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Abstract—The availability of flexible radio interfaces capable of
adapting their configuration to the time-varying operating envi-
ronment is the key response to the demand encountered in modern
wireless networks for high data rates under strict quality of ser-
vice (QoS) constraints. To this end, this paper develops a novel link
resource adaptation (LRA) scheme for soft-decoded multiantenna
(MIMO) bit interleaved coded orthogonal frequency division mul-
tiplexing (BIC-OFDM) transmissions employing automatic repeat
request (ARQ) mechanisms. As the first step, a simple link perfor-
mance evaluation model based on the effective signal-to-noise ratio
(SNR) mapping concept is derived in a closed-form expression that
it is shown to yield better accuracy than previous techniques. Then,
an effective LRA strategy is formulated taking advantage of that
framework. The aim is maximizing the goodput (GP) metric, that
is to say, the number of information bits delivered without error to
the user by unit of time, over the available radio resources, such as
the power distribution on the subchannels, coding rate, modulation
order and theMIMO configuration. The numerical results demon-
strate considerable performance gains comparedwith nonadaptive
transmissions, while keeping the computational complexity at af-
fordable levels in view of the specific structure of the GP objective
function.

Index Terms—Automatic repeat request (ARQ), bit-interleaved
coded modulation, cross-layer link resource adaptation, goodput,
multiple-input multiple-output (MIMO), orthogonal frequency di-
vision multiplexing (OFDM), power allocation.

I. INTRODUCTION

N EXT-GENERATION multimedia services over seamless
and pervasive wireless networks call for high data rates

under strict quality of service (QoS) constraints [1]. The harsh
multipath propagation conditions typically experienced in both
urban outdoor and indoor scenarios along with the scarcity
of available bandwidth, however, make the design of reliable
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and spectrally efficient packet data transmission systems a
particularly demanding task. To this end, a number of efficient
solutions have been proposed, like multicarrier (MC) modula-
tion, in the form of orthogonal frequency division multiplexing
(OFDM) [2], advanced channel coding as the bit interleaved
coded modulation (BICM) [3], multiple-input multiple-output
(MIMO) communication [4]–[7], and automatic repeat request
(ARQ) mechanisms [8]. A further boosting of the reliability and
efficiency figures resides in thinking of flexible radio interfaces
capable of adjusting their transmission parameters on the fly
according to the time-varying conditions of the operating envi-
ronment, what is known as link resource adaptation (LRA); see
[9] and references therein. Hence, combining the LRA concept
with the above techniques working at both the physical and data
link layers, the link configuration parameters, including data
rate, transmit power, coding rate or scheme, modulation order
and MIMO scheme, can be adaptively and jointly optimized in
a cross-layer oriented approach [10].
Relation to Prior Work: Among the various LRA techniques

recently appeared in the literature, one of the most recognized
criterion is based on themaximization of the mutual information
[11]. Based on such a criterion, bit and power allocation strate-
gies have been proposed for BIC-OFDM and MIMO-BICM
systems in [12] and [13], respectively. When one has to do with
more practical modulation and coding schemes, however, al-
ternative approaches different from those in [11]–[13] could be
more convenient. Moreover, the presence of the ARQ retrans-
mission mechanism at the data link layer should be taken into
account as well in order to quantify the trade-off between data
rate and link reliability. Towards this goal, a significant figure
of metric has thus been detected in the offered layer 3 data
rate, or goodput (GP) for short. In this context, [10] and [14]
adopt the GP as performance metric to select the best combina-
tion of modulation and coding rate with uniform bit and power
loading. In [15], instead, the GP criterion motivates the problem
of optimally distributing bits and power across a set of sub-
channels in a coded adaptive OFDM system with hard Viterbi
decoding. In particular, the hard decisions on the coded binary
symbols are exploited so as to split the cross-layer nature of the
problem by using the uncoded BER (at the decoder input) as an
intermediate performance metric. On the other side, when soft
Viterbi decoding is considered this layer separation is not trivial
at all. Thus, to make feasible the LRA multiparametric opti-
mization problem (OP), the derivation of an accurate link per-
formance metric providing a compact and manageable analytic
representation of the GP performance is a crucial task. In this
sense, one of the most promising link performance evaluation
(LPE) method to be mentioned is the effective signal-to-noise
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ratio (SNR) mapping (ESM) [16], such as exponential ESM
(EESM), logarithmic ESM (LESM), capacity ESM (CESM),
and mutual information ESM (MIESM) [17]. In particular, the
EESM has the main advantage of providing a closed-form map-
ping function, but unfortunately, its generalization to high order
modulations [18] does not exist. Differently from EESM, the
MIESM solution includes two separates models, one for modu-
lation and the other for coding, thereby enabling the separation
between layers and making LRA very convenient [19], although
the mutual information mapping function has not a closed-form
expression.
Rationale of the Proposed Approach and Contribution: In

this paper, we propose a novel LRA strategy aimed at maxi-
mizing the GP performance for a MIMO BIC-OFDM system
with soft Viterbi decoding. This goal is pursued through the spe-
cific approach briefly outlined hereafter.
• Assuming that the real future channel propagation condi-
tions cannot be predicted, in the formulation of our LRA
problem we replace the GP metric of interest with an ap-
proximation given by the expected goodput (EGP) [14].
This is analytically derived upon a novel LPE method be-
longing to the broader class of ESM methods, and just
plays the role of prediction metric about the the actual link
GP performance.

