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Abstract— The roll-out density of wireless local area networks
(WLANs) has recently witnessed a dramatic increase and is
currently reaching saturation levels. The frequency bands designated to WLANs do thus not suffice anymore to provide nonoverlapping, and hence interference-free, communication bands.
A large body of research has been dedicated to a wide variety of
optimum maximum likelihood sequence estimation (MLSE) and
sub-optimum in-band interference mitigation techniques. Our
contribution lies in a reduction of the state-space of a MLSE
detector in the case of a desired WLAN receiver experiencing
delayed interference from some other transmitters operating
in partially overlapping spectral bands and over independent
frequency-selecting block-fading channels. Based on the formulation of the optimum receiver, we derive a sub-optimum receiver of
reduced complexity and demonstrate its satisfactory performance
in the context of strong interference.
Index Terms— Interference Cancellation, Wireless Local Area
Networks, Multi-User Detector, MLSE, Partial Spectral Overlap

I. I NTRODUCTION
Wireless local area networks (WLANs), operating at around
2.4 GHz, have been widely deployed during the last decade.
For instance, France Telecom alone has deployed more than
two Million Livebox WLAN systems for domestic and industrial use in the last decade in France.
Victim of its success, the IEEE 802.11 WLAN standard
suffers now a lack of radio resources. Although internationally
up to 14 mutually overlapping 22 MHz channels are available
for IEEE 802.11b WLANs occupying a total bandwidth of up
to 83.5 MHz at around 2.4 GHz, roll-out Engineers nowadays
confine themselves to using a few channels only, e.g. the
channels numbered 1, 5, 9 and 13 in Europe, so as to limit
interference between adjacent cells.
Since four non-overlapping channels clearly do not suffice
for the envisaged WLAN deployment scenarios, other means
have to be sought to mitigate the limited WLAN system
capacity. In this context, two cases of interference can clearly
be distinguished [1]: First, if an aggressive roll-out pattern
of four with strong co-channel interference (CCI) is being
deployed, then (second tier) interfering frequency bands fully
overlap with the frequency band of interest. Second, if a less
stringent roll-out pattern is being pertained, then (already first
tier) interfering frequency bands partially overlap with the
band of interest. This late case is referred to as partial channel
interference (PCI).
1550-2252/$25.00 ©2007 IEEE

The importance of interference mitigation has been well
recognized by the research community and a plethora of milestone contributions has emerged in recent years. Most notably,
Sergio Verdú pioneered interference cancelation (IC) methods
based on maximum likelihood multi-user detection (MUD)
techniques for CDMA-based systems in the early 80s [2],
which exhibited prohibitive complexity. Thereupon, a large
body of work concentrated on reducing this complexity [3]–[5]
and most notably [6], [7]. Resultant and alternative techniques
have then mainly been applied to interference mitigation in the
context of cellular systems but also WLANs, some important
of which are briefly touched upon below.
In many cases, CCI is considered as the main cause of
interference [10]–[13]. In [7], the authors suggest to reduce
the memory of the CDMA channel in an iterative multiuser
detector. However, there are only a few interfering scenarios
considered and the reduced state method is not clearly indicated. Although most of the works are related to cellular
applications, a linear minimum mean square error (LMMSE)
detector is proposed in [9] to deal with the time-dispersive
channel and CCI occurring in the ISM band. The proposed
detector has been shown to outperform more traditional detectors, e.g. a Rake receiver.
CCI rejection is also accomplished by means of blind
and semi-blind IC methods [10], [11], when little or no
a priori information is available on individual interferers.
Multiple Antenna Interference Cancelation (MAIC) techniques
have been introduced to avoid/mitigate strong CCI from a
given spatial direction [12]–[14]. Such an approach, however,
has its limitations in highly cluttered indoor environments
where interference generated by one source often arrives from
multiple directions. Furthermore, space-time MUD methods
are investigated for the next generation MIMO OFDM-based
WLAN systems, i.e. IEEE 802.11n; see, e.g., [15] and [16].
In comparison, less works have been devoted to the case
of ACI or PCI mitigation. As already mentioned, PCI plays
a crucial role in the limited capacity of WLAN networks.
PCI cancelation would allow to increase the reuse factor,
thus increasing the global throughput. A maximum-likelihood
sequence estimation (MLSE) based on the Ungerboeck formulation has been extended for ACI mitigation in [17] for
GSM-type systems. They show that, even for high levels of
ACI, significant performance improvements can be achieved
with a highly complex MLSE detector, as well as a successive
interference canceler of reduced complexity.
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Following the development proposed in [17], this paper
assesses the efficiency of PCI mitigation in strongly overlapping channels over severely frequency-selective multipath
channels. Due to the differing channel impulse responses
(CIRs) for each received signal, we focus on the general case
of interfering signals having an asymmetrical cross-correlation
(ACC) function.
The paper is structured as follows. The system model with
an appropriate MLSE of [17] is described in Section II, where
we have augmented the branch metrics to facilitate causal
implementation. In Section III, we introduce and discuss
the channel synchronization providing a MLSE of reduced
complexity. In Section IV, we present and discuss simulation
results for our MUD-MLSE applied to WLAN-like systems.
Finally, in Section V, conclusions are drawn.
II. S TANDARD MUD-MLSE R ECEPTION
For the sake of completeness, we outline in this section the
optimal synchronous MUD-MLSE receiver as partially derived
in [2], [17]. We commence with the system model, followed
by the augmented derivation of the MUD-MLSE algorithm,
which facilitates causal implementation.
A. System model
We will deal with binary phase shift keying (BPSK) modulation schemes only; an extension to higher order modulations
as well as differential formulations is achieved using a similar
approach. The BPSK symbol sequence of the k−th user, denoted by {dk (n), n = 1, . . . , N } with N being the sequencelength, is shaped by a root raised cosine (RRC) filter with
given roll-off factor and up-converted to the k−th frequency
band. In time-continuous formulation, the transmitted signal
is hence expressed as:

dk (n)hf (t − nTs ),
(1)
xk (t) =
n

where gk (t) = hf (t)⊗hk (t) and ⊗ represents the convolution
operator. The optimum detection of the desired user in the
presence of PCI is achieved by means of a MLSE.
B. MUD-MLSE and Viterbi Branch-Metric
Maximizing the log-likelihood function of the received data
is achieved by maximizing a sum of branch metrics [17]:

Mk (n),
(3)
JH =
k

where Mk (n) is given in (4) on top of the next page. In there,
Re{·} denotes the real part and * the complex conjugate.
Furthermore,

(5)
ψk (n) = y(t)e−j2π∆fik t gk∗ (t − nTs )dt,
and the generalised correlation term [17] is given as:

skl (p) = gl (v)ej2π∆fkl v gk∗ (v − t)dv|t=pTs .

III. R EDUCED STATE - SPACE MUD-MLSE R ECEPTION
A. Viterbi metric derivation for reduced complexity
The above derived MUD-MLSE is optimum in the minimum error probability sense and hence may exhibit a very
large complexity in frequency-selective fading channels requiring a high number of states in the Viterbi decoder. Since the

Magnitude of Auto− and Cross−Correlation Function

1

n
k
k=i

|skk|

0.9

|s |
ll

|skl|

0.8

|slk|
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
−10

n
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(6)

The cross-sequence interference is given by the last term in (4).
Note, however, that the metric formulation (4) cannot be used
directly in a Viterbi algorithm, because the cross-sequence
terms are not causal; indeed, the summation with respect to
p is done for all p. The causal formulation may be easily
obtained by moving the non-causal terms in Mk (n), involving
dl (n − p) with p < 0, into Ml (n − p) leading to a modified
branch metric given in (7) on top of the next page and referred
to as Mkc (n). This detail is provided because it will be used
in the next section for ACC interference rejection.

where Ts is the symbol duration and hf (t) is the time-response
of the RRC filter.
We assume that there is more than one operational transmitter, where the bands of user k and l are separated by a
spectral distance ∆fkl . Note that if there is an equal bandspacing, then ∆fkl = ∆f · (l − k), where ∆f is the minimum
band-spacing.
The signal sequence of the active user propagates through a
multipath propagation channel with channel impulse response
hk (t). At the receiver, additive white Gaussian noise (AWGN),
n(t), with a one-sided power spectral density N0 is added to
the received signal, after which it is amplified, sampled, per
user RRC matched filtered, and processed. Assuming user i
to be the baseband user of interest, the total baseband signal
can be expressed as:

di (n)gi (t − nTs ) +
(2)
y(t) =


n

−5

0
Symbol Number

5

10

Fig. 1. Generalized auto- and cross-correlation terms of bands k and l with
instantaneous channel realizations given in eq. (8).
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Mk (n) = Re



d∗k (n)

· 2ψk (n) − dk (n)skk (0) − 2



dk (n − p)skk (p) −

p>0





Mkc (n) = Re d∗k (n) · 2ψk (n) −



l
l=k

dl (n) · ej2π∆fkl nTs skl (0) − 2

l

|hl | =

[0.815 0.407 0.320 0.227 0.127]
[0.227 0.460 0.688 0.460 0.227]


l

signal of interest and the interfering signals do not undergo the
same wideband fading channel, the instantaneous realizations
of the CIR may introduce a significant asymmetry in the crosscorrelation function skl (p).
As an illustrative example, let us take the instantaneous
amplitudes of two symbol-spaced channels:
|hk | =



