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Space-Time-Frequency Coding
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SUMMARY
In this paper, multiple-symbol diﬀerential detection
(MSDD) is applied to the diﬀerential unitary space-time-frequency coding (DUSTFC) scheme over frequency selective fading multiple-input
multiple-output (MIMO) channels. The motivation of applying MSDD is to
compensate for the performance loss of conventional (two-symbol observation) diﬀerential detection comparing with coherent detection, by extending
the observation interval and considering the fading autocorrelations. Since
the diﬀerential coding of DUSTFC can be performed in time or frequency
domain, both the time-domain and frequency-domain MSDD are investigated. After calculating the frequency-domain fading autocorrelation, the
decision metrics of MSDD considering appropriate fading autocorrelations
are derived in time and frequency domain respectively. Bit error rate (BER)
performances of the two kinds of MSDD are analyzed by computer simulations. Simulation results demonstrate that a considerable performance gain
can be got by applying MSDD in both cases, and the transmit diversity
gain can also be enhanced by applying MSDD. So that it is proved that full
advantage of transmit diversity with DUSTFC can be taken by applying
MSDD.
key words: multiple-symbol diﬀerential detection, diﬀerential unitary
space-time-frequency coding, fading autocorrelation, OFDM, frequency
selective fading, MIMO

1.

Introduction

Diﬀerential space-time modulation (DSTM) [1]–[3] is an
easily implemented and attractive transmit diversity method
with multiple transmit antennas in flat fading channels. With
DSTM, no channel state information (CSI) is needed at both
transmitter and receiver. This makes DSTM very competitive when fading channels change so rapidly that the CSI
which is necessary for coherent detection cannot be got reliably.
In order to utilize DSTM over frequency selective fading channels, orthogonal frequency division multiplexing
(OFDM) [4], which converts the frequency selective channel into a set of flat fading subchannels, was combined with
DSTM [5], [6]. In frequency selective channels, frequency
(multipath) diversity is an extra diversity resource besides
space diversity. Frequency diversity can be achieved by
simply applying the subcarrier grouping [7] method. With
subcarrier grouping, the OFDM carriers are divided into
groups of subcarriers, and replicas of the same signal are
transmitted from diﬀerent subcarriers in a same subcarrier
group to provide transmit diversity gain. To achieve a higher
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transmit diversity order, a diﬀerential unitary space-timefrequency coding (DUSTFC) scheme was proposed in [5]
by incorporating subcarrier grouping and diﬀerential unitary
space-time modulation (DUSTM) [2], [3].
It is well known that conventional (two-symbol observation) diﬀerential detection has a considerable performance loss comparing with coherent detection. Multiplesymbol diﬀerential detection (MSDD) [8], which was first
presented for diﬀerential phase shift keying (DPSK), is effective to compensate for such a performance loss. The
basic idea of MSDD is to extend the observation interval
to more than two symbols and make a joint decision on
those several symbols simultaneously, instead of symbolby-symbol detection as in conventional diﬀerential detection. Furthermore, in continuous fading channels, observing multiple successive symbols makes considering fading
autocorrelations to enhance the system performance possible.
Since the diﬀerential coding of DUSTFC can be performed in either time or frequency domain, MSDD receivers
for both cases are investigated. In some works such as [9],
[10] and [11], the time-domain fading autocorrelation has
been taken into account for time-domain MSDD. In this paper, the fading autocorrelation is considered for MSDD in
both the time-domain and frequency-domain cases. Since
the existing frequency-domain fading autocorrelation function [12] between subcarriers is not fit for digital OFDM
systems when the separation is big (as shown in Sect. 3.5 below), we recalculate the frequency-domain fading autocorrelation function between OFDM subcarriers in frequency
selective fading channels in this paper. Decision metrics
of time-domain and frequency-domain MSDD are derived
by applying the well known time-domain fading autocorrelation in [13] and the calculated frequency-domain fading
autocorrelation respectively.
Bit error rate (BER) performances of the time and frequency domain MSDD for DUSTFC in fast frequency selective Rayleigh fading channels are analyzed by computer
simulations. Simulation results demonstrate that in both
time and frequency domain, after considering the fading autocorrelation, extending the observation interval can lead to
a considerable performance gain as well as an enhanced diversity gain. So that full advantage of the improved diversity
order provided by DUSTFC can be taken.
The rest of this paper is organized as follows. In Sect. 2,
we introduce the system model. In Sect. 3, DUSTFC is
reviewed. The decision metrics of MSDD are derived in
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Sect. 4. The simulation results and related discussion are
given in Sect. 5 and finally the conclusion is in Sect. 6.
2.

