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Abstract—In this paper, we address the problem of joint
power and bandwidth allocation for Type-I hybrid automatic
repeat request in military ad hoc networks based on orthogonal
frequency division multiple access when only statistical channel
state information is available to perform the Resource Allocation
(RA) and when considering practical modulation and coding
schemes. The novelty of our work lies in the consideration of
the Rician fast fading channel during the RA process, which
is a general fading model which can represent the Rayleigh
fading channel and the additive white Gaussian noise channel
as special cases. The objective of this paper is to propose an
algorithm to minimize the sum of the transmit power of each
user under different quality of service constraints. An accurate
approximation of the coded packet error rate over the Rician
fading channel is first proposed, and an efficient algorithm
to solve the problem is developed. The effectiveness of the
algorithm is demonstrated though simulations. Our results point
out a significant energy saving when the Rician distribution is
explicitly taken into account when performing the RA instead of
considering the Rayleigh channel.

Index Terms—HARQ, Resource allocation, Rician Fading,
Optimization

I. INTRODUCTION

Hybrid Automatic Repeat reQuest (HARQ) consists in the
combination of Forward Error Correction (FEC) and Auto-
matic Repeat reQuest (ARQ) protocol which allows to increase
the reliability of wireless communications. This paper focuses
on Resource Allocation (RA) for Type-I HARQ in military
ad hoc networks assuming the use of Orthogonal Frequency
Division Multiple Access (OFDMA) as the multiple access
technology. We consider that only statistical Channel State
Information (CSI) is available to perform the RA since military
ad hoc Medium Access Control (MAC) schemes based on
Time Division Duplexing (TDD) cannot handle instantaneous
feedback, conversely to modern civilian cellular network sys-
tems. In addition, we take into account the effect of practical
Modulation and Coding Scheme (MCS) in our derivations,
which gives a practical interest to our work. Our objective
is to minimize the total transmit power (the sum of the
transmit power of each user) under several Quality of Service
(QoS) constraints, which is motivated by the inherently limited
battery lifetime in military ad hoc networks. In this context,
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the main novelty of our work is that we consider the Rician
channel model in our RA algorithm, which is a generic channel
model which can represent the Rayleigh fading channel and
the Additive White Gaussian Noise (AWGN) channel as
special cases. Considering this channel model appears to be
interesting since military ad hoc networks can be deployed
in various theatres with different propagation conditions. For
instance, in rural area, it may happen that a strong Line of
Sight (LOS) exists between the transmitter and the receiver
and, in this case, the channel is well modelled by the so
called Rician channel model [1]. Also, it is known that the
error probability is lower on the Rician channel than on
the Rayleigh one and hence, we expect a power saving by
explicitly considering the Rician model during the RA.

The problem of the minimization of the transmit power
for HARQ in the single user context has been investigated
in numerous works, such as [2] where the authors minimize
the average transmit power for Chase Combining (CC)-HARQ
over the Rayleigh block fading channel considering capacity
achieving codes. A similar work was done in [3], where the au-
thors considered practical MCS over the Rayleigh block fading
channel. An extension of this work has been presented in [4]
for relaying systems. In [5], the average power consumption
of Type-I HARQ over the Rayleigh block fading channel was
minimized in the finite blocklength regime.

On the other hand, the RA problem for HARQ-based
OFDMA systems with power concern was treated in [6],
where the authors minimize the transmit power for Incremental
Redundancy (IR)-HARQ in a multiuser OFDMA system when
considering queuing constraints. The authors of [7] maximize
the energy efficiency for IR-HARQ when channels are per-
fectly known by the transmitter. The Energy Efficiency (EE) of
IR-HARQ in the multiuser context is also investigated in [8].
All the above mentioned works consider the use of capacity
achieving codes, which gives upper bound concerning the
achievable performance with practical MCS. Practical MCS
were taken into account in [9] where the authors maximize
the EE of Type-I HARQ when the transmitter is assumed to
have full CSI information. In [10], the authors minimize the
transmit power for Type-I HARQ with QoS constraints on the



Rayleigh channel with statistical CSI. This work is extended
in [11] for Type-II HARQ, again considering the Rayleigh
channel and statistical CSI. To the best of our knowledge,
these are the only works which consider the RA problem for
HARQ when the objective is to minimize the transmit power
with practical MCS and statistical CSI.

