i.e., reserved) to each user. In this framework, we aim to
optimize the energy-latency trade-off from the point of view
of the MTs to provide insights into how to do an efficient
use of the available resources. Due to the lack of space,
combining multiuser scheduling with the energy-latency trade-
off optimization described here will be considered for future
research (some preliminary results by the authors of this paper
can be found in [18], [19]).

The rest of the paper is organized as follows. A description
of the different kinds of applications and the computational
models is provided in Section II. Section III defines the of-
floading problem and describes the reference scenario. Section
IV formulates the adopted power consumption models and the
trade-off between energy and latency in the MIMO wireless
communication link connecting the MT and the FAP. Such
trade-off is exploited in Section V to present a method to
obtain the optimal offloading strategy. A number of particular
cases are analyzed in detail in Section VI. Finally, some
simulations results and conclusions are provided in Sections
VII and VIII, respectively.

II. TYPES OF APPLICATIONS AND COMPUTATIONAL
MODELS

There are a significant number of applications that can fit the
“cloud-service” model. Depending on the type of application,
the resource management may need to be tackled in a different
way. A possible classification of applications corresponds to
the following three major groups:

1) Data partitioned oriented applications. In this type of
applications the amount of data to be processed is known
beforehand and the execution can be parallelized into
processes. Each process takes care of a portion of the
total amount of data. An example of this type of ap-
plications is a face detection application running over a
set of images saved on the user’s phone or downloaded
from the Internet that counts the number of faces in
each picture and computes, for each detected face, simple
metrics such as the distance between eyes [20]. Other
examples are a virus scan application, where a set of files
are checked to detect possible virus; or a gzip compression
application, where a set of files are compressed. Photo-
synth (http://www.photosynth.net/), a software application
that analyzes digital photographs and generates a three-
dimensional (3-D) model of the photos after performing
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image conversion, feature extraction, image matching, and
reconstruction, is another example of suitable cloud com-
puting application [3] that can be classified within this
group. Note that in any case, a load balancer divides the
whole set of files (or images) into several subsets that are
processed in parallel.

2) Code partitioned oriented applications. The second type
of applications corresponds to applications that can be
divided into several methods. Some of the methods can
be parallelized; others need to be sequential as the output
of some of these methods are the inputs to other ones. This
type of applications have been considered in [8]. In that
paper, the execution dependencies within the program are
modeled at a high level using a call graph. Assuming that
the quantity of input data for each method is known, in
addition to the energy and runtime required by the module
depending on whether it is running locally or at the cloud,
[8] obtains the optimal partitioning strategy that minimizes
the energy consumed by the smart-phone. Such optimum
partitioning is computed before the actual execution starts.

3) Continuous execution (i.e., real time) applications. This
type of applications includes applications where it is not
known beforehand for how long the application is going to
be run. Gaming and other interactive applications belong
to this group (see as an example the reference to Cloud
Mobile Gaming (CMG) in [17]). Note that this type of
applications may have different requirements than the
previous ones, in the same way as real-time and best-
effort traffics have different requirements in stand-alone
communication problems. An example of how to deal with
this kind of applications can be found in [18].

In this paper we focus on the first type of applications,
i.e., on data partitioned oriented applications. Therefore, we
will assume that the amount of data to be processed is known
before starting the execution and that such execution can be
parallelized. The application can be abstracted as a profile
with three parameters: (i) the size of the data set Sy, (i.e.,
the number of data bits to be processed by the application),
(i1) the completion deadline L5 (i.e., the maximum value
of the delay before which the execution of the application
should be completed), and (iii) the output data size (i.e.,
the number of data bits generated by the execution of the
application). In [13], the first two parameters were considered
for the abstraction.

We evaluate here analytically the impact of the latency
requirement on the energy cost and optimize the physical
layer parameters (e.g., transmission rate, power, precoder) for
an optimum energy-latency trade-off in a complementary way
to [20], that optimizes the architecture (but not the physical
layer transmission) to reduce energy cost without considering
latency.

For the analytical developments in this paper, it will be
assumed that the data can be partitioned into subsets of any
size, despite in practice only some partitions may be possible
(for instance, if we are compressing a set of files, the possible
partitions depend on the individual sizes of the files to be
compressed). That means that in a practical implementation,
the optimal solution should be further quantized. In this sense,
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Fig. 1. Example of a femto-cloud and a MT connected to a serving FAP.

we claim that the results that we provide in this paper can be
understood as a benchmark or upper-bound of the performance
of any realistic offloading strategy. Another issue to take into
account is the number of CPU cycles needed to complete the
job. Following [6] and [21], [13] models the number of cycles
N, required to complete the execution of an application with a
probability p close to 1, as the product between the number of
input bits and a factor that depends on the probability p and
the computation complexity of the algorithm. In our paper,
we will also model the number of CPU cycles as the number
of input bits multiplied by a factor that measures the required
CPU cycles per input bit. Meaningful values for the number of
CPU cycles per bit obtained from measurements when running
real applications can be found in [6].

III. DESCRIPTION OF THE SCENARIO AND PROBLEM
STATEMENT

We consider a set of FAPs endowed with some storage and
computational capabilities. This set of FAPs forms a femto-
cloud, as shown in Fig. 1. In the most general setup, the
application could run in parallel in a distributed way at the
MT, the FAPs in the femto-cloud, or even in computation
entities belonging to other external clouds. In this scenario
we focus on a given MT within the radio range of its serving
FAP. We assume that the user wants to launch an application
and it has to be decided where this application should be
executed, namely (i) totally at the MT, (ii) totally at the femto-
cloud, or (iii) partially at the MT and the femto-cloud (partial
offloading). In the last case, the amount of data to be processed
at the MT and the femto-cloud must be decided as well. When
taking the decision, several aspects should be considered, such
as a limited time budget (formulated in terms of a maximum
allowed latency), the total number of bits to be processed, the
computational capabilities of the MT and the femto-cloud, the
channel state, and the energy consumption.

Under the goal of obtaining meaningful insights into the
role of the different parameters when evaluating the benefits
from the offloading, let us consider in this paper a simple
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case in the sense that the only element in the cloud allowed
to execute the offloaded processes is the serving FAP. As far
as the application is concerned, we will assume that the only
possible parallelization is between the MT and the serving
FAP when partial offloading is carried out.

The wireless communication channel between the MT and
the serving FAP constitutes the link through which the MT
and the FAP exchange data. In case that (partial) offloading
is decided, the MT will send through such link the data to
be processed by the FAP and, once the remote execution
is completed, the resulting data will be sent back from the
FAP to the MT. Obviously, the quality of such wireless
channel has a direct impact on the system performance and
the decision to be taken concerning the offloading of the
application. Different from [15], in this paper we consider the
most general case of having multiple antennas simultaneously
at the MT and the serving FAP, i.e., a MIMO channel. We will
focus on almost static scenarios in the sense that the channel
does not change within the maximum latency constraint of
the application. This is a reasonable assumption as we are
considering that each user is within the range of his/her serving
FAP, typically located in indoor scenarios such as homes or
offices. Furthermore, due to the low mobility, we assume that
the channel is known at both the receiver and transmitter side,
through proper feedback. We leave for future research the
extension of the proposed techniques to the cases of unknown
and/or time-varying channels. In the case that the users have
a mobility such that the previous assumption is not valid,
the algorithms and strategies that are presented in this paper
should be adapted and extended to take this fact into account.
Although this falls out of the scope of the paper, in Section
VIII devoted to the conclusions and future work, there are
some general guidelines and ideas to extend the proposed
strategies to the case of time-varying channels.

We focus the attention only on the MTs as far as the
energy consumption is concerned. This is based on the fact
that handsets are battery driven and, therefore, constraining or
optimizing their energy consumption will help to enlarge their
lifetimes. Note also that FAPs are usually connected to the
electric power grid and, therefore, their lifetime is not limited
by the energy consumption. According to this, in this paper
we will only formulate the energy for the MTs and will not
include the energy spent by the FAPs. Anyway, if the energy
consumption of the FAPs is to be considered as well, this
could be done by introducing it into the corresponding power
consumption models that will be presented in the following
sections in this paper.

Finally, as it has been already explained in the introduction
of this paper, we mention that although FAPs are multiuser
in nature, in this work we have only considered the case of
a single-user system or a multiuser scenario where each user
has available a certain bandwidth and processor rate and the
tradeoff between energy and latency is optimized on a per-
user basis. The generalization would imply including in the
optimization the distribution of communication bandwidth and
processor rate among users as well. Note, however, that this is
an extremely complicated task which requires defining a mean-
ingful energy-latency trade-off for all users by introducing, for

example, Pareto-optimality concepts. Some preliminary results
have been presented by the same authors of this paper in
[18], [19], where the multiuser allocation problem and the
optimization of the tradeoff between energy and latency are
addressed in a suboptimum way and for concrete scenarios.
It is left for future research the analysis of how to solve the
general multiuser case in an optimum manner.

IV. TRADE-OFF BETWEEN LATENCY AND ENERGY IN THE
WIRELESS TRANSMISSION

A. Energy Consumption Model for the MT

The communication strategy adopted in the physical (PHY)
layer will have an impact on the total energy consumption.
In order to optimize the balance between the energy spent
for communication and for computation, under a maximum
latency constraint imposed by the application, we need first of
all to provide appropriate models for the energy consumption
associated to the communication. As explained before, the
energy spent by the FAPs will not be considered explicitly
in this paper.

