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Abstract We propose two new diversity combining receivers that support
cooperative multiplexing in two-hop wireless multiuser relay networks. Coop-
erative multiplexing has the potential to double the achievable throughput by
allowing the base station (BS) and the relay station (RS) to transmit to dif-
ferent users at the same time in the second time slot of the half time division
duplexed (TDD) relay transmission. This throughput improvement comes at a
cost of performance degradation due to inter-user interference between the BS
and the RS. To overcome this degradation, we propose two new receivers for
the relay-link users: 1) cooperative multiplexing optimum combining (CMOC)
and 2) cooperative multiplexing selection combining (CMSC). The proposed
CMOC receiver combines the signals in the first and second time slot of the
half TDD transmission such that the output signal-to-interference-plus-noise
ratio (SINR) is maximized. The proposed CMSC receiver allows the relay-link
user terminal to be active in only one of the two half TDD time slots. As such,
CMSC offers power savings relative to CMOC. New insights are drawn from
our exact closed-form expressions that we derive for the moment generation
function, probability density function, and the cumulative distribution func-
tion of the output SINR. Based on these, we present new analytical expressions
for the outage probability, symbol error rate, and achievable throughput. Our
results show a 3.5 times improvement in the achievable throughput relative to
the standard single-channel receiver in the high interference regime.

Keywords Cooperative Multiplexing · Optimum Combining · Selection
Combining · Interference Channel

1 Introduction

The deployment of fixed relay stations (RS) in cellular networks is a low cost
and low complexity solution to extend service coverage. The RS performs a
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similar role to the base station (BS) but with a subset of BS functions. In
two-hop relay communications, half time-division duplex (TDD) is adopted in
order for radio frequency devices to be easily implemented at low cost [1]. In
standard half TDD, the RS receives data from the BS in the first time slot and
forwards it to the relay-link user in the second time slot while the BS remains
silent. This leads to a loss in data rates as two time slots are necessitated for
interference-free transmission.

To allow the RS to receive and transmit in both time slots, multiple anten-
nas were deployed at the RS in [2] and interference cancellation was applied
to improve the data rate of the full-duplex system. In [3], two sophisticated
resource handling schemes (antenna partitioning and antenna sharing) were
proposed to improve the performance of full-duplex systems. Both schemes
utilize multiple antennas at the RS to cancel inter-user interference.

When the RS is equipped with a single antenna, a cooperative multiplex-
ing and scheduling scheme was considered to enhance the achievable through-
put which simultaneously exploits spatial multiplexing and multiuser diversity
gains [4–8]. Users are classified into two groups: direct-link users served by the
BS and relay-link users served by the RS. Cooperative multiplexing increases
the achievable throughput by allowing the BS to transmit to the direct-link
user in the second time slot at the same time as the RS is transmitting to
the relay-link user.1 An opportunistic scheduler is used to select users in each
group to exploit the multiuser diversity [10, 11, 15]. This can be viewed as a
multiplexed half TDD transmission. The potential is to double the through-
put compared to standard half TDD transmissions subject to the ability to
receive the RS signal in the presence of interference from the BS. Cooperative
multiplexing with a single-channel receiver at the relay-link user was proposed
in [4] to only detect the signal in the second time slot. In [4], the inter-user
interference at the direct-link user and the relay-link user was considered to be
sufficiently weak to be ignored. However, we note that if inter-user interference
is not carefully handled at the receiver, cooperative multiplexing may result in
a lower throughput than the non-multiplexed scenario with orthogonal time
slots for the direct link user and the relay-link user.

In [5], the inter-user interference was canceled by distributed beamforming.
In the proposed distributed beamforming, the BS and the RS coordinately
generate transmit beams such that inter-user interference is pre-canceled. It
comes at a cost of acquiring channel state information (CSI) at the BS. In
[6, 7], the achievable throughput of cooperative multiplexing was improved by
joint user and relay selection. However, this necessitates multiple RS to be
deployed.

In [8], the inter-user interference at the direct-link user was canceled using
a single RS and no CSI at the BS. To do so, the broadcast signal from the BS
to the RS in the first time slot was utilized as prior knowledge of interference
from the BS to the relay-link user in the second time slot. It was shown that the

1 This concept can be viewed within the framework of distributed multi-input/multi-
output (MIMO) spatial multiplexing.
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interference at the direct-link user can be effectively eliminated, which in turn
improves the achievable throughput. However, relay-link users still suffered
from the interference caused by the signal from the BS to the direct-link user
in the second time slot.

In this paper, we propose a complete solution in which the signals received
in both the first and the second time slots of the half TDD transmission are
combined to mitigate the inter-user interference at the relay-link user. This
is in contrast to the standard single-channel receiver in [4] that only uses the
signal from the RS in the second time slot. We reformulate the signals received
in the first and the second time slots of multiplexed half TDD transmission
as a multi-channel communication with co-channel interference. To do so, the
first time slot is interference-free while the second time slot has a single inter-
ferer with the same channel magnitude as the desired signal in the first time
slot. Our model is different from the standard multi-channel receiver with
co-channel interference in [9]. This is due to the fact that in cooperative mul-
tiplexing the channel magnitude of desired signals and interfering signals are
not independent. In this paper, we concentrate on decode-and-forward (DF)
relaying that has been acknowledged in emerging standards such as 3GPP
Long Term Evolution (LTE) and IEEE 802.16m [10, 11].

