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Abstract—The discrete cosine transform (DCT) based multi-
carrier modulation (MCM) system is regarded as one of the
promising transmission techniques for future wireless commu-
nications. By employing cosine basis as orthogonal functions
for multiplexing each real-valued symbol with symbol period
of T , it is able to maintain the subcarrier orthogonality while
reducing frequency spacing to 1/(2T ) Hz, which is only half
of that compared to discrete Fourier transform (DFT) based
multicarrier systems. In this paper, following one of the effective
transmission models by which zeros are inserted as guard
sequence and the DCT operation at the receiver is replaced
by DFT of double length, we reformulate and evaluate three
classic detection methods by appropriately processing the post-
DFT signals both for single antenna and multiple-input multiple-
output (MIMO) DCT-MCM systems. In all cases, we show that
with our reformulated detection approaches, DCT-MCM schemes
can outperform, in terms of error-rate, conventional OFDM-
based systems.

Index Terms—Discrete cosine transform (DCT), signal-to-noise
ratio (SNR) analysis, multiple-input multiple-output (MIMO),
frequency-selective channel, equalizer design.

I. INTRODUCTION

As a promising complementary waveform for the next

generation wireless communications, the discrete-cosine-

transform (DCT) based multicarrier modulation (MCM)

adopts the cosinusoidal orthogonal functions cos(2π ×
kt/(2T )) to achieve a subcarrier spacing of 1/(2T ) Hz, with k
being the sub-channel index and T being the symbol duration

respectively, but under the restriction that only real-valued

signals are transmitted [1].

Correspondingly, the multiplexing and de-multiplexing of

sub-carriers can be simply implemented by using the inverse

discrete cosine transform (IDCT) and DCT, instead of the

inverse discrete Fourier transform (IDFT) pairs in orthog-

onal frequency division multiplexing (OFDM) [2], [3], [4]

widely used in 4G systems and its variants proposed for 5G,

such as generalized frequency division multiplexing (GFDM)

[5], universal filtered multi-carrier (UFMC) [6], [7], filtered

orthogonal frequency division multiplexing (F-OFDM) [8],

[9] and filter bank multicarrier (FBMC) [10], [11], [12].

In [13], it is proved that the DCT-MCM is more robust

than conventional OFDM schemes in terms of frequency

offsets. These advantages make the DCT-MCM system as

an attractive complementary candidate in future transmission

schemes, especially for high mobility environments. Besides

these benefits, when using DCT-MCM, instead of transmitting

denser constellations at a subcarrier spacing of 1/T , we can

send the same amount of information by transmitting less

dense, real-valued symbols at a subcarrier spacing of 1/(2T ).
Therefore, since typically the detection of less dense symbols

is more robust to noise, DCT-MCM schemes can result in

improved error-rate performance when operating far from the

capacity limit.

However, one of the major practical challenges that DCT-

MCM schemes encounter is that when DCT is used, the

circular convolution property under multipath channels does

not hold and, therefore the cyclic-prefix (CP) based approaches

used in conventional OFDM systems [14], [15] do not apply.

The properties of DCT have been studied in the seminal work

in [16] and the one-tap equalization is applicable when the

channel impulse response (CIR) is symmetric in time domain

[14], [15]. In more generic wireless multipath fading channels,

the condition for symmetric convolution between signals and

CIR is not satisfied, and the channel cannot be compensated by

simple one-tap equalizers exploiting cyclic prefixes. The prob-

lem of performing simple but efficient channel compensation

and detection becomes even more challenging when adopting

DCT-MCM together with MIMO employments.

In the literature, various attempts exist trying to address the

symmetry issue. The method in [17], extends symmetrically

the DCT processed signal, but the net data rate is, conse-

quently, reduced by half. A more effective method is given

by Al-Dhahir in [14] where one-tap equalization is enabled

in the cosine domain, with the use of a time-domain finite

impulse response (FIR) pre-filtering at the receiver so that CIR

symmetry is rendered after filtering. However, this approach

introduces doubled length overhead at transmitter. In addition,

its combing with MIMO antenna technique requires a rigorous

condition which the channel tap coefficients have to be real-

valued. To the best of our knowledge, this is the first time

that an efficient detection method is proposed that applies

effectively to MIMO antenna DCT-MCM systems without



harsh limitations on the channels. In this paper, we follow

but go beyond the state of the art in [15] where zero padding

is employed and at the receiver the DCT is replaced by a DFT

of double the DCT length. This means that the N subcarriers

are demultiplexed by a DFT of 2N points, rather than using a

N point DCT. It is then examined that with useful information

only kept on the in-phase branch, the inter-carrier-intereference

(ICI) could be effectively eliminated by taking the real part of

processed DFT outputs.

