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Abstract— In this paper a novel transceiver is proposed, which
amalgamates the benefits of multi-carrier transmissions with
those of interleave division multiple access (IDMA), leading to
the concept of multi-carrier IDMA (MC-IDMA), which invokes
spreading in both the time as well as in the frequency domain. In
the proposed MC-IDMA system the classic position of spreading
and interleaving is reversed and hence the chips are interleaved,
which are then mapped to multiple carriers. The different users
are distinguished by their unique, user-specific interleavers. With
the aid of turbo-style iterative joint detection and decoding, MC-
IDMA becomes capable of supporting a large user-population.
This is particularly so, when sophisticated non-linear detectors
are used. More quantitatively, it is demonstrated for example
that the proposed MC-IDMA system is capable of supporting
three times more users than the spreading gain off = 16, while
maintaining a modest complexity.

I. INTRODUCTION

of chip-interleaved CDMA and code-spread CDMA was also
compared by Frengeat al. in [3].

The concept of interleave division multiple access (IDMA)
accrued from the philosophy afode-spread CDMA [3] as
well as chip-interleaved CDMA [4] and hence inherited all
the attractive properties of CDMA. The IDMA philosophy
was then further developed by Ping and his team [5], [6]
as well as by Wher and Scbneich [7] [8]. As alluded to
above, IDMA entails reversing the position of DS-spreading
and interleaving, leading to chip-interleaving insteadbif
interleaving. Then different users are distinguished kgirth
unique user-specific interleavers combined with turbdesty
iterative joint detection as well as channel decoding [9]it
to its meritorious properties, IDMA has been proposed for
numerous applications, such as next-generation cellplanku
systems [7] as well as for time-hopping UWB systems [10].

Multi-carrier techniques [1], [11] constitute promising-e

In Direct Sequence (DS) spread spectrum communicatio‘?‘Bl_ers for employment in next-generation \_/vireless communi
[1] the employment of channel coding is crucial. Viterpir<ations and have been used for example in the IEEE 802.11

classic work [2] suggests that bandwidth expansion deeticatVireless Local Area Network (WLAN) modem family. Or-

to low-rate channel coding has the potential of fully exjihaj
the achievable processing gain, while simultaneouslyrioffe
a high coding gain as well as approaching the capacity

thogonal Frequency Division Multiplexing (OFDM) [11] and
Generalized Multi-Carrier-Direct-Spreading-CDMA (MCsb
GPMA) [12] constitute promising multiple access schemes

the multiple access channel contaminated by Additive Whité" employment in the downlink of future wireless commu-

Gaussian Noise (AWGN). As a further development, tHacations systems, as detailed in [1], [11]. A specific benefi

concept of code-spread CDMA was suggested by FreageVhich is also shared by the proposed MC-IDMA scheme is
al. in [3], where the authors proposed the employment of sthat upon allocating a subcarrier bandwidth which is lower
called maximum-free-distance low-rate codes, which combithan the channel’s coherent bandwidth, multi-carrier tech
channel coding and DS-spreading. More specifically, theBIU€s become capable of transforming a frequency segectiv
maximum-free-distance low-rate codes are designed by fifaing channel into a frequency-flat fading channel for each
finding the ’best’ generator polynomials specifying the mosubcarrier. This may be achieved even in case of high daa rat

meritorious convolutional code for a specific constraimigii

and highly dispersive channels. Upon concatenating aycli

having the maximum free distance. The resultant codes &&fX (CP), the effects of inter-symbol-interference bew
then concatenated an appropriate number of times, acgprdf@nsecutive OFDM symbols may be avoided [13]. Thus, the
to the specific code rate required. The resultant performarf'ther development of single-carrier IDMA to multi-ceeri
was shown to be better than that of conventional CDMAPMA is beneficial, when communicating over highly disper-
and of the low-rate orthogonal code-spread CDMA scheni&/€ Wideband channels and employing both user-speciff chi
of [2]. In [4] Mahadevappa and Proakis further augmentdterliéaving as well as Time- Domain (TD) and Frequency-

the concept ofchip-interleaved CDMA, which is capable of
mitigating the effect of both Inter-Symbol-Interferend&lj

