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On the Design of Routing Protocols for MIMO Ad
Hoc Networks under Uniform and Correlated Traffic

Paolo Casart, Marco Levorato*, Daniele Mazzit and Michele Zorzi**

*Department of Information Engineering, University of Padova, Itallg-mail: {f i r st nanme. | ast nanme}@lei . uni pd. it
iCalifornia Institute of Telecommunications and Information Technology, $an Diego, USA

Abstract—In this paper we investigate the effects of different Medium Access Control (MAC) and physical (PHY) layer, and
routing choices in a MIMO ad hoc network. The MIMO physical  compare different routing solutions over such a networkr Ou
layer provides a number of degrees of freedom that a correct pcol  rimary aim is to show how routing impacts this kind of netigor
design could exploit to the network’'s advantage. To illustrate this d t h h t | desi
point, we compare two approaches. The first is fixed shortest pht gn O,S QW ow a correc (_:ross— ayer, esign can manage
forwarding, with routes computed a priori. The second involves a link activation and data reception according to both PHY re-
dynamic relay choice based on a specific metric. This metric has quirements and routing needs, ultimately improving penance
been designed to yield an overall assessment of the relay’s abilitysybstantially. In fact, the design of routing in MIMO netwer
to forward packets. A key point of our design lays in its cross— s gifferent with respect to standard ad hoc networks. MIMO

layer nature, that allows to harvest the advantages coming fromhe . . L X .
interaction of the physical layer and the upper layers. To this endwe yields potentially large communications benefits, thaokspatial

propose here a technique to track the receive capabilities of eligible diversity, spatial multiplexing, and interference cafatédn at the
forwarders so as to avoid that they become overloaded and unablereceiver. However, these benefits require proper protaoolse
to demultiplex superimposed waveforms. We carry out a detailed fully exploited. For example, a number of tradeoffs arieeg,
performance evaluation to assess the improvements provided byp between the amount of transmit antennas in the neighborbbod

solution with respect to the baseline shortest path routing protool, . d th tection that . il achievai
and conclude that a standard design paradigm, that splits routing & F€C€Iver, and the protection that receiver will achieveireg

and lower-level protocols, severely limits performance. interfering transmissions [7]. Similarly, when employimgore
transmit antennas under a global transmit power constreiat
expected reach of the transmission decreases, thus imgehe
number of hops that would be required on a multihop path.
In this paper, we address these tradeoffs through the dedign
I. INTRODUCTION a proper routing protocol that takes more advantage of MIMO
communications. Our solution is compared to a baselinetasior

packet-radio communications through a shared radio crh,am?@th forwarding strategy by means of extensive simulatisulits, e
without the mediation of any infrastructure. Even thougimeo in" order to assess the improvements granted by our specific
pletely ad hoc networks are not yet widespread, infrasirect protocol design.

wireless networks (as epitomized by the IEEE 802.11 proto-

col [1]) are now part of many people’s everyday life. Thus, 1. RELATED WORK

how to improve radio access proficiency and to make availabl
a larger communication bandwidth and bit rate are curreimoty

research topics. Recently, multipacket reception (MPRjdrhoc emerging topic that is currently being investigated by a bem

nevorks s cmerged 35 an imporint enabing echnooy L 9. Snce e ror - S S pier e
improve the communication efficiency by reducing congestio

and traffic bottlenecks in wireless networks. MPR allows tﬂ%IaMnOelllf?gz’n?rr‘g;;ﬁ:rtc[)8?plg(l)yrttr;]'z zg&vgigggg iﬂg&cigﬂ‘ﬁé
receptions of multiple packets in parallel over the samdora y ’

channel. There are a number of techniques that can be Ifffe work on routing in MIMO ad hoc networks. However, some

loyed to superimpose multiple packets. For example, rdiffe contributions have provided first insights into 'Fhe topic. o
(p:D)I/\/IA WavefF:)rmspcould be gssigned to different ugers, havingA graph theory approach is used in [9] to find a transmission

the receiver separate them [2], [3]. Alternatively, or irdiidn, ]f' htedule n hthe net\t/yolrk tn‘.”‘tl m_aX|m|zde_s tth? utility of MlMO
signal processing techniques that involve the use of aatamays eatures such as spatial multiplexing and interrerencerassion.

