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Denote Ω̄ = 1 − Ω, we express Ω̄ as follows:
⎧
⎫

⎬
⎨
α
(1 + d ) ρp
Ω̄ = EΦ
F|ĝ |2
.
⎩
⎭
x
∈Φ

(A.2)



Applying the generating function, we rewrite (A.2) as follows:
⎡
⎤


α
1 − F|ĝ |2 ((1 + d ) μ) rdr⎦
Ω̄ = exp ⎣−λ
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⎡

R2

⎤

∞

= exp ⎣−2πλ e

−μ

re

−μr α

dr⎦ .

(A.3)

0

Applying [14, eq. (3.326.2)], we obtain
Ω = 1 − Ω̄ = 1 − e

−

e−μ δπλ Γ(δ)
μδ

(A.4)

where Γ(·) is the Gamma function. Substituting (A.4) into (A.1) and
taking the derivative, we obtain the pdf of γt in (16). The proof is
completed.
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Abstract—We propose a new differential maximum-likelihood (DML)
combiner for noncoherent detection of the differential amplify-andforward (D-AF) relaying system in the time-selective channel. The weights
are computed based on both the average channel quality and the correlation coefficient of the direct and relay channels. Moreover, we derive a
closed-form approximate expression for the average bit error rate (BER),
which is applicable to any single-relay D-AF system with fixed weights.
Both theoretical and simulated results are presented to show that the timeselective nature of the underlying channels tends to reduce the diversity gains at the low-signal-to-noise-ratio (SNR) region, resulting in an
asymptotic BER floor at the high-SNR region. Moreover, the proposed
DML combiner is capable of providing significant BER improvements
compared with the conventional differential detection (CDD) and selectioncombining (SC) schemes.
Index Terms—Amplify and forward (AF), differential modulation, noncoherent detection, performance analysis, time-varying channels.

I. I NTRODUCTION
Cooperative communications has received much attention since it
is capable of improving system performance and extending coverage.
Thus, several relay-assisted architectures have been adopted by the
Third Generation Partnership Project Long Term Evolution-Advanced
and IEEE 802.16j standards [1]. It is widely anticipated that cooperative communications will act as a key technology for fifth-generation
[2]–[4] mobile communications. Amplify and forward (AF) [5] is a
viable technique of cooperative communications from the practical
point of view because of its simple implementation and security [6].
It is well known that a moving terminal will induce the Doppler
shift, which is the cause of the time selectivity in the fast-fading
channel. The impact of outdated channel state information (CSI) on the
AF relaying system that employs a relay selection scheme is analyzed
in [7] and [8]. The same impact analysis is then extended to the turbo
coded relay system over the Nakagami-m channel in [9]. In [10],
a weighted two-way relay-selection scheme was proposed whereby
the weights take into consideration the correlation coefficient of the
time-selective channel. In [11], the impact of different CSI estimation
rates on the error performance of a multirelay AF system employing
maximal ratio that combines over the time-selective fading channel
was studied. Then, the same performance analysis was extended to
relay selection in the presence of channel estimation errors in [12].
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semiblind AF relay R, and a destination D. All the nodes are equipped
with a single antenna and operate in the half-duplex mode.
Before transmission, the modulated information symbol d(k) drawn
from a BPSK constellation S : {+1, −1} is encoded differentially
as s(k) = s(k − 1)d(k)(s(0) = 1). The transmission process takes
place in two phases. In the first phase, the source broadcasts s(k) with
the average symbol power P0 . The received signals at the destination
and relay can be expressed as

(1)
y0 (k) = P0 h0 (k)s(k) + n0 (k)
Fig. 1. Block diagram of a three-node D-AF system model.