System Model

We consider a wireless communication system with Nt
transmit antennas and Nr receive antennas. The channel between each transmit and receive antenna is assumed to be
time-varying frequency selective multipath Rayleigh fading
with channel order L. OFDM is employed at each antenna,
and the number of OFDM subcarriers is Nc . The transmitted signals are grouped in blocks of size N x at time domain,
and we assume N x = Nt in this paper. At time Nt τ + k,
0 ≤ k ≤ Nt − 1, a symbol sμp (Nt τ + k) is transmitted by the
μth antenna on subcarrier p. Assuming ideal timing and carrier synchronization, and a cyclic prefix (CP) length greater
than channel order L, after FFT processing, the received signal of sμp (Nt τ + k) at receive antenna ν can be expressed as
yνp (Nt τ + k)
Nt

p
=
Hμν
(Nt τ + k)sμp (Nt τ + k) + nνp (Nt τ + k),

(1)

where
L


hlμν (t) exp(− j2πlp/Nc )

(2)

is the subchannel gain between the μth transmit antenna and
the νth receive antenna at time t on the pth subcarrier. hlμν (t),
which is a complex Gaussian random variable with mean
zero and variance σ2h (l), is the discrete-time baseband equivalent impulse response of lth tap. And as usual hlμν (t) is

assumed to be uncorrelated with hlμ ν (t) when l  l and/or
μ  μ and/or ν  ν . It is easy to calculate
L that2 the mean
p
(t) are zero and σ2h = l=0
σh (l) respecand variance of Hμν
tively. nνp (t) is additive complex Gaussian noise with zero
mean and variance σ2n at receive antenna ν, and nνp (t) is un
correlated with nνp (t ) when p  p and/or ν  ν and/or
t  t .
Diﬀerential Unitary Space-Time-Frequency Coding

3.1 Space-Time Coding

(3)

We can recast (1) to an equivalent matrix form as
Y p (τ) = S p (τ)H p (τ) + N p (τ)

(5)

Equispaced subcarrier grouping scheme is used and therefore the (m + 1)th subcarrier in gth group is subcarrier
mNg + g, 0 ≤ m ≤ M.
The received signals of all the subcarriers in group g
can be rewritten as
Yg (τ) = Sg (τ)Hg (τ) + Ng (τ)

(6)

where Yg (τ), Hg (τ) and Ng (τ) are (M + 1)th order vectors of
Nt × Nr matrices, and [Yg (τ)]m+1 = YmNg +g (τ), [Hg (τ)]m+1 =
HmNg +g (τ) and [Ng (τ)]m+1 = NmNg +g (τ) respectively. Here
[·]i denotes the ith element of a vector. DUSTFC codeword
Sg (τ) is an (M +1)×(M +1) block diagonal matrix of Nt × Nt
matrices, and [Sg (τ)](m+1)(m+1) = SmNg +g (τ). An example of
the structure of Sg (τ) is shown in Fig. 1.
3.3 Diﬀerential Encoding

Define Nt × Nt space-time code matrix of transmitted symbols at τth time block on subcarrier p as S p (τ) with
[S p (τ)]kμ = sμp (Nt τ + k), where [·]i j denotes the i, jth element of a matrix, and assume a block fading environment
i.e.
p
p
p
(Nt τ + k) = Hμν
(Nt τ + k ) = Hμν
(Nt τ)
Hμν

0 ≤ k ≤ k ≤ Nt − 1

To achieve a higher diversity order with low complexity design, subcarrier grouping is utilized in DUSTFC. With subcarrier grouping, the total Nc subcarriers are partitioned into
Ng groups of subcarriers and each group has M + 1 subcarriers, i.e.
Nc = (M + 1) × Ng .

l=0

3.

where Y p (τ), H p (τ) and N p (τ) are Nt × Nr matrices with
p
(Nt τ + k) and
[Y p (τ)]kν = yνp (Nt τ + k), [H p (τ)]μν = Hμν
p
p
[N (τ)]kν = nν (Nt τ + k) respectively.
3.2 Subcarrier Grouping

μ=1

p
Hμν
(t) =

Fig. 1 An example of the structure of a DUSTFC codeword Sg (τ). (M +
1 = 3, Nt = 2).

