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Abstract—We introduce multi-hop aggregate information ef-
ficiency (MIE ), a comprehensive metric that captures several
performance-affecting factors of wireless ad hoc networksn a
unified formulation. This metric is then employed to analyze
such networks with respect to their spectral efficiencies, eétwork
loads, and hopping strategies. The analysis reveals that ¢h
hopping strategy that achieves maximum information efficiacy
is that of multiple short hops with no more than a single packe
retransmission allowed at each hop, as opposed to the alteative
of fewer long-haul hops with multiple packet retransmissims.
The implementation of that preferred strategy withstanding, it
is found furthermore that the most efficient networks typicaly
exhibit about 65% of link outage probability, which corroborates
similar findings obtained in different network settings and
using different metrics. Bearing in mind that link outage is
a function not only of deterministic parameters such as node
density, but also of design parameters such as modulation,uo
analysis also shows that the modulation scheme that optimes
the aggregate information efficiency is in fact a function ofnode
density. In that respect, our metric and method is shown to be
useful to determining the modulation scheme that optimizeshe
performance of a network with a certain node density.
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gains related to a more efficient spectrum usage, which led
to an yet better metric dubbed tirdformation efficiencyIE),
defined as the product of the expected forward progress and
spectral efficiency of the transmission system.

Although the information efficiency captures several aspec
of wireless ad hoc networks, it does not take into account
the spatial reuse of the radio channel. In order to capture
this important additional factor, Mignaco and Cardieri [4]
extended the concept of information efficiency and proposed
the aggregate information efficiendyE,), defined as the sum
of the amount of information efficiency of all single-hop
active links of the network at a given time, normalized by
the network area. The aggregate information efficiency was
then employed in [5] to study the effects of some transmissio
system parameters on the performance of wireless ad hoc
networks.

A limitation that remained in the aforementioned metrics
was that link outage was considered to be a predictable event
when in fact outage has a stochastic behavior, due to the
random characteristics of the network dynamics and signal
variations. In [6], Weberet al. proposed to mitigate that

Due to the absence of coordination and their inherentiynitation by including an outage constraint and the spctr
random nature wireless ad hoc networks are difficult to asfficiency of the transmission system into the network asia)y
alyze. Unlike peer-to-peer wireless communication systenpbtaining a new network performance measure referred to
for which an array of well-established performance evalgs thetransmission capacityThis metric has been applied
ation metrics exists, part of the problem of characterizirig other works [7] [8] to study the performance of several
the performance of wireless ad hoc networks is to establigithniques used to improve the capacity of wireless systems
metrics adequate for that purpose. In addressing this @mobl  |nspired by those works, Nardelli and Cardieri [9] finally
a handful of performance measures have been proposedit@posed a modified definition of the aggregate information
capture the peculiarities of these challenging networks. efficiency by including an outage probability into formudat.

In [1], for instance, Kumar and Gupta introduced the The contributions of this work is as follows. First, we
transport capacity defined as the number of bit-meters thatropose a generalization of theEhat is better suitable to
flows throughout the network in a given time interval. Thaddress multi-hop networks. This is achieved by abstrgctin
model thereby, however, assumes a deterministic sigral-the number of hops of multi-hop links and characterizing
interference ratio (SIR), which implies that the occurenchem simply via their higher packet loss probabilities and
of outage events is mitigated by the medium access conti@ler spectral efficiencies, yielding a metric referred ® a
(MAC) mechanism. the multi-hop aggregate information efficien¢yllEA). Then,

In [2], Sousa and Silvester obtained the best choice of the study the network configurations that maximize the MIE
transmission range in a multi-hop scenario, based on the gasticularly with respect to the interrelations betweer th
calledexpected forward progreswhich measures the averagaumber of hopsy, the average outage probabilifsy, the
distance traveled by a packet in each hop. average density of active linkgy, the average single-hop

