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Abstract: Recently space division multiple access (SDMA) assisted multiple-input–multiple-output
(MIMO) orthogonal frequency division multiplexing (OFDM) systems invoking multiuser
detection (MUD) techniques have attracted substantial research interest, which is capable of
exploiting both transmitter multiplexing gain and receiver diversity gain. A new scheme referred to
here as slowsubcarrierhopping (SSCH) assisted multiuser SDMA-OFDM, is proposed. It is shown
that, with the aid of the so-called uniform SSCH (USSCH) pattern, the multiuser interference
(MUI) experienced by the high-throughput SDMA-OFDM system can be effectively suppressed,
resulting in a significant performance improvement. In the investigations conducted, the proposed
USSCH-aided SDMA-OFDM system was capable of outperforming a range of SDMA-OFDM
systems considered, including the conventional SDMA-OFDM system dispensing with the
employment of frequency-hopping techniques. For example, at an Eb/N0 value of 12dB, the
proposed USSCH/SDMA-OFDM system reduced the bit error ratio (BER) by about three orders
of magnitude, in comparison to the conventional SDMA-OFDM system, while maintaining a
similar computational complexity.
1 Introduction

A range of time division multiple access (TDMA) [1],
frequency division multiple access (FDMA) [1] and code
division multiple access (CDMA) [2, 3] schemes have found
employment in first-, second- and third-generation wireless
systems. Spread-spectrum multiple access (SSMA) [4]
schemes have been widely investigated since they exhibit a
range of attractive properties, including the ability of
combating various types of interference. A classic SSMA
scheme is constituted by frequency-hopped SSMA (FH/
SSMA) [3, 5–8], where the total available system bandwidth
is divided into a number of sub-bands shared by a number
of users. FH can be effectively amalgamated with the well
established technique of orthogonal frequency division
multiplexing (OFDM) [9, 10], which exhibits a number of
advantages over more traditional multiplexing techniques,
resulting in FH/OFDM systems [11]. Furthermore, space
division multiple access (SDMA) based OFDM [10, 13]
communication invoking multiuser detection (MUD)
[10, 13] techniques has recently attracted intensive research
interest. In SDMAmultiple-input–multiple-output (MIMO)
systems, the transmitted signals of L simultaneous uplink
mobile users, each equipped with a single transmit antenna,
are received by the P different receiver antennas of the base
station (BS). At the BS the individual users’ signals are
separated with the aid of their unique, user-specific spatial
signature constituted by their channel transfer functions or,
equivalently, channel impulse responses (CIRs).

However, conventional SDMA-OFDM systems [10, 12],
where all the users exploit the entire system bandwidth
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for their communications, exhibit a few drawbacks.
The conventional SDMA-OFDM systems can exploit little
frequency diversity, since each user activates all available
subcarriers. This limitation can be mitigated by combining
both slow frequency-hopping (SFH) and SDMA-OFDM
techniques, resulting in the SFH/SDMA-OFDM systems.
In SFH/SDMA-OFDM systems the total system band-
width is divided into several sub-bands, each of which hosts
a number of consecutive subcarriers, and a so-called SFH
pattern is used for controlling the sub-band allocation for
the different users. Since each user activates different sub-
bands from time to time, the achievable frequency diversity
improves, as the width of the sub-bands is reduced.

However, when the number of users becomes higher in
conventional SDMA-OFDM systems, a higher multiuser
interference (MUI) is expected across the entire bandwidth,
and hence all users will suffer from a performance
degradation. Unfortunately, the same phenomenon is
encountered also in SFH/SDMA-OFDM systems at those
sub-bands that are shared by an excessive number of users.
Undoubtedly, the best solution to eliminate the MUI is to
avoid sub-band collisions between the different users by
assigning each sub-band exclusively to a single user. This
‘one-subband-for-one-user’ scheme will inevitably reduce
the system’s overall throughput. The attainable system
throughput can be increased with the aid of higher-order
modems, which are more vulnerable to transmission errors
and also impose an increased MUD complexity at the
receivers, which is undesirable. Therefore, subcarrier reuse
based SDMA-OFDM using efficient frequency-hopping
techniques is preferable, since it is capable of maintaining a
sufficiently high overall system throughput even with the
employment of a relatively low-order, low-complexity
modem, while effectively suppressing the associated high
MUI.

