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Abstract— Recently Space Division Multiple Access (SDMA) ployment of Forward Error Correction (FEC) schemes is necessary.
assisted Multi-Input-Multi-Output (MIMO) OFDM systems in- In this paper, Turbo Trellis Coded Modulation (TTCM) [5] is consid-
voking Multi-User Detection (MUD) techniques have attracted ered, which is capable of achieving a substantial coding gain without
substantial research interests, which are capable of exploiting both bandwidth expansion, and was shown to generally provides the best
transmitter multiplexing gain and receiver diversity gain. Fur-  performance among various Coded Modulation (CM) [5] schemes in
thermore, the classic Frequency-Hopping (FH) technique can be the context of Minimum Mean-Square Error (MMSE) multi-user de-
effectively amalgamated with SDMA-OFDM systems, resulting in  tected SDMA-OFDM systems [6].

Frequency-Hopped (FH) SDMA-OFDM. In this paper we devise Furthermore, the performance of the FH/SDMA-OFDM system
a Turbo Trellis Coded Modulation (TTCM) assisted subcarrier-  may be significantly improved, if the proposed novel type of FH tech-
basedFH/SDMA-OFDM scheme, which may be able to fully ex- nique, referred to here as SubCarrier-Hopping (SCH) is employed.
ploit the attainable frequency diversity, while exhibiting a high  The philosophy of the SCH technique is based on the concept of Or-
Multi-User-Interference (MUI) resistance. In the high-throughput  thogonal Frequency Division Multiple Access (OFDMA) [3]. More
scenario investigated, the proposed Uniform Slow-SubCarrier- specifically, in this paper a subcarrier-based Slow Frequency-Hopping
Hopped (USSCH) SDMA-OFDM system was capable of achiev- (SFH) technique is combined with a TTCM-aided SDMA-OFDM
ing 6dB F, /N, gain at the BER of 10~ over the conventional  system, which may be referred to as Slow-SubCarrier-Hopping (SSCH)
SDMA-OFDM system, while maintaining a similar complexity. assisted TTCM-aided SDMA-OFDM, where each subcarrier is shared
by a certain number of users in the context of the OFDM symbol's
frequency-domain representation. It will be shown in our forthcom-
ing discourse that with the aid of a carefully-designed Uniform SSCH

Spread-Spectrum Multiple Access (SSMA) schemes have been wid%‘JSSCH) pattern, the MUI experienced by the SDMA-OFDM system

; . . T : . an be effectively suppressed, resulting in a significant performance
investigated, since they exhibit a range of attractive properties, 'ri'ﬁ1provement.Furthermore, the USSCH/SDMA-OFDM system is

cluding the ability of combating various types of interference. A N, . ;

. . 4 able of significantly outperforming the conventional SDMA-
classic SSMA scheme is constltuteq by Frequency-Hopped SS . pDM syster?m 2] disgensipr)]g with tﬁe employment of hopping
('.:H/S.SMA) [1], where the total available system bandwidth is dl7[echniques, especially in high-throughput scenarios, while main-
vided into a number of sub-bands shared by a number of users. An 3B ina a similar com lexity.

propriate number of subcarriers can be assigned to each of these su 'Tr?e structure of tEis a .er is as follows. The SDMA MIMO chan-
bands, which may experience different channel qualities and henﬁgl model used is descﬁbgd in Section 2. while the detailed system
may deliver different type of services. This flexibility is attractive ' y

‘description is provided in Section 3. The numerical results are pre-

when aiming for supporting future multimedia services, where vari- nted in Section 4. followed b r complexity analvsis in Section 5
able bit rates associated with different Quality-of-Service (QoS) a ente ection 4, Tollowed by our complexity analy ection’.
ur final conclusions are offered in Section 6.

required by different applications.
FH can be effectively amalgamated with the well-established tech-

1. INTRODUCTION

nique of Orthogonal Frequency Division Multiplexing (OFDM) [2], 2. SDMA MIMO CHANNEL MODEL
which exhibits a number of advantages over more traditional multi-

plexing techniques, resulting in FH/OFDM systems [3]. Furthermore, MIMO Channel

Space Division Multiple Access (SDMA) based OFDM [2] communi- o M8l HO Rx1.n
cation invoking Multi-User Detection (MUD) [4] techniques has re-Tje 11> L » \Lé_xl.

