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Joint Transmit/Receive MMSE-FDE for Analog Network Coded
Single-Carrier Bi-directional Multi-Antenna Relay

Hiroyuki MIYAZAKI†a), Tatsunori OBARA†, Student Members, and Fumiyuki ADACHI†, Fellow

SUMMARY In this paper, joint transmit/receive frequency-domain
equalization (FDE) is proposed for analog network coded (ANC) single-
carrier (SC) bi-directional multi-antenna relay. In the proposed scheme,
diversity transmission using transmit FDE is performed at relay station
(RS) equipped with multiple antennas while receive FDE is carried out
at base station (BS) and mobile terminal (MT) both equipped with single
antenna. The transmit and receive FDE weights are jointly optimized so
as to minimize the end-to-end mean square error (MSE). We evaluate, by
computer simulation, the throughput performance and show that the joint
transmit/receive FDE obtains the spatial and frequency diversity gains and
accordingly achieve better throughput performance compared to either the
transmit FDE only or the receive FDE only. It is also shown that ANC
SC bi-directional multi-antenna relay can extend the communication cover-
age area for the given required throughput compared to conventional direct
transmission.
key words: analog network coding, single-carrier transmission, joint
transmit/receive frequency-domain equalization

1. Introduction

Next generation mobile communication systems must sup-
port broadband data services. However, the throughput of
a user close to the cell edge degrades due to propagation
path loss and shadowing loss. The 2 time-slot cooperative
relay is a promising solution [1]. 2 time-slot cooperative re-
lay can reduce the impact of the propagation path loss and
the shadowing loss. However, it requires 4 time-slots for
bi-directional communications. Applying network coding
to bi-directional relay communications can reduce the re-
quired number of time-slots [2]–[5]. There are two types
of network coding: digital network coding (DNC) [2] and
analog network coding (ANC) [3]–[5]. DNC is based on the
decode-and-forward (DF) relaying protocol and can achieve
4/3 times higher maximum throughput than conventional
half duplex relaying. On the other hand, ANC is based on
the amplify-and-forward relaying protocol and can achieve
2 times higher maximum throughput than the conventional
relaying.

The broadband channel is characterized by frequency-
selective fading [6]. Although orthogonal frequency divi-
sion multiplexing (OFDM) can overcome the frequency-
selective fading [7], it has a drawback of high peak-to-
average power ratio (PAPR) and hence, high-performance
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amplifiers need to be used [8]. Single-carrier (SC) transmis-
sion with minimum mean square error (MMSE) based FDE
[9], [10] has an advantage of lower PAPR than OFDM while
exploiting the channel selectivity to improve the through-
put. Further throughput improvement is achieved by intro-
ducing the joint transmit/receive MMSE-FDE [11]. Also
promising is the use of multiple antennas at relay sta-
tion (RS) [12]–[14]. In [14], the beamforming for bi-
directional multi-antenna relay communications was inves-
tigated. By employing the beamforming, the spatial di-
versity gain can be obtained. However, Ref. [14] assumes
non-frequency-selective fading and focuses on the capacity
bound. Therefore, equalization is not considered in [14].
In addition to multi-antennal relay, an introduction of joint
transmit/receive FDE may further improve the throughput
performance.

In this paper, we propose a joint transmit/receive
MMSE-FDE for ANC SC bi-directional multi-antenna re-
lay. In the proposed scheme, diversity transmission using
transmit FDE is performed at RS equipped with multiple
antennas while receive FDE is carried out at base station
(BS) and mobile terminal (MT) both equipped with single
antenna. In ANC relay, RS amplifies and forwards its re-
ceived noise to both BS and MT. Since the MT-RS and RS-
BS link qualities are different, the noise power forwarded
from RS is different at BS and MT. As a consequence, the
transmit FDE weight which simultaneously minimizes the
uplink and downlink MSEs does not exist. Therefore, in
this paper, we derive the transmit FDE weights optimized
separately for the uplink (MT to BS) and the downlink (BS
to MT). Also, we derive the corresponding receive FDE
weights to be used at BS and MT. We evaluate, by computer
simulation, the throughput performance and show that the
joint transmit/receive FDE obtains the spatial and frequency
diversity gains and accordingly achieve better throughput
performance compared to either the transmit FDE only or
the receive FDE only. Furthermore, in this paper, we eval-
uate the spatial distribution of the throughput and show
that ANC SC bi-directional multi-antenna relay using joint
transmit/receive FDE can extend the communication cover-
age compared to conventional direct transmission.

