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

Paolo Casari⋆, Marco Levorato⋆, Daniele Mazzi⋆ andMichele Zorzi⋆‡
⋆Department of Information Engineering, University of Padova, Italy.E-mail: {firstname.lastname}@dei.unipd.it

‡California Institute of Telecommunications and Information Technology, UC San Diego, USA

Abstract—In this paper we investigate the effects of different
routing choices in a MIMO ad hoc network. The MIMO physical
layer provides a number of degrees of freedom that a correct protocol
design could exploit to the network’s advantage. To illustrate this
point, we compare two approaches. The first is fixed shortest path
forwarding, with routes computed a priori. The second involves a
dynamic relay choice based on a specific metric. This metric has
been designed to yield an overall assessment of the relay’s ability
to forward packets. A key point of our design lays in its cross–
layer nature, that allows to harvest the advantages coming from the
interaction of the physical layer and the upper layers. To this end,we
propose here a technique to track the receive capabilities of eligible
forwarders so as to avoid that they become overloaded and unable
to demultiplex superimposed waveforms. We carry out a detailed
performance evaluation to assess the improvements provided by our
solution with respect to the baseline shortest path routing protocol,
and conclude that a standard design paradigm, that splits routing
and lower-level protocols, severely limits performance.

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

I. I NTRODUCTION

Ad hoc networks are collections of radio terminals that perform
packet-radio communications through a shared radio channel,
without the mediation of any infrastructure. Even though com-
pletely ad hoc networks are not yet widespread, infrastructured
wireless networks (as epitomized by the IEEE 802.11 proto-
col [1]) are now part of many people’s everyday life. Thus,
how to improve radio access proficiency and to make available
a larger communication bandwidth and bit rate are currentlyhot
research topics. Recently, multipacket reception (MPR) inad hoc
networks has emerged as an important enabling technology to
improve the communication efficiency by reducing congestions
and traffic bottlenecks in wireless networks. MPR allows the
receptions of multiple packets in parallel over the same radio
channel. There are a number of techniques that can be em-
ployed to superimpose multiple packets. For example, different
CDMA waveforms could be assigned to different users, having
the receiver separate them [2], [3]. Alternatively, or in addition,
signal processing techniques that involve the use of antenna arrays
could be applied to demultiplex superimposed signals [4]. In
this second case, the system is also defined as Multiple Input–
Multiple Output (MIMO). While MIMO systems are not neces-
sarily coupled with CDMA, the use of both may prove to be very
helpful, depending on incoming traffic conditions. For example,
consider a a V-BLAST system [5], where multiuser detection is
performed through successive interference cancellation [6]. The
use of CDMA yields additional degrees of freedom, allowing
to demultiplex a number of incoming signals that would not be
separable otherwise using MIMO or CDMA alone.

In this paper, we focus on a MIMO–CDMA multihop ad
hoc network. We deploy a cross–layer design that involves the

This work is supported in part by the U. S. Army Research Office under MURI
grant # W911NF-04-1-0224.

Medium Access Control (MAC) and physical (PHY) layer, and
compare different routing solutions over such a network. Our
primary aim is to show how routing impacts this kind of network,
and to show how a correct cross–layer design can manage
link activation and data reception according to both PHY re-
quirements and routing needs, ultimately improving performance
substantially. In fact, the design of routing in MIMO networks
is different with respect to standard ad hoc networks. MIMO
yields potentially large communications benefits, thanks to spatial
diversity, spatial multiplexing, and interference cancellation at the
receiver. However, these benefits require proper protocolsto be
fully exploited. For example, a number of tradeoffs arise,e.g.,
between the amount of transmit antennas in the neighborhoodof
a receiver, and the protection that receiver will achieve against
interfering transmissions [7]. Similarly, when employingmore
transmit antennas under a global transmit power constraint, the
expected reach of the transmission decreases, thus increasing the
number of hops that would be required on a multihop path.
In this paper, we address these tradeoffs through the designof
a proper routing protocol that takes more advantage of MIMO
communications. Our solution is compared to a baseline shortest
path forwarding strategy by means of extensive simulation results,
in order to assess the improvements granted by our specific
protocol design.