• The OP having the EGP as objective function is optimally
and analytically solved under the constraint of limited
transmit power.

• Extensive time-domain numerical simulations of the
overall system, featuring coded multicarrier signal gen-
eration, multipath propagation, data detection and ARQ
retransmission mechanism, are carried out to corrobo-
rate the effectiveness of the proposed LRA method for
various system configurations in a “real-world” scenario,
by quantifying the actual GP performance and not the
approximated EGP metric.

Several features differentiate the proposed LRA from pre-
vious works and define our contribution.
• A novel LPE tagged as cumulant generating function
based ESM, or for short [20], which combines
together the simplicity of the EESM with the accuracy of
MIESM, enables a simple formulation of the multipara-
metric OP.

• In light of the particular methodology, the struc-
ture of the GP metric is exploited in order to split the con-
strained OP into two subproblems, thus keeping the com-
putational complexity at affordable levels.

• A power allocation (PA) algorithm is presented which aims
at maximizing the GP metric as a function of the link
configuration parameters, under the assumption of ideally
known channel state information (CSI), called as goodput-
oriented power allocation, or GOPA for short.

• Taking advantage of the separation between modulation
and coding models in the , the maximization of the
EGP objective function allows to solve themultiparametric
OP in the domain of power distribution across subchannels,
coding rate, modulation order and MIMO configuration.

Organization: The rest of the paper is organized as follows.
We start on describing in Section II the MIMO BIC-OFDM

system we adopt as reference model. After reviewing the back-
ground of the ESM method, Section III defines the EGP ob-
jective function based on the model. Section IV first
formalizes the solution of the constrained optimization GOPA
problem, and then, applies it to the proposed LRA algorithm. Fi-
nally, Section V is devoted to evaluating performance via com-
puter simulations over typical wireless channels, followed in
Section VI by some concluding remarks.
Notations: Matrices are in upper case bold while column vec-

tors are in lower case bold, denotes transpose, denotes
conjugate transpose, denotes the entry of the matrix
, converts the main diagonal of an matrix into
an vector, is the vector with all components
one, is the Kronecker function taking the value 1 when
and zero otherwise, and denotes statistical expectation.

II. SYSTEM MODEL OVERVIEW

The block diagram of the MIMO BIC-OFDM communica-
tion system we are dealing with is schematized in Fig. 1. In this
framework, we take a packet (usually corresponding to an IP
packet or a layer 3 control signalling message) as the elemen-
tary piece of information to be transmitted over the radio in-
terface and delivered error-free to the end-user. In view of this
packet-centric paradigm [1], the overall radio-access processing
scheme can be split into the packet-processing and frame-pro-
cessing components. Packet-processing consists in the combi-
nation of ARQ and channel coding mechanisms. At the trans-
mitter side, each packet queued within a buffer is one-to-one
mapped to a radio link control (RLC) sublayer protocol data
unit (PDU), which includes the header, the corresponding pay-
load received from upper layers and a cyclic redundancy check
(CRC) coded sequence for error detection. The packets decoded
at the receiver without any errors are properly stored for the de-
livery to the end-user, whereas for the ones received with errors
a retransmission is requested via a feedback channel. The trans-
mitter is aware of either conditions upon getting from the re-
ceiver a positive or negative acknowledgement, denoted respec-
tively as ACK or NACK for short. The next step in the packet-
processing flow at the transmitter is to map one RLC PDU to ex-
actly one FEC block, with the result that each packet is self-de-
codable. Specifically, the RLC PDU consisting of

binary information symbols, where , and
are the sizes of the header, payload and CRC sections,

respectively, is encoded with rate . The coded sequence having
size is accepted by the frame processing section
to perform the basic physical layer operations of modulation
and symbol mapping to the available physical resources. In the
sequel, we refer to the sequence of modulation symbols con-
veying each coded sequence as a frame. In details, the encoded
binary symbols , , corresponding to each
RLC PDU are randomly interleaved according to the BICM
model and mapped to the sequence . The index , with

, defines the position within the transmitted frame
made of consecutive OFDM symbols each with length , ,
with , is the index out of the overall subcarriers,
, with , is the index of the spatial stream corre-
sponding to the th subcarrier, and , with ,
is the position of the coded binary symbol within the label of
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Fig. 1. Block diagram of the MIMO BIC-OFDM system.