From the above discussion, it is clear that there exist no
work in the literature which address the problem of the
total transmit power minimization of HARQ-based OFDMA
systems over the Rician fading channel with statistical CSI
and practical MCS. The contribution of this paper is to study
this problem for Type-I HARQ. In detail, we start studying
the PER of convolutional codes over the Rician fast fading
channel. We then formulate the problem of the minimization
of the transmit power with QoS constraints. This problem is
similar to the one of [12] but, in our work, we consider the
more general Rician fading channel, and we add a constraint
on the maximum allowed transmit power. We propose an
algorithm to optimally solve this problem and finally, the
effectiveness of the proposed approach is investigated through
numerical simulations.

The remainder of the paper is organized as follows. In
Section II, we present the system model while in Section III
we study the PER of convolutional codes over the Rician
fast fading channel. Section IV is devoted to the problem
formulation, and Section V to the optimal problem resolution
of this problem. Numerical results are discussed in Section VI
and finally, concluding we draw some concluding remarks in
Section VII.

II. SYSTEM MODEL

We consider a military clustered ad hoc network with a
total bandwidth B which is divided in N, subcarriers, and
we focus on intra cluster RA. The number of links in the
cluster is L, and we consider the use of OFDMA as the multi
access technology. Moreover, to perfom the RA, we assume
that a Cluster Head (CH) is elected in each cluster. The CH
centralizes the statistical CSI of the different links, and allocate
the physical resources.

The channel of each link is modelled as constant for the
duration of an OFDMA symbol, and it changes independently
between consecutive symbols. This assumption is justified
by the use of a well designed frequency hopping pattern
along with bit interleaved coded modulation [13]. The sampled
channel impulse response of link [ during the jth OFDMA
symbol is defined by h;(j) = [hi(4,0), ..., by (j, M —1)]T with
()T denoting the transposition operator. The main originality
of our work comes from the consideration of the (possible)
existence of a LOS between the transmitter and the receiver,
that is, the first tap of the channel impulse response, h;(j,0), is
in general modelled as a complex Gaussian random variables
with a non zero mean denoted by p; and variance Cﬁo [1].
The other taps are considered as complex Gaussian random
variables too, but their mean is zero and their variance is
¢?;» i € {1,..,M — 1}. Finally, we make the common
assumption that the different taps are uncorrelated. All these

assumptions can be summarized as h;(j) ~ CN (u, %), where
CN(p, %) corresponds to the multi-variate complex normal
distribution with mean g = [u,0,...,0]7 and covariance
matrix 3 = diag ;. ns (CPos 5 CPar_1)-

With these notations, we can express the signal received on
the nth subcarrier of link [ at OFDMA symbol i as

le(l,’n) =V PLZHZ(Zvn)Xl(Zvn) + Zl(ivn)v (1)

where PL; is a deterministic power attenuation coefficient
which depends on the distance between the emitter and the
receiver, H,;(i) := [H;(4,0), ..., H,(i, N. — 1)]7" denotes the
Fourier transform of h;(z), X;(i,n) is the transmitted sym-
bol on the nth subcarrier of the ¢th OFDMA symbol and
Zi(i,n) ~ CN(0,NoB/N.), with Ny the noise power
spectral density. The elements of H;(i) are identically dis-
tributed random variables H;(i,n) ~ CN(urin,(?) where
¢ = Tr(Y)) and ppy, = e 72 ™/Ne  Therefore, it
is known that |H;(i,n)| follows a Rician distribution with
parameters ; = |w|* + ¢? and K; := |w|*/¢? [14]. The
Rician K parameter is known to be an important indicator of
the link quality, indeed, K; = 0 corresponds to the Rayleigh
fading while K; — oo corresponds to the AWGN channel.
Then, the higher the value of K, the better the quality of the
channel.
We define the average Gain-to-Noise ratio (GNR) as:

o PLZEHHZ(’L', ’I’L)|2] _ PL[Q[

B Ny N
Without any loss of generality, we assume that for all [, ; =
1.