(4)

Let G be a finite group of (M+1)Nt ×(M+1)Nt unitary matrices with V elements. For a data rate of R bits per subcarrier
use, we need to design G with cardinality V = 2R(M+1)Nt . It
is known that the diﬀerential encoding of DUSTFC can be
performed in both time and frequency domain [6]. In time
domain, data are carried by two consecutive time blocks at
the same subcarrier group. The transmitted codeword from
the gth group can be got by
⎧
⎪
⎪
⎨Vg (τ)Sg (τ − 1), τ  1
Sg (τ) = ⎪
(7)
⎪
⎩I(M+1)Nt ,
τ=0
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where the (M + 1)Nt × (M + 1)Nt unitary matrix Vg (τ) ∈ G
conveys the transmit information and I M is an M×M identity
matrix. Note that Sg (τ) is unitary and the transmit power is
constant, because Vg (τ) is unitary.
Similarly, in frequency domain, data are carried by two
neighboring subcarrier groups at the same time block. The
transmitted codeword at time block τ is
⎧
⎪
⎪
⎨Vg (τ)Sg−1 (τ), g  1
Sg (τ) = ⎪
(8)
⎪
⎩I(M+1)Nt ,
g=0

3.4 Constellations of DUSTFC
Both diagonal and nondiagonal constellations can be used as
the constellations of DUSTFC as in [6]. In [6], it is proved
that both diagonal and nondiagonal constellations have socalled maximum diversity, and yield excellent performance
in time-unvarying frequency selective fading channels. But
since the channel is required to be approximately constant
during transmitting a nondiagonal matrix [14], nondiagonal
constellations are not fit for time-varying fading channels
very well, especially when the fading is very fast. Because
we consider the time-varying fading channels in this paper,
we prefer to choose the diagonal constellations. However, as
shown later in Sect. 4, nondiagonal constellations can also
be employed for the proposed system easily.

Fig. 2 The comparation of frequency-domain fading autocorrelation
(real part). (στ /T s = 0.01, T g /T d =0.25).

3.4.1 Abelian Group (Diagonal) Constellations
For diagonal constellations, the group G is assumed to be
Abelian. As shown in [5], the elements of G are diagonal matrices, and at rate R the optimal Abelian group G
of DUSTFC in the sense of maximizing the coding advantage is the optimal Abelian group for a flat fading channel
with T = (M + 1)Nt transmit antennas with the same rate R.
Therefore, the ath element of G is
⎡ j 2π u1 a
⎤
⎢⎢⎢e V
0
. . . ⎥⎥⎥
⎢⎢
⎥⎥⎥⎥
..
Ga = ⎢⎢⎢⎢⎢ 0
(9)
⎥⎥⎥
.
0
⎢⎣
⎥⎦
j 2π
u
a
0
... e V T
where um ∈ {0, . . . , V − 1}, 1 ≤ m ≤ T . And the optimal
design of u1 , . . . , uT can be found by satisfying

 T1
T


min 
sin (πum a/V)
(10)
arg
max
0<=u1 ,...,uT <=V−1 a=1,...,V−1 

m=1
By Vg (τ) ∈ G, (7) and (8), we know that Vg (τ) and
Sg (τ) are diagonal matrices. Obviously, each submatrix
SmNg +g (τ) of Sg (τ), is also a diagonal matrix. As shown is
Fig. 1, when SmNg +g (τ) is a diagonal matrix, each transmit
antenna is acted only once, to transmit signals from all the
subcarriers simultaneously, during transmitting a DUSTFC
codeword.

Fig. 3 The comparation of frequency-domain fading autocorrelation
(imaginary part). (στ /T s = 0.01, T g /T d =0.25).