We first propose cooperative multiplexing optimum combining (CMOC) to
overcome the performance degradation at the relay-link user due to inter-user
interference. In the proposed CMOC, the signals received in both time slots
in the multiplexed half TDD are weighted to maximize the output signal-to-
interference-plus-noise ratio (SINR) at the relay-link user under the assump-
tion that there is perfect decoding at the RS.

We then propose cooperative multiplexing selection combining (CMSC) by
allowing the relay-link user to select only one time slot in the multiplexed half
TDD transmission. In the proposed CMSC, the relay-link user measures the
SINR of each time slot in the multiplexed half TDD during training periods
and then chooses the time slot with the higher SINR for signal detection. The
proposed CMSC allows the relay-link user terminal to only wake up in the
selected time slot and go into sleep mode in the remaining time slot. This
allows for power savings relative to CMOC.

In the two proposed diversity combining receivers, new insights are drawn
from our exact closed-form expressions that we derive for the moment genera-
tion function (MGF), probability density function (PDF), and the cumulative
distribution function (CDF) of the output SINR. Based on these, we further
present new expressions for the achievable throughput, the outage probability,
and the symbol error rate (SER) with M -PSK. In contrast to [12, 13] that
considered optimum combining in the standard co-channel interference com-
munication, we develop different analytical approaches for multiplexed half
TDD transmission. For example, the MGF of the proposed CMOC can not be
obtained by multiplying MGF of two single channel receivers as in [13] since
channel magnitudes of the desired signal and the interfering signal are not
independent.
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Fig. 1 System model for cooperative multiplexing and scheduling in wireless relay networks
with K = 5.

Through analysis and simulations, we evaluate the performance of the pro-
posed two combining receivers and compare it with the standard single-channel
receiver and the maximum ratio combining (MRC) receiver in [14]. Our sim-
ulations show that CMOC and CMSC outperform the single-channel receiver
and the MRC receiver in all interference scenarios. Moreover, CMSC offers
a superior performance over CMOC in terms of achievable throughput and
the rate outage probability in the high interference regime. Furthermore, our
proposed combining receivers show a 3.5 times improvement in the achiev-
able throughput relative to the standard single-channel receiver and the MRC
receiver in the high interference regime.

2 Preliminaries

2.1 System Model

We consider a single cell system with one BS and one RS. Both the BS and the
RS are equipped with a single transmit/receive antenna. The users in the cell
are classified as either direct-link users or relay-link users as shown in Fig.1.
A single direct-link user is selected for transmission by the BS and a single
relay-link user is selected for transmission by the RS.

We use multiplexed half TDD transmissions [4, 8] that consist of two ad-
jacent time slots shorter than the channel coherent time. The transmission
block is divided into two orthogonal time slots, and as with standard half
TDD, each entity in the network (BS, RS, and users) can only transmit or
receive in a given time slot [1]. In the first time slot, the BS transmits data for
the relay-link user to the RS. Define xk as the transmit signal for the selected
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user k with average power E[xkx
∗
k] = P . The signal from the BS to the RS

in the first time slot, yr is represented by yr = hrxk + nr where hr is the
complex channel coefficient of the BS-RS link and nr is the additive white
Gaussian noise (AWGN) with zero mean and variance σ2

r . Here, ()∗ denotes
the complex conjugate and the subscript r indicates a variable related to the
RS. In the second time slot, the RS forwards the signal received in the first
time slot to the selected relay-link user. In the same second time slot, the BS
also transmits to the selected direct-link user. In doing so, the BS and the RS
constitute a virtual two-element antenna array used for spatial multiplexing
and the two selected users are considered to be a distributed receive antenna
array. As a result, the channel model in the second time slot can be described
as a virtual MIMO channel.

We assume that CSI is measured according to a periodic channel training
process whose period is defined by higher layer protocols. In each channel
training process, the BS sends a pilot sequence in the first time slot and the
RS sends a pilot sequence in the second time slot to allow users to estimate
the CSI without inter-user interference. In this paper, we assume no CSI is
available at the transmitter to perform joint signal processing except channel
quality indicator for user scheduler.

We further consider DF relaying, where the RS decodes the received signal
and then re-encodes it prior to transmission [1]. Denoting user D1 as the
selected direct-link user and userD2 as the selected relay-link user, the received
signal of the selected direct-link and relay-link users in the second time slot is
represented by a 2 × 2 virtual MIMO channel as

y =

[
y

D1

y
D2

]

=

[
hBD1

hRD1

hBD2
hRD2

] [
xD1

x̂D2

]

+

[
nD1

nD2

]

(1)

where hBk and hRk are the complex channel coefficient from the BS and the
RS to the selected user k ∈ {D1,D2}, respectively, and nk is an additive
white Gaussian noise with E[nkn

∗
k] = σ2 for all k. Also, x̂

D2
is the re-encoded

relaying signal from the RS according to DF protocols. For convenience of
presentation, we will omit the user index k in hBk and hRk when it is clear
that we are referring to the channel coefficients of given user k.