By adopting differential modulation and noncoherent detection,
the differential AF (D-AF) technique can avoid the overhead due to
frequent channel estimation at the destination. In [13]–[15], a conventional differential detection (CDD) scheme is proposed to combine the
received signals at the destination. The CDD scheme is suitable for
only the slow-fading scenario in which the channel gain is assumed
unchanged during two consecutive symbol periods. An approximate
bit error rate (BER) expression for a single-relay D-AF system employing the selection-combining (SC) scheme in the time-selective
channel is derived in [16]. The SC scheme helps lower complexity
by eliminating the need for channel estimation at the expense of the
BER performance, which is similar to the CDD scheme. Through
introducing a modified AR(1) model [17] for the relay link, a diversity
combiner, which is called time-varying differential detection (TVD), is
proposed in [18] for the D-AF system. A loose lower bound of the BER
is also derived by using the instantaneous CSI. However, as the TVD
method is proposed for symmetric channels, the impact of the average
channel quality on the system performance is not considered. The
analysis can be regarded as an extension of the differential scheme with
diversity-combining reception for the point-to-point case in [19]–[21].
This paper focuses on the single-relay D-AF system over the timeselective channel. A new differential maximum-likelihood (DML)
combiner is proposed that is suitable for a time-selective channel with
an arbitrary average channel gain. The weights are computed based
on both the second-order statistics and the average channel quality
of the involved channels. A novel universal closed-form approximate
expression for the average BER is derived for the considered system
with a general differential diversity combiner (i.e., with any fixed
weights). Based on the average BER, the asymptotic BER limit of the
proposed scheme is derived, which is dependent on the autocorrelation
of the direct and relay channels. The derived BER expressions are
validated through numerical simulations and shown to be very tight
under a wide range of fading and average channel gain scenarios.
The rest of this paper is organized as follows. In Section II, the system model is described. The DML combiner is proposed in Section III.
Section IV derives the universal closed-form approximate expression
for the average BER. Simulation results are presented in Section V.
Finally, Section VI concludes this paper.
Notation: (·)∗ , | · |, and Re{·} denote the conjugate, the absolute
value, and the real part of a complex variable, respectively. CN (0, σ 2 )
refers to a complex Gaussian distribution with zero mean and variance
σ 2 . E{·} and Var{·} represent the expectation and variance operations,
respectively. e(·) and E1 (·) indicate the exponential function and the
exponential integral function, respectively. O(x) is used to represent
the high-order terms of x.

y1 (k) =



P0 h1 (k)s(k) + n1 (k)

(2)

where n0 (k), n1 (k) ∼ CN (0, N0 ) are the noise components at D and R,
respectively.
The received signal at R is then scaled by a power gain A before
being forwarded to D in the second phase. The transmissions in
two phases are required to be orthogonal to ensure that the received
signals at D fade independently. For simplicity, time-division multiple
 access is adopted. The semiblind power gain is set to A =
P1 /(P0 σ12 + N0 ) to eliminate the need of frequent channel estimation at R, where P1 is the average power assigned to the relay.
By introducing a power-allocation ratio φ ∈ [0, 1], P0 and P1 can
be related to each other as P0 = φP and P1 = (1 − φ)P , where
P = P0 + P1 is the total transmit power of the system.
For the second time slot, the corresponding received signal y2 (k) at
D is given as

(3)
y2 (k) = A P0 h(k)s(k) + n(k)
where h(k) = h1 (k)h2 (k) denotes the equivalent channel gain of the
two-hop relay link, and n(k) = Ah2 (k)n1 (k) + n2 (k) is the equivalent noise, where n2 (k) ∼ CN (0, N0 ) is the Gaussian noise at D.
In the aforementioned modeling, hi (k) ∼ CN (0, σi2 ), i = 0, 1, 2
represent the complex channel gains of the S–D, S–R, and R–D
channels at time index k, respectively. The channels are assumed to
be mutually independent, and the AR(1) process is adopted to model
the dynamics of each channel, i.e.,

(4)
hi (k) = αi hi (k − 1) + 1 − αi2 ei (k)
where αi = J0 (2πfi ) is the normalized correlation coefficient of
the channel hi , J0 (·) denotes the first-kind Bessel function of order
zero, i.e., fi is the normalized maximum Doppler frequency, and
ei (k) ∼ CN (0, σi2 ), which is independent of hi (k − 1).
The average received signal-to-noise ratios (SNRs) per symbols γ0
and γ1 of the S–D and S–R links are respectively denoted by
γ0 =