the modulation symbol across the th subcarrier and th spatial
stream. The subcarrier and the spatial stream represent the
subchannel , where the set

contains index pairs of the active
subchannels.
The coded and interleaved sequence is partitioned into

binary -tuples, each of which is Gray-mapped onto
the complex-valued symbol , where
is a unitary-energy QAM constellation. The symbol vector

is then multiplied element-by-el-

ement by the vector ,
where is the average power which can be transmitted on any
subchannel, while represents the normalized power
which is actually allocated on subchannel according to

the constraint , with and

, with being the maximum
available power at the transmitter side.
The scaled symbol vector is then space-time (ST) encoded in

accordance with a MIMO scheme based on transmit and
receive antennas, and the result for each antenna is fre-

quency-mapped onto the available subcarriers. The resulting
OFDM signals are transmitted over a MIMO frequency-selec-
tive fading channel, assumed to be time-invariant within the
frame interval, but randomly independent across consecutive

frames. At the receiver, the signal is ST decoded, soft demapped,
deinterleaved and eventually decoded. In line with the system
model outlined above, the normalized output of the ST decoder
can be expressed as

(1)

where , is a -dimensional noise
vector whose entries are circularly symmetric complex-valued
Gaussian RVs with zero mean and unit variance, and is
a diagonal matrix whose generic entry expressed

by

collects the square-roots of the postprocessing SNRs for the
subchannel , which depends on the complex-valued
multipath channel coefficient and including both
the thermal noise component and the multistream interference
of the particular MIMO scheme. For the sake of simplicity,
the corresponding postprocessing SNRs can be arranged into
the -sized vector , whose entries are

.

III. LINK PERFORMANCE EVALUATION

In this section, we put our focus on an improved LPE model
designated as , that will play a key role in the maximiza-
tion of the GP metric, as detailed in Section IV.



STUPIA et al.: LINK RESOURCE ADAPTATION FOR MULTIANTENNA BIT-INTERLEAVED CODED MULTICARRIER SYSTEMS 3647

A. The ESM Concept

The idea behind the ESM concept consists in mapping the in-
stantaneous SNRs measured on the receiver subchannels into a
scalar SNR that would yield the same performance in an “equiv-
alent” coded system operating over an AWGN channel. Stated
formally, for a given transmission mode (TM) defined as the
collection of modulation size, coding rate and MIMO scheme,
the SNR values included in are compressed into the scalar
effective SNR so that the condition

(2)

holds, where and refer to the AWGN
equivalent system and the actual one affected by fading,
respectively. In equivalent words, this means that the ESM
reduces the LPE problem to: 1) evaluate ; 2) compress
into through (2); and 3) evaluate at the SNR value
the PER curve obtained analytically or by simulations for the
equivalent AWGN coded transmission. Hence, depending on
the rule adopted to translate the SNR vector into the scalar
, a number of ESM methods may come up with different

accuracy-versus-complexity tradeoff levels. In the next subsec-
tion, we propose a novel ESM model based on the cumulant
generating function (CGF) of the log-likelihood ratios (LLRs)
metric employed by the BICM soft decoder.

B. Definition of

The concept is based on the in-depth evaluation
of the pairwise error probability (PEP) figure. To iden-
tify the essentials of this approach, consider a reference
codeword and the competitor codeword

, both originating from the same state of
the trellis code and merging after steps. Denote with the
corresponding decoder output, then focus on the calculation of
the PEP between and , namely ,
where is the diagonal matrix defined in (1). Since the un-
derlying rationale is to exploit the inherent behavior of BICM
as an equivalent “binary” modulation, we first review in the
sequel two basic approximations originally proposed in [21]
which support such a description, and then apply both of them
to the case of interest.
1) The Gaussian Approximation. In [21], it is shown that in
the limit of large SNR: 1) the tail of the distribution of the
LLRs is well approximated by a Gaussian shape; and 2)
the bit error rate (BER) decays exponentially with SNR.
Then, we observe that in our LRA problem we are inter-
ested about the event of successfully receiving the entire
packet without any error. Thus, under the assumption of
sufficiently large packet size (as in our case), this safely
means that the BER gets low-to-medium values, just the
region where it has exponential decay and the Gaussian
approximation holds tight. As a consequence, assuming
ideal random interleaving and that the set of active sub-
channels can be schematized as a memoryless binary-input
output-symmetric (BIOS) channel, the PEP can be com-
puted as the tail probability

(3)

where is the tail probability of the standard normal

distribution, is the CGF and

, , is the moment generating
function (MGF) of the RV specified by the LLR metric

(4)

for the th coded symbol, , and is the value
(saddlepoint) so that which is placed at .

In (4), is the subset of the symbols belonging to
the QAM constellation adopted on the -sub-
channel whose th label bit is equal to . Further, note that
the dependence of the indexes (block), (subcarrier),
(spatial stream) and (position within the symbol label) on
the index (coded symbol) has been dropped for the sake
of simplicity.