In modern communications systems, such as LTE, the
receiver informs the transmitter about the maximum modu-
lation and coding scheme (MCS) supported [22]. This MCS
translates directly into the achievable rate within the reported
bandwidth, which depends on the specific channel conditions
as well as on the transmission power. Furthermore, UL power
control is supported in LTE systems. Given this, for a certain
channel state, the rate supported in the UL may be greater
at the expense of increasing the transmission power of the
MT and, therefore, its energy consumption. Besides, as a
greater MCS increases the encoding and decoding complexity,
a greater power supply at the MT may be required. According
to this, the purpose of this section is to provide an energy
model for the MT relating the power consumption, the radiated
power, and the rate, for both the UL and DL transmissions.
Of course, this model will have an impact on the offloading
optimization, as will be shown later in Section V.

We emphasize that these models (and also the offloading
optimization problem in Section V) could be generalized to
encompass also the energy spent by the FAPs when considered
appropriate.

1) UL Transmission (MT Acting as Transmitter): Although
there are already some preliminary works covering the power
consumption modeling of a transmitter, the truth is that there
is no general model universally accepted yet. Under this
circumstance, a model that is gaining acceptance is the one
provided by the European project EARTH [23]. Although the
scope of this project was focused on the analysis of the energy
consumption of the base stations, it should be indicated that
the obtained relationships among the variables involved in such
model are also valid for the case of the MTs by adjusting
properly the parameters appearing in the model. This model
is presented in the following.

When the MT transmits through the UL, the radio frequency
(RF) power consumption at the transmitter depends on the
radiated power pi, while the power consumed by the trans-
mitter baseband (BB) processing circuits is affected by the
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turbo encoding whose complexity depends on the UL data
rate 1, (defined as the quotient between the bits transmitted
in the UL (s, ) and the time dedicated to the UL transmission
(tw), ie., Ty = %). In addition to that, a baseline power is
consumed just for having the transmission circuitry switched
on. According to the practical measurements provided in [24]
for a LTE-MT dongle, the UL power consumption pyr, is
greatly affected by the radiated power p while its dependence
w.rt. 7y due to the encoding is negligible. Based on these
observations, we will adopt the following model for the MT
power consumption in UL:

Pu = ktx,l + ktx,2ptx- (D

In the previous expression, ki 1 represents the extra power
consumption for having the RF and BB transmission circuitries
switched on and ki o measures the linear increase of the
transmitter power consumption with the radiated power. In
the previous model ki o is a scale parameter with no units,
whereas ki 1 has W as units. The expression in (1) is the one
recommended by the EARTH project [23]. It is important to
remark that p,, will depend implicitly on the UL transmission
rate ry, through py, as the radiated power will have an impact
on the UL signal to noise ratio and, therefore, on the supported
UL data rate.

The numerical values of the parameters in the previous
model should be adjusted taking experimental measurements
of the energy consumption for a MT. In that sense, [24]
describes an experiment thanks to which a set of real mea-
surements have been obtained. Based on such measurements,
it is possible to calculate the numerical values of the model
parameters through numerical regressions and to assert that
the models obtained in the EARTH project are also valid for
the MTs. These numerical values based on the measurements
shown in [24] will be presented when describing some simu-
lations later in this Section and also in Section VII.

2) DL Transmission (MT Acting as Receiver): When the
MT receives through the DL, the RF power consumption at
the receiver may change with the DL received power level py
(due to the adjustment of the programmable gain amplifier to
adapt the signal level), while the complexity and, thus, the
power spent by the receiver BB processing circuits, increases
linearly with the DL data rate 7, [25]. The DL rate is defined
as the quotient between the bits transmitted in the DL (s, ) and
the time dedicated to the DL transmission (), i.e., 1y, = %
Finally, a baseline power is also consumed just for having the
reception chain switched on. The measurements provided in
[24] show that the variation of the DL power consumption
ppL W.r.t. the DL received power py is negligible. Based on
these observations, we will use the following model for the
MT power consumption in DL:

Po. = er,l + er,QTDL' (2)

In the previous expression, ki represents the extra power
consumption for having the reception circuitry switched on
and k. » measures the increase of the power consumption with
the decoding rate. In the previous model, the parameters ki 1
and k2 have W and W/bps as units, respectively.

As in the UL case, the numerical values of the parameters
krx,1 and ki o that have been used in the simulations and in the
rest of this paper are based on the the measurements provided
in [24].

B. Trade-off between Latency and Energy in the UL Trans-
mission

1) Computation of the Minimum Energy: Let us assume a
MT with ny; antennas transmitting through the UL a vector of
signals x €~C”MTX1. We define the power transmit covariance
matrix as Q = E [xxT]. According to (1), the energy spent
by the MT in the UL transmission can be expressed as

k1t + ki 2t Tr(Q), 3)

where t,, is the time spent by the MT to send s, information
bits.

For any value of ¢, and s, , the minimum energy consumed
by the MT in the UL transmission, denoted in what follows by
eur.(tuL, Sur), 1s obtained as the minimum value of the objective
function in the following optimization problem:

minimize ki 1to + k200 Tr(Q)
Q
subject to  C1: sy, < Wty log, ‘I + HQHH’ , 4)
C2: Q > 0.

The solution to this problem is well known (see [14] and
[26]) and summarized as follows. Let us consider the channel
eigendecomposition HFH = UAU | where A € Rt
is a diagonal matrix with the eigenvalues \; > 0 (¢ =
1,...,ny) in decreasing order and U € C™T*™T jg the
unitary matrix whose columns are the corresponding unit-norm
eigenvectors. To minimize the energy consumption in the UL,
the UL transmission needs to be done through the channel
eigenmodes, applying a power water-filling over them [14],
[26], i.e.,

Q =
P =

UPU”, S)
1 +
;14{); i = <C(tUL3 SUL) - )\) )

where (z)" = max{0,z} and c(t., s, ) is a constant calcu-
lated to satisfy constraint C1 in problem (4) with equality. Note
that such water-level c(t,, sy) is a function of ¢, and sy;.
Therefore, the number of active eigenmodes, i.e., the number
of eigenmodes for which c¢(ty., sy.) > /\%_, will be a function
of ¢, and sy as well. Let us, in the following, denote such
number of active eigenmodes by K (¢, Sy )-

Based on the above, for given values of t;; and s, the min-
imum energy consumption required for the UL transmission

diag({p

is given by
K (tuL,suL) 1
eUL(tUL7 SUL) = ktx,ltUL + ktx,QtUL ; <C(tULa SUL) - Az) 5
(6)
where the water-level can be calculated as
2 WUL‘UL;J(I}'IJLvSUL>
C(tUL) SUL) = (N

T .
K (tu,suL) A K (tyL.suL)
szl k
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The number
rank (HZH
rank (H7H

of active eigenmodes K (ty,sy) <
can be calculated as follows: K (ty.,su.) =
if

SUL
2WULtUL rank(HHH) 1

(®)

1 > ;
(H;‘Ca_ni((HHH) )\k) rank(HH H) )‘rank(HHH)

otherwise, K (ty, so.) will be the value of K (with 1 < K <
rank (HH H)) for which the following conditions hold:

SUL_ SUL
2 WyLtuL K 2 WyLtuL K 1

—_— and — < 3 .
(HkK:1 Ak) <H1§:1 )‘k) et
©)
In the SISO case (i.e., when both the MT and the FAP
have a single antenna), the minimum communication energy
resulting from problem (4) and (6) is expressed as

o b
A&

==
x|~

SUL
2WurtuL — 1
eUL(tUL7 SUL) = ktx,ltUL + ktX,QtUL ,

UL

(10)

where v, = |hy|?, being hy, the complex channel gain be-
tween the MT and the FAP. The previous result can be proved
easily taking into account that in the SISO case K (ty., s.) = 1
and that the only channel eigenvalue is vy, = |hy |*.

2) Characterization: As it will be shown in Section V,
the minimum energy function ey (ty, sy ) will play a key
role in the global resource allocation problem that includes
communication and computation. Two important features of
function ey, (ty., syi.) are provided in the next two lemmas.

Lemma 1. The minimum UL energy consumption function
eu(tur, Sun) s jointly convex w.rt. t,, and s,.

Proof: Problem (4) is equivalent to the following convex
optimization problem:

minimize k170 + ki 2Tr(Q)
TUL,
. HQHY
subject to  C1: sy < Wy log, ’I + ?UL , (11)
C2: 1y = ty,
C3:Q >0,
where 7y, and the energy covariance matrix, defined as
Q = 7, Q, are the optimization variables and ¢, and sy

are parameters. Using a result from [27], the optimum value
of the cost function in the above problem is convex w.r.t. the
parameters %, and s, . Finally, as the the solution of the above
problem is the same one as the solution for problem (4),' it is
concluded that ey, (tyr, i) is jointly convex w.r.t. . and sy;.
|

As a consequence from the joint convexity of function
eo.(to, Sur.) Wt ty and sy (see Lemma 1), it can be
concluded that for a given value of sy, the energy vs. time
function will be also convex [27]. Fig. 2 and 3 show the
energy vs. UL time ¢, considering two data block sizes to be
transmitted through the UL (s, = 0.75 and 1.75 MBytes), a
concrete realization of a 4x4 MIMO channel with a bandwidth

IThis is true since it can be \@riﬁed that the optimum values of 7y and
Q are TJL = tuL and Q* = tULQ*.

e, versus UL time for klx,1=0'4

—Sy= 1.5 MBytes
- .sUL=0.75 MBytes

Fig. 2. UL energy ey (tuL, suL) Vs. transmission time tyg, for kix,1 = 0.4 W,
kix,2 = 18, and two different data block sizes: 1.5 and 0.75 MBytes. When
sy = 1.5 MBytes, the minimum is achieved at ¢y, = 1.24 s, whereas when
sy = 0.75 MBytes, the minimum is achieved at ty, = 0.62 s.

e, versus UL time for kw=0

—S,= 1.5 MBytes
a5l -- .sUL=O.75 MBytes

o250
=}

'
150

Fig. 3. UL energy eyr(tuL, suL) vs. transmission time typ for k1 = 0,
kix,2 = 18, and two different data block sizes: 1.5 and 0.75 MBytes.

