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Abstract
In this paper we investigate four different detection methods for Orthogonal Frequency Division Multiplexing Code Division Multiplexing (OFDM-CDM). The ﬁrst method applies the Maximum A Posteriori (MAP) algorithm. The second and
the third method use detection algorithms which are based on the Minimum Mean Squared Error (MMSE) criterion. The
second method uses the Soft Symbol Based (SSB)-MMSE algorithm whereas the third receiver applies the Soft Chip Based
(SCB)-MMSE algorithm. The fourth detection method uses a hybrid detection scheme which applies the SCB-MMSE and the
Soft Interference Cancellation (SIC) detection method. We concatenate each detection method with the outer channel decoder
which allows for iterative decoding at the receiver side. This system can be considered as a serially concatenated iterative
decoding scheme whereby the inner decoder is replaced by the respective detection method. For the comparison of the four
different detection methods the Bit Error Rate as a function of the signal to noise ratio is used as a performance measure. In
addition the convergence of the iterative decoding loop is studied with the Extrinsic Information Transfer (EXIT) chart.
䉷 2004 Elsevier GmbH. All rights reserved.
Keywords: OFDM; CDM; Iterative decoding; EXIT chart

1. Introduction
For wireless communication systems Orthogonal Frequency Division Multiplexing (OFDM) has received a lot
of attention in the recent years. Therefore, OFDM has
become an important modulation scheme for several applications, like Digital Audio Broadcasting (DAB), Terrestrial
Digital Video Broadcasting (DVB-T) and Wireless LAN
(e.g. IEEE 802.11x and HIPERLAN/2). One advantage of
OFDM is that it turns a frequency selective channel into a
ﬂat fading channel for each sub-carrier. So, the frequency
domain equalizer is just a one tap ﬁlter for each sub-carrier.
To achieve frequency and/or time diversity, OFDM can be
combined with Code Division Multiplexing (CDM), where
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the signal is spread over several sub-carriers and/or several OFDM symbols using othogonal spreading codes, e.g.
Walsh codes. This concept was introduced as OFDM-CDM
or Multi-Carrier CDM (MC-CDM) by Fazel [1,3], Yee and
Linnartz [2], and Fettweis et al. [4]. At the receiver side
the orthogonality between the spreading codes is lost, because the subcarriers are affected by different fading coefﬁcients. This effect is enforced by an interleaver [5]. Due
to the non-orthogonality of the spreading codes a diversity gain can be obtained at the receiver. Therefore, suitable data detection and decoding technique must be used
which increase the complexity of the receiver. However, as
analysed in [5] in detail, an OFDM-CDM system beneﬁts
from the loss of the orthogonality between the spreading
codes compared to a plain OFDM system because iterative decoding can now be applied at the receiver. As a result, an OFDM-CDM system outperforms a plain OFDM
system.
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To exploit the frequency and/or time diversity in an
OFDM-CDM system, suitable detection methods have to be
chosen [6]. Therefore in this paper, the authors investigate
four different detection methods. All these methods enable
iterative processing in a serial concatenation with an outer
channel decoder in order to exploit the diversity. The ﬁrst
detection method is based on the Maximum A Posteriori
(MAP) algorithm proposed in [5]. However, the MAP detection method exhibits immense complexity, which increases
exponentially when the spreading factor and/or the symbol
alphabet are increased. The second and the third detection
method are based on the Minimum Mean Squared Error
(MMSE) detection [6,7]. However, the MMSE detection
algorithm has to be expanded in order to process arbitrary a
priori knowledge which is fed back from the outer channel
decoder. This concept of Soft-MMSE was introduced in
[8–10] for FIR channel equalization. In our case, the second
method uses the Soft Symbol Based (SSB)-MMSE whereas
the third method is based on the Soft Chip Based (SCB)MMSE detection algorithm. The fourth detection method
applies a hybrid detection scheme, which uses the SCBMMSE for the ﬁrst and the well-known Soft Interference
Cancellation (SIC) detection method for the last iteration
passes. SIC for OFDM-CDM was proposed in [11,12]. To
obtain an overview of the four detection methods they are
listed below.
(i)
(ii)
(iii)
(iv)

MAP detection method;
SSB-MMSE detection method;
SCB-MMSE detection method;
Hybrid detection scheme applying the SCB-MMSE and
the SIC detection method.

In this paper the performance of the four different detection
methods is evaluated on the basis of Bit Error Rate (BER)
charts. In addition, the convergence is studied with the Extrinsic Information Transfer chart (EXIT chart), recently introduced in [13–15]. The paper is organized as follows: In
Section 2 the system model of the transmitter, the channel
and the receiver is presented. In Section 3 the four different
detection methods are described in detail. The comparison
of the performance by computer simulation is presented in
Section 4. The BER as a function of the signal to noise ratio
Eb /N0 is used as a performance measure. Also in this section the convergence of the iterative decoding loop is studied
with the EXIT chart. Finally, Section 5 concludes the paper.