cently attracted intensive research interests. In SDMA Multi-lnputf”“ MS 2 HY
Multi-Output (MIMO) systems the transmitted signalslosimulta- ~ -----s?
neous uplink mobile users - each equipped with a single transmit a2 2!
tenna - are received by the different receiver antennas of the Base : p
Station (BS). At the BS the individual users’ signals are separated 5 MSL T~ T
with the aid of their unique, user-specific spatial signature constitute ;273 ]L e He
by their channel transfer functions or, equivalently, Channel Impulse=~~" \Hé”
Responses (CIRs). Based on combining both FH and SDMA-OFDM

techniques, the concept of FH/SDMA-OFDM systems may be d
rived. In order to fully exploit the potential benefits of FH, the em
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_(?figure 1: Schematic of the SDMA uplink MIMO channel model [2],
where each of thé. mobile users has a single transmit antenna and
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Figure 1 shows the SDMA uplink MIMO channel model, wheredispersed subcarriers activated by a number of users, which is differ-
each of theL, simultaneous mobile users employs a single transmént from the situation experienced in the conventional SFH scenario,
antenna at the mobile station (MS), while the BS’s receiver exploitwhere potentially all the consecutive subcarriers of a sub-band host-
P antennas. At thé*" subcarrier of the,'” OFDM symbol received ing a number of users may be at a risk of being severely corrupted.
by the P-element receiver antenna array we have the received comitoreover, the SSCH scheme is capable of more efficiently exploiting
plex signal vectoix|[n, k], which is constituted by the superposition the benefits of frequency diversity in comparison to the conventional
of the independently faded signals associated with theobile users SFH arrangement, since a deep fade which may corrupt many con-
and contaminated by the Additive White Gaussian Noise (AWGN)ecutive subcarriers of a SFH user, may only affect a small fraction
expressed as: of the subcarriers used by a SSCH user, as an added bonus of the

employment of discontinuous subcarriers.
x = Hs+n,

where the(P x 1)-dimensional vectox, the (L x 1)-dimensional 3.2. Transmitter and Receiver Architecture
vectors and the( P x 1)-dimensional vecton are the received, trans-

mitted and noise signals, respectively. Here we have omitted the in- in SSCH Mapper OFDM Modulator
dices|[n, k] for each vector for the sake of notational convenience. < Q
Specifically, the vectorg, s andn are given by: mt MS1
T User 1 j
x = (21,%2,...,2P)", (2 I IFFT| .| PIS
s = (3(1)’ 5(2)7 R s(L))T7 3) Symbal o
S¢
n —= (n17n27...,np)T. (4) sequence % T
t
. . . . . T,

The (P x L)-dimensional matriXH contains the frequency-domain :‘ *: e
channel transfer functions (FD-CHTF) of tlieusers and is given by: "

q@

H = HYH? . HD), ®)
or

whereHY (I =1,..., L) is the vector of the FD-CHTFs associated
with the transmission paths from th&" user’s transmit antenna to

each element of th€-element receiver antenna array, expressed as: f1  SSCH Mapper OFDM Modulator
Q
HY = #HY HY, .. HO, 1={1,....L}, () oL MSL
User L j/
whereH"” (I = 1,..., L) are independent between different users. g | | prs
Symbol
3. SYSTEM MODEL sequence , Lo
1
3.1. System Overview 2Tl
> T |

In conventional SFH-assisted OFDM systems the total available sys- 5

tem bandwidthi¥ is divided into a number of sub-bands denoted by poyv——

g = 1,...,Q. Each sub-band is assigned a carrier frequeficy

which is used for carrying the OFDM signal to be transmitted in this

sub-band, when itis actlva_ted. Furthermo_re, each tha_aub-bands_ Figure 2: lllustration of thd.-users’ SSCH/SDMA-OFDM transmit-

has K number of subcarriers, each having a subcarrier bandmdg@rs_ As an example, random SSCH patterns are used.

