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Abstract—In this paper, we develop an energy efficient cross-
layer design which optimally combines adaptive modulationand
coding (AMC) and power control (PC), at the physical layer,
with type-I hybrid automatic repeat request protocol (HARQ-I),
at the data link layer. The objective is to maximize the average
throughput efficiency under a prescribed average transmit power
constraint. We have shown in [6] that the optimum transmission
strategy is a function of an unknown parameter, referred toλ,
which depends on both the average transmit power and the time-
varying channel statistics. Since the channel statistics are a priori
unknown at the transmitter, we here recourse to an adaptive
algorithm, operating in tracking mode, to follow this parameter.
We show that the obtained Monte-Carlo simulation results are
in perfect agreement with the numerical results based on a
perfect knowledge ofλ. The obtained results show a significant
performance improvement with respect to a conventional cross-
layer design using exclusively AMC at the physical layer and
HARQ-I at the data link layer.

I. I NTRODUCTION

New radio communication systems are appealed to use very
efficient link adaptation techniques to increase transmission
spectrum efficiency. Recent systems, such as HSPA, employ
adaptive modulation and coding (AMC) at the physical layer
[1], to maximize throughput by matching modulation and
coding scheme (MCS) to time-varying channel conditions. On
the other hand, systems like UMTS, use only power control
(PC) at the physical layer [2], to guarantee a given target signal
to interference ratio (SIR), by tracking and compensating
instantaneous channel variations.

Both AMC and PC link adaptation techniques could be
combined with the Automatic Repeat reQuest (ARQ) pro-
tocol, at the data link layer [3]-[5]. This protocol requests
retransmissions of erroneously received packets, which helps
improving system throughput, relative to the use of forward
error correction (FEC) alone at the physical layer [?]. A
combination of ARQ with FEC, called hybrid ARQ type-I
(HARQ-I), has been developed, where unsuccessful attempts
are used in FEC decoding instead of being discarded.

Most of previous research works has only investigated the
combination of two of these three techniques. For instance,
in [3] AMC and HARQ have been combined without PC,
while in [4], [5] AMC and PC have been jointly used without
HARQ. In [6], we have optimally combined AMC and PC

∗This work was supported by “Futur et Ruptures” grant from theInstitut
Mines-Télécom, Paris, France.

link adaptation techniques with the ARQ protocol to maximize
the average throughput under a given average transmit power
constraint and channel statistics. The proposed combination
mechanism allowed the simultaneous selection of the optimum
transmit power and MCS as a function of the current channel
state.

In our previous work, we have carried a numerical max-
imization of the average throughput using the technique of
Lagrange multipliers. The optimum joint AMC and PC strat-
egy for a given channel state depends on a Lagrange multiplier
λ, which is intimately related to the desired average transmit
power and to the usually unknown channel statistics. Due to
these unknown statistics, we here assume, for more realism,
that λ is unknown at the transmitter, and that an appropriate
feedback from the receiver is used to track it. We also recourse
to a Monte-Carlo simulation approach, modeling in a realistic
way channel variations and tracking loop behavior.

The performance of our realistic approach is analyzed in
terms of average throughput as a function of average transmit
SNR, in order to confirm that the realistic implementation
doesn’t cause any degradation with respect to the numerical
results presented in our previous work, and which were shown
to outperform other earlier research works.

The remainder of this paper is organized as follows. We
first present the system model in Section II. We detail the
realistic version of the cross-layer design in Section III,which
operates in tracking mode and optimally combines AMC, PC
and HARQ-I. We analyze the achieved throughput efficiency
in Section IV, verify the good agreement of the realistic
simulation results with the theoretical analytical results in
Section V, and finally draw some conclusions in Section VI.

II. M ODELING

A. System Model

Consider the single-transmit single-receive antenna system
in Fig.1. Basing on the channel state information (CSI),
signaled by the receiver, the transmitter decides the appropriate
transmit parameters to be used for the next transmission.