The expected forward progress formulation was then edistanced;, and robustness, evaluated in terms of the minimum
tended by Subbarao and Hughes [3] so as to account for 8I& required to guarantee a certain packet loss probability



The remainder of the paper is organized as follows. TheUnder the assumption that the probability of successful
concept of multi-hop aggregate information efficiency is inpacket transmission is independent at each hop, the packet
troduced in Section Il. The characterization of the netwoilkss probability of any-hop link is simply
behavior is presented in Section lll, followed by the system B .
description in Section IV. Numerical results are analyzed i P =1 = (1 = Poyg)™. ®)

Section V, andi conclusions are given in Section VI, alondwit  Finally, since a packet traveling over ap-hop link requires
ideas for possible future work. nn times as much channel uses than a single-hop link, the

overall spectral efficiency a multi-hop link is
II. MULTI-HOP AGGREGATEEFFICIENCY INFORMATION P y P

In order to evaluate how efficient is the information flow Nmh = niys- (6)
through a single-hop link, Subbarao and Hughes proposed in

[3] the concept ofnformation efficiency(IE), defined as Except for these three new equations, the MIEequires
the same parameters as the, I® be computed, namely, the

IE = dir x (1 — Psys) X nsys, (1) systemic parameterg,s and Pyys, and the network behavioral

where dy is the average distance between transmitter aH&ram?terSDOUt’ par and dy. These parameters will be deter-
receiver,Pys is the packet loss probability of a link, angys mined in the sequel.
is the spectral efficiency of the radio interface.

However, the IE does not consider the spatial reuse of
the channel and, consequently, the co-channel interferen®. Network Model and Characterization

In order to incorporate this relevant aspect, Mignaco andconsider a wireless network with nodes randomly placed in
Cardieri [4] proposed theaggregate information efficiency 3 toroidal square region of areem? and density nodes/.
(IEa), measured in bits per Hz-meter-second and defined bXssume that all nodes are equipped with omnidirectional
) antennas and transmissions occur in a time-slot basis and

that the final destination of each generated packet is chosen
wherepq is the average density of active links in the networkandomly with uniform (equal) probability amongst the athe
and P, is the average link outage probability. nodes in the network area.

Notice that the I is in fact the sum of IE of all single-hop  Let o be the distance-dependent path loss exponentrand
links active in the network at a given time, normalized by thghe random gain (independent of the distance) related to the
network area, sinceat x (1 — Pou) is indeed the density of fading phenomenon, modeled here as a standard log-normal
active links that satisfy the quality of service requiremen distribution [10].

Although this metric is suitable to study networks composed Assuming that all nodes have the same transmit power

by single-hop links, the IE formulation does not capturey;, and employing a bounded receive power model [10], the
directly the multi-hop case. In order to mitigate this liatiobn received powe#V; is given by
we propose themulti-hop aggregate information efficiency

[1l. BEHAVIORAL PARAMETERS Pout, pat AND diy

IEa = Jtr X (1 - Psys) X Tsys X Pat X (1 - pOUt)a

. HW, .
(MIE,), defined as L if dy >do
_ Wi=1q di 7
MIEa = dsd X (1 — Prh) X 7mh X pat X (1 — Pout), 3 HW; if dy < dp,

wheredsq is the average distance from all source-destinatiavhered, is the reference distance (fixed here to one meter).

pairs, andFy, andnmn are the packet loss probability and the |t is assumed that a receiver is able to receive satisfagtori

spectral efficiency of multi-hop links. a packet transmitted by a given nodedj:the received power
As indicated by equation (3), the formulations of they IEis higher than a given minimuri#/,, andb) the signal-to-

and MIEy are similar. The essence of the extension is iaterference ratio at the receiver is higher than a threshol

abstract the number of hops of multi-hop links and charaeer SIRy,. Thus, the SIR at a nodgis given by

such links simply via their higher packet loss probab#itand W,

lower spectral efficiencies. In other words, the parameiggs SIR; = Z—;V, (8)