2) TheHigh-SNR Approximation.With the assumption of suf-
ficiently large SNR and by resorting to the dominated con-
vergence theorem (DCT), it is demonstrated in [21] that
the MGF is dominated by the term relevant to the symbol
closest to in the complementary subset ,

thereby obtaining

(5)

where is the Euclidean distance between the com-
plex-valued symbols and , and the expectation is taken
over all the nuisance parameters, i.e., the noise, the modu-
lation symbol and the position of the coded symbol
within the label of the QAM symbols in the complemen-
tary subset.

It is worth remarking here that the applicability of the two ap-
proximations introduced above will be testified in Section V by
showing that, at each of practical interest and regardless of
the adopted setup, the proposed LRA scheme always selects the
best-performing TM thusmatching the link parameters to the in-
stantaneous channel conditions when adopting different coding
scheme and modulation orders.
To compute the expectation in (5), let us bear in mind the

following remarks: 1) due to the Gray mapping rule, we have
, where is a positive integer and

is the minimum Euclidean distance between the symbols of
the constellation adopted on the -subchannel; 2) each of
the label bits conveyed by the -subchannel has

symbols on its complementary subset, so that the total
number of terms to be averaged results ; 3)

the distance takes distinct values so that

; 4) by defining the number of symbols

at distance from the nearest neighbor in the comple-

mentary subset as , we get

, where ,

,
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for the 4-, 16- and 64-QAM for-
mats, respectively; and 5) the probability that the generic coded
symbol is sent through the -subchannel is .

Therefore, collecting the above results together, the MGF in (5)
turns out to be

(6)

and accordingly, the CGF actually required in (3) to evaluate the
PEP for two codewords differing in bits results as

. Hence, considering that: 1) the PER depends on
the function; and 2) (3) can be viewed as the PEP of
an equivalent binary system operating over an AWGN channel
with SNR equal to , we obtain the main result of this
section, namely the definition of the performance model,
as stated in the following proposition.

Proposition 1: The consists of the modulation model

(7)

where the weighted sum of exponential functions are computed
for each -subchannel, which experiences the SNR level

and conveys (for a given modulation order) label
bits, with , being a tuning factor dependent
only on the coding scheme. The quantities are then ac-
cumulated in the coding model and normalized to provide the
scalar effective SNR

(8)
As final step, the predicted link quality is obtained by reading the
PER curve of the equivalent binary coded system operating over
AWGN from a look-up table (obtained by either simulations or
using a tight upper bound) at the SNR value corresponding to

.

It is now worth emphasizing the original features which dif-
ferentiate the model with respect to other techniques
available in the literature:
1) it enables PER prediction at the transmitter side based only
on the scalar effective SNR (8) instead of the whole CSI;

2) it separates the modulation and coding models, thus en-
abling the split between layers and making the cross-layer
OP easy to manage;

3) it allows the use (required for instance for the turbo codes)
of a tuning factor which is independent of the mod-
ulation format adopted on each subcarrier;

4) it provides a mapping function for the modulation model
which can be expressed in a simple closed-form.

C. Definition of the Expected Goodput Objective Function

One of the main outcomes of the framework devel-
oped in Section III-B is the formulation of a simple link quality
metric that can take equally into account the presence of both
error-correction and packet-retransmission mechanisms.
Let us start with thinking about the standard GP metric de-

fined as the ratio between the number of error-free payload bits
and the average transmission time spent on the attempt of suc-
cessfully delivering them. In order to reach a tractable formula-
tion of the objective function, we assume that each transmitted
packet experiences the same (currently known) channel con-
ditions within its (possible) ARQ retransmissions. That way,
complex channel prediction techniques providing side infor-
mation such as estimates of delay-spread, Doppler bandwidth,
and so on, are no longer required. This assumption leads to the
concept of expected goodput (EGP), as originally proposed in
[14]. Notice that, although the EGP resembles the actual GP
metric only if the channel stays invariant or is highly corre-
lated within consecutive retransmission intervals, nevertheless
it is advantageously possible to obtain a simple objective func-
tion of convex type, which enables a considerable improve-
ment of the actual GP link performance. It is worth of being
pointed out, however, that in all of the simulation tests illus-
trated in Section V, the assumption about the time-invariance
of the channel will be dropped, so as to adhere to more realistic
propagation environments.
Coming back to the analytical derivation of the objective

function, we observe first that the probability of a successful
RLC-PDU delivery within the retry limit can be written as

(9)

where represents the -dimensional vector carrying the power
coefficients allocated on the subchannels, represents a generic
TM, is the effective SNR (8) compressing
the current CSI and thus depending on both and , while the
function which maps into the PER value depends on the
alone. Hence, the expected average transmission intervals for

successful and failed packet delivery result, respectively, as

(10)

(11)

where the time required for transmitting the information bits
of each RLC-PDU is given by ,

being the OFDM symbol duration. The EGP metric can then
be computed as the ratio between the size of the data payload

and the expected transmission time
irrespective of whether the delivery attempt

is successful or not. Upon dividing by the overall OFDM band-
width , we can eventually get the expression for the normal-
ized EGP as

(12)
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Now, since our goal is to guarantee the reliable delivery
of the packet at the receiver, it is reasonable to assume
the retry limit , so that the probability of a suc-
cessful packet delivery tends to one, and as a
consequence, the average transmission time approximates to

. The result we end up
can then be expressed in the following.

