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Physical Layer Approximations for
Cross–Layer Performance Analysis in

MIMO-BLAST Ad Hoc Networks
Marco Levorato, Student Member, IEEE, Stefano Tomasin, Member, IEEE,

Paolo Casari, Student Member, IEEE, and Michele Zorzi, Fellow, IEEE

Abstract— In this paper, we consider a MAC protocol for ad
hoc networks where nodes are equipped with multiple antennas,
and communications are spatially multiplexed using the Bell labs
LAyered Space Time (BLAST) system. The contribution of this
paper is twofold. First, we introduce two different analytical
models aimed at predicting the propagation of detection errors
within the BLAST receiver, the first based on a Gaussian
approximation of the detection errors, and the second on the
weighed enumeration of error configurations. A simplification of
the latter, with lower complexity, is also obtained and compared
to the original model. We then use these analytical tools to assess
the performance of a cross–layer MAC protocol, and compare it
with fully detailed simulations. Since the analytical tools replace
the simulation of the physical layer, the proposed semianalyt-
ical approach is much faster than the bit-by-bit simulations.
Numerous results are provided for the network performance
assessment, showing that our semianalytical approach is able
to predict network behavior with very good accuracy, but much
lower complexity.

Index Terms— Ad hoc networks, cross–layer MAC design,
MIMO–BLAST, performance analysis.

I. INTRODUCTION

AD HOC networks are collections of terminals linked
together by means of packet radio communications with

no underlying infrastructure and no need for supervision by
an external network operator. They are fast and cheap to set
up, and may represent the only affordable solution in certain
scenarios such as battlefields, natural disaster recovery, data
sharing during business meetings, etc. [1]. Existing technolo-
gies commonly used for ad hoc networks, such as IEEE
802.11a, would enable communications at up to 54 Mbps [2],
but in practice this is possible only at very short distances.
Moreover, current ad hoc networks are limited by interference
among nodes, that is usually prevented by collision avoidance
mechanisms. Unawareness of this interference may give rise
to problems such as the hidden terminal [3], [4].

Manuscript received April 28, 2006; revised November 9, 2006; accepted
February 3, 2007. The associate editor coordinating the review of this paper
and approving it for publication was S. Kishore. Part of this work has been
presented at IEEE ICC 2006. This work has been supported in part by the
U.S. Army Research Office under MURI grant no. W911NF–04–1–0224.

The authors are with the Department of Information Engineering (DEI),
University of Padova, Via Gradenigo 6/B, I–35131 Padova, Italy (e-mail:
{levorato, stefano.tomasin, casarip, zorzi}@dei.unipd.it). M. Zorzi is also with
the University of California at San Diego, 9500 Gilman Drive, La Jolla, CA
92093-0436.

Digital Object Identifier 10.1109/TWC.2007.060211.

The use of multiple antennas for both transmission and
reception (multiple input–multiple output, MIMO, systems) is
seen as a great opportunity to increase the network throughput
and to alleviate interference problems. An important direction
of research has been the application of beamforming tech-
niques to ad hoc networks [5], where directional antennas at
both the transmitter and the receiver are used to focus the
transmitted energy. Among the disadvantages of beamforming,
we mention the need to know the channel at the transmitter,
with a consequent increase in protocol overhead for the
exchange of channel state information among terminals. A sec-
ond approach is the use of space–time codes to provide spatial
diversity. In [6], an Alamouti [7] scheme has been applied to
ad hoc networks to increase link reliability. However, spatial
diversity translates only partially into a network throughput
increase. Spatial multiplexing (SM) instead [8]–[10] increases
throughput by transmitting different data on each antenna, and
potentially allows for gigabit–per–second wireless links [11].
In this paper we focus on ad hoc networks implementing SM.

In order to assess the network performance, two approaches
are usually taken in modeling the physical (PHY) layer. The
first approach is to perform a bit-by-bit simulation of each
node and the entire network, which obtains accurate results but
is very demanding, except for small networks. In the second
approach, the physical layer is strongly simplified with various
assumptions. For beamforming, antennas’ sidelobes are often
neglected and the main lobe is modeled with a constant
response over a certain azimuthal extension [5], [12]–[14]. For
space–time coded systems, terminals are modeled as single-
antenna devices and a gain is introduced to account for the
increased diversity provided by MIMO. These simplifications
may lead to significant inaccuracies [15].

In this paper we consider a MIMO ad hoc network based
on SM, in which the receivers implement the Bell labs layered
space time (BLAST) technique [8], [9], to cancel interference
and improve detection. For the performance assessment, we
propose a semianalytical technique based on a closed-form
expression of the bit error rate (BER) at a BLAST receiver, for
a given channel and network topology. Most existing literature
is focused on evaluating the capacity of V-BLAST [16], [17]
or the average BER for specific channel statistics [18], [19].
Instead, we consider a general technique for any channel
model that provides BER for each detected stream averaged
only over noise and data. The analysis includes the effects of

1536-1276/07$25.00 c© 2007 IEEE
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error propagation due to erroneous detections, and considers
two approaches for BER computation. In the first approach,
the residual interference is modeled as additive Gaussian noise
(Gaussian technique). As observed in [20] and confirmed by
our results, this approximation may not be accurate for the
BER evaluation of a single link, especially when the transmit
antennas are more than the receive antennas of each node.
Hence, as a second approach, we consider an interference
model based on the exhaustive enumeration of all possible
error configurations (enumeration technique). In order to re-
duce complexity, we also propose a variant of this approach, in
which we enumerate only a subset of the error configurations,
while bounding the error probability for unaccounted events.
This last technique is based on pruning the tree describing all
possible error configurations (pruned tree technique).