Against this background, the novel contribution of this
paper is that the performance of conventional multiuser
SDMA-OFDM systems is significantly improved by
employing a novel subcarrier-based SFH technique,
IEE Proc.-Commun., Vol. 153, No. 6, December 2006



referred to here as the slow-subcarrierhopping (SSCH)
scheme. More specifically, using a simple but efficient
uniform SSCH (USSCH) pattern, the SSCH/SDMA-
OFDM system is capable of achieving a high frequency
diversity, and hence exhibits a high robustness to MUI. In
the literature, substantial research efforts have been invested
in designing subcarrier allocation algorithms for single-
input–single-output (SISO) OFDM systems, which are
subject to various design constraints, such as requiring
the minimal overall transmit power [14–19], achieving the
maximum capacity [19–21] or complying with specific
quality-of-service (QoS) criteria [22], etc. A subcarrier and
bit allocation algorithm designed for minimising the overall
transmit power for aMIMO-OFDM systems was proposed
in [23]. Furthermore, a number of sub-band/subcarrier
allocation schemes were also proposed for systems based on
clustered OFDM (ClOFDM) [24] or orthogonal frequency
division multiple access (OFDMA) [25–28]. However, all
these algorithms were derived under the assumption that a
sub-band or a subcarrier can be used by one user only. By
contrast, our proposed USSCH algorithm allows multiple
constant-rate users to activate the same subcarrier. More
specifically, each subcarrier can be activated by different
users during different hopping intervals, while it is desirable
to ensure that the average frequency-domain (FD) separa-
tion of the subcarriers activated by the same user is
sufficiently large, in order to experience uncorrelated fading,
and hence a high diversity gain. Moreover, the number of
users activating each subcarrier should ideally be similar so
as to ensure that the MUI encountered at each subcarrier
becomes similar, hence eliminating the MUI ‘peaks’ across
the system bandwidth.

In order to fully exploit the potential benefits of the
USSCH pattern, the employment of forward error correc-
tion (FEC) schemes is necessary. In this paper, turbo trellis-
coded modulation (TTCM) [29, 30] is considered. However,
other FEC schemes are also applicable. It will be shown in
our forthcoming discourse that with the aid of the
advocated USSCH pattern, the MUI experienced by the
TTCM-aided SDMA-OFDM system can be effectively
suppressed, resulting in a significant performance improve-
ment. In the investigations conducted, the proposed
USSCH-aided SDMA-OFDM system was capable of
outperforming a range of SDMA-OFDM systems con-
sidered, including the conventional SDMA-OFDM system
[10] dispensing with the employment of frequency-hopping
techniques. For example, at an Eb/N0 value of 12dB, the
proposed USSCH/SDMA-OFDM system reduced the bit
error ratio (BER) by about three orders of magnitude in
comparison to the conventional SDMA-OFDM system,
while maintaining a similar computational complexity.

2 System model

2.1 System overview
Figure 1 shows the frequency resource allocation strategy of
conventional SDMA-OFDM [10], SFH/SDMA-OFDM
and SSCH/SDMA-OFDM systems. As illustrated in Fig. 1,
in conventional SDMA-OFDM systems, which do not
employ any hopping techniques, the total available system
bandwidth W is partitioned into a total of Qc¼W/Wsc

subcarriers, where Wsc is the subcarrier bandwidth, and
each user activates all the Qc subcarriers for communica-
tion. By contrast, in SFH/SDMA-OFDM systems W is
divided into a number of sub-bands denoted by
q¼ 1,y,Qf, each of which consists of K number of
subcarriers, as seen in Fig. 1. Explicitly, we have Qc¼K �Qf.
More specifically, during a SFH dwell time Th, each of the
IEE Proc.-Commun., Vol. 153, No. 6, December 2006
simultaneous users supported is assigned one of the Qf sub-
bands, which is associated with a carrier frequency fq used
for carrying the OFDM signal to be transmitted in this sub-
band. The activation of a sub-band is controlled by a
frequency synthesiser according to either a pseudorandom
or a deterministic user-specific hopping pattern set used. In
contrast to fast-frequency-hopping (FFH) systems, where
the symbol duration Ts obeys bF ¼Ts/Th41, in SFH
systems we have bS¼Th/Ts41, where both bF and bS are
integers, while Th is the hopping dwell period. Using SFH
makes it feasible to use coherent demodulation at the
receiver side, since the hopping rate is slower than the
data rate.