Proposition 2: Under the assumptions of: 1) TM and
power coefficients independent of the retransmission index;
and 2) maximum number of retransmission attempts ade-
quately large, the normalized EGP can be written as

(13)
where .

Proof: Plugging (9)–(11) into (12) and making suffi-
ciently large, after some algebra (13) can be easily obtained.

A few concluding remarks are now in order.
1) Selecting the OFDM signal bandwidth as normalization
factor, the EGP function can be read as a spectral efficiency
metric, in the sense of the data rate conveyed by error-free
packet transmitted over a given spectral interval.

2) The EGP function is a monotonically increasing function
of the effective SNR .

3) The choice of different transmission strategies, i.e., and
, affects the EGP metric. The stronger the TM mode, the
longer the average transmission time will be, but more
likely the delivery will succeed within the retry limit. This
fact actually opens the way to the problem of optimizing
the EGP metric over and that will be the main focus of
the next section.

IV. LINK RESOURCE ADAPTATION OPTIMIZATION PROBLEM

The task performed by a LRA scheme is that of optimally as-
signing the available radio resources so that we can get the best
link performance for any given channel conditions. The adap-
tive cross-layer LRA strategywe propose here follows this route
in accordance with the -based LPE framework developed
in Section III-B. The idea consists in optimizing the EGP metric
in the domain of the PA and the TM , subject to the con-
straints on the transmitted power and the finite set of allow-
able TMs. Stated formally, our constrained LRA OP is posed as

(14)

This is a typical mixed integer OP, where some of the variables
are integer while the others are continuous. Given the specific
structure of the objective function , (14) will be solved
by simply dividing it into two steps: first, the optimal power
allocation vector is derived as a function of the generic
TM , and then, the best TM is selected so that the EGP metric
takes its maximum value.

A. Power Allocation Optimization Problem

The remark mentioned in the above point 2) suggests that the
problem of optimizing the EGP metric for a fixed TM turns into
the equivalent one of searching for the optimal power alloca-
tion that maximizes the effective SNR (8). Toward
this end, considering that for ,
let us limit the summation in (7) to for simplicity, or
equivalently, drop the terms relevant to the symbols in the com-
plementary subset at distance greater than . Then, with

(15)

and so that

(16)

is conveniently approximated by the function

(17)

and the PA problem, which will be addressed as “goodput-ori-
ented power allocation” or GOPA for short, can be formalized
as

(18)

Two propositions can be of help on the way to solve (18).
The first one concerns the convexity property of the objective
function.

Proposition 3: The real-valued function is strictly

convex within the domain
.

Proof: See Appendix A.

Consequently, the GOPA problem fits in the class of convex
OPs. Moreover, we can obtain a condition on the components
of the gradient of the objective function at the optimal solution,
as stated in the following proposition.

Proposition 4: The optimal that solves (18) satisfies

(19)
with strict equality if .

Proof: See Appendix B.

Hence, upon exploiting the optimal condition (19), a simple
algorithm to derive the optimal solution for the GOPA problem
can be derived. For the sake of readability, the algorithm is out-
lined in Appendix C. Here, we just remark that the optimal so-
lution can be pursued by distributing power among subchan-
nels through a sequence of locally optimal choices: first, allo-
cate power on the subchannel 1 so that the optimal condition of
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Proposition 4 is verified for subchannel 1 and 2 only; then, put
power on the subchannels 1 and 2 with equal increments so that
Proposition 4 is verified for subchannel 1, 2, and 3 only; go on
till the the power constraint is met with strict equality. It can be
proved that this rather simple iterative method allows to spend
all the available power over the subchannels in a way that solves
the OP (18), as stated in the sequel. In fact, upon exploiting (19)
a closed-form solution of the constrained OP (18) can be ob-
tained as formalized in the following proposition.

Proposition 5: The optimal solving the GOPA problem
has components given by

(20)
where equals if and 0 otherwise.

Proof: See Appendix D.

A few remarks are now in order.
1) Dealing with power coefficients, the values must be
all nonnegative, which explains the use of the operator .
Whenever some of them turn out to be negative, the rele-
vant subchannels are simultaneously switched off, their in-
dexes are removed from , and (20) is applied again over
the resulting subset of .

2) Assuming , it is straightforward to
verify that

(21)

where ,

meaning that the gradient of the objective function at
the optimal point has equal components in accordance
with Proposition 4.

3) The key feature of the optimal solution formalized by
Proposition 5 resides in a simple closed-form expression
of great convenience in that it depends only on the coeffi-
cients and .

4) The solution (20) to the GOPA problem can be interpreted
in the light of a waterfilling-like representation

(22)

where, due to (16) the ratio is proportional to the
SNR level on the -subchannel after power alloca-

tion is performed, whereas

plays the role of the water level.

