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Abstract— In this paper, we consider a layered space–time
multiuser detection technique and propose an analytical approx-
imation for its performance. Our work is useful in two different
stages of network design. On one hand, the approximation may
be used to evaluate the bit and packet error performance of
communications among a group of terminals making use of
multiuser detection. On the other hand, it can also be seen
as a very valuable tool from the networking point of view, as
it may help in designing radio access control protocols based
on multiuser detection, as analytical formulas are very fast to
evaluate, in contrast to bit–level simulations that may need a
long time to complete. Thus, an analytical formulation is impor-
tant, because it helps discriminating among different protocol
alternatives, speeding up considerably the protocol design phase
and the development of new radio access policies for multiuser
networks.

I. INTRODUCTION

S INCE the early pioneering studies on Multiple–Input–
Multiple–Output (MIMO) techniques for radio commu-

nications [1], the research efforts in this field have grown
at a very fast rate. The MIMO approach to the wireless
communications scenario paves the way for a number of
improvements, such as a great increase of the raw available
bit rate in a single–link connection, interference suppression
capabilities, new techniques for multiuser detection, etc. As per
the first of these, which had proved to be a very challenging
issue in radio digital transmission before the introduction of
such technologies, MIMO has been defined as the “key” to
enable gigabit–per–second wireless links [2].

MIMO systems are realized by embedding multiple antennas
in communicating terminals. With more than one antenna
available, each terminal may exploit an increased number
of degrees of freedom, that in turn enable the previously
listed advanced communication features. For instance, when
establishing a link with another terminal, a transmitter could
decide to split its data, forming a set of shorter streams.
Each stream is associated to a different antenna, and then all
streams are transmitted simultaneously — a technique known
as spatial multiplexing [2]. Since each antenna transmits
shorter sequences, the overall transmission takes a shorter
time to complete, thereby allowing for higher bit rates. At the
receiver side, this generates a spatial superposition of as many
symbols per symbol time as the used transmit antennas, so
that the receiver needs some algorithms that allow for symbol
separation and detection. The well–known V–BLAST scheme
[1], [3] is the first one designed for such a purpose. Other

schemes rely on more advanced mathematical processing of
the receiver antenna outputs [4] to detect symbols, and then
cancel their interference over the other superimposed ones,
so as to globally improve the probability of correct detection.
These techniques require the presence of multiple antennas
at the receiver: as a general rule, the higher the number of
available antennas, the better the decoding performance.

Recently, there has been increasing interest in the appli-
cation of MIMO techniques to ad hoc networks. Ad hoc
networks are collections of terminals linked together by means
of packet radio communications only, without any underlying
infrastructure and with no need for supervision by an external
network operator. This kind of network offers great flexibility
during the deployment phase, allowing for a fast and cheap
network setup, and may represent the only affordable solution
in certain scenarios (such as battlefields, natural disaster re-
covery, data sharing during business meetings, etc.). Ad hoc
networks feature a great ease of access (typically plug–and–
play–style) and are a very likely means of offering advanced
and more complex services to mobile users in the near future.

Ad hoc networks are impaired by some technical limitations
that arise due to the wireless propagation of transmitted sig-
nals. A well–documented problem is for example the “hidden
terminal” [5], [6], a primary cause of “collisions” at receiving
stations: being unable to hear each other’s transmission, two
nodes may transmit to the same receiver simultaneously result-
ing in discarding both packets. Furthermore, radio links need
to be operated at the proper data rate in order to be reliable.
Even if the IEEE 802.11a protocol for wireless networks
enables high data–rate communications, up to 54 Mbps [7],
such speeds are achievable only at very short distances.

In order to alleviate the problems that arise in data com-
munications over unreliable radio links, ad hoc nodes may be
equipped with multiple antennas. The MIMO technology, in
particular, may be applied to obtain more reliable links as well
as a higher transmission rate at longer distances [2].

