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Abstract—This paper studies the potential improvements in layers. The PHY layer is modeled assuming Shannon capacity,
terms of energy efficiency and system throughput of a hybrid providing a bit-rate for error-free communications withan
automatic retransmission request (HARQ) mechanism. The aal- relay network. As a result, MAC effects were found to be

is incl h the physical (PHY i M .
?lzfyl/z;sr].c\l;v%eisn\t;g;tigtjafepthflferge-off )p?g\cjlidn;zdg;/mHaAc;%ssvshigp significant due to the number of nodes contending for channel

demands reduced transmit power for a given target outage aCCeSS, in a setup based on the 802.11 MAC layer, yielding
probability at the cost of more accesses to the channel. Sieche longer transmission delays, and consequently very diftere

competition for channel access at the MAC layer is very expesive  conclusions as if the PHY layer is considered alone.
in terms of energy and delay, our results show that HARQ leads Similarly to relaying, hybrid automatic repeat request

to great performance improvements due to the decrease in the . .
number of contending nodes — a consequence of the reduced(HARQ) mechanisms also demand smaller transmit power for

required transmit power. Counter-intuitively, our analysis leads @ given target outage probability, but at the cost of more
to the conclusion that retransmissions may decrease the dgl, accesses to the channel. As a result, the use of HARQ

improving the system performance. Finally, we investigatethe may present a trade-off in terms of energy efficiency. In

optimum values for the number of allowed retransmissions in the literature, optimal power allocation for HARQ has been

order to maximize either the throughput or the energy efficiency. . - o .
considerede.g, in [9], [10], minimizing the necessary transmit

Index Terms—Hybrid Automatic Repeat Request, Cross-Layer, Power in block fading scenarios. Moreover, an energy and

Energy Efficiency, IEEE 802.11 spectral efficiency trade-off was analyzed in [11] and aexies
form expression for the energy efficiency is provided by [12]
I. INTRODUCTION However, contention at the MAC layer was not considered

A more conscious use of energy in the Information arfy the above works, which according to [7], [8] is very
Communication Technologies (ICT) industry is a subjectwitSignificant in the energy efficiency and throughput analysis
increasing importance due the growth projections in thissse [N addition, [13] recently considers a cross-layer framewo
for the next years. ICT’s energy consumption had an anndl@ MIMO network, showing important energy efficiency
growth rate of 10% between 2007 and 2011, against 3% Qﬁneflts.of multiple antenna schemes._ Nevertheless, HARQ
overall electricity consumption [1]. Mobile communicatio meghanlsms have not b(_aen considered in that scenario as well
systems alone are expected in 2020 to have carbon emissioridifferently from previous work, we assume single-hop
three times higher than in 2007 [2]. As a consequence, enefghRQ Within a cross-layer PHY/MAC framework. Moreover,
consumption has become a key-factor for future technogogi¥€ consider quasi-static Rayleigh fading where a targetgeit
such as 5G, whose expected traffic volume may lead to appbabﬂﬂy must bg_ensured at the receiver, which is common
inevitable energy crunch if present paradigms are used [3]IN Practice. In addition, we analyze the system performamce

The energy consumption of a given network architectufgms of two metrics: system throughput and energy effigienc
depends on many factors, such as transmit power, circuitfpen, our results shov_v that,_ despite the need pf more channel
consumption, data rate, transmission scheme, etc, whigh 8FCeSSes, HARQ provides simultaneous benefits on throtighpu

usually encompassed into an energy efficiency metric defind@d energy efficiency. The great improvements in the MAC
by the ratio between the amount of bits correctly transmi@Yer are mainly due to the reduced required transmit power,

ted and the energy expenditure [4], [5]. Moreover, ener%\}hiCh decreaS(_as the communication rad_iu;, and .thus, the.nu-m
efficiency also depends on the density of the netwaek, D€ of contending nodes per area, providing major _benef_|ts in
when many nodes have packets to transmit, the competition {§'M$ Of throughput and delay. Moreover, we also investigat
channel access may become very expensive [6], jeopardizm_a optimum number of retransmissions in ord_er_ to maximize
both throughput and energy efficiency. A tradeoff analysfither the system throughput or the energy efficiency. -
between energy and throughput has been considered by 7], [N€Xt the system model is described in Section II, while the

combining physical (PHY) and medium access control (MAG{roughput and energy efficiency formulation are provided i
ections Il and IV, respectively. Section V discusses some

This work has been partially supported by CAPES and CNPziBra numerical results, while Section VI concludes the paper.