As said previously, we assume that the CH only has
statistical knowledge on the channel, more precisely, the CH
is assumed to know only the average GNR and the Rician
K; factor of each link to perform the RA. Due to this
assumption, the power allocated on each subcarrier is identical
since the subcarriers are identically distributed, and we define
P, := E[X;(i,n)|?] as the power allocated to link [ to
transmit one modulated symbol on one subcarrier. Moreover,
we define n; as the number of subcarrier allocated to link [
and v; := N./n, as the associated proportion of bandwidth.
It can then easily be seen that the average power consumed
by link [ to transmit one OFDMA symbol is N,y E;, where
P

Epi=Neg-. 3)

The average Signal-to-Noise Ratio (SNR) of link [ is given by

Gy : 2

snr; ;= G E). 4)

We assume that each link in the cluster uses a Type-I HARQ
mechanism, that is, for the link [, the stream of information bits
is arranged into packets of L; bits, and Lo ; overhead bits, in-
cluding a Cyclic Redundancy Check (CRC), are added in each
packet. After that, a Medium Access Control (MAC) packet is
obtained by encoding these Ly ; := L;+ Lg,; bits by a FEC of
rate R;, and the MAC packet is modulated. We assume the use
of either the BSPK modulation, of a 2"**-QAM modulation on



link I. The modulated packet is then sent on the channel and,
after reception, the receiver decodes the packet, and check the
validity of the received bits using the CRC, which is assumed
to be error-free. If an error is detected, the receiver discards
the packet, and sends a Negative ACKnowledgement (NACK)
to the transmitter, who retransmits the same packet. Otherwise,
if the packet is successfully received, an ACKnowledgement
(ACK) is sent to the transmitter, who sends another MAC
packet. The mechanism is repeated until an ACK is sent by the
receiver, or the maximum number of transmissions, denoted
by P, is reached. Notice that we consider the ACK/NACK
as error free, which is a common assumption in the literature
[15], [16].

III. APPROXIMATION OF THE PACKET ERROR RATE

One of the major difficulty when dealing with HARQ with
practical MCS is the absence of closed-form expression for
the coded PER. In the literature, some approximations can
be found [17], [18], but they are in general valid only on
frequency-flat block fading channel i.e. when the channel is
modelled as a single coefficient which remains constant within
the duration of a packet. In [15], [16], the notion of effective
SNR is exploited to perform the RA, but these effective SNR
methods require either instantaneous CSI, or at least outdated
CSI, which is not available in our study. In [19], it is proposed
to upper bound the PER to perform the RA based on statistical
CSI in the case of the Rayleigh channel. In the present paper,
we want to extend this study by considering the more general
case of the Rician fading channel. To our best knowledge, this
problem has never been addressed in the literature.

To approximate the PER in the Rician channel, we re-
sort to an approach originally proposed in [20], where two
observations are drawn concerning the relation between the
PER at the output of the Viterbi decoder and the uncoded
Bit Error Rate (BER) at the input of the decoder: i) this
relation is almost independent of the considered modulation
and more importantly ii) the relation is approximately linear
in the logarithmic domain. From these two observations, we
can approximate the actual PER of link I, ¢;(E;), by ¢(E;)
expressed as follows

Gi(snr;) = (BER,(3mr;))“e”, (5)

where a; and b; are fitting coefficients which depend on the
packet length, on the convolutional code parameters and on the
Rician K; parameter, BER; is the BER of the Ith link over the
Rician fading channel with parameter K; and snr; is given by
(4). Notice that this type of approximation has been used for
the RA in the single user context in [9], where full CSI is
considered to be available at the transmitter side, whereas our
work considers that only statistical CSI is available.