2. System model
2.1. Transmitter
The block diagram of the transmitter is given in Fig. 1.
The bit sequence b is encoded by a convolutional encoder.
Its output signal c consists of the coded bits. The outer
interleaver outputs the sequence c̃ . M successive coded bits
c̃M  , c̃M +1 , . . . , c̃M +M−1 are grouped to an M-tuple and
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Fig. 1. Transmitter, channel model and receiver for OFDM-CDM.

mapped onto a QAM symbol Z according to
Z = fmap,M (c̃M  , c̃M +1 , . . . , c̃M +M−1 ).

(1)

We assume, that the outer interleaver and the mapper are
designed such that the sequence Z has zeromean 
and is

uncorrelated. Therefore, the expected value E Z Z ∗˜ is




1 i = 0,
E Z Z ∗˜ = ES −˜ , i =
(2)

0 elsewhere.

(·)∗ denotes the conjugate complex operation. Z is spread
by the CDM block which takes NCDM consecutive QAM
symbols Z , creates the vector uNCDM ,m with the components
up,m = ZNCDM ×m+p (m ∈ Z and p = 0, 1, . . . , NCDM − 1)
and multiplies it with the Walsh matrix WNCDM
T
T
vN
= uN
WNCDM .
CDM ,m
CDM ,m

(3)

(·)T denotes the transpose. The resulting vector vNCDM ,m
with the elements vq,m is converted to the composite multicode CDM sequence X = v MOD NCDM , DIV NCDM , where
MOD is the modulo and DIV is the integer division operator. The set of NCDM orthogonal Walsh-code words can be
calculated recursively by using


1
WNCDM /2 WNCDM /2
WNCDM = √
(4)
NCDM WNCDM /2 −WNCDM /2
with NCDM  2, whereby W1 =1 and WNCDM is the NCDM ×
NCDM Walsh matrix [16]. NCDM is also called the spreading
factor. The elements of WNCDM are denoted by wp,q (p, q =
0, . . . , NCDM − 1) with wp,q = wq,p . Therefore, (3) can be
expressed as
T
vNCDM ,m = WN
u
= WNCDM uNCDM ,m .
CDM NCDM ,m

(5)

The serial order of X is interchanged by the subsequent
inner interleaver in Fig. 1 which results in the sequence X̃ .
The inner interleaver demolishes the orthogonality of the
spreading codes resulting in a better diversity gain [5]. X̃ is
modulated onto K orthogonal sub-carriers by an iFFT-block.
Then the guard interval or Cyclic Preﬁx (CP) is inserted.
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The output signal of the OFDM modulator is fed into the
time- and frequency-selective channel.

2.2. Channel model
The time varying frequency response of a Wide-Sense Stationary Uncorrelated Scattering (WSSUS) multipath channel can be expressed as [17],
L
1  j (i +2fD t−2f i )
i
H (f, t) = √
e
,
L i=1

Fig. 2. Iterative receiver.

(6)

where f and t are continuous frequency and time resp., i
is the phase, fDi the Doppler frequency and i the delay
of the ith path. L denotes the number of propagation paths.
In the following we assume that H (f, t) in (6) is approximately unchanged during the duration Ts of one OFDM
symbol. Under this assumption and provided that the guard
interval is longer than the delay spread of the channel, the
cyclic preﬁx avoids Inter-Carrier Interference (ICI) as well
as Inter-Symbol Interference (ISI). In this case, we obtain
the received QAM constellation points Ỹ in Fig. 1 after the
removal of the Cyclic Preﬁx (CP) and OFDM demodulation
with FFT
Ỹ = H̃ X̃ + Ñ ,

(7)

whereby X̃ are the transmitted signal constellation points
and Ñ are statistically independent and identically distributed complex Gaussian noise variables with componentwise noise power 2 = N0 /2. Therefore, the expected value
Ñ


E Ñ Ñ ˜∗ is




E Ñ Ñ ˜∗ = N0 −˜ .


(8)

The H̃ in (7) are sample values of the channel frequency
response
H̃ = H (( MOD K)f, ( DIV K)Ts ),

(9)

whereby f is the sub-carrier spacing and Ts is the duration
of one OFDM symbol (useful part plus guard interval). After the inner deinterleaver the received QAM constellation
points Y in Fig. 1 can be calculated as
Y  = H  X + N  .




E H H ˜∗ = 1−˜ .


Ñ



E N N ˜∗ = N0 −˜ .