The BER statistics derived for the link level are then
used to obtain network-level results. We consider a cross–
layer physical–medium access control (MAC) protocol to
exploit the potential of SM, based on request/clear to send
signaling and on a backoff mechanism to limit interference, a
preliminary version of which is presented in [21]. We also
address the design of the receiver, considering the limited
computational capabilities of the nodes. In particular, since
BLAST performance is dictated by its ability to detect and
cancel interfering streams, it may be beneficial that a receiving
node intentionally limits the communications for itself and
reserves resources for canceling interfering signals. Hence,
we consider various strategies for granting incoming com-
munications and prioritizing signal detections. A comparison
of bit-by-bit simulations with our semianalytical approach is
provided for these system designs.

Based on our extensive evaluations, we conclude that the
Gaussian technique, which may be inaccurate in a single link
communication, is indeed the one offering the best trade off
between complexity and accuracy when compared to fully
simulated network results.

The paper is organized as follows. First we describe the
BLAST system in Section II. The performance analysis of
BLAST is described in Section III, where we introduce
the Gaussian, enumeration and pruned tree techniques. In
Section IV we provide a description of the cross–layer PHY–
MAC protocol for ad hoc networks based on SM. Extensive
numerical results for both link and network level performance
are discussed in Section V, comparing bit-by-bit simulations
and the semianalytical techniques. Conclusions are outlined in
Section VI.

II. SYSTEM DESCRIPTION

We consider a packet wireless network with nodes hav-
ing NA antennas. As transmission scenario we assume a
frequency–flat block fading channel. Nodes can both transmit
and receive information, in a peer-to-peer fashion. All nodes
are in communication range of each other, i.e., we consider a
completely connected network. To keep the analysis simple,
we assume bit-synchronous node operations, although this is
not a requirement when using BLAST receivers (see [10] and
references therein).

A. Node operations

Transmitting nodes—When operating as a transmitter, the
generic node p splits each packet into sub-packets called
streams. Each stream is sent from one antenna, so that up

streams are multiplexed using up antennas during transmis-
sion. Assuming that NTx nodes with indices {1, 2, . . . , NTx}
are transmitting, the total number of simultaneously transmit-
ted streams is U =

∑NTx
p=1 up. We can identify each transmit

antenna with a transmit antenna index (TAI), starting with the
first antenna of the first node and ending with antenna uNTx

of node NTx.
Let us define the column vector s′(t)=[s′1(t), . . . , s

′
U (t)]T

whose entry s′i(t) is the symbol transmitted from the antenna
with TAI i at time tT , where T is the symbol period and T

denotes the transpose operation.
We assume that node p always transmits with a total power

Ptot that is uniformly distributed among the up antennas.
Hence, the power of the transmitted data signal on the antenna
with TAI i belonging to node p is σ2

s′(i) = E[|s′i(t)|2] =
Ptot/up where E[·] denotes expectation. For the sake of a
simpler notation, we omit in the following the time index t in
all signals.

Receiving nodes—When operating as a receiver, the
generic node q uses all the NA antennas and the col-
umn vector of the NA received samples can be written as
r(q) = H̃(q)s′ + ν ′(q), where ν ′(q) is the column noise vector
of length NA, and H̃(q) is the NA ×U channel matrix whose
entry H̃

(q)
�,m represents the complex baseband channel gain

between the transmit antenna of TAI m and the �th receive
antenna.

In order to limit the node complexity, we assume that each
receiving node has a partial knowledge of the channels, i.e.,
node q can only know the channel gains associated to Nd

transmit antennas (called internal antennas, IA), whose TAIs
are in the sub-set N (q) = {n1, n2, . . . , nNd

}, for which we
assume perfect channel estimation. Without restriction, we
assume that the TAIs of known antennas are the first Nd,
i.e., N (q) = {1, 2, . . . , Nd}. During data transmission, in
general, N (q) includes the TAI of all granted transmissions
intended to reach node q and the TAI of some other interfering
transmissions.

We define H(q) as the matrix containing the columns H̃
(q)
·,i ,

with i ∈ N (q), and we define the Nd-size vector of data
symbols belonging to N (q) as s(q) = [s′1, s

′
2, . . . , s

′
Nd

]T . The
variance of the entries of s(q) is σ2

s(q) (i) = σ2
s′(i), ∀i.

The transmitting antennas whose signals are not detected
by node q are instead indicated as external antennas (EA)
to q. According to N (q), we assume that the TAI of EA are
Nd + 1, Nd + 2, . . . , U and the corresponding channel matrix
H̄(q) contains the columns H̃

(q)
·,i , with i = Nd + 1, Nd +

2, . . . , U . The transmitted symbols of EA to q are denoted as
s̄(q) = [s′Nd+1, s

′
Nd+2, . . . , s

′
U ]T . With the definitions of IA

and EA, we can rewrite the received signal as

r(q) = H(q)s(q) + H̄(q)s̄(q) + ν ′(q) . (1)

The explicit modeling of a pure interference term is an
important point in our ad hoc scenario. Indeed, terminals
may be able to detect only a limited number of signals, or
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they may decide to neglect low-power interference and reduce
processing, e.g., for energy saving purposes.

In order to simplify notation we will omit in the following
the index of the receive node (q) in all variables, since we will
always refer to a single node.

B. BLAST receiver

In order to extract a sufficient statistics for detection, the
receive node multiplies the vector of the received samples by a
matrix matched to the channel. By defining the Nd×Nd matrix
R = HHH , where H is the Hermitian operator, the obtained
vector is z = HHr = Rs + ν + iEA, where ν = HHν ′ and
iEA = HHH̄s̄ accounts for the interference due to EA. We
recall that the receiver is not required to know the statistics
of iEA.