Wy = 10 MHz, and assuming ki = 18. In particular,
Fig. 2 corresponds to the case where ky 1 = 0.4 W, ie,
the MT spends a non-negligible baseline power for having
the transmission RF and BB circuitry switched on. On the
other hand, in Fig. 3 such constant is 0, which means that
the only power that the MT spends comes from the radiated
power. The main consequence from this is that in Fig. 2
the curves present a minimum w.r.t. the UL time %, (and,
therefore, it does not make sense to spend more time than
that corresponding to such a minimum), whereas in Fig. 3 the
spent energy decreases with the UL transmission time. Note
that, although some concrete numerical values have to adopted
concerning the parameters of the energy consumption models
to generate the figures, Section IV deduces a set of generic
characteristics of the curves relating the energy and the latency
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Number of active modes versus rate r,, fork ,=0.4

Number of active modes
T

i s > 25 s : :
UL rate oL normalized by bandwidth (bits/s/Hz)

Fig. 4. Number of active modes vs. ry;, normalized by the UL bandwidth
for ktx,l =04 W

in the wireless transmission. The main conclusion from this
is that, irrespectively of the numerical values of the model
parameters, only two kinds of curves are possible, namely,
the case in which the curve has a single minimum (as shown
in Fig. 2) and the case in which the curve is monotonous
decreasing (as shown in Fig. 3). It is also important to note
that, although for the sake of analytical treatment we have
considered the models (1) and (2) that simplify the general
ones provided in [24], the values we have selected here for
the parameters allow models to approximate quite well the
extra energy consumption due to the offloading according to
the experimental measurements provided in [24] for a practical
LTE handset.

It should be also emphasized that, although the num-
ber of active eigenmodes K (ty, sy ) is a discrete function,
e (tu, Su) and ¢(ty,, su.) are continuous W.r.t. ty, and sy;.
The reason behind this statement is that, at the instant in which
a new eigenmode is activated due to an increase of the water-
level, the power that is allocated to it is zero. Then, when the
water-level keeps on increasing, the powers allocated to the
activated eigenmodes also increase continuously.

Lemma 2. The UL energy normalized by the number of
transmitted bits, i.e., iem(tm, Su.), depends only on the UL
rate ry, = % This allows to introduce the following notation:

= . 1 1
eUL(TUL) = €y iﬁ) = ST/LeUL(tULaSUL) = €y (my
equivalently, ey, (ty,, Su) = Suu(rw). In addition, function
€u.(ry,) is characterized by the fact that any local minimum

will be also the global minimum of €,,(r,,).

1) or,

Proof: From expressions (7), (8), and (9), it can be
verified easily that functions ¢(ty., sy..) and K (¢, si..) depend
only on the rate r, = % Based on this, the following nota-
tion will be used when considered appropriate: K (ty, Si) =

K %) = K(ru) and c(ty,su) = c( 32 ) = c(rw). In
addition, through an analysis of expressions (8) and (9), it can
be concluded that K (7, ) is monotonous increasing w.r.t. ry,.

From the previous observation and using (6), it can be

verified that the UL energy normalized by the number of

Normalized energy 8, versus rate oL for kw=0.4

e normalized per number of transmitted bits (J/bit)

4 I I i I I I I

2 3 7 5 6
UL rate r, normalized by bandwidth (bit/s/Hz)

Fig. 5. Normalized energy €y (ruL) vs. ru. normalized by the UL bandwidth
for ktx,l =0.4 W.

Normalized energy €, Versus rate TS for km:O

e normalized per number of transmitted bits (J/bit)

2 3 4 5 6
UL rate oL normalized by bandwidth (bit/s/Hz)

Fig. 6. Normalized energy ey (ru.) vs. ru. normalized by the UL bandwidth
for ktx,l =0.

transmitted bits, i.e., iem(tmsm), depends only on the

UL rate r,, = ;U% Note that since function &, (ry.) can

be expressed as ey,

1 . .
Tor? 1), being e, a convex function,

then any local minimum of €, (r,.) will be unique and also
the global minimum although €, (r,) does not have to be
necessarily convex w.r.t. 7y. |

As an illustrative example, Fig. 4 shows the number of
active modes K (7, ) w.r.t. the UL rate r,, when k1 = 0.4 W
and taking the same parameters used to generate the previous
figures. As can be observed, the number of modes increases
with the rate until achieving the 4 spatial eigenmodes available
for a 4x4 MIMO channel, as expected.

Thanks to Lemma 2, in the following, we will use RUL to
denote the UL rate that minimizes €y (7, ). Note that Ry —
oo and Ry, = 0 means that the function €y () is monotonous
decreasing and increasing, respectively. Fig. 5 and 6 show the
normalized energy €, as a function of the UL transmission
rate 7y, (normalized by the bandwidth) in the same simulation
conditions as the ones used to generate the previous curves
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in this section (single realization of a 4x4 MIMO channel
with a bandwidth W, = 10 MHz). Fig. 5 corresponds to
the case of kw1 = 0.4 W, whereas in Fig. 6, k1 = 0 is
considered. In the first case, the curve presents a minimum at
Ry = 0.97 b/s/Hz. Note that this minimum could have been
obtained without distinction by dividing the s, by ¢, values at
any of the minimums of the curves in Fig. 2. Note also that in
Fig. 6, where we have assumed that ki ; = 0, the normalized

energy is monotonous increasing and, therefore, R, = 0.

C. Trade-off between Latency and Energy in the DL Trans-
mission

In the case of the DL transmission, the relationship between
the energy spent by the MT when receiving (e, ), the number
of bits transmitted through the DL (sp,), and the time spent
in such DL transmission (¢, ) can be formulated as follows
based on (2):

eDL(tDL) SDL) = er,ltm‘ + er728DL' (12)
The previous expression is linear and, thus, jointly convex
w.rt. t, and s, . As for the UL case, we may define the DL
energy normalized by the number of received bits, which de-

pends only on the DL rate r, = %: Cp (7o) = Cnr (%) =

S—;em‘(tm‘,sm‘) = kT’—]’;Ll + k2. As it can be seen, this is a
decreasing function w.r.t. 7p,.

It is important to emphasize that given values of ¢, and
sp. Will be feasible only if the DL channel supports the rate
oL = % If we consider that the FAP is endowed with ng,
antennas and that only its radiated power is constrained by

Py v, then the following relationship has to be fulfilled:

s ~
TpL = t—DL < WDL 10g2 I+ HDLQDLHg ’

DL

for some QDL with Tr(QDL) < Pixars

13)

where QDL represents the transmit power covariance matrix at
the transmitting serving FAP and H,, € C™r*"=r denotes
the response of the MIMO channel in DL.

The maximum supported DL rate can be calculated as the
solution to the following problem:

maximize Wy logy [T+ HDLQDLHg‘
QDL N
subject to  C1: Tr(Qp) < P pars

C2:Q, = 0.

(14)

The previous problem is convex (the objective function to
be maximized is concave) and the optimum solution consists
in transmitting through the eigenmodes of H'H,, using the
well known water-filling over the corresponding eigenvalues
[14], [26]. Accordingly, the optimum value of the objective
function, i.e., the maximum DL achievable rate, is represented
by R['#*. Based on this, the constraint to be fulfilled by the
number of bits to be transmitted in DL and the corresponding

transmission time is r, = % < Ry#*.

D. Main Conclusions

In summary, the main results of this section are the follow-
ing:

o To minimize the total energy consumed by the MT in the
UL (or the energy normalized per transmitted bit), the UL
transmission should be done through the channel eigenvec-
tors, as expected. The number of active eigenmodes, upper
bounded by the rank of H” H, will depend only on the UL
data rate and will be an increasing function of such rate.
The total energy consumption per bit in the UL depends
only on the UL data rate as well and presents a global
minimum, even if the UL normalized energy is not a convex
function. If the baseline energy consumption for having the
transmitter chain switched on is negligible (i.e., ki, 1 = 0),
the energy consumption per bit in the UL is an increasing
function of the UL data rate, which means that, if we want
to minimize energy, we need to decrease the UL data rate
as much as possible. However, if k;, ; is different from 0,
then increasing the UL transmission time may not be the
best solution after all. We will deal with this situation in
the next section.

o The total energy consumed by the MT in the DL per
received bit depends only on the DL transmission rate and
is a decreasing function of such rate. Therefore, to minimize
the energy consumption by the MT in the DL, the optimal
solution is that the FAP transmits with the highest possible
DL rate R;'®* that depends on the DL channel conditions
and the maximum transmission power of the FAP.

V. JOINT OPTIMIZATION OF THE RADIO AND
COMPUTATIONAL RESOURCES WITH PARTIAL
OFFLOADING

A. Problem Formulation

We address in this section the joint optimization of the
usage of communication and computational resources in the
offloading process, where a part of the processing will be done
at the MT and a part will be offloaded to the FAP. When
formulating the problem, several parameters, variables (see
Table 1), definitions, and aspects have to be taken into account,
as detailed below.