In comparison to SFH/SDMA-OFDM systems, where
sub-band based SFH is employed, in the proposed SSCH/
SDMA-OFDM system a subcarrier-based SFH technique
is invoked. Similar to conventional SDMA-OFDM sys-
tems, in SSCH systems we also have a total of Qc¼W/Wsc

subcarriers. However, each user activates only K of the Qc

available subcarriers, where 0oKoQc. While a SFH user
exploits all the K subcarriers of a SFH sub-band during the
hopping dwell time of Th, a SSCH user employing the
same number of K subcarriers can potentially select any K
of the Qc available subcarriers without decreasing the
throughput, as seen in Fig. 1. Furthermore, by assigning a
different number of subcarriers to different users, a flexible
multi-rate system can be created, which is capable of
satisfying the users’ QoS profiles. For the sake of simplicity,
in this paper we assume that each user has the same
constant bit rate.

2.2 Transceiver architecture
The schematic of the TTCM-assisted SSCH/SDMA-
OFDM system is portrayed in Fig. 2. As seen in Fig. 2,
the TTCM-coded symbols are first S/P-converted and
forwarded to the SSCH mapper. More specifically, the K
number of information symbols of a user are mapped to K
out of Qc SSCH subcarriers, where the activation strategy
of the set of K subcarriers depends on the specific SSCH
algorithm used, as will be discussed in more depth in
Section 2.3. An ON–OFF type signalling scheme may be
invoked, where the activated and deactivated status of
specific subcarriers represent the ON and OFF states,
respectively. Then, the total number of Qc subcarriers can
be processed by a Qc-point inverse fast Fourier transform
(IFFT). Since the deactivated subcarriers deliver no
information, the transmit power of each SSCH user is the
same as that of a SFH user, provided that the same K
number of subcarriers are activated by both of them.

Conventional 

SDMA-OFDM

SFH/SDMA-OFDM

SSCH/SDMA-OFDM

W

scW

sub-band 1 sub-band 2 sub-band Qf
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.cS2.cS1.cS Qc
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k

Fig. 1 Comparison between conventional SDMA-OFDM, SFH/
SDMA-OFDM and SSCH/SDMA-OFDM in the context of
frequency resource allocation for a single user
Each hollow block in the figure represents an unused subcarrier, while
those in grey denote the activated subcarriers of the user. In this
example, random hopping patterns are used for both the SFH and the
SSCH-aided systems
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Following the IFFT-based OFDM modulation, the
OFDM symbols will be transmitted by the mobile station
(MS) via the SDMA MIMO channel to be characterised in
Section 2.4, using a specific carrier frequency fc.

At the BS, a total of P receiver antenna elements and an
appropriate MUD are employed. First fast Fourier trans-
form (FFT) based OFDM demodulation is invoked,
followed by the SSCH demapping. Given the knowledge
of the SSCH pattern, the BS subcarrier controller
simultaneously selects the active subcarriers at the P
receivers and the resultant composite multiuser output
signal is forwarded to theMUD. Here a modified version of
the minimum mean square error (MMSE) aided iterative
genetic algorithm (IGA) MUD of [31] is employed, which
amalgamates the TTCM decoding process and the MUD
operation in an iterative manner. More details about the
MUDwill be provided in Section 2.5. Finally, the individual
users’ signals are regenerated.

2.3 Subcarrier hopping strategy design
The SSCH pattern decides upon the choice of the
subcarriers to which the different users’ signals are mapped,
and thus has a direct impact on the amount of MUI
inflicted. On one hand, for the sake of combating the MUI,
a meritorious SSCH pattern should ensure that each user’s
high-MUI subcarriers are dispersed across the FD, rather
than being concentrated in the FD. On the other hand, for
the sake of combating FD fading, the subcarriers activated
by the same user should be uniformly distributed across the
entire bandwidth, rather than being consecutively mapped
to a small fraction of the entire bandwidth, so that
frequency diversity can be efficiently exploited and hence
the detrimental effects of deep FD fades can be mitigated.
Both of these requirements result in a more random
distribution of the originally bursty FD errors incurred
either by a high MUI or a deep FD fade, thus enhancing
the chances of the channel decoder to correct the residual
errors.