The rest of this paper is organized as follows. Section 2
presents the system model and signal representation for the
proposed SC ANC bi-directional multi-antenna relay. Sec-
tion 3 derives the joint transmit/receive FDE weights. Sec-
tion 4 discusses the computer simulation results. Section 5
offers some concluding remarks.
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Fig. 1 System model.

Fig. 2 ANC protocol.

2. System Model and Signal Representation

2.1 System Model

Figure 1 illustrates the system model of bi-directional multi-
antenna relay. The single-cell and single-user environment
is assumed. The cell radius is denoted by dcell. I RSs are
located entire the cell. The distances between MT and RS
a nd between BS and RS are respectively denoted by dM−R

and dB−R. It is assumed that RS is equipped with J antennas
and that BS and MT are equipped with single antenna. The
index of RS selected is denoted by R ∈ {0, 1, . . . , I − 1}.

2.2 Signal Processing of Multi-Antenna ANC

ANC relay requires two time-slots as seen in Fig. 2. In the
first time-slot, RS receives the superposition of two signals
transmitted simultaneously from BS and MT. In the second
time-slot, RS carries out diversity transmission after trans-
mit FDE to BS and MT. At each of BS and MT, the own
transmitted signal is removed from the received signal and
receive FDE is carried out.

2.3 Signal Representation

In this paper, symbol-spaced discrete-time signal represen-
tation is used. Figure 3 shows the transmitter/receiver struc-
ture of MT, RS, and BS.

(a) First time-slot

The data symbol blocks of Nc symbols at BS and MT are de-
noted as {xB(t) : t=0, . . . ,Nc−1} and {xM(t) : t=0, . . . ,Nc−1},
respectively. After insertion of Ng sample cyclic prefix (CP)

Fig. 3 Transmitter/receiver structures of MT, BS and RS.

into the beginning of each block, BS and MT simultane-
ously transmit their symbol blocks to RS in the first time-
slot. At RS, after CP removal, the received signal is trans-
formed into the frequency-domain signal by Nc-point fast
Fourier transform (FFT). The frequency-domain received
signal {YR( j, k) :k=0, . . . ,Nc−1, j=0, . . . , J−1} at jth RS
antenna can be expressed as

YR( j, k) =
√

2P̄Bd−αB−R10−
ηB−R

10 H̄B−R( j, k)XB(k)

+

√
2P̄Md−αM−R10−

ηM−R
10 H̄M−R( j, k)XM(k) + NR( j, k).

(1)

In Eq. (1), P̄B and P̄M are the transmit powers of BS and MT,
respectively. H̄B−R( j, k) and H̄M−R( j, k) denote the channel
transfer functions between BS and jth RS antenna and be-
tween MT and jth RS antenna, respectively. α is the propa-
gation path loss exponent. ηB−R and ηM−R denote the shad-
owing losses in dB between BS and RS and between MT
and RS, respectively. NR( j, k) is the independent zero-mean
complex-valued additive white Gaussian noise (AWGN)
having variance 2N0/Ts with N0 and Ts being the single-
sided power spectrum density of AWGN and the symbol du-
ration, respectively. XB(k) and XM(k) are the transmit signal
components at BS and MT, respectively. They are given as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

XB(k) =
1√
Nc

Nc−1∑
t=0

xB(t) exp (− j2πkt/Nc)

XM(k) =
1√
Nc

Nc−1∑
t=0

xM(t) exp (− j2πkt/Nc)

. (2)

Equation (1) can be rewritten as

YR( j, k) =
√

2PBHB−R( j, k)XB(k)
+
√

2PM HM−R( j, k)XM(k) + NR( j, k)
, (3)

where PB = P̄Bd−αcell and PM = P̄Md−αcell are the normalized
transmit powers of BS and MT, respectively. HB−R( j, k) and
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HM−R( j, k) denote the channel transfer functions, including
the impact of the propagation path loss and the shadowing
loss, between BS and RS and between MT and RS, respec-
tively. They are given as⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

HB−R( j, k) = H̄B−R( j, k)
√

r−αB−R10−ηB−R/10

HM−R( j, k) = H̄M−R( j, k)
√

r−αM−R10−ηM−R/10
, (4)

where rB−R = dB−R/dcell and rM−R = dM−R/dcell are the nor-
malized distances between BS and RS and between MT and
RS, respectively.