P0 σ02
N0

γ1 =

P0 σ12
.
N0

(5)

According to (1) and (5), it is easy to show that y0 (k) ∼ CN (0,
N0 (1 + γ0 ). For a given h2 (k), n(k) and y2 (k) can be characterized
by conditional probability density functions (PDFs) CN (0, σn2 (k)) and
CN (0, σn2 (k)(1 + γ2 (k))), where σn2 (k) = N0 (1 + A2 |h2 (k)|2 ),
and γ2 (k) is the equivalent SNR of the relay link, which is given by
γ2 (k) =

A2 γ1 |h2 (k)|2
.
1 + A2 |h2 (k)|2

(6)

III. D IFFERENTIAL M AXIMUM -L IKELIHOOD C OMBINER
II. S YSTEM AND C HANNEL M ODELS
In this paper, a system model similar to that in [16] and [18] is
adopted. Fig. 1 illustrates a D-AF system composed of a source S, a

Here, we propose a new DML combiner and derive a suboptimal
weight for the DML combiner, which is more suitable for noncoherent
systems.
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We consider the employment of the maximum a posteriori detector
to detect signals y0 (k), y0 (k − 1), y2 (k), and y2 (k − 1) at the destination. It follows from [21] that the detected symbol is computed
according to the maximum log-likelihood rule as follows:

ˆ = arg max
log (p (yi (k)|yi (k − 1), d(k))) (7)
d(k)
d(k)∈S

E {y0 (k)y0∗ (k − 1)|d(k)} = N0 α0 γ0 d(k)

(8)

E {y2 (k)y2∗ (k − 1)|h2 (k), h2 (k − 1), d(k)}
= N0 α1 A2 γ1 h2 (k)h∗2 (k − 1)d(k).

(9)

Hence, for the given y0 (k − 1) and d(k), y0 (k) is a Gaussian
random variable with conditional mean μ0 (k) and conditional variance
Σ0 [22], i.e.,
E {y0 (k)y0∗ (k − 1)|d(k)}
y0 (k − 1)
Var {y0 (k − 1)}
α0 γ 0
=
y0 (k − 1)d(k)
1 + γ0

μ0 (k) =

{y0 (k)(y0∗ (k

(10)

− 1)|d(k)}|
Var {y0 (k − 1)}


α2 γ 2
= N0 1 + γ0 − 0 0 .
γ0 + 1

Σ0 = Var {y0 (k)} −

|E

2

(11)

Moreover, for the given y2 (k − 1), d(k), h2 (k − 1), and h2 (k),
y2 (k) is also a Gaussian random variable with conditional mean μ2 (k)
and conditional variance Σ2 (k), i.e.,
E

{y2 (k)y2∗ (k

− 1)|h2 (k), h2 (k − 1), d(k)}
y2 (k − 1)
Var {y2 (k − 1)}

= θ(k)y2 (k − 1)d(k)

(12)

Σ2 (k) = Var {y2 (k)}
−

|E {y2 (k)y2∗ (k − 1)|h2 (k), h2 (k − 1), d(k)}|2
Var {y2 (k − 1)}

= σn2 (k) (γ2 (k) + 1) +

ˆ = arg max
d(k)

d(k)∈S

⎩

|N0 α1 A2 γ1 h2 (k)h∗2 (k − 1)|
σn2 (k − 1) (γ2 (k − 1) + 1)

2

N0 α1 A2 γ1 h2 (k)h∗2 (k − 1)
.
σn2 (k − 1) (γ2 (k − 1) + 1)

⎛
log

d(k)∈S



+w2opt (k)y2∗ (k − 1)y2 (k) d(k)

(13)

(14)

⎝e

−

|y0 (k)−μ0 (k)|2
Σ0

πΣ0
⎛
+ log ⎝

e

⎞
⎠

−

|y2 −μ2 (k)|2
Σ2 (k)

πΣ2 (k)

