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VI. C ONCLUSION
In this paper, we have studied a new application of spectrum
leasing via cooperation in which the secondary transmission aims at
improving the secrecy rate of the primary network. In particular, based
on the framework of the power gain region, we proposed an optimal
beamforming vector that maximizes the secrecy rate of the primary
network while maintaining the rate constraint given to the secondary
link. To provide a worst-case scenario in terms of secrecy rate, we
also investigated the case of a JD eavesdropper, and it was shown that
the proposed idea was still useful. This paper can be extended to, in
various ways, designs of cognitive radio networks for physical-layer
security.
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Abstract—In this paper, we introduce a family of full-diversity
space–frequency codes (SFCs) for the multi-input–multi-output orthogonal frequency-division multiplexing (MIMO-OFDM) systems. The most
important feature of the proposed SFCs is that they can be swiftly decoded. More precisely, the decoding complexity on the order of O(M )
or O(M 2 ) can be attained for the proposed full-diversity SFCs, where
M is the constellation size. Simulation results have also verified that the
proposed SFCs display outstanding performance in comparison with the
latest SFC model published in the literature.
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I. I NTRODUCTION
A multi-input–multi-output orthogonal frequency-division multiplexing (MIMO-OFDM) system enables us to combat both fading and
intersymbol interference effects efficiently. Space–frequency coding is
one type of the MIMO-OFDM system that exploits the two diversities
of space (antennas) and frequency (frequency subcarriers). In [1] and
[2], it is shown that for frequency-selective channels with L delay
paths, the maximum diversity advantage corresponds to Mt Mr L,
where Mt and Mr stand for the number of transmit and receive
antennas, respectively.
In [3], a systematic design approach was suggested that could
achieve full-diversity space–frequency codes (SFCs) for any arbitrary
power and delay profiles and any number of transmit antennas. In
[4], different full-rate (one channel symbol per frequency tone) codes
for MIMO-OFDM systems are proposed. Furthermore, in a successful
manner, Su et al. in [2] and Bhavani and Hari in [5] proposed different
full-rate full-diversity SFCs. Examinations of the space–frequency
coding techniques deployed in these methods reveal that the receiver
complexity rises as L becomes larger. In more precise words, the
complexity of the optimum maximum-likelihood (ML) decoder grows
as the Mt Lth power of the signal constellation size.
In this paper, we aim to present full-diversity SFCs that offer
comparatively lower complexity at the receiver, which is considered as
a crucial advantage. More specifically, our proposed schemes reduce
receiver complexity of the ML decoder to the level of the fourth power
of the signal constellation size and even lower. Moreover, by designing
a suboptimum decoder, which is based on the fact that two adjacent
frequency subcarriers approximately undergo the same fading, for our
coding models, we show that the expressions derived in the decoding
steps of the space–time block codes (STBCs) are applicable in the
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SFCs as well. Thus, we ensure that complexity is reduced even
further. Simulation results demonstrate that the performance of the
proposed coding scheme is superior to those in [5], which, to the
best of our knowledge, are the most efficient SFCs in the literature
to date.
Notations: We consider capital boldface letters and boldface letters
in turn for matrices and vectors. By superscripts (·)T , (·)H , and (·)∗ ,
we mean transpose,
 Hermitian, and complex conjugation, respectively.
, and  . F stand for expectation, floor, Hadamard
E(·), ·, ◦,
product, tensor product, and Frobenius norm, respectively. Notation
diag(a0 , a1 , . . . , aN ) denotes a diagonal N × N matrix whose diagonal entries are a0 , a1 , . . . , aN . wi,j ∼ CN (0, σ 2 ) indicates that wi,j ’s
∀i, j are independent identically distributed complex Gaussian random
variables with zero-mean and variance σ 2 . 1a×1 indicates an a × 1
vector of 1’s, and I a is an identity matrix of size a × a.
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In addition, the SFC rate in terms of bit(s)/s/Hz can be expressed as
Rc = (Ψ/Nc )log2 M .
At the receiver, after removing the CP, the Nc -point FFT is applied
to the received signal. Then, the received signal at the jth receive
antenna and the nth subcarrier can be represented as
Mt
ρ 
ci (n)Hi,j (n) + ηj (n).
Mt

yj (n) =

(4)

i=1

In (4), ηj (n) ∼ CN (0, 1) refers to additive complex Gaussian noise
at the nth receive antenna and the nth subcarrier. Let us assume that
ci (n)’s have a normalized power, and let parameter ρ denote the
average signal-to-noise ratio (SNR) at each receive antenna, where part
ρ/Mt indicates that the average SNR is independent of the number
of transmit antennas.