RS applies FDE to the frequency-domain received sig-
nal and amplifies it. The frequency-domain received signal,{
ŶR( j, k) :k=0, . . . ,Nc−1, j=0, . . . , J−1

}
, after FDE at jth

RS antenna can be expressed as

ŶR( j, k) = G( j)YR( j, k)V( j, k), (5)

where V( j, k) denotes the transmit FDE weight at jth RS
antenna. The transmit FDE weight has a constraint in order
to keep the average transmit power of RS constant as

1
Nc

Nc−1∑
k=0

J−1∑
j=0

|V( j, k)|2 = 1. (6)

G( j) is the amplifying factor at jth RS antenna. The ampli-
fying factor G( j) is set so as to keep the average transmit
power of RS constant as

G( j)=

√
2PR

E
[
|YR( j, k)|2

]
=

√√√√√√√√ PR

PM

Nc

Nc−1∑
k=0

|HM−R( j, k)|2+ PB

Nc

Nc−1∑
k=0

|HB−R( j, k)|2+N

, (7)

where PR = P̄Rd−αcell is the normalized transmit power of RS
with P̄R denoting the transmit power of RS and N = N0/Ts

is the noise power.

(b) Second time-slot

The equalized frequency-domain signal is transformed back
to time-domain signal by Nc-point inverse FFT (IFFT). Af-
ter CP insertion, RS broadcasts it to BS and MT in the sec-
ond time-slot. At BS and MT receiver, after CP removal,
the received signals at BS and MT are transformed into the
frequency-domain signals. The frequency-domain signals,
{YB(k) :k=0, . . . ,Nc−1} and {YM(k) :k=0, . . . ,Nc−1}, at BS
and MT can be respectively expressed as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

YB(k) =
J−1∑
j=0

HB−R( j, k)ŶR( j, k) + NB(k)

YM(k) =
J−1∑
j=0

HM−R( j, k)ŶR( j, k) + NM(k)

, (8)

where NB(k) and NM(k) are the zero-mean AWGNs at

BS and MT having variance 2N0/Ts, respectively. From
Eqs. (3) and (5), Eq. (8) can be rewritten as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

YB(k) =
√

2PM

J−1∑
j=0

G( j)HB−R( j, k)HM−R( j, k)V( j, k)XM(k)

+
√

2PB

J−1∑
j=0

G( j)HB−R( j, k)HB−R( j, k)V( j, k)XB(k)

+

J−1∑
j=0

G( j)HB−R( j, k)V( j, k)NR( j, k) + NB(k)

YM(k)=
√

2PB

J−1∑
j=0

G( j)HM−R( j, k)HB−R( j, k)V( j, k)XB(k)

+
√

2PM

J−1∑
j=0

G( j)HM−R( j, k)HM−R( j, k)V( j, k)XM(k)

+

J−1∑
j=0

G( j)HM−R( j, k)V( j, k)NR( j, k) + NM(k)

.

(9)

The first and the second term are the desired signal and the
own transmitted signal, respectively. The third term is the
noise which is amplified and broadcast by RS. The own
transmitted signal is removed from the received signal as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ỸB(k) = YB(k)

−√2PB

J−1∑
j=0

G( j)HB−R( j, k)HB−R( j, k)V( j, k)XB(k)

ỸM(k)= YM(k)

−√2PM

J−1∑
j=0

G( j)HM−R( j, k)HM−R( j, k)V( j, k)XM(k)

.

(10)

After the own transmitted signal removal, the receive
FDE is carried out. The received signals after re-
ceive FDE at BS and MT,

{
ŶB(k) :k=0, . . . ,Nc−1

}
and{

ŶM(k) :k=0, . . . ,Nc−1
}
, can be respectively given as{

ŶB(k) = ỸB(k)WB(k)
ŶM(k) = ỸM(k)WM(k)

, (11)

where WB(k) and WM(k) are the receive FDE weights at
BS and MT receiver, respectively. The equalized signals
are transformed back to the time-domain signal by Nc-point
IFFT, and the data demodulation is carried out.