The ultimate goal is to minimize the total energy spent
by the MT. Such energy includes the energy spent in the
UL transmission and DL reception, as well as the energy
spent in the local processing (see the objective function in
the offloading optimization problem (15)). On the other hand,
the execution of the application has to finish within a time
frame not longer than L, associated to a given QoS to be
perceived by the user.

Let us consider that the application to be executed has to
process Sapp bits. We assume that these bits can be divided
into two groups of any size, so that Sp, bits will be processed
locally at the MT and Sp, bits will be processed remotely at
the FAP. Although in a practical case, only some sizes may
be accepted in the data partitioning, we take this approach in
order to understand the fundamental tradeoffs in the offloading
process. It is considered that both computation processes at
the MT and the FAP can be performed in parallel and, for the
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TABLE I
VARIABLES AND PARAMETERS INVOLVED IN THE OFFLOADING OPTIMIZATION PROBLEM
tuL Time duration of the UL transmission
toL Time duration of the DL transmission
SuL Number of bits sent by the MT through the UL in ¢y. seconds
SDL Number of bits received by the MT through the DL in ¢p. seconds
TUL Transmission rate in the UL transmission (ryp = %
DL Transmission rate in the DL transmission (rp, = %)
Sapp Application load measured as the number of bits to be processed
Sp, Processing load at the MT, measured as the number of bits to be processed locally at the MT
Sp, Processing load at the FAP, measured as the number of bits to be processed remotely at the FAP
BuL It accounts for the overhead due to the UL communication, i.e., sy. = BuLSp,
B It accounts jointly for the overhead due to the DL communication and the ratio between output and input bits
associated to the execution of the remote process at the FAP, i.e., spp. = BpLS Py
TP, Required computation time per bit processed locally at the MT
TP Required computation time per bit processed remotely at the FAP
€Py Energy consumed per bit processed locally at the MT
£p; Energy consumed per bit processed remotely at the FAP
Liax Maximum admissible latency in the execution of the application
Pix ar Maximum radiated power of the MT
Pix pap Maximum radiated power of the FAP
Ry Maximum data rate supported in the UL transmission
RE&* Maximum data rate supported in the DL transmission

klx,l ’ ktx,Qa er,l, er,?

Model dependent constants for the computation of the energy consumption in both UL and DL

eu (tuL, SuL)

Energy spent by the MT when transmitting through the UL (it is a function of ¢y, and sy)

ept(tpL, SpL)

Energy spent by the MT when receiving through the DL (it is a function of ¢p;, and spy)

eu(ruL) Normalized consumed energy per transmitted bit through the UL (it is a function of 7y;.)

epr(7pL) Normalized consumed energy per received bit through the DL (it is a function of rp.)

Ru. Value of ry, for which the normalized energy in the UL @y (ry) is minimized

c(run) Water-level for the computation of the power assigned to each active eigenmode in the UL (it is a function of ry.)
K(ru) Number of active eigenmodes in the UL (it is a function of ry;)

sake of simplicity in the notation, we will assume that such
division does not imply any overhead, i.e., Sqypp = Sp, + Sp,
(formulated as constraint C1 in (15)).

Concerning the computational capabilities of the MT and
the FAP, we denote the time that the MT and the FAP need
to process a single bit by 7p, and 7p,, respectively. Note
that these parameters account jointly for the CPU rate (in
cycles/second) and the complexity (in cycles/bit) associated
to the application [6]. The time required for the execution of
the application, i.e., the latency, will be given as the maximum
value of the time required by the MT to perform the assigned
local computation and the time required for the offloading.
Such offloading time includes the transmission of the offloaded
bits through the UL, the remote execution at the FAP, and the
reception through the DL. This latency must be less than or
equal to Ly.x (see constraint C2 in (15)).

We assume that the number of bits to be transmitted through
the UL is proportional to Sp, (so. = BuwSp,), where the
constant (3, > 1 accounts for the overhead due to the UL
communication. Similarly, we assume that the number of
bits to be transmitted through the DL is proportional to Sp,
(sp. = BoSp,), where the constant 3, accounts jointly for the
overhead due to the DL communication and the ratio between
output and input bits associated to the execution of the remote
process at the FAP.

Both the MT and the FAP have a limitation in terms of
maximum radiated power, represented by P ur and P pe,
respectively, and introduced through constraints C3 and C4 in

(15). Note that in addition to the communication itself, the
MT also spends some energy in processing the bits related to
the part of the application that is not offloaded. Such energy
is modeled as € p,Sp,, where € p, represents the energy spent
for each bit that has to be processed locally. This parameter
accounts jointly for the energy/cycle of the MT processor and
the cycles/bit associated to the application [6].

Based on all the previous points, the resource allocation
problem can be written as?

eUL(tULa /BULSPl) +€p, SPO + BDL(tDLv BDLSPl)

C1: SPO —|—SP1 = Sapps
C2 :max {1p,Sp,,tu. + 7P, Sp, +to.}
S Lmax’

minimize
Spy.Spy,tuLstoL
subject to

C3: eUL(tULa 5ULSP1) - k[x,ltUL
S k[x,ztUL-Plx,MT)
C4: BDLSPl < tDLer)riax-
15)
The previous problem is convex as the objective function
is the sum of three functions that are either jointly convex
or linear w.r.t. to the optimization variables, the inequality

2Note that in case that we would like to incorporate economic related
aspects, such as, for example, the potential payment for the use of the trans-
mission link and/or the use of the FAP for remote computation, the formulation
of the resource allocation problem should be adapted by modifying the cost
function and/or adding new constraints accordingly. In case that we would
like to include the energy consumption of the FAP, an additional term in the
cost function and/or an additional constraint should be added accounting for
this.
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constraints are convex, and the equality constraints are linear
[27].

B. Simplification of the Global Resource Allocation Problem

The objective now is to simplify the previous problem by
reformulating some of the previous constraints and by finding
partial solutions. The simplification is based on the following
facts:

e Thanks to C1 (the constraint that indicates that the total
number of bits is distributed between local and remote
processing), it is possible to express Sp, in terms of Sp, as
Sp, = Sapp — Sp,. This will allow to eliminate Sp, from
the set of optimization variables.

o Constraint C3 is the analytic formulation of the maximum
radiated power at the MT associated to the UL transmission
and, according to (6), this can be written as

(16)

K(ruL) 1
Z <C(TUL) - )\> < Ptx,MT-

i=1 v

Taking into account that both K(r,) and c(ry) are
monotonous increasing functions, the previous constraint
can be written equivalently as

Su. max
TUL = S RUL 9

UL

7)

where R['** is the UL rate for which (16) is fulfilled with
equality.

o As far as C4 is concerned (i.e., the constraint related to the
maximum achievable rate in the DL transmission), in the
optimum solution such constraint has to be fulfilled with
equality since, otherwise, we could always decrease ¢, until
C4 is fulfilled with equality while, at the same time, the
objective function is reduced and constraint C2 may become
looser. Consequently, in the optimum solution we have:

o BDL SPl

to, = .
RIII&X
DL

(18)

The previous equality will allow to eliminate variable ¢,
from the set of optimization variables in the new simplified
optimization problem. Remember that the value of R['®* is
directly related to the maximum power radiated by the FAP
Py rap, as explained in Subsection IV-C.

o Constraint C2 related to the available time budget (and
formulated in terms of a maximum allowed latency) can
be rewritten as a set of two constraints detailed as follows
(where we have used the previous result concerning the

equality in C4 for the optimum solution):

C2a : 7p,Sp, = TP, (Sapp — SP,) < Limax

Lmax

= SP1 2 Sapp - - )

Py

19)

C2b - tUL+TP15P1 + 1ty =

5ULSP1 5DLSP1
T +7p,Sp, + Rmax < Lmax (20)
DL
IO
max _ g, _ _PD
Sp, Py Rmax
BULSpl

=7 (Sp,). (21)
Lmax - TPISPI - %SPI o h

Note that, in order to be able to find a feasible value of r;,
we require that 72 (Sp ) < RMax Using (21), this implies
that the following condition on Sp, has to be fulfilled:
LIIlaX
Sp < BuL

Tk TP, + ik

(22)

Using the previous results in (19) and (22), we define the
minimum and maximum values of variable Sp, as follows:

i Lmax
Sp" = max {0, Sapp — } ,

TP,

Sp, > Sp™, (23)

Lax
BuL + ma_|_ BoL } (24)
Rpmax TP, Rax

Taking all this into account, the optimization problem can
be expressed in a simplified way as follows (where we have
reduced the set of optimization variables to just two variables:
Sp, and ry,):

max max __ .. :
SP1 S SPl , Spl = min {Sappa

e Sl
+ (klRﬁ— + ki 2Bo — gpo) Sp,
+eéep, Sapp (25)
subject to Sgllin < Sp, < Spex,

TIIIIH(SPI) S ’ruL S RLIE&X.

UL

The objective function in the previous problem is the same as
the one in (15) after expressing all the optimization variables
in terms of Sp, and 7., and formulating the UL energy con-
sumption as Sp, fy.€u(ry.) and the DL energy consumption
as er,1% + k‘rx,gﬂm) Sp, based on (12).

The previous problem will be feasible if, and only if],
Sgli“ < S}‘;‘lax. Otherwise, if the problem is infeasible, the
only solution is to increase the value of the maximum allowed
latency L ax. In fact, using the previous expressions (23) and
(24), finding the value of Ly, .« for which the problem becomes
feasible will be an easy task since Slréllin and Sp™ depend
linearly on Ly ..