II. RELATED WORK

Protocol design for MIMO ad hoc networks constitutes an
emerging topic that is currently being investigated by a number
of research groups. Since the effort is still in its infancy,the main
research direction stems from the work on the characterization of
MIMO links, and tries to apply this knowledge to ad hoc networks
in an efficient manner [8]. For the same reason, there is currently
little work on routing in MIMO ad hoc networks. However, some
contributions have provided first insights into the topic.

A graph theory approach is used in [9] to find a transmission
schedule in the network that maximizes the utility of MIMO
features such as spatial multiplexing and interference suppression.
In [10], the authors investigate optimum link schedules that
carry flows in a multihop network at the requested rate, under
throughput feasibility and minimum power constraints. Thework
in [11] is also based on joint power control and routing. and
focuses on the allocation of channel bandwidth to each node
on a multihop path, when using orthogonal channels for each
active link. Along the same line, [12] explores a joint routing
and link scheduling optimization to find the optimal tradeoff
between energy and latency. A clustered MIMO ad hoc network
is considered where nodes in the same cluster cooperate in
communications. The work in [13] presents a simulation study
of the tradeoff between spatial multiplexing and spatial reuse
for varying number of antennas. The study considers the joint
effect of multiple network parameters such as hop length, node
density and transmission range, yet assumes channel knowledge
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at the transmitter, which may be unrealistic in some scenarios.
An interesting work on MAC and routing in MIMO networks is
found in [14]. There, the authors extend an 802.11-like protocol
to exploit spatial diversity through space–time codes [15], and
analyze the impact of MAC on routing by evaluating the relation
between incurred delay and per-hop advancement.

These papers are interesting in that they assess many problems
and challenges related to the design of MIMO ad hoc networks.
Still, there are no works to date that present a full solutionfor
cross–layer networking in this scenario. Our purpose is to draw
some conclusions on the way routing protocols affect MIMO
networks, and how they should be designed to yield acceptable
performance.

III. SYSTEM DESCRIPTION

In order to maintain the paper self-contained, in this Section we
provide a brief overview of the detection algorithm at the physical
layer. As the main focus of our work is on the interactions between
MAC and routing protocols, these interactions will be discussed
to a broader extent. The interested reader is referred to [16], [17]
for a more thorough discussion on PHY details.

In our network, each terminal is equipped with multiple anten-
nas. During a transmission phase, each node divides the packets in
packet data units (PDUs) of fixed length. Each node has a unique
spreading sequence that is used to construct CDMA waveforms
for all PDUs. Each CDMA PDU is then simultaneously transmit-
ted through a different antenna, one PDU per antenna, using the
well known V–BLAST algorithm [5]. In general, a receiver hasto
demultiplex a number of superimposed PDUs, possibly coming
from different transmitters. We assume that each PDU contains
a training sequence that the receiver can use to estimate channel
effects as the signals propagate from the transmit antennasto
each of its receive antennas. Furthermore, we assume that channel
effects are constant through the whole transmission of the PDUs.
The standard V–BLAST algorithm is adapted to exploit CDMA
signals as in [6]. Briefly, after applying a space-code-matched
filter to the received signals, the detection process consists of
subsequent steps. At each step, the most powerful signal still to
detect is selected, and proper weights are chosen that allowto
isolate that signal among all received signals according tosome
criterion, such as zero forcing. Then, the signal is detected and
canceled from the overall received signal. This process continues
by selecting progressively weaker signals until all are detected.

A PHY such as the one described before has MPR capabilities
that can be proficiently exploited, in order to receive wanted
packets while still protecting them from strongest interference
(that should be detected and canceled, instead). As a node has
limited channel estimation resources, it is very importantto
choose a suitable subset of signals to detect and/or cancel.The
MAC protocol components have the twofold purpose to favor this
choice while still enforcing simultaneous channel access,so as to
exploit the MPR at the receiver. To this end, we assume that
all nodes communicate over subsequent frames, and that they
are frame-synchronous. Each frame is divided into four slots,
a Request-To-Send (RTS), a Clear-To-Send (CTS), a data, and
an acknowledgment (ACK) slot. Unlike in 802.11, RTSs and
CTSs are not used to set up links while blocking neighboring
transmissions, but instead to pass information about transmission
requests to the neighbors. While the data and ACK phases are
straightforward (all PDUs allowed by CTSs are transmitted and
their correct reception confirmed, respectively), the RTS and CTS
phases require a specific policy to properly drive channel access.