However, from the point of view of the mathematical
characterization and simulation (and hence from the point
of view of protocol design), the algorithms typically used
as part of MIMO techniques are often mathematically quite
involved, and it is all but simple to embed them in network
analysis. Simulation is possible in principle, but when com-
bining the bit–level time scale (needed to simulate MIMO
receiver processing) with that on which network protocols
typically operate, obtaining good statistical results becomes
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computationally very demanding.
In order to alleviate the task of reproducing every single

MIMO transmission and reception step, two approaches may
be followed. The first is to use approximations of the overall
“gain” (over traditional links) that could be obtained when
operating MIMO links. This is a viable solution, but may lead
to some unwanted oversimplification and to results that may
not be completely meaningful. The importance of a good and
realistic physical model when assessing ad hoc networking
issues has been stressed in the recent literature (e.g., see [8]).
The second option is to develop approximate formulas for
the whole process involving spatial superposition, interference
cancellation, and any other MIMO feature that takes part in
the symbol transmission and detection phases, rather than just
reducing it to a simple global gain factor. Such formulas would
have to be fast to evaluate, while being able to reproduce the
real behavior of the implemented technology with sufficient
precision.

To this extent, we build a novel analytical framework for the
analysis of the layered space–time multiuser detection (LAST–
MUD) technique proposed in [4]. Besides being a technical
contribution in itself, this approximate approach is then used
to derive network protocol performance results in a much faster
way than would be allowed by bit–level simulation.

Our paper is organized as follows. A description of the
system model is carried out in Section II and is followed by
the developed analytical models in Section III. In Section IV,
we compare the analytical results with the corresponding sim-
ulations of the described system. Finally, Section V concludes
our paper.

II. SYSTEM DESCRIPTION

Here we briefly summarize the decoding process at the
physical layer and its mathematical model. Full details can
be found in [4].

Consider a packet radio network in a rich scattering environ-
ment. Nodes in the network have multiple antennas, that are
used to exploit the fading process and to improve the available
bit rate by means of spatial multiplexing [2].

We assume that each user may choose a subset of an-
tennas for spatially–superimposed transmissions (depending
for instance on traffic needs), but constrain the number of
transmitted bits per antenna in a packet to be a constant,
say 1000 bits per antenna (each 1000-bit block transmitted by
one antenna will be called “stream” in the following). This
simplifying assumption is made here for ease of notation,
but it is by no means critical and may be removed to take
into account the simultaneous transmission of packets having
different lengths.

Spatial multiplexing needs symbol–by–symbol decoding.
In particular, the receiver separates the incoming signals by
means of a decorrelating layered space–time signal processing
technique [4]. Suppose that K transmitters, k = 1, . . . ,K, are
sending data to a receiving node, each transmitter employing
uk antennas. The total number of streams to be detected is
given by U =

∑K
k=1 uk. Then, let b = [b1, . . . , bU ]T be

the U -length column vector where each element is a symbol
coming from one of the U transmitting antennas, and T denotes
transposition.

As signals propagate from the transmitting antennas to the A
antennas of the receiver, they undergo fading effects and path
losses. We assume frequency–flat Rayleigh fading as a good
model for the rich scattering network environment cited before,
so that channel gains may be described by an A×U matrix H
with zero–mean circularly Gaussian complex entries ha�. The
variance of each entry is determined by the per–stream path
loss.

Assuming perfect channel estimation and symbol synchro-
nization, the receiver processes antenna outputs on a symbol
time basis, in order to extract sufficient statistics that enable
spatial de–multiplexing. Let ha = [ha1, . . . , haU ] be the a-th
row of matrix H, and write the received signal as ra =
hab + na, where na is the noise sample at the a-th antenna,
modeled by a zero–mean complex Gaussian random variable
with variance σ2. Note that the product hab outputs a scalar.
The received signal at antenna a can be written as

ra = hab + hint
a bint + na , (1)

where we also explicitly accounted for an unestimated interfer-
ence term coming from symbols bint, with hint

a representing
associated channel gains as seen from antenna a. The sufficient
statistics for extracting signals is then given by [4]

m =
A∑

a=1

h†
ara = Rb + n + i (2)

where R =
∑A

a=1 h†
aha is the U ×U space cross–correlation

matrix, n =
∑A

a=1 h†
ana is the filtered Gaussian noise vec-

tor with covariance σ2R, and † denotes complex transpo-
sition. Space–matched filtering also acts on the previously
described unestimated interference, so that a contribution i =∑A

a=1 h†
ah

int
a bint is present in m. The explicit modeling of a

pure interference term is important point in an ad hoc scenario,
as terminals may have different capabilities, and therefore
may only be able to decode a limited number of signals, or
they may decide to reduce the processing complexity when
possible (e.g., in order to save energy), neglecting low–power
interference in the decoding process.

Furthermore, since processing real correlation matrices
yields a decoding benefit in terms of higher effectiveness, we
extract the real part of R prior to calculating the sufficient
statistics. This forces to use real signal constellations. In the
following, we shall therefore write R, with the understanding
that it means Real[R].