B. Transmission Mode Optimization Problem

When the optimal power distribution is available as a
function of the adopted TM , the constrained LRA OP (14)
turns into that of searching the best combination over the set

of the allowable TMs that maximizes the EGP metric
given by (13), or more formally

(23)

Now, without loss of generality assume that the TM opti-
mization is carried out for a given MIMO setup, although
that limitation can be easily dropped by switching among the
supported schemes throughout the allocation procedure (as
performed while obtaining the results discussed in Section V).
Then, we adopt uniform bit allocation (UBA), that is to say,
the number of bits assigned to the subchannels is kept
equal to . We remark here that also this restric-
tion can be circumvented resorting to the bit loading scheme
proposed in [23] which looks for the optimal set of
under given power levels among subchannels. In view of the

features, the optimization of the GP metric is performed
through a greedy-based iterative algorithm which considerably
reduces the computational complexity skipping the combinato-
rial nature of the problem. Hence, the problem of joint bit and
power allocation can be split (although in a suboptimal way)
into two subproblems each of which is optimally solved at
affordable complexity. The joint solution can then be derived
resorting to the coordinated ascent method [24]. Thus, (23) can
be reformulated as

(24)

where the EGP metric to be optimized simplifies to

(25)

is the coding rate, and is a function of the
modulation order only. The particular shape of (25) helps on
solving (24) in a simple way. The idea is to increment up to
the largest value depending on the allowed modulation
orders, and for each of them select the optimal that maximizes
the EGP, as defined by the next proposition.

Proposition 6: The -based LRA strategy solving (24)
consists of the following steps:

1) Initialize , ;

2) Increment by 2;

3) Compute ;

4) Select ;

5) If and then

6) Set , , ;

7) Go to Step 2);

8) Else, the algorithm finishes returning and .

V. SIMULATION RESULTS

In this section, the effectiveness of the proposed LRAmethod
is numerically tested for realistic wireless link scenarios. First,
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the accuracy of the link performance model is quantified
and compared with conventional ESM-type schemes. Then, the
proposed -based LRA strategy relying on the EGP ob-
jective function is evaluated in terms of the actual GP perfor-
mance for a MIMO BIC-OFDM system, taking as performance
benchmark the GP metric that can be obtained by nonadaptive
transmissions.

A. System Setup

Simulation runs will be carried out focusing on two different
MIMO BIC-OFDM schemes, designated as Profile A and Pro-
file B, respectively. Both of them occupy a 20-MHz RF band-
width and employ RLC-PDUs each consisting of
payload binary symbols preceded by the CRC section of length

used by a stop-and-wait ARQ error handling mech-
anism with 8 logical channels. They differ from each other es-
sentially for the channel propagation model and the type of
coding scheme, one using convolutional and the other turbo
codes, as outlined in the sequel.
1) Profile A: Profile A employs subcarriers with 4-,

16- and 64-QAM as modulation format, cyclic prefix of length
, and signalling interval equal to . Channel

encoding is based on a 64-state convolutional code with mother
code rate and free distance , properly punc-
tured to allow the four rates 1/2, 2/3, 3/4, and 5/6, while the
propagation model is based on a typical 6-tap MIMO channel
with maximum delay spread of 0.6 , each tap being modelled
as i.i.d. zero-mean circularly symmetric complex Gaussian RV.
We consider the configurations equipped by transmit and

receive antennas, with , 2, or 4, based
on: 1) single transmit and receive antenna (SISO configuration);
2) orthogonal ST block (Alamouti) code (OSTBC) with receiver
maximum ratio combining (MRC) [4], or spatial multiplexing
(SM) with linear minimummean square error (MMSE) detector
[6], both of them under UBA andUPA, assuming that the
effective SNR be available at the transmitter through a low-rate
feedback channel (as depicted in Fig. 1); and 3) SVD-based pre-
coding in the form of the linear unitary precoding (LUP) scheme
[7], with UBA and the optimal GOPA or UPA, under the as-
sumption that the transmitter has ideal knowledge of the CSI.
2) Profile B: Profile B employs active sub-

carriers, obtained through a 2048-points FFT, with 4-, 16-,
and 64-QAM as modulation format, cyclic prefix of length

, signalling interval equal to , and SISO
antenna configuration only. Channel encoding consists in a
8-state parallel concatenated convolutional turbo code scheme
with mother code rate and punctured rates 2/5, 1/2, 4/7,
2/3, 3/4, 4/5, and 6/7, while the propagation channel is modeled
as ITU Pedestrian B.

B. Accuracy of the Performance Model

The accuracy of the performance prediction model
is compared to that of the EESM and MIESM conventional
methods. This is done by evaluating the complementary cumu-
lative density function (CCDF) of the absolute value of the ef-
fective SNR error, which, for the generic channel realization

of the subcarrier SNR vector , is defined as

(26)

Fig. 2. CCDF of the effective SNR absolute error for SM with 4-QAM and
coding rate (profile A).