(12)

2.3. Iterative receiver
The signal Y in Fig. 1 is fed into the iterative receiver
which is shown in detail in Fig. 2. The iterative receiver is
applied because of the CDM block at the transmitter. The detection method outputs a log-likelihood ratio Lc̃d, (L-value,
see [18]) for each coded bit c̃ . After subtracting the a priori knowledge Lc̃a, , the L-values Lc̃e, are obtained. They
are the input of the outer deinterleaver, which outputs the
L-values Lca, . They are fed into the APP decoder, which
operates according to the soft-in/soft-out principle and computes the A Posteriori Probability (APP or MAP calculator, see [19]). After a hard decision the estimates b̂ of the
transmitted bits b are available. This can be accomplished
by just taking the sign of the APP decoder output Lbd, . To
allow for turbo processing with iterative detection and decoding, the extrinsic information Lce, of the coded bits c
is fed back from the APP decoder, and after the outer interleaving it becomes a priori knowledge Lc̃a, for the detection
method and the iteration loop is closed. The four detection
methods, which we compare in this paper, will be described
in the next section.

3. Alternative detection methods

(10)

In the following we assume that the inner interleaver size
is big enough in order to achieve almost perfect time and
frequency interleaving. Therefore, H are modeled as statistically independent and identically distributed complex
Gaussian variables with component-wise power 2H = 21 and
zero
 mean (see [6]). According to (8), the expected value
E H H ˜∗ can be computed as


Due to the inner deinterleaver, the N in (10) are also statistically independent and identically distributed complex
Gaussian noise variables with component-wise
 noise power
2
2
N =  = N0 /2 and the expected value E N N ˜∗ is

(11)

We are now considering the four alternative detection
methods (i)–(iv) more closely.

3.1. MAP detection method
The MAP detection method operates block-wise and takes
NCDM consecutive symbols Y and Nov =NCDM M L-values
Lc̃a, of the coded bits c̃ . It outputs Nov L-values Lc̃d, of
the coded bits c̃ . To explain the principle, we just consider
one block with  = 0, 1, . . . , Nov − 1 in order to renounce
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the DIV and MOD operators in the following. The L-value
Lc̃d, of bit c̃ conditioned on Y0 , . . . , YNCDM −1 using Bayes
rule can be calculated as follows (see [5]):
Nov
−1
−1 −1
2Nov

i=0

Lc̃d, = Lc̃a, + ln

A(i, 1)e

c̃j Lc̃a,j

j =0
j =

Fig. 3. SSB-MMSE detection method.

Nov
−1

2Nov −1 −1



i=0

A(i, 0)e

j =0
j =

(13)
c̃j Lc̃a,j

Inserting (21) and (22) into (17) results in
Lc̃d, = Lc̃a,

with

NCDM
 −1

A(i, c̃ )=p(Y0 , . . . , YNCDM −1 |c̃ , c̃j,j =0,...,Nov −1,j = ). (14)

2Nov −1 −1

The values of the coded bits c̃j in (14) accomplish the
following equation:

i=0,c̃ =1

−1


j

c̃j 2 +

N
ov −1

c̃j 2

j −1

+ ln

= i.

Pr[c̃ =1]
, =0, . . . , Nov −1.
Pr[c̃ =0]

Nov
−1



= Lc̃a,

+ ln

i=0,c̃ =1

C(i, 1)e

j =0
j =

Nov
−1
−1 −1
2Nov

i=0,c̃ =0

C(i, 0)e

j =0
j =

(16)

c̃j Lc̃a,j

(17)
c̃j Lc̃a,j

(18)

22
N

e

j =0
j =

.

(23)

c̃j Lc̃a,j

i=0,c̃ =0

As depicted in Fig. 3, the SSB-MMSE detection method
consists of a soft-mapper, a SSB-MMSE and a softdemapper. In the following, the building blocks are described in detail.
3.2.1. Soft-mapper
The soft-mapper takes M consecutive a priori L-values
Lc̃a, of the coded bits c̃ at its input in order to calculate
the soft-symbol Ẑ . Given Lc̃a, , we ﬁnd from (16)
Pr[c̃ = 1]
Pr[c̃ = 1]
c̃
=
= eLa,
Pr[c̃ = 0] 1 − Pr[c̃ = 1]

(24)

Pr[c̃ = 1] =

Lc̃a,
1
1 + tanh
2
2

(25)

and

and
(3)

(X0 , . . . , XNCDM −1 ) =(Z0 , . . . , ZNCDM −1 )WNCDM

(19)

Pr[c̃ = 0] =

and
Z

Nov
−1

|Y −H X |2

c̃j Lc̃a,j

and the probabilities Pr[c̃ = 1] and Pr[c̃ = 0] can be expressed as

with
C(i, c̃ ) = p(Y0 , . . . , YNCDM −1 |X0 , . . . , XNCDM −1 )

