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ABSTRACT In this paper, we demonstrate the impact of channel aging on the spectral- and energy-
efficiency performance of the multi-pair two-way massive MIMO relay (MTW-MMR) systems, where
massive antennas are deployed at the relay and the amplify-and-forward (AF) protocol is operated. By assum-
ing the maximum-ratio combining/maximum-ratio transmission (MRC/MRT) or zero-forcing reception/
zero-forcing transmission (ZFR/ZFT) relaying processing, we analyze the spectral efficiency (SE) and
energy efficiency (EE) of the MTW-MMR systems experiencing both imperfect channel estimation and
channel aging based on the four proposed power-scaling schemes. Furthermore, we compare the perfor-
mance of the full-duplex (FD)-assisted MTW-MMR systems with that of the half-duplex (HD)-assisted
MTW-MMR systems, showing that the FD mode outperforms the HD mode with the interference level
not exceeding −15 dB. Our studies show that channel aging may significantly degrade the achievable
performance in terms of SE and EE. However, the inter-pair interference caused by the other user pairs
and the self-interference can be effectively mitigated by the MRC/MRT processing or ZFR/ZFT processing
at the relay.

INDEX TERMS Massive MIMO, two-way relay, full-duplex, half-duplex, channel aging, maximum-ratio
combining/maximum-ratio transmission, zero-forcing reception/zero-forcing transmission, spectral-
efficiency, energy-efficiency.

I. INTRODUCTION
The 5th generation (5G) mobile communication systems [2]
demand higher spectral-efficiency (SE) and higher energy-
efficiency (EE) [3], [4]. In order to achieve these objec-
tives, massive multiple-input multiple-output (MIMO) [5],
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cooperative communications [6], and full-duplex (FD)
[7]–[9] have been drawn a lot of attention. According to liter-
ature [5], massive MIMO is capable of effectively enhanc-
ing the SE and EE via providing a large array gain and a
spatial multiplexing gain. By contrast, cooperative relaying
is capable of extending coverage and increasing diversity
gain without consuming extra power. Among the various
cooperative relaying schemes, the two-way relaying allows
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two users to exchange their information with the aid of a
relay, and hence has been recognized as an efficient scheme
for achieving high SE in contrast to the traditional one-way
relaying [10]. Furthermore, the concept of massive MIMO
has been introduced to the two-way relay systems in order
to further improve their SE and EE [11]. On the other side,
owing to the capability to simultaneously transmit and receive
on the same frequency, FD technologies can significantly
enhance the systems SE in comparison to the conventional
half-duplex (HD) technologies [12], besides, the two-path
successive relay system [13] mimicking an FD relay system
can also improve the system SE.

The interference cancellation and the interference
mitigation have been widely studied in 5G communication
systems [14], [15]. Recently, massive MIMO has been intro-
duced to the FD-assisted two-way relay systems in order to
suppress the loop interference in the spatial domain [16].
The authors in [17], [18] proposed a multi-pair two-way
massive MIMO relay (MTW-MMR) system operated in the
FD mode, and studied its performance under perfect channel
state information (CSI) and when employing maximum-ratio
combining/maximum-ratio transmission (MRC/MRT) relay
processing. However, assuming the perfect CSI is unrealistic.
Thus, the authors in [19] concentrated on the FD-assisted
MTW-MMR systems with imperfect CSI, when the zero-
forcing reception/zero-forcing transmission (ZFR/ZFT) relay
processing is employed. In literature [20], the sum rate
of the FD-assisted MTW-MMR systems with MRC/MRT
relay processing was considered, and in [21], the asymptotic
sum-rate the authors of the FD-assisted TW-MMR systems
with ZFR/ZFT relay processing considering the impact of
antenna correlation was studied. While in [22], the SE and
EE performance of the FD-assisted MTW-MMR systems
were studied when assuming imperfect CSI and consid-
ering several power scale schemes. By assuming perfect
CSI or imperfect CSI, the SE and EE of the FD-assisted
MTW-MMR systems were investigated and compared when
MRC/MRT and ZFR/ZFT relay processing schemes were
considered [23].

When assuming the HD mode, the authors in [24] investi-
gated the ergodic rate of a massiveMIMO supported two-way
relay network with perfect CSI. In the case of imperfect
CSI, the authors in [25], [26] studied the SE and EE perfor-
mance of a MTW-MMR system operated in the HD mode
withMRC/MRT relay processing. Furthermore, the impact of
co-channel interference (CCI) and pilot contamination were
considered in [27] to investigate the achievable performance
of the MTW-MMR system operated in the HD mode. Later,
the authors in [28] presented a FD-assisted massive MIMO
two-way relay cellular network, and compared its achiev-
able performance with the HD relaying mode. Similarly,
in [29], the performance of the FD-assisted TW-MMR sys-
tem with MRC/MRT relay processing operated under either
the FD mode or the HD mode was studied and compared,
when four power-scaling cases were considered. Moreover,
in [30]–[34], the SE and EE of both the FD-assisted

and HD-assisted MTW-MMR systems were respectively
investigated and compared, when assuming imperfect CSI,
and MRC/MRT or ZFR/ZFT relay processing, and when
communicating over the Ricean fading channels. Besides,
the authors in [35]–[38] studied the power-allocation prob-
lem in order to maximize the system performance of the
TW-MMR systems.

In addition to CSI, channel aging is another factor hav-
ing a big impact on the achievable performance of wireless
communication systems. Channel aging represents the phe-
nomenon causing the mismatch between the channels applied
for precoding/detection and the real channels due to delay.
Channel aging was studied in the context of massive MIMO
systems operated in different scenarios [39]–[45]. Specifi-
cally for relay communications, the authors in [46] investi-
gated the SE of the multi-pair massive MIMO relay networks
with the MRC/MRT relay processing, when channel aging
effect is considered. By contrast, the sum-rate of a single-
pair FD-assisted TW-MMR systemwith theMRC/MRT relay
processing was studied in [47] by taking the channel aging
into account.

From literature, we can observe that the FD-assisted
MTW-MMR system with both perfect and imperfect CSI has
been well studied. However, the channel aging effect has not
been sufficiently analyzed in the context of the MTW-MMR
systems operated in the FD mode. Note that multi-pair sys-
tems are more general and complex than single-pair systems,
as there are more types of interference in multi-pair FD sys-
tems, including inter-pair interference, inter-user interference
and self-loop interference, which can result in the losses of
SE and EE.