The packets to be transmitted by the physical layer are first
assumed to be queued in an infinite buffer, then transmitted on
a packet-by-packet basis over the wireless channel. We con-
sider slow-varying channel conditions, so that the packet ready
for transmission and the preceding signaling bits experience
the same fading conditions. Moreover, the fading conditions
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Fig. 1. Transmission system block diagram.

are assumed to be (i) independent and identically distributed
(i.i.d.) between different packets, and (ii) follow anyoneof the
popular fading models such as Rayleigh, Rice, or Nakagami-
m.
N modulation and coding schemes (MCS) are assumed to

be supported at the physical layer. A givenMCSn, n =
1, 2, , N , consists of a specificMn-ary QAM modulation, a
rate Rn FEC code and a packet size ofQn symbols. At
the transmitter, the transmit power levelPt (or equivalently
the transmit SNRγt) as well as the appropriateMCSn are
respectively selected by the PC and the AMC selectors, as a
function of the channel instantaneous powerη fed back by the
receiver.

The SNR at the transmitter, defined as the ratio between the
average transmit symbol energy and the one-sided noise power
spectral density, will then be a function ofη, and denoted by
γt(η). The SNR at the receiver, denoted next byγr(η), is
defined as

γr(η) = ηγt(η). (1)
At the data link layer, a selective repeat (SR) HARQ-I

protocol is implemented. Each transmitted packet is encoded
for both error detection and correction. When a received packet
is found to be in error, it is discarded and another copy of it
is sent by the transmitter.

B. Adaptive modulation and coding system

Each packet corresponds tok information bits which are
first encoded with a detection code and a codeword of
k + np bits is issued. A tail ofm bits is then appended
to this codeword to terminate the convolutional code trellis.
After an error correction code of a rateRn, a number of
(k + np + m)/Rn coded bits are obtained. UsingMn-ary
QAM modulation, these coded bits will then be mapped to
ns = (k + np +m)/(log2(Mn)Rn) symbols.

EachMCSn scheme has its throughput efficiency curve,
denoted next byThrn(γr) and expressed in (bits/s)/Hz, as
a function of the received SNRγr. The moreMn, Rn

and Qn values are high, the more the corresponding MCS
provides good performances for high received SNR and weak
performances for low ones [3]. Hence, for a givenγr, there is
only one MCS that outperforms the other schemes. Then, the
received SNR range can be partitioned intoN non-overlapping
intervals, defined by the switching thresholds{Tn}Nn=0, where
T0 = 0 and TN = +∞ for convenience. Whenever the
received SNRγr falls within the interval [Tn, Tn+1), the
MCSn will be chosen for transmission, since it outperforms in

this interval the other MCSs. The effective throughput is then
given by the maximum of all elementary throughput curves,

Thr(γr(η)) = max
n
{Thrn(γr(η))}. (2)

III. R EALISTIC IMPLEMENTATION OF COMBINED PC,
AMC AND HARQ-I

In this section, we first briefly present the optimal combi-
nation of PC, AMC and ARQ protocol that we proposed in
[6]. The aim of this combination is to maximize the average
throughput efficiencyThr, while guaranteeing a target average
transmit powerP̄t, or equivalently an average transmit SNRγ̄t.
To solve this constrained optimization problem, the Lagrange
multiplier method was used. It amounts to the unconstrained
maximization

max
γt(η)

(

Thr − λγ̄t
)

subject to γ̄t = γ̄target, (3)

whereλ is the Lagrange multiplier. First, an analytical deriva-
tion was carried in order to derive the general parameterized
form of the optimal transmit SNRγt,opt(η) , solution of
the maximization problem in (3). After this derivation, the
maximization problem became as follow

max
χ(µ)

(

Thr(χ(µ))− χ(µ)

µ

)

, ∀µ ≥ 0, (4)

whereµ = η
λ

andχ(µ) = γr(λµ). We notice that the obtained
form of the maximization problem doesn’t depend on any
parameter and hence has a unique solutionχopt(µ). We deduce
that the optimal solution has a general parameterized form with
respect toη

γt,opt(η) =
γr,opt(η)

η
=

χopt(
η
λ
)

η
. (5)

A numerical approach has been then conducted to find the
general solution of (4). We can notice that the equivalent
form of the optimization problem in (4) doesn’t depend on
the channel statistics. This means that the expected optimum
solution (5) is valid for any generic channel. However, it still
depends on the Lagrange multiplierλ tightly related to the
constraint imposed on the average transmit SNR.