The BLAST receiver performs the detection of the streams
in stages. At each stage the stream with the highest signal
to noise plus interference ratio (SNIR) is detected, and its
contribution is removed from the vector z before the next
stage [8], [9]. The ordered TAI set is {k1, k2, . . . , kNd

}, which
is a permutation of the integers 1, 2, . . . , Nd.

Let ki be the TAI of the stream detected at the ith stage and
z(i) the vector obtained from z after the removal of the contri-
butions due to streams with TAI in K(i) = {k1, k2, . . . , ki−1}
where we set K(1) = ∅ and z(1) = z. The detection of
stream ki is performed by combining z(i) with the weighing
vector w(i) to obtain the sample s̃ki = w(i)T z(i), which is
applied to a threshold detector to provide the symbol estimate
b̂ki . The estimated symbol is multiplied by the standard
deviation of the transmitted symbol to obtain ŝki = σs(ki)b̂ki .
After detection, the contribution of stream ki is removed from
z(i) to obtain

z(i + 1) = z(i) − R·,ki ŝki , i = 1, 2, . . . , Nd − 1 , (2)

where R·,ki is the kith column of R.
In the zero forcing (ZF) approach [8], the weighing vector

aims at minimizing the interference, regardless of a pos-
sible noise enhancement. Let R(1) = R and then com-
pute R(i), i = 2, 3, . . . , Nd − 1 by nulling the kith row and
column of R(i − 1). The weighing vector w(i) is the
kith column of R+(i) (the Moore–Penrose pseudoinverse of
R(i) [22]), i.e., its mth element is wm(i) = [R+(i)]ki,m,
m = 1, 2, . . . , Nd.

Provided that the number of receive antennas is larger
than the number of residual IA, Nd − i, and that R(i) is
full rank, the given weighing vector completely cancels the
interference due to streams ki+1, ki+2, . . . , kNd

. However,
when NA < Nd − i, R(i) has rank smaller than Nd − i,
and using R+(i) leaves some residual interference due to
IA after weighing. Alternatively, a minimum mean square
error (MMSE) criterion could be adopted for the choice of
the weighing vector [23], which jointly considers noise and

interference. In this paper we only consider the ZF approach,
since we verified by simulation that MMSE does not bring any
significant advantage and its derivation is entirely analogous
to the ZF case.

Lastly, for real constellations, a receiver with improved
performance has been derived in [10]. Accordingly, in the
forthcoming analysis we shall consider the real part Re [R]
instead of R.

III. PERFORMANCE ANALYSIS

In this section we aim at evaluating the BER of BLAST
given the channel matrix H̃ . The performance of a SM system
is affected by a) imperfect IA cancellation due to detection
errors, b) EA interference, c) residual interference due to the
pseudo-inverse of R(i), and d) noise. The impact of imperfect
cancellation on the detection of forthcoming streams is mod-
eled in this paper with two approaches. In the first approach,
denoted Gaussian technique and described in Section III-A,
the interference is considered as additional Gaussian noise. In
the second approach of Section III-B, denoted enumeration
technique, we exhaustively enumerate all the various configu-
rations of detection errors and compute the conditional BER
for each configuration. Although the enumeration technique
is more accurate than the Gaussian technique, the number of
configurations to be explored increases exponentially with the
number of IA, with a consequent increase in computation time.
Hence, in Section III-C we derive a suboptimal technique,
denoted pruned tree technique, where only the most relevant
error configurations are explored.

In all cases, EA interference is approximated as Gaussian
noise, with autocorrelation matrix

REA = E[iEAiH
EA] = HHH̄Σ̄[HHH̄ ]H , (3)

where Σ̄ is a diagonal matrix with entries Σ̄�,� = σ2
s′(Nd+�),

� = 1, 2, . . . , U−Nd. Then the power of EA interference after
weighing can be written as σ2

EA(ki) = ||w(i)T REA||2.

A. Gaussian technique

We model the residual interference due to errors in the de-
tection process as an error signal with Gaussian statistics, zero
mean, and variance depending on the error rate. This approach
has already been considered in literature, for some particular
transmission scenarios. Using the Gaussian approximation the
average BER has been obtained for Rayleigh fading channels
when Nd ≤ NA, [19], [20]. In this section we provide the
general expression even for the case of Nd > NA and for
any channel H , rather than for a specific channel statistics.
This provides a tool for evaluating network performance even
when active nodes have different channel statistics.

Assuming a BPSK transmission, the transmitted signal sk

takes a value ±σs(k), that depends on the number of active

γ(ki) =
σ2

s(ki)|w(i)T R·,ki |2
N0
2 ||w(i)T HH ||2 + σ2

EA(ki) +
∑

k∈K(i)

|w(i)T R·,k|2σ2
e(k) +

∑
k∈N�K(i+1)

|w(i)T R·,k|2σ2
s(k)

(6)
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antennas. Then, the error signal for stream k is

ek = ŝk − sk ∈ {−2σs(k), 0, 2σs(k)} . (4)

When the received stream k is affected by a BER Pe(k),
ek = 0 with probability 1− Pe(k), ek = −2σs(k) with prob-
ability Pe(k)/2 and ek = 2σs(k) with probability Pe(k)/2.
Note that an erroneous cancellation actually doubles interfer-
ence. Hence, the variance of the interference signal due to
stream k can be written as

σ2
e(k) = E[e2

k] = 4σ2
s(k)Pe(k) (5)

and the SNIR for stream ki can be written as in (6).
The first term of the denominator in (6) is the power of

noise, with power spectral density N0/2 since we are consid-
ering a real constellation. The second term of the denominator
accounts for the interference due to EA. The power of the
residual interference due to imperfect cancellation is provided
by the third term in the denominator. With the last term in
the denominator we have also inserted the interference due
to IA not yet canceled, since when the number of receiving
antennas is less than the number of undetected IA, the vector
w(i) is not able to completely remove the interference due to
streams ki+1, ki+2, . . . , kNd

. Note that, from the definition of
K(i), N � K(i + 1) is the set of all IA not yet canceled, not
including the IA ki.