The remainder of the paper is organized as follows. We

start in Section II by describing the transmission model of

zero-padded DCT-MCM system. This is followed by a math-

ematical formulation of the corresponding detection problem.

Section III examines three effective equalization/detection

approaches for single-antenna systems and analytically com-

pares their performance in terms of output SNR. Thereafter,

the detection of MIMO DCT-MCM systems is addressed in

Section IV, while the paper is concluded in Section V.

Notations: [·]H and [·]T stand for hermitian conjugate and

transpose operation, respectively. Re{·} and Im{·} refer to

the real and imaginary part taking operation. F2N [·] performs

the DFT operation at length of 2N . E[·] is defined as the

expected value of random variable. We use [·]∗ to return

the conjugate of the identified element. A linear convolution

operation of two vectors is denoted as ∗.

II. SYSTEM DESCRIPTION

In this section, we first describe the baseband model of a

zero-padded DCT-MCM system over the wireless frequency-

selective channel which is also illustrated in Fig. 1 [15]. While

eight types of DCT [16] exist, we here consider the type-II

DCT pair since it is the most often applied in practice [16].

For N subcarriers carrying data information, the baseband

modulated signal x(n) can be represented as

x(n) =

N−1
∑

k=0

akβk cos [
πk(2n+ 1)

2N
], n = 0, 1, · · · , N − 1. (1)

where ak is amplitude-shift keying (ASK) modulated infor-

mation symbol loaded on the kth subcarrier and with the

parameter βk being defined as

βk =







√

1
N
, k = 0

√

2
N
, k = 1, 2, · · · , N − 1

(2)

In order to achieve inter-symbol-interference free transmission,

we insert zeros at the end of each block instead of symmetric

prefix and suffix which is used as guard interval in pre-filtering

methods [18]. Here, the CIR of a generic multipath complex

channel is defined as h(n) with length of L. Assuming that

the guard interval length is identical to that of the channel,

the zero-padded signal is, then, represented by x̃(n), where

x̃(n) = x(n) for 0 ≤ n ≤ N − 1, and x̃(n) = 0 for N <
n ≤ N + L − 1. In this case, the received signal is obtained

through the convolution with the channel as

r(n) = h(n) ∗ x̃(n) + z(n), 0 ≤ n ≤ N + L− 1 (3)

where z(n) is the additive noise. At the receiver, the in-

Fig. 1. Baseband equivalent model of zero-padded DCT-MCM system [15]

formation data extraction process is quite different from the

conventional approach. We first complement zeros at the end

of each received signal block to get a revised block of size

2N . This effective received signal is denoted as r2N (n), where

r2N (n) = r(n) for 0 ≤ n ≤ N + L − 1, and r2N (n) = 0
for N + L ≤ n ≤ 2N − 1. A length of 2N DFT operation is

then performed to obtain the demultiplexed signal in frequency

domain, which is

Y (m) = F2N [r2N (n)]

= F2N [h2N (n)] · F2N [x2N (n)] + F2N [z2N (n)]

= H(m) ·X(m) + Z(m), m = 0, 1, · · · , 2N − 1.

(4)

where h2N (n) and x2N (n) are the zero padded blocks of

length of 2N for h(n) and x̃(n), respectively. z2N is the

zero padded counterpart of z(n). To make the demodulated

signal representation identical with DCT-II, without loss of

generality, (4) can be modified to

Y (m) = ej
2π

2N
m· 1

2H(m) · e−j 2π

2N
m· 1

2X(m) + Z(m)

= H̃(m) · X̃(m) + Z(m) (5)

where H̃(m) = ej
2π

2N
m· 1

2H(m) and X̃(m) =
e−j 2π

2N
m· 1

2X(m), respectively. As can be observed, the

transmission channel effect can be eliminated by compensating

for the term H̃(m). Then, we need to focus further on X̃(m)
in order to identify effective equalization and detection

algorithms. The demultiplexed signal X̃(m) can be described

as

X̃(m) =
N−1
∑

k=0

ak ·G(m, k) (6)

with G(m, k) being

G(m, k) =

√

1

2N
βk

N−1
∑

n=0

cos
π

N
k(n+

1

2
) · e−j π

N
m(n+ 1

2
) (7)



According to (7), the coefficient set G(m, k) can get four kinds

of values

G(m, k)

=



















√

1
2 k = m,m = 0

0.5 k = m, 0 < m ≤ N − 1
−0.5 k = 2N −m,N < m ≤ 2N − 1
jIm{G(m, k)} others.