A. RTS policy

The RTS policy is required to enforce transmission parallelism
without overloading a link with too many simultaneous signals.
To this end, each neighbor is assigned a “class,” namely the max-
imum number of antennas that can be used when transmitting to
a set of nodes including that neighbor, in order to guaranteesome
minimum prescribed performance. The choice of the class canbe
based on various considerations involving,e.g., the distance of
the node and the history of the probability of error over thatlink.
We will elaborate more on this point later: for now we assume
that the class of each neighbor is known. When forming an RTS,
a transmitter scans its backlog, to read the destination andthe
number of PDUs left to transmit for that packet. Iteratively, the
transmitter checks if transmitting the required PDUs violates any
constraint posed by the class any other node addressed by the
RTS. If at least a subset of these PDUs can be transmitted, the
sender writes a request to the destination node for the specific
number of PDUs in the RTS message; otherwise it leaves the
packet in the queue for a later attempt. The RTS composition
ends when adding further requests would exceed a class limit.
For example, if the RTS currently contains a request for 4 PDUs
toward a class 8 neighbor, the transmitter is allowed one more
simultaneous request for up to 4 PDUs toward another class 8
neighbor. Conversely, in the same conditions, it cannot transmit
any PDU toward a class 2 neighbor, because the number of PDUs
requested to the first one (4) exceeds the class of the latter (2).

B. CTS policy

Typically, MPR capabilities at the receiver allow the correct
detection of a number of RTSs, because these packets are small
and transmitted at full power using one antenna. This endowsthe
receiver with some knowledge of neighboring transmissions, so
that it can choose what to grant or block (among the requests
directed to itself) and what to defend against (among interfering
transmissions that could take place). To make a proper decision,
the node must also consider thati) it has limited channel estima-
tion capabilities (for PDU detection and cancellation), and ii) that
it cannot block transmissions directed toward somebody else. The
way these decisions are made is a CTS policy. A convenient way
to grant transmissions is the “follow traffic” (FT) policy [17],
which requires the node to grant at least one request directed
toward itself, and to consider the remaining requests in order
of decreasing received power. Basically, if the request is meant
for the node, it grants it in the CTS, otherwise the node pre-
allocates channel estimation resources needed to detect and cancel
the signal, as it will be a potentially powerful interferer.This
process goes on until there are either no more requests, or no
more channels can be estimated, and the CTS is sent thereafter.

After all receivers have sent their CTSs, the transmitters send
data altogether according to the information contained in the
CTSs, and wait for an ACK by the receiver to confirm a correct
data reception on a per PDU basis. In case no CTS is received, or
some of the addressed destinations have not sent a CTS, a backoff
policy is applied. This is necessary to avoid useless persistence
in channel access, and allows a possible local congestion near
the receiver to be solved before trying again. We consider two
different backoff policies. The first one, Node–Lock, is more
conservative as it blocks all transmissions toward any other node.
The second one, Dest–Lock, blocks transmissions toward theonly
neighbor that did not send the CTS, and is thus more aggressive.
In either case, the duration of the backoff is a number of frames
uniformly distributed in the interval[1, Bmax ], where Bmax

increases exponentially in the number of subsequent failures.
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IV. ROUTING

Before proceeding with considerations on routing performance
on this MIMO ad hoc network, let us sum up the main features
that affect (or are related to) routing. Firstly, all protocols en-
courage spatial multiplexing, to exploit MPR capabilitiesat the
physical layer. There are three kinds of limits to transmissions:
the class of the neighbors, which bounds the maximum spa-
tial parallelism during a data exchange; the CTS policy, which
controls traffic based on throughput, power and interference; the
backoff policy, which defers transmission directed to someor all
neighbors. These control mechanisms are indeed necessary [7], [8]
to ensure link reliability, yet they may interfere with commonly
used routing algorithms if they are straightforwardly applied to a
MIMO system.