Users D1 and D2 (direct-link user and relay-link user) are selected via an
opportunistic scheduler [15] in which radio resources are allocated to direct-
link user and relay-link user with the best reported channel quality. This user
selection scheme is widely used to maximize sum data rate [4, 10, 11, 15].
Throughout this paper, user D2 is assumed to be selected from K relay-link
users. The BS and the RS do not perform any power control.

As DF relaying is employed, the achievable throughput of the relay-link
user is computed as [1, 8]

η
D2

=
1

2
log2(1 + Υ (γBR, hBD2

, hRD2
)) (2)

where γBR is the received SNR of the BS-RS link and Υ (γBR, hBD2
, hRD2

)
denotes the effective SINR at user D2 which depends on the detection scheme
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employed. Here, the effective SINR is defined as the end-to-end SINR from
the BS to the relay-link user that takes non-linear DF operations into account
at the RS and signal combining at the relay-link user. Throughout this paper,
we replace x̂

D2
in (1) with x

D2
by assuming that BS transmits signals with

the rate of η
D2

in (2) using closed loop operations that guarantee error-free
decoding. We now proceed to briefly outline the standard single-channel re-
ceiver and dual-channel maximal ratio combiner receiver which will be used
in the comparison of our proposed cooperative multiplexing receivers.

2.2 Standard Single-Channel Receiver

In the standard single-channel receiver in [1], the relay-link user only detects
the signal received in second time slot of multiplexed half TDD given as

yD2,2 = hRxD2
+ hBxD1

+ nD2,2 (3)

In (3), the second term is the inter-user interference and degrades the perfor-
mance in interference-limited environment.

Denoting the unfaded SNR as Ω , |xk|2/σ2 [1], the received SINR at the
relay-link user with the standard single-channel receiver is expressed using (3)
as

γD2,single =
|hR|2Ω

|hB |2Ω + 1
(4)

and the achievable throughput of the relay-link user is

ηb,single =
1

2
log2(1 + min(γBR, γD2,single)). (5)

2.3 Dual-Channel Maximum Ratio Combiner

In the multiplexed half TDD transmission, the relay-link user can exploit the
signal received in the first time slot to improve the performance when the
interfering signal strength grows. The signal received in the first time slot is
represented by

yD2,1 = hBxD2
+ nD2,1. (6)

According to MRC [14], the detection of xD2
is based on the combined

signal obtained as

r = h∗
ByD2,1 + h∗

RyD2,2

where yD2,2 is given in (3). The received SINR at the relay-link user with MRC
is then expressed as

γD2,mrc =
(|hB |2 + |hR|2)

1/Ω +
|h∗

R
hB |

|hB |2+|hR|2

(7)
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and the achievable throughput of the relay-link user is

ηb,mrc =
1

2
log2(1 + min(γRS, γD2,mrc)). (8)

3 Cooperative Multiplexing Optimum Combining

In this section, we propose CMOC by applying optimum combining for multi-
channel receivers with co-channel interference in [9] to detect signals at the
relay-link user without prior knowledge of the BS-RS link. The performance
of the proposed CMOC is analyzed by deriving the SER with M -PSK. Fur-
thermore, new analytical expressions are derived for the PDF and CDF of
the output SINR. In constructing the CMOC, we assume that there is perfect
decoding at the RS since prior knowledge of the BS-RS link at the relay-link
user requires additional signaling between the RS and relay-link users.

3.1 Proposed CMOC

At the relay-link user, the signals received in both time slots of the multiplexed
half TDD is represented by a virtual MIMO communication model given by

yD2
=

[
y2
y1

]

=

[
hB hR
0 hB

] [
xD1

xD2

]

+

[
n2

n1

]

=

[
hR
hB

]

xD2
+

[
hB
0

]

xD1
+ n

, cDxD2
+ cIxD1

+ n. (9)

where n1 and n2 denote the additive Gaussian noise in the first and in the
second time slot of half TDD transmission, respectively. The relay-link user
combines the signals received in both time slots using a weight vector w such
that the detection of xD2

is made on decision variable Λoc given by

Λoc = wHyD2
(10)

where (·)H denotes the conjugate transpose operation.
The optimum combiner maximizes the average output SINR of the relay-

link user given by

γ ,
Es|wHcD|2

wHRw
(11)

where R is the short term covariance matrix of the noise plus interference
which is defined as

R = E[(cI + n)H(cI + n)] = R̃ + σ2I

=

[
|hB |2Es + σ2 0

0 σ2

]
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and R̃ is defined as E[cHI cI ]. Here I denotes the 2×2 identity matrix. Without
knowledge of the BS-RS link, the weighting vector w that maximizes the
output SINR in (11) is given by [9]

w = ηR−1cD =

[
hR

|hB |2Es+σ2

hB

σ2

]

(12)

for an arbitrary constant η. Without loss of generality, we assume η=1 in this
paper. The output SINR with the weighting vector w in (12) is then calculated
as

γoc = Esc
H
DR−1cD =

|hR|2Es
|hB |2Es + σ2

+
|hB |2Es
σ2

. (13)

We note that, when the interference term is extremely high, the output
SINR of the CMOC is equal to direct transmission between the BS and the
relaying-link user according to (12) indicates. On contrary, the output SINR
of the single channel receiver in (4) becomes zeros in this case.