Fig. 3. CCDF of the effective SNR absolute error for SM with 16-QAM and
coding rate (profile A).

In (26), is the effective SNR, depending on the SNR
values measured on the receiver subchannels for the th
channel realization, while is the PER level corresponding
to as obtained from link level simulations. Additionally,
each ESM method can be equipped with an optimum tuning
factor resulting from the least-square fitting

(27)

The optimization of the ESM tuning factors has been carried out
for a total number of independent channel realizations

and for .
Figs. 2–4 show the CCDF for 4-, 16-, and 64-QAM, respec-

tively, assuming coding rate and 2 2 SM multiantenna
scheme. The better accuracy offered by the over the
EESM is apparent especially for higher modulation orders. Such
an advantage can be promptly explained if one keeps in mind
the structure of the as composed of two separate models,
one for modulation and one for coding, where the former takes
specifically into account the modulation format adopted on each
subchannel, thus boosting estimate accuracy.
Indeed, in Fig. 4, which refers to a 64-QAM, for a CCDF level

of 0.1 the offers an absolute error of 0.17 dB, whereas for
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Fig. 4. CCDF of the effective SNR absolute error for SM with 64-QAM and
coding rate (profile A).

the EESM this turns into around 0.6 dB. On the other side, the
gap between the and the MIESM is substantially lower,
say less than 0.1 dB. Further, it can be derived that the
guarantees the same slope of the AWGN reference curve whilst
this does not hold for the EESM where a “cross point” occurs.
This drawback means that, if the EESM were used in combi-
nation with an LRA strategy, the selection of the best TM for a
given channel condition would not be reliable as based on a bi-
ased prediction of the PER link performance. On the other side,
the enables a PER prediction performance which is very
similar to that provided by the MIESM method, but at the price
that the mapping function of the latter is neither in closed-form
nor convex.

C. Goodput Performance of the -Based LRA Strategy

The effectiveness of the -based LRA strategy is first
tested by quantifying the actual GP performance (averaged over

independent channel realizations) as a function of the
ratio, under the assumption that at the transmitter side only the
effective SNR is available, and UBA is applied together
with UPA. Figs. 5 and 6 refers to a SISO link with profiles A
and B, respectively, for the adaptive case based on (solid
line), and all the static TMs (dotted lines with different marks).
Note that each modulation format is referenced by a different
mark (circles for 4-QAM, squares for 16-QAM and triangles
for 64-QAM) with the lower curve corresponding to the lower
coding rate. The results obtained for the setups based on both
convolutional (Fig. 5, profile A) and turbo codes (Fig. 6, profile
B) indicate that the LRA scheme, even assuming simple UPA,
effectively offers a gain up to 2 and 3 dB, respectively, if com-
pared with the best-performing static TM.
The above results obtained for the SISO configuration are

substantially confirmed in Fig. 7 for the 2 2 SM scheme with
MMSE detector. It has to be remarked that such a setup rep-
resents a demanding test for the proposed LRA method, since
in this case the SM receiver performance is significantly af-
fected by interstream interference. Nevertheless, the adaptive

-based LRA (solid line) reveals to be quite robust and
keeps the capability of selecting the best-performing TM (dotted
lines with marks), even reaching up to 1 dB gain.

Fig. 5. GP performance of the adaptive and static modes for SISO
(profile A).

Fig. 6. GP performance of the adaptive and static modes for SISO
(profile B).

Fig. 7. GP performance of the adaptive and static modes for SM
(profile A).

According to the framework illustrated in
Section III-B, the scalar works as a simple yet ac-
curate indicator at the transmitter side of the current link
quality. As such, it enables not only the optimization of the
modulation order and coding rate but also the adaptive selec-
tion of the best multiantenna scheme. This interesting feature
is verified in Fig. 8 that thus extends the results presented
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Fig. 8. GP performance of the adaptive versus fixed OSTBC and SM
(profile A).

Fig. 9. GP performance of the adaptive with GOPA or UPA for SISO
(profile B).

in Fig. 7, by comparing the GP performance with optimal
modulation and coding rate for: 1) fixed 2 2 OSTBC (dotted
line with squares); 2) fixed SM (dotted line with circles); and
3) adaptive multiantenna switching (solid line) based on the
optimal selection at each packet transmission of OSTBC or SM
scheme. It is apparent that the adaptive curve almost overlaps
with the “envelope” of the fixed OSTBC or SM curves, which
means that the adaptive scheme gets the best GP performance
for each value of interest.
Let us now address the GP link performance improvement

that can be gained when the transmitter has ideal knowledge
of the current channel conditions, i.e., the vector , and UBA is
adopted together with either UPA or the optimal GOPA as power
distribution schemes. At first, in Fig. 9 we compare the UPA
against the GOPA when the SISO configuration is considered
for the profile B. The optimal power distribution given by the
GOPA algorithm (solid line with squares) allows a substantial
gain over the UPA scheme (solid line with circles) ranging from
5 to around 8 dB depending on the value of the ratio. This is
evident, indeed, especially for the low-SNR regime, where the
GOPA exploits at best its capability of optimally distributing
power among the available subcarriers, and even if required,
switching off those that experience very low SNR. Then, in
Fig. 10, a 4 4 multiantenna setup for the profile A is taken
into account, which allows to decompose the MIMO channel

Fig. 10. GP performance of the adaptive with GOPA or UPA for LUP
with (profile A).