Pmh andnmp used in equation (3) must incorporate the impact ’

of multi-hopping onto the distance, the packet loss prdigbi where is the set of interferers to noge and whereV; and

and the spectral efficiency of source-to-destination links i i )
E . . ' . . W, are the desired receive power and the interference powers,
mploying a 2-dimensional toroidal square model with

sides of lengthL. (such that all nodes can be analyzed as tﬁgspectwely.
center of the network), and under the assumptions of uniformg Computation 0Py

randomly distributed nodes with random formation of source ] )
destination pairsdsq can be computed by Given the above-described parameters, the link outage prob

ability Py, the average density of active links; and the

] _/L/2 L/2 i\/mdxd —0.3826 x L. (4) average single-hop distancely can be computed via the
sd _rj2)ore L? 4 y=" ' Monte Carlo simulation described by the following steps:

i€l

par and dy



1) Generate a set gfx A nodes randomly distributed over ;s  Average Density of Active Links vs. Node Density

a 2-dimensional toroidal square of ardam?.

2) Generate random, log-normally distributed channelgai  0.014
for all node pairs of the network.

3) Identify the neighbors of each node as those who
receive power (considering both the channel gain ar
path loss) are higher than the minimum pow&in
required for packet reception. Ia® 0.008

4) Select at random any node that has neither been labe
inactive nor formed an active link to another node.

5) Assign to the selected node its most distant neighb
available as itgeceive nodelf no receiving node can
be assignely label the selected nodieactive Otherwise 0.002
label the selected node teansmit nodeand the link
between the transmit and receive aative link 001 o005 002 0025 003 003 o004

6) Repeat steps 4 and 5 until all nhodes have been labe. __ P
transmit, receive or inactive. , _ o , _

7) Count the number of active link¥, and compute the E('Jgdei'p’ F{X‘;ﬁgfeﬂfgj'tgyg;jf’%fh'Q"iﬂfjng‘ fg‘{;;“i”lgg_‘“e densiy of
density of active links in the current network realization
(snapshot) aPat = Nat/A- Average Outage Probability vs. Node Density

8) Compute the SIR at each receive node. If SIFSIRy, ‘ ‘ ‘ ‘ ‘
at a given node, label such a link asdotage 0.9

9) Count the number of outage linR&,: and determine the 4 |
outage probability for the snapshot By = Nout/Nat.

10) Compute the average distance of all active links not
outaged;, for the snapshot. 0.6

11) Repeat the steps 1 through 10 several times and aver -
Pout, pat @and dy; over all snapshots, obtaininBuy, pat o 05
anddy. 04

Figures 1 to 3 show a numerical results obtained wit .,

this simulation procedure for a few different valuesdf,n

and witha = 4 and SIR, = 100. It can be seen that the 02
average density of active linkgy; increases with the node g1
density p. This is non-surprising since in network scenarir

under consideration both the traffic and the probability ¢  ° 001 0015 002 0025 003 0035 004
forming a.Ctlve links are directly proportllo_nal to the dagpsi ig. 2. Average outage probabilitz?ompas a function of the density of nodes
of nodes in the network. Consequently, it is observed that tE’ parameterized byVimin, with o = 4 and SIR, = 100.

average outage probabilify,, which depends on the average
number of active (interfering) links, also increases witle t
node density. Likewise, it is found that the average sirgip-
link distanced,, grows in proportion tg, since the larger the
node density, the higher the probability that a node finds
distant neighbor to pair up with.