The receiver successively performs the detection of the
streams and, upon each detection, the interference due to the
already detected users is removed from the received signal. The
order in which users are detected and cancelled is based on
their Signal–to–Noise Ratio (SNR). Let us indicate with R(i),
i = 1, . . . , U −1 the (U − i+1)×(U − i+1) cross correlation
matrix before the detection of the i-th ordered user. We also
set R(1) = R (as previously defined) for the first detection.

The user with the highest SNR at the i-th detection stage
is selected for processing by the receiver. Assuming that the
receiver does not know the statistics of i, the user index is
obtained as

ki = arg max
j

σ2
bj

σ2 [R(i)+](j,j)
, (3)
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where R(i)+ is the Moore–Penrose pseudoinverse of R(i)
[9], and σ2

bj
= E[b2

j ]Pj , with Pj representing the transmission
power level of the j-th stream.

The detection of user ki is performed by first weighing the
elements of the sufficient statistics at step i, m(i), with a set
of coefficients given by the ki-th column of R(i)+, namely
w(i) = [R(i)+]ki . This choice of the weight factors minimizes
the interference due to users ki+1, . . . , kU .

The sample b̃ki
is finally obtained as

b̃ki
= w(i)†m(i) (4)

and passed through a hard detector, which provides the symbol
estimate b̂ki

.
Prior to the following detection step (i + 1), user ki’s

interference is removed from the received signal and the
sufficient statistics vector, yielding [4]

r(i + 1) = r(i) − Hki
√

Pki
b̂ki

m(i + 1) =
A∑

a=1

ha(i + 1)†ra(i + 1) (5)

where r = [r1, r2, . . . , rA]T , b̂ki
is the hard–detected bit

belonging to user ki and Hki is the ki-th column of the matrix
H. We set r(1) = r, ha(1) = ha, m(1) = m and obtain the
next step channel vectors ha(i + 1) by striking out the ki-th
entry of ha(i) and the correlation matrix R(i + 1) by striking
out both the ki-th row and the ki-th column of R(i).

III. PERFORMANCE ANALYSIS

A. Gaussian approximate analytical approach

In this analysis we include both the effects of imperfect
detection and the interference coming from undetected nodes.
Let N be the set of users to detect and denote the set of already
detected users before stage i as K(i) = {k1, . . . , ki−1} and the
set of unestimated interfering users as I.

We model the residual interference due to previous errors in
the detection process as an additive gaussian signal term, with
zero mean and variance depending on the error rate. A similar
assumption has been, e.g., in [10]. In particular, suppose that
user ki is affected by a bit error rate Pe(ki), which will be
determined in the following. The error signal will be

e(ki) =




0, with probability 1 − Pe(ki)
−2bki

, with probability Pe(ki)/2
+2bki

, with probability Pe(ki)/2
. (6)

Hence, the variance of the interference signal which corre-
sponds to user ki can be written as

σ2
e(ki) = 4σ2

bki
Pe(ki) , (7)

Let γ(ki) be the Signal to Noise and Interference Ratio
(SNIR) in the detection of user ki, Rint =

∑A
a=1 h†

ah
int
a ,

and [ · ]k be the k-th column of a matrix. The SNIR can be
obtained as expressed in (10). There, the numerator accounts
for the post–detection useful signal power, whereas in the
denominator, the first term expresses the effects of space–
matched filtering on thermal noise, the second is the power
of unestimated interference terms, while the third and the
fourth respectively account for average error signal power
due to previous possibly wrong cancellations and for residual
interference due to not yet canceled streams, which could arise
if the receiver tries to separate more incoming streams than
available receive antennas.

From the SNIR, the bit error rate can be obtained as

Pe(ki) = Q
(√

γ(ki)
)

, (8)

where Q(·) is the complementary Gaussian distribution. For
uncoded transmissions, the packet error rate can be easily
derived with the expression

PER(ki) = 1 − [1 − Pe(ki)]PS , (9)

where PS is the packet size in bits. Other expressions, though
more involved, can be similarly used to compute the PER in
the presence of coding.

B. Exhaustive analytical approach

We now develop an alternative way of computing the error
probability that is meant to be exhaustive, yet more complex
from a computational point of view.