of W, and we havéV = W,. x K x Q. In the context of the

SFH/SDMA-OFDM system, during a FH dwell tiniB,, each of the

L simultaneous users supported is assigned one ofteab-bands The transmitter structure of the TTCM-assisted SSCH/SDMA-

associated with a specific carrier frequerfgy which is activated by OFDM system is portrayed in Figure 2. As seen in Figure 2, the

a frequency synthesizer according to the user-specific SFH patteFifCM-coded symbols are first S/P-converted and forwarded to the

used. The symbol duratidfi obeys3s = T}, /T, > 1, whereBs is  SSCH mapper. More specifically, tfé number of information sym-

an integer, implying SFH. Using SFH makes it feasible to use cohebols of a user are mapped 6 out of Q SSCH subcarriers, where the

ent demodulation at the receiver side, since the hopping rate is slovativation strategy of the set & subcarriers depends on the specific

than the data rate. SSCH algorithm used. For example, if pseudo-random hopping is
By contrast, in the proposed SSCH/SDMA-OFDM system a subemployed, each user can independently selésubcarriers accord-

carrier based, rather than sub-band based SFH technique is invokied. to the action of a pseudo-random subcarrier selector, as illustrated

More specifically, in SSCH systems the same system bandwidth in Figure 2. Therefore, an ON-OFF type signaling scheme may be

is partitioned inta@ = W/W,. number of subcarriers. While a SFH invoked, where the activated and deactivated status of specific sub-

user exploits all théS subcarriers of a SFH sub-band during the du<carriers represent the ON and OFF states, respectively. Then the total

ration of T, a SSCH user employing the same numbeioBub- number ofQ subcarriers can be processed b@-goint Inverse Fast

carriers can potentially select ady of the Q available subcarriers, Fourier Transform (IFFT). Since the deactivated subcarriers deliver

where0 < K < @, without decreasing the throughput. Further-no information, the transmit power of each SSCH user is the same

more, in SSCH systems a high MUI is expected to contaminate ttees that of a SFH user, if the same numbeoactivated subcarriers



are employed by both of them. After the IFFT-based OFDM modulaating a specific lengttis pattern set for each of the users.

tion, the OFDM symbols will be transmitted by the MS to the SDMA ~ More specifically, the algorithm invoked in thé”" subcarrier
MIMO channel of Figure 1 using a specific carrier frequerfcy group is described as follows. Initially @maining user se (
containing all thelL users is created. During & (I = 1,...,L)
iteration, a subcarrier indebg) is generated by calculatirignod Qq,

wheremod represents the modulo operation, and a udris ran-
domly selected fromA. () based on the uniform probability of:

(OFDM Demodulatdr | § SSCH Demapper

Rx 1

[

User !

([T
Detected p(l> = ]_/(L — l + 1) (7)

symbolt

Then the(s\" )" subcarrier within this specific group will be assigned
to useru®, and A is updated by removing usesf¥ from it, re-
sulting in AU+ which contains the remaining. — [) number of
e : : users. Then, the algorithm proceeds to the next, i.e. tgithel)**

' ' iteration, and this iterative subcarrier to user assignment process con-
tinues, until theL!" iteration is reached. By this time each of the
OFDM Demodulatar | {4 SSCH Demapper users has been assigned a subcarrier of:theroup. Hence, a vec-

torby, = [b\", 6%, ..., b"] is generated, whetd” (1 =1,..., L)

Userl constitutes thé!" subcarrier of thé'" user’s lengthk” USSCH pat-
I tern set. Then the vector-generating routine described above is in-
beeces  VOked for the next, i.e. for thg+1)** subcarrier group. When all the

symbol: K subcarrier groups have been processed, a set contdihimmgnber

of length-L vectorsby, (k = 1,..., K) has been generated, explic-

itly indicating, which specific subcarrier of grodéghas been assigned

to which of theL users. Viewing this subcarrier allocation from the

q users’ perspective, thé" user’s specific lengtik USSCH pattern
foe setb® is created by choosing that specific subcarrier corresponding
Subcarrier
Selector to thel!" element of each of th& vectors, which has been assigned

to userl, resulting inb® = ", 6 ... 0], 1€ {1,..., L}

Figure 3: lllustration of thd_-users’ SSCH/SDMA-OFDM receivers. Note that the above subcarrier group based algorithm employs the
As an example, random SSCH patterns are used. full permutation theory [7]. More explicitly, each of tii€ number of
lengthL vectorsby, (k = 1,..., K) associated with the" subcar-
rier group is an element of thie-order full permutation set [7], and is
g{?nerated at a constant probability of:

RxP

=

Xe.0

The receiver structure of the SSCH/SDMA-OFDM system fol
lows the inverse of the SSCH transmitter structure, as portrayed

Figure 3. First Fast Fourier Transform (FFT) based OFDM demod- L 1
ulation is invoked, followed by the SSCH demapping. Given the p = Hp(l> ==, (8)
knowledge of the SSCH pattern, the BS’s active subcarrier selector =1 Lt

simultaneously selects the active subcarriers atRhreceivers, and
the resultant composite multi-user output signal is forwarded to t
MUD for multi-user detection. As an example, the MMSE MUD is )
pictured in Figure 3, but other MUDs are equally applicable. The se;?—an be expressed as:

arated different users’ signals are then P/S-converted and forwarded B, = {bi,bs....bu}, 9)
to the user-specific TTCM channel decoders.

h\ghere()! represents the factorial operation. More specifically, given
a total number of_ users, the associatddorder full permutation set

where the element vectors are givertgy= [6.", 5%, ... b\ (k =
., L!). Thus, the employment of the USSCH algorithm described
above is conceptually equivalent to invoking the algorithm, which ran-

In this paper, two types of hopping patterns are considered. We domly selects one element vector frdsn, of Equation 9 for each of

fer to the first scheme as the Random SSCH (RSSCH) pattern, whég K subcarrier groups, based on the uniform probability given by
each user independently seleats/ K out of the total ofQ available Equation 8. Therefqre, this partlcglar characteristic of the proposed
subcarriers during the period @f,. In RSSCH-based systems, the USSCH pattern assignment algo_rl_thm may ensure that _aII users be-
subcarriers activated by a high number of users will suffer an excegome capable of efficiently exploiting the maximum achievable fre-
sive MUI, resulting in an increased average Bit Error Ratio (BER). Bfluency diversity offered by the system, since each user's specific
contrast, in the second SSCH strategy considered, all users’ hoppt§§9th# USSCH pattern set s created by assigning a subcarrier from
patterns are jointly designed so that the number of interfering use®&ch of thei groups across the entire system bandwidth in a "uniform-
at each subcarrier is as similar as possible, which minimizes the d@ndom” manner. This also increases the chances of correcting the
erage MUI. We refer to this strategy as the Uniform SSCH (USSCH§'TOrs en(_:ountered at the uniformly-distributed corrupted subcarriers
scheme. In the proposed USSCH scheme @hevailable subcarri- With the aid of the TTCM decoder.

ers are first partitioned int& consecutive subcarrier groups, each of ~ Note that in the context of the uplink SODMA-OFDM systems em-
which hasQ, = Q/K number of subcarriers. Then dniteration ploying RSSCH patterns, the MSs have to signal the patterns to the
USSCH pattern aSSIQnmgnt algorithm is invoked for each offthe 1Recall that each user activat&ssubcarriers for transmission and thus has
groups, namely from the first to tH&*" group, for the sake of gener- to be assigned a lengti- USSCH pattern set.