The BER for a BLAST transmission over channel H
with an uncoded BPSK modulation, is given by Pe(ki) =
Q

(√
γ(ki)

)
, where Q

( · )
is the complementary Gaussian

distribution.

B. Enumeration technique

As we will show in Section V-A, the Gaussian technique
is not always accurate, especially with an increasing num-
ber of transmitting antennas. Hence, we propose here the
enumeration technique which takes into account the exact

interference statistics by enumerating, at stage i of BLAST,
all possible error configurations of the previously detected
streams k1, k2, . . . , ki−1 and their impact on the probability
of erroneous detection of stream ki. A similar approach has
been considered in [18] for the computation of the average
BER with the assumptions of two transmit antennas, high
signal to noise ratio, and Rayleigh fading. Here we generalize
the technique for any channel statistics and any number of
antennas.

Define the ordered error vector until detection of stream ki

as e(i) = [ek1 , ek2 , . . . , eki−1 ]T , where entries are provided
by (4). The error probability on stream ki can be conditioned
on the error configuration of previously canceled streams ē,
obtaining, for i = 2, 3, . . .Nd,

P[eki =a] =
∑

ē�∈V�
�=1,...,i−1

P[eki =a
∣∣e(i) = ē] P[e(i) = ē] , (7)

where V� = {−2σs(k�), 0, 2σs(k�)}, contains the variance of
ē�, � = 1, . . . , i−1. Moreover, a ∈ {−2σs(ki), 2σs(ki)}, the
summation is taken over all possible error configurations ē of
the (i− 1) detected streams, and P[·] denotes probability. For
the first detected stream, we have no previous errors, thus

P[ek1 = +2σs(k1)] = P[ek1 = −2σs(k1)] = Pe(k1)/2 . (8)

The expression (7) can be computed more efficiently by
considering the associated tree of error configurations. An
example of error tree is shown in Fig. 1 (where for simplicity
we set σs(i) = 1, i = 1, 2, . . . , Nd). Starting from the root
(level 0), the ith level of the tree corresponds to the detection
of stream ki, and each node corresponds to a different error
configuration of the previously detected symbols. In particular,
for the first stream k1, corresponding to the first level after
the root, there is only one configuration, since there are no
previous detections. Three branches depart from the root,
corresponding to the three possible error configurations of ŝk1 ,

s̃ki |e(i) = ski +
i−1∑
�=1

w(i)T R·,k�
e

(i)
� +

∑
k∈N�K(i+1)

w(i)T R·,ksk + w(i)T ν + w(i)T iEA. (9)

γski
=±σs(ki)|e(i) =

∣∣∣∣∣±w(i)T R·,kiσs(ki) +
i−1∑
�=1

w(i)T R·,k�
e

(i)
�

∣∣∣∣∣
2

N0
2 ||w(i)T HH ||2+σ2

EA(ki)+
∑

k∈N�K(i+1)

|w(i)T R·,k|2σ2
s(k)

, (10)

P

[
eki = 2σs(ki)

∣∣∣∣∣e(i), w(i)T R·,kiσs(ki) ≥
i−1∑
�=1

w(i)T R·,k�
e

(i)
�

]
= Q

(√
γski

=−σs(ki)|e(i)

)
(11)

P

[
eki = −2σs(ki)

∣∣∣∣∣e(i), w(i)T R·,kiσs(ki) ≥ −
i−1∑
�=1

w(i)T R·,k�
e

(i)
�

]
= Q

(√
γski

=σs(ki)|e(i)

)
(12)

P

[
eki = 2σs(ki)

∣∣∣∣∣e(i), w(i)T R·,kiσs(ki) <

i−1∑
�=1

w(i)T R·,k�
e

(i)
�

]
=

[
1 − Q

(√
γski

=−σs(ki)|e(i)

)]
(13)

P

[
eki = −2σs(ki)

∣∣∣∣∣e(i), w(i)T R·,kiσs(ki) < −
i−1∑
�=1

w(i)T R·,k�
e

(i)
�

]
=

[
1 − Q

(√
γski

=+σs(ki)|e(i)

)]
(14)
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Fig. 1. Error configuration tree for σs(i)=1, i=1, 2, . . . , Nd.

i.e., −2σs(k1), 0, 2σs(k1). The second level corresponds to the
detection of the second stream k2 and there are three possible
error configurations of the previously detected stream k1.

The general level i has a total of 3i nodes, each representing
one term of the summation in (7). A node at level i is identified
by an error configuration vector e(i) and an error value eki .
For the computation of the error probability of each term of
(7) we must consider the signal at the input of the detector,
given a specific error configuration. Given an error vector e(i),
the signal at the detector input can be written as (9). Let us
define the two conditional SNIRs reported in (10), where we
observe that the interference due to detection errors produces a
shift in the position of the received signal, and hence changes
its power in the numerator of the SNIR.

We must now consider the following cases, according to the
transmitted signal and the level of interference due to error
propagation. The conditional error probability for stream ki,
assuming equally likely data symbols, can be written as in
(11)–(14).