3.5 Frequency-Domain Fading Autocorrelation
In [12], the frequency-domain fading autocorrelation function between OFDM subcarriers p and p is derived by the
Fourier transform of the continuous exponential power delay profile as
ρF  (p − p ) =


1 + j2π 1 +

1
Tg
Td



(p − p ) σT τs

(11)

where στ is the root mean square delay spread and T s (=
T d + T g ) is an OFDM symbol period, which is composed
of a CP period T g and a data symbol period T d . In Figs. 2
and 3 we can observe that when the subcarrier separation
p − p is small, the derived fading autocorrelation by (11) is
very approximate to the simulation value. Since in [12], the
authors are mainly focused on the situation when p − p = 1,
(11) is accurate enough.
But because we want to apply MSDD in this paper,
fading autocorrelations between large subcarrier separation
have to be taken into account. In Figs. 2 and 3, it can be
observed that when p − p is big, comparing with the simu-
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lation value, the derived fading autocorrelation by (11) becomes too rough to be used. Therefore, in this paper we
rederive the frequency-domain fading autocorrelation function between OFDM subcarriers as follows:


p
p∗
(t) Hμν
(t)}
ρF (p − p ) = E{Hμν
⎡ L

⎢⎢
= E ⎢⎢⎢⎣ hlμν (t) exp (− j2πlp/Nc )
l=0

·

L


⎤
⎥


⎥⎥⎥

hl∗
μν (t) exp j2πlp /Nc ⎥
⎦



Λ = E Ȳg ȲgH |S̄g

(15)

is the covariance matrix of Ȳg . ‘E’ denotes expectation and
the superscript ‘H’ denotes the Hermitian operation (transpose conjugation). Since H̄g is independent from N̄g , Λ can
be rewritten into


H 
Λ = E S̄g H̄g + N̄g S̄g H̄g + N̄g


= E S̄g H̄g H̄gH S̄gH + N̄g N̄gH
= S̄g E(H̄g H̄gH )S̄gH + Nr σ2n INNt (M+1)

(16)

l=0

=

L


E[hlμν

(t) hl∗
μν





(t)] exp − j2πl(p − p )/Nc

Because hlμν (t) is assumed to be spatial and multipath
uncorrelated, we have



l=0

=

L






σ2h (l) exp − j2πl(p − p )/Nc

(12)

l=0

where the superscript ‘∗’ denotes the complex conjugation,
and σ2h (l) is decided by στ /T s and T g /T d . And it can be
observed that, with any subcarrier separation, the rederived
fading autocorrelation by (12) fits the simulation value very
well.
4.

E{hlμν (t)hlμ∗ν (t )} = 0
(l  l and/or μ  μ and/or ν  ν )

Multiple-Symbol Diﬀerential Detection

And the time-domain fading autocorrelation can be modeled
as [13]

2

ρlT (t − t) = E{hlμν (t)hl∗
μν (t )} = σh (l)J0 (2π fD T s (t − t))
(18)

where fD is the maximum Doppler frequency, and J0 (·) is
the zeroth order Bessel function of the first kind. Set ρT (t −
t) = J0 (2π fD T s (t − t)). Therefore
p
E{Hμν
(t)Hμp∗ ν (t )} = 0

Here we assume the observation interval of MSDD consists
of N blocks. Since the diﬀerential encoding can be performed in time or frequency domain, MSDD receivers for
DUSTFC are investigated in time and frequency domain by
considering the appropriate fading autocorrelations respectively.
4.1 Time-Domain Multiple-Symbol Diﬀerential Detection
When time-domain diﬀerential encoding is performed, the
received sequence blocks from time τ − N + 1 to time τ of
group g can be expressed as
Ȳg = S̄g H̄g + N̄g

(13)

where
Ȳg =

[YTg (τ) . . . YTg (τ

− N + 1)]

− N + 1)]

T

and the superscript ‘T ’ denotes the transpose operation.
When the receiver has no CSI, the probability density
function (PDF) of received signal Ȳg conditioned on S̄g is
given by
p(Ȳg |S̄g ) =

exp{−tr(ȲgH Λ−1 Ȳg )}
(πNNt (M+1) det Λ)Nr

where ‘tr’ denotes the trace function.

