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Abstract— A new code selection scheme is proposed to
reduce the MAI of an approximately MAI-free OFDM
transceiver that is known as the repetitively coded multi-
carrier CDMA (RCMC-CDMA) in this work. That is, if we
use M/2 symmetric codewords or anti-symmetric codewords
of the M Hadamard-Walsh codes, the MAI of the system
can be greatly reduced. With this code selection scheme,
the requirement of a sufficiently large number of subchan-
nels to achieve the MAI-free property can be relaxed so that
the approximately MAI-free property still holds when the
number of subchannels is relatively small.
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I. Introduction

Multicarrier/OFDM/DMT systems have been widely
used in communications systems these days, e.g. xDSL,
WLAN and DVB [1], [2]. Multicarrier systems can deal
with the inter-symbol-interference (ISI) problem effectively
via a simple transceiver structure using FFT/IFFT and a
cyclic prefix (CP). Recently, multiaccess OFDM systems
have also received a lot of attention [3], [4]. There are
two popular OFDM-based multiaccess schemes that pro-
vide attractive solutions to the multiaccess environment.
They are the multicarrier CDMA (MC-CDMA) technique
[3] and the orthogonally frequency division multiple access
(OFDMA) technique [4].

Similar to OFDM, MC-CDMA can also combat the ISI
effect caused by frequency-selective fading. However, the
capacity of MC-CDMA systems is limited by multiaccess
interference (MAI). To suppress the MAI effect, sophis-
ticated multiuser detection (MUD) or signal processing
techniques are needed at the receiver end, which implies a
higher cost for the deployment of MC-CDMA systems. In
contrast, OFDMA systems are MAI-free when there is no
carrier frequency offset (CFO). However, OFDMA systems
are sensitive to CFO. In the presence of CFO, OFDMA sys-
tems are no longer MAI-free. Since every user has his/her
own CFO in the multiaccess environment, the problem of
CFO estimation and compensation is much more compli-
cated in the OFDMA system than that in the single user
OFDM system.

An approximately MAI-free multiaccess OFDM
transceiver, called the repetitively coded multicarrier
CDMA (RCMC-CDMA), was proposed in [5]. The
approximately MAI-free property holds when the number
of subchannels, N , is sufficiently large. Unlike conven-
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tional MC-CDMA systems, there is no need to suppress
MAI in the RCMC-CDMA system. Consequently, the
complexity is lower. Furthermore, the RCMC-CDMA
system can greatly mitigate the CFO effect that limits the
performance of OFDMA systems [6].

In this work, we propose a code selection scheme to fur-
ther enhance the MAI suppression capability of the RCMC-
CDMA system. That is, if we use only M/2 symmetric
or anti-symmetric codewords of the M Hadamard-Walsh
codes in the system, the MAI effect can be greatly reduced.
This result can help relax the requirement on the large
number of subchannels, N , for the RCMC-CDMA system
to have the approximately MAI-free property. Simulation
results are given to support the theoretical analysis.

II. RCMC-CDMA System

In this section, we will review the RCMC-CDMA system
[5]. The system block diagram is given in Fig. 1, where
there are T users. The input of the ith user is an N × 1
vector denoted by xi. The vector consists of N modulation
symbols, e.g. PSK or QAM. Each symbol in xi is repeated
M times and then scaled to form an NM × 1 vector yi.
Let xi[k] denote the kth symbol of xi, 0 ≤ k ≤ N − 1, and
yi[l] denote the lth symbol of yi, 0 ≤ l ≤ NM − 1. The
relation between xi[k] and yi[l] is given by

yi[m + kM ] =
1√
M

xi[k], 0 ≤ m ≤ M − 1, (1)

where 1√
M

is included to preserve the power before and
after the symbol repetition. For convenience, we call the
NM repeated symbols “expanded symbols”. Next, each
vector yi is passed through an NM × NM diagonal ma-
trix Wi with its diagonal elements drawn by the M × M
unitary matrix D (i.e. D†D = MI, where D† denotes the
conjugate-transpose of D and I is the M ×M identity ma-
trix). Let d1, d2, · · · , dM be the M columns of D. Then,
the matrix Wi is formed by repeating di by N times along
diagonal, i.e. Wi = diag(dt

i dt
i · · ·dt

i), where dt
i is the

transpose of d. When M is equal to the power of 2, an
example for D is the Hadamard matrix, whose columns
form the M Hadamard-Walsh codes. For instance, letting
M = 2, the second column of the 2×2 Hadamard matrix is
(+1 −1)t. If N = 2, we have W2 = diag(+1 −1 +1 −1).
Since D is unitary, we have the following property