From (5), we see that the expression of ¢; involves the
BER of the modulation of the /th link in the Rician fading
channel. It is well known that the BER over a fading channel
is obtained by averaging the BER in the AWGN channel over
all the possible values of the SNR. To perform this operation,

we first express the instantaneous SNR on one subcarrier of
the [th link which is given by

snr; := |hy|snry, (6)

where h; ~ CN(p,¢?). Hence, from the above discussion,
the average BER of link [ writes

BER; (snt;) = Egn, [BER; awan (snry)], @)

where Eqy, [.] is the mathematical expectation taken over the
possible values of snr;, and BER; awgn is the BER of the Ith
link in the Additive White Gaussian Noise (AWGN) channel.
A common approximation of BER; awgn is

BER; awan (snr;) = ¢ Q(+/ Bisnry), ¥

where 1; and [3; are modulation-dependent parameters whose
values can be found in Table 6.1 in [21], and Q(.) is the Q-
function. Calculating the exact value of the expectation in (7)
appears to be difficult since it would involve numerical inte-
grations due to the presence of the Q-function. For this reason,
we propose to approximate the Q-function by a combination
of exponentials as suggested for example in [22] or [23]

tmax

Q)= D e, ©)
i=1

where §; and 0; are fitting coefficients and 7,,,,,, is the number
of exponentials in the sum. The larger the value of ,,4., the
better the approximation. In this paper, we used the coefficients
proposed in [23], where i,,,, = 4. The expectation in (7) can
be then approximated as

iq
BER; (SAF) ~ ¢y ) _ 6y, [e~77™]. (10)
=1

The expectation in (10) is exactly the moment generating
function of the distribution of snr; evaluated in —6; ;. We can
easily prove that Y; := 2/(snr;¢?)snr; follows a noncentral

chi-square distribution with 2 degrees of freedom and non-
centrality parameter |u|? /7, which yields [24]:

e~ A

BER, (1) ~ v ) _ 07— (11)
i=1

0:8is08,C7
where A;; = 0; sy |y |2/ (1 + oiﬂlmlg‘f). The PER can
be then approximated by plugging (11) into (5). The accuracy
of the proposed PER approximation is checked in Section VI
where we can observe that the approximation is quiet accurate,
and therefore can be used to predict the PER of the system
with an analytically tractable expression.

IV. PROBLEM FORMULATION

In this section, we formulate the optimization problem that
we want to solve. The objective of this paper is to solve the
problem of the minimization of the total transmit power under
two QoS constraints: a constraint on the goodput (which is the
minimum useful data rate) and a constraint on the maximum



allowed transmit power. For Type-I HARQ, the goodput 7); of
the Ith user is given by [15]
n(GiE, ) = iR (1 — q(GLE)), 12)

where oy := Lz, /L;. The problem that we want to solve can
be then written as

Problem 1.
L
min ;wEl (13)
S.1. 'ylmlRlal(l — ql(GzEz)) > 77[(0)7 vi, (14)
7E < Qumazg, Vi, (15)
L
S, (16)
=1
v >0,E >0, Vi, (17)

where E .= [Ey,--- ,Ex] and v := |1, , VK]

In this problem, (14) is the minimum goodput constraint,
(15) is the constraint on the maximum transmit energy, (16) is
a structural constraint on the bandwidth and (17) are positivity
constraints. One can see that this problem is identical to the
one in [12], except that we add the constraint (15) and that we
consider a different expression of the PER which takes into
account the Rician channel.