could be applied to demultiplex superimposed signals [A]. Iln [10], the authors investigate optimum link schedulest tha

this second case, the system is also defined as Multiple +npff"Y flows in a mulihop network at the requested rate, under
Multiple Output (MIMO). While MIMO systems are not necesdroughput feasibility and minimum power constraints. Wk
sarily coupled with CDMA, the use of both may prove to be vellfg [11] is also based on joint power control and routing. and
helpful, depending on incoming traffic conditions. For ex cuses on the allocation of _channel bandwidth to each node
consider a a V-BLAST system [5], where multiuser detecti®n 9nt.a nﬂut'hzf pat?h, when u?mg olrtzhogonlal Cha”ﬂ?'st for gach
performed through successive interference cancellaipnThe active link. Along the same line, [12] explores a joint rowgi

: o . and link scheduling optimization to find the optimal tradeof
use of CDMA vyields additional degrees of freedom, allowin n
to demultiplex a number of incoming signals that would not tween energy and latency. A clustered MIMO ad hoc network_
separable otherwise using MIMO or CDMA alone. IS consplergd where node; in the same clustler cooperate in
In this paper, we focus on a MIMO-CDMA multihop ac]a:ommunlcatlons. The work in [13] presents a simulation wtud
hoc network Wé deploy a cross—layer design that involves f the t_radeoff between spatial multiplexing and_spatlalssg .
' or varying number of antennas. The study considers the join

This work is supported in part by the U. S. Army Research Officeen MURI eﬁec’_[ of multiple m'_:'tw_ork parameters such as hop lengtiieno
grant # W911NF-04-1-0224. density and transmission range, yet assumes channel kohgsvle

Index Terms—MIMO ad hoc networks, routing, dynamic relay
selection, cross—layer design.