M−1∑
m=0

wi[m + kM ]w∗j [m + kM ] =
{

M, i = j
0, i �= j

, (2)
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Fig. 1. The block diagram of the RCMC-CDMA system.

where w∗ is the conjugate of w and 0 ≤ k ≤ N − 1. After-
wards, the coded vector is passed through the NM−point
inverse discrete Fourier transform (IDFT) matrix. Finally,
each transformed vector is converted from parallel to se-
rial (P/S) and the cyclic prefix (CP) of length ν − 1 is
added for ISI cancellation, where ν is the maximum length
of multipath propagation.

The channel environment can be either wired or wire-
less. For the wired environment, the channel path is the
equivalent channel equalized by the time-domain equalizer
(TEQ) [2]. Let the channel path of user i be hi(n). For
convenience, the elements of the NM -point DFT of hi(n)
are called “expanded subchannels” and denoted by λi[l],
0 ≤ l ≤ NM − 1, and the elements of the N -point DFT
of hi(n) are called “subchannels” and denoted by λ

(N)
i [k],

0 ≤ k ≤ N − 1. Thus, the expanded subchannels with
index from 0 + kM to M − 1 + kM are actually associated
with the kth subchannel.

At the receiver side, a data block of size N · M + ν is
received. After removing the CP, the block is converted
from serial to parallel (S/P) and then passed through the
discrete Fourier transform (DFT) matrix. The DFT output
vector is sent to M subbranches, multiplied by W∗

i and
then passed through the block “sum and dump”. Let ŷi

and x̂i denote the input and the output of the “sum and
dump”, respectively. The kth element of x̂i is given by

x̂i[k] =
1√
M

M−1∑
m=0

ŷi[m + kM ], 0 ≤ k ≤ N − 1, (3)

where 1√
M

is included so that x̂i[k] = xi[k] if the channel
is perfect and there is no channel noise.

The RCMC-CDMA system has the approximately MAI-
free property as described below [5]. From Fig. 1, the lth
element of ẑ is given by

ẑ[l] =
T∑

i=1

λi[l]zi[l] + e[l], 0 ≤ l ≤ NM − 1, (4)

where e[l] is the lth element of the DFT of the NM × 1
received noise vector. Note that zi[l] = wi[l]yi[l] and ŷj [l] =
w∗j [l]ẑj [l]. Thus, from (4), the lth element of ŷj can be
expressed as

ŷj [l] = λj [l]yj [l]wj [l]w∗j [l] +
T∑

i=1,i �=j

λi[l]yi[l]wi[l]w∗j [l]

+e[l]w∗j [l], 0 ≤ l ≤ NM − 1. (5)

Let l = m + kM . From (3) and (5), the kth element of x̂j

is given by

x̂j [k] = Sj [k] +
T∑

i=1,i �=j

MAIj←i[k] + Ej [k], (6)

where

Sj [k] =
1√
M

M−1∑
m=0

λj [m+kM ]yj [m+kM ]wj [m]w∗j [m], (7)

MAIj←i[k] =
1√
M

M−1∑
m=0

λi[m+kM ]yi[m+kM ]wi[m]w∗j [m],

(8)
and

Ej [k] =
1√
M

M−1∑
m=0

e[m + kM ]w∗j [m + kM ]. (9)

Note that we use the notation MAIj←i[k] in (8) to denote
the MAI at the kth symbol of user j contributed by user
i. When N is sufficiently large, each of the N subchannels
can be assumed to be flat [1], [2]. Thus, the fading of the M
expanded subchannels from λi[0 + kM ] to λi[M − 1 + kM ]
can be approximated by the kth associated subchannel.
That is, λi[m + kM ] can be approximated by

λi[m+kM ] ≈ λ
(N)
i [k], 0 ≤ m ≤ M −1, 0 ≤ k ≤ N −1,

(10)
where recalled that λ

(N)
i [k] is the kth element of the N -

point DFT of the ith channel path, i.e. the kth subchannel.
Using (1) and the approximation in (10), we can rewrite
Eqns. (7) and (8) as

Sj [k] ≈ 1
M

λ
(N)
j [k]xj [k]

M−1∑
m=0

wj [m]w∗j [m]

