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Abstract— Inspired by multiuser detection theory, we propose
the linear minimum mean-square error (LMMSE) multiuser
detector (MUD) to suppress co-channel interference (CCI) with
unknown signal format for coded OFDM systems over single
input/single output frequency-selective slowly fading channels by
considering each sub-carrier as an individual user. To eliminate
the residual interference contributed by other sub-carriers at
the output of the LMMSE MUD, we propose the multistage
interference cancellation (MIC) algorithm which makes use of
the reliable tentative decisions of other sub-carriers generated
from the decoder outputs of the first LMMSE MUD stage.
To further improve the performance, we propose the enhanced
multistage interference cancellation (EMIC) algorithm which is
the LMMSE estimate of the information bit provided that the
signal components of other sub-carriers are precisely removed
from the received signal. From computer simulations, the MIC
and the EMIC algorithms effectively improve the performance
of the LMMSE MUD. Furthermore, the performance of the
EMIC is very close to the optimal when the desired OFDM
signal employs Quadrature phase-shift keying (QPSK) or 16-ary
quadrature amplitude modulation (16-QAM).

I. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) is a
promising technology to next generation wireless communi-
cations and had been extensively applied in a lot of wireless
communications systems such as IEEE 802.11a/g in wireless
local area networks (WLAN) and HIPERLAN/2 in broadband
radio access networks. In OFDM systems, information bits
are split into a bank of Nc mutually orthogonal sub-carriers
and transmitted simultaneously. With the introduction of cyclic
prefix (CP) between symbols, the inter-symbol interference
(ISI) and inter-carrier interference (ICI) can be easily avoided,
which saves the complexity of receivers. In addition, inheriting
the property of high spectral efficiency from multi-carrier
systems, OFDM systems provide high data rate transmission
which further suggests the practical applications to future
advanced communications systems.

However, due to the extensive applications to the frequency
bands with other coexistent wireless communications systems,
the wireless OFDM systems unavoidably face the challenges
of the external co-channel interference (CCI) when over-
lay networks are deployed. For example, considering IEEE
802.11g operating at 2.4 GHz industrial, science, medical
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(ISM) band, the communications devices of IEEE 802.11b and
IEEE 802.15 would introduce interference to severely degrade
the performance of IEEE 802.11g. Therefore, suppressing CCI
has become a critical issue to preserve the advantages of
wireless OFDM systems.

In suppressing CCI for OFDM systems, antenna arrays were
proposed in [1], [2], where the outputs at the demodulators of
different received antennas of a certain sub-carrier are linearly
combined based on minimum mean-square error (MMSE)
criterion as an estimate of its information bit without any
knowledge of CCI. Beamforming techniques were proposed
in [2], [3] to blind out CCI from certain directions by making
use of spatial signatures of desired user and CCI. Given
the knowledge of signal formats and channels of CCI, per-
carrier maximum likelihood estimation (pc-MLE) [4], [5], per-
carrier successive interference cancellation (pc-SIC) [5] and
per-carrier parallel interference cancellation (pc-PIC) [6] were
proposed for OFDM systems with space division multiple
access (SDMA). However, when the number of the interfering
signals with unknown signal formats on each sub-carrier
are larger or equal to the number of the received antennas,
the algorithms in [1], [2], [3] become not effective and the
algorithms in [4], [5], [6] is not applicable.

On the other hand, the linear minimum mean-square error
(LMMSE) multiuser detector (MUD) was shown to be near-
far resistant over single input/single output channels provided
that the received waveform of the desired user is not spanned
by the received waveforms of other users [7]. And more
importantly it can be implemented without side information
of CCI through estimating the autocorrelation matrix of the
received signal or through data-aided (DA), decision-driven
(DD) and blind adaptive algorithms as shown in [7], [8]. In
[9], [10], [11], the LMMSE MUD were proposed to effectively
suppress both narrow-band and wide-band CCI in DS/CDMA
systems. In this paper, motivated by these observations, we
propose algorithms based on the LMMSE MUD to suppress
CCI with unknown signal format for wireless coded OFDM
systems by considering each sub-carrier as an individual user.
Although to jointly consider multiuser detection and antenna
arrays processing is the optimal way, in order to assess the
capability of MUDs in CCI suppression for OFDM systems,
we consider a single input/single output channel throughout
this paper. The LMMSE MUD are proposed to suppress CCI in
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this scenario. Although the signal format of CCI is unknown,
we can further eliminate residual interference contributed by
other sub-carriers by making use of tentative decisions, which
is inspired by the nonlinear DD MUDs. Based on this idea,
we propose the multistage interference cancellation (MIC)
and the enhanced multistage interference cancellation (EMIC)
algorithms with the LMMSE MUD as their first stage to
further improve the performance.