In this paper, we investigate the SE and EE of the
MTW-MMR systems, when jointly considering the imperfect
CSI and channel aging effect. Both FD mode and HD mode
are considered to characterize the system performance.When
the MRC/MRT or ZFR/ZFT relay processing is employed,
the asymptotic SE and EE of the FD-assisted and HD-assisted
MTW-MMR systems are derived under the proposed four
power scaling schemes. With the aid of numerical and sim-
ulation results, we compare the SE and EE between the
FD-assisted and HD-assisted MTW-MMR systems, showing
that the FD scheme outperforms the HD scheme. Moreover,
our studies show that both the inter-pair interference and self-
interference can be effectively eliminated by the MRC/MRT
processing or ZFR/ZFT processing operated at the relay.
However, the channel aging usually leads to the reduction
of SE and EE. Our main contributions in this paper can be
summarized as follows:
• To the best of our knowledge, we are the first to jointly
consider the imperfect CSI and channel aging in the
context of the MTW-MMR systems.

• With the transmit power of the users or the trans-
mit power of the relay remaining constant or scaling
down to 1/N , respectively, we propose four power
scaling schemes. Under these power scaling schemes,
the asymptotic SE and EE of the FD-assisted and
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HD-assisted MTW-MMR systems with MRC/MRT
or ZFR/ZFT relay processing are derived.

• The SE and EE of the FD-assisted MTW-MMR systems
and that of the HD-assisted MTW-MMR systems are
investigated and compared based on theoretical analysis
and simulations.

The rest of the paper is organized as follows. Section II
describes the system model. In Section III, we analyze the
asymptotic SE and EE of the FD-assisted and HD-assisted
MTW-MMR systems, when different operational scenar-
ios are considered. Simulation results are provided in
Section IV, and finally we draw the conclusions from research
in Section V.

Notations: Boldface uppercase and boldface lowercase
variables representmatrices and column vectors, respectively.
(·)T , (·)H , (·)∗, (·)−1, Tr (·), ‖·‖, and E {·} stand for the
transpose, conjugate transpose, conjugate, inverse of amatrix,
trace of a square matrix, Euclidean norm and the expectation,
respectively. CN

(
µ, σ 2

)
denotes a complex Gaussian distri-

bution with a mean of µ and a variance of σ 2. IN denotes an
(N × N ) identity matrix.

FIGURE 1. Schematic diagram for the multi-pair massive MIMO two-way
relay system employing full-duplex AF protocol.

II. SYSTEM MODEL
Consider a MTW-MMR system with the amplify-forward
(AF) protocol. As shown in Fig. 1, there are K pairs of user
nodes, and the mth pair of (S2m−1, S2m) (m = 1, · · · ,K )
communicate with each other via a relay node equipping with
a massive number of antennas. We assume that the users in
{S2K−1} and those in {S2K } are sufficiently separated, mak-
ing the interference between them ignorable. Furthermore,
we assume a flat-fading channel model, and that the channel
coefficients remain constant within one symbol duration, and
change slowly from one symbol to another.

A. SIGNAL TRANSMISSION
In the considered system of Fig. 1, all nodes are assumed to
be operated in the FD mode, and each user is equipped with
two antennas, in which one is for signal transmission and the
other one is for receiving. By contrast, the relay node has N
transmit antennas and N receive antennas.

At time instant n, Sk , k = 1, 2, · · · 2K , transmits the signal
of
√
PSxk (n) to the relay node, and the relay node broadcasts

the signal xR (n) ∈ CN×1 to all the 2K users. We assume
that all users experience the same average power constraint
of PS and hence, we have E

{
|xk (n)|2

}
= 1. The power con-

straint on the relay is denoted by PR, which is experienced as
Tr
(
E
{
xR(n)xHR (n)

})
≤ PR. Based on the above assumptions,

the received signals at the relay and at user k can be written as

yFDR (n) =
2K∑
k=1

huk
√
PSxk (n)+HRRxR(n)+ zR(n)

=

√
PSHux(n)+HRRxR(n)+ zR(n), (1)

yFDk (n) = hTdkxR(n)+
∑
i,k∈Uk

Sk,i
√
PSxi(n)+ zk (n), (2)

where the superscript ‘FD’ is for ‘full-duplex’. In (1) and
(2) we define the set Uk = {1, 3, · · · , 2K − 1} or Uk =
{2, 4, · · · , 2K }, determined by the index k in (2),
x (n) = [x1 (n) , x2 (n) , · · · , x2K (n)]T . Furthermore, in (1),
we define Hu = [hu1,hu2, · · · ,hu2K ], where huk ∈ CN×1

denotes the channels from the transmit antenna of Sk to
the receive antenna array at the relay. Similarly, we define
Hd = [hd1,hd 2, · · · ,hd 2K ] for (2), where hTdk ∈ C1×N

contains the channels from the transmit antenna array of the
relay to the receive antenna of Sk . We assume that Hu and
Hd can be expressed as Hu = FuG

1/2
u and Hd = FdG

1/2
d ,

respectively, whereFu andFd stand for the small-scale fading
with their elements being i.i.d. random variables obeying
the distribution of CN (0, 1), while Gu and Gd are diagonal
matrices taking into account of the large-scale fading, with
the kth diagonal elements of Gu and Gd denoted as σ 2

uk
and σ 2

dk , respectively. In (1), HRR ∈ CN×N yields the
self-loop interference at the relay, the elements of HRR are
random variables obeying the i.i.d. CN

(
0, σ 2

RR

)
. By contrast,

in (2), Sk,i obeying the i.i.d. CN
(
0, σ 2

k,i

)
represents the inter-

user interference, when i, k ∈ Uk , i 6= k and the self-loop
interference, when i = k , on the Sk . Finally, in (1) and (2),
zR (n) ∈ CN×1 and zk (n) are additive white Gaussian noise
(AWGN) at the relay and at Sk , the elements of which obey the
distributions of CN

(
0, σ 2

nr
)
and of CN

(
0, σ 2

n
)
, respectively.