Recall that in DF relaying, the relay-link user detect the received signal
correctly only when the signal from the BS is detected correctly at the RS. As
such, the achievable throughput at the relay-link user based on (2) is expressed
as

ηoc =
1

2
log(1 + min(γoc, γBR)).

3.2 Derived SER with M -PSK

In this subsection, we derive the SER of CMOC at the relay-link user with
Rayleigh fading in the BS-user and the RS-user link. In addition, we consider
the more general case of Nakagami-m fading in the BS-RS link. It is not
straightforward to derive the SER of the proposed CMOC due to the fact that
the two terms in (13) should be jointly considered since |hB |2 appears in both
terms. As such, the MGF of γoc cannot be obtained simply by multiplying the
individual MGF’s of the signals received in the two time slots in multiplexed
half TDD transmission.

The SER of CMOC with DF relaying and the weight vector defined in (12)
is expressed as

Pe = (1 − ǫ)P oc
e + ǫ (14)

where P oc
e is the SER with respect to the output SINR γoc in (13) and ǫ is the

probability that the signal received in the RS is detected incorrectly. Assuming
Nakagami-m fading in the BS-RS link, ǫ with M -PSK modulation is computed
as [16]

ǫ =
1

π

∫ Θ

0

(

1 +
gM-PSKγ̄BR

2m sin2 θ

)−m

dθ (15)
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where gM-PSK = sin2 π
M

and Θ = (M − 1)π/M . The expression in (15) can be
written in a closed-form by using results in [16]. We note that, although we
assumed perfect decoding at the RS to construct the CMOC weighting vector
in (12), we co

Based on our formulation in (9), we note that the channel magnitude that
contributes to the interference in the first term of (13) is the same as the
channel magnitude of the desired signal in the second term of (13). As such,
it is important to highlight that the results in [12, 13] cannot be directly used
to derive the SER due to the fact that the channel magnitudes of the desired
signal and the interfering signal are not independent.

We proceed to derive the SER of the proposed CMOC receiver with output
SINR in (13) by applying the chain rule of conditional expectations

P oc
e = E|hB |2

[

Pr

(

error|γoc =
|hR|2Es

|hB |2Es + σ2
+

|hB |2Es
σ2

; |hB |2
)]

. (16)

Denote x and y as random variables representing |hR|2 and |hB |2, respectively.
Using the MGF based approach to derive the SER in [16] and the property of
conditional characteristic functions in [17], (16) is rewritten as

P oc
e = Ex

[

1

π

∫ Θ

0

Mγ|x

(

−gM-PSK

sin2 θ

)

dθ

]

=

∫ ∞

0

1

π

∫ Θ

0

Mγ|x

(

−gM-PSK

sin2 θ

)

dθfx(x)dx (17)

where fa(·) is the PDF the random variable a and the conditional MGF
Mγ|x(s) is defined as

Mγ|x(s) =

∫ ∞

0

exp

(

s

(
xEs

yEs + σ2
+
yEs
σ2

))

fy(y)dy.

By changing the order of integration, (17) can be re-expressed as

P oc
e =

1

π

∫ Θ

0

∫ ∞

0

Mγ|x

(

−gM-PSK

sin2 θ

)

fx(x)dxdθ

,
1

π

∫ Θ

0

Ψoc

(

−gM-PSK

sin2 θ

)

dθ (18)

where Ψoc(s) is defined as

Ψoc(s) =

∫ ∞

0

∫ ∞

0

exp

(

s

(
xEs

yEs + σ2
+
yEs
σ2

))

fx,y(x, y)dydx. (19)

We note that Ψoc(s) in (19) is not the standard joint MGF as defined in [14].
As such, we will refer to (19) as the modified joint MGF (MMGF).
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We can now derive the MMGF of γoc in (19) as follows

Ψoc(s) =

∫ ∞

0

[∫ ∞

0

exp

(

s
xEs

σ2 + yEs

)

fx(x)dx

]

exp

(

s
yEs
σ2

)

fy(y)dy

=

∫ ∞

0

1

1 − s EsΩR

yEs+σ2

exp

(

s
yEs
σ2

)
1

ΩB
exp

(

− y

ΩB

)

dy

=
1

ΩB

∫ ∞

0

(

1 +
sEsΩR

yEs + σ2 − sEsΩR

)

exp

(

−
(

1

ΩB
− s

Es
σ2

)

y

)

dy

=
1

ΩB




1

1
ΩB

− sEs

σ2

+ sEsΩR

∫ ∞

0

exp
(

−
(

1
ΩB

− sEs

σ2

)

y
)

yEs + σ2 − sEsΩR
dy



 (20)

for s < 0 where ΩB = E[|hB |2], ΩR = E[|hR|2], and hB and hR are complex
Gaussian in Rayleigh fading channels.

Using the integral identity in [18] and substituting Ω = Es/σ
2 we can

derive the MMGF in (20) in a closed-form as

Ψoc(s) =
1

1 − sΩBΩ
− s

ΩR
ΩB

exp [Φoc(s)] Ei(−Φoc(s)) (21)

where

Φoc(s) =

(
1

Ω
− sΩR

) (
1

ΩB
− sΩ

)

(22)

and Ei(x) is the exponential integral function defined in [19]. In (22), we can see
that our derived MMGF is different from the MGF expressions for standard
multi-channel receivers with co-channel interference in [12, 13] because the
channel magnitude of the desired signal in the first time slot is the same as
that of the interfering signal in the second time slot.