3. Joint Transmit/Receive MMSE-FDE

The end-to-end MSEs, eu and ed, are respectively defined
for the uplink and downlink as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

eu =

Nc−1∑
k=0

E
[∣∣∣XM(k) − ŶB(k)

∣∣∣2]

ed =

Nc−1∑
k=0

E
[∣∣∣XB(k) − ŶM(k)

∣∣∣2] . (12)
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From Eqs. (9), (10) and (11), Eq. (12) can be rewritten as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

eu =

Nc−1∑
k=0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∣∣∣∣√2PMH̃(k)WB(k)−1
∣∣∣∣2

+2N

⎧⎪⎪⎪⎨⎪⎪⎪⎩
J−1∑
j=0

|G( j)HB−R( j, k)V( j, k)|2+1

⎫⎪⎪⎪⎬⎪⎪⎪⎭|WB(k)|2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

ed =

Nc−1∑
k=0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∣∣∣∣√2PBH̃(k)WM(k)−1
∣∣∣∣2

+2N

⎧⎪⎪⎪⎨⎪⎪⎪⎩
J−1∑
j=0

|G( j)HM−R( j, k)V( j, k)|2+1

⎫⎪⎪⎪⎬⎪⎪⎪⎭|WM(k)|2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

(13)

where

H̃(k) =
J−1∑
j=0

G( j)HB−R( j, k)HM−R( j, k)V( j, k). (14)

From ∂eu/∂WB(k) = 0 and ∂ed/∂WM(k) = 0, the receive
FDE weights at BS and MT are derived as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

WB(k) =

√
2PMH̃∗(k)

2PM

∣∣∣H̃(k)
∣∣∣2+2N

⎧⎪⎪⎪⎨⎪⎪⎪⎩
J−1∑
j=0

|G( j)HB−R( j, k)V( j, k)|2+1

⎫⎪⎪⎪⎬⎪⎪⎪⎭
WM(k)=

√
2PBH̃∗(k)

2PB

∣∣∣H̃(k)
∣∣∣2+2N

⎧⎪⎪⎪⎨⎪⎪⎪⎩
J−1∑
j=0

|G( j)HM−R( j, k)V( j, k)|2+1

⎫⎪⎪⎪⎬⎪⎪⎪⎭

,

(15)

Substituting Eq. (15) to Eq. (13), we obtain⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

eu =

Nc−1∑
k=0

⎧⎪⎪⎪⎨⎪⎪⎪⎩
J−1∑
j=0

|G( j)HB−R( j, k)V( j, k)|2+1

⎫⎪⎪⎪⎬⎪⎪⎪⎭
(PM

N

)−1

∣∣∣H̃(k)
∣∣∣2+
⎧⎪⎪⎪⎨⎪⎪⎪⎩

J−1∑
j=0

|G( j)HB−R( j, k)V( j, k)|2+1

⎫⎪⎪⎪⎬⎪⎪⎪⎭
(PM

N

)−1

ed =

Nc−1∑
k=0

⎧⎪⎪⎪⎨⎪⎪⎪⎩
J−1∑
j=0

|G( j)HM−R( j, k)V( j, k)|2+1

⎫⎪⎪⎪⎬⎪⎪⎪⎭
(PB

N

)−1

∣∣∣H̃(k)
∣∣∣2+
⎧⎪⎪⎪⎨⎪⎪⎪⎩

J−1∑
j=0

|G( j)HM−R( j, k)V( j, k)|2+1

⎫⎪⎪⎪⎬⎪⎪⎪⎭
(PB

N

)−1

,

(16)

Below, we derive joint transmit/receive MMSE-FDE for the
uplink and the downlink.