Finally, all the aforementioned parameters are found to d

crease with the minimum receive power required for sucoéss .
packet receptiommin. This is because largéVmin effectively  _ -
reduces the neighborhood vicinity of all nodes, and with™ “ (’ ' i

given p this implies a smaller number of neighbors availabl

0.012

0.01

0.006

0.004

0.7

35 Average Sigle—hop Distance vs. Node Density

for pairing, with consequent lowef, Pou and dy. —— —~
Notice the above-described Monte Carlo simulation reguir 5| |
the parameter SIR as an input. The computation of SiR oW =0005
as well as the other systemic parametékgs and nsys are —o-W, =001
discussed in the next subsection. —O— Wi =0:02
15 0.61 0.0‘15 0.62 0.0‘25 0.63 0.055 0.04

INotice that some nodes may remain unpaired, either becadlsben
neighbors have been already paired with other nodes, oubedhey have
no neighbors at all.

p

Fig. 3. Average transmitter-receiver distanfeas a function of the density
of nodesp, parameterized byVpin, with o = 4 and SIR, = 100.



IV. SYSTEMIC PARAMETERS Psys, 7)sys AND Next, we must compute the packet error probabilfy,
THE THRESHOLDSIR which in turn depends on the modulation and coding schemes
. employed. We follow [3] and consider a system employirg

A. The Packet Loss Probabilits,s ary QAM modulation and an extended/, k) Reed-Solomon

Consider aselective-repeaautomatic repeat request (ARQ)code [12] with ratek/M and block lengthM equals to the
retransmission scheme [11] represented by the state diagkaardinality of the modulation alphabet, which is capable of
shown in figure 4, which is employed at each hop of a multgorrecting up to@ symbol errors in a code-block.
hop packet forwarding procedure. In such a scheme, a nod&vith these choices of coding and modulafioand assum-
attempts up ton retransmissions of a packet, each subject ing that interference dominates over additive noise andogan
an independent packet error probabilfy. modeled as Gaussian random variates [2], the codeword and

The reception of each packet is acknowledged either wilymbol error probabilities are respectively given by
an ACK, in case of successful decoding, or a NACK, in M M
case a packet error has been detected. Notice that links in Feod = Mzk ( )
outage are already accounted for by the network simulation T
procedure described in the preceding section, such that no 1 3 logo M SIR
other possibilities rather than packets acknowledged by an Finod = 2 <1 N \/—M) erfc 2(M —1) fimod )’ (13)
ACK or NACK may occur over active links. ) o

A packet is lost if then-th packet retransmission failse., Wherenmod is the spectral efficiency af/-QAM [13]
m + 1 NACKs have been detected by the transmitter. Pgt Nmod = logy M. (14)
denote the probability that a packet has been unsuccessfull
transmittedm times, such that the node allocates it to a la
retransmission. The packet loss probabilitys is given by
the packet error probability at the last retransmissiorusTh

1 — Bt
LBt B. The Spectral Effici

. . . The Spectral Efficien
where P, is computed using standard queue algebra as P - eys .
described below. The spectral efficiencynsys of the transmission system

Let a packet that has been retransmitjettnes be referred described above is given by

) Prmoa(1 — Prog) ™™, (12)

+1

Finally, assuming a packet format &f bits, such that each
?)tacket carriesic = B/(klog, M) codewords, and since a
packet is successfully received if all its codewords areexly
decoded, the packet error probabili®.. becomes

Psys= Pyt - Py = Ppgf’Ll (9) Bor=1- (1 — Peog)™. (15)

to as beln_gn stateq. Referring to figure 4, the probability that Teys = logy M x — x =, (16)
a packet in stat® progresses to statg(after ¢ unsuccessful
retransmissions) is given by where ¢ denotes the average number of times a packet is
q transmitted when hopping from a node to another, which is
Py = Py - Fyg (10)
1- R
The probability P, that a packet is in stat® can be ¢=» (¢+1)P, = T‘;:’i“ X 17)
computed, using equation (10) aid,", P, = 1, yielding q=0 pet
1 — Pyt X ((1 — (Ppct)™ ) — ((m + 1) (Bpe) ™1 (1 — Ppct))) i
P (1) (1= Foa?
— Lpct