Note that, in computing (21), exp[Φoc(s)] in high SNR makes the numerical
computation to be unstable. For x > 0, the identity in [18]

Ei(−x) = − exp(−x)
∫ 1

0

dt

x− ln t

is utilized to avoid the numerical unstability in high SNR region by elimi-
nating the term exp[Φoc(s)] in (21). Consequently, P oc

e that is obtained by
substituting (21) into (18).

Finally, the SER of CMOC at the relay-link user is derived by substitut-
ing (18) into (14). We note that the derived SER expression is given as finite
range single integrals of elementary mathematical functions. All the expres-
sions can be easily evaluated using mathematical software such as MATLAB
or Mathematica. Alternatively, (18) is well approximated using [13]

P oc
e ≈

(
Θ

2π
− 1

6

)

Ψoc(−gM-PSK) +
1

4
Ψoc

(

−4gM-PSK

3

)

+

(
Θ

2π
− 1

4

)

Ψoc

(

−gM-PSK

sin2Θ

)

. (23)
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3.3 SINR Analysis for the Proposed CMOC

In this subsection, we derive the CDF and the PDF of the output SINR at the
relay-link user with the proposed CMOC receiver. By using the derived CDF
and the PDF, the achievable throughput and the rate-outage probability is
evaluated.

The effective SINR at the relay-link user with CMOC and DF relaying
is the minimum of the received SNR at the RS and the output SINR of the
combiner in (13). By using the property of function of two random variables
in [17], the CDF of the effective SINR at the relay-link user is given as

F oc
D2

(γ) = Foc(γ) + FBR(γ) − Foc(γ)FBR(γ)

where Foc(γ) denotes the CDF of the output SINR in (13) and FBR(γ) is the
CDF of the received SNR at the RS given as

FBR(γ) =
1

Γ (m)
γ

(

m,
m

γ̄

)

for Nakagami-m fading channels. Here, Γ (m) is the gamma function defined as
Γ (m) =

∫ ∞

0
e−ttm−1dt and γ(α, x) is the incomplete gamma function defined

as γ(α, x) =
∫ x

0
e−ttα−1dt [19].

We derive a new CDF expression for Foc(γ) by defining a new random
variable z which is given by

z =
y

x+ 1
Ω

+ xΩ

where x and y are re-defined two exponential random variables representing
|hB |2 and |hR|2, respectively. As such, the CDF of the SINR at the output of
the OC is evaluated as

Foc(γ) = Pr(z ≤ γ) = Pr

(

y ≤
(

x+
1

Ω

)

(γ − xΩ)

)

=

∫ ∞

0

Pr

(

y ≤
(

x+
1

Ω

)

(γ − xΩ)|x
)

fx(x)dx

=

∫ ∞

0

Pr

(

y ≤
(

x+
1

Ω

)

(γ − xΩ)

)

fx(x)dx (24)

where the last equality comes from the fact that x and y are independent.
Since x and y are nonnegative, Pr

(
y ≤

(
x+ 1

Ω

)
(γ − xΩ)

)
in (24) is further

analyzed as

Pr

(

y ≤
(

x+
1

Ω

)

(γ − xΩ)

)

=

{
Fy

((
x+ 1

Ω

)
(γ − xΩ)

)
, 0 ≤ x ≤ γ

Ω

0 , x ≥ γ
Ω

(25)

where Fy(y) is the CDF of y.
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By substituting (25) into (24), Foc(γ) is calculated as

Foc(γ) =

∫ γ
Ω

0

Fy

((

x+
1

Ω

)

(γ − xΩ)

)

fx(x)dx

= Fx

( γ

Ω

)

− 1

ΩB

∫ γ
Ω

0

exp

(

− 1

ΩR

(

x+
1

Ω

)

(γ − xΩ)

)

exp

(

− x

ΩB

)

dx

= 1 − exp

(

− 1

ΩB

γ

Ω

)

− 1

ΩB

∫ γ
Ω

0

exp

(
Ω

ΩR
x2 − ((γ − 1)ΩB +ΩR)

ΩRΩB
x− γ

ΩRΩ

)

dx

︸ ︷︷ ︸

,G(γ)

(26)

where Fx(x) is the CDF of x. Using the integral identity in [18], G(γ) in (26)
is computed according to

G(γ) =
1

2

√
π

a
exp

(
ac− b2

a

)[

erfi

(√
a
γ

Ω
+

b√
a

)

− erfi

(
b√
a

)]

(27)

where erfi(x) is the imaginary error function [18] and

a =
Ω

ΩR
, c = − γ

ΩRΩ
,

b = −1

2

((γ − 1)ΩB +ΩR)

ΩRΩB
.