3.1 Uplink Transmit and Receive FDE Weights

The optimization problem for obtaining the uplink transmit
FDE weight is expressed as

minimize eu

s.t.
Nc−1∑
k=0

J−1∑
j=0

|V( j, k)|2−Nc=0,

|V( j, k)|2≥0, j=0, . . . , J−1, k=0, . . . ,Nc−1

. (17)

By using Caushy-Schwarz inequality [15], eu is satisfied as

eu≤
Nc−1∑
k=0

{
J−1∑
j=0
|G( j)HB−R( j, k)V( j, k)|2+1

} (
PM
N

)−1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
J−1∑
j=0
|G( j)HB−R( j, k)HM−R( j, k)|2

) (
J−1∑
j=0
|V( j, k)|2

)

+

{
J−1∑
j=0
|G( j)HB−R( j, k)V( j, k)|2+1

} (
PM
N

)−1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(18)

In Eq. (18), the equality holds if and only if

V(0, k)
G(0)H∗B−R(0, k)H∗M−R(0, k)

= . . . =
V( j, k)

G( j)H∗B−R( j, k)H∗M−R( j, k)
= . . . = P(k)

, (19)

where P(k) the power allocation factor. Substituting Eq. (19)
to Eq. (17) gives

minimize eu=

Nc−1∑
k=0

{
Bu(k)P2(k)+1

}(PM

N

)−1

A2(k)P2(k)+
{
Bu(k)P2(k)+1

}(PM

N

)−1

s.t.
Nc−1∑
k=0

A(k)P2(k)−Nc=0,

P2(k)≥0, k=0, . . . ,Nc−1

,

(20)

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A(k) =
J−1∑
j=0

|G( j)HM−R( j, k)HB−R( j, k)|2

Bu(k)=
J−1∑
j=0

|G( j)HM−R( j, k)HB−R( j, k)|2|G( j)HB−R( j, k)|2
.

(21)

The optimization problem of Eq. (20) can be solved us-
ing Karush-Kuhn-Tucker (KKT) conditions [15]. The La-
grangian function F is defined as

F =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Nc−1∑
k=0

{
Bu(k)P2(k) + 1

} (PM

N

)−1

A2(k)P2(k) +
{
Bu(k)P2(k) + 1

} (PM

N

)−1

+λu

⎧⎪⎪⎨⎪⎪⎩
Nc−1∑
k=0

A(k)P2(k) − Nc

⎫⎪⎪⎬⎪⎪⎭ −
Nc−1∑
k=0

τ(k)P2(k)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (22)

where λu and {τ(k) :k=0, . . . ,Nc−1} are the Lagrangian
multipliers, respectively. The optimal power allocation fac-
tor P2(k) must satisfy the KKT condition as

∂F
∂P2(k)

= 0, (23)

Nc−1∑
k=0

A(k)P2(k) − Nc = 0, (24)
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λu > 0, (25)

P2(k) ≥ 0, (26)

τ(k) ≥ 0, (27)

and

−τ(k)P2(k) = 0. (28)

When τ(k) = 0, P2(k) is obtained from Eqs. (23) and (26) as

P2(k) =
1

A(k)

√
A(k)
λu

(PM

N

)−1

−
(PM

N

)−1

A(k) +

(
Bu(k)
A(k)

) (PM

N

)−1
> 0. (29)

On the other hand, when τ(k) > 0, P2(k) is obtained from
Eqs. (26) and (28) as

P2(k) = 0. (30)

Therefore, P2(k) is given as

P2(k) = max

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1

A(k)

√
A(k)
λu

(PM

N

)−1

−
(PM

N

)−1

A(k) +

(
Bu(k)
A(k)

) (PM

N

)−1
, 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (31)

λu is chosen so as to satisfy Eq. (24).
Finally, the transmit FDE weight V( j, k) is given from

Eqs. (19) and (31) as

V( j, k)=
G( j)H∗M−R( j, k)H∗B−R( j, k)√

A(k)

·

√√√√√√√√√√√√√√√√√max

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

√
A(k)
λu

(PM

N

)−1

−
(PM

N

)−1

A(k) +

(
Bu(k)
A(k)

) (PM

N

)−1
, 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (32)

Substituting Eq. (32) to Eq. (15), the receive FDE weight
WB(k) is obtained.

3.2 Downlink Transmit and Receive FDE Weights

The optimization problem for obtaining the downlink trans-
mit FDE weight is expressed as

minimize ed

s.t.
Nc−1∑
k=0

J−1∑
j=0

|V( j, k)|2−Nc=0,

|V( j, k)|2≥0, j=0, . . . , J−1, k=0, . . . ,Nc−1

.