=
=

(19)

σ2h (l)J0 (2π fD T s (t − t))

l=0
2
σh J0 (2π fD T s (t
σ2h ρT (t − t)

− t))
(20)

and
E[H̄g H̄gH ] = Nr σ2h (ΓT ⊗ INt (M+1) )

(21)

where ⊗ denotes the Kronecker product and ΓT is an N × N
matrix with [ΓT ]i j = ρT (Nt (i − j)). And
Λ = Nr σ2h S̄g (ΓT ⊗ INt (M+1) )S̄gH + Nr σ2n INNt (M+1)

(22)

(B + CFD)−1 = B−1 − B−1 C(F−1 + DB−1 C)−1 DB−1 .

H̄g = [HTg (τ) . . . HTg (τ − N + 1)]T
N̄g =

p
p∗ 
E{Hμν
(t)Hμν
(t )} =

L


(μ  μ and/or ν  ν ),

To calculate the inverse matrix of Λ, we can use the matrix
inversion lemma

T

S̄g = diag{Sg (τ), . . . , Sg (τ − N + 1)}
[NTg (τ) . . . NTg (τ

(17)

(14)

Set B = Nr σ2n INNt (M+1) , C = S̄g (ΓT ⊗ INt (M+1) ), F =
Nr σ2h INNt (M+1) and D = S̄gH , following a similar process as
in [11], we can finally get
⎡⎛
⎤
⎞−1
⎢⎢⎢⎜⎜ σ2n
⎥⎥⎥ H
⎟⎟⎟
1
−1
⎜
⎢
⎥⎥⎦ S̄g . (23)
⎟
⎜
Λ =
S̄
I
+
Γ
⊗
I
⎢
⎠
⎝
g
N
T
N
(M+1)
t
⎣
Nr σ2h
σ2h
Since the natural logarithm is a monotonically increasing
function of its argument, maximizing p(Ȳg |S̄g ) is equivalent
to maximizing ln p(Ȳg |S̄g ). After taking logarithm of (14)
and ignoring the terms which are irrelevant to S̄g , we can
get the decision metric of time-domain MSDD as

IEICE TRANS. COMMUN., VOL.E93–B, NO.1 JANUARY 2010

94



H 
= E S̄(τ)H̄(τ) + N̄(τ) S̄(τ)H̄(τ) + N̄(τ)


= E S̄(τ)H̄(τ)H̄(τ)H S̄(τ)H + N̄(τ)N̄(τ)H

⎫
⎧
⎡⎛
⎤
⎞−1
⎪
⎥⎥⎥ H ⎪
⎪
⎪
⎟⎟⎟
⎬
⎨ H ⎢⎢⎢⎢⎜⎜⎜ σ2n
⎥
η = −tr ⎪
Ȳ S̄ ⎢⎜ I + ΓT ⎟⎠ ⊗ INt (M+1) ⎥⎦ S̄g Ȳg ⎪
⎪
⎪
⎭
⎩ g g ⎣⎝ σ2 N


h

(24)

= S̄(τ)E(H̄(τ)H̄(τ)H )S̄(τ)H + Nr σ2n INNt (M+1)

Define

⎡ ⎛
⎞−1 ⎤
⎢⎢⎢ ⎜⎜ σ2n
⎟⎟ ⎥⎥
⎜
⎢
⎜
ti j = ⎢⎣− ⎝ 2 IN + ΓT ⎟⎟⎠ ⎥⎥⎥⎦ ,
σh
ij

At a certain time t, with (17), we have
(25)

so that the decision metric for diagonal constellations can be
finally simplified into
⎧
⎪
k−1
M Nt −1 Nr −1 N−1 N−1
⎪
μM+n am
⎪
⎨      j 2πu
η = ⎪
t
e 2R(M+1)Nt
ik
⎪
⎪
⎩ n=0 μ=0 ν=0 i=0 k=i+1 m=i
⎫
⎪
⎪
⎬
nNg +g∗
nNg +g
·yν
(Nt (τ − i) + μ)yν
(Nt (τ − k) + μ)⎪
(26)
⎪
⎭
where ‘’ denotes the the real part of a complex number,
nNg +g

sμ

nN +g∗

(Nt (τ − i) + μ)sμ g (Nt (τ − k) + μ)
#
$
k−1

2πuμM+n am
=
exp j R(M+1)N ,
t
2
m=i

(27)

(28)

Then Â, which is an estimation of A, is determined, if (26)
is maximized.
4.2 Frequency-Domain Multiple-Symbol Diﬀerential Detection
When frequency-domain diﬀerential encoding is performed,
the received sequence blocks from group g − N + 1 to group
g at time τ can be expressed as
Ȳ(τ) = S̄(τ)H̄(τ) + N̄(τ)



p
E{Hμν
(t)Hμp ν∗ (t)} = 0 (μ  μ and/or ν  ν ).