The probability of a generic node at level i characterized
by the error vector ē(i) and the error value eki , can be ob-
tained as P

[
eki = ēki |e(i) = ē(i)

]
, i = 2, 3, . . . , Nd, where

P[ek1 = ēk1 ] is provided by (8). This calculation needs
averaging over the transmitted symbol, since the same e(i)

has a different impact on the error probability, according to
the signal sent. Further, averaging P

[
eki = ēki |e(i) = ē(i)

]
over all e(i) yields the total probability of wrong detection
for stream ki.

Lastly, note that we could also consider the various error
configurations of EA for the SNIR evaluation. In this case,
since EA are not detected, the error signal would be equal to
−σs′(k) or σs′ (k) with equal probability 1/2, for k = Nd +
1, Nd + 2, . . . , U . Even though this modeling would provide
more accurate results than approximating EA as Gaussian
noise, it would further increase the computational complexity
of the enumeration technique.

C. Pruned tree technique

In order to reduce the computational complexity of the
enumeration technique, we limit the exploration of the tree
to just a few branches. Sub-trees departing from nodes with
more than ne errors are approximated with an upper bound on
the error probability, assuming that when more than ne errors
occur in interference cancellation, the average error probability
in forthcoming detections is high. Hence, all nodes of the
subtrees having a sub-root with ne+1 errors are characterized
by an error probability of 0.5.
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Fig. 2. Pruned error tree for ne =2 and Nd =4, σs(i)=1, i=1, 2, 3.

For example, for ne = 0 we obtain

P[eki �= 0]|ne=0 ≈ P[eki �= 0|e(i) = 0]P[e(i) = 0]

+
1
2

[
1 − P[e(i) = 0]

]
. (15)

This case is similar to the upper bound derived in [24], where
it was assumed that given a decision error in an earlier stage
of BLAST, the probability of a subsequent decision error is
one. In that case the upper bound is as in (15) with 1 instead
of 0.5 as weight of the summation. For a general value of
ne, the error configurations with at most ne errors before the
detection of the ith stream are in the set

E(i)(ne) =

{
e :

i−1∑
�=1

|ek�
|

2σs(k�)
≤ ne

}
. (16)

The error probability for node ki is then approximated as

P[eki �=0]|ne ≈
∑

ē∈E(i)(ne)

P[eki �=0|e(i) = ē]P[e(i) = ē]

+
1
2

[
1 −

∑
ē∈E(i)(ne)

P[e(i) = ē]

]
. (17)

The last term weighed by 1/2 accounts for the probability
of configurations with more than ne errors. We observe that
the error propagation tree can then be pruned of all nodes
that have more than ne errors, since subtrees departing from
these nodes are approximated with an error probability of 0.5.
Fig. 2 shows an example of a pruned tree for ne = 2, and
Nd = 4 total IA streams, where at most one detection error is
explicitly accounted for and any configuration with more than
one error is assumed to yield a correct detection probability
of 0.5 in all subsequent stages (corresponding to dead leaves
in the tree).

D. Computational complexity comparison

Various algorithms have been proposed for an efficient
implementation of BLAST. In [25] a recursive algorithm for
the matrix inversion has been proposed. In [26] a square-root
based algorithm is proposed, which has been further optimized
in the improved square-root (ISR) algorithm [27]. Here we
consider ISR as the most efficient and reliable technique,
and hence all simulations and semianalytical techniques have
a common base complexity of (2/3)N3

d + (7/2)N2
dNA +

O(N2
d + NdNA) complex multiplications.

For the Gaussian technique, the function Q is computed Nd

times, to obtain the corresponding BERs. The computation of
Q can be performed by a look-up table and we bound the
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complexity of each function computation with the equivalent
of one complex multiplication. Moreover, SNIR must be
computed Nd times, according to (6), which requires

Cγ = (NA+3+1) + [(1+1+NA) + Nd(NA+1) + 1]
= NdNA + O(Nd+NA) . (18)

products and ratios. Hence, the Gaussian technique has a
complexity

CG = (Cγ +1)Nd = N2
dNA + O(N2

d +NANd) . (19)

For the enumeration technique, we must compute Nd BER
functions for each leaf of the error tree. The computation of
the conditional SNIRs (10) has the same complexity as (6).
The complete error tree has 3Nd−1 leaves, leading to an overall
complexity

CE = 2 · 3Nd−1CG . (20)

For the pruned tree technique, the number of explored
leaves is λ(ne) =

∑ne

k=0

(
Nd

k

)
2k. Hence, the complexity of

the pruned error tree algorithm is

CP (ne) = 2 · λ(ne)CG . (21)

Note that in (20) and (21) the factor 2 accounts for the double
computation of Q as required by (11)–(14). We observe that
the complexity of the enumeration and pruned tree techniques
grows exponentially with Nd, while the Gaussian technique
grows as its third power. For example, with Nd = 8 the
ratio between the enumeration and the Gaussian technique is
CE/CG = 39366, while for ne =1 we have CP (1)/CG = 42.
We conclude that the enumeration technique has a significantly
higher complexity than the Gaussian technique and it may
be even more demanding than the bit-by-bit simulation. The
pruned tree technique instead involves a limited increase of
complexity with respect to the Gaussian technique.

IV. CROSS–LAYER DESIGN AND EVALUATION

OF A MIMO AD HOC NETWORK

In this Section, we address the problem of designing an ad
hoc network based on SM. Besides describing protocols and
network operations, we highlight the importance of knowing
the behavior of the underlying physical layer for a proper
MAC design. To this extent, we first illustrate the general
network operation, and then give details on cross–layer in-
teractions that improve the overall system performance.

A. Network architecture

A well–designed MAC protocol would exploit the advan-
tages of SM, namely i) an increased number of supported
transmissions, i.e., higher spatial reuse, because many links
may coexist in the same neighborhood; ii) the ability to send
independent data streams through more than one antenna,
thus increasing the raw bit rate available between nodes; and
iii) the ability of each transmitter to address more receivers
simultaneously, using disjoint subsets of antennas for different
receivers.