(8)

Eq. (8) implies that all the useful information lies on the real

part of demultiplexed signal X̃(m) while the imaginary part

accounts for interference. By combining (6) and (8), we yield

X̃(m) =


















√

1
2am m = 0

0.5am + j ·XI,m m = 1, · · · , N − 1
j ·XI,m m = N
−0.5a2N−m + j ·XI,m m = N + 1, · · · , 2N − 1.

(9)

where j · XI,m represents the integrated interference on the

imaginary part from other subcarriers. From (9), we can

equalize the first information symbol a0 from the initial

received symbol whereas the other information symbols from

the rest subcarriers can be recovered either by equalizing the

first half of Y (m) at m = 1, · · · , N − 1 or/and the other

half of that at m = N + 1, · · · , 2N − 1, or by combining

these two parts. For example, the information symbol a2 lies

on X̃(m) at m = 2 and m = 2N − 2. Consequently, the

way to combine X̃(2) and X̃(2N − 2) becomes the challenge

for effectively recovering the data symbol a2. It is noted that

as the N th demultiplexed symbol X̃(N) contains no useful

information but only interference on the imaginary branch,

we can safely neglect Y (m) at m = N in the following

detection/equalization process.

III. EQUALIZATION ALGORITHMS FOR ZERO-PADDED

DCT-MCM

With double the demultiplexed symbols available, detection

can be flexible and several combining techniques can be

applied. In this paper, we reformulate three conventional

combining schemes in an appropriate form for DCT-MCM

and compare their superiority in terms of achievable output

SNR.

A. Uncombined Detection

Since the second half of the post-DFT demodulated signals

repeats the same information, it is easy to use the first half

symbols for equalization and neglect the others. Based on (5)

and (9), the corresponding equalization process is represented

by
Y (m)

H̃(m)
=

√

1
2am + Z(m)

H̃(m)
for n = 0 and

Y (m)

H̃(m)
= 0.5am +

j ·XI,m + Z(m)

H̃(m)
for n 6= 0. We then take the real part of the

equalized signal and the information data symbol is recovered

as

ãm =






√
2Y (m)

H̃(m)
= am +

√
2Z(m)

H̃(m)
m = 0

2Y (m)

H̃(m)
= am +Re{ 2Z(m)

H̃(m)
} m = 1, · · · , N − 1.

(10)

To derive the output SNR, we first assume that the normalized

signal power of ak is Ex and the noise variance of Z(m)
is σ2. Accordingly, we have the output SNR for the several

subcarriers to be

SNRUD
n =

{

Ex|H̃(n)|2
2σ2 n = 0

Ex|H̃(n)|2
4σ2 n 6= 0.

(11)

It is noted that the first data information symbol is only kept

by X̃(m) at m = 0, retaining the output SNR at the first

subcarrier regardless of the equalization/combining scheme.

B. Maximal ratio combining

In the above equalization/detection approach, we explore

only the half or the post-DFT received signals for information

recovery. However, this is clearly not the optimal solution as

the half of received information is ignored. Maximal Ratio

Combining (MRC) can be used to fully exploit all received

elements and therefore maximize the output SNR [19]. The

information signal from each desired symbol is rotated and

compensated according to the phase and strength of the

channel. The obtained signal is then in a combination of the

two compensated symbols, which is

H̃∗(m)Y (m)− H̃∗(2N −m)Y (2N −m)

=
|H̃(m)|2 + |H̃(2N −m)|2

2
am

+|H̃(m)|2 · jXI,m + |H̃(2N −m)|2 · jXI,2N−m

+H̃∗(m)Z(m)− H̃∗(2N −m)Z(2N −m),m 6= 0

(12)

The interference from the term XI,m and XI,2N−m can be

eliminated by taking the real operation:

Re{H̃∗(m)Y (m)− H̃∗(2N −m)Y (2N −m)}

=
|H̃(m)|2 + |H̃(2N −m)|2

2
· am + wMRC

m ,m 6= 0

(13)

where wMRC
m = Re{H̃∗(m)Z(m) − H̃∗(2N − m)Z(2N −

m)}. The equalized symbol can, thus, be expressed as

ãm =






am +
√
2Z(m)H̃∗(m)

|H̃(m)|2 m = 0

am +
wMRC

m

|H̃(m)|2+|H̃(2N−m)|2 m = 1, · · · , N − 1.
(14)

The corresponding output SNR is expressed accordingly as

SNRMRC
n =

{

Ex|H̃(n)|2
2σ2 n = 0

Ex(|H̃(n)|2+|H̃(2N−n)|2)
4σ2 n 6= 0.