(32)

Set the N × N matrix ΓF as [ΓF ]i j = ρF (i − j). We have
E[H̄(τ)H̄(τ)H ] = Nr σ2h (ΓF ⊗ INt (M+1) )

(33)

and (31) can be recast into
Λ = Nr S̄(τ)(ΓF ⊗ INt (M+1) )S̄(τ)H + Nr σ2n INNt (M+1) (34)
Following a similar process as in time domain, we have
Λ−1 =

1
S̄(τ)[(σ2n IN + ΓF )−1 ⊗ INt (M+1) ]S̄(τ)H (35)
Nr σ2h

and the frequency-domain decision metric of MSDD is

and am denotes the transmitted information by a pair of adjacent DUSTFC codewords. Define the sequence of information transmitted in an MSDD observation interval as
A = {a0 , . . . , aN−2 }.

(31)

(29)

where
Ȳ(τ) = [YTg (τ) . . . YTg−N+1 (τ)]T

η = −tr{Ȳ(τ)H S̄(τ)[(σ2n IN + ΓF )−1 ⊗ INt (M+1) ]
·S̄(τ)H Ȳ(τ)}

(36)

Define



fi j = −(σ2n IN + ΓF )−1

ij

(37)

we can finally get the simplified decision metric for diagonal
constellations as
⎧
⎪
k−1
M Nt −1 Nr −1 N−1 N−1
⎪

2πuμM+n am
⎪
⎨    
η = ⎪
f
e j 2R(M+1)Nt
ik
⎪
⎪
⎩ n=0 μ=0 ν=0 i=0 k=i+1 m=i
⎫
⎪
⎪
⎬
nNg +g−i∗
nNg +g−k
·yν
(Nt τ + μ)yν
(Nt τ + μ)⎪
(38)
⎪
⎭
where
nNg +g−i

sμ

nN +g−k∗

(Nt τ + μ)sμ g
(Nt τ + μ)
#
$
k−1

2πuμM+n am
=
exp j R(M+1)N
t
2
m=i

(39)

S̄(τ) = diag{Sg (τ), . . . , Sg−N+1 (τ)}

Thus Â is determined, if (38) is maximized.

H̄(τ) = [HTg (τ) . . . HTg−N+1 (τ)]T

4.3 Multiple-Symbol Diﬀerential Detection with Nondiagonal Constellations

N̄(τ) =

[NTg (τ) . . . NTg−N+1 (τ)]T

When the receiver has no CSI, the PDF of received signal Ȳ(τ) conditioned on S̄(τ) is given by
p(Ȳ(τ)|S̄(τ)) =

exp{−tr(Ȳ(τ)H Λ−1 Ȳ(τ))}
(πNNt (M+1) det Λ)Nr

(30)

where similar to the time-domain case, the covariance matrix Λ is


Λ = E Ȳ(τ)Ȳ(τ)H |S̄(τ)

As shown in above, the derivation of decision metrics (24)
and (36) is not depended on whether diagonal or nondiagonal constellations are chosen. Therefore, DUSTFC with
nondiagonal constellations is also able to be employed for
the MSDD systems. The transmitted DUSTFC codewords
can be estimated by utilizing decision metric (24) in time
domain or decision metric (36) in frequency domain. And
consequently the transmitted information sequence can be
determined.
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4.4 Computational Complexity
It is obviously that the time-domain and frequency-domain
MSDD for DUSTFC have the same computational complexity. The total computational complexity is a product of the
following 2 parts: the complexity of calculating one decision metric, and the number of decision metrics required to
be calculated and compared. We can observe from (26) and
(38) that the complexity of calculating one decision metric
. On the other hand,
is linear with M + 1, Nt , Nr and N(N−1)
2
because the number of possible values of A is 2R(M+1)Nt (N−1) ,
2R(M+1)Nt (N−1) decision metrics are required to be calculated
and compared. Thus the complexity of the second part is
exponential in R, (M + 1), Nt and (N − 1). Therefore,
we know that the total complexity is mainly depended on
(M+1)Nt Nr N(N−1) R(M+1)Nt (N−1)
2
.
2
Although the complexity of the first part can not be reduced, some suboptimal algorithms are proposed in [10],
[15] and [16] to reduce the complexity of the second part.
So that the computational complexity of the proposed system can be reduced by applying those algorithms.
5.