As discussed in Section III, there is no analytical expression
for ¢;(G E;) in the coded case, therefore, we can not directly
solve Problem 1. For this reason, we will not directly tackle
this problem but an approximation, where we replace ¢;(G,E;)
by ¢;(G1E;) given in (5). The resulting problem writes

Problem 2.
L
min ;wEl (18)
st. mRma(l—q@(GE) =0, ¥, (19

(15),(16), (17),

Our objective is now to solve Problem 2. A feasibility
condition for this problem is given in [11] and, for the rest
of this paper, we consider that this feasibility condition is
satisfied. Actually, Problem 2 appears to be difficult to solve
since the objective function (18) and constraint (15) are neither
concave nor convexX. Therefore, to render it convex, we first
perform the following change of variable:

VI, Q= E. (20)
After this change of variables, Problem 2 can be equivalently
rewritten in the following form, which will be proved to be
convex

Problem 3.
L
i 21
min ;Qz (21
st muRyog(l — q(Gl%)) >0 v ()
Q1 < Qmazt, VI (23)
L
d o<t (24)
=1
Ql > Oa’yl > 07 Vi (25)

where Q = [Q1, ..., QL]

This problem is characterized by the following lemma.

Lemma 1. Problem 3 is the minimization of a convex function
over a convex set.

Proof: First, we compute the second order derivative of
log(f(x)) where f(x) := exp(—az/(1 4+ 2bz))/(1 + 2bz)
where a and b are non negative constants:

4b?
(14 2bx)?

4ab n
(14 2bx)3

log(f(z))" = > 0. (26)

Therefore, f is strictly log convex and hence stricly convex
[25]. Tt follows that g; is convex since it can be expressed
as g(z)“ where g(x) is a non negative linear combination
of convex function, and w > 1. Then, since 7;(Q;,vi) =
(1 — G(GiQi/v)) is the so-called perspective function of
4(GE;) [25] and since the perspective of a concave function
is concave, it results that 7;(Q;,~;) is concave. Finally, the
other constraints (15), (16), (17) and the objective function
(21) are linear and as a consequence convex. [ ]

Thanks to the change of variables (20), our Problem 3 falls
within the convex optimization framework. In the next section,
we will explain how to optimally solve this problem.

V. OPTIMAL PROBLEM RESOLUTION

Since Problem 3 is a standard convex minimization problem
due to Lemma 1, we know that the Karush-Kuhn-Tucker
(KKT) conditions are necessary and sufficient to find its



optimal solution [25]. These conditions write

(G
1+/€z+uzGle/( ;?l) =0,

27
v (- (1-a(5)) -afa(ed)) <o
" "
(28)
K1(Q1 — QMaz,) =0,
29

Hi (Uz(o) — Ry (1 —q ( Ql))) =0,
M (

30)

L
)\(nyl - 1) = 07
1=
' (31)

where A\, g = [p1,..., 1] and kK = [K1,..., k1] are the non
negative Lagrangian multipliers. To solve this problem, we
will proceed in two steps: first, we will consider A as known,
and we will express the optimal solution as a function of this
unique multiplier. Second, we will find the optimal value of
A. Let us begin with the first step.

A. Solution for fixed \

In what follows, our objective is to express the solution of
the KKT conditions as a function of the unique multiplier .
Given (27), we can see that y; > 0 since x; > 0 and, Va > 0,

¢;(x) < 0. Then, (30) yields
)
Y

which gives us a first relation between v, and ;. To continue
the resolution, we have to discuss about the possible values of
K.

Case 1): k; = 0 In this case, from (27), we obtain

YRy (1 —q < (32)

1
M= =7 (33)
Gidf (i)
By plugging (33) into (28) and using (32), we obtain
(0)
* Y]
Y (A) = (34
N Rl - a6
=\ 3
Ql<)—-7é 'R0, (35)
1
where Fy(z) := —(1—G(z))/q](z)—x and F, ' is the inverse

of F with respect to the composition. We denote by I, the
set of the index of the links for which x; = 0.

Case 2): k; > 0: The complementary slackness condition
(29) gives us

QZK = QMax,h (36)

and we can obtain 7 thanks to (32). More precisely, let us
define the following function

~ G lax
E@%=W&mxo—m<l?f’v>—%w 37)

Let %(o) be the smallest zero of F; on (0, 1). Due to (32), we
have 7} = 71(0) when x; > 0. Moreover, combining (27) with

(28), we get the following inequality

A> F (GlQM“)“> .
Y
The index of the links for which x; > 0 (i.e. the links for
which (38) holds) are grouped into I,;.