Routing needs are different than in single-user detection wire-
less networks. For instance consider a local congestion in a
certain part of the network. The FT algorithm would control
traffic and allow data to get through even in the presence of
strong interference, but at the price of an actual shortening of
the transmission range. Recall that FT basically drives signal
detection in order of decreasing received power. This meansthat
pursuing shortest path routing, whereby a packet travels a long
distance on a single hop, may not be the best policy. In fact, long
distance signals bear a lower power and might suffer from less
frequent transmission opportunities and longer delays dueto the
way FT operates.

While this is just an example of a critical situation, it conveys
the main concept behind a correct routing algorithm,i.e., the need
to make routing decisions based on parameters measured at the
PHY and MAC layers (and/or their history). Suppose that a node
knows its neighbors. In our MIMO ad hoc network, MPR of
RTSs over the initial part of a frame allows to understand which
neighbors are transmitting and which are free. Then a node can
choose, among the free ones, the neighbor that would offer the
best “utility” if relaying the message. To this end, it is a good
choice to mix some relevant metrics such as link reliability, actual
advancement, capability to serve the packet (e.g., long or short
queue) and so forth. We choose a mix of four utility figures.
Let N be the set of neighbors of the transmitter that are free
during the current frame. Calli ∈ N one of the neighbors and
let ξi =

dS,D−di,D

ds,D
be the advancement provided byi, i.e., the

distance reduction thati would provide, normalized to the distance
between the source S and the destination D. Let alsoci be the
class of nodei (the maximum number of antennas allowed when
transmitting to a set of neighbors that includesi). Finally, let qi

andbi be i’s queue level and residual backoff timer, respectively.
While it is assumed that the nodes know their own distance and
the destination’s, all other information is kept updated byreading
the content of correctly received signaling messages. The overall
utility yielded by the choice of a neighbori is then computed as

U(i) = α1fξ(ξi) + α2fc(ci) + α3fq(qi) + α4fb(bi) , (1)

where the functionsfξ(·), fc(·), fq(·), andfb(·) can be tuned to
properly account for each parameter and are assumed to return
a value in the interval[0, 1], where1 is best. A specific choice
for these functions will be given in section V-A. All functions
are accounted for inU(i) through a convex combination with
coefficientsαj , i.e. 0 ≤ αj ≤ 1 and

∑
αj = 1. It is important

to jointly account for all these metrics in order to conjure up
a complete picture of the relay’s status at a glance. A correct
balance between the four weights allows to choose a relay that
has desirable features when routing in our MIMO network. For
example, choosing only based on advancement tends to create

shortest paths, but the receivers will have to handle low power
signals that the FT policy will most likely block. On the other
hand, routing only based on the queue or the backoff timer of
the relay, without considering advancement, would let the packet
enter loops. It is also important to account for the capacityof the
link, a measure of which is provided by its class. In fact, theclass
is dynamically updated based on the relaying performance ofthe
neighbor, and higher classes tend to represent less loaded and
more reliable nodes. All of these considerations should be kept
in mind when designing the class update policy and the function
fc(ci), whose details for our setting are given in Section IV-A.
Finally, the queue level and the residual backoff timer are a
measure of the “ability” of the relay to further forward the packet
(the longer the queue and backoff, the longer the delay incurred).

A. Class update scheme

The definition of a node’s class is one of the elements that
tightly binds our MAC and PHY layers, and therefore deserves
deeper attention. Recall that by class of a node we mean the
maximum number of antennas allowed when transmitting to
a set of neighbors which includes that node. The reliability
and efficiency of a transmission critically depend on the class.
Overloading a link that is incapable of supporting high spatial
multiplexing generates errors, and underutilizing a potentially
good link limits throughput. There is also an important interaction
with FT. If many transmissions take place on high-class links,
generally the number of requests will be high, thus FT will try to
protect wanted data from interference by granting transmissions
to only a few senders. If everybody does that, only a few CTSs are
sent, and throughput is limited as well. The main message, here,
is hence that we need to balance the link classes correctly and
keep them updated. A good way to do this is to allow the class
to take values in a limited set,e.g., C = {2, 4, 6, 8}, where class
1 is not chosen in order to enforce spatial multiplexing. Given a
neighbori, the class value is derived by tracking the success ratio
(or reliability) over the link towardi, according to the first-order
recursive formula