The rest of the paper is organized as follows. In Section II,
the signal models and assumptions are introduced. In Section
III, the LMMSE MUD, the MIC and the EMIC algorithms are
developed. In Section IV, numerical results are presented to
assess the performance of the proposed algorithms for OFDM
systems with forward error correction (FEC) code. In Section
V, we make some conclusions.

II. ASSUMPTIONS AND SIGNAL MODELS

A. Assumptions

We consider a scenario where one OFDM desired signal
with a single input/single output channel and one cyclo-
stationary interference with period MT0 share a common
frequency band, where M is a positive integer known to the
receiver and T0 is the OFDM symbol duration. The receiver is
assumed to precisely acquire synchronization information of
the desired signal including symbol timing, carrier frequency,
carrier phase and channel impulse response, which implies
the received waveforms of OFDM sub-carriers are precisely
known to the receiver. The channel impulse response of the
desired signal is assumed frequency-selective fading and time-
invariant in our observation interval of interest. The maximum
delay spread of the channel is assumed smaller than the length
of CP such that ISI and ICI can be avoided by removing CP.

B. Signal models

The precisely synchronized low-pass equivalent received
signal is given as

y(t) = s(t) + i(t) + n(t) (1)

where n(t) is the complex-valued additive white Gaussian
noise with independent real part and imaginary part and each
part has power spectral density N0/2, i(t) is the cyclostation-
ary CCI with period MT0 and s(t) is the desired OFDM signal
given by

s(t) =
P−1∑
p=0

Nc−1∑
q=0

a(p, q)
K−1∑
k=0

ckhq(t − pT0 − k/W ) (2)

where hq(t) is the transmitted waveform of the qth sub-carrier
given by

hq(t) =
{ 1√

T0
ej2πqt/T1 0 ≤ t < T0

0 else
,

q = 0, 1, ..., Nc − 1,

(3)

P is the number of symbols of the OFDM signal, Nc is the
number of sub-carriers of an OFDM symbol, a(p, q) ∈ {±1}
is the uncorrelated coded information bit of the qth sub-carrier

of the pth OFDM symbol, 1/T1 is the frequency separation
of successive OFDM sub-carriers, T0 − T1 is the length of
CP, c0, c1, ..., cK−1 are mutually independent complex-valued
Gaussian random variables corresponding to fading channel
coefficients of different delay paths and K is the number
of resolvable paths of OFDM signal and is approximately
equal to �TdW � + 1 where Td and W are respectively the
maximum delay spread of the channel and the bandwidth of
the OFDM signal and �x� is defined as the largest integer
smaller than x [12]. In this paper, since we primarily focus on
suppressing unwanted external CCI for OFDM systems, these
assumptions on signal models will ease the development of the
receiver. These assumptions are also reasonable for high data
rate OFDM applications with small mobility such as 802.11g
WLAN and HIPERLAN/2.

III. INTERFERENCE SUPPRESSION ALGORITHMS

In this section, the LMMSE MUD of the desired sub-carrier
based on the sliding window observation [13] of period MT0 is
proposed. To improve the performance of the LMMSE MUD,
the MIC and the EMIC with the LMMSE MUD as their first
stage are developed.

A. The LMMSE MUD

After removing CP, the vectored representation of received
signal is generated by taking discrete time samples in { t :
t ∈ ⋃P−1

p=0 [(p + 1)T0 − T1, (p + 1)T0]}. The L × 1 received
vector y(p) of the pth OFDM symbol duration is defined
as y(p) ≡ [ y((p + 1)T0 − T1 + 0T0/L) y((p + 1)T0 −
T1 + 1T0/L) ... y((p + 1)T0 − T1 + (L − 1)T0/L)]T , p =
0, 1, ..., P − 1. Since the received signal is cyclostationary
with period MT0. To make the coefficients of LMMSE MUD
independent of time, the period of sliding windows must be an
integer multiple of MT0. We let the period of sliding window
be MT0 without loss of generality.