Ad hoc networks are collections of radio terminals that qerf

eProtocol design for MIMO ad hoc networks constitutes an



at the transmitter, which may be unrealistic in some scemariA. RTS policy

An interesting work on MAC and routing in MIMO networks is  The RTS policy is required to enforce transmission paiatiel
found in [14]. There, the authors extend an 802.11-likeqmok \yithout overloading a link with too many simultaneous signa
to exploit spatial diversity through space-time codes [E8ld To this end, each neighbor is assigned a “class,” namely toe m
analyze the impact of MAC on routing by evaluating the reati j;um number of antennas that can be used when transmitting to
between incurred delay and per-hop advancement. a set of nodes including that neighbor, in order to guarasteee
These papers are interesting in that they assess many m®blginimum prescribed performance. The choice of the classean
and challenges related to the design of MIMO ad hoc networkgsed on various considerations involvirgg, the distance of
Still, there are no works to date that present a full solufion the node and the history of the probability of error over fit.
cross—layer networking in this scenario. Our purpose isr&avd \We will elaborate more on this point later: for now we assume
some conclusions on the way routing protocols affect MIM@at the class of each neighbor is known. When forming an RTS,
networks, and how they should be designed to yield acceptafltransmitter scans its backlog, to read the destinationtaed
performance. number of PDUs left to transmit for that packet. Iterativelye
transmitter checks if transmitting the required PDUs \tigdaany
constraint posed by the class any other node addressed by the
RTS. If at least a subset of these PDUs can be transmitted, the
In order to maintain the paper self-contained, in this Sectie sender writes a request to the destination node for the fapeci
provide a brief overview of the detection algorithm at thggibal number of PDUs in the RTS message; otherwise it leaves the
layer. As the main focus of our work is on the interactionsieetn  packet in the queue for a later attempt. The RTS composition
MAC and routing protocols, these interactions will be dssed ends when adding further requests would exceed a class limit
to a broader extent. The interested reader is referred fp [l For example, if the RTS currently contains a request for 4 BDU
for a more thorough discussion on PHY details. toward a class 8 neighbor, the transmitter is allowed oneemor
In our network, each terminal is equipped with multiple ante Simultaneous request for up to 4 PDUs toward another class 8
nas. During a transmission phase, each node divides thetsaok neighbor. Conversely, in the same conditions, it cannotstrat
packet data units (PDUSs) of fixed length. Each node has a enigi@y PDU toward a class 2 neighbor, because the number of PDUs
spreading sequence that is used to construct CDMA waveforiguested to the first one (4) exceeds the class of the I&fer (
for all PDUs. Each CDMA PDU is then simultaneously transmit-
ted through a different antenna, one PDU per antenna, ukingB. CTS policy
well known V-BLAST algorithm [5]. In general, a receiver tas  Typically, MPR capabilities at the receiver allow the catre
demultiplex a number of superimposed PDUs, possibly comidgtection of a number of RTSs, because these packets ark smal
from different transmitters. We assume that each PDU cositaand transmitted at full power using one antenna. This endba/s
a training sequence that the receiver can use to estimatmehareceiver with some knowledge of neighboring transmissisos
effects as the signals propagate from the transmit antetmashat it can choose what to grant or block (among the requests
each of its receive antennas. Furthermore, we assume tianeh directed to itself) and what to defend against (among iaterf
effects are constant through the whole transmission of DldsP transmissions that could take place). To make a properidagis
The standard V-BLAST algorithm is adapted to exploit CDMAhe node must also consider thijiit has limited channel estima-
signals as in [6]. Briefly, after applying a space-code-tmedc tion capabilities (for PDU detection and cancellation)] &) that
filter to the received signals, the detection process ctnsis it cannot block transmissions directed toward somebods. ke
subsequent steps. At each step, the most powerful sighiaiosti way these decisions are made is a CTS policy. A convenient way
detect is selected, and proper weights are chosen that &flowo grant transmissions is the “follow traffic” (FT) policy T,
isolate that signal among all received signals accordingotme which requires the node to grant at least one request ditecte
criterion, such as zero forcing. Then, the signal is deteeted toward itself, and to consider the remaining requests ireord
canceled from the overall received signal. This processimees of decreasing received power. Basically, if the request ésmh
by selecting progressively weaker signals until all areedketd.  for the node, it grants it in the CTS, otherwise the node pre-
A PHY such as the one described before has MPR capabilittdecates channel estimation resources needed to detéchacel
that can be proficiently exploited, in order to receive wentehe signal, as it will be a potentially powerful interferdris
packets while still protecting them from strongest intesfeee process goes on until there are either no more requests, or no
(that should be detected and canceled, instead). As a na&lerhare channels can be estimated, and the CTS is sent thereafte
limited channel estimation resources, it is very importémt  After all receivers have sent their CTSs, the transmittersls
choose a suitable subset of signals to detect and/or cafel. data altogether according to the information containedhia t
MAC protocol components have the twofold purpose to favir thCTSs, and wait for an ACK by the receiver to confirm a correct
choice while still enforcing simultaneous channel accessas to data reception on a per PDU basis. In case no CTS is received, o
exploit the MPR at the receiver. To this end, we assume tlsaime of the addressed destinations have not sent a CTS, affback
all nodes communicate over subsequent frames, and that thelcy is applied. This is necessary to avoid useless fersis
are frame-synchronous. Each frame is divided into fourssloin channel access, and allows a possible local congestian ne
a Request-To-Send (RTS), a Clear-To-Send (CTS), a data, #ralreceiver to be solved before trying again. We consider tw
an acknowledgment (ACK) slot. Unlike in 802.11, RTSs amdifferent backoff policies. The first one, Node-Lock, is mor
CTSs are not used to set up links while blocking neighborimgnservative as it blocks all transmissions toward anyratbee.
transmissions, but instead to pass information aboutrn@sson The second one, Dest—Lock, blocks transmissions towardrilye
requests to the neighbors. While the data and ACK phases reghbor that did not send the CTS, and is thus more aggeessiv
straightforward (all PDUs allowed by CTSs are transmittead aln either case, the duration of the backoff is a number of &am
their correct reception confirmed, respectively), the RM8 @TS uniformly distributed in the intervall, B,,..], where B,
phases require a specific policy to properly drive channe¢s&: increases exponentially in the number of subsequent &slur