Domain (FD) spreading. We will demonstrate that with the
aid of turbo-style iterative joint detection and decodiMf;-

and Multiple Access Interference (MAI). The performanc®?MA becomes capable of supporting a large user-population
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The rest of the paper is organized as follows. In Section
I, we present the transceiver architecture of MC-IDMA.
In Section llI, this is followed by the investigation of an
iterative joint detection and decoding scheme. In Sectign |

we investigate the performance of our proposed MC-IDMA

scheme. Finally, we conclude our discourse in Section V.
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Fig. 1. Multi-Carrier Interleave Division Multiple Accesgansceiver

I[I. TRANSCEIVERARCHITECTURE OFMC-IDMA constituted by the eigenvalues Hf, while the unitary matrix
: ; - ; ; Q" has rows constituted by the eigenvectorsHofSince the
In this section we propose a flexible multi-carrier IDMA

(MC-IDMA) scheme using spreading in both the time- ankPws ozthe FFT _matri)F are also eigenvectors bf, we have
frequency-domain. The transceiver of the uncoded MC-IDMJ = Q- Upon introducingW = F7HF, we haveW = A

system is depicted in Fig. 1. Assuming BPSK modulatio :}3 .h ) q / based impl )
denote thejth users transmitted bit stream of lengtif as  Y/Nen using a CP and an IFFT/FFT-based implementation,

b, = [b;(1),b;(2), - ,b;(M)]. This bit stream is then SpreadmuIti—carrier techniques effectively transform the freqay
bil a sé)ree{dijng code rJ]aving a spreading gairGoin order SElective channel into a frequency-flat channel for each sub
to obtain the chip-sequencg = [s;(1),s;(2),-- ,s;(N)] carrier. Then we can rewrite the received signal’'s expoessi

J J P ’ R '

of N = GM chip-duration, which is then interleaved by 4" the form of its FD representation as follows:

user-specific random interleavey in order to obtain the chip- K

sequencal; of length N, as seen in Fig. 1. Y =AY di+N. 2
In the multi-carrier modulation module, the bit streain k=1

is first S/P converted t&/ parallel streams in order to obtain lIl. | TERATIVE RECEIVER OFMC-IDMA

i - Z 1’ .o 2 T ) — DY
d]d - [tdj(lt)h’ degIQZ)ISM , d; (bUI)] d” =1, 2’d ’tN/(t]r; wrle-re For the sake of attaining the best possible performance, the
z enotes Ite' th syrr;t. OI. |r(1j %X a(])j; e(r}o ZS ena rlxl iterative receiver of Fig. 1 is employed [5] [9]. The receioé
transpose. 1t Is then muitiplied by a( x )-dimensiona Fig. 1 consists of a Soft-In-Soft-Out (SISO) Multiuser Dette
inverse fast Fourier transfoer(lF/F;' ) matrix denotedmgnd 1,5y and a bank of individual SISO De-Spreaders (DES),
having entries of'(p, ¢) = e =™, p, ¢ = 0,1, -+, U~1. "\ hara the soft information exchanged between the receiver

The!" the time—domain symbols_are. P/S converted and a cy mponents is constituted by the extrinsic Log-Likelihood
prefix (CP) is concatenated, which is longer than the ch&n atios (LLRs) [14]. At each iteration, the SISO MUD of

delay spread in order to avoid inter-symbol-interferericst. ig. 1 generates the extrinsic output informatiofy and
us consider the downlink scenario, where each user’s signa einterleaves it in order to create the strefyy, vl\jrl])ich is
transmitted through the saniepath wideband channel having .\ o4 oo priori information to the SISO SES as seen
a channel impulse response (CIR)lof= [ho, b1, -+, hr—1]. in Fig. 1 '

Consider theith OFDM symbol. At the receiver of Fig. 1 |, the feedback loop, the SISO DES computes the extrinsic

FhedCP 'j Tlrstdremoved aln_dlthe r_estl)JItarr:t t::rrzﬁ_—domgg S'gqﬁ*ormation stream ofL} g, which is then interleaved to
s demodulated upon multiplying it by the mat ' generate the stream,;;, asa priori information for the

where ()" denotes thédermitian transpose yielding: SISO MUD of Fig. 1. The SISO MUD employs Soft Inter-
K ference Cancellation (sIC) on a subcarrier-by-subcabasis.