II. S YSTEM M ODEL
Suppose that we have a MIMO-OFDM system with Mt transmit
antennas, Mr receive antennas, and Nc frequency subcarriers for
OFDM modulation and that the receiver knows the channel coefficients flawlessly. Suppose also that the MIMO channel does not have
any spatial fading correlation between its paths and that the channel
stays constant for each OFDM block period but may be changed
for the subsequent blocks. Therefore, the channel impulse response
between the ith transmit and the jth receive antennas could be considered as



III. P ROPOSED S PACE –F REQUENCY C ODES
Motivated by the progress of STBCs and the receiver complexity
of existing SFCs, we aim to design SFCs based on STBCs to achieve
simple decoders and better performances. Before introducing our SFC
algorithm, we need to present a general model for 2 × 2 STBCs. It
could be shown that many of the well-known 2 × 2 STBCs, such as
the Alamouti code [6], the Golden code [7], and the code in [8], could
be modeled as follows:

L−1

hi,j (τ ) =

αi,j (l)δ(τ − τi )

X STBC =

(1)

χ1
χ3



χ2
.
χ4

(5)

l=0

where δ(·) is the impulse function, τl is the delay time associated with
2
the lth path, and {αi,j (l)}L−1
l=0 ∼ CN (0, ϑl ) indicates the complex
amplitude between the lth transmit and the jth receive antennas. To
have
powers for the received signals, it is assumed that
L−1normalized
ϑ2l = 1. Now, we can easily obtain the channel frequency
l=0
response as
Δ

F {hi,j (τ )} = Hi,j (f )|f =nΔf = Hi,j (n)



L−1

=

αi,j (l)e−j2πnΔf τl ,

1 ≤ n ≤ Nc

(2)

l=0

√
where F{·} stands for the Fourier transform, j = −1, Δf =
1/Ts = BW/Nc , Ts is the OFDM symbol period, and BW is the total
bandwidth.
Now, let us represent the space–frequency codeword C SF ∈
CNc ×Mt as follows:

⎡

C SF

c1 (0)
⎢ c1 (1)
=⎢
..
⎣
.
c1 (Nc − 1)

c2 (0)
c2 (1)
..
.
c2 (Nc − 1)

···
···
..
.
···

⎤

cMt (0)
cMt (1) ⎥
⎥
..
⎦
.
cMt (Nc − 1)

In (5), rows and columns
 of X STBC stand for time and
 space, respectively, i.e., χ1 = i={1,3} (ai si + bi s∗i ), χ2 = i={2,4} (ai si +


bi s∗i ), χ3 = i={2,4} (ci si + di s∗i ), and χ4 = i={1,3} (ci si +
di s∗i ); ai ’s, bi ’s, ci ’s, and di ’s ∀i ∈ {1, 2, 3, 4} are parameters of the
code, and si ’s ∀i ∈ {1, 2, 3, 4} are symbols that are selected from
binary phase-shift keying (BPSK) or quadrature amplitude modulation
constellations. Now, we can present our proposed SFCs as follows.
First, we stack (γSD /2) distinct STBC codewords of (5) to form
each C k ∈ CγSD ×2 for k = 1, 2, . . . , Nc /ΓγSD , where γSD is an
even integer that denotes the separation distance between the same
codewords, and Γ is an integer that is selected from set {1, 2, . . . , L}.
Then, we apply the following interleaving operation to each C k to
form D k ∈ CΓγSD ×2 as follows:


Dk = [1Γ×1 ⊗ IγSD ] C k ,

k = 1, 2, . . . ,

Nc
ΓγSD


.

(6)

Now, our proposed SFC is constructed as follows:
(3)

where Ci (n), for 1 ≤ i ≤ Mt , refers to data symbols that are supposed to be transmitted over the ith transmit antenna through the
nth frequency subcarrier. Therefore, at the transmitter, an Nc -point
inverse fast Fourier transform is applied to each column of C SF .
Then, after adding a cyclic prefix (CP), data are transmitted by their
associated antennas. Spectral efficiency of C SF represented in (3)
could be defined as R = (Ψ/Nc + lCP )log2 M bit(s)/s/Hz, where Ψ,
M , and lCP stand for the number of total distinct symbols over each
C SF , the constellation size, and the length of the CP, respectively.