Combining the two cases, the optimal solution of Problem 3
is given by

(38)

ifl €1,
Otherwise.

((34),(39))
(3 (N, QF (V) = {m ) )

We have then exhibited the optimal solution of Problem 3
as a function of the optimal Lagrangian multiplier A. In what
follows, our objective will be to find the optimal value of A.

B. Search for the optimal value of A

To find the optimal value of A, we will use the comple-
mentary slackness condition (31). In detail, we form the sum
of the optimal values of the bandwidth sharing variables ~;,
1 € {1, L}, for a given value of the Lagrangian multipliers A,
which can be formulated mathematically as

=37+ 3 G

lel, [eT

where Gy(z) := 1'” /(miRioq(1 — G(F~1(2G))))). We can
prove that I' is continuous and non increasing. We use this
property to find the optimal value of A. Since A is non negative,
there are two possibilities: i) I'(0) < 1: in this case, we know
that the optimal value of ) is zero since increasing A will only
decrease the value of I', which means that (31) will never be
satisfied, and i) I'(0) > 1: since I is non increasing, the
optimal value of A must be such that (31) is verified, i.e.
I'(\) = 1. Finally, putting all pieces together, the optimal
solution of Problem 3 is expressed in the following theorem.

(39)

Theorem 1. If T'(0) < 1, the optimal solution of Problem 3
is given by v; = G(0) and QF = /G, F~1(0) for all .

Otherwise, this optlmal solution is given by v/ = Gi(X)
and QF = /G F~ ()\Gl) for the links in I, i.e. such that
A< Fl(GzQMaw,z/% )), and for the other links ~; = 'yl(o)
and QF = Qurax,1, where X is the solution of T'(A\) = 1 on
Rt

Theorem 1 states that the optimal solution of Problem 3
reduces to a line search of the optimal value of A, indeed,
either this optimal value is zero and the optimal solution of
Problem 3 can be computed directly, or this optimal value is
strictly positive and hence a line search has to be performed
to solve T'(\) = 1.



K, 0 10
a | 973 | 9.39
b, | 1857 | 19.37

TABLE I: Fitting parameters for two values of K;

VI. NUMERICAL RESULTS AND DISCUSSION

In this section, we first study the accuracy of the PER
approximation proposed in Section III, and second, we in-
vestigate the results of the algorithm proposed in Section V.

The accuracy of the proposed PER approximation is il-
lustrated on Fig. 1 and 2, where we implemented the con-
volutional code of generators polynomial [171,133]s over a
Rician fast fading channel, along with both the BPSK and the
QPSK modulation. The fitting parameters we used are given in
Table I. We can see that the PER approximation is close to the
PER obtained by simulation, which confirms the usefulness of
this approximation.

T T T
Simulated PER, K=0
— — = Predicted PER, K=0
Simulated PER, K=10
— — = Predicted PER, K=10

Packet Error Rate

-6 -4 -2 0 2 4
SNR (db)

Fig. 1: PER obtained by simulation and with the approxima-
tion, BPSK modulation.

T
Simulated PER, K=0
— — = Predicted PER, K=0
Simulated PER, K=10
— — —Predicted PER, K=10

Packet Error Rate
5

i i
10 15 20
SNR (db)

Fig. 2: PER obtained by simulation and with the approxima-
tion, QPSK modulation.

Concerning the RA algorithm, we set the number of links
to 8, and each link is separated by a distance D; uniformally

drawn in [50 m, 1 km]. The bandwidth B is set to 5 MHz,
the noise power spectral density Ny to —170 dBm/Hz and
the packet length L; is 128. For simplicity, we consider
a; = 0. The maximum allowed transmit power is set to
28 dBm and the required goodput is equal for all link, and
is given by G,/(BL), where G), is the target sum of the
goodput. The carrier frequency is f. = 2400 MHz and we
put PL; = (47 f./c)~2D;® where c is the speed of light in
vacuum. We performed 100 Monte Carlo simulations for each
point. Finally, we use the same convolutional code as for Fig. 1
and 2 along with QPSK modulation.