(16)

where
γ0
α0 1+γ
0

α0 γ 0
=
Σ0
N0 ((1 + γ0 )2 − α02 γ02 )
A 2 α1 γ 1
θ(k)
w2opt (k) =
=
Σ2 (k)
N0 L(k)
w0 =

(17)
(18)

are the optimal combining weights with


L(k) = A4 (1 + γ1 )2 − γ12 α12 h2 (k)h∗2 (k − 1)


A2 (1 + γ1 ) |h2 (k)|2 + |h2 (k − 1)|2 + 1
.
+
h2 (k)h∗2 (k − 1)

(19)

The optimal weight w2opt is determined by the instantaneous
CSI h2 (k) and h2 (k − 1), which are unavailable at the destination.
According to (18), one is able to obtain a time-independent version
of w2opt by replacing all the |h2 (k − 1)|2 and |h2 (k)|2 terms with
the average σ22 and all the h2 (k)h∗2 (k − 1) terms with α2 σ22 in
θ(k) and Σ2 (k), i.e.,
αA2 γ1 σ22
1 + A2 (1 + γ1 )σ22


Σ̃2 = N0 1 + A2 (1 + γ1 )σ22 −
θ̃ =

(20)
2

A4 γ12 σ24

N0 α
1 + A2 (1 + γ1 )σ22

(21)

where α = α1 α2 is the equivalent normalized correlation coefficient
of the relay link.
By following a similar approach to (16), the suboptimal combining
weight for the relay link can be derived as:
w2 =

αA2 γ1 σ22
θ̃

.
=
Σ̃
N0 (1 + A2 (1 + γ1 )σ22 )2 − A4 α2 γ12 σ24

(22)

To gain more insights into the proposed suboptimal weights, the
behavior of w2 /w0 at the high-SNR region is analyzed. Dividing both
the numerator and the denominator by P 4 and ignoring all the terms
containing 1/P , the term w2 /w0 can be further simplified as follows:
P →∞

By substituting the conditional PDFs of y0 (k) and y2 (k) into (7),
we arrive at
⎧
⎨

ˆ = arg max {Re {w0 y ∗ (k − 1)y0 (k)
d(k)
0

κ = lim

where
θ(k) =

Substituting μ0 (k), Σ0 , μ2 (k), and Σ2 (k) into (15) and dropping
the irrelevant terms give rise to the following simplified decision
metric:

i∈{0,2}

which utilizes the assumption that the transmitted symbols are equiprobable and the involved channels are independent. In addition, p(·|·)
represents the conditional PDF.
ˆ
To compute d(k)
in (7), the autocorrelation between the received
signals from the direct and relay links during the two consecutive
symbol periods is needed. It follows from (1)–(4) that:

μ2 (k) =

10159

w2
α (1 − α02 ) σ04 σ14 σ22 (1 − φ)φ3
=
w0
(1 − α2 )α0 σ02 σ14 σ24 (1 − φ)2 φ2
 
α (1 − α02 ) σ02 φ + O P1
 .
=
(1 − α2 )α0 σ22 (1 − φ) + O P1

(23)

It should be noted that the ratio of weight w2 in (22) to w0 in (17)
is equal to that of the weights of the TVD scheme in [18] when the
channel is symmetric.
IV. U NIVERSAL BER E XPRESSION AND E RROR F LOOR
Without loss of generality, we assume that the transmitted information symbol d(k) = 1. For given h2 (k − 1) and h2 (k), the BER Pb
can be expressed as
Pb (ε) = P {Re {w0 y0∗ (k − 1)y0 (k)

⎞⎫
⎬
⎠ .
⎭

(15)

+ w2 (k)y2∗ (k − 1)y2 (k)}} < 0

= P |U1 |2 + |U2 |2
< |V1 |2 + |V2 |2 |d(k) = 1, h2 (k), h2 (k − 1)



(24)

10160

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 65, NO. 12, DECEMBER 2016

into (33) followed by some simplifications, the conditional BER can be
transformed into:

where
U1
U2
V1
V2

√
= w0 (y0 (k − 1) + y0 (k))
√
= w2 (y2 (k − 1) + y2 (k))
√
= w0 (y0 (k − 1) − y0 (k))
√
= w2 (y2 (k − 1) − y2 (k)) .