=0

e

j =0
j =

3.2. SSB-MMSE detection method

In order to calculate the probability density function (pdf)
p(. . . | . . .) in (14) the considered bit sequence has to be
mapped and spread according to (1) and (3), which corresponds to the processing at the transmitter in Fig. 1. After
this processing, we can derive the L-value Lc̃d, as follows:
2Nov −1 −1

NCDM
 −1

Nov
−1

|Y −H X |2

22
N

e

(15)

The a priori L-values can be expressed as
Lc̃a, =La (c̃ )= ln

e

−

−1 −1 −
2Nov

j =+1

j =0

Lc̃d,



=0

c̃ ,(15),(1)

=

fmap,M (c̃M  , c̃M +1 , . . . , c̃M +M−1 ).

(20)

Taking (12) into account, we obtain from (18)
c̃ ,(15)

C(i, c̃ ) =

NCDM
−1

p(Y |X ).

(21)

=0

.

(26)

Using the probabilities Pr[c̃ = 1] and Pr[c̃ = 0], we can
calculate the soft-symbol Ẑ as expected value of Z
Ẑ =E{Z }=

M −1
2

Bi fmap,M (c̃M +0 , . . . , c̃M +M−1 ), (27)

i=0

where the factors Bi are given by

According to [5], p(Y |X ) can be expressed as
1 − 22 |Y −H X |2
p(Y |X ) =
e N
.
22N

Lc̃a,
1
1 − tanh
2
2

1

(22)

Bi =

M−1

j =0

Pr[c̃M +j ]

(28)
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and the values of the coded bits c̃M +j in (27) and (28)
accomplish the equation
M−1


c̃M +j 2j = i.

(29)

j =0

Beyond it, the soft-mapper calculates the variance e2 of the
soft-symbol Ẑ according to [20].

M −1

 2
2
2
2
e = E |Z − Ẑ | =
Bi fmap,M (. . .) − Ẑ . (30)

i=0

3.2.2. SSB-MMSE
The SSB-MMSE operates block-wise and takes NCDM
consecutive received symbols Y and NCDM consecutive
soft-symbols Ẑ . It outputs NCDM symbols D . For the explanation of its operation, we just consider one block with
 = 0, 1, . . . , NCDM − 1 in order to renounce the DIV and
MOD operator in the following. For a block of NCDM consecutive symbols Y we can ﬁnd the following equation:
y = HWNCDM z + n,

(31)

where yT = (Y0 Y1 . . . YNCDM −1 ) and the channel matrix H
is a NCDM × NCDM diagonal matrix.


H0 0
0
···
0
..
..


.
.
 0 H1 0

 .

.
..
..
..
H= .
(32)
.
.
.
.
.
.
 .

 0 ··· 0 H

0
0

0

NCDM −2

···

HNCDM −1

0

with V = HWNCDM .

(33)

d = E {z} + Veq, (y − VE {z}),

(35)

whereby Ek {a} takes the expected value of the vector components except for component k. The expected value of component k is set to 0 according to [8–10]. Therefore, E {z}
can be expressed as
T

E {z}T = Ẑ0 , . . . , Ẑ−1 , 0, Ẑ+1 , . . . , ẐNCDM −1 . (36)
According to [8–10], the matrix Veq, in (35) yields to
Veq, = Q V (VQ V + N0 I)
H

−1

,

G = Veq, V.

(40)

Using (34), the symbol D is given by
D = g, Z +

NCDM
−1

g,k (Zk − Ẑk )

k=0
k =

+

NCDM
−1

veq,,k Nk .

(41)

k=0

The elements of matrix G are denoted by gm,k and the elements of matrix Veq, by veq,m,k . Combining all interference
terms, (41) becomes
D = G Z + N̂

with G = g,

(42)

and
N̂ =

NCDM
−1

g,k (Zk − Ẑk ) +

NCDM
−1

veq,,k Nk .

(43)

k=0

According to [6], N̂ can be considered as additive zeromean Gaussian noise with noise power 22 = E{N̂ N̂∗ }
N̂

which can be expressed as
=

NCDM
−1

|g,k |2 ek2

+ N0

k=0
k =

NCDM
−1

|veq,,k |2 .