C. The Threshold Signal-to-interference-ragtRy,

The quality of source-to-destination links in a multi-hagp a
hoc network depends inevitably on both the expected number
of hops and the expected packet loss probability of the link,
in the sense that paths requiring more hops will in average
be worse, that is, have a highék,,, than paths with fewer
hops. Assuming that these expectatioms @nd Pny,) are
given, one can compute the maximum average packet error
probability Psys admissible at each hop, and corresponding
threshold Slk, using equation (5) and the set of sequence of
equations (9)(15)—(12)—(13), respectively, yielding

SIRy = 2 (7(]\/[ — Unmo") erfc™! <7Pm°dm ) . (18)

3\ logy M 2(vVM — 1)
Fig. 4. Diagram of the selective-repeat ARQ retransmissicireme [11]. A
packet can be retransmitted at masttimes. The probability of an error in ~ 2Notice that this physical-layer specification play no fum@atal role in
the packet reception iByct. A packet is lost if a reception error occurs afterthe network analysis. Other choices of coding and modulatimuld also be
m unsuccessful trials. made with similar overall results.

Finally, substituting equation (11) into (10) with = m
finally yields P, as in equation (9).




TABLE |

V. ANALYSIS OF AD HOC NETWORKS VIA MIEp NETWORK SPECIEICATION
Using the outcomes of sections IIl and IV, we are almost | Parameter | Specification |
fully instrumented to evaluate the MAEdefined in equation Network Area A =50 x 50 m2
(3). In particular, substituting equations (4) and (5) weéha Path loss exponent a—4
dsd - _ Max. packet loss probability — Psys= 1073
MIEa = e (1 — Poys)™ X nsys X pat X (1 — FPour), (19) Modulation M-ary QAM
) Code Rate k/M =0.75
where the computation of all but the parametgrhave been Packet length B — 1600 bits
addressed in sections Il, 1l and IV.

The typical number of hops:, in an ad hoc network
depends on several other factors beyond the scope of this
article, including the routing mechanism, the applicatiett.

L : . average density of active links;:. On the other hand, the in-
In any case, an optimistic estimate is

crease of/ i, diminishes the outage occurrence. Considering
dsd the aforementioned aspects, it is possible to concluddttisat

= —. (20) . ;
du better to have multi-hop links composed by a larger number

of more robust single-hop links. It is interesting to notibat

In average terms, this represents an ideal hopping pattgss result indicates that the hopping strategy of choosisg
Wherg the average sourcg-to-destlpatmn. dlgtajgges trav- 3 receiver the most distant neighbor available could be the
elled in a straight line and in leaps @f, which is the average wrong strategy to optimize the M}E
single-hop distance of the network. In other words, thisliesp
an assumption that the routes from sources to destinatae hgy,gied. Figure 6 shows the multi-hop aggregate informatio
negligible deviation. Consequently, the MIEesults shown efficiency as a function of the modulation ordefrfor different
hereafter, obtained using equat|0.n (20) into (19) can ba S&fode densityp, and settingWmn = 0.01 andm = 1. The
as an upper bound on the multi-hop aggregate informatighyits show that the modulation order that maximizes the
efficiency. o MIE depends on the network node densityThe effects of
~ The objective of our analysis is to evaluate how the mayse higher order modulations are two-fold. On the one hand,
imum number of retransmissiom, the minimum received the transmissions are more efficient (highgg). On the other
power Wmin and the modulation orded! affect the MIEy, hang a higher SIR is required to achieve the maximum
considering a network specified by Table I . packet loss probabilityPsys. Therefore, for the same node

Figure 5 presents the multi-hop aggregate information efensity, the maximum value MjEreflects the best trade-off
ficiency as a function of the maximum number of retrangseyeen those aspects.

missionsm for a few different values of¥Vmin and 32-QAM |5 order 1o study the effects of the network node density
modulation scheme. The results show that= 1 achieves the on the MIE, it is useful to know how the behavioral param-

maximum MIE,, regardless o#¥ min. The choice ofim has ger b, affects the network performance. As an illustrative
an evident influence on the network interference robustne§§amp|e Figure 7 presents the MIEs a function of the

Specifically, the system characterization (detailed intiSec average outage probability for 32-QAM and 128-QAM
IV) shows that larger values af. lead to lower thresholds 4 settingWmn = 0.01 and m = 1. Firstly, one can

SIRn require_d to guarantee the desired packet loss probabilifyiice that there is a value it that maximizes the MIE.