Y = FAHF Z dﬁ; + Fn, (1) The iterations are terminated, when the affordable detecti
k=1 complexity is exhausted. Finally, the posteriori LLRs of

where the matrixH is a circulant matrix. Multiplication of Lpes Of Fig. 1, which represent the original information are
the noise by the matrisE? does not change its statisticaSuPiected to a hard/soft decision.

properties and power, hend&’n remains an AWGN noise _ )
process. A. Soft Interference Cancellation - Multiuser Detector (MUD)

The circulant convolution matri¥l can be decomposed as Since random chip-interleaving is used and we assume
H = QY AQ, where A is a diagonal matrix having entrieshaving sufficiently long spreading and interleaving seqesn
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the iterative detection of MC-IDMA is implemented on a

subcarrier-by-subcarrier basis. Without loss of gengralie
consider theu-th subcarrier of théth OFDM symbol of user
j. Then the received signal of (2) can be written as:

Au)d;(u) +€(u),

®)

y(u)

where £(u) denotes the sum of the multi-user interference

imposed on thesth subcarrier of theth OFDM symbol plus

the Additive White Gaussian Noise (AWGN). Assuming that

the a priori information {LifUD(d}f(u)),k =1,2,--- 7K}

Lpps(bj(m))

is available for the SISO MUD, the Expection (E) and the

Variance (V) ofd: (u)
B(dj(w)
V(dj,(u))

may be expressed as [5]:

tanh(L(JlV{UD (dj.(u))/2)
1 — E(dj(u)).

(4)
©)

Fig. 2. Soft chip information combining process of the SISOsgeeader

spread by the code= [s(1),s(2), -, s(G)] in order to form
the spread sequende’’(g),g = 1,2,--- ,G }, whereG is the

~ Noting that the interferenc%{imposed on the received signgdreading gain. As a benefit of random chip-interleaving, th
in (3) is given by&(u) = >4, ; Alu)dj(u), the SISO a priori information associated with each chip and provided
MUD requires the estimation of the interference variancg afor the SISO DES% s (s;(n)) is independent of each other.

mean given by [5] [9],

M=

E(y(w) = > Auw)E(dj(u)) (6)
k;l |

Viyw) = Y AWV (dj(u)+ o’ @)
k=1

E(¢(u)) = E(y(u) — A(u)E(d}(u)) (8)

V(Ew) = V(y()— A V(di(w),  (9)

whereE(y(u)) andV (y(u)) denotes the total received signal's Lpes(sj"(9))

mean and variance, whilB({(u)) andV (¢(u)) represents the
mean and variance of the interference .
The extrinsic LLRLS;p (d’(u)) of Fig. 1 is thus computed
p(y(u)|d;(u) = +1)

as:
p(y(w)|di (u) = _1)> . (10)

According to the central limit theoreng(u) can be approx-

L‘JBVIUD(d;‘(u)) = lOQ(

Hence, as depicted in Fig. 2, the APP LLRg{m) may be
expressed as [5]:

Lpes(bj(m)) = ZS(Q) brs(si'(9))-

g=1

In the feedback loop, the SISO DES procedspg;s(b,(m))
for the sake of generating the extrinsic LLR gf (g), which
is then passed back to the SISO MUD in the form of:

s(9)Lpes(bj(m)) = Lpps(s] (9){14)

The iterations are terminated, when a predefined termimatio
criterion is satisfied. Finally, the LLREpzs(b,(m)) of Fig.

1, which represent the original information are subjected t
soft/hard decision, yielding; (m). Provided that a sufficiently
long chip interleaver is used by the MC-IDMA system, the
SISO de-spreader computes its APP LLRs by combining the
a priori information of more-or-less independently faded chips
and hence benefits both time-and frequency-diversity.

(13)

imated by a Gaussian variable, when the number of users
is sufficiently high and the resultant conditional Gaussian

Probability Density Function (PDF)(y(u)|d}(u) = +1) is
given by [5]:
) . (11)

(12)

L (_ (y(u) = (EA(w) + E(§(u)))?
2mV (§(u)) 2V (&(u))
Upon substituting (11) into (10), we arrive at [5]:
e y(i) — E(&(u))
LMUD(dj(u)) W7
which describes the Soft Interference Cancellation (SI8) e
ployed by the SISO MUD.