(44)

k=0

3.2.3. Soft-demapper
The soft-demapper outputs M L-values Lc̃d, of the coded
bits c̃ for each symbol D . For explanation, we regard only
one symbol D0 , G0 and  = 0, . . . , M − 1 in the following.
As a consequence, we calculate the L-values Lc̃d, of the
symbol Z0 . According to [21,22], the L-value Lc̃d, of bit c̃
conditioned on D0 using Bayes rule can be calculated as
M−1


2M−1 −1



Lc̃d,

= Lc̃a,

+ ln

i=0

F (i, 1)e

j =0
j =

M−1


2M−1
−1

(37)

(39)

with

(34)

whereby the operator Υ (a, k) takes out the kth element of
the vector a. According to [8–10], the vector d in (34) can
be calculated as

H

d = E {z} + G (z − E {z}) + Veq, n

22N̂


The SSB-MMSE calculates the output symbol
D = Υ (d , ),

The vector d in (35) can be expressed as

k=0
k =

The symbol vector zT = (Z0 Z1 . . . ZNCDM −1 ) consists of
the symbols Z · nT = (N0 N1 . . . NNCDM −1 ) in (31) is the
additive noise vector. Combining WNCDM and H in (31) gives
y = Vz + n

whereby (·)H denotes the conjugate transpose operation and
I is the identity matrix. Q is a NCDM × NCDM diagonal
matrix with elements qk,k . Taking (30) into account, these
elements are given by

ES for k = ,
qk,k =
(38)
ek2 elsewhere.

i=0

j =0

F (i, 0)e j =

c̃j Lc̃a,j

(45)
c̃j Lc̃a,j
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Heq,k in (50) can be computed according to (37) as

with
F (i, c̃ ) = p(D0 |c̃ , c̃j,j =0,...,M−1,j = ).

(46)

The values of the coded bits c̃j in (45) accomplish the following equation:
−1


M−1


c̃j 2j +

c̃j 2j −1 = i.

(47)

j =+1

j =0

The pdf p(D0 |c̃ , c̃j,j =0,...,M−1,j = ) in (46) can be expressed as (see [21,22])
p(D0 |c̃ , c̃j )

(42),(44)

=

1
e
22

−

1
22
N̂0

|D0 −G0 fmap,M (c̃ ,c̃j )|2

Heq,k = Qk HkH (Hk Qk · HkH + N0 )−1


Qk = E |Xk − E{Xk }|2
and
(3),(4)

Qk = E

(2)

M−1


−



e

1
22
N̂0

|D0 −G0 fmap,M (c̃ ,c̃j )|2

j =0

2M−1
−1

−

e

1
22
N̂0

|D0 −G0 fmap,M (c̃ ,c̃j )|2

e

j =0
j =

c̃j Lc̃a,j

p=0

(Zp − E {Zp })wp,k




,



E |Zp − E {Zp }|2 |wp,k |2 .

NCDM
−1

Taking (30) into account, we get

ES for p = ,
E{|Zp − E {Zp }|2 } =
ep2 elsewhere.

(56)

(57)

p=0

(58)

Using (58), Qk in (57) can be calculated.
Rewriting (50), we obtain

e j =
M−1








2

(48)

c̃j Lc̃a,j

i=0,c̃ =1

NCDM
−1

.

Lc̃d, = Lc̃a,
2M−1 −1





(55)

Qk =

Inserting (46) and (48) into (45) results in

(54)

with

N̂0

+ ln
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Sk = E{Xk } + Vk (Xk − E{Xk }) + Heq,k Nk

.

(59)

with
Vk = Heq,k Hk .

i=0,c̃ =0

(49)

Taking (3) and (4) into account, (59) results in
Sk =

3.3. SCB-MMSE detection method

(60)

NCDM
−1

E {Zp }wp,k

p=0

The structure of this method is almost identical to the
block diagram depicted in Fig. 3, except the SSB-MMSE
which has to be replaced by the SCB-MMSE. Therefore,
only the SCB-MMSE is described in detail in the following.
3.3.1. SCB-MMSE
The SCB-MMSE operates block-wise and takes NCDM
consecutive symbols Y and outputs NCDM symbols D .
For the explanation we just consider one block with  =
0, 1, . . . , NCDM − 1 in order to renounce the DIV and MOD
operator in the following. The ﬁrst step in the determination
of D is the calculation of the symbol Sk as follows:
Sk = E{Xk } + Heq,k (Yk − Hk E{Xk }),

(50)

Sk = E{Xk } + Heq,k Hk (Xk − E{Xk }) + Heq,k Nk .

(51)

Using (3) and (4), E{Xk } with k = 0, . . . , NCDM − 1 can be
expressed as
E{Xk } =

NCDM
−1

E {Zp }wp,k

(52)

p=0

with
(27)

E {Zp } =



0
Ẑp

NCDM
−1

+ Vk

(Zp − E {Zp })wp,k + Heq,k Nk .

(61)

p=0

After the calculation of Sk , the inverse CDM operation follows in the second step. For that purpose, NCDM symbols
Sk are put together in order to form the vector s
sT = (S0 , . . . , SNCDM −1 ).