C=

D T1

D T2



···

D T

Nc
Γγ
SD

 D Tμ

ZT

T
.

(7)

In (7), D μ = [1Γ×1
I μ/Γ ]C μ , where C μ ∈ Cμ/Γ×2 is obtained by stacking μ/2Γ distinct STBC codewords of (5), μ = Nc −
ΓγSD Nc /ΓγSD , and Z is a zero matrix of size (μ − Γμ/Γ) × 2.
In the appendix, the diversity advantage equal to ΓMt Mr for the
proposed SFCs is verified. It is also worth mentioning that the proposed SFCs make a tradeoff between the diversity advantage, which is
equal to ΓMt Mr , and the symbol transmission rate, which is equal to
R0 /Γ, where R0 is the symbol transmission rate of the STBC, which
is used in our proposed SFCs, e.g., R0 is equal to 1 and 2 for the
Alamouti STBC and the Golden STBC, respectively.
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Now, if we could specify γSD , we would say that our SFC objective
has been successfully accomplished. One method to obtain γSD is to
maximize the coding advantage of the described SFCs so that better
performance is obtained. γSD is calculated by deciding whether, at
the transmitter, the delay and power profiles (DPPs) of the channel are
known or unknown. When maximization of the coding advantage is
considered, there are two different cases as follows.
First, if Γ < L, referring to (16) in the appendix and the definition
of the coding advantage [2], maximizing the coding advantage of the


proposed SFCs results in maximizing | det(R̃ )|, where R̃ ∈ CΓ×Γ
is presented as follows:







 = W diag ϑ20 , ϑ21 , ϑ22 , . . . , ϑ2L−1 W H .
R

C SFC =

χ13
χ14

χ21
χ22

χ23
χ24

χ11
χ12

χ13
χ14

χ21
χ22

χ23
χ24

T
.

(10)

IV. R ECEIVER C OMPLEXITY OF THE P ROPOSED
S PACE –F REQUENCY C ODES
Here, we describe how the ML decoder complexity of our proposed
SFCs is constant, and unlike those presented in [2], [4], and [5], it is
not affected by the number of delay paths of the channel (L). Then,
we propose a suboptimum receiver that can decrease the complexity
of the receiver effectively.
Consider the same STBC codeword, which is repeated in Γ places
of the proposed SFCs, and suppose that just one receive antenna is
deployed at the receiver. For the sake of simplicity, we denote y1 (n),
Hi,1 (n), and η1 (n) as y(n), Hi (n), and η(n), respectively. Then,

⎡

⎡

⎤ ⎡χ ⎤ ⎡
⎤
y(0)
H1 (0)
1
(1)
y(1)
H
χ
1
⎢
⎥ ⎢ 3⎥ ⎢
⎥
⎢
⎥ ⎢ χ1 ⎥ ⎢
⎥
H1 (γSD )
y(γSD )
⎢
⎥ ⎢ ⎥ ⎢
⎥
⎢
⎥
⎢
⎥
⎢
⎥
y(γSD + 1)
H1 (γSD + 1)
⎢
⎥=⎢ χ3 ⎥ ◦ ⎢
⎥
..
..
⎢
⎥ ⎢ .. ⎥ ⎢
⎥
⎢
⎥ ⎢ . ⎥ ⎢
⎥
.
.
⎣
⎦ ⎣ ⎦ ⎣
⎦
χ1
y ((Γ − 1)γSD )
H1 ((Γ − 1)γSD )
χ3
y ((Γ − 1)γSD + 1)
H1 ((Γ − 1)γSD + 1)




    



y

x

h1

⎤
H2 (0)
H2 (1)
⎢ χ4 ⎥ ⎢
⎥
⎢ χ2 ⎥ ⎢
⎥
H
2 (γSD )
⎢ ⎥ ⎢
⎥
⎢ χ4 ⎥ ⎢
⎥
H2 (γSD + 1)
+ ⎢ ⎥◦⎢
⎥
..
⎢ .. ⎥ ⎢
⎥
⎢ . ⎥ ⎢
⎥
.
⎣ ⎦ ⎣
⎦
χ2
H2 ((Γ − 1)γSD )
χ4
H2 ((Γ − 1)γSD + 1)
   

⎡



x





h2

⎤
η(0)
η(1)
⎢
⎥
⎢
⎥
η(γSD )
⎢
⎥
⎢
⎥
+
1)
η(γ
SD
+⎢
⎥.
..
⎢
⎥
⎢
⎥
.
⎣
⎦
η ((Γ − 1)γSD )
η ((Γ − 1)γSD + 1)


(11)



n

Equation (11) reveals that the ML decoding process of our proposed
SFCs results in the following minimization problem:
argmin{s1 ,s2 ,...,sφ } y − x ◦ h1 − x ◦ h2 F .