= λ
(N)
j [k]xj [k] (by (2)), (11)

and

MAIj←i[k] ≈ 1
M

λ
(N)
i [k]xi[k]

M−1∑
m=0

wi[m]w∗j [m]

= 0 (by (2)). (12)

As given in (12), the MAI is approximately zero. Hence,
if there is no channel noise, we can approximately re-

construct xi[k] by multiplying x̂i[k] by
(
λ

(N)
i [k]

)−1

. An
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alternative for reconstruction is multiplying x̂i[k] by(
1
M

∑M−1
m=0 λi[m + kM ]

)−1

. Since the RCMC-CDMA sys-
tem is approximately MAI-free, its capacity increases as
SNR increases. This result is very different from the con-
ventional CDMA system, where increasing the power of
one user will also increase the MAI for other users. More-
over, the RCMC-CDMA can greatly mitigate the CFO ef-
fect which limits the performance in OFDMA system [6].

III. RCMC-CDMA with code selection

A. Relation between Fading and Approximately MAI-Free

Since the approxmiation in (10) is used to obtain the
approximately MAI-free property, the accuracy of the ap-
proximation determines the system performance. That is,
the more accurate the approximate is, the less MAI the
system will have. To achieve the approximately MAI-free
property, we demand that the OFDM-block duration be
much longer than the multipath propagation delay. In this
situation, the M expanded subchannels associated to each
of the N subchannels will experience nearly the same fad-
ing. This kind of environment is typical for OFDMA sys-
tems in broadband wireless access applications [4].

We show in Fig. 2 (a) the case where the M expanded
subchannels of the kth subchannel have the same fading.
That is, the subchannel is flat. For this case, the approxi-
mation in (10) becomes equality so that there is no MAI.
However, the subchannel is in general not flat if the number
of multipath propagation, ν, is greater than 1. If ν > 1,
a larger value of ν demands a larger value of N to achieve
the approximately MAI-free property. Since larger N leads
to longer OFDM-block duration, when the system is oper-
ated in a fast-varying wireless environment, a longer dura-
tion may be greater than the channel coherent time and as
a result it destroys the orthogonality. The conflicting re-
quirements on N motivate us to seek another way to resolve
the problem. That is, we would like relax the requirement
of large N , but keep the approximately MAI-free property
of the system.
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Fig. 2. The fading of the M expanded subchannels for the kth sub-
channel when the subchannel response is (a) flat and (b) mono-
tonically increasing with the frequency.

For a fixed value of ν, we can find a minimum value of
N so that the M expanded subchannels corresponding to
each subchannel are monotonically increasing or decreas-
ing. For example, we show in Fig. 2 (b) the case where the
expanded subchannels in association with the kth subchan-
nel are monotonically increasing. We will use Fig. 2 (b) to
illustrate the concept of MAI reduction. Similar arguments
can be applied to the monotonically decreasing case.

As shown in Fig. 2(b), when the number of subchan-
nels, N , increases, the distance between λi[M − 1 + kM ]
and λi[kM ] decreases. Therefore, the assumption that
λi[kM ] ≈ λi[M − 1 + kM ] ≈ λ

(N)
i [k] becomes more ac-

curate. That is, when N is sufficiently large, the system is
approximately MAI-free. When N is not sufficiently large,
we can reduce the MAI effect by properly choosing the or-
thogonal codewords.

B. Proposed Code Selection Scheme

Suppose that only M/2 symmetric or anti-symmetric
codewords of the M Hadamard-Walsh codes are used,
MAIj←i[k] in (8) can be computed as

MAIj←i[k] =
1
M

xi[k]
M/2−1∑
m=0

{λi[m + kM ]

+ λi[M − m − 1 + kM ]}wi[m]w∗j [m], (13)

where 0 ≤ k ≤ N − 1. It is our claim that MAIj←i[k] in
(13), which uses the code selection scheme, is much smaller
than MAIj←i[k] in(8), which uses the M full codewords.

Let us sketch the proof of this claim below. It can
be shown that, when only the M/2 symmetric or anti-
symmetric codewords of the M Hadamard-Walsh codes
are used, the M/2 selected codewords satisfy the follow-
ing property:

M/2−1∑
m=0

wi[m + kM ]w∗j [m + kM ] =
{

M/2, i = j
0, i �= j

.