The LMMSE MUD of the information bit a(p
′
+ iM, q),

p′ = 0, 1, ...,M−1, q = 0, 1, ..., Nc−1, based on the ith LM×
1 sliding window observation yw(i) ≡ [ yT (iM) yT (iM +
1) ... yT (iM + M − 1) ]T , has the form

ãLMMSE(p
′
+ iM, q) = vT

LMMSE(p
′
+ iM, q) yw(i) (4)

where vLMMSE(p
′
+iM, q) is chosen to minimized the mean-

square error (MSE) given by

vLMMSE(p
′
+ iM, q)

= arg min
v∈CLM×1

E[ | a(p′ + iM, q) − vT yw(i) |2]. (5)

By taking complex gradient of the MSE with respect to the
dummy variable v and applying the wide-sense stationary
property of yw(i) with respect to i, vT

LMMSE(p
′
+ iM, q)

is shown to be

vT
LMMSE(p

′
+ iM, q)

= E[(yH
w (i)a(p′ + iM, q)]E−1[yw(i)yH

w (i)]

= sH
w (p

′
, q)E−1[yw(0)yH

w (0)]

= sH
w (p

′
, q)R−1

(6)
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where (.)H denotes the conjugate-transpose operator and
sw(p

′
, q) is the LM × 1 vectored representation of received

waveform of the information bit a(p′+iM, q) in the ith sliding
window given as

sw(p
′
, q) = [

p
′−1︷ ︸︸ ︷

0 ... 0 sT
0, q

M−p
′︷ ︸︸ ︷

0 ... 0 ]T
(7)

where 0 is a 1 × L zero vector and s0, q is the L × 1
received vector of the information bit a(0, q). The coefficients
of the LMMSE MUD can be obtained according to (6) by
directly inverting the estimate of autocorrelation matrix R.
To save the implementation complexity of matrix inversion,
adaptive algorithms are widely applied, including data-aided
(DA), decision-driven (DD) [7], [14] and blind [8], [10], [11],
[15], [16] adaptive algorithms.

In addition to minimize the MSE, the LMMSE MUD was
shown to maximize the output signal-to-interference plus noise
ratio (SINR) among all linear filters [13]. The output SINR
of the LMMSE MUD of the information bit a(p

′
+ iM, q),

p′ = 0, 1, ...,M − 1, q = 0, 1, ..., Nc − 1, is shown to be

SINRLMMSE(p
′
+ iM, q)

=
[sH

w (p
′
, q)R−1sw(p

′
, q)]2

sH
w (p′ , q)R−1sw(p′ , q) − [sH

w (p′ , q)R−1sw(p′ , q)]2
.

(8)

When ãLMMSE(p
′
+ iM, q) serves as a soft input to the de-

coder, the SINR in (8) should be invoked to generate soft-input
information for the decoder. Alternatively, ãLMMSE(p

′
+

iM, q) may pass through a threshold detector to generate a
hard input to the decoder.

B. The MIC Algorithm

Although the LMMSE MUD applies optimal linear filter-
ing, certain sub-carriers with low received amplitude may
be completely buried in multiple access interference (MAI).
This motivates us to develop nonlinear algorithms to improve
the performance. Several types of nonlinear decision-driven
MUDs were proposed to enhance the performance of linear
MUDs by making use of tentative or final decisions, including
the successive interference cancellation (SIC) MUDs and the
multistage MUDs [7]. In our scenario, however, since each
sub-carrier is subjected to a frequency-flat channel, both the
SIC MUDs and the multistage MUDs suffer from serious
erroneous cancellation if the tentative decisions are generated
without incorporating FEC. Through incorporating FEC, by
obtaining frequency diversity gain over sub-channels, the
tentative decisions provide much higher reliability. Therefore,
we propose the MIC algorithm incorporating FEC based on
the multistage MUDs.

The idea of the MIC is to cancel the residual interfer-
ence contributed by other sub-carriers at the output of the
LMMSE MUD by making use of the signal formats and
reliable tentative decisions of other sub-carriers from the first
stage. In the presence of the external interfering signals with
unknown signal formats, the MIC employs the LMMSE MUD

as a reliable first stage. The estimate of the information bit
a(p

′
+ iM, q), p′ = 0, 1, ...,M − 1, q = 0, 1, ..., Nc − 1, at the

output of the second stage of the MIC has the form

ãMIC(p
′
+ iM, q)

= vT
LMMSE(p

′
+ iM, q)

[yw(i) −
M−1∑

u=0,u �=p′

Nc−1∑
v=0,v �=q

â(u + iM, v)sw(u, v)]

(9)

where â(u + iM, v) is the tentative decision of a(u + iM, v),
generated from the decoder outputs of the first LMMSE MUD
stage. The primary advantage of the MIC is that it shares the
same coefficients of the LMMSE MUD such that its increment
of the implementation complexity over the LMMSE MUD is
only contributed by the generation of the tentative decisions
involving FEC decoding.