We describe a MAC design that exploits the potential of
SM while keeping interference under control. Our protocol
uses a handshake procedure to initiate data transmissions and

a backoff strategy to regulate the persistency of a node in
accessing the channel.

In the following, we will assume that each transmission is
preceded by a training sequence and that all nodes know all
training sequences used by any neighbor. Different neighbors
use different training sequences. Still, due to technological
limitations, each node can estimate the channel conditions of
up to NMAX

d incoming signals.

B. Handshake procedure

Before data transmissions, request-to-send (RTS) and clear-
to-send (CTS) messages are exchanged between the trans-
mitting and receiving nodes. This negotiation phase, besides
providing request notifications and transmission grants, also
allows each receiver to estimate the local traffic intensity. After
the negotiation phase, data streams are sent by each transmitter
that obtained a CTS, and finally acknowledgement (ACK)
messages are used to confirm the correct packet receptions.

We assume that transmissions are organized in frames,
defined as the succession of an RTS, a CTS, a DATA and
an ACK, all of fixed predefined length. Nodes are frame–
synchronous, so that all transmitters send packets simulta-
neously in the assigned frame portion as prescribed by the
aforementioned structure.

Even though frame–level synchronization may seem a draw-
back of our approach, we note that i) slot synchronization
is currently achieved in protocols belonging to the 802.11
family [2]; ii) for a completely connected network, syn-
chronization is easier to achieve; iii) the constraint can be
relaxed if we consider unsynchronized transmissions as EA.
Studying the impact of unsynchronized transmissions on the
protocol performance is beyond the scope of this paper, and is
currently being investigated. Among the advantages of sending
all RTSs simultaneously we mention that the receivers are able
to collect all requests and form CTSs accordingly. We describe
hereon the rules RTSs and CTSs are subject to.

RTS policy—Each RTS message may contain multiple
requests, each specifying the number of streams that would
be sent toward their own destinations. This allows transmitters
to require link set up with different recipients in a single
frame. Nonetheless, we remark that the higher bit rate achieved
through a higher number of multiplexed streams has two
drawbacks: i) the available transmit power is to be split among
all used antennas, resulting in lower SNIRs at the receiver;
ii) detection performance in the presence of a high receiver
load decreases very quickly with SNIR [21]. When trading off
load (i.e., number of antennas) with communication reliability,
any transmitter has to take the described detrimental effects
into account, and make sure that the total number of transmit
antennas is suitably chosen.

CTS policy—Upon detecting RTSs, each receiver generates
a single CTS message for all the granted requests, based on
received RTS content. The criterion for the CTS generation
aims at guaranteeing that i) most streams are granted for
network throughput purposes, and ii) the granted streams are
sufficiently protected from interference, so that they can be
correctly detected with high probability. In order to limit
interference, we apply a so–called Follow Traffic (FT) CTS
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policy [21]. Recall that the receiver has to account for channel
estimation resources that will be needed for all detected
streams. At first, node D sorts all requests contained in
every correctly decoded RTS in order of decreasing received
power, regardless of the destination node. The first requests
accounting for up to NMAX

d streams are considered for
detection and all RTSs for D are granted within this set. In
the special case when all requests to D are not within the
first NMAX

d requests with the highest power, the FT policy
forcedly grants the request with the highest power directed to
D and allocates the remaining resources to detect the streams
with the highest power not directed to D. This policy strives
to guarantee some minimum throughput by granting at least
one transmission, while protecting from strong interference.
Note that this selection criterion has the advantage of be-
ing distributed, and does not require any further signaling
among nodes. On the other hand, a centralized selection could
achieve other objectives, such as throughput maximization,
and would account for the effective SNIR determined through
the knowledge of the actual transmissions, rather than of the
requests only. However, a centralized algorithm is in contrast
with the principle of ad hoc networks and would require
some expensive signaling. We therefore consider here only
the distributed selection criterion.

Finally, it is worth highlighting that FT relies on power
measurements for each stream from the physical layer, so that
the MAC layer can take decisions about the streams to be
detected or canceled as interference. These decisions are then
fed back to the physical layer, which spatially demultiplexes
incoming streams based on MAC layer directives. Because of
these interactions, FT is a very good example of cross–layer
network operation.

C. Backoff strategies

Even in the presence of a conservative policy for protecting
data from superimposed streams, transmissions may indeed
fail, e.g., due to channel impairments or excessive interference.
In order to prevent nodes from persisting in transmitting
toward congested or unavailable nodes, in this paper we
resort to backoff. In particular, we distinguish between ex-
ponential destination–wise and transmitter–wise backoff. In
the destination–wise version, for each request whose CTS is
not received, the transmitter defers communication with that
destination for a random number of frames, randomly distrib-
uted in the back-off window [1, Bmax]; in the transmitter–wise
version, all communications originating from the failing node
are deferred regardless of their recipient, as usual in many
backoff schemes, e.g., 802.11 DCF [2]. The backoff window
is exponentially increased, following the relation Bmax =
W · 2Nf−1 where Nf is the number of subsequently failed
attempts. If a maximum preset value NMAX

f is reached, the
backoff window is no longer increased. Moreover, packets are
assigned a maximum number of attempts, after which they
are dropped. The choice of NMAX

f and Bmax is meant to
ensure that a certain number of backoffs with window length
Bmax take place before packet discarding. In the following,
we shall refer to destination– and transmitter–wise backoff as
dest–lock, and node–lock, respectively.
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Fig. 3. Comparison between analytical (using the Gaussian technique) and
simulated BER results for various configurations (Nd, NA), with Nd the
detected streams (all assumed to be IA) and NA the receive antennas.