Pb (ε|h2 ) =
(25)

As aforementioned in Section II, U1 and V1 are both the sum of two
Gaussian random variables. According to (8), we can obtain E{y0 (k)
y0∗ (k − 1)|d(k) = 1} = α0 N0 γ0 . Then, we utilize the modified
AR(1) model of the relay link proposed in [16], which is given as
√
(26)
h(k) = αh(k − 1) + 1 − α2 h2 (k − 1)e1 (k).
Then, we have
E {h(k)h∗ (k − 1)|d(k) = 1, h2 (k), h2 (k − 1)}
= ασ12 |h2 (k − 1)|2 .

(27)

Therefore, it follows that:
E {y2 (k)y2∗ (k − 1)|d(k) = 1, h2 (k − 1)}
= ασn2 (k − 1)γ2 (k − 1).

(28)

To further analyze the error performance of the proposed DML combiner, σn2 (k)(1 + γ2 (k)) is approximated as σn2 (k − 1)(1 + γ2 (k −
1)). This approximation has been widely used to analyze the error
performance of D-AF systems over the time-selective channel ([16],
[18], [23]) and has been proven to be extremely precise in [16].
Thus, the variances of the random variables in (25) are respectively
given as follows [22]:
2
σU
1
2
σU
2
σV2 1
σV2 2

= 2w0 N0 (1 + (1 + α0 )γ0 )
= 2w2 σn2 (1 + (1 + α)γ2 )
= 2w0 N0 (1 + (1 − α0 )γ0 )
= 2w2 σn2 (1 + (1 − α)γ2 )

(29)

in which the time index (k − 1) has been dropped for brevity. Hence,
|ψ|2 , where ψ ∈ {U1 , U2 , V1 , V2 }, follows an exponential distribution,
i.e.,
x
1 − σ2
f|ψ|2 (x) = 2 e ψ .
(30)
σψ
Let C = |U1 |2 + |U2 |2 and D = |V1 |2 + |V2 |2 . Both C and D
are hypoexponential random variables with two rate parameters
2
2
, 1/σU
} and {1/σV2 1 , 1/σV2 2 }, respectively. The PDFs of
{1/σU
1
2
these two random variables can be shown as [24]
fC (ζ) =

fD (η) =

e

− 2ζ
σ

U1

2
σU
1

e

η
− 2

σ
V1

σV2 1

− 2ζ
σ

− e U2
2
− σU
2

(31)

η
− 2
σ

− e V2
.
− σV2 2

(32)

K1 w22 α3 γ13 σ22
1 + (1 − α)γ1
−
2(1 + γ1 )
2J1 J2 (1 + γ1 ) (λ + K1 σ22 )
w02 (1 + (1 + α0 )γ0 )3
−
4A2 J2 w2 (1 + γ0 ) (λ + K2 σ22 )
w02 (1 + (1 − α0 )γ0 )3
(34)
+
2
4A J1 w2 (1 + γ0 ) (λ + K3 σ22 )

where
J1 = −w2 αγ1 + w0 (1 + (1 − α0 )γ0 ) (1 + γ1 )
J2 = w2 αγ1 + w0 (1 + (1 + α0 )γ0 ) (1 + γ1 )
1
K1 = 2
A (1 + γ1 )σ22
w2 + w0 (1 + (1 + α0 )γ0 )
K2 = 2
A w2 (1 + (1 − α)γ1 ) σ22
w2 + w0 (1 + (1 − α0 )γ0 )
.
K3 = 2
A w2 (1 + (1 + α)γ1 ) σ22

Pb (ε) =

eK1 K1 w22 α3 γ13 E1 (K1 )
1 + (1 − α)γ1
−
2(1 + γ1 )
2J1 J2 (1 + γ1 )
−

eK2 w02 (1 + (1 + α0 )γ0 )3 E1 (K2 )
4A2 J2 w2 (1 + γ0 )σ22

+

eK3 w02 (1 + (1 − α0 )γ0 )3 E1 (K3 )
.
4A2 J1 w2 (1 + γ0 )σ22

K̃1 = lim K1 = 0.
P →∞

(1 + α)α0
α(1 − α0 )
(1 − α)α0
K̃3 = lim K3 =
.
P →∞
α(1 + α0 )

K̃2 = lim K2 =
P →∞

1−α
1 + (1 − α)γ1
=
.
2(1 + γ1 )
2

lim −K̃1 eK̃1 E1 (K̃1 ) = 0.