(62)

Then s is multiplied by the Walsh matrix WNCDM . The result
is the vector
T
= sT WNCDM .
d T = s T WN
CDM

(63)

The component D of the vector d can be calculated as
D =

NCDM
−1

Sp̃ w,p̃ =

p̃=0

NCDM
−1

Sp̃ wp̃, .

(64)

p̃=0

By inserting (61) into (64), D can be expressed as
D = Z g, +

NCDM
−1

(Zp − E {Zp })g,p

p=0
p =

for p = ,
elsewhere.

(53)

+

NCDM
−1
p̃=0

Heq,p̃ Np̃ w,p̃

(65)
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and the NCDM soft-demapper are described in detail. The
soft-mapper was already explained in Section 3.2.1.
3.4.1. SIC
The SIC operates blockwise. It takes NCDM consecutive
symbols Y and NCDM consecutive soft-symbols Ẑ . The
SIC outputs NCDM NCDM symbols D . For the explanation,
we just regard = 0, . . . , NCDM NCDM − 1 in the following.
Taking (3), (4) and (10) into account, the symbol Y can be
calculated as

Fig. 4. Hybrid detection scheme.

Y˜ = H˜

NCDM
−1
p=0

Zp wp,˜ + N˜ ,

˜ = 0, . . . , NCDM − 1.
(70)

The SIC for symbol Z calculates the signal V,˜ by
subtracting the soft-symbols Ẑ˜ of the remaining symbols
from Y˜ .

Fig. 5. SIC detection method.

with
g,p =

NCDM
−1

Vp̃ wp,p̃ w,p̃ .

(66)

V,˜ = Y˜ − H˜

NCDM
−1
p=0
p =

p̃=0

with G = g,

(67)

and
N̂ =

NCDM
−1

(Zp − E {Zp })g,p

N,˜ = H˜

NCDM
−1

Heq,p̃ Np̃ w,p̃ .

(68)

p̃=0

According to [6], N̂ can be considered as additive zeromean Gaussian noise with noise power 22 = E{N̂ N̂∗ }



NCDM
−1
p=0
p =

NCDM
−1
p=0
p =

ep2 |g,p |2 + N0

NCDM
−1

22N

,˜

= |H˜ |2

|Heq,p̃ w,p̃ |2 . (69)

p̃=0

(Zp − Ẑp )wp,˜ + N˜ .

(73)

Under the assumption of zero-mean Gaussian noise N,˜
[6,20], the variance 22N ˜ of N,˜ can be computed using
,
(30) as

N̂

which is
22N̂ =

˜ = 0, . . . , NCDM − 1 (72)

V,˜ = H˜ Z w,˜ + N,˜ ,
with

p=0
p =

+

(71)

Using (70), V,˜ yields to

Combining all interference terms, (65) becomes
D = G Z + N̂

Ẑp wp,˜ .

NCDM
−1
p=0
p =

ep2 w 2

p,˜

+ N0 .

(74)

The output symbol D of the SIC results in
= ˜ + NCDM .

3.4. Hybrid detection scheme

D = V,˜ ,

The structure of the hybrid detection scheme is depicted in
Fig. 4 and consists of the SCB-MMSE and the SIC detection
method. This hybrid scheme uses the SCB-MMSE for the
ﬁrst iterations and the SIC detection method for the last
iterations. Because the SCB-MMSE detection method was
already described in Section 3.3, we restrict ourselves to the
SIC detection method in the following. The structure of this
method is depicted in Fig. 5 and consists of a soft-mapper,
a SIC and a NCDM soft-demapper. In the following the SIC

3.4.2. NCDM soft-demapper
The NCDM soft-demapper outputs M L-values Lc̃d, of
the coded bits c̃ for NCDM consecutive symbols D . For
the explanation, we regard only the ﬁrst NCDM symbols
D0 , . . . , DNCDM −1 and  = 0, . . . , M − 1 in the following.
As a consequence of this simpliﬁcation, we calculate the Lvalues Lc̃d, of the symbol Z0 . According to (13) and (45),

(75)

the L-value Lc̃d, of bit c̃ conditioned on D0 , . . . , DNCDM −1
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Table 1. Complexity of the four different detection methods

using Bayes rule can be calculated as
M−1


2M−1
−1
i=0

Lc̃d, = Lc̃a, + ln

L(i, 1)e

j =0
j =
M−1


2M−1 −1



i=0

L(i, 0)e

j =0
j =

c̃j ·Lc̃a,j

(76)
c̃j ·Lc̃a,j

with
L(i, c̃ )=p(D0 , . . . , DNCDM −1 |c̃ , c̃j,j =0,...,M−1,j = ). (77)
The values of the coded bits c̃j in (76) accomplish the following equation:
−1


c̃j 2j +

M−1


c̃j 2j −1 = i.