(14)
Using (13), (14) and the following assumption

λi[m + kM ] + λi[M − m − 1 + kM ] ≈ 2λ
(N)
i [k], (15)

where 0 ≤ m ≤ M/2−1, we achieve MAIj←i[k] ≈ 0 again.
Although the assumptions of both (10) and (15) lead to

the approximately MAI-free property, the assumption (15)
is much more accurate than the assumption (10) due to
the following reason. We see from Fig. 2 and (15) that
the largest expanded subchannel fading will be added to
the smallest one, the second largest expanded subchannel
fading will be added to the second smallest one, and so on.
This makes the summation of every two-term pair be very
close to 2λ

(N)
i [k]. Thus, for a fixed N that makes the M

expanded subchannel fading associated to any subchannel
monotonically increasing or decreasing, the approximation
in (15) is much more accurate than that in (10). Let us
give an example for the proposed code selection scheme.
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Example: Let M = 8. The 8 × 8 Hadamard matrix is
given as follows.

D =




+1 +1 +1 +1 +1 +1 +1 +1
+1 −1 +1 −1 +1 −1 +1 −1
+1 +1 −1 −1 +1 +1 −1 −1
+1 −1 −1 +1 +1 −1 −1 +1
+1 +1 +1 +1 −1 −1 −1 −1
+1 −1 +1 −1 −1 +1 −1 +1
+1 +1 −1 −1 −1 −1 +1 +1
+1 −1 −1 +1 −1 +1 +1 −1




.

We can either choose the column set {d1, d4, d6, d7},
which consists of symmetric vectors, or the column set
{d2, d3, d5, d8}, which consists of anti-symmetric vec-
tors, for the four codewords of four users. Although the
code selection scheme decreases the number of users from
M to M/2, it relaxes the requirement of a large N value
to achieve the approximately MAI-free property.

IV. Simulation Results

In this section, we provide simulation results to demon-
strate that N can be greatly relaxed to achieve the approx-
imately MAI-free property if the proposed code selection
scheme is used. The simulation was conducted under the
following parameter setting. The expansion factor is chosen
to be M = 16. The BPSK modulation is used. Each tap
of channel path hi(n), 0 ≤ n ≤ ν − 1, is an i.i.d. (indepen-
dently identically distributed) complex Gaussian random
variable with the unit variance. The overall channel vari-
ance is normalized to 1, i.e. E

{∑ν−1
n=0 |hi(n)|2

}
= 1. In

practical OFDMA systems, the commonly used NM value
is 2048 [4], which is corresponding to a reasonable OFDM-
block duration time so that the channel coherent time is
much larger than the block duration. Here, we let NM not
to exceed 2048 to achieve the same purpose. The Monte
Carlo method is used to run for more than 1000 OFDM
blocks per user. The total MAI is obtained as follows. For
the kth symbol of a target user, we accumulate the MAI
contributed from all N symbols of the other T − 1 users.
The procedure is repeated and, then, the MAI power is
averaged for k from 0 to N − 1. That is, the total MAI

is obtained by averaging 1
N

∑N−1
k=0

∣∣∣∑T
i=1,i �=j MAIj←i[k]

∣∣∣2
for 1000 OFDM blocks. Let the number ν of the multi-
path propagation be 4. The total MAI power (in dB) of
each user for N = 16, 32, 64 and 128 is shown in Fig. 3,
where the 16 circled curves are for a system using the M
full codewords, the 8 squared curves are for a system using
the first M/2 codewords of the M Hadamard-Walsh codes
and the 8 triangulated curves are for a system using the
M/2 symmetric codewords of the Hadamard-Walsh codes.
Please note that the performance of each individual user is
very similar so that these curvers are clustered to result in
three bold curves visually.

The 16 circled, 8 squared and 8 triangulated curves are
averaged and redrawn in Fig. 4 to show the averaged to-
tal MAI for all users. We see that when N increases, the
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Fig. 3. The total MAI of individual user as a function of N with
ν = 4 with different code selection schemes.

MAI decreases. This is reasonable, since a larger N gives a
better approximation to lead to approximately MAI-free.
However, for the system using the M full codewords with
a smaller value of N such as N = 16 and N = 32, the
MAI is greater than -13 dB. This MAI level is usually a
non-negligible interference source that limits the system
performance. When only the first M/2 codewords of the
Hadamard-Walsh codes are used (not the code selection
scheme), we see the performance has a reasonable improve-
ment around 5 dB since the user number is decreased from
16 to 8. However, the improvement is not good enough.
Let us see the proposed code selection scheme. When only
M/2 symmetric codewords of the Hadamard-Walsh codes
are used, we see that the system outperforms the one using
full codewords by 17 dB when N = 16 and 35 dB when
N = 128. The performance has improved dramatically.
Moreover, we see that the system using symmetric code-
words with N = 16 can achieve comparable performance
of that using full codewords with N = 128. That is, by us-
ing symmetric codewords, N can be greatly relaxed while
the system still owns the approximately MAI-free property.