r′i = an
(a)
i /ci + (1 − a)ri , (2)

whereni is the number of correctly received PDUs among those
sent to i, and ci is the currenti’s class. This value is then
compared to two thresholdsTd and Tu. If r′i < Td the class
is decreased to the next smaller value inC. Conversely, ifr′i
exceedsTu, the class is increased to the next greater value. Note
that, callingn

(s)
i the number of PDUs sent toi, the n

(a)
i /ci can

also be written asn(a)
i /n

(s)
i · n

(s)
i /ci, i.e., as the success ratio of

the transmission toi times the ratio of the sent PDUs to the node
class (i.e., the actual “use” of the class). This way, the class of a
node is likely to be reduced even if the class itself is underused
due to a limited number of grants by FT. In turn, this preventsthe
FT drawback detailed before, whereby too many nodes requirethe
transmission of too many PDUs and FT allows just a few grants
to prevent interference, ending up limiting throughput as well.

V. RESULTS

A. Simulation setting

In order to evaluate the performance of the dynamic routing
solution outlined in section IV, we arrange 64 nodes in an8 ×
8 square grid, where the distance between nearest neighbors is
25 m. Each node is equipped with an array of 8 antennas. All
antennas are used during reception, whereas transmissionsare
performed with as many antennas as needed to send the PDUs
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Figure 1. One-hop throughput vs. traffic for static shortestpath routing, for both
Dest–Lock and Node–Lock.

granted by the received CTSs. Unless otherwise specified, traffic
is generated according to a Poisson process with parameterλ
packets per second per node. All nodes can generate traffic. Each
packet is composed ofk 1000-bit PDUs, withk uniformly chosen
in the set{1, 2, 3, 4}. For each generated packet, the destination
is randomly chosen to be one of the other nodes in the network.
The packets waiting to be transmitted are temporarily stored in a
queue that can hold up to 512 1000-bit PDUs. Furthermore, one
half of the queue is reserved for packets coming from other nodes
to be relayed, so that there is always a certain amount of resources
devoted to the routing process. The other half is general-purpose,
i.e. it can be used for both node-originated packets and for packets
to be relayed. Packets that cannot be successfully transmitted are
dropped from the queue after a timeout interval.

All communications take place according to the frame struc-
ture described in Section III. The length of all signaling
packets is fixed to 200 bits. During the RTS, CTS and
ACK phases, the signaling packets are sent using one an-
tenna (each node sends one cumulative packet containing all
requests/grants/acknowledgments). This minimizes the number of
packets sent per node while keeping the transmit power high,so
that there is a high probability that all signaling messagesare
correctly received. Moreover, recall that the data phase involves
the parallel transmission of multiple PDUs, each sent through one
antenna. The length of a PDU is fixed to 1000 bits, hence the data
phase length is fixed as well.

The channel estimation process required to correctly detect
spatially multiplexed signals is carried out using a limited amount
of estimation resources. More specifically, each node can estimate
at most 32 different training sequences. That means that it can (try
to) detect at most 32 signaling packets coming from the closest
32 neighbors, or 32 PDUs during the data transmission phase.As
described before, the FT policy is in charge of choosing which
PDUs are worth being detected among the requests presented in
the signaling messages.

The different routing approaches that we compare in the
following involve a shortest-path routing algorithm and a dy-
namic relay selection algorithm. The shortest path routingis
meant as a baseline for the comparison. In this case, the paths
are pre-calculated using the Dijkstra algorithm, with physical
distance as the link weight. For the dynamic selection, we
apply the considerations in section IV. More specifically, we
set the normalizing functions in (1) as follows. Given a node
i ∈ N , whereN is the set of neighbors of the current sender,
fξ(ξi) = ξi/maxj∈N ξj , fc(ci) = ci/8 (8 is the maximum node
class),fq(qi) = ρ cos2(2πqRi

/256) + (1 − ρ) cos2(2πqNi
/256)
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Figure 2. End-to-end throughput vs. traffic for static shortest path routing, for
both Dest–Lock and Node–Lock.