(8)

Clearly, in this example, the maximum power taps are not
positioned at the same time. Consequently, the n−th symbol
of the partially overlapping band is not the main interfering
symbol at time n. In Figure 1, the absolute values of the
generalized correlation terms skk , sll , skl and slk given in (6)
are depicted. The maximum energy of the cross-correlation
functions are shown to be shifted in opposite directions.
The joint MLSE detector based on (7) takes into account
all non zero coefficients of auto and cross correlation function
from the 0−th delay. This MLSE receiver exhibits a high
complexity, the associated state-space increasing exponentially
with the time-lag. To decrease the complexity, we propose
to limit the state-space of the decoder whilst optimizing the
selection of the strongest cross-correlation terms.
For instance, with reference to Figure 1, a full-complexity
MUD-MLSE detector ought to have a state-space capturing all
auto-interfering paths and also all cross-interfering paths, i.e.
L = 5. A sub-optimal MUD-MLSE would aim at taking into
account only the most significant terms. Thus, L = 4 appears
to be a good trade-off if only auto-interference is considered,
but fails to remove significant cross-interference.
We hence propose to modify the branch metric (7) so as
to synchronize the estimated symbols of each signal in a
Viterbi implementation such that the maximum of the intercorrelation terms shifts towards zero. This can be achieved
starting from (4) by considering symbol n + νk of interfering
channel k simultaneously with symbol n in the user channel
i with νk ∈ Z in the metric decision. The branch metric is
obtained under a causality constraint with respect to this new
synchronization, leading to the new branch metric given by (9).
This formulation facilitates performance to be traded against
complexity.
B. Finding the optimal shift
In a suboptimal situation, i.e not all cross-correlation coefficients are taken into account, the estimation error is minimised
if the shift νk is chosen such as to retain the maximum

p
p>0


j2π∆fkl (n−p)Ts

dl (n − p) · e

skl (p)

(4)

p


dl (n − p) · ej2π∆fkl (n−p)Ts skl (p)

(7)

energy of cross-correlation terms. The optimal shift is found
by maximizing the energy of cross-correlation terms according
to:
(L−1)

|sik (p + νk )|,
(10)
ν̃k = arg max
νk ∈Z

p=−(L−1)

with νk ∈ Z being the considered shift.
Related to this, in [6], the authors suggest an algorithm to
reduce the number of states of the trellis diagram based on the
knowledge of the CIR at the receiver. The algorithm quantifies
the differences between the probability density functions of
the correct and incorrect branch metrics in the trellis and
allows to reduce significantly the computational complexity.
However, this approach is largely more complicated than the
herein proposed one, which is simply based on the energy of
the CIRs. Furthermore, in [7], the authors suggest to reduce
the memory of the CDMA channel in an iterative multiuser
detector. The current paper differs from [7], because they
reduce the number of states of the Viterbi without considering
interference.
IV. P ERFORMANCE R ESULTS & D ISCUSSION
For all simulations, we have used two different power delay
profiles. The first channel is a 5-tap symbol-spaced CIR with
average powers [0, -2, -5, -10, -15]dB and simulates a line of
sight (LOS) communication between the mobile station (MS)
and the access point (AP). A second communication is started
between another MS and the same AP on the next channel
number. From the receiver point of view, this communication
is characterized by a non line of sight (NLOS) propagation
with the power delay profile [-10 -5 0 -2 -4]dB. Both are blockfading channels, having a total average power normalized to
unity. The RRC roll-off factor is fixed at α = 0.33 and the
packet size to 1000 symbols. The symbol duration is assumed
to be 90ns as a reference to the chip duration in WLAN.
Figure 2 shows the average bit error rate (BER) versus
Eb/N o obtained with different state-spaces, labelled L, and
with/without the optimal shift. In this simulation, the signal
to interference ratio (SIR) is fixed to 0dB and the spectral
overlap to about 65% (∆f · Ts /(1 + α) = 0.35). In all graphs,
the curve related to “MLSE with PCI”, is the performance
of a receiver which does not take into account the interfering
adjacent channel but only its own inter-symbol interference
(ISI). This curve shows that without interference rejection, the
system cannot work. The adaptive shift allows to improve the
results for any sub-optimal value of L (L < 5). For instance,
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Mkc (n)

= Re

d∗k (n


+ νk ) · 2ψk (n + νk ) −



dl (n + νl ) · ej2π∆fkl (n+νl )Ts skl (νk − νl ) −

l

2


l

p
p>0

(9)


j2π∆fkl (n+νl −p)Ts

dl (n + νl − p) · e

skl (p + νk − νl )
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Fig. 2. Average BER versus Eb/N o, labelled on Viterbi state-space L, with
and without complexity reduction; channel overlap = 65%, interference power
= signal power.