In the following subsection, we present an iterative method
for estimating the appropriate value of the parameterλ, given
a target average transmit SNR̄γt. This method is based on
an exponential window similar to that used for the Early-Late
algorithm often employed for synchronization.

2
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A. Adaptive algorithm for estimatingλ

First, we try to express the average transmit SNRγ̄t as a
function ofλ. The explicit expression of̄γt is given by

γ̄t =

∫ +∞

0

γt(η)fη(η)dη, (6)

wherefη(η) is the channel power probability density function
(PDF). Using (6) and (5),̄γt can be expressed as

γ̄t =

∫ +∞

0

χopt(
η
λ
)

η
fη(η)dη =

∫ +∞

0

χopt(µ)

µ
f(λµ)dµ. (7)

Unlike the solution of optimal transmit SNR, the expression
of the average transmit SNR as a function ofλ depends on
the channel distributionfη(η). Hence, we need to know the
channel statistics in advance, to deriveλ from the constraint
on γ̄t, which is not always possible. An alternative way is to
apply an adaptive algorithm to iteratively determine the exact
λ from the target̄γt.

Fig. 2. Illustration of the adaptive algorithm for estimating λ.

As illustrated in Fig.2, we start with a nominalλnom

value corresponding to a given channel distribution (Rayleigh
channel for example). This value will be then iteratively
adjusted, until the correspondinḡγt reaches̄γtarget. At the
instantt, the estimated̄γt is defined as

ˆ̄γt(t) = (1− α)ˆ̄γt(t− 1) + αγt,opt(t), (8)

whereα is a chosen forgetting factor. The adjustment ofλ
will depend on the difference between̄γt and γ̄target.

Let be ǫ, the desired accuracy on the estimated average
transmit SNR. The proposed adaptive algorithm can be sum-
marized in the following steps :

Step 1) Initializeλ = λnom

Step 2)
while e = |ˆ̄γt(t)− γ̄target| > ǫ do

Take a channel realization (i.e.η)
Preform the numerical solution process (detailed in sub-

section III-A),
Input: µ = η

λ
,

Output: γt,opt(η) (defined in (5))
ˆ̄γt(t) = (1− α)ˆ̄γt(t− 1) + αγt,opt(t)
if S = sign(ˆ̄γt − γ̄target) changesthen

step← step
2 (an assumed heuristic choice)

end if
λ← λ+ S ∗ step
t← t+ 1

end while

B. Mode of operation

Summarizing our results in Section III, the operating stages
of the proposed cross-layer design are summarized in a
flowchart given in Fig.3.

Fig. 3. Mode of operation of the proposed combination scheme.

First of all, the transmitter selects a suitable desired average
transmit power. From the corresponding average transmit SNR
γ̄t, the equivalent Lagrange parameterλ is determined by
performing the adaptive algorithm (described on the previ-
ous subsection). Having the channel power fed back by the
receiver, the transmitter determines the optimal receivedSNR
by performing the numerical solution process described on [6]
section III . The most appropriate MCS scheman is then se-
lected by comparing the obtainedγr,opt to different switching
thresholds{Tn}Nn=0. The buffered packet is transmitted using
MCSn and the optimal transmit SNRγt,opt. If the packet
is erroneously received, the receiver tries to correct it using
the FEC code. If it’s still in error, the receiver request the
retransmission of the same packet.