(33)

Similar to the case of uplink, we obtain the downlink trans-
mit and receive FDE weights which minimizes the downlink
MSE as

V( j, k)=
G( j)H∗M−R( j, k)H∗B−R( j, k)√

A(k)

·

√√√√√√√√√√√√√√√√√max

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

√
A(k)
λd

(PB

N

)−1

−
(PB

N

)−1

A(k) +

(
Bd(k)
A(k)

) (PB

N

)−1
, 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (34)

where

Bd(k)=
J−1∑
j=0

|G( j)HM−R( j, k)HB−R( j, k)|2|G( j)HM−R( j, k)|2 .

(35)

and λd is chosen so as to satisfy Eq. (6). Substituting
Eq. (35) to Eq. (15), the receive FDE weight WM(k) is ob-
tained.

4. Computer Simulation

The simulation model is illustrated in Fig. 4. I = 6 RSs
are located along a circle with radius rB−R = 0.5. The MT
location is randomly generated in the cell. RS which has the
largest short-term average SNR of MT-RS link is selected as

R = argmax
R′∈(0,1,...,I−1)

⎡⎢⎢⎢⎢⎢⎢⎢⎣PR

N
r−αM−R′10

−
ηM−R′

10

⎤⎥⎥⎥⎥⎥⎥⎥⎦ . (36)

The propagation path loss exponent α is assumed to be
α = 3.5. The shadowing loss between MT and RS is as-
sumed to be characterized by log-normal distribution hav-
ing the standard deviation σ = 7.0 dB. The shadowing loss
correlation ρR−R′ between Rth RS-MT link and R′th RS-MT
link is considered. ρR−R′ is assumed to be given as [16]

ρR−R′ = ξ cos θR−R′ + ζ, (37)

where ξ and ζ are the setting parameters ξ ≥ 0, ζ ≥ 0,
ξ + ζ ≤ 1. ξ and ζ are set to ξ = ζ = 0.5 in the com-
puter simulation. On the other hand, BS-RS link is fixed
and hence, the shadowing loss of BS-RS link can be con-
trolled by choosing the RS location. The shot-term average

Fig. 4 Simulation model.
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Table 1 Computer simulation condition.

Transmitter

Data modulation QPSK, 16QAM

/receiver

FFT block size Nc = 128
CP length Ng = 16

Channel state
Perfect

information
Packet size 1536 bits

Channel

Fading type
Block Rayleigh

fading

Power delay profile
Symbol-spaced

L-16path uniform
Time delay τl = l, l = 0, . . . , L − 1

Path loss exponent α = 3.5
Shadowing loss

σ = 7.0(dB)
standard deviation

SNR Γ of BS-RS link can be represented as

Γ = 10 log10
PR

N
r−αB−R + Δ (dB), (38)

where Δ is the setting parameter and is determined by RS
location. In the computer simulation, RSs are assumed to be
located so as to satisfy Δ = 0 dB.

The simulation condition is summarized in Table 1.
QPSK and 16QAM data modulations are considered. FFT
block size Nc and CP length Ng are set as Nc = 128 and
Ng = 16, respectively. One packet consists of 1536 bits. A
frequency-selective block Rayleigh fading having symbol-
spaced L=16-path uniform power delay profile is assumed.
For fair comparison with direct transmission, we assume the
total transmit power constraint given as

PB + PR + PM = PT , (39)

where PT is the normalized total transmit power. In the com-
puter simulation, PM = PB = PT /2 is assumed for direct
communication. On the other hand, when using ANC trans-
mission, the power allocation of PR = PT /2 and PB = PM =

PT /4 is assumed. Also assumed are the ideal channel/noise
estimation, perfect block synchronization, and perfect sys-
tem synchronizations.

In this paper, the throughput S (bps/Hz) is define as

S =
1
2

M (1 − PER)
Nc

Nc + Ng
, (40)

where M is the the number of bits per symbol and PER is
the packet error rate. We evaluate, by computer simulation,
the cumulative distribution function (CDF) of the through-
put and CDF x% value is defined as x% outage throughput.