V. NUMERICAL RESULTS

In this Section, we carry out relevant physical level as well
as network level simulations that exploit the analytical frame-
work deployed in Section III, and compare results with fully
detailed bit–level simulations. A very important conclusion
that can be drawn from our results is that a complete and
accurate physical layer modeling is crucial for both deciding
how different layers interact and tuning relevant communica-
tion parameters, since oversimplified models may hamper the
statistical significance of simulation results. PHY results are
reported in Section V-A, whereas MAC level metrics are given
and commented in Section V-C.

A. Bit error rate

In this section we compare the simulated performance of a
generic node in the network with the analytical results derived
in Section III, considering channel gains having complex
Gaussian statistics with zero mean and unit variance. We have
compared the simulated results for different configurations
of transmitted streams Nd and receive antennas NA. The
receiving node is assumed to detect all streams so that Nd is
also the number of detected streams. We begin by examining
this simpler setup as it corresponds to a special-case network
with lower load, where all transmitters are placed at the
same distance from the receiver, and each of them uses a
single antenna at the full available power. Even though this
setting may not be representative of a real network, it is
a significant benchmark to consider before moving to more
realistic scenarios.

In Fig. 3 we plot results of simulation and Gaussian
technique for the case of a single link. The BER is averaged
over all detected streams and various channel realizations, and
is shown as a function of the average signal to noise ratio
(SNR) per antenna. The average BER obtained with the pruned
tree technique is shown in Fig. 4.

Results predicted by the Gaussian approximation technique
differ from the simulated ones for two main reasons: i) the
interference due to error propagation is not Gaussian, due to
different received power levels and signal ordering, and ii)
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Fig. 4. Performance of the pruned tree technique for BLAST BER evaluation
for various configurations (Nd, NA), with Nd the detected streams (all
assumed to be IA) and NA the receive antennas.

the interference due to imperfect ZF is also not Gaussian.
Therefore, the approximation is more accurate at higher
SNR, where fewer errors occur and the error propagation
phenomenon is reduced [20]. Moreover, as long as there
are fewer streams than receive antennas, ZF is effective in
removing all interference and analysis is in accordance with
simulation. When Nd > NA, ZF BLAST yields additional
interference that is not Gaussian, providing a further mismatch
with simulated results.

The evaluation of the average BER, not reported in a
separate figure for conciseness, confirms that the enumer-
ation technique has a better match than the pruned error
tree approach. For the enumeration technique, simulated and
analytical BER exhibit a perfect match when Nd ≤ NA,
while for Nd > NA a slight mismatch is present, due to the
approximation of imperfect ZF as Gaussian interference.

Results reported until now are for the average BER over
all detected streams. However, the BER of individual streams
may differ from the average behavior, due to different level
of interference and power. The per-user BER, averaged with
respect to the channel statistics, is shown in Fig. 5 for
two antenna configurations. The stream index refers to the
detection order and variations in the BER among different
users result from the combination of different received powers,
error propagation and mutual interference. It is important to
observe that the Gaussian approximation can be more accurate
than the pruned error tree for the estimate of the BER of some
streams. Note in fact that approximating the error probability
as 0.5 after ne errors flattens the analytical BER curve of the
pruned tree approach.

B. Network simulation environment

The behavior of a network in a general arrangement can not
be directly derived from the BER results given in the previous
subsection. Moreover, network performance directly depends
on MAC choices. Hence, BER results can not provide the full
picture about the accuracy of the analytical methods, since
relevant differences at the physical layer may be smoothed
out or amplified by network behaviors. Before designing or
optimizing protocols based on pseudo-analytical results, it is
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Fig. 5. Analytical and simulated BER per detected stream for antenna
configurations (4, 6) and (10, 6) and SNR = 2.5 dB and 5 dB, respectively.
The abscissa lists the stream index as per the detection order.

therefore very important to assess the validity of the approxi-
mate techniques in a more general networking scenario.

To this end, we arrange a total of 25 nodes on a grid in
a (100×100) m2 square area, such that the distance between
nearest neighbors is 25 m. With this setting, we ensure that
the error probability of a transmission between the two nodes
at the largest possible distance is below 1%, in the absence
of interference. Assuming transmission in the 5.8 GHz band,
we can obtain independent fading by packing 8 antennas per
node within nearly 20 cm, which fits on the screen of a laptop
computer. Considering indoor transmission, we assumed a
path loss attenuation coefficient of 4.

Packets are generated according to a Poisson process of
rate λ packets per second per node. Each packet is randomly
assigned a length of k × 1000 bits, with k uniformly chosen
in the set {1, 2, 3, 4}. Nodes keep backlogged packets in a
queue that can store up to 120 1000-bit units. Nodes can
track at most NMAX

d = 32 training sequences. Transmissions
are framed as explained in Section IV, and all nodes share
the same frame synchronization. Since the frame structure
is fixed, the length of signaling packets and data streams is
also fixed to be 200 bits for RTSs, CTSs and ACKs and
1000 bits per used transmit antenna for SM data streams,
including PHY preambles used, e.g., for channel estimation.
The overall frame duration is then 1600 bits, comprising
RTS, CTS, data and ACK. Under the preceding assumptions,
channels may be assumed to be constant over the whole
duration of a frame. Recall that, in order to save overhead,
RTSs and CTSs may contain transmission requests and grants
to multiple nodes, respectively. Moreover, terminals confirm
each stream individually, so that correctly received streams
are acknowledged even if other streams belonging to the same
packet are not received correctly.