C. Problem Solution

In order to solve the previous problem, we will first of
all optimize variable r (i.e., the UL data rate) assuming a
fixed value of the number of bits Sp,, obtaining as a result
r5 (Sp,). Then, the remaining task will be the optimization
of variable Sp,, which can be expressed as a one-dimensional
optimization problem and will be solved numerically by means
of an iterative procedure.

ry (Sp,) is found as the solution of the following problem
(note that, for a fixed value of the UL number of bits Sp,, the
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rate that minimizes the energy cost function in (25) is equal
to the rate that minimizes the function €, (1) subject to the
constraints detailed below):

ry (Sp,) = arg minimize Eu(ru)

(26)
bubJect to rmin(Sp ) <ry, < RWax,

The solution to this problem is summarized as follows
(recall that &, (ry) is a continuous function with a unique
minimum denoted by RUL so that for ry, < RUL the function
is decreasing and for ry > RUL the function is increasing):

rt(Sp),  Ru <™ (Spy),
T:L(SPI) = RULv irJIEm(SPi) < By < Riizaxa
Rmax R > Rmax
UL UL UL

(27)
Note that, in the previous expression, each of the three lines
corresponds to the case in which RUI lies on the left, within,
or on the right of the search interval [} (Sp, ), R
Taking the previous result (27) into account, the opti-
mization problem (25) can be rewritten as a simplified one-
dimensional problem in terms of variable Sp,:

minimize  f,(Sp,)

Spy ) (28)
~ 3 min max
subject to SP1 <Sp < SP1 ,

where the objective function f,(Sp,) is defined as

fo(Sp) = Spfueu(r(Sp))

+ (er 1 Rﬂr;):x + er 2/8DL -

(29)
) Sp, + &Py Sapp-

Note that the objective function in the previous problem
(which is a function of the single variable Sp,) is numerically
the same as the one that we would have obtained by optimizing
problem (15) w.r.t. all the optimization variables except Sp,.
The main consequence from this observation is that, since (15)
is a convex optimization problem, the cost function f,(Sp,)
(29) is a convex function w.r.t. Sp,. That allows to apply very
simple numerical methods to solve problem (28) and calculate
Sp,, that is, the optimum value of Sp, according to problem
(28). Some illustrative examples of numerical methods are
the gradient-based algorithms or the nested intervals technique
[28], [29].

Table II presents the detailed steps of a numerical method
that converges always with exponential speed [28] and finds
the optimum value S with a resolution better than a given
percentage (represented by €) of the search interval length
Spx — Smm Note that steps 3-5 identify if the problem
is 1nfeas1ble, whereas steps 6-10 and 11-15 check whether

}Sli“ and Sp** are the optimum solutions to the problem,
respectively.

The conditions under which Smm and Sp** are the op-
timum solutions are derived by taking into account that, as
it has been mentioned before, function f,(Sp,) is convex.

Thanks to this observation, S,*:,1 = S;;;in will be optimum if
df, (S

asr, > 0. On the other hand, the optimum solution will
be SP = Sp™i % < 0. Note that, since f,(Sp,) is a

non-constant convex function, there will be only one possible
value of Sp, for which its derivative equals 0. In particular,

this means that the derivative cannot be equal to 0 at S}n,li“
and Sp™ simultaneously and, consequently, no ambiguity
can happen when checking the optimality conditions of such
extreme values.

In case that these extreme values are not optimum, then the
optimum value Sp, will be computed resorting to steps 17-22
in Table II. These steps allows to calculate numerically the
value of Sp, within the interval (SB™, max) for which the
derivative is 0. This is carried out by deriving successive nested
intervals over variable Sp,, each one with a length equal to
one half of the length of the previous interval. The left extreme
of the intervals is selected such that the derivative of f, is non-
positive at such extreme (step 18), whereas the derivative is
non-negative on the right extreme (step 19). Asymptotically,
the length of the nested intervals tends to O and the central
point of the interval tends to the optimum solution, i.e., the
value of Sp, for which the derivative of f,(Sp,) equals O (step
22).

The derivatives of the convex function f,(Sp,) that appear
in the previous paragraph and that are also used in the itera-
tions based on the nested intervals approach detailed in Table
IT can be calculated according to the following expressions:

dfO(SP1) o — *
W = ﬂULeUL(rUL(Spl))
dr’ (S
i Bt o (5 ) )
'i'er 1 Rlé:nax + er 28 — EPy» (30)

where the derivative of € (ry ) is calculated as shown in
(31). The previous expressions have been derived using the
definition of function €, (7, ) provided in Lemma 2, i.e.,

= _ = s _ 1 _ 1
eUL(TUL) = CuL (ﬁ%) = sn eUL(tUL7$UL) =€y \ 7 - 1), where

ruL’
the explicit expression of ey (ty, Sui) is given by (6).
Summarizing, the main results of this section are the
following. Given the application parameters (i.e., energy per
processed bit required by the execution of the application at
the MT, number input/output bits, etc.) we may minimize the
energy consumption of the MT by optimizing the partition
of the data to be processed locally and remotely and the
UL transmission rate (as this will have an impact on the
energy consumption of the MT when transmitting through
the UL). We have found that for each possible partition there
is an optimal transmission UL data rate which is given by
eq. (27). Then, we have proposed a method for calculating
efficiently the optimal data partition in terms of the total energy
consumption at the MT.

VI. ANALYSIS OF PARTICULAR CASES

In this section we provide an analysis of a number of
particular cases of the general resource allocation problem
defined and solved in the previous sections. This analysis
provides an insight into the problem and the solution itself and
give practical guidelines for the application of the proposed
strategy.
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K(ruL) K(ruL) L
s ( ) . 7ktx,1 - k[x,g Z ( ) B i I ktx’g Z 10g2 2 WoLK (ryuL) (31)
wilo) = rl r2 Al TN r W K (1) R0
UL T — i O UL UL ( K(ruL) /\k) K(ryL)
k=1
5ULLSHT:‘X oL . .
— max min
drSL(Spl) : 2 = = GoL \2° Tl (SP1) > RULa
kU8 s & WA Luax 1, _ _PoL_ (Lunax—Spy 7, —Sp, 7abks ) (32)
dSPl Sp, 1 Rp;® DL ) 5
0, ra(Sp) < Ru
d 0
TABLE 1I is that TUL( ) — 0 and, therefore, the second condition (ii)
ITERATIVE ALGORITHM TO CALCULATE THE OPTIMUM VALUE OF THE holds if, and only if,
NUMBER OF BITS TO BE TRANSMITTED THROUGH THE UL IN THE JOINT
COMMUNICATION AND COMPUTATION RESOURCE ALLOCATION dfo( ) Bor
PROBLEM = /BUL UL( ( )) + er 1 Smax + er 26DL —Ep > 0.
dSPl RDL

1: calculate S‘IEI‘“ according to (23)
2: calculate S‘}Elax according to (24)
3 if SEA < S
4: problem is infeasible: increase Limax — g0 to 24
S: end if
dfo Smiu .
6: calculate fd(sippl according to (30)
X 1
. o Fo(SE™)
7: if Tp; 29
8: Sp =5p"
9: go to 23
10:  end if
dfo(SE™ .
11:  calculate —; SPl according to (30)
L dfo(SE)
12:if 70[51311 <0
13: Sp, = Sp™
14: go to 23
15:  end if
16: set Sinf = Sglln, Ssup = S’rﬁlax, S = % (Sinf + Ssup)
17:  repeat
18: if df°< ) <0, then set Sjpf = S
19: otherw1se set Ssup = S
20: set S = % (Sinf + Ssup)

21 until Soup — Sing < € (SE2 — SpiN)

22:  take the last obtained value of S as a valid approximation of the
optimum solution: S’*1 ~S

23:  based on SI*,-,1 , calculate the other parameters involved in the
problem: Sp 7y, 75y, B, thL

24:  end algorithm

A. Optimality of No Offloading

In this subsection we provide the necessary and sufficient
conditions under which the optimum solution is to process all
the bits locally at the MT, i.e., SI*D1 = 0. These conditions are
twofold: (i) Sp, = 0 should be feasible, and (ii) ’gg—f) > 0.

According to (23), the first condition (i) holds if, and only
if, Limax > SappTpy, 1.€., executing all the application locally
at the MT does not violate the latency constraint.

On the other hand, we see from (25) that function 72" (Sp, )
is equal to 0 at Sp, = 0 (i.e., 7™*(0) = 0) and is continuous
within a certain interval containing Sp, = 0. These two
characteristics allow to state that function 73 (Sp,) will be
constant (i.e., not depending on Sp,) also within a certain
interval containing Sp, = 0. The main consequence from this

(33)
The previous condition is equivalent to e p, < By ey (1} (0))+
Fex,1 Tt Rmx + kix,2801, i.e., the energy required to process 1
bit locally at the MT (ep,) should be lower than the energy
required to transmit 1 bit through the UL (8y.e,.(r}, (0))) plus
the energy required to receive through the DL the output data
portlon corresponding to the processing of 1 bit (K1 #aee Rmx +
krx,20p.). Note that if the channel conditions improve, ‘then
the terms By € (. (0)) and ki1 R,EEX would decrease and,
therefore, total processing at the ) may not be optimum
any more.

B. Optimality of Total Offloading

In this subsection we provide the necessary and sufficient
conditions under which the optimum solution is to process
all the bits remotely at the FAP, i.e., S}l = Sapp- These
conditions are twofold: (i) Sp, = Supp should be feasible,
and (ii) df 2 Sapp) <0.

Accordlng to (24), the first condmon (1) holds if, and only if,
Limax 2 Sapp (W +7p, + W , i.e., the time required to

UL DL

transmit all the data through the UL, for the remote processing,
and for the DL transmission of the output data, should not
violate the maximum latency constraint.