(78)

j =+1

j =0

The pdf p(D0 , . . . , DNCDM −1 |c̃ , c̃j ) in (77) can be expressed as
p(D0 , . . . , DNCDM −1 |c̃ , c̃j ) =

NCDM
−1

p(D |c̃ , c̃j ),

(79)

whereby
− 2
2N
1
0,
e
p(D |c̃ , c̃j ) =
2
20,
1

|V0, −H fmap,M (c̃ ,c̃j )w0, |2

.

(80)
Inserting (79) and (80) into (76) results in
Lc̃d, =Lc̃a,

2M−1
 −1 NCDM
 −1
i=0,c̃ =1

+ ln




=0

M−1
  c̃ Lc̃
1
j a,j
|V0, −H fmap,M (...)w0, |2
=0
22N
 jj =
0,

e
e
−

M−1
  c̃ Lc̃
1
j a,j
|V0, −H fmap,M (...)w0, |2
2
=0
M−1
N
−1
2N
2  −1  CDM
 jj =

0,

e
e


i=0,c̃ =0
=0



.

−

(81)

4. Comparison of the four iterative receivers
by simulation
For the calculation of Eb /N0 we use the following deﬁnition:
Eb
N0

=
dB

ES
N0

+ 10 lg
dB

1
,
Rg Rc M

BPSK
QPSK
16-QAM

MAP

SSB-MMSE

SCB-MMSE

SIC

27.04
—
—

27.0
22.22
10.35

1.0
1.0
1.0

1.08
1.5
3.0

polynomial Gr = 037 (octal notation), feedforward polynomial G = 023, memory 4 and code rate Rc = 0.5. The outer
code does not need to be recursive. The outer interleaver
size is IL,out = 98, 304. The spreading factor NCDM is set
to NCDM = 8 according to [6]. The number M of bits per
QAM symbol can vary between 1 (BPSK), 2 (QPSK) and 4
(16-QAM). We further assume, that the channel state information H is perfectly known at the receiver. Channel estimation for an OFDM–CDM system can be accomplished
by inserting pilot symbols into the transmitted data stream
(see [23–27]).

4.1. Complexity

=0

(72)

173

(82)

where Rc is the code rate of the encoder and Rg takes the
redundancy into account, which is added by the guard interval [23]. As an example, we use Rg = 0.8. Therefore, the
duration of the guard interval is considered to be one-ﬁfth
of the OFDM symbol duration Ts . As an example, the used
convolutional code is recursive systematic with feedback

In Table 1 the complexity of the different detection methods is compared. The complexity of the hybrid detection
scheme (3.4) can be easily derived by proportional linear
superposition of the SCB-MMSE and the SIC detection
method taking the number of iterations into account. As a
measure of complexity simulation time duration is taken.
The amount of memory is disregarded. The lowest complexity (shortest simulation time duration) is set to 1.0 for each
regarded modulation scheme. So, comparisons in Table 1
should only be done on horizontal lines. As can be seen from
Table 1 the SCB-MMSE detection method has the lowest
complexity followed by the SIC detection method. However,
for 16-QAM the complexity of the SIC detection method is
three times higher than the complexity of the SCB-MMSE.
The hybrid detection scheme uses the SCB-MMSE and the
SIC detection method. Therefore, it combines the two detection methods with low complexity. The complexity of the
MAP detection method is only measured for BPSK because
of its immense complexity for QPSK and 16-QAM.

4.2. Convergence properties with EXIT chart
Fig. 6 (left) shows the mutual information transfer characteristics of the various detection methods for BPSK and
Fig. 6 (right) for 16-QAM with Gray-mapping. The mutual
information transfer characteristics are measured for one
block of size IL,out coded bits. The a priori input Lc̃a, to the
detection methods is on the abscissa (mutual information
0  IA1  1 in bit per binary symbol). The a posteriori output Lc̃e, is on the ordinate (mutual information 0  IE1  1).
IA1 and IE1 are depicted in Fig. 2 for better understanding.
The mutual information transfer characteristics describe the
input/output relations of the detection methods and are calculated by applying a Gaussian distributed random variables

174
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Fig. 6. Mutual information transfer characteristics of the different
detection methods for BPSK and 16-QAM.