The PDF of the output SINR is derived by differentiating (26) with respect
to γ. Using the Leibniz’s theorem for differentiation of a definite integral [19]

d

dγ

∫ ϕ(γ)

ψ(γ)

f(x, γ)dx=

∫ ϕ(γ)

ψ(γ)

d

dγ
f(x, γ)dx+f(ϕ(γ), γ)

dϕ(γ)

dγ
−f(ψ(γ), γ)

dψ(γ)

dγ
,

the PDF of the output SINR foc(γ) is derived as

foc(γ) =
d

dγ
Foc(γ) = fx

( γ

Ω

)

− 1

ΩB

d

dγ
G(γ)

=
1

ΩRΩB

∫ γ
Ω

0

(

x+
1

Ω

)

exp

(
Ω

ΩR
x2−((γ − 1)ΩB +ΩR)

ΩRΩB
x− γ

ΩRΩ

)

dx

=
1

ΩRΩB

[
∫ γ

Ω

0

x exp

(
Ω

ΩR
x2−((γ − 1)ΩB +ΩR)

ΩRΩB
x− γ

ΩRΩ

)

dx+
G(γ)

Ω

]

=
1

ΩRΩB

[

G̃(γ) − (1 − 1

Ω
)G(γ)

]

(28)

where

G̃(γ) =
1

2

√
π

a
exp

(
ac− b2

a

)

erfi

(√
a
γ

Ω
+

b√
a

)

.
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Using (26), (28), and order statistics in [20], we evaluate the average achiev-
able throughput and the rate-outage probability of the CMOC with K users
as

η̄oc =
1

2

∫ ∞

0

K log2(1 + γ)foc(γ)F
K−1
oc (γ)dγ (29)

and

P oc
out(r) = Pr

(
1

2
log(1 + γ) < r

)

= FKoc (22r − 1). (30)

4 Cooperative Multiplexing Selection Combining

The CMOC proposed in the previous section requires the signals received in
both the first time slot and the second time slot to obtain the CMOC weighting
vector in (12). In this section, we propose a new selection combining, named
as CMSC, to overcome the performance degradation at the relay-link user
by selecting only one time slot with the higher SINR in the multiplexed half
TDD transmission. In doing so, the receiver is active in only one time slot of
the multiplexed half TDD operation. As such, power savings is guaranteed by
going into sleep mode in the remaining time slot. The proposed CMSC receiver
offers power savings and improved battery lifetime at the cost of a performance
degradation relative to CMOC. For the proposed CMSC, we derive the SER
expression with M -PSK and useful statistical properties such as the PDF
and the CDF of the output SINR, which are used to evaluate the achievable
throughput and rate-outage probability.

4.1 Proposed CMSC

The key idea of our new receiver is to select the signal with the higher SINR
between the time slots in the multiplexed half TDD. In the proposed CMSC,
the relay-link user calculates the SINR during the training period as

γsc,1 = |hB |2Ω

γsc,2 =
|hR|2

|hB |2 + 1/Ω
. (31)

The detection of xD2
in (9) is made on decision variable Λsc that is determined

according to γsc,1 and γsc,2 given as

Λsc =

{
y1, γsc,1 ≥ γsc,2

y2 , otherwise
(32)

where y1 and y2 are defined in (9).
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The received SINR at the output of the proposed CMSC is then expressed
as

γsc =

{
γsc,1, γsc,1 ≥ γsc,2

min{γsc,2, γBR} , otherwise
(33)

where the effective SINR based on y2 is calculated as the minimum of the
SNR at the RS (γBR) and the SINR at the relay-link user. Consequently, the
achievable throuhgput is expressed as ηsc = 1

2 log2(1 + γsc).

4.2 Derived SER with M -PSK Signals

In this subsection, we derive the SER of CMSC. Denoting ǫ as the probability
of detection error at the RS in (15) and κ as Pr(γsc,1 ≥ γsc,2), the SER for
CMSC with the proposed selection in (32) is expressed as

Pe = κP sc,1
e + (1 − κ)

[
(1 − ǫ)P sc,2

e + ǫ
]

(34)

where P sc,1
e is the SER when the receiver is activated in the first time slot and

P sc,2
e is the SER when the receiver is activated in the second time slot.

We begin by deriving Pr(γsc,1 ≥ γsc,2) as follows. Defining two random
variables x and y that represent each realization of |hB |2Ω and |hR|2Ω, re-
spectively, Pr(γsc,1 ≥ γsc,2) is computed as

Pr(γsc,1 ≥ γsc,2) = Pr

(

x >
y

x+ 1

)

=

∫ ∞

0

Pr(y < x(x+ 1)|x)fx(x)dx

=

∫ ∞

0

Fy(x(x+ 1))fx(x)dx (35)

where x and y are random variables representing |hB |2 and |hR|2, respectively.
In Rayleigh fading, x and y are exponential random variables with mean γ̄B =
ΩBΩ and γ̄R = ΩRΩ, respectively. Thus, (35) is manipulated as

Pr(γsc,1 ≥ γsc,2) =
1

γ̄B

∫ ∞

0

(

1 − exp

(

−x2 + x

γ̄R

))

exp

(

− x

γ̄B

)

dx

= 1 − 1

γ̄B

∫ ∞

0

exp

(

− x2

γ̄B
−

(
1

γ̄B
+

1

γ̄R

)

x

)

dx (36)

Using the integral identity in [18]

∫ ∞

0

exp

(

−x2

4β
− αx

)

dx =
√

πβ exp(βγ2)
[

1 − erf(α
√

β)
]

for β > 0 (37)

where erf(x) is the error function, (36) is evaluated by substituting α =
(

1
γ̄B

+ 1
γ̄R

)

and β = γ̄B/4 into (37).
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The SER when the first time slot in the multiplexed half-duplex TDD is
selected to detect user signals is obtained as

P sc,1
e =

1

π

∫ Θ

0

Msc,1

(

−gM-PSK

sin2 θ

)

dθ (38)

where Msc,1(s) is equal to the MGF of Rayleigh fading channels given as [16]

Msc,1(s) =
1

1 − sγ̄B
.