To study the results of the proposed algorithm, we consider
three scenarios: in the first one, the RA is performed by
considering that every link experiences a Rayleigh channel,
while, in the second scenario, we suppose that two of the L
links experience a Rician channel with parameter K; = 10
for the both. In the third scenario, all the links experience a
Rician channel with parameter K; = 10.

N
R
T

Transmitted Power (dBm)
N
&
T

N
NI

N

—o6— First scenario
—<— Second scenario
third scenario
n

25 3 35 4 45 5
G, (bps) x10°

Fig. 3: Results of the proposed algorithm for various values
of K, 1

It can be seen from Fig. 3 that considering the Rician
model in the RA process allows a significant energy saving.
For instance, for G, = 3200 kbps, 0.4 dBm (i.e. 10%) can
be saved when two links are Rician (scenario 2) compared
with scenario 1, while scenario 3 allows to save 1.9 dBm
(i.e. 35%) compared with scenario 1. This can explained by
the fact that the RA algorithm satisfies the goodput constraint
with equality and, in the Rayleigh channel, more energy is re-
quired to achieve the minimum goodput constraint. Therefore,
performing the RA by considering that the channel is Rayleigh
distributed while its actual distribution is the Rician one
induces a loss of energy, that is, considering the appropriate
channel model is of great importance when performing the
RA with statistical CSIL

VII. CONCLUSION

In this contribution, we have proposed an algorithm for the
optimal RA problem for Type-I HARQ in multiuser military ad
hoc networks based on OFDMA when the channel is Rician.
We first proposed a simple yet accurate approximation of the



PER, and then we derived an algorithm which minimizes the
total transmit power with several QoS constraints. Then, we
conducted numerical simulations to illustrate the results of the
proposed algorithm. These results highlight the importance of
considering the appropriate channel model when performing
the RA with statistical CSI. Indeed, we show that the transmit
power can be significantly reduced when the RA is performed
based on the actual distribution of the channel. In future work,
we will study the generalization of the proposed approach to
Type-II HARQ.

[1]

[2]

[3]

[4]

[7]

[8]

[9]

[10]

(11]

[12]

[13]
[14]

[15]

[16]

(171

(18]

REFERENCES

T. S. Rappaport et al., Wireless communications: principles and practice.
Prentice Hall PTR New Jersey, 1996, vol. 2.

T. V. K. Chaitanya and E. G. Larsson, “Optimal power allocation for
hybrid arq with chase combining in i.i.d. rayleigh fading channels,” IEEE
Transactions on Communications, vol. 61, no. 5, pp. 1835-1846, May
2013.

S. Ge, Y. Xi, S. Huang, and J. Wei, “Packet error rate analysis and
power allocation for cc-harq over rayleigh fading channels,” IEEE
Communications Letters, vol. 18, no. 8, pp. 1467-1470, Aug. 2014.

S. Ge, Y. Xi, Y. Ma, L. Cheng, and J. Wei, “An optimal power allocation
scheme for cooperative cc-harq over block rayleigh fading channels,”
in 2015 International Conference on Wireless Communications Signal
Processing (WCSP), Oct. 2015, pp. 1-5.

B. Makki, T. Svensson, and M. Zorzi, “Green communication via type-i
arq: Finite block-length analysis,” in 2014 IEEE Global Communications
Conference, Dec. 2014, pp. 2673-2677.

D. To, H. X. Nguyen, Q. T. Vien, and L. K. Huang, “Power allocation for
HARQ-IR systems under QoS constraints and limited feedback,” IEEE
Transactions on Wireless Communications, vol. 14, no. 3, pp. 1581-
1594, Mar. 2015.

Y. Wu and S. Xu, “Energy-efficient multi-user resource management
with IR-HARQ,” in Vehicular Technology Conference (VIC Spring),
2012 IEEE 75th, May 2012, pp. 1-5.