Fig. 4 The BER performance of frequency-domain MSDD for DUSTFC
with diﬀerent fading autocorrelations. ( fD T s = 0.01, στ /T s = 0.01, N =
4).

Simulation Results and Related Discussion

In our simulations, a time-varying frequency selective
Rayleigh fading channel model is used. A discrete exponential power-delay profile is used for simulating frequency
selective fading. To focus on the eﬀect of transmit diversity,
here we set the number of receive antenna Nr to 1 and the
channels from diﬀerent transmit antennas are assumed to be
independent with each other. The number of OFDM subcarriers Nc is 48, the number of FFT points, which is equal
to the data symbol period T d , is 64 and the CP period T g is
16. The normalized maximum Doppler frequency fD T s and
the normalized root mean square delay spread στ /T s are set
to various values for diﬀerent channel environments. Since
a transmit antenna is acted only once during transmitting a
DUSTFC codeword in Nt T s period, we can define Nt T s as
the eﬀective sample period and accordingly Nt fD T s is the
eﬀective normalized maximum Doppler frequency. We also
set the data rate R to 2 and the channel order L to 5. Note
that since we want to consider the transmit diversity with
constant bandwidth eﬃciency in this paper, R is set to be
constant. To keep R constant, diﬀerent constellation sizes
are used for diﬀerent Nt and M, although using the same
constellation size for bigger Nt and/or M (i.e. using constellation with lower R) can lead to better BER performance [3].
In the first example, the BER performances of
frequency-domain MSDD for DUSTFC with diﬀerent fading autocorrelations are compared. The conventional fading autocorrelation function (11) and the novel fading autocorrelation function (12) are used to calculate the decision
metrics respectively. It is shown in Fig. 4 that the BER performance with decision metric using (12) is better than that
with decision metric using (11), with any number of Nt and
M. Although such a performance gain is very small when

Fig. 5 The BER performance of time-domain MSDD for DUSTFC.
( fD T s = 0.01, στ /T s = 0.01).

Nt = 1, M = 0 (no transmit diversity), considerable performance gain is yielded with applying transmit diversity. In
this way, the eﬀectiveness of novel fading autocorrelation is
confirmed.
Figures 5, 6 and 7 show the BER performance of timedomain MSDD for DUSTFC. In Fig. 5, the BER performances at diﬀerent signal-to-noise ratio (SNR) are given.
In Figs. 6 and 7, the BER performances with various στ /T s
and various fD T s are compared respectively.
It is observed from Fig. 5, that at high SNR (Eb /N0 >
30 dB), extending the observation interval enhances the
BER performance and lowers the error floor, especially
with multiple transmit antennas and/or multiple subcarriers
in a group. Thus the validity of time-domain MSDD for
DUSTFC is proved. It is also shown in this figure, that when
N = 2, using multiple transmit antennas has only a little benefit to the performance when M = 0 and even leads to worse
performance when M = 1. It is because that when Nt increases, Nt fD T s also increases, which leads to an equivalent
faster fading channel environment. And when the fading is
fast, the influence of bigger Nt fD T s is comparable with or
even stronger than the diversity gain due to the increase of
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Fig. 6 The BER performance of time-domain MSDD for DUSTFC.
( fD T s = 0.01, Eb /N0 = 40 dB).

Fig. 8 The BER performance of frequency-domain MSDD for
DUSTFC. ( fD T s = 0.01, στ /T s = 0.01).

Fig. 7 The BER performance of time-domain MSDD for DUSTFC.
(στ /T s = 0.01, Eb /N0 = 40 dB).