In this paper, two types of hopping patterns are
considered. We refer to the first scheme as the random
SSCH (RSSCH) pattern, where each user independently
selects any K out of the total of Qc available subcarriers
during the period of Th. In RSSCH-based systems, the
subcarriers activated by a high number of users will suffer
an excessive MUI, resulting in an increased average BER.
By contrast, in the second SSCH strategy considered, all
users’ hopping patterns are jointly designed so that the
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Fig. 2 Schematic of a TTCM-assisted multiuser SSCH-aided
SDMA-OFDM uplink system
A modified version of the MMSE-IGA MUD scheme of [31] was
employed
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number of interfering users (and also the MUI) at each
subcarrier is as similar as possible and that both require-
ments mentioned above are satisfied. We refer to this
strategy as the uniform SSCH (USSCH) scheme.

In the proposed USSCH scheme, the Qc available
subcarriers are first partitioned into K consecutive sub-
carrier groups, each of which has Qg¼Qc/K number of
subcarriers. Then an L-iteration USSCH pattern assign-
ment algorithm is invoked for each of the K groups, namely
from the first to the Kth group, for the sake of generating a
specific length-K pattern set for each of the L users. Figure 3
illustrates the proposed algorithm invoked in the kth
(k¼ 1,y,k) subcarrier group for assigning the Qg

subcarriers to the L users. More precisely, initially a
remaining user set A(1) containing all the L users is created,
as shown in Fig. 3. During the lth (l¼ 1,y,L) iteration, a

subcarrier index qðlÞk is generated by calculating l mod Qg,
where mod represents the modulo operation. A user u(l) is
then randomly selected from A(l) based on the uniform
probability of

pðlÞ ¼ 1

L� lþ 1
ð1Þ

and the ðqðlÞk Þth subcarrier within this specific subcarrier
group will be assigned to user u(l). The remaining user set
A(l) is then updated by removing user u(l) from it, resulting in
A(l+1), which contains the remaining (L� l) number of
users. Then the subcarrier assignment process proceeds to
the next, i.e. to the (l+1)th iteration, allocating the next
subcarrier to the next randomly selected user, as seen in
Fig. 3. This iterative subcarrier to user assignment process
continues, until the Lth iteration is completed. By this time,
each of the L users has been assigned a single subcarrier

of the kth subcarrier group. Hence, a vector qk ¼ ½q
ð1Þ
k ;

qð2Þk ; . . . ; qðLÞk � is generated, where qðlÞk ðl ¼ 1; . . . ; LÞ con-
stitutes the kth subcarrier of the lth user’s length-K USSCH
pattern set. (Recall that each user activates K subcarriers for
transmission and thus has to be assigned a length-K
USSCH pattern set.) Then the vector-generating routine
described above is invoked for the next, i.e. for the (k+1)th
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Fig. 3 Flowchart of the USSCH pattern assignment algorithm
invoked in the kth subcarrier group
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subcarrier group. When all the K subcarrier groups have
been processed, a set containing K number of length-L
vectors qkðk ¼ 1; . . . ;KÞ has been generated, explicitly
indicating, which specific subcarrier of group k has been
assigned to which of the L users. Viewing this subcarrier
allocation from the users’ perspective, the lth user’s specific
length-K USSCH pattern set q(l) is created by choosing that
specific subcarrier corresponding to the lth element of each
of the K vectors, which has been assigned to user l, resulting

in qðlÞ ¼ ½qðlÞ1 ; q
ðlÞ
2 ; . . . ; qðlÞK �; l 2 f1; . . . ; Lg.