During the nth symbol period, the relay amplifies the signal
yFDR (n− 1) received during the (n− 1)th symbol period, and
broadcasts it to the 2K users. Thus, we have

xR(n) = WR(n)yFDR (n− 1) = α(n)W (n)yFDR (n− 1), (3)

whereWR(n) is the amplification matrix, α(n) is the amplifi-
cation factor, and W (n) is the processing matrix used by the
relay for preprocessing. Thus, we haveWR(n) = α(n)W (n).

Upon substituting (1) and (3) into (2), the received signal
at Sk is given by

yFDk = αh
T
dkWhuk ′

√
PSxk ′ + αhTdkWhuk

√
PSxk

+αhTdkW
2K∑
j=1
j6=k,k ′

huj
√
PSxj +

∑
i,k∈Uk

Sk,i
√
PSxi

+αhTdkWHRRxR + αhTdkWzR + zk , (4)

46016 VOLUME 7, 2019



L. Li et al.: Spectral- and Energy-Efficiency of MTW-MMR Systems Experiencing Channel Aging

where the index (n − 1) and n are omitted for convenience
of presentation. In detail, in (4), the first term is the desired
signal sent from user k ′ to user k , here, k ′ = 2m or k ′ =
2m− 1, k = 2m− 1 or k = 2m, when assuming that there is
a user pair (Sk , Sk ′ ), the second term is the self-interference
reflected by the user k . After some necessary self-interference
cancellation in the propagation and analog domains [48],
the second term can be effectively eliminated. The third term
is the inter-pair interference caused by the other (K − 1) user
pairs. The fourth term consists of the self-loop interference
and the inter-user interference as seen in (2). The fifth and
sixth terms are the self-loop interference and noise received
from the relay, respectively. And finally, the last term is the
AWGN added at Sk .
When substituting (1) into (3) and applying the power con-

straint of Tr
(
E
{
xR(n)xHR (n)

})
≤ PR on the relay, we obtain

α (n) =

√
PR

PS ·11 (n)+ σ 2
nr ·12 (n)+13 (n)

, (5)

where 11(n), 12(n) and 13(n) are, respectively, defined as

11 (n) = Tr
(
W (n)Hu (n− 1)HH

u (n− 1)W (n)H
)
, (6)

12 (n) = Tr
(
W (n)W (n)H

)
, (7)

13 (n) = PRTr
[(
W (n)HRRHH

RRW (n)
H
)]
. (8)

In contrast to the FD systems, the HD systems don’t suffer
from the self-loop interference and the inter-user interference,
as that described in the context of (4). Thus, with all the nodes
operated in the HDmode, the received signals at the relay and
at user k can be given, respectively, as

yHDR (n) =
2K∑
k=1

huk
√
PSxk (n)+ zR(n)

=

√
PSHux(n)+ zR(n), (9)

yHDk (n) = hTdkxR(n)+ zk (n), (10)

where the superscript ‘HD’ is for ‘half-duplex’. Furthermore,
in (10)

xR(n) = α(n)W (n)yHDR (n− 1). (10a)

Similarly to (4), after omitting the indices (n − 1) and n,
the received signal at Sk can be written as

yHDk = αh
T
dkWhuk ′

√
PSxk ′ + αhTdkWhuk

√
PSxk

+αhTdkW
2K∑
j=1
j6=k,k ′

huj
√
PSxj + αhTdkWzR + zk . (11)

Accordingly, applying the relay power constraint, α (n) in
(10a) is given by

α (n) =

√
PR

PS ·11 (n)+ σ 2
nr ·12 (n)

, (12)

associated with the definition

11 (n)=Tr
(
W (n)Hu (n−1)HH

u (n−1)W (n)
H
)
, (13)

12 (n) = Tr
(
W (n)W (n)H

)
. (14)

In comparison with (4), we observe that the self-loop
interference and inter-user interference do not exist in (11)
in the HD mode, but at the cost of halving the data rate at the
extreme case.

B. CHANNEL ESTIMATION
Having provided the signal models, let us now consider the
channel estimation issue. In FD mode, signals are transmit-
ted simultaneously on both uplink users-to-relay and down-
link relay-to-users channels, which interfere with each other,
resulting in the challenges on channel estimation. In our
study, we do not assume the reciprocity between the up and
down links, but assume that the uplink and downlink channels
are estimated separately, in order to obtainmore accurate CSI.

In detail, we assume that CSI is estimated at the time
instant 0. Specifically, the relay estimates the uplink channels
using the uplink pilots sent by the 2K users. We assume that
the length of pilot sequences is τu, and that the pilot matrix
for uplink channel estimation is expressed as Xu

∈ C2K×τu ,
which satisfies Xu(Xu)H = I2K . Then, the signals received
at the relay for channel estimation can be expressed as [39]

Yu (0) =
√
τuPSHu (0)Xu

+ Zu (0) , (15)

where Zu ∈ CN×τu is the AWGN obeying the i.i.d. CN (0, 1),
PS is the power received from the pilots, whileHu (0) are the
channels to be estimated.

Assuming the minimum-mean-square-error (MMSE)
channel estimation [49], the estimate to Hu (0) is then
given by

H̃u (0) =
(
Hu (0)+

1
√
τuPS

Zu (0)
(
Xu)H)

×

(
1

τuPS
G−1u + I2K

)−1
, (16)

where I2K is a (2K × 2K ) identity matrix. Note that specifi-
cally, huk (0) can be expressed as

huk (0) = h̃uk (0)+1huk (0) , (17)

where it can be shown that each element of h̃uk (0) is a com-
plex Gaussian random variable distributed with zero mean

and a variance of σ̂ 2
uk =

τuPSσ 4uk
1+τuPSσ 2uk

, 1huk (0) is the estimation

error yielded by the MMSE estimator, which is independent
of h̃uk (0) owing to the properties of MMSE estimation.