(15)

Compared with UD scheme, an diversity gain on output SNR

is obtained for n 6= 0.



C. Equal gain combining

In MRC scheme, the equalizer is build as a signal power

combiner that is optimal in the sense of SNR. However, the

technique requires the compensation weights to vary with

the fading and the signals magnitude may fluctuate over

several 10s of dB [20]. The equal gain combiner sidesteps

this problem by setting unit gain at each element. In the equal

gain combiner, we have equalized symbols at m 6= 0:

Y (m)

H̃(m)
−

Y (2N −m)

H̃(2N −m)
=

am + j(XI,m −XI,2N−m) +
Z(m)

H̃(m)
−

Z(2N −m)

H̃(2N −m)
(16)

Similar to the MRC scheme, the real part of the combined

signal is extracted to guarantee free interference condition, by

which we have

Re{H̃∗(m)Y (m)− H̃∗(2N −m)Y (2N −m)}

= am + wEGC
m , m 6= 0 (17)

where wEGC
m = Re{ Z(m)

H̃(m)
− Z(2N−m)

H̃(2N−m
)}. Also, the output

SNR is given by

SNREGC
n =

{

Ex|H̃(n)|2
2σ2 n = 0

Ex|H̃(n)|2|H̃(2N−n)|2
(|H̃(n)|2+|H̃(2N−n)|2)σ2

n 6= 0.
(18)

D. Performance comparison for the three schemes

With the output SNR derived we can evaluate each scheme’s

achieved performance. The first subcarrier achieves the same

output SNR in all cases, or SNRMRC
n = SNREGC

n = SNRUD
n

for n = 0. For a fair comparison, we focus on the output

SNR for the rest of the subcarriers. For the MRC and the

EGC schemes we get

SNRMRC
n

SNREGC
n

=
(|H̃(n)|2 + |H̃(2N − n)|2)2

4|H̃(n)|2|H̃(2N − n)|2

=
|H̃(n)|4 + |H̃(2N − n)|4

4|H̃(n)|2|H̃(2N − n)|2
+

1

2

≥
2H̃(n)|2|H̃(2N − n)|2

4|H̃(n)|2|H̃(2N − n)|2
+

1

2
= 1 (19)

Consequently, we have SNRMRC
n ≥ SNREGC

n for n 6= 0.

Similarly

SNREGC
n

SNRUD
n

=
4|H̃(2N − n)|2

|H̃(n)|2 + |H̃(2N − n)|2

(20)

In cases where the average channel power can be assumed

equal among subcarriers (e.g. E[|H(n)|2] = E[|H(2N −
n)|2]), as in the case of Rayleigh fading channel, then we

can get that

E[SNREGC
n ]

E[SNRUD
n ]

=
4E[(|H̃(2N − n)|2)]

2E[|H̃(2N − n)|2]
= 2, n 6= 0

(21)
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Fig. 2. BER comparison between DCT-MCM in three equalization schemes
and ML-based OFDM system.(a)DCT-MCM(4ASK) VS OFDM(16QAM).
(b)DCT-MCM(8ASK) VS OFDM(64QAM)

By taking the expected value of (19) and combines it with

(21), we can have for our three schemes:

E[SNRMRC
n ] ≥ E[SNREGC

n ] = 2E[SNRUD
n ], n 6= 0 (22)

Fig. 2 gives the simulated bit-error rate (BER) perfor-

mance of DCT-MCM systems with the three reformulated

approaches, against a conventional maximum-likelihood (ML)

employed OFDM based system under a ten-path slow-varying

Rayleigh fading channel. Considering the subcarrier spacing

in DCT-MCM is half of that in OFDM and one-dimensional

signalling format is only allowed to keep subcarrier orthog-

onality on DCT-MCM, for a fair comparison, we assign

128 subcarriers to DCT-MCM with 4ASK scheme and 64

subcarriers to DFT-MCM with 16 quadrature amplitude mod-

ulation (16QAM) scheme respectively to obtain the same

data rate within an allocated bandwidth. This principle is

followed by the comparison for 8ASK modulated DCT-MCM

and 64QAM modulated OFDM as well. In addition, the

polynomial (133,171) code with constraint length of 7 and

rate of 1/2 is employed for both systems. As can be seen from

the figure, the MRC scheme can achieve the best performance

for DCT-MCM systems, followed by EGC and UD schemes,

which concurs with our output SNR analysis. In addition, the
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MMSE-based OFDM system in MIMO case. (a)DCT-MCM(4ASK) VS
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OFDM system is only superior to the EGC and UD based

DCT-MCM systems. By exploiting the diversity gain provided

by double post-DFT symbols, the MRC-based DCT-MCM

scheme can consistently outperform the conventional OFDM

system by approximately 1.5 dB at a very low BER level.