Note that the above subcarrier group based algorithm
employs the full permutation theory [32]. More explicitly,
each of the K number of length-L vectors qk (k¼ 1,y,K)
associated with the kth subcarrier group is an element of the
L-order full permutation set [32], and is generated at a
constant probability of

pL ¼
YL

l¼1
pðlÞ

¼ 1

L
� 1

L� 1
� � � � � 1

2
� 1

¼ 1

L!
ð2Þ

where ( � )! represents the factorial operation. More
explicitly, given a total number of L users, the associated
L-order full permutation set can be expressed as

QL ¼ fq1; q2; . . . ; qL!g ð3Þ

where the element vectors are given by qk ¼ ½q
ð1Þ
k ; qð2Þk ;

. . . ; qðLÞk � ðk ¼ 1; . . . ; L!Þ. Thus, the employment of the
USSCH pattern assignment algorithm of Fig. 3 is concep-
tually equivalent to invoking the algorithm, which
randomly selects one element vector from the set QL

described by (3) for each of the K subcarrier groups, based
on the probability given by (2).

According to the proposed USSCH pattern assignment
algorithm of Fig. 3, when we have L4Qg and L mod
Qga0, in each of the K subcarrier groups, there will be
(L mod Qg) number of subcarriers that have to be activated
by one more user than the other subcarriers in the same
group. Thus, a higher MUI is expected at these subcarriers.
However, since the users that are assigned to the higher-
MUI subcarriers are randomly selected, it is unlikely for
these more-MUI contaminated subcarriers of different
subcarrier groups to be always assigned to the same user.
In other words, from each user’s point of view, among its
total K activated subcarriers, the specific subcarriers that
encounter a higher MUI can be uniformly dispersed across
the entire system bandwidth. Furthermore, since in
USSCH/SDMA-OFDM systems each user’s activated
subcarriers are uniformly distributed over the entire
bandwidth, frequency diversity can be efficiently exploited.
Thus, both requirements mentioned at the beginning of this
section are satisfied by employing the proposed USSCH
pattern assignment algorithm.

However, if we have L mod Qg¼ 0, each subcarrier is
activated by the same number of L/Qg users. Moreover,
when we have LoQg, the USSCH system is actually MUI-
free, since each subcarrier is assigned to at most one user.
In both of these two scenarios, the MUI encountered in
the USSCH/SDMA-OFDM system is identical at all the
activated subcarriers, since each subcarrier hosts the same
number of users. However, in such situations the perfor-
mance of the conventional SDMA-OFDM system can still
be improved with the aid of the USSCH scheme of Fig. 3,
IEE Proc.-Commun., Vol. 153, No. 6, December 2006
owing to the latter arrangement’s ability to exploit
frequency diversity.

Note that SFH/SDMA-OFDM systems can also benefit
from the proposed USSCH pattern assignment algorithm,
resulting in uniform SFH (USFH) aided SDMA-OFDM
systems, which are capable of outperforming the conven-
tional SDMA-OFDM systems. In USFH/SDMA-OFDM
systems, sub-bands rather than subcarriers are jointly
assigned to different users, following a philosophy similar
to that of Fig. 3. However, given the same system
bandwidth and the same total system throughput, the
USFH/SDMA-OFDM system is unable to outperform its
USSCH-aided counterpart. This is because in USFH-aided
systems a sub-band (which accommodates a number of
subcarriers and may be viewed as an ‘entire’ bandwidth
for a ‘reduced-size’ conventional SDMA-OFDM system) is
still more vulnerable both to high MUI and to deep fades
than a subcarrier of USSCH-aided systems. This will be
corroborated by our simulation results to be shown in
Section 3.

It is also worth pointing out that the USFH/USSCH
patterns can be acquired by offline precomputation, since
their choice is not based on any channel knowledge.
Furthermore, the patterns can be reused, provided that the
reuse time interval is sufficiently long, so that the frequency
diversity can be sufficiently exploited. The reuse interval is
defined by

Tr ¼ mTh ð4Þ
where the reuse factor m is a positive integer. More
explicitly, during the offline pattern precomputation, m
number of USFH/USSCH patterns are generated for each
of the L users, each of which is associated with one of the m
number of FH dwell time periods during the time interval
of Tr. These USFH/USSCH pattern sets can then be reused
during every reuse interval Tr, implying that the real-time
signalling of the USFH/USSCH patterns from the
transmitters to the receivers is unnecessary. This imposes
a significantly lower computational complexity than that
required by other adaptive algorithms exploiting the real-
time channel knowledge.