II. SYSTEM MODEL rate that can be shown to be

We consider two communicating nodes, source and desti- _ M (k—1)— O (k)
nation, separated by a distanéeén an area with other nodes R(M)=RY A
competing for channel access. A node dengitper square k=1 (5)
meter is considered, as well as a quasi-static Rayleigmdadi —pX (O1)—O(M+1)) <R.
setup with additive white Gaussian noise (AWGN). Packets 70

transmitted by_aII nodes are constituFed of header and peylog \ac Layer
which respectively contaid/ and I bits, and lead to a total o
of Q = H + I bits per packet. The received power at the We employ the IEEE 802.11 MAC protocol [6], which is

destination is based on a four-way handshake mechanism. When the source
P2 has a packet to transmit, it first senses the channel during a
" 16024’ (1) time denoted byIpies (distributed interframe space). If the

h is th . is th hi channel is idle during that period, it starts a random bdckof
where It is the transmit powerq is the path loss exponentcounter, which is randomly initialized within a contention

and\ the wavelength. o window, decrementing at every slot time Then, as soon
The MAC layer modeling is based on the 802.11 MAGg the hackoff counter expires, the source transmits an RTS

protocol [6] formulation presented by Bianchi in [14], Sqequest to send) control packet, and if the destination is
that all nodes, including source and destination, use thesaypie 1o communicate at that moment, it replies with a CTS
transmit powerh;, have the same reception sensitvilh, (clear to send) after a time duration denotedByes (short
same bandwidth3, and are always ready for transmissionnerframe space). When the source node receives the CTS,
The average signal to noise ratio (SNR) at the destination |8 giarts data packet transmission and, if the data packet is

B P successfully received, the destination node replies with a

T=NB’ (2) ACK (acknowledgement) message, with time duratiogx.

0 . . f ..
Otherwise, in the case of transmit errors, the collidingesd

where Ny is the unilateral noise power spectral density. Daighoose a new random backoff value to restart the process, but
and control bit rates are constant and identical for all spdéyow with a contention window with twice the previous size.

respectively denoted a8 and Rc. At the MAC layer, the nodes competing to access the
. channel are called contending nodes. Assuming isotrognstr
A. Physical Layer mission, the source node provides a received power larger th

In the PHY layer we assume the use of HARQ with chadBe reception sensitivityy, for all nodes within a circular
combining, in which previous erroneous transmission gttem '2dius, which contains an amount of contending nodes
are not discarded, but rather combined at the receiver [9], 9 \ 2
[15]. This scheme increases the chance of correct decoding n=pr (ﬁ A ) - (©)
by allowing up to M transmissions of the same packet in P 1672

case of successive out_age. The m“'?'p'e recgwed packeticcording to [14], the probability, of at least one node to
are merged at the receiver as in maximum-ratio combini

n e . "
in multiple receive antenna setups. Assuming the use ofb% transmitting at a random time, and the probabjigythat

capacity achieving error correcting code, the system (mtaaafransmsswn occupying the channel is successti) there

probability O at the PHY layer can be written as [12], [16] i no collision at the MAC layer), are given by

~ M ( /—)k—l Pr = 1- (1 - T)n7 (7)
O(M) =1-e/7Y % 3) .
k=1 _nr(l—7)
b= (8)

wherev, = 27%/5 — 1. The transmit power, is adapted to
guarantee a sufficient SNR so th@{M/) = O*, whereO* is  wherer is the probability that a packet transmission is started
the target outage probability, for each distance betwearcso by a node and can be determine by [14]

and destination. The average number of required transmissi

2(1—2p)
N per data packet then becomes [17] T = , 9
WD+ oWa-epm O

M-1
N(M) = Z O (k). (4) Wherep, the probability that a transmitted packet collides, is
k=0

p=1-(1-7)""" (10)
Moreover, due to the quasi-static fading assumption, for
a finite number of allowed transmission attempts the outagié is the contention window minimum size, andis defined
probability is non-zero, leading to an average effectiveadaby the maximum contention window SiZ&Wmax = 2™W.