Finally, the necessary and sufficient condition (ii) can be
expanded as

dfO( dpp) _ = *
dSPl /BULeUL(TUL(Sapp))
dry (Sapp)
+Sa LE Sa ZTuL\app/
PPB ( ( pp)) dSPl
+ er | =— b + ki QBDL —€ep, < 0. (34

Rmax

C. Feasibility and Minimum Affordable Latency

As commented in the previous section, the problem (15)
to be solved is feasible if, and only if, SE> > SB". As
shown explicitly in (23) and (24), these two values depend
on the maximum allowed latency L., (in fact, they are
linear functions of L. Wwith a top and a bottom saturation
at Sypp and 0, respectively). The plot of these two functions
(i.e., Sp(Lmax) and Smm( max)) 1S shown in Fig. 7. In
such figure, each vertical segment within the shaded region
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‘max

\
/ k
Do——— e —————

Fig. 7. Dependency of Sglax and Sf,‘li“ vS. Lmax.

represents the set of feasible values of Sp, for each value of
Lax (see, as example, the dashed vertical segment within the
shaded region, that contains the feasible values of Sp, for the
corresponding value of Ly, represented in the figure through
a circle).

From the figure it can be seen clearly that there will be
a lowest value of L. (also called minimum affordable
latency) under which problem (15) becomes infeasible. Let
us denote such lowest value by L,. Thanks to the closed-
form expressions (23) and (24), an analytic expression for
L, can be calculated (it is, in fact, the crossing of the two-
linear segments of functions SE*(Lyayx) and Smm( max))-
The minimum admissible value of the latency for which the
problem is feasible is, thus,

5, app
1 1

T, Py

L, =

BuL BpL
REX +7p, + Rex

LT (,535X+rp1+,£2;)

app ﬁ UL

- (35)
R +7p, + Rmax + 7p,

Note that L, is always lower than Suyp7p,, i.e., the time that
would be needed to do all the processing locally at the MT,
and lower than Syp, (% +7p, + RB]‘D%"S’ i.e., the time that
would be needed to do all the processing remotely at the FAP
(including UL transmission, processing, and DL transmission).

Interestingly, when the time budget (i.e., the maximum
allowed latency L, .x) equals the minimum affordable latency
L,, partial offloading is required, and the distribution of bits
is given by

Bul BpL
max T 7P T parax
Ror ! Bpr

* —
SP(J = Sapp 5

UL BpL, ’
RFax +7p, + REX +7py

Lmax = Lo =

Sy, = 50
- aj
P PP s +7e) + s ey

(36)
where the previous expressions have been obtained by
calculating the crossing point between S}Ef"(Lmax) and
Smm( max)~

In some situations and for some concrete applications, the
delay experienced by the application is the only performance
indicator that matters, while the energy spent by the MT does

not play any important role. This can happen, for example,
when we have a laptop or a smart-phone connected to the
electric power grid (and, therefore, the battery is not a limita-
tion) or when we are running an online interactive game where
the latency should be as low as possible to perceive a real-
time interaction among players. In these cases, the offloading
design problem becomes the following:
minimize L
L,Spy,Spy stuL,toL
subject to Sp, +Sp, = Sapp;
max {TPO SPoa tu + TP, SPl + t[)L} <L,
eUL(tULv BULSpl) - ktx,ltUL < ktx,2tULRx,MT7
/BDLSP1 S tDLRgﬁaX~
(37
The previous problem is, in fact, the feasibility test for the
original problem (15) and, therefore, the optimum solution
is given by L* = L, (35) and the distribution of bits for
processing detailed in (36).

D. Minimum Energy without Latency Constraints

In situations where the MT has a very low battery level
or for applications which are delay-tolerant, the user may
be interested in minimizing the total energy spending no
matter how much delay this implies. In fact, this situation
can be modeled using the general problem formulation (15)
but without including constraint C2, or what is equivalent, by
assuming that L, ,x — oo (i.e., there is no effective latency
constraint).

The solution to the previous problem can be found by just
taking the expressions for the general problem formulation and
particularizing them to the case of Ly,,x — 0o. The first main
conclusion is that, according to (23-24), the feasible set for
variable Sp, is

0 < Sp, < Sapp- (38)
We have also that, according to (25),
roin(Sp ) =0, VSp, € [0, Supl- (39)

Based on the previous result and using (27), we deduce
that function 7% (Sp,) is constant and, therefore, denoted in
what follows simply by % (with a value equal to either Ry,
or R'#), which implies that the derivative of r (Sp,) w.r.t.
Sp, is zero:

7’* (SP ) . 7,* _ { RUL7 EUL S R{‘}Eax7
UL 1 - UL Rmax R > Rmax
UL UL UL
dTgL(SPI)

=0, VSp, € [0, Supp)- (40)

dSp,

Finally, by collecting all the previous results, the total
energy spending (30) can be rewritten as

)

6 + er 2ﬁDL -
41

fo(SP1) = (BULBUL( UL) + er lRmax

+€p, Sapp;

from which it is seen that, in this case, the dependency of the
energy with Sp, is linear. Based on this, we find the optimum
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solution to the problem as
g — 0, BULéUL(TSL) + er,ll:fT?aLxx + er,QBDL > EPpy,
h Sappa ﬁUL€UL(T:L) + er,lW]i]a“m + k]‘X,Q/BDL < Epy-
(42)
From the previous result it is concluded that, without latency
constraint, partial offloading can never be optimal, i.e., the
optimum solution in terms of energy consumption is to process
all the data either locally or remotely. In this situation, we
would like to emphasize that from (42) we can find the optimal
decision basically from the comparison of the energy that
would be needed to process 1 bit locally (represented by
ep,) and the energy that would be required to transmit 1 bit
through the UL, to process such bit remotely at the FAP, and to
send the corresponding output data to the MT through the DL
(represented by /BULéUL(T:L) + er,l % + kl‘X,QBDL)' Note that
if the channel condition improves, then the terms [y, €y (77)
and kix 1 % would decrease and, therefore, it would be more
likely that the optimum solution is total offloading.

E. Summary

Summarizing, the main results of this section are the
following. Given a certain set of parameters and channel
conditions, if the problem is not latency-constrained (that is,
if the latency constraint C2 is problem (15) is not fulfilled
with equality), then the optimal solution in terms of total
energy consumed by the MT is to do all the processing either
locally or remotely. In such a situation, when offloading is
optimum, the optimal UL data rate is the one minimizing
the energy consumption per bit. In case that the system is
constrained by the maximum affordable latency, the optimal
UL data rate depends on the concrete partition considered. Still
in such a situation, conditions for which total offloading or no
offloading are optimum have been found. Finally, if the goal
if to minimize the latency, then partial offloading is required
and the optimum partition depends on the maximum UL and
DL data rates possible according to the power budget for both
the MT and the FAP.

VII. SIMULATION RESULTS

This section provides some simulations results to illustrate
the performance of the proposed offloading optimization strat-
egy. In all the presented simulations, the following numerical
values for the parameters related with the energy consumption
model in (1) and (2) have been taken: ky; = 0.4 W,
ko = 18, kx1 = 04 W, ko = 2.86 W/Mbps. These
values have been computed through numerical regressions
to be aligned with the experimental measurements provided
in [24] for a LTE-MT dongle which, in turn, validates the
power consumption models proposed by the European EARTH
project [23] and allows us to obtain realistic simulations
results. To evaluate the actual impact of the offloading on the
energy consumption, ki ; does not include the base power
consumption measured without scheduled traffic, but only the
base power increase for having the transmitter and receiver
chains active with scheduled traffic.

Other physical parameters related to the channel bandwidth
and the maximum radiated powers for the MT and the FAP that
have been used in the simulations are: Wy, = W, = 10 MHz,
and Py wr = Pxme = 100 mW. In the simulations, unless
stated otherwise, we have taken as the maximum allowed
latency the value Ly.x =4 s.

In [6], the speed and computational energy characteristics
of two mobile devices, Nokia N810 and N900, were pro-
vided. According to Table 1 in [6], we will consider in our
simulations the N810 device with an energy consumption of
Tmog0s J/eycle when working at a CPU rate of 400 - 10°
cycles/s. The same paper provides the relation between the
number of computational cycles and input bits for several
applications. In particular, for the gzip compression application
(that we will consider in our simulations), this number is
330 cycles/byte according to Table 3 in [6]. From these
quantities, we can calculate the time required to process 1
bit (7p, = 1077 s/bit) and the energy spent in the processing
of 1 bit (ep, = 8.6- 108 J/bit). As mentioned before, we will
consider a gzip application compressing a set of files with a
total size equal to Spp = 5 MBytes, By = 1, By = 0.2
(note that we are considering that the compression application
is able to generate output files with a size equal to 20% of
sizes of the input files before compression). Concerning the
speed of the CPU at the FAP, we will assume that it is twice
faster, which translates into 7p, = 7p, /2 (this can be achieved
using a different processor or two processors in parallel with
the same capabilities).

In the simulations we have considered four different cases
of number of antennas: MIMO 4x4, MIMO 4x2, MISO 4x1,
and SISO 1x1. Each point in the curves has been obtained by
averaging 1000 random channels (except in Fig. 12 and 13),
where the channel matrix realization for each of them has
been obtained by generating i.i.d. random zero-mean complex
circularly symmetric Gaussian components with a variance
equal to 1. In the figures, the behaviour of the system is
analyzed as a function of 7. This parameter represents the
mean channel gain (the same in UL and DL) normalized by
the noise power and corresponds to a scalar factor multiplying
the randomly generated channel matrices.