J. Choi, J. Ha, and H. Jeon, “On the energy delay tradeoff of HARQ-IR
in wireless multiuser systems,” IEEE Transactions on Communications,
vol. 61, no. 8, pp. 3518-3529, Aug. 2013.

E. Eraslan, C. Y. Wang, and B. Daneshrad, “Practical energy-aware
link adaptation for mimo-ofdm systems,” IEEE Transactions on Wireless
Communications, vol. 13, no. 1, pp. 246-258, Jan. 2014.

S. Marcille, P. Ciblat, and C. Le Martret, “Resource allocation for type-i
harq based wireless ad hoc networks,” Wireless Communications Letters,
IEEE, vol. 1, no. 6, pp. 597-600, December 2012.

N. Ksairi, P. Ciblat, and C. J. Le Martret, “Near-optimal resource
allocation for type-II HARQ based OFDMA networks under rate and
power constraints,” IEEE Transactions on Wireless Communications,
vol. 13, no. 10, pp. 5621-5634, Oct. 2014.

S. Marcille, P. Ciblat, and C. J. L. Martret, “Optimal resource allocation
in harg-based ofdma wireless networks,” in MILCOM 2012 - 2012 IEEE
Military Communications Conference, Oct. 2012, pp. 1-6.

G. Caire, G. Taricco, and E. Biglieri, “Bit-interleaved coded modula-
tion,” vol. 44, no. 3, pp. 927-946, May 1998.

G. L. Stiiber, Principles of mobile communication.
& Business Media, 2011.

1. Stupia, V. Lottici, F. Giannetti, and L. Vandendorpe, “Link resource
adaptation for multiantenna bit-interleaved coded multicarrier systems,”
IEEE Transactions on Signal Processing, vol. 60, no. 7, pp. 3644-3656,
Jul. 2012.

J. Van Hecke, P. Del Fiorentino, R. Andreotti, V. Lottici, F. Giannetti,
L. Vandendorpe, and M. Moeneclaey, “Adaptive coding and modulation
using imperfect csi in cognitive bic-ofdm systems,” EURASIP Journal
on Wireless Communications and Networking, vol. 2016, no. 1, p. 256,
2016. [Online]. Available: http://dx.doi.org/10.1186/s13638-016-0739-5
J. Wu, G. Wang, and Y. R. Zheng, “Energy efficiency and spectral
efficiency tradeoff in type-I ARQ systems,” IEEE Journal on Selected
Areas in Communications, vol. 32, no. 2, pp. 356-366, Feb. 2014.

P. Ferrand, J.-M. Gorce, and C. Goursaud, “Approximations of the packet
error rate under quasi-static fading in direct and relayed links,” EURASIP
Journal on Wireless Communications and Networking, vol. 2015, no. 1,
p- 12, 2015.

Springer Science

[19]

[20]

[21]

[22]

[23]

[24]

[25]

S. Marcille, P. Ciblat, and C. J. Le Martret, “Resource allocation
for type-I HARQ based wireless ad hoc networks,” IEEE Wireless
Communications Letters, vol. 1, no. 6, pp. 597-600, Dec. 2012.

F. Peng, J. Zhang, and W. E. Ryan, “Adaptive modulation and coding for
ieee 802.11n,” in 2007 IEEE Wireless Communications and Networking
Conference, Mar. 2007, pp. 656-661.

A. Goldsmith, Wireless communications.
2005.

P. Loskot and N. C. Beaulieu, “Prony and polynomial approximations for
evaluation of the average probability of error over slow-fading channels,”
IEEE Transactions on Vehicular Technology, vol. 58, no. 3, pp. 1269—
1280, Mar. 2009.

C. Y. Lou and B. Daneshrad, “PER prediction for convolutionally coded
mimo ofdm systems - an analytical approach,” in MILCOM 2012 - 2012
IEEE Military Communications Conference, Oct. 2012, pp. 1-6.

J. G. Proakis, Digital Communications, 2nd ed. Mc Graw - Hill
Companies, 1989.

S. Boyd and L. Vandenberghe, Convex optimization.
university press, 2004.

Cambridge university press,

Cambridge