+ 2
σU 1

K̃1 →0

6
σU
1

 2

2
σU
+ σV2 1 σU
+ σV2 2
1
1
σ6
  2 U2 2   2
.
2
− σU2 σU2 + σV1 σU2 + σV2 2

(40)
(41)

(42)

Based on [25, eq. (6.8.2)], we have

0



(39)

Then, using a similar method as in the derivation of limP →∞
w2 /w0 , we have

lim

fC (ζ)fD (η)dζdη

2
2
σU
− σU
1
2

(38)

It is noted that (38) is a universal average BER expression and can
serve as a performance benchmark for diversity combiners with any
weights w0 and w2 in D-AF systems. Equation (38) is exact but overly
complex in terms of gains insights into the system error performance.
To quantify the error floor of the proposed DML combiner, we first
derive the relevant asymptotic error probability by setting the values
of w0 and w2 according to (17) and (22). The details are explained as
follows.
It follows from (35) that:

P →∞

∞ η

=1 − 

(37)

The limit of the first term of Pb in (38) is given as

Pb (ε|h2 ) = P {C < D|d(k) = 1, h2 }

0

(36)

Taking the expectation of (34) with respect to the exponential
distribution of λ results in the following average BER:

Hence, it follows that:

=

(35)

(33)

To attain the average BER, the conditional BER should be averaged
over the distribution of λ = |h2(k)|2 . Therefore, after substituting (29)

Considering (22), it can be shown that
w22 α3 γ13
lim
P →∞ 2J1 J2 (1 + γ1 )
 
0 + O P1
  = 0.
=
2(1 − α2 )2 α02 σ04 σ110 σ28 (1 − φ)4 φ5 + O P1

(43)

(44)
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Hence, the limit of the second term of Pb in (38) is 0. With the aid
of (17) and (22), it can be shown that
 
(1 − α2 )α0 (1 + α0 ) + O P1
w02 (1 + (1α0 )γ0 )3


=
lim
2
P →∞ 4A2 J2 w2 (1 + γ0 )σ2
4α(1 − α0 ) + O P1
1
= K̃2 (1 − α)(1 + α0 ). (45)
4
Hence, the limit of the third term of Pb is derived as
1
− eK̃2 K̃2 (1 − α)(1 + α0 )E1 (K̃2 ).
4

(46)

Similar to the derivation process of (44), it is easy to show that
 2

 
(1 − α2 )(1 − α0 )α0 + O P1
w0 (1 + (1 − α0 )γ0 )3


lim
=
2
P →∞ 4A2 J1 w2 (1 + γ0 )σ2
4α(1 + α0 ) + O P1
1
= K̃3 (1 + α)(1 − α0 ). (47)
4

Fig. 2. Ratio of the weights of the DML and CDD combiners as a function of P/N0 under the three fading scenarios and the symmetric channel
configuration.

Hence, the limit of the fourth term of Pb is given as
1 K̃3
e K̃3 (1 + α)(1 − α0 )E1 (K̃3 ).
4

(48)

Therefore, the asymptotic error probability can be expressed as
lim Pb (ε) =

P →∞

1−α
2
1
− eK̃2 K̃2 (1 − α)(1 + α0 )E1 (K̃2 )
4
1
+ eK̃3 K̃3 (1 + α)(1 − α0 )E1 (K̃3 ).
4

(49)