Fig. 9 The BER performance of frequency-domain MSDD for
DUSTFC. ( fD T s = 0.01, Eb /N0 = 40 dB).

transmit antennas. When MSDD is used, significant performance gain can be observed by using multiple transmit
antennas, since the eﬀect of bigger Nt fD T s is relieved by
MSDD.
Figure 6 shows that when M = 0 the BER performance
hardly changes with diﬀerent values of στ /T s . That means
the eﬀect of frequency selective fading at the time domain
is canceled by applying OFDM. And when M = 1 the BER
performance with bigger στ /T s is better. It is because that
the frequency-domain autocorrelation becomes smaller with
a bigger στ /T s , consequently the correlation between replicas transmitted from subcarriers in a same group becomes
smaller, and as a result more diversity gain can be obtained.
Figure 7 shows that the performance of time-domain
MSDD becomes worse with the increase of fD T s . When
fD T s = 0.02, almost no benefit can be got by applying any
kind of transmit diversity with N = 2. But by extending
the observation interval to N = 3, considerable diversity
gains can be obtained. It is also observed, that when fD T s =
0.005 the benefit of using multiple transmit antennas can be
confirmed with any observation interval length N.
The BER performance of frequency-domain MSDD
for DUSTFC is shown in Figs. 8, 9 and 10. Similar with the

Fig. 10 The BER performance of frequency-domain MSDD for
DUSTFC. (στ /T s = 0.01, Eb /N0 = 40 dB).

time-domain case, in Fig. 8, the BER performances at different signal-to-noise ratio (SNR) are given. In Figs. 9 and
10, the BER performances with various στ /T s and various
fD T s are compared respectively.
We can observe from Fig. 8 that by extending the observation interval, the BER performance is improved and the
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error floor is lowered especially when the transmit diversity
order is high, which proves the validity of frequency-domain
MSDD for DUSTFC. It can also be observed that the benefit
of using multiple transmit antennas can be confirmed with
any observation interval length N, and at high SNR the BER
performances with Nt = 1, M = 1 and Nt = 2, M = 0 are
similar. It is because, unlike in the time-domain case, the
change of Nt fD T s itself has no influence on the frequencydomain detection.
Diﬀerently with the time-domain case, it can be observed from Fig. 9 that the performances with any number of
Nt and M become better when στ /T s becomes lower. That
means the eﬀect of frequency selective fading becomes the
main reason of error floor.
Figure 10 shows that the BER performance of
frequency-domain MSDD becomes worse with the increase
of fD T s , and the performance decreases relatively faster
when N = 3. It is because that bigger fD T s leads to severer
intercarrier interference (ICI) and the eﬀect of ICI becomes
larger when multiple subcarriers are considered together.
Comparing the BER performances with time-domain
and frequency-domain MSDD, it can be easily observed
that frequency-domain MSDD has better performance than
the time-domain MSDD when στ /T s is low and vice versa.
And we can also observe that frequency-domain MSDD
is much less sensitive to various fD T s than time-domain
MSDD. When fD T s is small, frequency-domain MSDD
has worse performance than time-domain MSDD. But with
the increase of fD T s , the performance of frequency-domain
MSDD approaches and exceeds the performance of timedomain MSDD. Therefore, we can choose to apply whether
time-domain or frequency-domain MSDD depending on
various στ /T s and fD T s .
6.

Conclusion

In this paper, MSDD was applied for DUSTFC over timevarying frequency selective fading multiple-input multipleoutput (MIMO) channels. Both the time and frequency domain MSDD were investigated, since the diﬀerential encoding of DUSTFC can be performed in time or frequency domain. After calculating the frequency-domain fading autocorrelation, decision metrics of MSDD were derived by
considering the appropriate fading autocorrelation respectively in time and frequency domain. Simulation results
demonstrated that applying both kinds of MSDD can lead
to a significant performance gain. It was also observed that
the diversity gain is enhanced by MSDD, especially in severe channel environments. That means full advantage of
transmit diversity with DUSTFC can be taken by applying
MSDD.
From the simulation results we can observe that error
floors which may be caused by eﬀect of ICI are still present
in this system. Therefore, to suppress the ICI will be our
main task in the future work. Also, the application of error
correction is not considered in this paper. That is because in
this paper, we want to focus on the benefit gained by apply-

ing MSDD to DUSTFC. Choosing what kind of error correction method and how to combine the method with MSDD
can aﬀect the performance of the proposed system very differently. Thus the research of applying error correction to
MSDD for DUSTFC is beyond the scope of this paper, and
we will pursue such research in our subsequent work.
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