(where qRi
and qNi

are the level of the reserved and general-
purpose queue, respectively, andρ = 0.75 to favor the routing
process1). Note that we have warped the information on the
queue length through a square cosine function. The reason is
that relays with a low number of packets in queue are typically
as able to forward packets as well as nodes with an almost
empty queue. Hence we wish to give a higher penalty to full
queues (that cause longer delays) while considering empty or low
queues almost equivalent. Finallyfb(bi) = 1 − bi/maxj∈N bj ,
and the thresholds for increasing and decreasing the class have
been set toTu = 0.75 andTd = 0.25, respectively. The weighing
scalars for the four functions have been set to{α1, α2, α3, α4} =
{0.4, 0.2, 0.25, 0.15}. The values aim at balancing the involved
factors according to the observations in section IV, and have been
derived through extensive simulations.

B. Static shortest-path routing

Let us now consider the static routing scenario where all paths
are pre-computed, and each hop travels the farthest possible
distance. The first result we present in Figures 1 and 2 is an
evaluation of local (i.e., 1-hop) and end-to-end throughput for the
two different backoff techniques discussed in Section III.Our
purpose here is to show the benefit yielded by the automatic
update of the classes with respect to a system that blindly assumes
that all neighbors have class 8. First, note that the introduction
of a dynamic class update is definitely beneficial for both local
and end-to-end throughput. No path is being updated here (recall
routing paths are pre-computed). Simply, each transmittertracks
the changes in the reliability of the links according to (2),and
updates the class.

The first thing to note is the difference among the two backoff
policies. Dest–Lock reaches a higher throughput than Node–Lock,
both local and end-to-end. Moreover, Node–Lock’s throughput
decays when congestion builds up, whereas Dest–Lock’s tends to
remain stable. The reason behind this is that Node–Lock refrains
from all transmissions at the first error that takes place. While
a node cannot transmit, it can still receive and generate packets,
thereby increasing its queue level. If subsequent backoffstake
place, the node gets rapidly congested, and in particular all the
paths that get through it undergo a great performance decrease.
The static routing protocol considered here does not help atall
to relieve this situation. This throughput performance is coun-
terintuitive, as one would expect that an aggressive transmission

1This value has been chosen through extensive simulations to yield good relay
choices in our scenarios.
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Figure 3. Average number of PDUs sent per frame, for both Dest–Lock and
Node–Lock.
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Figure 5. End-to-end throughput with dynamic and static relay selection under
correlated traffic.

policy performs worse. Let us explain this result with the help of
Figures 3 and 4, that represent the average number of PDUs sent
per frame and the average success ratio, respectively. FromFig-
ure 3 we can see that Dest–Lock, on average, sends more PDUs
per frame than Node–Lock, which is expected. Also, assuming
that all neighbors have class 8 also increases the number of
transmissions. Figure 4 suggests that the class update is beneficial
from the point of view of success ratio. Regardless of the backoff
policy, a dynamic class update keeps the success ratio consistently
above90%. Otherwise, it would drop, and even more dramatically
for Node–Lock. The counterintuitive result, here, is that Node–
Lock experiences a lower success ratio, even though fewer PDUs
per frame are sent. To explain this fact, recall that with Node–
Lock, the nodes exiting backoff can transmit to any neighbor.
Since they keep receiving while in backoff, they will have more
traffic to handle when they can transmit again, and are thus more
likely to inject more requests at once in the network. Especially at
high traffic, the nodes tend to back off more often, thereforethe
overall number of PDUs sent is kept small, as seen from Figure3,
and many transmissions are granted. However, due to shortest
path routing, many of these transmissions are performed towards
far nodes, and thus bear a low power and are more difficult to
detect. This is confirmed by the success ratio trends in Figure 4.
The situation gets worse as traffic increases, because the nodes
stay more in backoff, which keeps the throughput low. Since this
does not improve the link reliability, the class update policy tends
to decrease the class of the neighbors. In turn, this significantly
improves the reliability (roughly from62% to 93% at high traffic),
but limits transmissions and keeps the throughput very low,even
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Figure 4. Average success ratio for a PDU transmission, for both Dest–Lock
and Node–Lock.
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Figure 6. End-to-end throughput with dynamic and static relay selection under
uniform traffic.

slightly worse than with the non-updating policy.