We start from the correct detection probability of the first
user. The first user is not affected by error propagation due
to erroneous past detections, and its error probability depends
only on the channel conditions and noise level. Let Pe1 be the
error probability for the first user. For the second user, the error
probability Pe2 is related both to the channel conditions and to
errors in the detection of the first user. In order to estimate Pe2 ,
all possible configurations of wrong and correct detection are
considered, and for each configuration, the SNIR is evaluated.
The process of considering all possible error configurations
and consequent error probabilities is repeated for all users.
We obtain a tree where each node corresponds to an error
configuration of detected users and there are three branches
departing from each node, corresponding to the two error
configurations of a BPSK symbol and the case of a correct
decision.

In [11], we have developed a different approximation based
on the preceding considerations. The aim was to obtain the
system BER by resorting to the error tree exploration, but
also to reduce the exponential complexity of this approach
to a lower level, by pruning those subtrees where the number

γ(ki) =
|w(i)†Rki |4σ2

bki

No

2
||w(i)†H†||2 +

∑
k∈I

|w(i)†Rk
int|2σ2

bk
+

∑
k∈K(i)

|w(i)†Rk|2σ2
e(k) +

∑
k∈N�K(i)

|w(i)†Rk|2σ2
bk

(10)
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Fig. 1. Performance of the Gaussian approach (Section III-A) to LAST–MUD
BER evaluation.

of errors exceeds a threshold (say, �). In fact, if too many
symbols are in error, we can assume that all subsequent
detections have a very low SNR and hence an error probability
close to 0.5. In [11], we set � = 1 and showed that, for
network evaluation purposes, this solution gives very good
BER assessment accuracy up to a certain extent, but tends to
overestimate the PER in some network environments, when
excess unknown interference is present. Later on (Section
IV), we will instead show that the Gaussian approximation
developed in Section III-A is more accurate for the evaluation
of network performance metrics.

In the following, we will describe the BER prediction accu-
racy of the Gaussian approach and compare it with exhaustive
error tree exploration for the sake of completeness.

C. Performance comparison of the approximate techniques

In Figs. 1 and 2 the Bit Error Rate approximation per-
formance of each of the previously described techniques is
depicted. There, the notation (T,R) means that R receive
antennas are used to decode T spatially superimposed streams,
each coming from a defferent user, with each user experiencing
the same received SNR. Note that T may be greater than R:
this fact is to be accounted for in ad hoc networks, where
it is not known a priori how many transmissions would take
place at a given instant. If it should happen, it is known that
more than R incoming streams would make matrix R singular.
The algorithm would then rely on the pseudo–inversion of
the correlation matrix R(i) at each step, in order to obtain
processing weights that maximize the detection reliability.

The approximate procedure reported in Section III-A proves
to be very good for a small number of simultaneous incoming
streams (i.e., 4), while it is less accurate if the number
of streams to decode is increased to 10 (see Fig. 1). This
difference is due to the model considered for the propagation
of detection errors, which are approximated as a Gaussian
contribution in order to be included in the SNIR expression
(10). While this model is very accurate for a small number of
streams, its accuracy degrades (though still being reasonably
good) in the presence of a larger number of signals.

Fig. 2 shows the BER performance obtained via the ex-
haustive method described in Section III-B. In this case, the
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Fig. 2. Performance of the exhaustive approach (Section III-B) to LAST–
MUD BER evaluation.

approximation is more precise as it is able to predict the
BER accurately for all configurations except (10, 6), that is the
most difficult one from the point of view of error propagation
modeling. Indeed, this approximation is closer than the other
to the simulated curve.

Notice that the exhaustive method has a higher computa-
tional complexity, that grows exponentially with the number
of streams, whereas the complexity of the simpler approximate
approach is only linear. Also, the accuracy of the simpler
scheme is already fairly good, and the small improvement
given by the exhaustive search does not seem to justify the
significant additional complexity. For this reason, we will use
the simpler Gaussian approach in our network simulation, as
described in the following Section.

IV. NETWORK PROTOCOL PERFORMANCE RESULTS

In this Section, we discuss the application of the analytical
approximation of Section III-A to the simulation of ad hoc
networks with multiple antennas.