The down-triangulated curve in Fig. 5 shows the sys-
tem using only the M/2 anti-symmetric codewords of
the Hadamard-Walsh codes. When compared to the up-
triangulated curve in Fig. 4, we see that the symmetric and
the anti-symmetric codewords have similar performance.

Let ν increase from 4 to 8. The average MAI perfor-
mance with ν = 8 is shown in Fig. 6. We have similar ob-
servations. That is, the use of symmetric codewords greatly
outperforms the system with either the full M codewords or
the first M/2 codewords. When N = 16, the MAI for sym-
metric codewords is around -10 dB which is not a negligible
interference source when compared with the unit transmit
power of BPSK. This is reasonable because N = 16 is not
large enough for ν = 8 so that the expanded subchannel
fading within each subchannel are monotonically increasing
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Fig. 4. The averaged total MAI as a function of N with ν = 4 with
different code selection schemes, including the M/2 symmetric
codewords.
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Fig. 5. The averaged total MAI as a function of N with ν = 4
with different code selection schemes, including the M/2 anti-
symmetric codewords.

or decreasing. Fig. 7 gives the performance when ν = 12, a
long propagation delay situation. From the figure, we see
that the use of symmetric codewords with N = 64 can still
reduce the MAI to be less than -25 dB.

V. Conclusion

We proposed a code selection scheme to further reduce
the MAI in the RCMC-CDMA system. It was shown that,
when the number ν of multipath propagation increases, the
number N of subchannels should be increased accordingly
to achieve the approximately MAI-free property. By us-
ing the code selection scheme, the N value to achieve the
approximately MAI-free property can be greatly relaxed.
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Fig. 6. The averaged total MAI power as a function of N for ν = 8
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20 40 60 80 100 120
−40

−35

−30

−25

−20

−15

−10

−5

0

5

10

N

M
A

I p
ow

er
 (

dB
)

M full codewords
M/2 first half codewords
M/2 symmetric codewords

Fig. 7. The averaged total MAI power as a function of N for ν = 12
with different code selection schemes, including the M/2 sym-
metric codewords.

References

[1] J. A. C. Bingham, “Multicarrier modulation for data transmis-
sion: an idea whose time has come,” IEEE Communications
Magzine, vol. 28, pp. 5-14, May 1990.

[2] J. S. Chow, J. C. Tu, J. M. Cioffi, “A discrete multitone
transceiver system for HDSL applications,” IEEE Journal on
Selected Areas in Communications, vol. 9, Aug. 1991.

[3] S. Hara and R. Prasad, “Overview of multicarrier CDMA,” IEEE
Communications Magazine, Dec. 1998.

[4] I. Koffman and V. Roman “Broadband wireless access solutions
based on OFDM access in IEEE 802.16,” IEEE Communications
Magzine, vol. 40, pp. 96-103, Apr. 2002.

[5] S. H. Tsai, Y. P. Lin and C.-C. Jay Kuo “A repetitively coded
multicarrier CDMA (RCMC-CDMA) transceiver for multiuser
communications,” IEEE WCNC, Mar. 2004.

[6] S. H. Tsai, Y. P. Lin and C.-C. Jay Kuo “An approximately
MAI-free multiaccess OFDM system in carrier frequency offset
environment,” submitted to IEEE Trans. Signal Processing.

43390-7803-8521-7/04/$20.00 © 2004 IEEE

Authorized licensed use limited to: National Chiao Tung Univ.. Downloaded on June 09,2022 at 11:37:17 UTC from IEEE Xplore.  Restrictions apply. 


	footer1: 
	01: v
	02: vi
	03: vii
	04: viii
	05: ix
	06: x
	footerL1: 0-7803-8408-3/04/$20.00 © 2004 IEEE
	headLEa1: ISSSTA2004, Sydney, Australia, 30 Aug. - 2 Sep. 2004       
	nd: nd
	header: Proceedings of the 2   International IEEE EMBS Conference on Neural Engineering                      Arlington, Virginia · March 16 - 19, 2005
	footer: 0-7803-8709-0/05/$20.00©2005 IEEE