3.3. Subcarrier-Hopping Design




BS, so that appropriate dehopping operation can be invoked. A better 4. SIMULATION RESULTS
design alternative might be for the BS to allocate the hopping pat-
terns, but in this case it would be more natural to employ the USSCH this section, we characterize the performance of the TTCM-assisted
scheme. More specifically, in the context of the USSCH scheme, &#SCH/SDMA-OFDM system using the MMSE-IGA MUD of [8].
the USSCH patterns can be jointly allocated by the BS and be sighe simulation results were obtained using a 4QAM scheme com-
nalled to the MSs. In both scenarios, the signalling of the SSCH pamnunicating over the 3-path Short Wireless Asynchronous Transfer
terns will occupy part of the system’s bandwidth, and hence decreddode (SWATM) CIR given on page 78 of [2], assuming that the
ing the effective information data rate. If explicit knowledge of thechannels’ transfer functions are perfectly known. Each of the paths
hopping patterns is not available, the blind joint FH pattern and dagxperiences independent Rayleigh fading having the same normal-
soft-detection techniques of [1] may be invoked, which was shown t@ed Doppler frequencies ¢f; = 1.235 x 10~°. In the SFH-assisted
be capable of approaching the BER performance of the system usiggstems a Random SFH (RSFH) pattern was used, while in the SSCH-
explicit FH pattern knowledge at the cost of an increased complexitgssisted systems the RSSCH and USSCH patterns were used. It was
assumed in all FH-based schemes that the BS has a perfect knowl-

3.4. Multi-User Detection edge of the hopping patterns. Recall that in RSFH/RSSCH/USSCH

) ] ] ~ aided SDMA-OFDM systems the number of activated subcarfiers
As mentioned earlier, MUD schemes are invoked at the receiver @f|ower than that of the conventional SDMA-OFDM system [2], where
the SDMA-OFDM system for the sake of detecting the received sigg|| the users employ all th@ number of available subcarriers for com-
nals of different users. Recently, a novel MMSE-assisted Iteratiigynication. For the sake of fair comparisons, the total system band-
Genetic Algorithm (IGA) based (MMSE-IGA) MUD [8] has been yidth was fixed and the number of usdrssupported by the various
proposed for employment in SDMA-OFDM systems, which is cary-ajded systems was increased, so that the same total throughout of

pable of achieving a similar performance to that attained by the ops. was maintained during an OFDM symbol, which is calculated by:
timum Maximum Likelihood (ML) MUD [2] at a significantly lower

complexity, especially in high-throughput scenarios. Furthermore, the Br = K-L-BPS [bits], (15)
concatenated MMSE-IGA MUD of [8] may also be employed in the ) ]
proposed SSCH/SDMA-OFDM system. More specifically, at¢tie whereB PSS represents the number of Bits Per Symbol per subcarrier.
active subcarrier, the initial estimated signal ved@rse, € CZ<*!  When 4QAM is employed, we hag PS5 = 2.

generated from the transmitted sigsglof the L, (1 < Ly < L) si- ) ) i
multaneous users that activate this specific subcarrier, is obtained by TDTCM (SFH/SSCH)-SDMA-OFDM, Lx/P4, 4QAM, SWATM
10
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linearly combining the received signal vectog with the aid of the B,=5120 | + ML, single user
MMSE MUD’s array weight matrix, as follows: g vty
éMMSEq = W,\I;{MSEQ Xq, (10) 10" . § mmi:gﬁ ggHLEigOK;iiZgigﬁlZ
© MMSE-IGA, USSCH, L=20, K=128, Q=512
where the superscrigt)” denotes the Hermitian transpose, and the
MMSE-based weight matri¥V sz, € C* "4 is given by [2]: 102
o
Winse, = (HHY +021)7 "H, ) o ———
while I is the identity matrix andr2 is the AWGN noise variance. 10°
Once the MMSE-based detection is completed, the resultant output 5
can be forwarded to the concatenated IGA MUD [8] for the second-
stage iterative detection. More precisely, the IGA MUD evaluates *°
a decision metric associated with tliereceivers, which is derived
from the optimum ML-based decision metric [2], in order to detect

the estimated transmitted symbol vecgeg,. The decision metric Yo 2 8E NlO dBlz 6 18 20
required for thep’” receiver antenna is defined by [8]: o/No (dB)
Qg (s) = |zpg—Hy,s|?, (12) Figure 4: BER versusE,/Ny performance of theTTCM-

. . . . assisted conventional SDMA-OFDM and TTCM-assisted
andz, 4 is the received symbol at thé" active subcarrier of the"  RSFH/RSSCH/USSCH aided SDMA-OFDM systems, wherd.,

receiver, whileH,, , is thep'” row of the(P x L,)-dimensional chan- number of users were supported with the aid/of= 4 receiver

nel transfer function matri¥l, related to the same subcarrier. There-antenna elements. The associated overall system throughput was
fore the decision rule for the optimum multiuser detector associatddr = 5120 bits.