(12)

Thus, in our case, the complexity order of the optimum ML decoder
becomes O(M φ ), where M refers to the signal constellation size, and
φ is the number of distinct symbols that are used in the construction
of each STBC codeword that generates the SFCs, e.g., φ is 2 and 4 for
the Alamouti STBC and the Golden STBC, respectively. In contrast,
receiver complexity of the optimum ML decoder in quasi-orthogonal
space–frequency block codes in [4] and that in SFCs in [2] and [5] rise
in proportion to the Mt Lth power of the signal constellation size, i.e.,
the receiver complexity of these codes is on the order of O(M Mt L ).
In what follows, we describe a suboptimum receiver that reduces the
complexity of the proposed schemes significantly, i.e., we put forward
a decoder with a complexity level that is no higher than that of the
STBCs’ that generate them. For example, by applying the Alamouti
code or the STBC in [8] as the preferred STBC to construct our
SFCs, the complexity becomes either linear or on the order of O(M 2 ),
respectively. Now, let us see how all these work.
Since in typical urban areas the maximum delay is comparatively
shorter than the OFDM symbol duration (Ts ), one can consider

.

w
w2γSD τ1
..
.

w
w2γSD τ2
..
.

w(Γ−1)γSD τ0

w(Γ−1)γSD τ1

w(Γ−1)γSD τ2

···

⎢ w
⎢ w2γSD τ0
⎢
..
⎣

1
γSD τ1



2

···
···
···
..
.

1
γSD τ0

⎡χ ⎤ ⎡

(8)

In (8), W ∈ CΓ×L is given as in (9), shown at the bottom of the page,
where w = e−j2πΔf = e−j2π/Ts = e−j2πBW/Nc .
Second, if Γ = L, regarding (22) in the appendix, one just needs to
maximize the value of | det(W )| to maximize the coding advantage
of the proposed SFCs. In this case, as parameters included in W
demonstrate, the power profile of the channel is no longer needed to be
known to the transmitter, and having the delay profile is sufficient to
optimize the coding advantage of the proposed codes. It is also worth
mentioning that, unlike the proposed SFCs in [5], our proposed SFCs
need no exhaustive search to determine γSD . This property is of great
importance because it leads to a very simple optimization process at
the transmitter in the case of known DPPs.

From (8) and (9), it is shown that | det(R̃ )| and det(W ) depend
on parameters Γ, BW , Nc , DPPs, and γSD . Thus, for specific Γ, BW ,
Nc , and DPP values, we could work out γSD to maximize the coding
advantage. If γSD is not an even integer, the nearest even integer to
the calculated γSD value is selected. However, for unknown DPPs, we
use artificial DPPs from [9], which are mainly constructed based on
the COST207 channel models [12]. In the following, we present an
example of the proposed SFC to illustrate their structures.
Example: For Nc = 8, L = Γ = 2, and γSD = 4, the proposed
SFC can be presented as follows:
χ11
χ12

according to (4), we can write the received signal associated with these
codewords as follows:

1
γSD τ2

1
γSD τL−1

w
w2γSD τL−1
..
.
w(Γ−1)γSD τL−1

⎤
⎥
⎥
⎥
⎦

(9)
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that two adjacent frequency subcarriers undergo similar fading. Thus,
Δ
let us replace both Hi (k0 ) and Hi (k0 + 1) by the value of H i (k0 ) =
(Hi (k0 ) + Hi (k0 + 1)/2), where i = 1, 2, and k0 ∈ {0, γSD ,
2γSD , . . . , (Γ − 1)γSD }. Therefore, we can rewrite (11) as follows:
Y = X STBC H + N
where X STBC =

χ1
χ3

Y =

y(0)
y(1)

H=

H 1 (0)
H 2 (0)

N=

η(0)
η(1)