Psys As a direct consequence of lower thresholdsi$IBe  This value is around 65% for both modulation schemes, and
average outage probabilitiou diminishes. However, larger i refiects the optimal trade-off between node activity and
m have a negative impact on the system efficiency (if Moggiage events (more active links imply higher interference
retransmissions are allowed, highigy. are acceptable anflys |eyel). In addition, Figure 7 shows that 32-QAM modulation

reduces). Therefore, there is a trade-off related to thecesf performs better than 128-QAM if it is considered the same
of the maximum number of re_transmls_sm_ns on the Megind Pout,. However,Poy is not an input parameter (indeehy is a

m =1 indicates the best choice to optimize this trade:0ff 4rameter that reflects the network interference susdktglib

.In_ addition tp this aspect, Figgre 5 also revgals that highgp, an equal node density, one can verify tRat; is different
minimum received powers requirddimin have higher Mils.  for each modulation. Based on this fact, the results shown in

Since the average transmitter-receiver distadgedecreases rigyre 6 can be explained as follows. The increase of the node
as Whin mcreases,_packets will trayel (in gverag_e) OVEr Gensity leads to higher interference level, that corredpam
greater number of single-hops to achieve their destingitamn higher P,.. As commented above, there is a valueRf; that

increases). Then, the probability of a packet loss in a mulfy3ximizes the MIE, and the density related to this point
hop link Prh increases. Moreover, high®rmi, implies a lower  gepends on the modulation ordéf. Finally, it is possible

S _ . .. to conclude that the results presented in Figure 6 refleets th
It is important to emphasize that similar results have beetaioed in

previous works [5] [9], although the network modeling usestehis quite eﬁeCtS of the modulation order 0'_'735)/5 and SIR,, associated
different. with the trade-off betweepy and Pt

Th

Now, the effects of the modulation scheme on the MHte
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V1. CONCLUSION AND FUTURE WORKS

In this paper we proposed the multi-hop aggregate informa-
tion efficiency, a suitable metric to evaluate the perforogan
of multi-hop wireless networks in a simple formulation. ki
this metric, the effects of the maximum number of retrans-
missions allowed (for packets detected in error), the hagpi
strategy and the modulation order on the network performanc
have been studied.

The results indicate that a strategy of multiple short gng|
hops using a single packet retransmission achieves thestigh
MIEA. In addition, it is shown that the selection of the
modulation scheme to optimize the MiEdepends on the
network node density. Finally, it is found that the average
outage probability that maximizes the MiHs about 65%.

In this case, the information flow throughout the network is
maximized, although the number of active links in outage
situation increases.

Fig. 5. MIEs as a function of the maximum number of retransmissions The concepts and results presented here give us some
m with p = 0.04, parameterized byV min, and using 32-QAM modulation directions for future works. For example, compare the per-

scheme.
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Fig. 6. MIEa as a function of the modulation ordéd for different node
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densitiesp, and settingV’ min = 0.01 andm = 1.
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Fig. 7. the MIER as a function of the average outage probabiliy: for

0.7 0.8 0.9

32-QAM and 128-QAM, and settingVmin = 0.01 andm =1

formance of routing algorithms, redo the network evaluatio
for different policies of relay selection (closest neighlow
random neighbor) and study the performance of an adaptive
modulation scheme to improve the MJE

Furthermore, we intend to model the network behavior using
the tools of stochastic geometry, random graph and peraplat
theories. Based on this analytical approach, it will be fxbss
to suppress the Monte-Carlo simulation used in this present
work.
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