2.4 SSCH/SDMA-OFDM uplink MIMO
channel
In SDMA-OFDM uplink systems [10], each of the L
simultaneous mobile users employs a single transmit
antenna at the MS, while the BS receiver exploits P antenna
elements. In the context of the proposed SSCH/SDMA-
OFDM system, at the qth activated subcarrier of the nth
OFDM symbol received by the P-element receiver antenna
array, we have the received complex signal vector x[n,q],
which is constituted by the superposition of the indepen-
dently faded signals associated with the Lq users and
contaminated by additive white gaussian noise (AWGN),
where Lqð1 � Lq � LÞ denotes the number of users
activating the qth subcarrier, expressed as

xq ¼ Hqsq þ nq ð5Þ
where the (P� 1)-dimensional received signal vector xq, the
(Lq� 1)-dimensional Lq users’ transmitted signal vector sq

and the (P� 1)-dimensional noise signal vector nq are
given by

xq ¼ ðx1;q; x2;q; . . . ; xP ;qÞT ð6Þ

sq ¼ ðsð1Þq ; sð2Þq ; . . . ; sðLqÞ
q Þ

T ð7Þ

nq ¼ ðn1;q; n2;q; . . . ; nP ;qÞT ð8Þ
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Here we have omitted the indices [n, k] of each vector for the
sake of notational convenience. The associated (P�Lq)-
dimensional matrix Hq of (5), which contains the
frequency-domain channel transfer functions (FD-CHTFs)
of the Lq users, is given by

Hq ¼ ðH ð1Þq ;H ð2Þq ; . . . ;H ðLqÞ
q Þ ð9Þ

where H ðlÞq ðl ¼ 1; . . . ; LqÞ is the vector of the FD-CHTFs

associated with the transmission paths from the lth user’s
transmit antenna to each element of the P-element receiver
antenna array, which is expressed as

H ðlÞq ¼ ðH
ðlÞ
1;q;H

ðlÞ
2;q; . . . ;H ðlÞP ;qÞ

T ; l ¼ f1; . . . ; Lqg ð10Þ

The FD-CHTFs H ðlÞp;q associated with the different receivers
or users are assumed to be independent.

2.5 Multiuser detection
As mentioned earlier, MUD schemes are invoked at the
receiver of the SDMA-OFDM system for the sake of
detecting the received signals of different users. Recently, a
novel MMSE-assisted iterative genetic algorithm (IGA)
based (MMSE-IGA) MUD [31] has been proposed for
employment in conventional SDMA-OFDM systems,
which is capable of achieving a similar performance to that
attained by the optimum maximum likelihood (ML) MUD
[10, 12, 13, 33] at a significantly lower complexity, especially
in high-throughput scenarios. In this paper, we modify the
MMSE-IGAMUD of [31] so that it can be employed in the
proposed SSCH-aided SDMA-OFDM system.

More specifically, at the qth active subcarrier, the initial

estimated signal vector ŝMMSEq 2 CLq�1 generated from the
transmitted signal sq of the Lqð1 � Lq � LÞ simultaneous
users that activate this specific subcarrier, is obtained by
linearly combining the received signal vector xq with the aid
of the MMSE MUD’s array weight matrix, as follows

ŝMMSEq ¼WH
MMSEq

xq ð11Þ

where the superscript ( � )H denotes the Hermitian transpose,

and the MMSE-based weight matrix WMMSEq 2 CP�Lq is

given by [10]

WMMSEq ¼ ðHqHH
q þ s2nIÞ�1Hq ð12Þ

while I is the identity matrix and s2n is the AWGN noise
variance. Once the MMSE-based detection is completed,
the resultant output can be forwarded to the concatenated
IGA MUD [31] for the second-stage iterative detection.
More precisely, the IGA MUD evaluates a decision metric
associated with the P receivers, which is derived from the
optimum ML-based decision metric [10], in order to detect
the estimated transmitted symbol vector ŝGAq . The decision

metric required for the pth receiver antenna can be derived
from that of [31] as

Op;qðsÞ ¼ jxp;q �Hp;qsj2 ð13Þ
and xp;q is the received symbol at the qth active subcarrier of
the pth receiver, while Hp;q is the pth row of the (P�Lq)-
dimensional channel transfer function matrix Hq related to
the same subcarrier. Therefore, the decision rule for the
optimummultiuser detector associated with the pth antenna
is to choose that specific length-Lq symbol vector s, which
minimises the metric given in (13). Since there are P number
of receivers, the combined joint metric is invoked [31]