IV. T HROUGHPUTANALYSIS

In this section, we derive the average throughput efficiency
of our proposed cross-layer design where both techniques
AMC and PC at the physical layer are combined with a
HARQ-I at the data link layer. The throughput expression
for HARQ-I protocol and a givenMCSn scheme, can be
expressed as

Thrn = log2(Mn)
k

k + np +m

1

Tr
. (9)

Considering the assumption of an (i.i.d.) block fading channel,
the average number of transmission attemptsTr can be
evaluated as

Tr =

+∞
∑

i=0

P (Rd)
i =

1

1− P (Rd)
, (10)
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where P (Rd) is the packet error probability, tightly upper
bounded by

P (Rd)(γr) ≤ 1− (1− PE(γr))
k+np , (11)

where PE(γr) is the error event probability of the Viterbi
algorithm. For a soft decision decoding,PE(γr) is given by

PE(γr) = min



1,

+∞
∑

d=df

adQ(
√

2dγr)



 , (12)

wheredf andad are respectively the free distance and distance
spectra of the code, and where the functionQ(x) is defined
as

Q(x) =
1√
2π

∫ +∞

x

e−
u2

2 du. (13)

In the presence of power control, the SNR at the receiver is
affected by both controlled transmit power and channel state
η. Hence, for a given channel power PDFfη(η), the average
throughput efficiency can be expressed as

Thr =

∫ +∞

0

Thr(γr,opt(η))fη(η)dη, (14)

whereγr,opt(η) andThr(γr,opt(η)) are respectively given by
(5) and (2).

V. NUMERICAL AND SIMULATION RESULTS

In this section we present some numerical and simulation
results. The feasibility of the proposed cross-layer design is
checked by comparing Monte Carlo simulation results with
numerical ones. Resulting enhancement in performance is
assessed by comparing our design to AMC-HARQ and PC-
AMC-ARQ combination schemes. We consider two categories

TABLE I
MODULATION AND CODING SCHEMES

of MCS schemes as detailed in Tables I. The first category
includesN = 3 uncodedMn-ary QAM modulations, where
M = 22k, k = 1, 2, ..N , similar to [6]. While the second
category consists ofN = 7 convolutionally codedMn-ary
QAM modulations adopted from IEEE 802.16 standards. We
assume the same packet sizeQn = Q for all MCSs. We also
assume a Rayleigh fading channel model, characterized the
channel power and faded SNR distributions, respectively given
by

fη(η) = e−η, (15)

and
fγ̄r

(γr) =
1

γ̄r
e−

γr
γ̄r . (16)

A. Elementary Throughputs

The elementary throughput efficiencies (9) and [6, eq. (20)],
for the two categories of MCSs, are plotted in Fig.4. We can
distinguish2 switching thresholds for uncoded modulations
and6 switching thresholds,{Tn}6n=1, for coded modulations.
The appropriate MCS scheme is chosen by comparing the
received SNR to these thresholds.
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Fig. 4. Throughput efficiencies for coded and uncoded MCSs,Q = 120.

B. Optimal Received SNR Analysis

After performing the numerical solution process (conform-
ing to [6] section III) to the upper envelop of the elementary
throughput curves in Fig.4, we obtain the optimal received
(5) SNRs, depicted in Fig.5, for the two MCS categories and
for λ = −5 and 5 dB. We can see in this figure that, the
optimal received SNR remains almost constant, then abruptly
rises just above the SNR switching thresholds ({Tn}Nn=1)
enabling the use of the next MCS scheme. Put differently, the
optimal received SNR is always located at the beginning of
the throughput saturation zone of each MCS. The goal is to
ensure almost the maximum throughput with the minimum
transmit SNR. Reaching a throughput saturation zone, the
power control unit avoid increasing transmit SNR since it will
no longer improve the throughput. The preserved power will
be exploited later to reach the next MCS scheme. We can also
observe that, in the case of coded modulations, the system
jumps some MCSs to directly reach the next transmission
mode, such the case ofMCS2 andMCS6 as shown in Fig.5.
This can be explained by the fact that the two thresholds are
so close, moreover, power control has preserved enough power
allowing to jump two thresholds at a time.

We also notice that the distributions ofγr,opt(η) for λ = 5
dB can be derived from the one forλ = −5 dB by a simple
translation on the x-axis. Thus, in conformity with (5), a single
curve is sufficient to derive the distribution curves ofγr,opt(η)
(and henceγt,opt(η)), for any value ofλ.