Utilizing the method used in (18), the SER when the second time slot in
the multiplexed half-duplex TDD is selected is obtained as

P sc,2
e =

1

π

∫ Θ

0

Ψsc,2

(

−gM-PSK

sin2 θ

)

dθ (39)

where the MMGF of γsc,2 is derived as

Ψsc,2 (s) =

∫ ∞

0

∫ ∞

0

exp

(

s
y

1 + x

)
1

γ̄R
exp

(

− 1

γ̄R
y

)

dy
1

γ̄B
exp

(

− 1

γ̄B
x

)

dx

=

∫ ∞

0

1 + x

1 + x− sγ̄R

1

γ̄B
exp

(

− 1

γ̄B
x

)

dx

= 1 +
1

γ̄B

∫ ∞

0

sγ̄R
1 + x− sγ̄R

exp

(

− 1

γ̄B
x

)

dx. (40)

By using the integral identity in [18], we derive (40) in a closed-form as

Ψsc,2 (s) = 1 − γ̄R
γ̄B

exp

(
1 − sγ̄R
γ̄B

)

Ei

(

−1 − sγ̄R
γ̄B

)

.

Finally, by applying (15), (37), (38) and (39) to (34), the SER of the
proposed CMSC is obtained. We note that the derived expression for SER
is given as finite range single integrals of elementary mathematical functions
that can be evaluated efficiently using standard mathematical software.

4.3 SINR Analysis for the Proposed CMSC

Under CMSC, we derive the CDF and the PDF of the output SINR at the
relay-link user. According to the selection scheme in (32), the received SINR
at the output of the CMSC in (33) can be rewritten as

γsc = max(γsc,1,min{γsc,2, γBR}). (41)

Define γsc,df as a random variable representing the received SINR at the second
time slot of half TDD given by min{γsc,2, γBR}. Using the property of function
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of two random variables in [17], the CDF of the effective SINR at the relay-link
user when the receiver is activated in the second time slot is obtained as

Fsc,df(γ) = FBR(γ) + Fsc,2(γ) − FBR(γ)Fsc,2(γ) (42)

where FBR(γ) and Fsc,2(γ) are CDF of γBR and γsc,2, respectively.
Then the CDF of the proposed CMSC is derived by

Fsc(γ) = Fsc,1(γ)Fsc,df(γ (43)

where Fsc,df(γ) is the CDF of γsc,df. The PDF of the received SINR with CMSC
is then obtained by evaluating the first derivative of (43) given as

fsc(γ)=
dFsc(γ)

dγ
=Fsc,1(γ)[fBR(γ) + fsc,2(γ) − fBR(γ)Fsc,2(γ)−FBR(γ)fsc,2(γ)]

+fsc,1(γ)[FBR(γ) + Fsc,2(γ) − FBR(γ)Fsc,2(γ)]. (44)

Denoting x and y as random variables representing each realization of
|hB |2Ω and |hR|2Ω, respectively, γsc,2 is represented by γsc,2 = y/(x+ 1). We
derive the CDF of γsc,2 in (42) in closed-form as

Fγsc,2
(γ) =

∫ ∞

0

Fy((1 + x)γ)fx(x)dx

=

∫ ∞

0

[

1 − exp

(

− (1 + x)γ

γ̄R

)]
1

γ̄B
exp

(

− x

γ̄B

)

dx

= 1 − 1

γ̄B
exp

(

− γ

γ̄R

) ∫ ∞

0

exp

[

−
(
γ

γ̄R
+

1

γ̄B

)

x

]

dx

= 1 − exp

(

− γ

γ̄R

)
1

γ̄B

γ̄R
γ + 1

. (45)

Also, the PDF of γsc,2 is derived by taking the first derivative of (45) given as

fγsc,2
(γ)=

dFγsc,2
(γ)

dγ
=

1

γ̄R
exp

(

− γ

γ̄R

)
1

γ̄B

γ̄R
γ + 1

−γ̄B
γ̄R

(
γ̄B
γ̄R

γ + 1

)−2

exp

(

− γ

γ̄R

)

=
1

γ̄Rγ̄B
exp

(

− γ

γ̄R

)(
γ

γ̄R
+

1

γ̄B

)−2 (
γ

γ̄R
+

1

γ̄B
+ 1

)

. (46)

Using (43)-(44) and order statistics in [20], we evaluate the average achiev-
able throughput and the rate outage probability of the proposed CMSC with
K users as

η̄sc =
1

2

∫ ∞

0

K log2(1 + γ)fsc(γ)F
K−1
sc (γ)dγ (47)

and

P sc
out(r) = Pr

(
1

2
log(1 + γ) < r

)

= FKsc (22r − 1). (48)
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Fig. 2 SER of CMOC in (12) as a function of unfaded SNR Ω; comparison between ana-
lytical and simulation results for different modulation schemes.