Our protocol is based on a preliminary exchange of control
messages, which we call Request–to–Send (RTS) and Clear–
to–Send (CTS), according to the common 802.11 terminology
[7]. This exchange precedes the actual data packet transmission
phase, which is finally concluded by an acknowledgement mes-
sage (ACK). We organize the handshakes in frames composed
of an RTS, a CTS, a data and an ACK phase. We require
transmitting nodes to be synchronized, so that all packet
transmissions start at the same instant within each phase.
Even though frame–level synchronization may seem a major
drawback of our approach, we stress that i) synchronization
(e.g., slot by slot) is achievable and currently used, e.g.,
in protocols belonging to the 802.11 standards [7]; ii) in
this example, we assume a completely connected network,
where all nodes are within carrier sensing range of each
other, so that synchronization is easier to achieve; finally, iii)
this assumption could be relaxed if nodes hearing the start
of unsynchronized transmissions leave these as part of the
unknown interference term introduced in Eq. (2). Studying the
impact of unsynchronized transmissions on the performance of
this protocol is beyond the scope of this paper, and is currently
being investigated.
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A. Simulation Environment and MAC Policies

We assume a fully connected network of 25 nodes arranged
on a 5 × 5 square grid and fix the distance between nearest
neighbors to 25 m. Channel variations are assumed to be
negligible for the duration of a frame, which is reasonable, e.g.,
when considering transmissions in the 5.8 GHz ISM frequency
band and the use of BPSK with 99% in–band power, where the
raw bit rate per used antenna is 7.5 Mbps. Also consider that
when operating at 5.8 GHz, the inter–antenna spacing may be
set to less than 3 cm, still preserving uncorrelation between
copies of the same signals received by different antennas [12].
Thus, it would be possible to fit a linear array of 8 antennas
in 21 cm (less than the width of a laptop screen). Hence, we
assume that nodes have 8 antennas each.

Packets in the network are generated according to a Pois-
son process of parameter λ (packets per second per node):
each packet is assigned a random destination and a random
length of k × 1000 bits, with k uniformly chosen in the set
{1, 2, 3, 4}. Nodes can keep a maximum of 30 packets in their
queue, regardless of the number of bits. Packet transmission is
synchronized across all transmitters, and the packet duration is
fixed to 200 bit intervals for signaling packets and to 1000 bit
intervals for data packets. Note that spatial multiplexing can
be used for data packets, so that the number of sent data bits
is 1000 times the number of antennas used. All transmissions
are uncoded. Preceding all transmitted packets is a training
sequence for channel estimation, one per used tx antenna.
Nodes are assumed to be able to apply the receive algorithm to
no more than Ns signaling packets or Ns spatially multiplexed
data streams (one stream per transmit antenna). In our results,
we assume Ns = 32.1

Any transmitter collects packets from its queue on a FIFO
basis, and composes RTS messages accordingly, including both
the destination and the number of antennas to be used, so
that the destination knows how many training sequences are
needed to separate and decode all incoming streams. When
sending back a CTS, the receiver is in charge of making
the ultimate decision on the number of antennas to be used
by the transmitter, so it includes this information into the
message. How the decision is made depends on the prescribed
policy, which is tunable as a design choice. We consider here
a “Follow Traffic” (FT) policy, that is described below.

In order to preserve at least some amount of throughput,
but to offer a sufficient level of protection against unwanted
interference, each node saves Ns/2 sequences for cancellation
purposes only, and manages the others as follows. First, it
selects the wanted stream with maximum received power
and grants it in the CTS, and then evaluates other requests
in order of decreasing received power. If the node is the
intended receiver as expressed in the request being evaluated,
then it allows the transmission of the corresponding 1000-bit
stream with the CTS, otherwise it simply reserves a training
sequence for channel estimation and subsequent interference
cancellation, with the aim of enhancing the correct decoding
probability of the desired incoming transmissions. The final

1Although matrix R becomes singular for more than 8 incoming streams
(with 8 receive antennas), a higher Ns is needed in order to counter some
network effects that would lead to excess unknown interference. For a thorough
description of these effects, see [11, Section III-B].

outcome of this policy is a CTS packet containing all nodes
allowed to transmit and the number of antennas they are
allowed to use (thus, the number of 1000-bit streams that are
granted transmission).

As a CTS is received, nodes transmit data following the
instructions contained inside it and wait for a stream–wise
ACK from the receiver. A packet is not removed from the
queue until all of its streams have been acknowledged. If
a CTS should not be received for any reason, a backoff
timer is set up, whose duration lasts a number of frames
uniformly chosen between 1 and Bmax. As the local network
load is already kept under control by receivers using CTSs,
backoff here is meant to be a means of de–synchronizing
transmissions, so that it becomes less likely that too many
nodes try to send data at the same time. More in detail, we
set up two different backoff strategies. The first one blocks
transmissions towards an intended receiver which did not reply
with a CTS to a transmission request (Dest–Lock); the second
strategy blocks transmissions toward any node upon any lack
of CTS response (Node–Lock), and is similar to common
backoff techniques used in MAC protocols for random access
in wireless networks, such as the well known 802.11 [7].