χ2
χ4

(13)





y(γSD )
y(γSD + 1)

···
···

y ((Γ − 1)γSD )
y ((Γ − 1)γSD + 1)

H 1 (γSD )
H 2 (γSD )

···
···

H 1 ((Γ − 1)γSD )
H 2 ((Γ − 1)γSD )

η(γSD )
η(γSD + 1)

···
···

η ((Γ − 1)γSD )
.
η ((Γ − 1)γSD + 1)





Equation (13) represents the same system model as that of the
STBCs. Therefore, all the expressions derived in the decoding steps
of STBCs are applicable here. Thus, we have demonstrated that the
receiver complexity of the proposed SFCs’ decoder is the same as that
of the STBCs’, which are used to generate them.

Fig. 1. BER versus SNR for two-ray equal-power channels with unknown
DPPs; 1 bit/s/Hz.

V. S IMULATION R ESULTS
A. Simulation Results for the Unknown DPPs
Here, we present our simulation results when DPPs are not known
to the transmitter. The simulations are based on Rayleigh frequencyselective channels and a MIMO-OFDM system equipped with two
transmit and one receive antennas. Other parameters include a total
bandwidth of BW = 1 MHz, number of subcarriers Nc = 128, and
the length of the CP set to 20 μs. To make comparisons, the SFCs’
performance is examined by sketching the average bit error rate
(BER) versus the average SNR. Two scenarios for channel models
are considered, i.e., two-ray equal-power channels with delay times
{0, 5} μs and {0, 15} μs and the Stanford University Interim-4 (SUI-4)
channel model with delay profile {0, 1.5, 4} μs and power profile
{0, −4, −8} dB [10].
For Γ = L = 2 and τmax = 20 μs, an artificial delay profile
as {0, 6.67} μs is obtained. Thus, max(| det(W )|) = max(|1 −
eγSD (−j2π/128)6.67 |) is obtained when γSD = 10. For L = 3, Nc =
128, BW = 1 MHz, and τmax = 20 μs, an artificial delay profile as
{0, 2.22, 6.67} and an artificial power profile as {0.575, 0.323, 0.101}
are obtained. To have the same spectral efficiency as the benchmark
codes, we suppose that Γ = 2. In this case, γSD = 30 results in the
maximum det(R̃ ) in (8).
We used the Alamouti code [6] and the STBC proposed by
Sezginer et al. in [8] to construct our SFCs and called the resultant
SFCs as A-SFC and S-SFC, respectively. For both the two- and threeray channels, to reach a code rate of 1 bit/s/Hz, we use quaternary
phase-shift keying and BPSK constellations for A-SFCs and S-SFCs,
respectively, and set Γ = 2. According to what was described in
Section IV, A-SFC and S-SFC implementations result in linear complexity and complexity on the order of O(M 2 ) for the simplified
decoder, respectively. In addition, for the ML decoder, the receiver
complexity of A-SFCs and S-SFCs is on the order of O(M 2 ) and
O(M 4 ), respectively.
We compare the performance of our proposed codes against those of
the block circular delay diversity (BCDD) SFCs [5]. For these codes,
parameter γdpi = 8 and the order of complexity of the ML decoder
is O(M Leq Mt ), where Leq is a parameter that is selected from set

Fig. 2. BER versus SNR for the SUI-4 channel with unknown DPPs;
1 bit/s/Hz.

{1, 2, . . . , L} [5]. It should be also noted that γdpi conveys the same
meaning to BCDD codes as γSD does for our proposed codes.
Figs. 1–3 show the proposed SFCs’ behavior under different conditions. As can be seen, this code outperforms BCDD SFCs in both the
two- and three-ray channels. For example, Fig. 1 shows that at BER =
10−4 , A-SFCs outperform BCDD SFCs by more than 2.5 and 1 dB for
channels with 15- and 5-μs delay spreads, respectively. In addition,
Fig. 2 shows that at BER = 10−4 , A-SFC outperforms the BCDD
SFC by about 2.5 dB for the SUI channel model, and Fig. 3 shows
that at BER = 10−4 , S-SFC outperforms the BCDD SFC by nearly
2 dB for the two-ray channel model with 15-μs delay spread. These
figures also point to a much simpler SFC-based decoder compared
with the BCDD codes, which, to the best of the authors’ knowledge,
are regarded as the best known SFCs in literature. The given results
also demonstrate that our proposed algorithm is highly effective in
simplifying decoder design and reducing computational complexity.
More precisely, utilizing our simplified suboptimum decoding solution
ensures the same performance as that of the ML decoder in both the
A-SFC and S-SFC algorithms.
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Fig. 3. BER versus SNR for the two-ray channel with 15-μs delay spread and
unknown DPPs; 2 bits/s/Hz.