Let us assume perfect tentative decisions and denote
G(p

′
, q) ≡ ∑M−1

u=0

∑Nc−1
v=0 [sH

w (p
′
, q)R−1sw(u, v)]2. The out-

put SINR of the MIC of the information bit a(p
′
+ iM, q),

p′ = 0, 1, ...,M − 1, q = 0, 1, ..., Nc − 1, is shown to be

SINRMIC(p
′
+ iM, q) =

[sH
w (p

′
, q)R−1sw(p

′
, q)]2

sH
w (p′ , q)R−1sw(p′ , q) − G(p′ , q)

.

(10)

The output SINR improvement of the MIC over the
LMMSE MUD is observed from the denominators in (8)
and (10). The MIC eliminates the residual interference con-
tributed by other sub-carriers at the output of the LMMSE
MUD such that the residual interference power is re-
duced from sH

w (p
′
, q)R−1sw(p

′
, q)− [sH

w (p
′
, q)R−1sw(p

′
, q)]2

to sH
w (p

′
, q)R−1sw(p

′
, q)−G(p

′
, q) while the signal power is

kept unchanged. The average bit error rate (BER) performance
improvement of the MIC over the LMMSE MUD through
computer simulations will also be shown in Section IV.

C. The EMIC Algorithm

When the tentative decisions are highly reliable at high
Eb/N0, which thanks to the effectiveness of the LMMSE
MUD, we can assume that the signal components of other
sub-carriers can be precisely removed from the received signal
such that neither ãLMMSE(p

′
+ iM, q) nor ãMIC(p

′
+ iM, q)

is the linear MMSE estimate of a(p
′

+ iM, q) given the
equivalent received signal written as

ÿw(p
′
+ iM, q)

≡ yw(i) −
M−1∑

u=0,u �=p′

Nc−1∑
v=0,v �=q

a(u + iM, v)sw(u, v)]

= a(p
′
+ iM, q)sw(p

′
, q) + nw(i) + iw(i),

p′ = 0, 1, ...,M − 1, q = 0, 1, ..., Nc − 1

(11)

where nw(i) and iw(i) denote the signal components con-
tributed by AWGN and CCI respectively. Motivated by this
observation, we propose the EMIC algorithm which is the
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linear MMSE estimate of the information bit a(p
′
+ iM, q)

given the equivalent received signal in (11).
The estimate of the information bit a(p

′
+ iM, q), p′ =

0, 1, ...,M −1, q = 0, 1, ..., Nc−1, at the output of the second
stage of the EMIC has the form

ãEMIC(p
′
+ iM, q)

= vT
EMIC(p

′
+ iM, q)

[yw(i) −
M−1∑

u=0,u �=p′

Nc−1∑
v=0,v �=q

â(u + iM, v)sw(u, v)]

(12)

where vT
EMIC(p

′
+ iM, q) is chosen to minimized the MSE

given as

vEMIC(p
′
+ iM, q)

= arg min
v∈CLM×1

E[ | a(p′ + iM, q) − vT ÿw(p
′
+ iM, q) |2].

(13)

Following the same optimization procedure as in (5), we have

vEMIC(p
′
+ iM, q)

= sH
w (p

′
, q)E−1[sw(p

′
, q)sH

w (p
′
, q) + nwnH

w + iwiHw ]

= sH
w (p

′
, q)[R −

M−1∑
u=0,u �=p′

Nc∑
v=0,v �=q

sw(u, v)sH
w (u, v)]−1

(14)

Assuming that tentative decisions are perfect and denoting
R̈(p

′
, q) ≡ [R − ∑M−1

u=0,u �=p′
∑Nc

v=0,v �=q sw(u, v)sH
w (u, v)], the

output SINR of the EMIC of the information bit a(p
′
+iM, q),

p′ = 0, 1, ...,M − 1, q = 0, 1, ..., Nc − 1, is shown to be

SINREMIC(p
′
+ iM, q)

=
[sH

w (p
′
, q)R̈

−1
sw(p

′
, q)]2

sH
w (p′ , q)R̈

−1
sw(p′ , q) − [sH

w (p′ , q)R̈
−1

sw(p′ , q)]2

= sH
w (p

′
, q)E−1[nwnH

w + iwiHw ]sw(p
′
, q)

(15)

which is independent of other sub-carriers since the signal
components from other sub-carriers are completely removed.
Although only two stages of the MIC and the EMIC are
shown in the derivations, the multistage approaches can be
further iterated, by cleaning up the residual interference with,
hopefully, increasingly reliable tentative decisions.

IV. NUMERICAL RESULTS

In this section, we assess the BER performance of the pro-
posed algorithms by computer simulations. Since we primarily
focus on the development of interference cancellation algo-
rithms in this paper, the parameter estimation of the algorithms
is temporally not taken care such that vT

LMMSE(p
′
+ iM, q)

and vT
EMIC(p

′
+ iM, q) are assumed precisely known to the

receiver throughout this section. Although the MIC and the
EMIC are multistage algorithms, we only show the simulations
of their two-stage versions.