Fig. 11. GP performance of the adaptive and fixed for LUP with
GOPA (profile A).

into fixed parallel streams through the SVD-based
precoding/decoding (LUP scheme). The performance improve-
ment exhibited by the GOPA over the UPA is similar to that
shown in the SISO case (see Fig. 9), but ranges from 2 to more
than 6 dB.
Besides optimally choosing the power distribution across the

subcarriers, the modulation order and coding rate, the LRA al-
gorithm has also the potential of selecting the number of ac-
tive spatial streams which turn out to be available when the
LUP scheme is adopted. As apparent from Fig. 11, the adap-
tive -based method (solid line) offers a GP metric that al-
most coincides with that of the best-performing MIMO config-
uration (dotted lines with marks) with fixed number of streams
, . Hence, despite the complexity of the overall

multiparametric OP, the proposed LRA scheme is effective in
performing the optimal selection of all the transmission system
parameters which yield the best possible GP for any SNR value.

VI. CONCLUDING REMARKS

We have addressed the design of a novel cross-layer LRA
scheme for soft-decodedMIMOBIC-OFDM transmissions em-
ploying ARQ. First, the link performance evaluation
model has been analytically derived in a simple closed-form and
advantageously compared with conventional methods. Numer-
ical results demonstrate that it outperforms EESM, especially
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for high modulation orders, and provides performance similar
to that of MIESM, while offering a reduced complexity. Then,
an LRA procedure based on the framework has been for-
malized with the aim of maximizing the goodput metric over
the allowable link resources, such as power distribution among
the active subchannels, modulation order, coding rate and multi-
antenna setup. The performance tests show that the link param-
eters can be effectively matched to the instantaneous channel
conditions. In the case of no CSI available at the transmitter,
i.e., when only a low-rate scalar feedback is permissible, the
proposed LRA strategy yields a gain with respect to the best
static transmission mode around 2–3 dB for SISO and 1 dB for
2 2 MIMO configurations, respectively. On the other side,
in the case of perfect CSI at the transmitter, the optimal power
distribution provided by the GOPA algorithm allows a substan-
tial goodput improvement over the uniform power allocation
scheme, ranging from 2 to more than 6 dB.

APPENDIX

A. Proof of Proposition 3

It can be found from (17) that the function
is twice differentiable in the domain with gradient

and Hessian ,

where , ,

and , being the number of active sub-

channels, ,

, and , with . Then, consider

. Upon dropping an immaterial proportional factor, from
the Cauchy-Schwarz inequality applied to the vectors

and , we

obtain . This proves
that the Hessian of is positive definite, and consequently,
the function is strictly convex.

B. Proof of Proposition 4

According to the convex optimization theory framework
[25], in the minimization of a convex objective function subject
to a convex constraint set, there exists an unique such that

, or in equivalent words, whenever a local
optimal solution is found, then it is the global solution as well.
The directional derivative of at in the direction of any
other results therefore as

(28)
where the strict equality holds if . By
exploiting the affine property on , the condition (28) can be
evaluated on the extreme points of the set, namely ,
and , thus obtaining the claimed
expression.

C. GOPA Algorithm

As initial step: i) set the power allocation vector ; ii)
take the gradient of the objective function at and
evaluate its components as

(29)

iii) sort the absolute values of (29) in a decreasing order; iv) enu-
merate the ordered subchannels through the index ,
; v) assign to the th subchannel ,

and ; v) rename the sequence of power coefficients

as . Then, we consider steps, being
the number of active subchannels, in each of which the

power is progressively incremented so that the optimal condi-
tion of gradient with equal components formulated in Proposi-
tion 4 is met. Note that we admit implicitly that all the compo-
nents of the optimal solution we are searching for are strictly
greater than zero. Going into details, the power vector allo-
cated at step , , can be written as ,

where . Hence, the steps
of interest can be detailed as follows.
• Step 1) Set and impose the condition

(30)

thus obtaining .

• Step 2) Set and impose

(31)

From the second equality, we get

, whereas from the first one

and .

• Step j) Set
and impose

(32)

Exploiting the th equality, we get

from which it can be proved by
induction that

(33)

with , and .
Repeat the generic step until

(34)
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• Step ) Consider the step such that

(35)

then recompute the last increment with ,
imposing

(36)

together with the local optimal condition (19).
Finally, return the power allocation and stop the algo-
rithm.

D. Proof of Proposition 5

Because of its decreasing monotonicity, the objective func-
tion is minimized when the power constraint in (18) is met
with strict equality. Accordingly, upon plugging (33) into the
constraint

(37)

the expression (20) is eventually found.
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