IIl. SYSTEM DESCRIPTION



IV. ROUTING shortest paths, but the receivers will have to handle lowgrow

Before proceeding with considerations on routing perforcea signals thgt the FT policy will most likely block. On the 'othe
on this MIMO ad hoc network, let us sum up the main featur8&nd, routing only based on the queue or the backoff timer of
that affect (or are related to) routing. Firstly, all pradts en- the relay, Wlthqut con_S|der|ng advancement, would let thekpt
courage spatial multiplexing, to exploit MPR capabilitiasthe €nter loops. Itis also important to account for the capaaitihe
physical layer. There are three kinds of limits to transioiss: ink, @ measure of which is provided by its class. In fact, dtess
the class of the neighbors, which bounds the maximum spadynamically updated based on the relaying performandaeof
tial parallelism during a data exchange; the CTS policy,dvhine'ghbor; and higher classes tend to represent less loattkd a
controls traffic based on throughput, power and interfezetize More reliable nod_es._AII of these con3|derat|_ons should dmyat k_
backoff policy, which defers transmission directed to smnall N mind when designing the class update policy and the fancti
neighbors. These control mechanisms are indeed nece33dg][ /c(ci), whose details for our setting are given in Section IV-A.
to ensure link reliability, yet they may interfere with coranly Finally, the queue !evel and the residual backoff timer are a
used routing algorithms if they are straightforwardly applto a measure of the “ability” of the relay to further forward tha_qket
MIMO system. (the longer the queue and backoff, the longer the delay iadyr

Routing needs are different than in single-user detectima-w
less networks. For instance consider a local congestion imMacClass update scheme
certain part of the network. The FT algorithm would control The definition of a node’s class is one of the elements that
traffic and allow data to get through even in the presence tjhtly binds our MAC and PHY layers, and therefore deserves
strong interference, but at the price of an actual shorgeih geeper attention. Recall that by class of a node we mean the
the transmission range. Recall that FT basically drivesi@ig maximum number of antennas allowed when transmitting to
detection in order of decreasing received power. This mé#ais 5 set of neighbors which includes that node. The reliability
pursuing shortest path routing, whereby a packet traveting | anq efficiency of a transmission critically depend on thessla
distance on a single hop, may not be the best policy. In fang | Qverloading a link that is incapable of supporting high Eat
distance signals bear a lower power and might suffer from lggytiplexing generates errors, and underutilizing a piiddiy
frequent transmission opportunities and longer delaystduge good link limits throughput. There is also an important iatgion
way FT operates. o L with FT. If many transmissions take place on high-classsink

While this is just an example of a critical situation, it copse generally the number of requests will be high, thus FT wjlltt
the main concept behind a correct routing algorithm, the need protect wanted data from interference by granting transions
to make routing decisions based on parameters measured afd'?)nly a few senders. If everybody does that, only a few CT8s a
PHY and MAC layers (and/or their history). Suppose that 28nodent, and throughput is limited as well. The main message, he
knows its neighbors. In our MIMO ad hoc network, MPR 0fs hence that we need to balance the link classes correctly an
RTSs over the initial part of a frame allows to understandchhiyeep them updated. A good way to do this is to allow the class
neighbors are transmitting and which are free. Then a node €8 take values in a limited set,.g, C = {2,4,6,8}, where class
choose, among the free ones, the neighbor that would oféer fhis not chosen in order to enforce spatial multiplexing. Gie
best “utility” if relaying the message. To this end, it is a0g0 neighbori, the class value is derived by tracking the success ratio

choice to mix some relevant metrics such as link reliabiéitual - (or reliability) over the link toward, according to the first-order
advancement, capability to serve the packeg,(long or short  ecursive formula

qgueue) and so forth. We choose a mix of four utility figures. , (a)
Let N be the set of neighbors of the transmitter that are free ri=an;"[ci+ (L —a)r;, (2

during the current frame. Call € V" one of the neighbors andyhere,, s the number of correctly received PDUs among those
let & = =, — = be the advancement provided byi.e. the sent 194, and ¢; is the currenti’s class. This value is then
distance reduction thatwould provide, normalized to the distanceompared to two thresholdg; and T,. If r, < Ty the class
between the source S and the destination D. Let ajse the s decreased to the next smaller valuedn Conversely, ifr
class of node (the maximum number of antennas allowed whegyceedsr,, the class is increased to the next greater value. Note
transmitting to a set of neighbors that includgsFinally, letq; hat callingn'®) the number of PDUs sent o the n(«a)/(: can
andb,; bei’s queue level and residual backoff timer, respectivelglao' be WritteZn am(“)/n(s) ‘n(s)/c' e as the sucéess zratio of
While it IS a.SSl,Jmed that the nodes know their own d|stance ahe transmission tq)ltimels thezratiol of the sent PDUs to the node
the destination’s, all other mf_ormat_lon IS kept updatedrégding class (e, the actual “use” of the class). This way, the class of a
the content of correctly received S'Q“a"r?g messages. Vheab node is I,ikely to be reduced even if the class itsélf is unsiedu
utility yielded by the choice of a neighbaris then computed 3S jue to a limited number of grants by FT. In turn, this prevehes