Fig. 7. EXIT chart for SCB-MMSE detection method and hybrid
detection scheme (using SCB-MMSE and SIC detection method)
and decoder for 16-QAM at Eb /N0 = 8 dB.

as a priori input and quantifying the a posteriori output in
terms of mutual information [13–15]. As can be seen, the
highest output IE1 can be achieved by the MAP detection
method. However, for perfect a priori knowledge (IA1 = 1)
the output IE1 of the SIC and the SSB-MMSE detection
method are identical to the output IE1 of the MAP detection
method. As a consequence, the performance of the hybrid
detection scheme (with SIC for the last iteration passes) or
the SSB-MMSE detection method can come close to the
receiver with MAP detection method using the iterative decoding loop. The output IE1 of the SCB-MMSE detection
method is a little bit lower than the others for perfect a priori knowledge. However, the SCB-MMSE detection method
is the best in terms of complexity (see Section 4.1). Therefore, the hybrid detection scheme is a compromise between
complexity and performance.
In Fig. 7 the EXIT charts are depicted for the receiver with
the SCB-MMSE detection method (SCB-MMSE receiver)
and the receiver with the hybrid detection scheme (hybrid
receiver) for 16-QAM at Eb /N0 = 8 dB. The trajectory (stair
case function) is a simulation result of the iterative scheme,
whereas the transfer characteristics are computed individually for the detection methods (see Fig. 6) and the decoder,
applying Gaussian distributed random variables as a priori
inputs. The number of steps in the trajectory is equivalent to
the number of iterations. The input Lca, to the decoder forms
the mutual information IA2 . The a posteriori output Lce,
of the decoder composes the mutual information IE2 (see

Fig. 2). The achieved trajectories match fairly well with the
transfer characteristics. In case of the SCB-MMSE receiver,
the trajectory gets stuck (Fig. 7, left) after 4 iterations, owing
to the intersection of the characteristic of SCB-MMSE detection method and the decoder. For the hybrid receiver we
pass through the SCB-MMSE detection method three times
and use the SIC detection method for the ﬁnal two passes
(3rd and 4th iteration). As can be seen in Fig. 7 (right), the
trajectory matches fairly well with the SCB-MMSE detection method characteristic for the ﬁrst three passes. After
that, for the ﬁnal two passes, it ﬁts with the SIC detection
method characteristic (Fig. 7, right, small). The hybrid receiver provides a higher output IE1 after the ﬁnal iteration
than the SCB-MMSE receiver. Therefore, the hybrid receiver
shows better performance than the SCB-MMSE receiver using the iterative decoding loop.
In Fig. 8 the BER charts of the four different receivers
are depicted after various iterations. The number of bits per
QAM symbol M is set to 1 for BPSK. For the hybrid receiver the SCB-MMSE detection method is used for the 0th
and ﬁrst iteration. After the ﬁrst iteration, the SIC detection
method is applied. We can conclude from Fig. 8, that the
performances of the SSB-MMSE, the hybrid and the SCBMMSE receiver come close to the performance of the MAP
receiver using the iterative decoding loop. After 3 iterations,
the curves of the four receivers differ only slightly at a BER
lower than 10−3 .
In Fig. 9 the BER charts of the SSB-MMSE, the SCBMMSE and the hybrid receiver are shown after various iterations for 16-QAM. For the hybrid receiver the SCB-MMSE
detection method is used for the 0th, ﬁrst and second iteration. Then, the SIC detection method is applied for the third
and 4th iteration. As can be seen in Fig. 9, the performance
of the hybrid receiver comes close to the performance of the
SSB-MMSE receiver using the iterative decoding loop. After 4 iterations, the curves of the hybrid receiver and SSBMMSE receiver differ only in a very small Eb /N0 gap for
a BER lower than 10−4 . However, the complexity of the
hybrid receiver is lower than the complexity of the SSBMMSE receiver. In comparison to the SCB-MMSE receiver,
the hybrid receiver and SSB-MMSE receiver achieve a gain
of about Eb /N0 = 0.9 dB at BER 10−4 after 4 iterations.
Therefore, under the consideration of complexity and performance the hybrid receiver is superior to the other two
receivers.

5. Conclusion
We have investigated in quite some detail four different
detection methods for a OFDM-CDM system:
(i)
(ii)
(iii)
(iv)

MAP detection method;
SSB-MMSE detection method;
SCB-MMSE detection method;
Hybrid detection scheme applying the SCB-MMSE and
the SIC detection method.
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Fig. 8. BER chart of the four different receivers for BPSK after various iterations.

Fig. 9. BER chart of the SSB-MMSE, the SCB-MMSE and the hybrid receiver for 16-QAM after various iterations.
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Each detection method is embedded in an iterative detection and decoding loop with an outer channel decoder. It
has been shown, that for BPSK the four different receivers
achieve nearly the same performance although their complexity is quite different. The MAP receiver is the most complex. Therefore, it was only investigated for BPSK. In the
case of 16-QAM the performance of the hybrid and the SSBMMSE receiver differ only very slightly. In terms of BER
these two receivers outperform the SCB-MMSE receiver by
about Eb /N0 = 0.9 dB at BER 10−4 after 4 iterations. However, the SCB-MMSE receiver has the lowest complexity
of all. Therefore, the hybrid receiver is a good compromise
between complexity and performance and is therefore recommended.
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