[1l. SYSTEM THROUGHPUT Since the overall number of bi€g per packet and of allowed
The system throughput is directly linked to the transmissidetransmissiong/ are constant over distance, if the transmit
delay, which consists of two parts) the delay at the PHY POWer is adapted to keep a fixed outage probability at the des-

layer, for packet transmission; afig the delay at the MAC tination, thenDpyy is constant over distance as well. However,
layer, for channel access and control packet transmissionsin the same condition®uac is monotonically decreasing over
distance because as the transmit power increases, so @oes th

A. Physical Layer Delay delay due to the increase in the number of contending nodes.
At the physical layer, the transmission delByyy depends TNiS causeéDioa to eventually get very dependent @ac
on the average effective data rateand on the overall number @S the distance increases.

of bits Q per packet, so that Moreover, the system throughpm is defined as the ratio
between the number of payload bits and the time taken for
Dpny (M) = _L (11) their transmission, yielding
R(M) ;
B. MAC Layer Delay T(M) = Doa(M)’ (19)

At the MAC layer, we build upon [7], [8], [14], which model  Finally, as our goal is to analyze the possible benefits of
the MAC average delaPuac as the sum of the time spentusing retransmissions, we define a throughput gain denoted
on backoff count, the time consumed by collisions, and thg/ G (M), which consists on the ratio between a scenario

protocol overhead. As in [7]Dyac can be written as allowing M transmission trials per packet and a scenario with
oT, only one transmission trialM/ = 1), as
Duac = E[X]|E[L] + 1— + Twvac, (12) T(M)
—p Gr(M) = 10logy, (—) . (20)
where E[X] is the average number of backoff counts needed T()
for successful channel acceg8|L] is the average time for the IV. ENERGY CONSUMPTION

backoff counter to decremery is time the medium is sensed ~ Similarly to the system throughput, the energy consumption
busy by nearby nodes in case of collisions, dhc is the is also linked to the transmission delay so that we split the

overhead of the MAC protocol given by following analysis to tackle each layer separately. But, flet
us define the total transmit power consum as [7
Tuwac = Trrs+ Tcrs+ 46 + Tack + 3Tsirs+ Toirs,  (13) ]5) ptida as [7]
t
with Tkrs and Ters being the time consumed by RTS and Po = m + Psp, (21)

CTS messages, respectively, afhds the propagation delay
(the ratio between distance and speed of light).

The time spent on backoff count depends om@nd p in
(9)-(10), and according to [18] can be calculated by

E[X] = (1=2p)(W+1)+pW(l — (2p)") (14) A. Physical Layer Energy Consumption

2(1-2p)(1—p) ’ : . _
The energy consumption at the physical layer mainly de-
E[L] = (1 —pu)o+ pupsls + pe(l —ps)Te,  (15) pends on tlgg delay foﬁ data transfni)s/sion, W)f/ﬂCh takeBSI into
where the amount of time the medium is sensed busy Bgcount the bits transmitted during the successful channel
nearby nodes in case of a successful transmissigh gnd access attempts. Thus,
in case of collisionT,) are respectively evaluated by [7]

where 11 is the transmitter power efficiency anfé, denotes
the power consumed by signal processing baseband opexation
Moreover, at the receiver the power consumption is fixed and
we denote it byPy.