U(i) = a1 fe(&) + asfe(ci) + asfq(qi) + aafo(b;), (1) FT drawback detailed before, whereby too many nodes rethere

where the functiongc(-), £.(-), £,(-), and f,(-) can be tuned to transmission of too many PDUs and FT allows just a few grants

0 prevent interference, ending up limiting throughput aslw
properly account for each parameter and are assumed tm re%urp g up 9 ghp

a value in the interval0, 1], where1l is best. A specific choice

for these functions will be given in section V-A. All functis ) ) )
are accounted for i{(i) through a convex combination withA. Simulation setting
coefficientsa;, i.e. 0 < a; < 1 and) «; = 1. It is important  In order to evaluate the performance of the dynamic routing
to jointly account for all these metrics in order to conjune usolution outlined in section IV, we arrange 64 nodes in8ar

a complete picture of the relay’s status at a glance. A corr&square grid, where the distance between nearest neighbors i
balance between the four weights allows to choose a relay tham. Each node is equipped with an array of 8 antennas. All
has desirable features when routing in our MIMO network. Fantennas are used during reception, whereas transmisaiens
example, choosing only based on advancement tends to creatformed with as many antennas as needed to send the PDUs

V. RESULTS
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Figure 1. One-hop throughput vs. traffic for static shorpegh routing, for both Figure 2. End-to-end throughput vs. traffic for static sesttpath routing, for
Dest-Lock and Node-Lock. both Dest—Lock and Node—Lock.

granted by the received CTSs. Unless otherwise specifiaffictr (where ¢r, and gy, are the level of the reserved and general-
is generated according to a Poisson process with parametegpurpose queue, respectively, apd= 0.75 to favor the routing
packets per second per node. All nodes can generate tradit rocesd). Note that we have warped the information on the
packet is composed &f 1000-bit PDUs, withk uniformly chosen queue length through a square cosine function. The reason is
in the set{1,2,3,4}. For each generated packet, the destinatitiat relays with a low number of packets in queue are typicall
is randomly chosen to be one of the other nodes in the netwadk. able to forward packets as well as nodes with an almost
The packets waiting to be transmitted are temporarily stimea empty queue. Hence we wish to give a higher penalty to full
gueue that can hold up to 512 1000-bit PDUs. Furthermore, drnéeues (that cause longer delays) while considering emdono

half of the queue is reserved for packets coming from othdeso queues almost equivalent. Finallff(b;) = 1 — b;/ max;car bj,

to be relayed, so that there is always a certain amount ofiress and the thresholds for increasing and decreasing the ckass h
devoted to the routing process. The other half is genengdgae, been set td, = 0.75 andT,; = 0.25, respectively. The weighing
i.e.it can be used for both node-originated packets and for packecalars for the four functions have been sefdg, as, a3, a4} =

to be relayed. Packets that cannot be successfully traleshaite {0.4,0.2,0.25,0.15}. The values aim at balancing the involved

dropped from the queue after a timeout interval. factors according to the observations in section 1V, anc:hmen
All communications take place according to the frame struderived through extensive simulations.
ture described in Section Ill. The length of all signaling

packets is fixed to 200 bits. During the RTS, CTS ang static shortest-path routing
ACK phases, the signaling packets are sent using one an- : . : .
: - et us now consider the static routing scenario where alipat

tenna (each node sends one cumula_mve_ pac_:ket contammga?e pre-computed, and each hop tra?vels the farthest p;pssibl
reqlf(ests/grants/ackréowler?_lgmke nts). Th;]S minimizes tmm;fh distance. The first, result we present in Figures 1 and 2 is an
packets sent per node while keeping the transmit power kigh, o X