It can be inferred from (49) that an error floor occurs that is
independent of the average channel quality of the involved channels,
the total transmit power P , and the power-allocation ratio φ. The error
floor only determined the autocorrelation of the direct and relay links.
V. N UMERICAL R ESULTS
Here, numerical results are presented to verify the analyses derived
in Sections III and IV. Three scenarios of the average channel gain are
considered: 1) a symmetric channel with all channel variances σ02 =
σ12 = σ22 = 1; 2) an asymmetric channel with a better average S–D
channel quality, i.e., σ02 = 10, σ12 = σ22 = 1; and 3) an asymmetric
channel with a better average S–R channel quality, i.e., σ02 = σ22 = 1,
σ12 = 10. The simulation model in [26] is used to generate the channel
coefficients. Similar to [16], three fading scenarios are considered
as follows: I) all the channels undergo slow fading with f0 = f1 =
f2 = 0.001; II) the S–R and S–D channels are fast fading with f0 =
f1 = 0.02, whereas the R–D channel undergoes slow fading with
f2 = 0.001; and III) all the channels are fast fading with f0 = 0.05,
f1 = 0.01, and f2 = 0.04.
Assuming that all the channels are slow fading, Table I shows
the optimal power allocation factor φopt for the DML combiner,
which are obtained numerically by minimizing the BER in (38) at
P/N0 = 25 dB.
Fig. 2 plots κ and the ratio of the weights of CDD scheme (i.e., κ0 )
by using optimal power allocation versus P/N0 under the three fading
scenarios and the symmetric channel configuration. With the increase
of P/N0 , κ becomes significantly larger than κ0 at 25 and 30 dB in

Fig. 3. BER comparison of the CDD, SC, DML, and TVD schemes in the
symmetric channel with σ02 = σ12 = σ22 = 1.

fading scenarios II and III, respectively. In fading scenario I, the difference between κ and κ0 is negligible. Intuitively, when all the channels
fade slowly, the autocorrelation of the S–D channel and the relay
channel has a minimal impact on the computation of w0 and w2 . By
contrast, when the links become fast fading, the channel with the larger
autocorrelation will be more influential in the decision metric in (16).
Figs. 3–5 aim to verify the accuracy of the universal average BER
expression in (38) with the CDD and DML schemes under the given
fading scenarios with a range of average channel qualities. Note that
the TVD scheme proposed in [18] for the symmetric channel is also
plotted in Fig. 3. Moreover, the simulation results of the SC scheme
proposed in [16] are also plotted for comparative purposes. It is clearly
shown that, for all the fading scenarios, the approximate theoretical
BER expressions match well with the simulated BER curves of the
first three schemes. Hence, (38) can be used to benchmark the error
performance of diversity combining algorithms, which utilize all the
received signals in the D-AF system over the time-selective channel.
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Fig. 4. BER comparison of the CDD, SC, and DML schemes in the asymmetric
channel with σ02 = σ22 = 1 and σ12 = 10.

Fig. 6. BER comparison of the CDD, SC, DML, and TVD schemes with two
relays in the symmetric channel.

scheme can keep the same error floor for both fading scenarios II
and III. According to (4), the absolute difference between two consecutive received symbols is proportional to both the normalized
correlation coefficient and the channel variance. In other words, when
the normalized correlation coefficient remains unchanged, the channel
with a larger variance results in more severe performance degradation.
When the average channel quality of the S–D link is better than that of
the other two links, the DML scheme can reduce the influence of the
S–D link in the decision metric in (16), to mitigate the impact of the
time selectivity on the system performance.
As the number of the relays increases, the theoretical BER analysis
of D-AF system that uses the linear combiner becomes intractable.
Fig. 6 plots the numerical results of the D-AF system with two relays
employing the CDD, SC, TVD, and DML schemes for the symmetric
channel scenario. As shown in the figure, all the schemes achieve better
performance than in the single-relay scenario.
VI. C ONCLUSION
Fig. 5. BER comparison of the CDD, SC, and DML schemes in the asymmetric
channel with σ02 = 10 and σ12 = σ22 = 1.