Similarly, the downlink channel vector hdk (0) can be esti-
mated with the aid of the pilots sent by the relay, given as

hdk (0) = h̃dk (0)+1hdk (0) , (18)

where h̃dk (0) and 1hdk (0) have the same explanation as
the corresponding terms in (17). For the following analysis,
we denote the variance of the elements in h̃dk (0) as σ̂ 2

dk .
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C. CHANNEL AGING
In our study, we also consider the impact of channel aging by
introducing the model proposed in [39]. In this model, at time
instant (n+ 1), the uplink channel vector from the kth user to
the relay can be expressed as

huk [n+ 1] = ρhuk [n]+1euk [n+ 1] , (19)

where ρ = J0 (2π fDTS) is the temporal correlation
parameter of the uplink channel, in which J0 (·) is the zeroth-
order Bessel function of the first kind, TS is the chan-
nel sampling duration, and fD is the maximum Doppler
shift [39]. 1euk [n+ 1] is an uncorrelated complex white
Gaussian noise vector with its elements obeying the i.i.d.
CN

(
0,
(
1− ρ2

)
σ 2
uk

)
.

After substituting (17) into (19), we can obtain

huk [n+ 1]

= ρhuk [n]+1euk [n+ 1]

= ρ [ρhuk [n− 1]+1euk [n]]+1euk [n+ 1]

= ρ2huk [n− 1]+ ρ1euk [n]+1euk [n+ 1]

= ρn+1huk [0]+ ρn1euk [1]+ · · · + ρ1euk [n]

+1euk [n+ 1]

= ρn+1h̃uk [0]+ ρn+11huk [0]+ ẽuk [n+ 1] , (20)

where ẽuk [n+ 1] =
n∑
i=0
ρi1euk [n+ 1− i], and n =

0, 1, 2, · · · . We express

huk [n] = h̃uk [n]+ euk (n) , (21)

where h̃uk [n] = ρnh̃uk [0], euk (n) = ρn1huk [0] + ẽuk [n].
It can be shown that each entry of euk (n) is a Gaussian
random variable with zero mean and a variance of σ 2

euk (n) =

σ 2
uk − ρ

2n τuPSσ 4uk
1+τuPSσ 2uk

. Consequently, when considering all the

2K users, Hu[n] can be expressed as

Hu[n] = ρnH̃u [0]+ Eu[n], (22)

where Eu[n] = ρn1Hu [0] + Ẽu [n] with 1Hu [0] =
[1hu1 [0] ,1hu2 [0] , · · · ,1hu2K [0]] and Ẽu [n]
=
[
ẽu1 [0] , ẽu2 [0] , · · · , ẽu2K [0]

]
.

Similarly, when considering the downlink scenario,
we have

hdk [n] = h̃dk [n]+ edk (n) , (23)

where h̃dk [n] = φnh̃dk [0], edk (n) = φn1hdk [0] + ẽdk [n]
with φ denoting the correlation coefficient. Furthermore,
the elements of edk (n) obey the i.i.d. CN (0, σ 2

edk (n)) with

σ 2
edk (n) = σ

2
dk − φ

2n τdPRσ 4dk
1+τdPRσ 2dk

. Moreover, when considering

all 2K downlink channels, we have

Hd [n] = φnH̃d [0]+ Ed [n], (24)

where Ed [n] = ρn1Hd [0] + Ẽd [n] with 1Hd [0] =
[1hd1 [0] ,1hd2 [0] , · · · ,1hd2K [0]] and Ẽd [n] = [ẽd1 [0] ,
ẽd2 [0] , · · · , ẽd2K [0]].

D. SPECTRAL-EFFICIENCY AND ENERGY-EFFICIENCY
In the FD relay systems, the system’s SE during the transmis-
sion of the nth symbol can be expressed as

SE(n) = E

{
2K∑
k=1

log2 (1+ γk (n))

}
, (25)

where the SINR is

γk (n) =
Pk (n)
PI (n)

, n = 1, 2, · · · , (26)

where Pk (n) denotes the power of the desired signal, while
PI (n) denotes the total power of channel estimation errors,
interference and noise.

Accordingly, the EE can be evaluated as the ratio between
the system’s SE and the total power consumption of the
system, written as

EE(n) =
SE(n)
Ptotal

, (27)

wherePtotal is the total power consumption at all the users and
at the relay, which is given by Ptotal = 2KPS+PR, according
to our previous consumptions in Section II-A.

Note that, information exchange between pairs of users
in Fig. 1 needs two phases in the HD relay systems.
Correspondingly, the SE of the HD relay systems can be
expressed as

SEHD(n) =
1
2
E

{
2K∑
k=1

log2 (1+ γk (n))

}
, (28)

where γk (n) can be derived from the formula (11).

III. ASYMPTOTIC SPECTRAL-EFFICIENCY AND
ENERGY-EFFICIENCY WITH CHANNEL AGING
In this section, we analyze the SE and EE performance
of the MTW-MMR systems with MRC/MRT or ZFR/ZFT
assisted relay processing, when four proposed power-scaling
schemes are respectively considered, associated with taking
into account of the channel aging effect.

A. MRC/MRT RELAY PROCESSING
At the relay, the MRC/MRT processing matrix can be derived
to be [18]

Wmr = H∗d︸︷︷︸
MRT

T HH
u︸︷︷︸

MRC

, (29)

where T = diag(T1,T2, · · ·TK ), Tm =
[
0 1
1 0

]
, m =

1, 2, · · · ,K . When channel estimation and channel aging are
involved for the nth symbol, the amplification matrixWR(n)
in (3) can be derived as

WR(n) = α (n) W̃mr (n) = α̃ (n) W̃mr (0) , (30)

where α̃ (n) = (ρφ)nα (n), and W̃ (0) is given by

W̃mr (0) = H̃
∗

d (0)TH̃
H
u (0) . (31)
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Based on [50, Lemma 1], for N →∞, we can obtain

h̃
T
dk (0) W̃mr (0) h̃uk ′ (0)

N 2 →

{
σ̂ 2
dk σ̂

2
uk ′ j = k ′,

0 j 6= k ′,
(32)

which implies that the inter-pair interference given by those
users with j 6= k, k ′ and the self-interference for j = k can be
effectively eliminated, as N →∞.