4.1 Transmit and Receive FDE Weights

Figure 5 shows the magnitudes of the transmit FDE weight
at RS, the receive FDE weights at BS and MT, and the equiv-
alent channel gain |HM−R( j, k)HB−R( j, k)| between BS and
MT link for J=2-antenna RS and the total transmit power-
to-noise power ratio PT /N = 15 dB. It can be seen from
Figs. 5(a) and (b) that the most of transmit power is allo-
cated to the antenna having high equivalent channel gain

Fig. 5 Transmit and receive FDE weights.

so as to maximize the spatial diversity gain. Furthermore,
the transmit FDE acts as the zero-forcing equalization to re-
move the ISI. It is also seen from Figs. 5(a) and (d) that the
variations of the receive FDE weight magnitude is smaller
than the equivalent channel gain. This is because the resid-
ual ISI is sufficiently suppressed by diversity transmission
using transmit FDE. It can also be seen from figures that the
transmit FDE weight is almost the same for the uplink and
downlink (see Figs. 5(b) and (c)). The reason for this is ex-
plained as follows. Since ANC relay utilizes a time division
duplex (TDD), the uplink (MT→RS→BS) channel and the
downlink (BS→RS→MT) channel are reciprocal. However,
since the RS-BS channel and the RS-MT channel are differ-
ent, the uplink SNR at BS is not the same as the downlink
SNR at MT due to the existence of the noise transferred from
RS. As a consequence, the common transmit FDE weight
does not exist which minimizes both uplink and downlink
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mean square errors (MSEs) at the same time. However, the
multi-antenna relay (J > 1) improves the received signal
level at both BS and MT in the second time-slot and hence,
the impact of transferred noise from RS to both BS and MT
can be made sufficiently weak. If the uplink and downlink
channels are reciprocal and the transferred noise from RS is
negligible, the common transmit FDE weight exists which
approximately minimizes both uplink and downlink MSEs
at the same time.

4.2 Spatial and Frequency Diversity Gains Achievable by
Joint Transmit/Receive FDE

Figure 6 plots the 10% outage throughput performance
when using ANC transmission with the joint trans-
mit/receive MMSE-FDE as a function of the normalized
transmit power to noise power ratio PT /N. For compar-
ison, the performances when using the receive FDE only
are also plotted in Fig. 6. It is shown from Fig. 6 that the
joint transmit/receive FDE can always provides the through-
put performance superior to the receive FDE only. Further-
more, the joint transmit/receive MMSE-FDE can improve

Fig. 6 Comparison of the receive FDE only.

the throughput performance as the number of RS antennas
increases while the receive FDE only can hardly improve.
This is because the joint transmit/receive MMSE-FDE can
obtain the spatial diversity gain while the receive FDE only
can hardly obtain it. When the number of RS antennas is
J = 4, the joint transmit/receive MMSE-FDE can reduce
by about 12 dB the transmit power for the given throughput
S=1.6 bps/Hz for both uplink and downlink.

Figure 7 compares the 10% outage throughput perfor-
mances when using the joint transmit/receive FDE and the
transmit FDE only. It is shown from Fig. 7 that the joint
transmit/receive MMSE-FDE can improve the throughput
performance compared to the transmit FDE only. This is
because the joint transmit/receive MMSE-FDE can suppress
ISI and obtain more frequency diversity gain than the trans-
mit FDE only. The performance gap between the joint trans-
mit/receive FDE and the transmit FDE only is large when
high data modulation level is used. When J = 1, the joint
transmit/receive FDE can reduce by about 4 dB the transmit
power for the given throughput S =1.6 bps/Hz compared to
the transmit FDE only. This is because high data modulation

Fig. 7 Comparison of the transmit FDE only.
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suffers from the residual ISI and the joint transmit/receive
MMSE-FDE can further suppress the residual ISI compared
to the transmit FDE only.

On the other hand, the performance gap between the
joint transmit/receive FDE and the transmit FDE only re-
duce as the number of RS antennas increases. This is be-
cause the spatial diversity gain is larger than the frequency-
diversity gain.

4.3 Comparison of Direct Transmission

In this subsection, we compare the performances when us-
ing multi-antenna ANC transmission and direct transmis-
sion and show multi-antenna ANC transmission can reduce
the transmit power for the given throughput compared to di-
rect transmission.