IV. EXTENSION TO MIMO SYSTEM

The lack of circular convolution property by DCT also

restricts the DCT-MCM employment with MIMO systems. For

example, the pre-filtering method in [18] could sidestep the

one-tap equalization problem. However, in MIMO scenarios

such an approach is not efficient any more. In this section,

we investigate the feasibility of the above three equaliza-

tion schemes in combination with MIMO systems and the

equalization process above is extended to matrix/vector forms

accordingly as well.

We consider a typical MIMO case with ni inputs and

no outputs with zero-padded DCT-MCM. Without loss of

generality, we can extend (5) into MIMO systems as

Ym = H̃m · X̃m + Zm (23)

where Ym = [Y1(m), Y2(m), . . . , Yno
(m)]T is the signal

received vector and X̃m = [X̃1(m), X̃2(m), . . . , X̃ni
(m)]T

is the demodulated symbol vector, respectively. H̃m can be

viewed as a channel matrix of dimension no × ni where its

element H̃i,j(m) represents the channel frequency coefficient

in the link from the jth transmitter to the ith receiver. Since the

MRC provide better performance than the other two schemes,

we consider it is as our first choice for DCT-MCM MIMO

systems. The equalization process in (12) is, then, modified to

H̃
H

mYm − H̃
H

2N−mY2N−m

=
H̃mH̃

H

m + H̃2N−mH̃
H

2N−m

2
Am

+H̃mH̃
H

m · jXI,m + H̃2N−mH̃
H

2N−m · jXI,2N−m

+H̃
H

mZm − H̃
H

2N−mZ2N−m, m 6= 0 (24)

where Am = [am1 , am2 , . . . , amni
]T is the data information

vector at mth subcarrier and XI,m is the vectored coun-

terpart for the interference XI,m. As can be seen from

(24), the equalized interference terms H̃mH̃
H

m · jXI,m and

H̃2N−mH̃
H

2N−m · jXI,2N−m are now complex, with both real

and imaginary parts, resulting in unavoidable crosstalk to the

data information vector. However, this does not hold for the

EGC and the UD schemes. In the equal gain combiner case,

we have the following derivations for m 6= 0

Ym

H̃m

−
Y2N−m

H̃2N−m

=

Am + j(XI,m − XI,2N−m) +
Zm

H̃m

−
Z2N−m

H̃2N−m

, (25)

Still, the interference term j(XI,m − XI,2N−m) has only an

imaginary part, allowing for interference free detection. Since

the EGC scheme typically achieves better performance than

the UD one as verified in (22), we take it as priority choice

for MIMO detection. Then, the recovered symbol vector Ãm

is provided as

Ãm =






Am +
√
2Zm

˜Hm

m = 0

Am +Re{Zm

˜Hm

− Z2N−m

˜H2N−m

} m = 1, · · · , N − 1.
(26)

Fig. 3 shows the BER for EGC-based DCT-MCM and

4 × 4 and 16 × 16 MIMO chahnnels. The performance of

MIMO-OFDM system is also provided for comparison. Due

to the impractical complexity of ML detection, we instead

apply a minimum mean square error (MMSE) equalizer which

is of similar computational complexity to the EGC scheme.

The simulation assumptions of the former Section are also

adopted here. With our proposed detection methods, DCT-

MCM schemes show improved error rate performance than

the conventional MIMO-OFDM system for both the 4×4 and

16× 16 cases.

V. CONCLUSION

In this paper, we examined several equalization/detections

schemes for zero-padded DCT-MCM systems. Their corre-

sponding output SNR is derived and compared. It has been

shown that for single antenna systems, MRC is the opti-

mum approach for DCT-MCM and can outperform traditional

OFDM systems. However, tis extension to MIMO scenario is



prohibited from interference related problems. Nevertheless,

our simulation results show the EGC based detection approach

can be a good candidate for DCT-MCM MIMO systems and

can outperform MIMO-OFDM systems employing MMSE

detection.
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