2A(u)

B. Soft Chip Combining - De-Spreader (DES)

C. Chip Interleaving of MC-IDMA

Multi-carrier transmission provides two degrees of freedo
to achieve diversity, namely TD and FD diversity [1]. Nat-
urally, an additional spatial diversity may also be achikve
if multiple antennas are invoked. More explicitly, both the
TD and FD fading may be mitigated by receiving multiple
independently faded TD and FD signal replicas. In the design
of multi-carrier transmission, it is desirable to arrange f
each subcarrier to experience frequency-flat fading, while
ensuring that the adjacent subcarriers experience indepén
fading. Traditional bit interleaving is unable to fully drf
the inherent diversity and hence, multi-carrier systemntsrof
experience correlated fading across the adjacent subisrri

This extrinsic information is then de-interleaved using th[11].

corresponding user-specific chip-interleaver in orderlitaio
LY ps(sk(n)) of Fig. 1, which acts aa priori information for

One of the benefits of the proposed MC-IDMA scheme is
the employment of chip-level interleaving, which randoasiz

the SISO DES. Without loss of generality, we consider the positions of successive chips, spreading them acrdbs bo

mth information bitb;(m) of userj. The information bit is

the TD and FD. Hence an increased TD and FD diversity order
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n n=100 | n=2.00 | n=2.25 | n=2.50
Tter = 1 | 2.064e-01| 3.018e-01| 3.144e-01| 3.329e-01
Tter =2 | 1.607e-02| 1.136e-01| 1.680e-01| 1.898e-01
Tter =3 | 1.425e-03| 7.269e-02| 1.009e-01| 1.153e-01
Tter — 4 | 7.085e-05| 3.427e-02| 6.116e-02| 7.8926-02
| % Tter =5 | 3.171e-05| 1.065e-02| 3.180e-02| 4.147e-02
Tter =6 | 3.068e-05| 2.149¢-03| 1.185e-02| 3.4286-02

. me Tter =7 | 3.108e-05| 2.394e-04| 3.206e-03| 1.8026-02
= Tter -

subcarriers

=8 4.902e-05| 4.363e-04| 5.654e-03
Iter =9 - 3.244e-05| 7.532e-05| 1.712e-03
Iter =10 - 3.213e-05| 3.354e-05| 2.424e-04
Iter =11 - - 3.339e-05| 5.652e-05
Iter =12 - 3.347e-05

TABLE |
ACHIEVABLE BER UNDER VARIOUS USERLOAD SCENARIOS UPON
time slots INCREASING THE NUMBER OF ITERATIONS WHEN USING A SPREADING

worst scenario EH] common scenario . best scenario GAIN OF G = 4 AND AIMING FOR A SINGLE-USERBER PERFORMANCE OF
3 x 1075 AT E}, /Ny = 16dB

Fig. 3. Different chip-interleaving scenarios in both thed- and frequency-
domain of the proposed MC-IDMA scheme

is achieved and FD chip-interleaving assists us in ensuhiag
the subcarriers experience more-or-less independentgadi 10
More specifically, Fig. 3 shows the stylized effects of chip-

1

interleaving on MC-IDMA. Thebest scenario is when every | . I
pair of chips of an information bit is mapped to differentx
. - . .o o
subcarriers and time slots. Therefore each chip experence
independent fading and hence fully exploits the availatile T 10° \\,ﬁjé
and FD diversity. However, when using random interleaving, : ildssirrs
this situation may not always be ensured. In the ngosimon 10 — gUsers %

scenario a pair of two chips of a given information bit may 9 Users
or may not be mapped to different subcarriers and time slots. —— 10 Users %\
Nonetheless, some TD and FD diversity can still be achieved.1’g 2 4 6 8 10 12 14 16 18 20
Finally, often each chip of a specific information bit is megp E/No(dB)

to a different subcarrier or to a different time slots, bug th o
chips may remain separated in only one of the domains. ffg £ PEowancs of ireodes MEIDMA e conunentia e
this case, either TD or FD diversity is achieved, provideat th, spreading gain off = 4 and I = 10 iterations

the chips of a specific bit are mapped to independently faded

TD or FD positions.

X <& 0 O

users supported. We aimed for achieving a single-user BER
IV. SIMULATION RESULTS performance of3 x 10~° at E;,/N, = 16dB. It can be seen

In this section, we characterize the attainable performaific that only/ = 6 iterations were needed in order to approach the
our proposed MC-IDMA scheme. In our simulatiois= 64 single-user performance in the so-called fully-loadechade,
subcarriers were employed and = 4 chip-spaced paths where we have a normalized user-loadjof 1. Furthermore,
having an equal power were assumed. The normalized Dopély a slightly increased number df = 9 iterations were
frequency of each subcarrier js7, = 0.001 and we assumed needed in the scenario gt = 2, I = 10 iterations were
the availability of ideal channel state information. In eth required at) = 2.25 and I = 12 iterations were necessitated
words, both the TD fading envelope and the FD Chann@ln = 2.5. This implies that our MC-IDMA scheme has a
Transfer Function (FDCHTF) were assumed to be perfectiyodest complexity and is capable of achieving a single-user
known. We transmitted a total @f* bits. The spreading code performance, despite supporting a high user-load.
used has a balanced number of chips having valuesladnd Figs. 4, 5 and 6 show the BER versfi§/N, performance
—1. For the sake of maintaining a modest complexity, at most the MC-IDMA scheme having spreading gains @f= 4,