Fig. 5.

BER versus SNR for the SUI-4 channel with known DPPs; 1 bit/s/Hz.

Fig. 6. BER versus SNR for the SUI-4 channel and different values of Nc ;
1 bit/s/Hz.
Fig. 4. BER versus SNR for two-ray equal-power channels with known DPPs;
1 bit/s/Hz.

B. Simulation Results for the Known DPPs
This section evaluates the proposed A-SFCs against optimum SFCs
[5] when DPPs are known to the transmitter. To make performance
comparison, as in Section V-A, a similar setup is considered, i.e.,
BW = 1 MHz, two transmit antennas, one receive antenna, Nc = 128
subcarriers, and CP length set to 20 μs. Under these conditions, γSD ’s
are calculated as 14 and 4 for the two-ray equal-power channels with
delay spreads equal to 5- and 15-μs channels, respectively. In addition,
for the mentioned three-ray SUI channel, γSD , which maximizes
the coding advantage of the proposed SFCs, is 40 for the knownDPP case.
Fig. 4 shows that for an SFC rate of 1 bit/s/Hz, A-SFCs outperform
the optimum SFCs in [5] and, at the same time, achieves reduction
in receiver complexity. For example, at BER = 10−4 , A-SFCs’ performances surpass those of the optimum SFCs in [5] by about 5
and 2 dB for the two-ray channels with 5- and 15-μs delay spreads,
respectively. It should be also noted that with A-SFCs, apart from
superior performance, linear decoding complexity is possible at the
transmitter.

Fig. 5 shows simulation results for the SUI-4 channel. In this case,
Γ = 2 for both A-SFCs and S-SFCs. As can be seen, the performance
of our coding model is approximately the same as that of the optimum
SFCs in [5], and at the same time, the receiver profits from linear complexity rather than the complexity on the order of O(M 6 ) proposed by
the optimum SFCs in [5] for the ML decoder.
C. Performance Evaluation Against Changes in Number of
Subcarriers (Nc )
Here, we explore how, under the SUI-4 channel environment,
A-SFCs’ performance is affected when the number of subcarriers is
altered. Fig. 6 shows the result of these variations for a fixed data
transmission bandwidth of 10 MHz. It can be seen that when DPPs are
known to the transmitter, the BER behavior remains almost unchanged
as the number of subcarriers is set to 256, 512, 1024, and 2048. Fig. 6
also shows that the worst BER performance results when the system
uses 128 subcarriers. In this case, since we assume that Nc = 128,
BW = 10 MHz, and the maximum delay of the SUI-4 channel model
is 4 μs, clearly, the assumption that two adjacent frequency subcarriers undergo similar fading is not exact, causing the performance to
become worse.
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of the frequency-selective channels. The proposed codes could also
achieve the maximum coding advantage when partial channel state
information is available at the transmitter side. Irrespective of the
channel behavior between two successive OFDM block periods, the
application of the proposed coding methods results in a very simplified
decoding procedure at the receiver side. Needless to say, this is
recognized as a very important property of a coding algorithm for realtime wireless communication systems.
A PPENDIX

Fig. 7. Comparison between BER performances of A-SFC and A-STFC for
two-ray equal-power channels with a delay spread of 5 μs; 1 bit/s/Hz.

Here, we prove that our proposed SFCs could achieve a diversity
advantage of ΓMt Mr . As discussed in [2], the maximum achievable
diversity advantage of an SFC is calculated as the minimum rank of
Δ ◦ R ∈ CNc ×Nc over all distinct codewords C and Ĉ of the SFC,
where Δ = (C − Ĉ)(C − Ĉ)H , and R ∈ CNc ×Nc is the frequency
correlation matrix. Clearly, for our proposed SFCs, the minimum rank
of Δ ◦ R is achieved when all symbols in C and Ĉ are the same
except for one STBC codeword. In this case, rank(Δ ◦ R) is equal
to rank(Δ̃ ◦ R̃), where