Figure 8 plots the 10% outage throughput performance
when using the ANC transmission and direct transmission.
It is shown from Fig. 8 that ANC transmission can reduce

Fig. 8 10% outage throughput performance.

the required transmit power compared to direct transmis-
sion. Furthermore, multi-antenna ANC transmission can re-
duce the transmit power as the number of RS antennas in-
creases. This is because multi-antenna ANC transmission
with the joint transmit/receive MMSE-FDE can mitigate the
impact of the propagation path loss and the shadowing loss
with obtaining the spatial diversity gain. When the number
of RS antennas is J = 4, multi-antenna ANC transmission
can reduce the transmit power by about 23 dB for the given
throughput S=1.6 bps/Hz.

Figures 9 and 10 show the spatial distribution of 10%
outage throughput in the cell. 16QAM data modulation is
used and the normalized transmit power to noise power ratio
PT /N is set to PT /N = 20 dB. When using direct transmis-
sion, the coverage which can achieve the given throughput is
critically limited. When the given 10% outage throughput is
1.6 bps/Hz, the normalized radius rcover of the coverage area

Fig. 9 10% outage uplink throughput distribution.

Fig. 10 10% outage downlink throughput distribution.
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Fig. 11 Average uplink throughput distribution.

limits rcover = 0.3 when using direct transmission. This is
because the received power drops by the negative impact of
the propagation path loss and the shadowing loss when MT
is located near the cell edge. It is also shown from Fig. 10
that single-antenna ANC relay (J=1) can hardly extend the
coverage area for downlink. The reason for this is explained
as follows. In ANC relay, BS-MT direct link is not ex-
ploited as the cooperative relay since BS and MT simultane-
ously transmit signal in the first time-slot. Therefore, single-
antenna ANC relay can obtain no spatial diversity gain, and
hence, it suffers from the noise enhancement at RS. There-
fore, single-antenna ANC relay can hardly extend the cover-
age area. On the other hand, multi-antenna ANC relay with
the joint transmit/receive FDE can obtain the spatial diver-
sity gain, and hence, it can significantly extend the coverage
area compared to direct transmission. Multi-antenna ANC
transmission with J=2 can extend the normalized radius of
coverage area to rcover = 0.8 (rcover = 0.9) for uplink (down-
link). It is seen from Figs. 9 and 10 that the performance
difference between uplink and downlink in multi-antenna
ANC relay (J = 2) is smaller than that in single-antenna
ANC relay (J = 1). This is because multi-antenna ANC
relay (J > 1) improves the received signal level at both BS
and MT and can make the impact of transferred noise from
RS to both BS and MT sufficiently weak.

Figures 11 and 12 show the spatial distribution of the
average throughput in the cell. 16QAM data modulation is
used and the normalized transmit power to noise power ra-
tio PT /N is set to PT /N=20 dB. It is shown Figs. 11 and 12
that multi-antenna ANC transmission provides higher av-
erage throughput than direct transmission all over the cell.
When MT is located at the cell edge, multi-antenna ANC
transmission with J=2 can provide 6 times (5 times) higher
average downlink (uplink) throughput than direct transmis-
sion. This is because multi-antenna ANC transmission can
achieve the same maximum throughput as direct transmis-
sion while mitigating the impact of the propagation path loss

Fig. 12 Average downlink throughput distribution.

and the shadowing loss.

5. Conclusion

In this paper, we proposed a joint transmit/receive MMSE-
FDE for ANC bi-directional relay communication using a
multi-antenna relay. The proposed scheme performs trans-
mit FDE at RS and receive FDE at BS and MT. The trans-
mit/receive FDE weight is derived so as to minimize the
end-to-end MSE of uplink and downlink. It was shown by
the computer simulation that the joint transmit/receive FDE
can improve the throughput performance compared to either
the transmit FDE only or the receive FDE only. It was also
shown by the computer simulation that multi-antenna SC
ANC relay with joint transmit/receive FDE can significantly
reduce the transmit power for the given throughput and can
extend the coverage area compared to direct transmission.

In this paper, we discussed to what extent the proposed
joint transmit/receive FDE improves the throughput perfor-
mance compared to conventional transmission schemes (i.e.,
direct transmission and ANC single-antenna relay). The
performance comparison to physical-layer network coding
(PNC) [17] is an interesting future study.
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