Epny(M) = (P + Px) Dpuy(M), (22)
Ts =Tu +Tp + Twvac, (16)  which already encompasses the retransmission attempts due
T. =Trrs+ 0+ Tbirs, (17) possible outages.

whereTy; = H/R andTp = I/R are the time consumed byB. MAC Layer Energy Consumption
the header and data packets transmission, respectively. At the MAC layer, the energy consumption must take into
account the fraction of time spent waiting for the backoff

counter to expire, and the fraction of time spent attempting

When both PHY and MAC layer delays are combined, W access the channel. Th@&ac can be written as
notice thatDpyy is independent oDyac, since it is a direct

function of the average number of transmission attenipts Emac = Ewait + Eaccess (23)

per packet. Nevertheless, the delay at the MAC layer alsowhile waiting for the backoff counter to expire, three
depends onV, since every retransmission restarts the procegferent scenarios are possible for the neighboring nodes
for channel access. Therefore, we can write the total dedaysuccessful, unsuccessful and no transmission, yieldihg [7

Diotal(M) = Dpry(M) + N(M) - Dyac.- (18) Ewait = PxE[X] (puTrrs+ (1 — pu) o). (24)

C. Cross-Layer Delay and Throughput



TABLE |
SIMULATION PARAMETERS

Parameter Value
Payload () / Header {) 2000 / 36 bytes
RTS / CTS / ACK 20 /16 / 15 bytes E‘
Slot time @) / DIFS / SIFS 20 /50 / 10us 2
CWain | CWinax 32 /1024 slots =
o (Path loss exponent) 4 g
Rc/ R 6 Mbps / 48 Mbps =
5 (Node Density) 0.00001 nodes/A g’ A
u (RF power efficiency) 50% E - Total M=1 AA AA
Py ! Px | Py 140 mW / 150 mW / -110 dBm F10%H % prvmes
Frequency f) / Bandwidth B) | 2.4 GHz / 20 MHz % MAC M =5
Propagation Speed)( 3.108 m/s —Total M=5
Target Outage Probabilityd*) | 10—3 104 ‘ ‘ ‘
0 50 100 150 200
Distance [m]

On the other hand, if there is no packet collision and channel

access was successful, MAC energy is spent only on flewg. 1. Throughput in the PHY and MAC layers, as well as theltot
control. Otherwise, energy is spent on RTS collision andadet throughput, as a function of the distance faf = 1 and 5.

attempts, leading to [7]
p

Eaccess= T thXTRTS + (Px + Bx)(Trrs + Tcts + Tack)- 60 ‘ A N
- -A Mm=1
(25) 50 I’I =% M=2 |
o - M=5
C. Cross-Layer Energy Efficiency " f" 4
3]
The total energy consumption combines (22) and (23) a« S 40| A'l
Z 4
Eotal(M) = Epny(M) + N(M) - Evac, (26) 24 All Xx’,
©
while the energy efficiency is defined as the ratio 5 ) x,"
1 g 20 /A % X
M) = ———, 27 S x°
nM) = e—o5 en S - o |
representing the amount of bits successfully transmitted [ X oo X% * 000 Q_QFOO’O'
Joule of energy. Finally, we define the energy efficiency ga OA.M;&MM—
in a way similar to the throughput gain as 0 50 100 150 200
Distance [m]
M
G, (M) = 10log,, <M> . (28)
77(1) Fig. 2. Number of nodes contending for channel access asciidarof the

distance forM =1, 2 and 5.
V. NUMERICAL RESULTS

In this section results for throughput and energy, with
different numbers of transmission triald in the PHY layer, outage probability, so does the number of contending nodes
are explored according to the numerical parameters in Tablé6), negatively affecting the throughput at the MAC layer.
based on [7], [8]. The node densityis relatively small, but  However, differently from the PHY layer, in the MAC
we consider that nodes are always ready for transmissia@h, d@yer the throughput does not necessarily decreases Mith
therefore competition for channel access is high even willhat is because when retransmissions are allowed the egquir
small p. The target outage probability)*, is the same for transmit power to meet a given target outage probability is
all scenarios, what demands different average SNRs at tieduced, and therefore the number of contending nodes is
destination for differenf\/ according to (3). also reduced, as illustrated in Fig. 2. As the delay in the
MAC layer is heavily dependent on the number of contending
nodes, allowing for retransmissions in the PHY layer has a