: ; I : : evaluation of locali(e., 1-hop) and end-to-end throughput for the
that there is a high probability that all signaling MESSagES 5 different back(()ff techr?izques discussed in Se%tign Our
correctly received. Moreover, recall that the data phaselves

. : here is to show the benefit yielded by the automatic
the parallel transmission of multiple PDUs, each sent thhoone purpose ; .
antenna. The length of a PDU is fixed to 1000 bits, hence the d ;Pdate of t_he classes with respect to a system that bImdly_ms
phase length is fixed as well, at all neighbors have class 8. First, note that the intctda

The channel estimation process required to correctly detgf:a dynamic class update is definitgly bgneficial for botraloc
spatially multiplexed signals is carried out using a lirdisamount and end-to-end throughput. No path is being updated hecallre

of estimation resources. More specifically, each node camai® routing paths are pre-computed). Simply, each transmitaks

at most 32 different training sequences. That means thaniftcy the changes in the reliability of the links according to (ahd

to) detect at most 32 signaling packets coming from the stosgpdﬁtefs. theh(_:lass. is the diff h backoff
32 neighbors, or 32 PDUs during the data transmission piase. -Ir e first thing toknote ;15 t eh'l ﬁrenr::e arrr:ong the tWI 0 al cKo
described before, the FT policy is in charge of choosing twhi Ot'ﬁ'?géa[?e;?(;z d-rfoafgnzs T\l/lolrgeoe\zlretr rﬁ%%eﬂfcsg thro ux;jh
PDUs are worth being detected among the requests presente ' ' P

I : .

: . ecays when congestion builds up, whereas Dest—Lock’'s tend

the 3'9”?"”9 MEessages. . emain stable. The reason behind this is that Node—Lochkirefr
The different routing approaches that we compare in t@e

2 . . rom all transmissions at the first error that takes place. |&hi
following involve a shortest-path routing algorithm and @ d L ! .
. . . . a node cannot transmit, it can still receive and generatkepsc
namic relay selection algorithm. The shortest path rouiisg

meant as a baseline for the comparison. In this case, the p%ﬁreby Increasing its queue level. If subsequent backakts

i . . . o ce, the node gets rapidly congested, and in particulahel
are pre-calculated using the Dijkstra algorithm, with pbgs ths that get through it undergo a great performance deerea

distance as the link weight. For the dynamic selection ﬁ%
; . gnt. ro y o ' e static routing protocol considered here does not hekglat
apply the considerations in section IV. More specificallyg w,

set the normalizing functions in (1) as follows. Given a noq0 relieve this situation. This throughput performance Girc

1 € N, where N is the set of neighbors of the current senders,”ntu'tlve’ as one would expect that an aggressive tréssit

fe(&) = &/ maxjen &5, fe(ei) = ¢;/8 (8 is the maximum node  i7pis yajue has been chosen through extensive simulationgith good relay
class), f,(q;) = pcos®(2mqr,/256) + (1 — p) cos®(2mqn, /256)  choices in our scenarios.
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Figure 5. End-to-end throughput with dynamic and staticyrelelection under uniform traffic.

correlated traffic.

policy performs worse. Let us explain this result with théphaf slightly worse than with the non-updating policy.

Figures 3 and 4, that represent the average number of PDWs sen ) . ) )

per frame and the average success ratio, respectively. Figm C. Dynamic relay selection and correlated traffic genenatio

ure 3 we can see that Dest—Lock, on average, sends more PDUshe previous study suggested that class updating is a ciemien
per frame than Node-Lock, which is expected. Also, assumimmgnsmission control element, and that the Dest-Lock polic
that all neighbors have class 8 also increases the numbemp@fforms better than Node—Lock in a routing scenario. Hence
transmissions. Figure 4 suggests that the class updateéfidial we will consider only the former in the forthcoming study.€Th
from the point of view of success ratio. Regardless of th&kbfic purpose of this section is to show the impact of a different
policy, a dynamic class update keeps the success ratiostendy forwarding scheme where the relay is dynamically chosen. In
above90%. Otherwise, it would drop, and even more dramaticallyarticular, we wish to carry out this comparison in a moreegeh

for Node-Lock. The counterintuitive result, here, is thatdd— scenario, where the traffic is not uniform. This case is more
Lock experiences a lower success ratio, even though fewélsPDealistic as traffic is usually generated on-demand, formpta

per frame are sent. To explain this fact, recall that with &edwhen new data sessions are opened. Furthermore, it is a bette
Lock, the nodes exiting backoff can transmit to any neighbaest for our adaptive routing protocol and class updatinkicyo
Since they keep receiving while in backoff, they will havermo that should help redistribute high volumes of traffic wheayth
traffic to handle when they can transmit again, and are thug mare injected in the network.