5 Numerical Results

In this section, we present numerical examples to validate the preceding analy-
sis for our proposed diversity combining receivers. We highlight their perfor-
mance advantage relative to the standard single channel receiver and the MRC
receiver for three interference levels of ρ = ΩB/ΩR. Specifically, we set ρ =
-10dB, -20dB and -30dB, which are referred to as high interference, medium
interference, and low interference, respectively [8]. In this section, we focus on
the performance with a single relay-link user since the statistics of multiuser
diversity gain with the opportunistic scheduler can be directly obtained for
CMOC using (29)-(30), and for CMSC using (47)-(48).

Fig. 2 plots the analytical and Monte-Carlo simulated SER curves for
CMOC in (12) versus the unfaded SNR Ω. We assume an error-free BS-RS
link with ǫ = 0 in (14) to focus on verifying derived analytical expressions.
In the figure, we present results for BPSK (M=2) and 8-PSK (M=8). The
exact analytical curves are generated using (21) and (18), and the approxi-
mate curves are generated using (23). We see that, in all cases, the exact SER
curves match well with the simulation results. The approximate curves also
accurately estimate the exact results with reduced computational complexity.
In the figure, we see that the SER improves with increasing ρ. This is due to
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Fig. 3 SER comparison at the relay-link user in low interference.

the fact that increasing ρ corresponds to increasing the signal strength from
the BS in the first time slot.

Figs. 3 to 5 plots the SER of CMOC, CMSC, MRC, and the single channel
receiver. In the figures, we assume the average received SNR of the BS-RS
link to be 40 dB that corresponds to ǫ = 6.7 × 10−4 in (14) and (34). We
see that CMOC achieves the best SER in all three interference scenarios. The
proposed CMOC and CMSC outperform MRC and the single channel receiver
by properly exploiting the signal received in the first time slot. We observe
that the performance of CMSC is slightly inferior to CMOC. However, in the
proposed CMSC, the relay-link user needs to wake up in only one time slot in
the multiplexed half TDD transmission. We note that an error floor is observed
due to the fact that the SER is restricted by DF relaying in the BS-RS link in
the high SNR regime.

Fig. 6 plots the achievable throughput of CMOC, CMSC, MRC, and the
single channel receiver. The achievable throughput of CMOC and CMSC
is also evaluated using (29) and (47), respectively. For comparison, we in-
clude the achievable throughput with non-multiplexed two-hop relay. The
non-multiplexed two-hop relay carries out interference-free transmission by
dividing one transmission block into two orthogonal sub-blocks in which each
sub-block is exclusively used for either the direct-link user or the relay-link
user. When single channel receiver is employed in the cooperative multiplex-
ing, the achievable throughput is shown to be worse than the non-multiplexed
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Fig. 4 SER comparison at the relay-link user in medium interference.
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Fig. 5 SER comparison at the relay-link user in high interference.
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Fig. 6 Achievable throughput comparison as a function of unfaded SNR Ω.

two-hop relay in the high interference regime. On contrary, our proposed com-
bining receiver always exhibits better achievable throughput than the non-
multiplexed two-hop relay in interference levels. In this figure, the performance
of the CMSC outperforms the CMOC in high SNR region. This is due to the
fact that, at high SNR, the BS-RS link dominates the achievable throughput
of the CMOC by the DF relaying operation. In other words, the proposed
CMSC will show better performance than the CMOC receiver if capacity ap-
proaching channel codes such as turbo-code or low-density parity check code
are employed. But we will leave this as future research. We see that the achiev-
able throughput of the MRC and the single channel receiver decreases with in-
creasing interference from the BS. In the figure, we see that CMOC and CMSC
provide up to 3.5 times improvement in the achievable throughput relative to
the single channel receiver up to 60% improvement to the non-multiplexed
two-hop relay in the high interference regime.

Finally, in Fig. 7, we see the impact of the signal strength from the BS on
the rate-outage probability of CMOC and CMSC derived in (30) and (48), re-
spectively. We first verify that the performance of the three receivers is almost
the same at ρ < −25 dB. As the signal strength from the BS increases, the
rate-outage performance of CMOC improves monotonically with an outage
floor at ρ > −8dB. The floor arises due to the fact that the BS-RS link dom-
inates the overall performance in the high interference regime. Interestingly,
we find that CMSC outperforms CMOC at high ρ > −8dB. This is because
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CMSC is not restricted by incorrect detection in the BS-RS link in the high
interference regime.

6 Conclusion

We proposed two new diversity combining receivers, namely CMOC and CMSC,
that support cooperative multiplexing in two-hop multiuser relay networks.
The proposed receivers allow the BS and the RS to transmit to different users
at the same time and effectively mitigate the inter-user interference at the
relay-link users. By exploiting the signals received in both time slots of the
cooperative multiplexed half duplex TDD, we demonstrated that the SER per-
formance and the achievable throughput of CMOC and CMSC were notably
higher relative to the standard single-channel receiver in [8]. For the proposed
diversity combining receivers,we derived SER expressions with M-PSK and
useful statistical properties such as the PDF, CDF, and MGF of the output
SINR. Based on these, we analyzed the achievable throughput and rate-outage
probability. A 3.5 times improvement in the achievable throughput relative to
the standard single-channel receiver was demonstrated.
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