Fig. 3. CDF of BER at Eb/N o = 15dB, labelled on Viterbi state-space L,
with and without complexity reduction; channel overlap = 65%, interference
power = signal power.

for Eb/N o = 15dB and L = 4, the probability of error is
reduced by a factor of 10 thanks to the shift.
Figure 3 shows the cumulative density function (CDF) of the
BER at Eb/N o = 15dB. Again, for each L, the performance
with and without optimal shift is provided. The CDF is of
interest in the case of block-fading channels, as often occurring
in WLAN settings. In such channels, we are not only interested
in the average data throughput, but also in the likelihood of
having a given error rate at a given Eb/N o. For the reduced
state-space of L = 3, i.e. only 16 Viterbi states, yields a
sufficient outage probability at low BERs. Indeed, in this case,
the probability to yield a BER of 10−3 is 68% with the optimal
shift while only 40% for the standard approach with L = 3.
If we consider L = 4, the probability to have a BER less than
10−3 is more than 95% with the shifted metric and again less
than 85% with the standard one. When the Viterbi state-space
(L) is sufficient, the performance is optimum in the error rate
sense.
Figure 4 shows the average BER versus the carrier spacing.
The SIR equals 0dB and Eb/N o = 15dB. Here, increasing
the spectral overlap degrades the performance. But with a
carrier spacing of 3MHz only (80% channel overlap since
the bandwidth is approximatively 15MHz) a large gain is
achieved. Indeed, for L = 4 the BER obtained with the metric
in (9) is by an order of magnitude less: 5 · 10−4 against
4 · 10−3 without metric adjustment. We also observe that the
BER of a suboptimal Viterbi state-space with and without
metric adjustment, i.e. L = 3 and L = 4, converge when the

spacing between bands increases. This is due to less interfering
signal when the channel overlap decreases, so both metrics are
equivalent. We also include the single-user MLSE performance
curve. This curve converges towards the performance curve
of the MUD-MLSE receiver with L = 5 without BER floor.
The performance enhancement of a receiver based on (9) is
pointed out in strong interference conditions (the left part of
the graph).
Finally, Fig. 5 shows the average bit error rate versus the
average interfering power, with a spectral overlap of 65% and
Eb/N o = 15dB. We observe a performance enhancement for
L = 4 with the shifted metric. A BER reduction of about 10
is achieved when the interfering signal is 5dB weaker than
the desired signal. When the SIR increases, the augmented
metric and the classical one converge. The best performance
improvement is achieved at low SIR. For a SIR = -5dB and
L = 4 the BER is about 4 · 10−4 for the metric in (9)
against only 10−2 without shift. Moreover, when the signal
to interference ratio increases, the MUD-MLSE receiver with
L = 5 converges towards the single-user detector without BER
floor.
V. C ONCLUSIONS
The aim of this paper has been to demonstrate the performance of a reduced-complexity MLSE detector in the context
of heterogeneous WLAN-like channels. The asynchronous
behavior is due to the independent instantaneous channel impulse response realizations of the desired and interfering users,
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Fig. 5. Average BER versus interfering power, labelled on Viterbi state-space
L, with and without complexity reduction; Eb/N o = 15dB, channel overlap
= 65%.

where the strongest paths of the interferer is time-shifted compared to the strongest path of the desired user. The interference
cross-correlation terms hence yield their maximum at a nonzero time-lag. Based on this observation, we have proposed to
shift the MLSE branch metrics so as to compensate for this
asynchronism. This facilitates the construction of MLSE path
metrics of reduced state-space, thereby significantly reducing
the complexity of the detector. The simulation results point
out how the shifted metric enhances the efficiency of a suboptimal MUD-MLSE detector.
Note that the high BER observed herein does not reflect the
BER of a 802.11b based WLAN system because neither DSSS
neither CCK were considered. As future work, this technique
will be introduced in a complete 802.11b receiver. We expect,
however, that the qualitative behavior will be the same as the
one exposed herein.
The proposed MUD-MLSE detector of reduced complexity can be applied to other systems, which suffer a partial
spectral overlap and asynchronous interference due to a strong
frequency selective channel. We expect that with the marriage
of emerging cognitive radios [18] and forthcoming spectrum
liberalization [19], interference cancelation methods will play
a vital role for future cellular, WLAN and ad hoc systems.
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