B. ZFR/ZFT RELAY PROCESSING
For the ZFR/ZFT relay processing, the processing matrix can
be given as [49]

W zf = H∗d
(
HT
dH
∗
d

)−1
︸ ︷︷ ︸

ZFT

T
(
HH
u Hu

)−1
HH
u︸ ︷︷ ︸

ZFR

. (33)

Hence, for the nth symbol, the amplification matrix WR(n)
seen in (3) can be expressed as

WR(n) = α (n) W̃ zf (n) = α̃ (n) W̃ zf (0) , (34)

with α̃ (n) = 1
(ρφ)n

α (n), and W̃ zf (0) given by

W̃ zf (0) = H̃
∗

d (0)
(
H̃
T
d (0) H̃

∗

d (0)
)−1

T

×

(
H̃
H
u (0) H̃u (0)

)−1
H̃
H
u (0) . (35)

When channel estimation and channel aging are consid-
ered, explicitly, we have H̃

T
d (0)OW zf (0) H̃u (0) = T , hence

h̃
T
dk (0) W̃ zf (0) h̃uj (0) =

{
1 j = k ′,
0 j 6= k ′,

(36)

which means that all the inter-pair interference and self-
interference are completely removed.

C. SPECTRAL-EFFICIENCY AND ENERGY-EFFICIENCY
OF MTW-MMR SYSTEMS WITH DIFFERENT
POWER SCALING SCHEMES
In this subsection, we derive the expressions for the SE and
EE of the MTW-MMR systems, when four power scaling
schemes are respectively considered. In general, the power
scaling rules can be represented as PS = ES

/
N a and PR =

ER
/
N b with 0 6 a, b 6 1, where ES and ER are fixed val-

ues. Different power scaling rules correspond to the different
values of a and b, as shown below.

1) CASE 1: PS = ES, PR = ER
In the context of Case 1, a = b = 0, giving PS = ES and
PR = ER. Under this power scaling rule, both the trans-
mit power of the users and the transmit power of the
relay are not changed, as the number of antennas of the
relay increases or decreases. Under this operational scenario,
the SE and EE of the MTW-MMR systems employing the
MRC/MRT and ZFR/ZFT relay processing are given by the
following two theorems, respectively.
Theorem 1: There exists at least one Nash equilibrium for

the differential game.

Assuming the MRC/MRT relay processing based on the
aged CSI, the asymptotic SE and EE of the MTW-MMR
systems can be expressed as

SEFDmr (n) = 2K · log2

(
1+

ρ2(n−1)φ2nES
(
σ̂ 2
dk σ̂

2
uk ′
)2

ESamr + ERbmr

)
,

(37)

EEFDmr (n) =

2K · log2

(
1+

ρ2(n−1)φ2nES
(
σ̂ 2dk σ̂

2
uk′

)2
ESamr+ERbmr

)
2K · ES + ER

, (38)

SEHDmr (n) = K · log2

(
1+

ρ2(n−1)φ2n
(
σ̂ 2
dk σ̂

2
uk ′
)2

amr

)
, (39)

EEHDmr (n) =

K · log2

(
1+

ρ2(n−1)φ2n
(
σ̂ 2dk σ̂

2
uk′

)2
amr

)
2K · ES + ER

, (40)

for n = 1, 2, · · · .
Proof 1: See Appendix A.
In the above formulas, the term PSamr denotes the channel

estimation errors, and the term PRbmr denotes the self-loop
interference on the relay. From (37) and (38), we observe
that in the FD-assisted MTW-MMR systems, the self-loop
interference and inter-user interference on a user, as well as
the noise on the relay and users can be successfully removed
by employing a big number of antennas at the relay, while
the channel estimation errors and self-loop interference on the
relay still exist. By contrast, as seen in (39) and (40) in the HD
systems, the self-loop interference on the relay disappears,
as N →∞.
Theorem 2: When the ZFR/ZFT relay processing based

on aged CSI is employed, the asymptotic SE and EE of the
MTW-MMR systems for n = 1, 2, · · · are given by

SEFDzf (n) = 2K · log2

(
1+

ρ2(n−1)φ2nES
ESazf + ERbzf

)
, (41)

EEFDzf (n) =
2K · log2

(
1+ ρ2(n−1)φ2nES

ESazf+ERbzf

)
2K · ES + ER

, (42)

SEHDzf (n) = K · log2

(
1+

ρ2(n−1)φ2n

azf

)
, (43)

EEHDzf (n) =
K · log2

(
1+ ρ2(n−1)φ2n

azf

)
2K · ES + ER

. (44)

Proof 2: See Appendix B. �
In the above formulas, with the case of ZFR/ZFT relay

processing, the term PSazf denotes the channel estimation
errors, and the term PRbzf denotes the self-loop interference
on the relay.When comparing (41)-(44) correspondinglywith
(37)-(40), we can find that in Case 1, the asymptotic SE
and EE of the MTW-MMR systems employing ZFR/ZFT
processing have similar forms as that of the MTW-MMR
systems with MRC/MRT processing. As shown in (41)-(44),
both the SE and EE decrease as the uplink channel correlation
coefficient ρ or the downlink channel correlation coefficient
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φ decreases. This is because, as the channels become less cor-
related, or the channel aging effect becomes severer, the CSI
estimated at t = 0 becomes less reliable at time n increases,
and hence, resulting in the loss of SE and EE.

2) CASE 2: PS = ES, PR = ER/N
For Case 2 of power scaling, we have a = 0 and b = 1. This
corresponds to the operational scenario where the transmit
power of a user does not change, regardless of the number
of antennas deployed at the relay. By contrast, the transmit
power of the relay is linearly decreased with the increase of
the number of antennas deployed at the relay.
Theorem 3: When channel aging is considered, the asymp-

totic SE and EE of the MTW-MMR systems employing the
MRC/MRT relay processing can be expressed as

SEFDmr (n)

= 2K · log21+ ρ2(n−1)φ2nER
(
σ̂ 2
dk σ̂

2
uk ′
)2

ERamr+ρ2(n−1)
2K∑
i=1
σ̂ 2
diσ̂

4
ui′

( ∑
i,k∈Uk

σ 2
k,iES+σ

2
n

)
 ,
(45)

EEFDmr (n)

=

log2

1+
ρ2(n−1)φ2nER

(
σ̂ 2dk σ̂

2
uk′

)2
ERamr+ρ2(n−1)

2K∑
i=1
σ̂ 2diσ̂

4
ui′

( ∑
i,k∈Uk

σ 2k,iES+σ
2
n

)


ES
,

(46)

SEHDmr (n)

= K · log2

1+
ρ2(n−1)φ2nER

(
σ̂ 2
dk σ̂

2
uk ′
)2

ERamr + ρ2(n−1)
2K∑
i=1
σ̂ 2
diσ̂

4
ui′σ

2
n

 , (47)