As distance increases, each layer contributes differaatly very positive impact in the MAC layer throughput. Moreover,
Diotar @S shown in Fig. 1. The average PHY throughput fas with the increase in distance — and therefore in the redjuir
a given fixed target outage probabilit9*, as given in (5), transmit power — the delay in the MAC layer dominates
is a decreasing function o/, but constant over distance.over the delay in the PHY layer, and therefore improving
For a fixed M, with the increase in distance and consequetite performance of the MAC layer significantly affects the
increase in the required transmit power to meet the targmterall system throughput as shown in Fig. 1. For very short

A. Throughput Analysis
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Fig. 3. Energy efficiency in the PHY and MAC layers as a functaf the Fig. 4. Throughput and energy efficiency gaigs; and G, as a function
distance forM =1 and5. of the distance foll = 2 and M = 5.
distances retransmissions at the PHY layer do not provi 8
sufficiently low power to overcome the increased number
average transmissions, but for sufficiently large distartbe 7t ----‘IE'rr:?orgéhput —
advantages in terms of throughput are very clear.
6 |-
B. Energy Efficiency Analysis s
The energy efficiency of the PHY and MAC layers is show § 5
in Fig. 3 as a function of the distance for differevt. Clearly, £ al
7 is a decreasing function witti in both layers. In the PHY 5 !
layer, we observe that the energy consumption in (22) depel 3l i
on transmit and receive powers, as well as on the PHY del;
Thus, an increasing transmit power is needed to maintain | 2
SNR constant at the receiver with the increase of distamce,
rder to m he tar r iliy. Therefor 1 ‘ ‘ ‘
order to meet the target outage probabili®y ereforen 0 50 100 150 200

decreases withl due to the higher required transmit powet
but increases with\/ since then the required transmit powe.
IS. reduced. At. the MAC I".iyer the effects are V.ery SIm”a%ig. 5. Optimal number of allowed transmission triale/), that maximizes
with 1 decreasing with the increase of the transmit power, beifher the throughput or the energy efficiency, as a funotibthe distance.
increasing with the number of allowed transmission trigds

Moreover, Fig. 3 shows an interesting behavior at very small
distances. In that case, the fixed power consumption retatedare below theé) dB margin in this range, what is in accordance
P, and Py, becomes very relevant in the energy consumptiowjth Fig. 1. However,M/ = 2 quickly surpasses the dB
as can be observed in (22), (24) and (25). Therefore, at snfafrgin. AsM increases the starting gain decreases due to the
transmit ranges (smaller th&s m in this particular example), increased average number of transmission trials, howgher,
Fig. 3 also shows that it is better to avoid retransmissiofgduced amount of contending nodes provides a larger gain
(imposing M = 1), slightly increasingP; to meet the outage With M over distance. As for throughput, energy efficiency

Distance [m]

probability target, achieving better energy efficiency. also benefits from the decreased number of contending nodes
) ) that is a consequence of allowing multiple transmissicalgri
C. Combined Energy and Throughput Analysis and reducing the required transmit power. The starting gain

Fig. 4 plots the throughput and energy efficiency gaini) terms of energy efficiency is mainly defined by the fixed
G7(M) and G, (M), respectively, forM = 2 and M = 5 energy consumption of some components, such.aand Pp
as a function of the distance between source and destinatippndered by the average number of transmissions, resiiting
Notice that gains abové dB imply in an improvement when a successive decrease witli.
compared to the case without retransmissions & 1). It is interesting to notice in Fig. 4 that optimum values of
As we can observe from Fig. 4, there are no throughpM for energy efficiency and throughput are not necessarily
improvements for very low distances, @-(M) andG, (M) the same, due to the difference on switching points (change



access attempts, retransmissions may provide higherghrou

30 put due to the decreased MAC delay caused by a smaller
o5 | L _.,A-_:;f_i rqui_red trar_lsmit power, leading to a reduced probabilfty o
o ek oA - collision during channel access. As future work, relay rsode
%20 i A,«“ | and multiple antennas may be integrated into this framework
‘© » expanding the analysis.
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