All signaling packets are sent with a single antenna, since
in this phase we are not interested in maximum through-
put, but rather in maximum probability of success. Sending
short packets with one antenna allows both to increase the
transmission power and to reduce network load, which results
in increased reliability. In this case, RTSs, CTSs and ACKs
can travel long distances without errors, maximizing also the
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Fig. 6. Average 1000-bit stream transmit success ratio as a function of λ,
dest–lock and node–lock.

nodes’ awareness about neighboring activity, according to the
value of NMAX

d . We use the distributed ad hoc MAC protocol
described in Section IV to obtain network simulations, where
signaling among nodes is limited to RTSs and CTSs and no
other information is assumed.

C. Network results

A key point of our analysis is to verify whether and to
what extent using a given approximation method corresponds
to accurate networking results, since MAC protocols are likely
to have a smoothing effect on discrepancies arising from lower
level models. In order to do so, bit-by-bit simulations of the
whole system, including complete physical and MAC layer
modeling, are provided and compared with those obtained
using the Gaussian and the pruned tree approximations. The
complete tree exploration is not considered for network results,
since it has an exceedingly high complexity. Note that the
pruned tree approach provides a better match to simulated
average BER than the Gaussian approximation technique,
while the Gaussian approximation better follows BER behav-
ior for individual streams. On the other hand, the Gaussian
approximation is much less complex than the pruned tree
approach.

The BER results for the single link are closely related to
the PER and its complementary function, the network average
success rate (1 − PER). In Fig. 6 we compare the average
success rate obtained by simulation and analytical techniques,
considering the average ratio between the number of correctly
detected 1000-bit streams and the total number of transmitted
streams per frame. We observe that the conclusions derived
from the average BER results for a single link are modified
by the MAC behavior and the accuracy of the analysis for
each stream becomes more relevant. In particular, the pruned
tree technique, which provides a good BER match, yields PER
values that differ significantly from simulation results due to
the limited number of branches considered. On the contrary,
the Gaussian technique performs well under both dest–lock
and node–lock policies and under all considered traffic levels,
since as the number of streams increases, the distribution of
interference becomes Gaussian by the central limit theorem.
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Fig. 7. Average network throughput as a function of λ, dest–lock and node–
lock.

In order to explore the accuracy of the analytical techniques
we considered other network metrics, i.e., average network
throughput, average queue length, and delay.

Fig. 7 shows the average network throughput, defined as the
number of correctly detected 1000-bit streams per frame, as
a function of the offered traffic λ. As in Fig. 6, the analytical
techniques are accurate for low traffic, and the pruned error
tree approach exhibits a mismatch with respect to simulated
results due to flattening of the BER per user.

Figs. 8 and 9 depict the average queue length and the
delay, defined as the average time elapsed from the packet
generation to the ACK reception following a successful packet
transmission. We note that also in this case network parameters
are well approximated by the MAC protocol evaluated by the
Gaussian technique. About the latency, the smaller throughput
predicted by the pruned tree translates into a greater delay
in the dest–lock case. On the contrary, with node–lock, both
approaches provide very close approximations. Fig. 10 shows
the average number of transmit/receive data links that a single
node activates per frame, possibly containing more than one
1000-bit stream transmission per link. Both the pruned tree
and the Gaussian techniques are indeed very accurate in the
dest–lock and the node–lock cases.

We conclude that the Gaussian approximation is well suited
to predict network behavior for a wide range of traffic inten-
sities and different MAC policies, and also has the advantage
of a limited complexity when compared with the pruned error
tree approach. It is then suitable to obtain fast results, for
example to compare the two proposed MAC polices. We have
also performed simulations in order to assess the dependence
of throughput on the number of antennas at each node. Results,
not reported here for conciseness, indicate that throughput
is roughly linearly dependent on the number of antennas.
An in-depth design of MAC policies can be found in [28]:
here we highlight the main differences of the two approaches.
The dest–lock policy favors transmissions, as it blocks com-
munications only toward a single unavailable receiver each
time a failure occurs. As more nodes transmit simultaneously,
receivers must perform more cancellation stages, which results
in a greater probability of detection errors. This explains the
slight throughput decrease of the dest–lock policy. On the
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Fig. 8. Average queue length as a function of λ, dest–lock and node–lock.
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Fig. 10. Average number of activated links per transmitting node per frame
as a function of λ, dest–lock and node–lock.

other hand, from Fig. 10, dest–lock generates more RTSs
than node–lock, and for very high packet arrival rates dest–
lock may cause more collisions than node–lock. In fact, while
node–lock is conservative in backing off the entire node, dest–
lock better exploits the available links, letting more nodes
transmit, each with a lower number of active links.

VI. CONCLUSIONS

We have studied analytical approximation techniques for
fast performance evaluation of ad hoc networks using BLAST.
The match of the approximations with the results obtained
by detailed simulations has been assessed both for a single
link and for network performance. We have also considered a
cross–layer protocol that, by letting the physical and MAC
layers interact, can effectively control the interference of
an ad hoc network based on spatial multiplexing. From the
numerical results, and considering the dramatic decrease of
complexity achieved using the approximation instead of bit-
by-bit simulations, we can conclude that these approximations
provide a useful tool for the design and evaluation of future ad
hoc networks using multiple antennas. Indeed, the Gaussian
approximation of the interference shows the best match with
network simulation results and is to be preferred to error
enumeration techniques, that on the other hand show better
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Fig. 9. Average correct transmission delay as a function of λ, dest–lock and
node–lock.

results for a single link.
Moreover, the considered cross–layer protocol design ex-

hibits promising performance in exploiting spatial multiplex-
ing and provides a significant network throughput increase
over existing MAC protocols for the same physical layer.
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