C. Average Throughput Efficiency

Next, we examine and compare the proposed cross-layer de-
sign, referred to as PC-AMC-HARQ, whereby a combination
of PC and AMC is implemented at the physical layer with
a HARQ-I at the data link layer, to the conventional design,
used as benchmark and referred to as AMC-HARQ, whereby

4



 1
 2
 3
 4
 5
 6
 7
 8
 9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
60
61

0 10 20 30
−10

−5

0

5

10

T1

20

T2

25

30
Uncoded Modulations

η[dB]

γ
r,

op
t[d

B]

 

 

λ = −5 dB

λ = 5 dB

0 10 20 30
−10

−5

0

T1

T2

10

T3

T4

Coded Modulations

η[dB]

γ
r,

op
t[d

B]

 

 

λ = −5 dB

λ = 5 dB

16−QAM

QPSK QPQK

16−QAM

64−QAM64−QAM

MCS
1

MCS
3

MCS
4

MCS
5

MCS
7

MCS
1

MCS
3

MCS
4

MCS
5

MCS
7T5

T6

Fig. 5. Distributions of the received SNR, forλ = −5 and5 dB.

AMC is exclusively used at the physical layer with a HARQ-I
at the data link layer.
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Fig. 6. Simulated and theoretical average throughput efficiency for PC-AMC-
HARQ cross-layer design, forQ = 120 symbols.

First, to verify the feasibility of our PC-AMC-HARQ cross-
layer design, we compare in Fig. 6 the simulated average
throughput efficiency to the theoretical one. We considered,
an end-to-end simulation following the flowchart in Fig. III-B.
As we can notice from Fig.6, simulation results are in perfect
agreement with the theoretical one.

We compare in Fig. 7 the average throughputs of the
proposed PC-AMC-HARQ design with both AMC-HARQ and
PC-AMC-ARQ cross-layer designs, respectively, forQ = 120.
By comparing PC-AMC-HARQ design to AMC-HARQ de-
sign, we can clearly note that adding power control signifi-
cantly improves the system performance, especially for high
and moderate average transmit SNRs. For instance, we can see
that to reach an average throughput ofThr = 3 (b/s)/Hz we
need an average transmit SNR less than2dB if we use PC-
AMC-HARQ scheme instead of AMC-HARQ scheme. The
performance improvement is explained by the fact that power
control preserves transmit power by avoiding transmission
when the radio link experiences poor radio conditions. Thus,
the preserved power will be exploited when channel conditions
improve. From Fig. 7, we also observe that PC-AMC-HARQ
design provides higher average throughput efficiency than PC-
AMC-ARQ deign for low and moderate average SNR, thanks
to the FEC. However, at high average transmit SNR, PC-
AMC-ARQ scheme achieves higher average throughput than
PC-AMC-HARQ scheme, because its corresponding MCSs
support higher data rates. In fact, as shown in Table 1, the
highest rate MCS has a rate of6 (bits/sym.) in uncoded

modulations category, which is greater than5 (bits/sym.) the
highest rate in coded modulations category. This means that
adopting high-rate modes benefits average throughput at high
average transmit SNR. Hence, to improve average throughput
over the entire average transmit SNR range, a practical system
could also optimally combine MCSs from both uncoded and
coded modulations categories.
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Fig. 7. Average throughput efficiency for PC-AMC-HARQ, AMC-HARQ
and PC-AMC-ARQ cross-layer designs, forQ = 120 symbols.

VI. CONCLUSION

In this paper, we presented a realistic implementation of
a cross-layer design, which effectively combines both AMC
and PC techniques, at the physical layer, with the type-I
HARQ protocol, at the data link layer. The aim of this com-
bination was to maximize the average throughput efficiency
under prescribed average transmit power constraint. To keep
the proposed combination scheme independent of channel
statistics, we proposed an adaptive algorithm for iteratively
estimating the Lagrange multiplier from the constraint on
the average transmit SNR. Simulation results, corroborated
by analytical results, show that our proposed realistic design
offers a significant reduction in average transmit power, for
a given average throughput efficiency, with respect to both
AMC-HARQ and PC-AMC-ARQ designs.
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