likely to inject more requests at once in the network. Esgibcat We considered the correlated traffic model presented in, [18]
high traffic, the nodes tend to back off more often, therefome that is described as follows. Each node is assumed to have a
overall number of PDUs sent is kept small, as seen from Figurenumber of open data sessions. Each session generates arnumbe
and many transmissions are granted. However, due to shortdésflows, each being formed by a certain number of packets.
path routing, many of these transmissions are performedritsv The model assumes that the sessions are created according to
far nodes, and thus bear a low power and are more difficultadPoisson process with rafg. Sessions begin at the time they
detect. This is confirmed by the success ratio trends in Eigur are created, and finish when the last packet of the last flow has
The situation gets worse as traffic increases, because tesndeen generated. The number of flows belonging to a session is
stay more in backoff, which keeps the throughput low. Sitnig t assumed to be a random variable with geometric distribution
does not improve the link reliability, the class update potends and averageN;. All flows are generated as time elapses in
to decrease the class of the neighbors. In turn, this signifif accordance to another Poisson process with kateSimilarly,
improves the reliability (roughly fron62% to 93% at high traffic), each flow originates a random number of packets, with gedenetr
but limits transmissions and keeps the throughput very émen distribution and averag#v,, which are generated according to a
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Poisson process with rafg,. The average packet generation raigs formance of MIMO routing protocols under imperfect ahein
is thus A = A\;NyN,. Whenever a node starts a new session,eatimation.

recipient is randomly chosen among the other network nddss.
recipient will be sent all packets originated within thesses. For
our study we have chosexy =2, Ny=2, A\, =20, N, = 5. This
makes sessions bursty, requiring the nodes to make full fise [&l
their forwarding capability in order to send data efficigntl

The first results are shown in Figures 5 and 6, that depict the
average end-to-end throughput comparing static (shopatt) [3I
and dynamic relay selection, under correlated and unifoaffid,
respectively. The selection of a different relay yields bstantial
benefit in the correlated traffic scenario. In fact, choosag
different relay each time ensures that the packets can betdd
toward more convenient network regions, where the nodes hav
higher probability to forward them further toward the deation.
The adaptivity allows to process even bursty traffic volunidse
advantage is less visible under uniform traffic, where atleware
almost equally loaded, and the metric for relay selectidikedy
to perceive the same utility for all neighbors. The use ofaiyit
path selection leads to better network connectivity, beeauore
packets are preserved as they travel longer routes. Figuaad 8
also support this claim by showing the average end-to-eackss
ratio and the number of PDUs received after more than one hop
respectively. In this case we consider only correlatedittain  [©]
both cases, the use of dynamic relay selection allows mdeetda
get through. For examplé0% more packets can correctly reach
the destination, as the number of PDUs that travel more than &0l
hop at high traffic is increased af5.

[4]

5]

[6]
(71

(8]

[11]
VI. CONCLUSIONS

In this paper, we have discussed the issues and tradebiffs
that arise when designing routing protocols for MIMO ad hoc
networks. We have compared a dynamic relay selection apipro&3]
to a baseline shortest path strategy. From the presentetistes
we can conclude that an adaptive policy that chooses relays
dynamically and tunes their classe(, allowed level of spatial
multiplexing) yields better results in our MIMO ad hoc netko [15]
In fact, the complexity of such a setting can be more profy"cabfl
controlled through a cross-layer design of the various comepts. [16]
For this reason, a straightforward use of fixed shortest pattes
has proved to be a working, but ineffective solution. Thepada
tive forwarding policies offer better performance becatisey [17]
can harvest network resources more efficiently by convéigien
redistributing traffic over the nodes. [18]

Future work on this topic includes an evaluation of routing
performance in more complex scenarios as well as modeliag th
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