A. Simulation Setup

We consider OFDM signals operating at ISM band with
quadrature phase-shift keying (QPSK) and 16-ary quadrature
amplitude modulation (16-QAM) as two numerical examples
where Nc = 48, T0 = 4µsec and T1 = 0.8µsec. The desired
signals employ a rate 1/2 binary convolutional code with
generators in octal [1338, 1718]. The CCI is an asynchronous
DS/CDMA signal with differential quadrature phase-shift key-
ing (DQPSK) modulation from an IEEE 802.11b WLAN
system and its frequency offset relative to the desired signal
is zero. The channel coefficients of the DS/CDMA signal
are also assumed time-invariant in our observation interval
such that the interference is cyclostationay with period 4µsec.
We choose the period of the sliding window M = 1. The
OFDM signal and interference are approximated as 20Mhz
so that L=64. Td = 0.75µsec in order to avoid ISI and
ICI. As the channel models exclusively applied in WLAN
[17], the tap coefficients are i.i.d complex-valued Gaussian
random variables with zero mean and exponentially decayed
variance. The channel models of the DS/CDMA signal and the
OFDM signal are common and the coefficients are generated
independently in the simulations. The receiver employs a hard-
decision Viterbi decoder of traceback length 128 at each stage.

13 14 15 16 17 18 19 20 21
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E
b
/N

0
 (dB)

MF without CCI
EMIC−DA
EMIC−DD
MIC−DA
MIC−DD
LMMSE MUD
MF

Fig. 1. BER versus Eb/N0 of the proposed algorithms for the convolutional
coded OFDM system with QPSK modulation and code rate 1/2 in the
presence of asynchronous CCI with SIR= 0dB.

B. Results

In addition to the proposed DD algorithms, the BER curves
of their corresponding DA versions, namely the MIC-DA and
the EMIC-DA, and the matched filter (MF) algorithm are also
shown in Figs. 1 and 2 when the signal-to-interference ratio
(SIR) is 0dB. The performance of the MF in the absence
of CCI is also shown as the lower bound of the optimal
performance. For the case of QPSK shown in Fig. 1, the slope
of the BER curve of the LMMSE MUD only slightly decreases
compared to the lower bound, which shows the effectiveness
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of the LMMSE MUD. The performance loss of the LMMSE
MUD relative the lower bound is 1.8dB at the target BER
10−4. Thanks to the reliable tentative decisions from the first
stage, the performance of the MIC-DD and EMIC-DD is quite
close to their corresponding DA versions. At the target BER,
the performance loss of MIC-DD is 1dB relative to the lower
bound. The EMIC-DD further reduces the performance loss
to 0.5dB.

For the case of 16-QAM shown in Fig. 2, since the modu-
lation schemes with higher signal constellations are naturally
more sensitive to the residual interference, the slope of the
BER curve of the LMMSE MUD greatly decreases compared
to the lower bound. The performance loss of the LMMSE
MUD relative to the lower bound increases to 5dB at the BER
10−4. By cancelling the residual interference at the output of
the LMMSE MUD effectively, the performance gain of the
MIC-DA and MIC-DD over the LMMSE MUD are 3.2dB
and 2.3dB respectively. Remarkably, the performance loss of
EMIC-DA relative to the lower bound is only 0.5dB. Although
the EMIC-DD seems more sensitive to the error of tentative
decisions especially in the lower Eb/N0 range, it further
increases the performance gain over LMMSE MUD to 3.2dB
at the target BER. And we can expect further performance
improvement of EMIC-DD if the number of stages increases.

V. CONCLUSIONS

In this paper, we proposed the LMMSE MUD, the MIC
and the EMIC algorithms to mitigate severe CCI for coded
OFDM systems over single input/single output frequency-
selective slowly fading channels. As shown in the simulations,
with the proposed algorithms, OFDM systems with QPSK and
16-QAM modulation schemes are resistent to the wide-band
asynchronous DS/CDMA signal with DQPSK modulation
scheme from an IEEE 802.11b WLAN system. Among the
proposed algorithms, the EMIC algorithm shows a remarkable
performance improvement such that its BER curves are quite
close to the lower bounds for both QPSK and 16-QAM cases.
In addition to study the implementation complexity of the
EMIC, we will investigate the properties of the proposed
algorithms against narrow-band CCI in wireless coded OFDM
systems and possibly power-line OFDM systems. And finally
we will extend the proposed algorithms to coded OFDM
systems with antenna arrays.
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