I = 10 detection iterations were employed. G = 8 andG = 16, respectively. The single-user bound is also

Table | shows the achievable BER performance undshown in Figs 4-6 as a benchmarker. It can be seen that a near-
various user-load scenarios upon increasing the numbersofgle-user performance can be achieved by the MC-IDMA
iterations, when having a spreading gain Gf = 4. For system, when supporting as manyfés=9, K =21, K = 44
the sake of characterizing the achievable throughput of tbeers, respectively. This implies that MC-IDMA is capable o
system, we define the effective user-loadyas K /G, where supporting a high normalized user-loadpf 2.25, = 2.625
G is the spreading gain anfi’ is the maximum number of andn = 2.75 respectively, when the number of iterations used
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10" =
S LN o
10° A 10°
i . i .
m — 1 User \ m —— 1 User i
108] © — 8Users " 108] © — 32Users
0O —— 16 Users Q O —— 40 Users
¢ —— 20 Users " ¢ —— 44 Users
.| ® — 21Users \ .| ® — 45Users \Q &
107 m — 22uUsers & 107 m — 46 Users
¢ —— 23Users ¢ —— 47 Users N
X —— 24 Users A h X —— 48 Users
10° 10°
0 2 4 8 10 12 16 18 20 0 2 4 8 10 12 14 16 18 20
E/No(dB) E/No(dB)
Fig. 5. Performance of uncoded MC-IDMA, when communicatingrave Fig. 6. Performance of uncoded MC-IDMA, when communicatingrave

chip-spaced equal-power 4-path wideband Rayleigh fadirageel and using chip-spaced equal-power 4-path wideband Rayleigh fadi@gieel and using

a spreading gain off = 8 and I = 10 iterations

a spreading gain off = 16 and I = 10 iterations

future research is aiming at jointly optimizing the spreadi
factor and code-rate of MC-IDMA systems.

Spreading Gain G=4 G=38 G =16
Single User | 2.683e — 05 | 5.266e — 05 6.036e — 06
Performance @ 16dB @ 12dB @ 12dB
n =2.25 n = 2.625 n =275
Iter < 10 K=9 K =21 K =44
3.354e — 05 | 7.270e — 05 9.083e — 06
n=25 n=275 | n=_2875(~3) (1]
Iter < 15 K =10 K =22 K =46
3.347e — 05 | 7.843e — 05 9.628¢ — 06 2
TABLE Il
NORMALIZED USER-LOAD FOR DIFFERENT NUMBER OF ITERATIONS AND
FOR SPREADING GAINS ORG =4, G =8 AND G = 16 3]
[4]

is I = 10. Table Il summarizes the normalized user-load that
can be achieved using different maximum number of iteration
in conjunction with spreading gains @f = 4, G = 8 and

G = 16. When the maximum number of iterationslis= 15,

a high normalized user-load gf~ 3 is achieved with the aid [g]
of a spreading gain of7 = 16.

It can also be seen from Figs 4-6 that the attainable singles
user performance improves upon increasing the spreading
gain. With the aid of chip-interleaving, more independgntl
faded TD and FD chips are combined by the SISO de-spread?gr
resulting in more reliable posteriori LLRs. Furthermore, in
conjunction with a higher spreading gain and a large number
of users, the multiuser interference compongfiy of (3) is
accurately approximated by the Gaussian PDF.

(5]

(9]

V. CONCLUSION

The concept of IDMA was extended to MC-IDMA, which
achieved a high diversity gain both in the TD and FD. Thg,
system is capable of supporting a normalized user-load as
high asn 3 in conjunction with a spreading gain of
G = 16, while maintaining a modest complexity. The benefit¢?!
of IDMA accrue from the two lessons learned from Shannon’s
theory. Firstly never discard information before making &3
decision, which requires the employment of soft infornatio 14]
and secondly, render the interference Gaussian distdbuge
using both TD and FD interleaving as well as spreading. Our

[10]

~
~
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