As can be observed in Fig. 3, the proposed DML scheme and
the TVD scheme have the same error performance over the entire
region of P/N0 in all the fading scenarios. For fading scenario I, the
performances of the TVD, CDD, and DML algorithms are identical to
that of the ML scheme, which do not exhibit an error floor. Meanwhile,
in fading scenarios II and III, we can achieve the following results.
First, all the schemes yield almost the same performance when P/N0
is low, and the performance gap becomes larger with the increase of
P/N0 . Second, the ML scheme demonstrates the best performance for
both fading scenarios II and III, provided that the instantaneous CSI is
known at the receiver. However, this assumption is almost impossible
for the D-AF system. It is noted that the performance of the ML
combiner is better than the lower bound proposed in [18] for fading
case III, whereas the two are the same for fading cases I and II.
As shown in Figs. 3–5, all the schemes perform the best in fading
scenario I with the average channel qualities specified in Fig. 5.
However, the opposite is true when any link becomes time selective,
and all the schemes incur more serious performance degradation
than in the other channel variance scenarios. However, the DML

This paper has studied the error performance of the single-relay
D-AF system considering BPSK signaling over a time-selective fading
channel. A differential diversity combiner was proposed, which can
weigh the received signals of the direct and relay links based on
the average channel quality and correlation coefficient. Moreover, a
universal approximate expression for the average BER of the proposed
scheme was derived. In addition, an asymptotic BER expression was
provided to analyze the proposed scheme. The impact of a variety
of Doppler frequencies and average channel gains on the system
performance was further investigated. It was observed that, for the fastfading scenarios, the error performance of the system is determined
by both the average channel gain and the fading rate of each channel
involved at the low-SNR region. However, at the high-SNR region,
an error floor is exhibited that is only determined by the fading rates.
Both theoretical and simulated results were presented to show that the
proposed scheme outperforms the CDD and SC schemes.
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Abstract—We propose a bandwidth-efficient transmission scheme for
multiple-input–multiple-output point-to-point and downlink channels.
The bandwidth efficiency (BE) of spatial multiplexing (SMX) is improved
by implicitly encoding information in the spatial domain based on the existence of constructive interference in the received symbols, which creates a
differentiation in the symbol power. Explicitly, the combination of symbols
received at a higher power level carries implicit information in the spatial
domain in the same manner as that the combination of nonzero elements in
the received symbol vector carries information for receive-antenna-based
spatial modulation (RSM). The nonzero power throughout the received
symbol vector for the proposed technique allows a full SMX underlying
transmission, with the BE enhancement brought by the spatial symbol.
Our simulation results demonstrate both significant BE gains and error
probability reduction for our approach over the conventional SMX and
RSM schemes.
Index Terms—Multiple-input multiple-output (MIMO), precoding, spatial modulation (RSM), spatial multiplexing (SMX).

I. I NTRODUCTION
Multiple-input multiple-output (MIMO) systems have been shown
to improve the capacity of the wireless channel by means of spatial
multiplexing (SMX). Transmit precoding (TPC) schemes introduced
for multiuser downlink (DL) transmission improve both the power
efficiency and cost of mobile stations by shifting the signal processing
complexity to the base stations. From the wide range of linear and
nonlinear TPC schemes found in the literature, here, we focus our
attention on the family of closed-form linear TPC schemes based on
channel inversion [1], [2], which pose low computational complexity.
More recently, spatial modulation (SM) has been explored as a means
of implicitly encoding information in the index of the specific transmit
antenna (TA) activated for the transmission of the modulated symbols,
which offers a low-complexity design alternative [3]. Its central benefits include the absence of interantenna interference and the fact that,
in contrast to SMX, it only requires a subset (down to one) of radiofrequency chains compared with SMX. Early work has focused on the
design of receiver algorithms for minimizing the bit error ratio (BER)
of SM at low complexity [3]–[5].
In addition to receive processing, recent work has also proposed
constellation shaping for SM [6]–[14]. Specifically, the contributions
on this topic have focused on three main directions: 1) shaping and
optimization of the spatial constellation, i.e., the legitimate sets of
activated TAs [6]; 2) modulation constellation shaping [7]–[9] for the
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