Fig. 8 shows the energy saving in percentage w.r.t. the
case of no offloading. Note that in the case of no offloading,
the total energy spent would be € p, Sypp. On the other hand,
the actual spent energy corresponds to the optimum solution
of problem (15). As shown in the figure, when the number
of antennas increases and the channel gain increases, the
percentage of energy saving also improves, as expected.

Although the maximum latency constraint is set to Ly,,x =
4 s, in some cases it may happen that constraint C2 in (15)
is not fulfilled with equality in the optimum solution, i.e., in
some situations the minimum energy spending is obtained with
a latency even lower than the available time budget Lax.
We can see this effect in Fig. 9, that evaluates numerically
the mean value of the actual latency as a function of the
mean channel gain «y for different antenna configurations. Note
that, for low values of v, all the allowed latency is used,
but for higher values of the channel gain, the actual spent
time decreases below L,,,«. Basically, this happens due to the
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Fig. 8. Percentage of energy saving thanks to offloading vs. mean channel
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Fig. 9. Actual latency vs. mean channel gain ~.

non-negligible term ki ; in the UL transmission power model
(1). Note that, as shown in Fig. 5, at some point there is no
energy saving in the UL communication from reducing the UL
transmission rate (i.e., increasing the UL transmission time).
This will happen whenever the optimum UL rate 7 (Sp,)
is either R, or R}'®* (which is equivalent to the condition
Ry > roi (S, ), according to (27)).

Although the previous two figures show the actual eval-
vation of the system performance in terms of the inherent
relationship between energy and latency, it is important to get
some insight into the actual system behaviour. In that sense,
Fig. 10 shows the percentage of the files processed remotely,
ie., 51*31 /Sapp» as a function of the mean channel gain . For
very low values of the channel gain, sending the data through
the communication channel would be very costly in terms of
energy and, therefore, all the files are processed locally at the
MT. As the channel gain increases, the percentage of files
processed remotely also increases, arriving to total offloading
at high channel gains. As expected, as the number of antennas
increases, more bits will be processed remotely.

Percentage of files processed at the FAP

1 /f }/ﬁ /e’-‘*”"’ ]
—*-MIMO 4x4

8ol —»=MIMO 4x2

-=MISO 4x1 | |
--SISO 1X1

70 / )[

60 /

Percentage (%)
T

Iy ’

Fig. 10. Percentage of files processed remotely at the FAP vs. mean channel
gain .

UL transmission rate oL normalized by bandwidth

S—MIMO 4xd
——MIMO 4x2 S S PR |
-6-5IS0 1X1 X

r /Wy, (bitisiHz)

Fig. 11. UL data rate ry;, normalized by bandwidth vs. mean channel gain .

In Fig. 11 we show the UL data rate (in bits/s/Hz) corre-
sponding to the optimum solution. It can be observed that as
the channel quality increases, the data UL rate also increases.
In the figure, the dashed line represents the maximum data rate
R5#* allowed by the channel (see Egs. (16)-(17)). On the other
hand, the solid line represents the actual UL rate resulting from
the solution of problem in (15) which, in general, will be lower
than R{'®*. As can be seen, both curves saturate at high values
of ~. This happens because we have included an additional
constraint concerning the maximum rate coming from practical
aspects derived from the standard. In particular, we have
set a maximum rate of 5.5 bit/s/Hz (maximum modulation
and coding scheme allowed in LTE [22]), multiplied by the
maximum possible number of eigenmodes, which is equal to
min{ny, Npp }. This is the constraint that has been added
to the previous simulations and that generates the saturation
effect in Fig. 11.

Finally, in Fig. 12 and 13 we consider a single channel
realization taken from a Rayleigh distribution with a mean
channel gain of 25 dB. This approach is taken in order to
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Energy saving at the MT
* * *

T * * * *
8o / 4
70 =
(0]
860* /a -
c
8 l
. f
50— -
/ —+—MIMO 4x4
—MIMO 4x2
-=-MISO 4x1
4o -6-SISO 1x1 7]
L L L L L L Il L L

0 1 2 3 4 5 6 7 8 9 10

Maximum tolerated latency L ___(s)
max

Fig. 13. Percentage of energy saving thanks to offloading vs. maximum
allowed latency Lmax for a single channel realization.

understand better the impact of the latency constraint on the
offloading process. Fig. 12 shows the percentage of files to be
processed remotely at the FAP as a function of the maximum
allowed latency L,.x. Note that for a tight latency constraint,
partial offloading is needed. On the other hand, and according
to the results obtained in subsection VI-D, when the maximum
tolerated latency is very high, the optimum solution is to
perform the processing of all the files either locally at the
MT or remotely at the FAP (see the conditions in (42)). In
the concrete case of the channel realization considered in this
figure, the optimum solution for very high tolerated latencies
is to offload all the files for all the considered cases in terms
of number of antennas. Finally, Fig. 13 shows the percentage
of energy saving achieved from the offloading under the same
conditions as in Fig. 12. We observe that relaxing the latency
constraint allows for better energy savings. Note also that the
energy saving saturates as from a certain value of the latency
constraint (and beyond) the UL data rate for minimum energy
can be afforded.

VIII. CONCLUSIONS AND FUTURE WORK

This paper has presented a general framework to optimize
the communication and computational resources usage in a
scenario where an energy-limited MT in a femto-cell network
intends to run a computationally demanding application. In
this framework, a decision has to be taken regarding whether
it is beneficial or not to (partially) offload the application to the
serving FAP. A theoretical formulation of the problem has been
presented and solved providing some closed-form expressions
that allow simplifying significantly the optimization and the
understanding of the inherent tradeoff between energy spend-
ing and latency in both the communication and computation
stages. Finally, some particular cases derived from the general
design problem have been analyzed to further understand the
problem.

Although this paper has presented a general framework, it is
important to emphasize that the proposed solution is applicable
to data-partitioned oriented applications with a predefined
amount of data to be processed. In addition, it has been
assumed that the pool of bits to be processed can be divided
between local and remote processing without constraints re-
lated to the sizes of the two groups resulting from the data
partitioning. Further work is to be done to extend this approach
to the case of applications with modularity constraints or with
a-priori predefined execution structure. Concerning the remote
execution, the possibility of allowing multiple FAPs to execute
in parallel the modules of the application is still to be ana-
lyzed. In relation with the communication, possible extensions
could include, for example, cooperative transmission schemes.
Finally, another possible future research line would consist
in extending the proposed strategy to the multiuser scenario,
where the available radio-communication and computational
resources should be allocated using a proper scheduling strat-
egy as a function of the QoS demands and the channel states.

As mentioned in Section III, the proposed offloading strat-
egy is valid when the channel remains constant during the
whole offloading process, which fits some realistic scenarios.
In the case that the users have a mobility such that the previous
assumption is not valid, the following two options could be
considered to adapt our algorithm to the case of time-varying
channels taking into account that the offloading decision has
to be taken based only on a causal knowledge of the channel
state:

o Suboptimum approach: the complete set of data could be
divided into smaller subsets. For each of these subsets an
offloading decision should be taken taking into account the
channel state at that moment. If the data subsets are small
enough, it can be assumed that the channel remains constant
during the potential offloading of each subset. This is a
suboptimum approach since the optimum solution would
take a global decision for all the subsets jointly, although
this is no possible due to the fact that future channel states
cannot be known in advance.

o Optimum statistical approach: problem (15) could be re-
formulated so that both the objective function and the con-
straints are replaced by the average expressions (or, alterna-
tively, by the outage expressions) with respect to the channel
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statistics. This would allow taking a statistical offloading
decision that would change if the channel statistics changes
but that does not depend on the instantaneous channel state.
However, finding a closed form solution or simple algorithm
to obtain the optimum solution to this average formulation
is quite complicated. A possible (and simpler) approach
would consist in applying the philosophy presented in [30],
which proposes an instantaneous stochastic gradient search
algorithm to deal with this kind of problems.

The details and analysis of the previous approaches are out of

the scope of this paper and are left for future research.

[1]
[2]
[3]

[4]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

REFERENCES

V. Chandrasekhar and J. Andrews, “Femtocell Networks: A Survey,”
IEEE Commun. Mag., vol. 46, no. 9, pp. 59-67, Sept. 2008.

J. Luening and J. Randolph, “Femtocells Economics,” Mobile World
Conference Barcelona (Barcelona), Febr. 2009.

W. Zhu, C. Luo, J. Wang, and S. Li, “Multimedia Cloud Computing.
An Emerging Technology for Providing Multimedia Services and Ap-
plications],” IEEE Signal Process. Mag., vol. 28, no. 3, pp. 59-69, May
2011.

L. Lei, Z. Zhong, K. Zheng, J. Chen, and H. Meng, “Challenges on
Wireless Heterogeneous Networks for Mobile Cloud Computing,” IEEE
Wireless Commun. Mag., vol. 20, no. 3, pp. 34-44, June 2013.

L. Gkatzikis and I. Koutsopoulos, “Migrate or Not? Exploiting Dynamic
Task Migration in Mobile Cloud Computing Systems,” IEEE Wireless
Commun. Mag., vol. 20, no. 3, pp. 24-32, June 2013.

A. Miettinen and J. Nurminen, “Energy Efficiency of Mobile Clients in
Cloud Computing,” in Proc. 2nd USENIX Conference on Hot Topics in
Clod Computing 2010 (HotClout’10), June 2010.