⎡ 2

In [9], we introduced space–time–frequency codes (STFCs) that
featured simple ML decoder implementation at the receivers, and we
verified that fairly good performance could be achieved in conjunction
with quasi-static channels. However, if the channel fading coefficients
change during two successive OFDM block periods, the simplified
decoding approach cannot decode the codes, and BER quality of
the codes drops. The proposed SFC algorithm in this paper, on the
other hand, offers an important advantage of being independent of
coefficient changes during successive OFDM block periods.
To verify the given feature, let us present some simulation results
based on the channel model presented in [11, Eq. (47)]. Let us consider
a wireless system with the following parameters: BW = 1 MHz, two
transmit antennas, one receive antenna, Nc = 128 subcarriers, and the
length of the CP that is equal to 20 μs. Fig. 7 clearly shows that the
A-SFCs proposed in this paper outperform the STFCs reported in [9].
For example, at BER = 10−4 , A-SFCs’ performances surpass those of
the optimum A-STFCs by about 5 dB.
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It is possible to numerically work out that the minimum value
for rank(Δ̃ ◦ R̃) is attained if either D1 and D4 or D2 and D3
are zero. Without loss of generality, let us assume that D2 and D3
are zero. Therefore, the determinant of (Δ̃ ◦ R̃) ∈ C2Γ×2Γ could be
represented as follows by manipulation:
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A and B are two matrices of size m × m and n × n, respectively.

Clearly, R̃ could be written as follows:







 = W diag ϑ20 , ϑ21 , ϑ22 , . . . , ϑ2L−1 W H
R
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where W ∈ CΓ×L is defined in (9). Since W is equal to the Γ rows

of a Vandermonde matrix, R̃ is full-rank, and therefore, our proposed
SFCs achieve a diversity advantage that is equal to ΓMt Mr . If Γ = L,
the determinant of W could be specified as (see [2, Eq. (34)])
|det(W )| =

BER Analysis of Decision-Feedback Multiple-Symbol
Detection in Noncoherent MIMO Ultrawideband Systems

|det(W )|2L .

(20)

l=0

For our proposed SFCs, the expression | det(Δ̃ ◦ R̃)| is the coding
advantage, which could be maximized by selecting a proper value
of γSD .

Abstract—In this paper, we investigate noncoherent multiple-input–
multiple-output (MIMO) ultrawideband (UWB) systems where the signal
is encoded by differential space-time block code (DSTBC). DSTBC enables
noncoherent MIMO UWB systems to achieve diversity gain. However,
the traditional noncoherent symbol-by-symbol differential detection (DD)
for DSTBC-UWB suffers from performance degradation compared with
coherent detection. We introduce a noncoherent multiple-symbol detection
(MSD) scheme to enhance the performance of DSTBC-UWB systems.
Although the MSD scheme can boost the performance more as the observation window size becomes larger, the complexity of the exhaustive
search for MSD also exponentially increases in terms of the window size. To
decrease the computational complexity, the concept of decision feedback
(DF) is introduced to the MSD for DSTBC-UWB in this paper. The
resultant DF-MSD yields reasonable complexity and solid performance
improvement. We provide the bit-error-rate analysis for the proposed
DF-MSD. Both theoretical analysis and simulation results validate the
proposed scheme.
Index Terms—Decision feedback (DF), differential space-time block
code (DSTBC), multiple-input multiple-output (MIMO), multiple-symbol
detection (MSD), noncoherent, ultrawideband (UWB).
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Ultrawideband (UWB) impulse radio communication, as a promising candidate for location-aware indoor communications, wireless
sensor networks, and wireless personal area networks, has attracted
significant attention in both academia and industry in recent years [1],
[2]. The antenna array, also known as the multiple-input multipleoutput (MIMO) technique, employing multiple antennas at both link
ends, is capable of improving system performance by achieving spatial
diversity. To exploit the advantages of both UWB and MIMO systems,
many research studies have been done on deploying the space-time
coding (STC) scheme for MIMO UWB transmissions [3], [4]. STC
schemes provide diversity and coding gains for MIMO UWB systems
and hence yield remarkable performance improvement. However, the
decoding operations of these schemes require channel state information (CSI) and implementations of a rake receiver. Since the UWB
channel is characterized by a dense multipath, stringent requirements
on channel estimation [5] and the number of rake fingers [6] make it
difficult and costly to realize the MIMO UWB system with the rake
receiver.
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