OqðsÞ ¼
XP

p¼1
Op;qðsÞ ð14Þ
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Hence, the joint decision rule is to find that specific
estimated transmitted Lq-symbol vector ŝGAq , which mini-
mises OqðsÞ in (14) for the qth active subcarrier considered,
which is formulated as

ŝGAq ¼ argfmin
s
½OqðsÞ�g ð15Þ

For space economy, we omit the details of the IGA-based
detection process, which can be found in [31].

3 Simulation results

In this Section, we characterise the achievable performance
of the proposed TTCM-assisted and USSCH-aided
SDMA-OFDM system using the MMSE-IGA MUD of
[31]. Its performance is compared to that of its counterparts
employing the RSSCH, random SFH (RSFH) and USFH
patterns as well as to that of a conventional SDMA-OFDM
system [10] dispensing with the employment of any
frequency-hopping techniques. It was assumed in all SFH-
or SSCH-aided schemes that the BS has a perfect knowl-
edge of the hopping patterns. The simulation results were
obtained using a 4QAM scheme communicating over
the three-path short wireless asynchronous transfer mode
(SWATM) CIR given on page 78 of [10], assuming that the
channels’ transfer functions are perfectly known. Each
of the paths experiences independent Rayleigh fading
having the same normalised Doppler frequencies of
f 0d ¼ 1:235� 10�5. For the reader’s convenience, the
simulation parameters are summarised in Table 1. For
more details on the GA’s configuration, the interested
reader is referred to [3, 31].

Table 1: Basic simulation parameters used in Section 3

TTCM parameters Modern 4QAM

Code rate 1/2

Data bits 1

Parity bits 2

Code memory 3

Iterations 4

Codeword length 1024

Octal generator
polynomial

(13 6)

GA parameters Population
initialisation method

MMSE

Mating pool creation
strategy

Pareto-optimality [34]

Selection method Fitness-proportionate

Crossover Uniform crossover

Mutation BQM [31]

Elitism Enabled

Incest prevention Enabled

Population size 20

Generations 5

Mutation probability 0.1

Channel parameters CIRs SWATM [10]

Paths 3

Maximum path delay 48.8ns

Normalised Doppler
frequency

1.235� 10�5

Subarriers 128/512

Cyclic prefix 16
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Recall that in SFH/SSCH aided SDMA-OFDM systems
the number of activated subcarriers KoQc is lower than
that of the conventional SDMA-OFDM system [10], where
all the users employ all the Qc number of available
subcarriers for communication. For the sake of fair
comparisons, the total system bandwidth was fixed for all
systems and the number of users L supported by the various
SFH/SSCH aided systems was increased, so that the same
total system throughout of BT was maintained during an
OFDM symbol, which is calculated by

BT ¼ K � L � BPS ½bits=OFDMsymbol� ð16Þ

where BPS represents the number of bits per symbol per
subcarrier. When 4QAM is employed, we have BPS¼ 2.
For the reader’s convenience, the notations used in the
figures of this Section are summarised in Table 2.

Figure 4 shows our performance comparison between the
conventional SDMA-OFDM and the RSFH, USFH,
RSSCH and USSCH aided SDMA-OFDM systems
employing either the MMSE MUD [10] or the modified
version of the MMSE-IGA MUD [31]. We also included
the performance curve of the MUI-free single-user scheme
employing the optimum ML detector as a reference, which
employed Qc¼ 512 subcarriers. TTCM and P¼ 4 receiver
antenna elements were employed by all systems. The

Table 2: Notations used in the figures of simulation results
presented in Section 3

Notation Description

K Number of subcarriers employed by each user

L Number of users

P Number of receiver antenna elements

Qf Number of available sub-bands in SFH systems

Qe Number of available subcarriers in SSCH systems

BT Total throughout per OFDM symbol of the L-user system

RSFG Random-SFH systems

USFH Uniform-SFH systems

RSSCH Random-SSCH systems

USSCH Uniform-SSCH systems
IEE Proc.-Commun., Vol. 153, No. 6, December 2006
total system throughput was maintained at BT¼6144 bits
per OFDM symbol, except for the single-user reference
scheme.