EEHDmr (n)

=

log2

1+
ρ2(n−1)φ2nER

(
σ̂ 2dk σ̂

2
uk′

)2
ERmra+ρ2(n−1)

2K∑
i=1
σ̂ 2diσ̂

4
ui′
σ 2n


2ES

, (48)

for n = 1, 2, · · · .
Proof 3: See Appendix C. �
From (45)-(46), we can observe that, in the FD mode,

the self-loop interference and noise reflected by the relay can
be effectively removed, as N approaches infinity. However,
the channel estimation errors, noise from user k , self-loop
interference and inter-user interference on user k cannot be
mitigated. This is because, in Case 2, the transmit power of a
user remains constant, while the transmit power of the relay
is decreased with the increase of the number of antennas at
the relay. As the transmit power sent by the relay becomes

lower and lower, the power of the users becomes so strong,
which results in the severe self-loop interference and inter-
user interference, that cannot be removed by employing a
large number of antennas at the relay. By contrast, when
operated in the HD mode as shown in (47)-(48), the self-
loop interference and inter-user interference on user k can
be removed in comparison to that in (45)-(46), owing to the
transmission characteristics in the HD mode.
Theorem 4: When the ZFR/ZFT relay processing based

on aged CSI is employed, the asymptotic SE and EE of the
MTW-MMR systems operated in Case 2 are given by

SEFDzf (n)

= 2K · log2

×

1+ ρ2(n−1)φ2nER

ERazf +ρ2(n−1)
2K∑
i=1

1
σ̂di

( ∑
i,k∈Uk

σ 2
k,iES + σ

2
n

)
 ,
(49)

EEFDzf (n)

=

log2

1+ ρ2(n−1)φ2nER

ERazf+ρ2(n−1)
2K∑
i=1

1
σ̂di

( ∑
i,k∈Uk

σ 2k,iES+σ
2
n

)


ES
, (50)

SEHDzf (n)

= K · log2

1+
ρ2(n−1)φ2nER

ERazf + ρ2(n−1)
2K∑
i=1

1
σ̂di
σ 2
n

 , (51)

EEHDzf (n)

=

log2

1+ ρ2(n−1)φ2nER

ERazf+ρ2(n−1)
2K∑
i=1

1
σ̂di
σ 2n


2ES

, (52)

for n = 1, 2, · · · .
Proof 4: See Appendix D. �
When comparing (49)-(52) with (45)-(48), we can see that

the SE and EE expressions under the ZFR/ZFT relay process-
ing are similar to that under the MRC/MRT relay processing.
In (49)-(50), the self-loop interference and noise on the relay
can be removed owing to the effect of massive antennas at the
relay.Moreover, in (50) and (52), we observe that the transmit
power of the users becomes a factor limiting the EE. This is
because the transmit power of the relay decreases making the
impact of PR on the EE become less important, while PS on
the EE becomes dominant.

3) CASE 3: PS = ES/N, PR = ER/N
In Case 3, both the transmit power of a mobile user and the
transmit power of the relay are linearly scaled down, as the
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SEFDmr (n) = 2K · log2

1+
ρ2(n−1)φ2nERES

(
σ̂ 2
dk σ̂

2
uk ′
)2

ERESamr + E2
Rbmr + σ

2
nrERdmr + ESσ 2

n ρ
2(n−1)

2K∑
i=1
σ̂ 2
diσ̂

4
ui′

 , (53)

EEFDmr (n) =

N · 2K · log2

1+
ρ2(n−1)φ2nERES

(
σ̂ 2dk σ̂

2
uk′

)2
ERESamr+E2

Rbmr+σ
2
nrERdmr+ESσ 2n ρ2(n−1)

2K∑
i=1
σ̂ 2diσ̂

4
ui′


2K · ES + ER

, (54)

SEHDmr (n) = K · log2

1+
ρ2(n−1)φ2nERES

(
σ̂ 2
dk σ̂

2
uk ′
)2

ERESamr + σ 2
nrERdmr + ESσ 2

n ρ
2(n−1)

2K∑
i=1
σ̂ 2
diσ̂

4
ui′

 , (55)

EEHDmr (n) =

N · K · log2

1+
ρ2(n−1)φ2nERES

(
σ̂ 2dk σ̂

2
uk′

)2
ERESamr+σ 2nrERdmr+ESσ 2n ρ2(n−1)

2K∑
i=1
σ̂ 2diσ̂

4
ui′


2K · ES + ER

, (56)

number of antennas at the relay increases. Therefore, we have
a = b = 1. In this case, the SE and EE of the MTW-MMR
systems in FD or HD mode are given by the following two
theorems.
Theorem 5: When the MRC/MRT relay processing based

on aged CSI is employed, the asymptotic SE and EE of
the MTW-MMR systems can be expressed as (53)–(56), as
shown at the top of this page, for n = 1, 2, · · · .
Proof 5: See Appendix E.
As shown in (53), when the MTW-MMR system is oper-

ated in Case 3, only the self-loop interference and inter-user
interference on the users can be eliminated, when N → ∞.
By contrast, when operated in Case 1, as shown in (37),
the noise from the relay and from user k , self-loop interfer-
ence and inter-user interference on user k can all be removed,
asN →∞. Consequently, the SE of the MTW-MMR system
in Case 3 is smaller than that of the MTW-MMR system in
Case 1. In terms of the EE of Case 3, the transmit power of the
relay PR and that of the users PS decrease with the increase of
the number of antennas at the relay. Hence, it is shown that the
EE increases as PS and PR decrease. Furthermore, when the
number of antennas at the relay increases, the EE increases
linearly, leading to EEFDmr (n) → ∞ and EEHDmr (n) → ∞,
as N →∞.
Theorem 6: When the ZFR/ZFT relay processing based

on aged CSI is employed, the asymptotic SE and EE of the
MTW-MMR system can be expressed as

for n = 1, 2, · · · .
Proof 6: See Appendix F. �
In the case of ZFR/ZFT relay processing, we observe that

the asymptotic SE and EE of the MTW-MMR systems under
the ZFR/ZFT processing as shown in (57)-(60), as shown
at the top of the next page, are similar with that under the

MRC/MRT relay processing shown in (53)-(56). The EE in
(58) and (60) tend to infinity, when N approaches infinity,
for the similar reason explained for (54) and (56). Therefore,
we can draw the conclusion that the EE in Case 3 is the
largest among the four cases considered, as shown in Fig. 5 in
Section IV.