If more than one attempt should fail, Bmax is increased
exponentially as a function of the number of failed attempts,
using the rule Bmax = W · 2Nfail−1, where W is a startup
backoff window length which we set to 16. Eventually, the
packet is dropped if too many failures occur.

For the simulation of such a network environment, we
have developed a MATLAB simulator, where we implemented
both the detailed bit–level processing of LAST–MUD and the
approximate analytical procedure of Section III-A to evaluate
the BER for spatially multiplexed transmission.

B. Networking results

With our simulator, we have obtained some results that are
shown in Figs. 3 and 4. They respectively depict the average
throughput (i.e., the number of successfully decoded streams
per frame), and the average queue length measured in number
of backlogged 1000-bit streams, respectively.

The accuracy of the analytical approach (recall that we used
the approximation described in Section III-A) is confirmed in
all figures, as simulation fits the analysis quite well, especially
for reasonable values of the packet generation rate λ (the
congestion region of the curves is of lesser interest).

For the sake of completeness, the figures also report the
performance evaluation obtained through the pruned error tree
approach mentioned in Section III-B, as a lower complexity
variation of the exhaustive error tree exploration. The pruned
tree approach is described more in–depth in [11]. In both cases,
we observe that a better approximation accuracy is achieved by
the Gaussian approach, which predicts the simulated network
behavior very well in both the Node–Lock and the Dest–Lock
case. The pruned tree approach, on the other hand, performs
well at traffic values for which the network is still uncongested,
but after that shows a different behavior than simulation
predicts, especially in the Dest–Lock case. The reasons behind
this kind of discrepancy are to be searched in the higher
aggressiveness of destination–wise backoff, which tends to
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Fig. 3. Average throughput as a function of network load for different backoff
strategies, simulation and analytical approaches.

leave nodes more free to transmit, thus increasing network
utilization and average interference affecting transmissions in
each frame. A thorough investigation of this behavior can
be found in [11]. In this more crucial configuration, higher
interference worsens the BER performance of the pruned tree
approach, due to the thresholding that forces any symbol
detection after the occurrence of errors to undergo a success
probability of 0.5. The Gaussian approach circumvents this
problem by “spreading” the propagation of decoding errors
and using the modified SNIR in (10), which is a much softer
metric than a fixed error chance, and is capable of predicting
overall effects with a higher precision, on average.

Even if a comparison between backoff strategies is not the
main objective here, we stress that the Node–Lock policy is
more conservative than Dest–Lock, because it forces nodes to
defer transmissions towards any other node upon any failure,
while Dest–Lock focuses on a single receiver. This behavior
explains why throughput reaches greater values for Dest–Lock
(and queues are correspondingly left emptier). The purpose of
these sample results is not to give a comprehensive study of the
networking performance of our scheme, but rather to show that
the analytical physical layer approximation proposed in this
paper leads to accurate networking evaluations as well. This
makes it possible to replace lengthy simulations on a bit–level
time scale with simulations where the physical layer details are
adequately captured by closed–form formulas, which lead to
statistically meaningful networking results in a much shorter
time.

V. CONCLUSIONS

In this paper we have presented and discussed techniques to
model the behavior of layered space–time multiuser detection
in ad hoc networks. We have evaluated their accuracy, and
shown that the Gaussian approximation is nearly as precise
as the exhaustive approach, and that both predict a bit error
probability that is very close to the values obtained with a fully
detailed bit level simulation.

Furthermore, we have applied the approximate technique to
network performance evaluations and shown that the obtained
results match simulations very well, but are much faster to
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Fig. 4. Average queue length as a function of network load for different
backoff strategies, simulation and analytical approaches.

obtain compared to complex and long bit–level MIMO systems
simulations. Thus, we believe this to be a very helpful tool in
network design, that provides a quick and accurate way to
compare different protocol solutions.

Future work includes some additional refinements to our
analytical approach and its extension to other MIMO schemes,
as well as an extensive study of the MAC performance and of
different options for protocol optimization in a MIMO ad hoc
networking context.
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