C. Dynamic relay selection and correlated traffic generation

The previous study suggested that class updating is a convenient
transmission control element, and that the Dest–Lock policy
performs better than Node–Lock in a routing scenario. Hence,
we will consider only the former in the forthcoming study. The
purpose of this section is to show the impact of a different
forwarding scheme where the relay is dynamically chosen. In
particular, we wish to carry out this comparison in a more general
scenario, where the traffic is not uniform. This case is more
realistic as traffic is usually generated on-demand, for example
when new data sessions are opened. Furthermore, it is a better
test for our adaptive routing protocol and class updating policy,
that should help redistribute high volumes of traffic when they
are injected in the network.

We considered the correlated traffic model presented in [18],
that is described as follows. Each node is assumed to have a
number of open data sessions. Each session generates a number
of flows, each being formed by a certain number of packets.
The model assumes that the sessions are created according to
a Poisson process with rateλs. Sessions begin at the time they
are created, and finish when the last packet of the last flow has
been generated. The number of flows belonging to a session is
assumed to be a random variable with geometric distribution
and averageNf . All flows are generated as time elapses in
accordance to another Poisson process with rateλf . Similarly,
each flow originates a random number of packets, with geometric
distribution and averageNp, which are generated according to a
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Figure 7. Average end-to-end delivery ratio for one PDU under correlated traffic.

Poisson process with rateλp. The average packet generation rate
is thusλ = λsNfNp. Whenever a node starts a new session, a
recipient is randomly chosen among the other network nodes.This
recipient will be sent all packets originated within the session. For
our study we have chosenλf =2, Nf =2, λp =20, Np = 5. This
makes sessions bursty, requiring the nodes to make full use of
their forwarding capability in order to send data efficiently.

The first results are shown in Figures 5 and 6, that depict the
average end-to-end throughput comparing static (shortestpath)
and dynamic relay selection, under correlated and uniform traffic,
respectively. The selection of a different relay yields a substantial
benefit in the correlated traffic scenario. In fact, choosinga
different relay each time ensures that the packets can be directed
toward more convenient network regions, where the nodes have a
higher probability to forward them further toward the destination.
The adaptivity allows to process even bursty traffic volumes. The
advantage is less visible under uniform traffic, where all nodes are
almost equally loaded, and the metric for relay selection islikely
to perceive the same utility for all neighbors. The use of dynamic
path selection leads to better network connectivity, because more
packets are preserved as they travel longer routes. Figures7 and 8
also support this claim by showing the average end-to-end success
ratio and the number of PDUs received after more than one hop
respectively. In this case we consider only correlated traffic. In
both cases, the use of dynamic relay selection allows more data to
get through. For example,10% more packets can correctly reach
the destination, as the number of PDUs that travel more than one
hop at high traffic is increased of1.5.

VI. CONCLUSIONS

In this paper, we have discussed the issues and tradeoffs
that arise when designing routing protocols for MIMO ad hoc
networks. We have compared a dynamic relay selection approach
to a baseline shortest path strategy. From the presented results,
we can conclude that an adaptive policy that chooses relays
dynamically and tunes their class (i.e., allowed level of spatial
multiplexing) yields better results in our MIMO ad hoc network.
In fact, the complexity of such a setting can be more profitably
controlled through a cross-layer design of the various components.
For this reason, a straightforward use of fixed shortest pathroutes
has proved to be a working, but ineffective solution. The adap-
tive forwarding policies offer better performance becausethey
can harvest network resources more efficiently by conveniently
redistributing traffic over the nodes.

Future work on this topic includes an evaluation of routing
performance in more complex scenarios as well as modeling the
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Figure 8. Average number of PDUs received after more than one hop under
correlated traffic.

performance of MIMO routing protocols under imperfect channel
estimation.
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