with thep' antenna is to choose that specific lengthsymbol vec-

tor S, which minimizes the metric giVen in Equation 12. Since there Figure 4 compares the BER performance of the various TTCM-
are P number of receivers, the combined joint metric is invoked [8]: assisted RSFH/RSSCH/USSCH aided SDMA-OFDM systems and that
P of the TTCM-assisted conventional SDMA-OFDM system, where the
Q,(s) = Z Qp.q (s). (13) MMSE-IGA MUD was employed. The performance of the single-
=1 user SDMA-OFDM system employing the optimum ML MUD is also
g_rovided for reference. The same total throughouBef= 5120 bits
Was maintained for all schemes, except for the single-user arrange-
ment. It is observed from Figure 4 that the RSFH-aided schemes suf-
fered from an excessive MUI and high error floors were observed. By
A _ : contrast, the random and uniform SSCH-assisted arrangements were
Seag T AT8 {msm [$2 (S)]} ’ (14) capable of achieving a significantly better performance than their RSFH

Hence, the joint decision rule is to find that specific estimated tran
mitted L ,-symbol vectoBe,, , which minimize, (s) in Equation 13

for the ¢ active subcarrier considered, which is formulated as:



based counterparts. Furthermore, the USSCH/SDMA-OFDM systeanrrangements, hence their additional complexity cost is justified. Fur-
slightly outperformed the conventional SDMA-OFDM system, whilethermore, in the context of SSCH systems the OFDM symbols mod-
the RSSCH-aided system had&p/ N, loss of about 2dB at the BER ulate a single carrier frequendy, hence the frequency synthesizers

of 107, This is because when RSSCH is invoked, some subcarmecessary for both the SFH transmitter and receiver are not required,
ers may be assigned to an excessive number of users, resulting iwlsich simplifies the hardware implementation of the SSCH system.
number of "MUI peaks” at the disadvantaged subcarriers, and thus On the other hand, concerning the RSSCH and the USSCH sys-

degrading the system’s overall average performance. tems, a similar SSCH transmitter invoking&point IFFT is em-
ployed, thus the transmitter’'s complexity is similar in both systems.
TTCM-(SFH/SSCH)-SDMA-OFDM, Lx/P4, 4QAM, SWATM However, the RSSCH arrangement imposes a potentially higher com-
L — e plexity at the receiver side. This is because the number of active users
Ui [ MMSE-IGA, Conventional, L=6, K=512 at each subcarrier is a random variable spanning from L, tand
. § %%EEE%;L%FK%}:? hence a MUD that is capable of detecting a variable number of active
Rt oy gj&g users has to be employed. Naturally, this problem exists in all random
@ FH/SCH based SDMA-OFDM systems. By contrast, a USSCH re-
. ceiver has a complexity similar to that of conventional SDMA-OFDM
0:10 = systems, which employ an MUD designed for a fixed number of ac-
u tive users, since the USSCH users are uniformly distributed across the
3 system’s bandwidth.
10 5
6. CONCLUSIONS
10.4 \E ! m g]
From the investigations conducted, we conclude that the proposed
USSCH/SDMA-OFDM system is capable of significantly outperform-

10° o s 10 1 14 1 18 2 ing the RSSCH/SDMA-OFDM, the SFH/SDMA-OFDM and the con-
Ey/No (dB) ventional SDMA-OFDM systems, when TTCM is employed. Fur-
thermore, the USSCH-aided system exhibits a high resistance to the

Figure 5: BER versusE,/No performance of theTTCM- ~ MUlincurred in high-throughput scenarios, and this superior perfor-

assisted conventional SDMA-OFDM and TTCM-assisted Mmance is achieved at a similar computational complexity to that im-
RSFH/RSSCH/USSCH aided SDMA-OFDM systems, wherel.  posed by the conventional SDMA-OFDM arrangement.
number of users were supported with the aidfof= 4 receiver

antenna elements. The associated overall system throughput was
B; = 6144 bits. 4 ghe 7. REFERENCES
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