S. Kosta, A. Aucinas, P. Hui, R. Mortier, and X. Zhang, “Thinkair:
Dynamic Resource Allocation and Parallel Execution in the Cloud for
Mobile Code Offloading,” in Proc. IEEE International Conference on
Computer Communications (INFOCOM’12), March 2012, pp. 945-953.
E. Cuervo, A. Balasubramanian, D.-K. Cho, A. Wolman, S. Saroiu,
R. Chandra, and P. Bahl, “MAUI: Making Smartphones Last Longer with
Code Offload,” in Proc. International Conference on Mobile Systems,
Applications, and Services (MobiSys’10), June 2010, pp. 49-62.

K. Kumar and Y.-H. Lu, “Cloud Computing for Mobile Users: Can
Offloading Computation Save Energy?” IEEE Computer, vol. 43, no. 4,
pp. 51-56, Apr. 2010.

K. Kumar, J. Liu, Y.-H. Lu, and B. Bhargava, “A Survey of Computation
Of?0ading for Mobile Systems,” Mobile Networks and Applications,
Springer Science, vol. 18, no. 1, pp. 129-140, Febr. 2013.

E. Lagerspetz and S. Tarkoma, “Mobile Search and the Cloud: The
Benefits of Offloading,” in Proc. IEEE International Conference on
Pervasive Computing and Communication (PerCom’11), March 2011,
pp. 117-122.

D. Kovachev and R. Klamma, “Framework for Computation Offloading
in Mobile Cloud Computing,” International Jorunal of Interactive Mul-
timedia and Artificial Intelligence, vol. 1, no. 7, pp. 6-15, Dec. 2012.
W. Zhang, Y. Wen, K. Guan, D. Kilper, H. Luo, and D. Wu, “Energy-
Optimal Mobile Cloud Computing under Stochastic Wireless Channel,”
IEEE Trans. Wireless Commun., vol. 12, no. 9, pp. 4569-4581, Sept.
2013.

D. P. Palomar, J. M. Cioffi, and M. A. Lagunas, “Joint Tx-Rx Beam-
forming Design for Multicarrier MIMO Channels: A Unified Framework
for Convex Optimization,” IEEE Trans. Signal Process., vol. 51, no. 9,
pp. 2381-2401, Sept. 2003.

O. Muiioz, A. Pascual-Iserte, and J. Vidal, “Joint Allocation of Radio
and Computational Resources in Wireless Application Offloading,” in
Proc. Future Network & Mobile Summit (FUNEMS’13), July 2013.

Q. Zhang, L. Cheng, and R. Boutaba, “Cloud Computing: State-of-
the-Art and Research Challenges,” Journal of Internet Services and
Applications, vol. 1, no. 1, pp. 7-18, May 2010.

S. Wang and S. Dey, “Adaptive Mobile Cloud Computing to Enable Rich
Mobile Multimedia Applications,” IEEE Trans. Multimedia, vol. 15,
no. 4, pp. 870-883, June 2013.

M. Molina, O. Muiioz, A. Pascual-Iserte, and J. Vidal, “Joint Scheduling
of Communication and Computation Resources in Multiuser Wireless
Application Offloading,” in Proc. IEEE International Symposium on
Personal, Indoor and Mobile Radio Communications (PIMRC’14), Sept.
2014.

[19] O. Muioz, A. Pascual-Iserte, J. Vidal, and M. Molina, “Energy-
Latency Trade-off for Multiuser Wireless Computation Offloading,”
in Proc. IEEE Wireless Communications and Networking Conference
(WCNC’14), workshop CLEEN (Workshop on Cloud Technologies and
Energy Efficiency in Mobile Communication Networks), April 2014.

[20] M. V. Barbera, S. Kosta, A. Mei, V. C. Perta, and J. Stefa, “Mobile
Offloading in the Wild: Findings and Lessons Learned Through a Real-
life Experiment with a New Cloud-aware System,” in Proc. IEEE In-
ternational Conference on Computer Communications (INFOCOM’14),
April 2014.

[21] J. Lorch and J. Smith, “Improving Dynamic Voltage Scaling Algo-
rithms with PACE.” in Proc. ACM SIGMETRICS Conference (SIGMET-
RICS’01), June 2001, pp. 50-61.

[22] S. Sesia, I. Toufik, and M. Baker, Eds., LTE-The UMTS Long Term
Evolution: From Theory to Practice. John Wiley & Sons, 2009.

[23] G. Auer, O. Blume, V. Giannini, I. Godor, M. Ali Imran, Y. Jading,
E. Katranaras, M. Olsson, D. Sabella, P. Skillermark, and W. Wa-
jda, “Energy Efficiency Analysis of the Reference Systems, Areas of
Improvements and Target Breakdown,” deliverable report D2.3, ICT-
247733 EARTH project, available at: https://www.ict-earth.eu/, Tech.
Rep., Jan. 2012.

[24] A. Jensen, M. Lauridsen, P. E. Mogensen, T. Sgrensen, and P. Jensen,
“LTE UE Power Consumption Model: For System Level Energy and
Performance Optimization,” in Proc. IEEE Vehicular Technology Con-
ference Fall (VIC’12), Sept. 2012, pp. 1-5.

[25] S. Cui, A. Goldsmith, and A. Bahai, “Power Estimation for Viterbi
Decoders,” Wireless Systems Lab, Stanford Univ., CA, Tech. Rep.
available at: http://wsl.stanford.edu/Publications.html, Tech. Rep., 2003.

[26] G. Raleigh and J. Cioffi, “Spatio-Temporal Coding for Wireless Com-
munication,” IEEE Trans. Commun., vol. 46, no. 3, pp. 357-366, March
1998.

[27] S. Boyd and L. Vandenberghe, Convex Optimization. ~ Cambridge
University Press, 2004.

[28] A. Quarteroni, R. Sacco, and F. Saleri, Eds., Numerical Mathematics
(Texts in Applied Mathematics), 2nd ed. Springer-Verlag, 2007.

[29] E. Siili and D. Mayers, An Introduction to Numerical Analysis. Cam-
bridge University Press, 2003.

[30] A. Ribeiro, “Ergodic Stochastic Optimization Algorithms for Wireless
Communication and Networking,” IEEE Trans. Signal Process., vol. 58,
no. 12, pp. 6369-6386, Dec. 2010.

Olga Muiioz (M’11) received the Telecommuni-
cation Engineering and the Ph. D. degrees from
the Universitat Politecnica de Catalunya (UPC) in
Barcelona (Spain). Since 2001 she is an Associate
PLACE Professor at the Signal Theory and Communications
PHOTO Department of UPC, where she teaches graduate
HERE and undergraduate courses related to signal pro-
cessing and communications. She has participated
in European Commission funded projects such as
FIREWORKS, ROCKET, FREEDOM, TROPIC and

TUCAN3G in the topics of cooperative commu-
nications for multihop systems and coordinated radio resource allocation.
She has lead the Spanish Government funded project MOSAIC, devoted to
interference-aware coordination and cooperation techniques for macrocell and
femtocell systems. She has participated as a reviewer for the Spanish Research
Council. She has made several contributions to 3GPP RAN3 in the topic of
interference coordination in small cells. Her interests are in signal processing
and communication systems, areas where she has published over 40 papers
in books, international conferences and journals.



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, ACCEPTED FOR PUBLICATION, NOVEMBER 2014

Antonio Pascual-Iserte (S’01-M’07-SM’11) was
born in Barcelona, Spain, in 1977. He received
the Electrical Engineering degree and the Ph.D.
degree from the Universitat Politécnica de Catalunya

PLACE (UPC), Barcelona, in September 2000 and February
PHOTO 2005, respectively. He was awarded with the “First
HERE National Prize of 2000/2001 University Education”

by the Spanish Ministry of Education and Culture,
and with the “Best 2004/2005 PhD Thesis Prize” by
UPC.

From September 1998 to June 1999 he worked
as a Teaching Assistant on the field of microprocessor programming in
the Electronic Engineering department at UPC, and from June 1999 to
December 2000 he was with Retevision R&D, working on the implantation
of the DVB-T and T-DAB networks in Spain. In January 2001, he joined
the Department of Signal Theory and Communications at the UPC, where
he worked as a Research Assistant until September 2003. He received a
predoctoral grant from the Catalan government for the Ph.D. studies during
this period. He became Assistant Professor in September 2003 and since
April 2008 he is Associate Professor. Currently, he teaches undergraduate
courses in Linear Systems and Signal Theory. He also teaches post-graduate
courses in Advanced Signal Processing in the Dept. of Signal Theory and
Communications.

His current research interests include: array processing, robust designs,
OFDM, MIMO channels, multiuser access, and optimization theory. He has
been involved in several research projects funded by the Spanish Government
and the European Commission. He has also published several papers in
international and national conference and journals.

Josep Vidal (S’88-M’91) received the Telecommu-
nication Engineering and the Ph. D. degrees from
the Universitat Polit ecnica de Catalunya (UPC),
Barcelona, where he is Professor at the Signal The-

PLACE ory and Communications department. From 1989
PI?&I‘};) to 1990 he joined the LTS at the Ecole Polytech-

nique de Lausanne as associate researcher. He was
awarded UPC Premio Extraordinario de Doctorado
in 1996. His research interests are in statistical
signal processing, information and communication
theory, areas in which he has authored more than
150 journal and conference papers. Since 2002 has coordinated collaborative
EC-funded projects ROMANTIK, FIREWORKS, ROCKET, FREEDOM,
TROPIC and TUCAN3G, belonging to the FP5, FP6 and FP7 programmes,
all in different areas of MIMO relay communications, self-organisation,
cooperative transmission and heterogeneous networks. He has held research
appointments with INP Toulouse and University of Hawaii, and has organised
several international workshops. From Aug 2011 through Mar 2014 he served
as associate editor of IEEE Transactions on Signal Processing.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