4) CASE 4: PS = ES/N, PR = ER
In this power scaling case, we set a = 1 and b = 0.
Therefore, the transmit power of a user linearly scales
down with N increasing, while the transmit power of the
relay remains constant, regardless of the number of anten-
nas employed by the relay. In this case, the SE and EE
of the MTW-MMR systems with MRC/MRT and ZFR/ZFT
relay processing are summarized by Theorems 7 and 8,
respectively.
Theorem 7: When the MRC/MRT relay processing based

on aged CSI is employed, the asymptotic SE and EE of the
MTW-MMR system can be expressed as

SEFDmr (n)

= 2K · log2

(
1+

ρ2(n−1)φ2nES
(
σ̂ 2
dk σ̂

2
uk ′
)2

ESamr + NERbmr + σ 2
nrdmr

)
, (61)

EEFDmr (n)

=

2K · log2

(
1+

ρ2(n−1)φ2nES
(
σ̂ 2dk σ̂

2
uk′

)2
ESamr+NERbmr+σ 2nrdmr

)
ER

, (62)

SEHDmr (n)

= K · log2

(
1+

ρ2(n−1)φ2nES
(
σ̂ 2
dk σ̂

2
uk ′
)2

ESamr + σ 2
nrdmr

)
, (63)
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SEFDzf (n) = 2K · log2

1+
ρ2(n−1)φ2nESER

ESERazf + E2
Rbzf +σ

2
nrERdzf +ESσ 2

n ρ
2(n−1)

2K∑
i=1

1
σ̂di

 , (57)

EEFDzf (n) =

N · 2K · log2

1+ ρ2(n−1)φ2nESER

ESERazf+E2
Rbzf+σ

2
nrERdzf+ESσ 2n ρ2(n−1)

2K∑
i=1

1
σ̂di


2K · ES + ER

, (58)

SEHDzf (n) = K · log2

1+
ρ2(n−1)φ2nESER

ESERazf + σ 2
nrERdzf + ESσ 2

n ρ
2(n−1)

2K∑
i=1

1
σ̂di

 , (59)

EEHDzf (n) =

N · K · log2

1+ ρ2(n−1)φ2nESER

ESERazf+σ 2nrERdzf+ESσ 2n ρ2(n−1)
2K∑
i=1

1
σ̂di


2K · ES + ER

, (60)

EEHDmr (n)

=

K · log2

(
1+

ρ2(n−1)φ2nES
(
σ̂ 2dk σ̂

2
uk′

)2
ESamr+σ 2nrdmr

)
ER

, (64)

for n = 1, 2, · · · .
Proof 7: See Appendix G.
In the FD mode, as shown in (61), the SE decreases, as the

transmit/receive antennas at the relay N increases. When
N → ∞, it can be shown that SEFDmr (n) → 0, resulting in
that EEFDmr (n) → 0. The SE decreases with the γk (n) =
Pk (n)
PI (n)

decreasing, in this case, when N increases, the transmit
power of the users decrease, leading to the decrease of Pk (n),
therefore, the SE approaches 0 when N → ∞ in Case 4.
By contrast, in the HDmode, the self-loop interference on the
relay, the self-loop interference, inter-user interference and
noise at the user k can be effectively removed, only the noise
at the relay and channel estimation errors remain in (63),
as N →∞.
Theorem 8: When the ZFR/ZFT relaying processing

based on the aged CSI is employed, the asymptotic SE and
EE of the MTW-MMR system can be expressed as

SEFDzf (n) = 2K · log2

(
1+

ρ2(n−1)φ2nES
ESazf + NERbzf + σ 2

nrdzf

)
,

(65)

EEFDzf (n) =
2K · log2

(
1+ ρ2(n−1)φ2nES

ESazf+NERbzf+σ 2nrdzf

)
ER

, (66)

SEHDzf (n) = K · log2

(
1+

ρ2(n−1)φ2nES
ESazf + σ 2

nrdzf

)
, (67)

EEHDzf (n) =
K · log2

(
1+ ρ2(n−1)φ2nES

ESazf+σ 2nrdzf

)
ER

, (68)

for n = 1, 2, · · · .
Proof 8: See Appendix H. �
In this case, the expressions of SE and EE as shown in

(65)-(68) are similar with that shown in (61)-(64). It is shown
that SEFDzf (n)→ 0 and EEFDzf (n)→ 0 due to the big number
of antennas at the relay in the FD mode. In comparison to
(67)-(68) in the HD mode, we can learn that the SE and EE
in Case 4 of the HD mode are larger than the corresponding
SE and EE in the FD mode, when N approaches infinity.

D. SPECTRAL-EFFICIENCY AND ENERGY-EFFICIENCY
COMPARISON BETWEEN DIFFERENT
POWER SCALING SCHEMES
In this subsection, we summarize the characteristics of the
four proposed power scaling schemes. For convenience of
comparison, we show a table as Table 1 to depict the differ-
ences. Note that, since the SE and EE under the MRC/MRT
relay processing and the ZFR/ZFT relay processing are very
similar, with N → ∞. Hence, they are considered together
without distinction in Table I.

IV. PERFORMANCE RESULTS
In this section, we present the simulation results for the
MTW-MMR systems with the four proposed power scaling
schemes. In our simulations, we assume that PS = 20dB,
PR = 27dB, σ 2

uk = σ 2
dk = σ 2

nr = σ 2
n = 1, and

σ 2
RR = σ 2

k,i = 0.01. Besides, we assume that the temporal
correlation parameters reflecting channel aging satisfy ρ = φ
for convenience.
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TABLE 1. characteristics of the Spectral-Efficiency and Energy-Efficiency of The Four Power Scaling Cases.