It is observed from Fig. 4 that the conventional SDMA-
OFDM system resulted in a residual error floor in this high-
throughput scenario, which is associated with a high MUI.
The RSFH and RSSCH aided systems performed even
worse. This is because when the random SFH/SSCH
strategy is invoked, some subcarriers may be assigned to an
excessive number of users, resulting in an extremely high
MUI, which contaminates all users’ signals delivered by
these subcarriers and dominates the average BER perfor-
mance. However, the situation was significantly improved,
when the proposed uniform subcarrier assignment algo-
rithm of Fig. 3 was employed. More specifically, both the
USFH-aided SDMA-OFDM systems reduced the error
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Fig. 4 BER against Eb/N0 performance of the conventional
SDMA-OFDM and RSFH/USFH/RSSCH/USSCH aided
SDMA-OFDM systems employing either the MMSE MUD or
the MMSE-IGA MUD, where L number of users were supported
with the aid of P¼ 4 receiver antenna elements
The scenario was associated with a total system throughput of
BT¼6144 bits. All schemes employed TTCM. The basic simulation
parameters and the notations used in the figure are summarised in
Tables 1 and 2, respectively
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Fig. 5 Maximal total system throughput against Eb/N0 performance of the RSFH/USFH/RSSCH/USSCH aided SDMA-OFDM systems
employing the MMSE-IGA MUD, where P¼ 4 receiver antenna elements were used
All schemes employed TTCM. The basic simulation parameters and the notations used in the figure are summarised in Tables 1 and 2, respectively
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floors incurred by their conventional and RSFH/RSSCH-
aided counterparts, while the USSCH-aided SDMA-
OFDM system performed even better, validating our
arguments outlined in Section 2.3. Furthermore, Fig. 4 also
demonstrates the superior performance of the MMSE-IGA
MUD over that of the MMSE MUD. For example, at an
Eb/N0 value of 12dB, the MMSE-IGA multiuser detected
USSCH/SDMA-OFDM system dramatically reduced
the BER floor of the MMSE multiuser detected USSCH/
SDMA-OFDM system by about five orders of magnitude.

Figure 5 shows the maximum total system throughput BT

that can be supported by the various SFH/SSCH-aided
TTCM/SDMA-OFDM schemes without exceeding the
target BER at different E0/N0 values. The number of
subcarriers activated by each user was set to K¼ 128 for all
schemes for the sake of a fair comparison. Specifically, the
results attained for the target BER of 10� 3 and 10� 5 are
portrayed at the left-hand and right-hand sides of Fig. 5,
respectively. It can be seen that in both scenarios the
USSCH/SDMA-OFDM system distinguished itself by
providing a higher capacity than the other arrangements,
owing to the direct benefit of the USSCH pattern assign-
ment strategy of Fig. 3.

From the results of Figs. 4 and 5, the scheme combining
the MMSE-IGA MUD and the USSCH pattern assign-
ment strategy was found to constitute the best design option
in terms of the attainable performance. Furthermore, when
compared to the conventional SDMA-OFDM system, the
only additional computational complexity imposed by
the USSCH/SDMA-OFDM system arises from the low-
complexity USSCH algorithm. Moreover, it allows offline
precomputation of the patterns, as discussed at the end
of Section 2.3. Thus, the desirably high performance of
the proposed USSCH/SDMA-OFDM system is not
achieved at the cost of a significantly increased computa-
tional complexity, when compared to its conventional
counterpart.

4 Conclusions

From the investigations conducted, we conclude that the
proposed USSCH/SDMA-OFDM system is capable of
providing the best performance among the various SDMA-
OFDM systems investigated, when TTCM is employed.
Furthermore, the USSCH-aided system exhibits a robust
resistance to the strong MUI incurred in high-throughput
scenarios, owing to the attractive characteristics of the
proposed subcarrier assignment algorithm. Moreover, the
superior performance of the proposed USSCH/SDMA-
OFDM scheme is achieved at a similar computational
complexity as that imposed by the conventional SDMA-
OFDM arrangement.
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