A. SPECTRAL-EFFICIENCY
As shown in Fig. 2 (a) and Fig. 2 (b), the SE of the
FD-assisted MTW-MMR systems in Cases 1 ∼ 4 with
the MRC/MRT or ZFR/ZFT relay processing is depicted.
Firstly, given the MRC/MRT or ZFR/ZFT relay processing,
we observe that the SE in Case 1 is the largest among the four
cases, and the SE grows with the increase of N . By contrast,
in Case 4, the SE approaches 0, as N increases, which is in
consistent with the theoretical results obtained through anal-
ysis in Section III. As seen in Fig. 2, in Case 2 and 3, the SE
first increases and then decreases, as N increases. This is
because, when the transmit power at the relay is scaled down
to 1

/
N , the number of relay antennas is the principal factor

determining the achievable SE. However, when N exceeds
a certain value, σ̂ 2

di associated with the downlink channel
estimation becomes more and more unreliable, due to the
reduction of transmit power at the relay, which leads to the
decrease of SE. In addition, we can see that the SE in Case 3 is
larger than the corresponding SE in Case 2.

Secondly, for the same case, it is shown that the SE of
the FD-assisted MTW-MMR systems with ZFR/ZFT relay
processing is superior to that of the FD-assisted MTW-MMR
systems with MRC/MRT relay processing. This is because
inter-pair interference and self-interference can be effec-
tively mitigated by the ZFR/ZFT relay processing, which
is not the case when the MRC/MRT relay processing is
employed. Finally, the SE difference between the MRC/MRT
and ZFR/ZFT relay processing schemes gradually converges,
when the number of relay antennas N increases. The reason
behind is that the inter-pair interference and self-interference
under theMRC/MRT relay processing disappear, asN →∞.

Fig. 3 depicts the effect of channel aging on the SE of the
FD-assisted MTW-MMR systems employing the MRC/MRT
relay processing operated in the Cases 1 ∼ 4. Explicitly,
the SE for a given case increases, when the temporal correla-
tion parameter ρ increases, reflecting that the channel aging
becomes less severe. This is the result that, when the temporal
correlation parameter increases, the channels become more
correlated, making their estimation more reliable, and we can
see that, with the ρ increases, the SE grows faster since the
impact of channel aging is decreasing. Furthermore, from a
quantitative perspective, we can see that in Fig. 3, the SE
degrades about 0.6dB when the temporal correlation param-
eter ρ changes from 1 to 0.9 for Cases 1, the SE degrades
about 2.3dB for Case 2, and the SE degrades about 1.2dB for
Case 3, when ρ = 1, it means that there exists only channel
estimation but no channel aging, thus, in this case, the SE will
be larger than that in ρ = 0.9.

In Fig. 4, we study the SE of the FD-assisted MTW-
MMR systems versus the number of user pairs K in the
cases of 1 ∼ 3, when the MRC/MRT or ZFR/ZFT
relay processing is considered. It is apparent that the SE
in Case 1 is the highest, while that in Case 2 is the
lowest among the three cases. Furthermore, the SE in
Case 2 tends to 0, as K increases, resulted from the severer
inter-user interference under this circumstance. Additionally,
we observe that the SE in Case 1, Case 2 and Case 3 first
increases and then decreases as K increases. This is
because, when K is small, the multiplexing gain domi-
nates the achievable SE. However, when K further increases,
the effect of interference becomes severe, which results in the
loss of SE.
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FIGURE 2. Spectral-efficiency versus N of the MTW-MMR systems
employing the FD relay under MRC/MRT or ZFR/ZFT relay processing.

B. ENERGY-EFFICIENCY
In Fig. 5 (a) and Fig. 5 (b), the EE of the FD-assisted
MTW-MMR systems in the Cases 1 ∼ 4 with MRC/MRT
or ZFR/ZFT relay processing is depicted. As seen in Fig. 5(a),
the EE in Case 1 is larger than that in Case 2, and the EE
in Case 4 is lower than that in Case 2, and approaches 0,
as N → ∞, which in line with the SE shown in Fig. 2.
Furthermore, the tendency of EE in Cases 1, 2 and 4 is the
same as the SE shown in Fig. 2. As shown in Fig. 5 (b),
the EE in Case 3 is the largest among the four cases, owing to
the transmit power of both the relay and the users are scaled
down to 1/N , leading to the increase of EE. Here, in con-
junction with the SE shown in Fig. 2, we can draw the con-
clusion that the FD-assisted MTW-MMR system in Case 3 is
capable of attaining the best performance tradeoff between
SE and EE.

FIGURE 3. Spectral-efficiency versus ρ of the MTW-MMR systems
employing the FD relay operated under the MRC/MRT processing.

FIGURE 4. Spectral-efficiency versus K of the MTW-MMR systems
employing the FD relay operated under the MRC/MRT processing.

Fig. 6 shows the impact of channel aging on the EE of the
FD-assisted MTW-MMR systems, when the ZFR/ZFT relay
processing is considered. It is apparent that the EE increases,
as the temporal correlation increases, as the result that more
reliable channel estimation is attainable. In addition, it is
shown that in Fig. 6, the EE degrades about 0.8dB when the
temporal correlation parameter ρ changes from 1 to 0.9 for
Case 1, the EE degrades about 1.7dB for Case 2, and the
EE degrades about 1.2dB for Case 3. Similarly to the Fig. 3,
the EE grow faster with the ρ becomes larger, and when ρ
grows to 1, the channel aging impact can be ignored.

C. COMPARISON BETWEEN FULL-DUPLEX
AND HALF-DUPLEX MODES
In theHDmode, theMTW-MMR system needs two time slots
to complete one symbol exchange between a pair of users,

46024 VOLUME 7, 2019



L. Li et al.: Spectral- and Energy-Efficiency of MTW-MMR Systems Experiencing Channel Aging

FIGURE 5. Energy-efficiency of the FD-assisted MTW-MMR systems under
MRC/MRT or ZFR/ZFT principles.

while only one time slot is required in the FDmode. However,
the self-loop interference and inter-user interference exist-
ing in the FD-assisted MTW-MMR system do not exist in
the HD-assisted MTW-MMR system. In Fig. 7, we com-
pare the SE of the FD-assisted MTW-MMR systems with
that of the corresponding HD-assisted MTW-MMR systems,
in terms of the power of self-loop interference and inter-user
interference, expressed as σ 2

= σ 2
RR = σ 2

k,i. For N = 500,
we observe that the FD mode outperforms the HD mode,
provided that σ 2 is smaller than −15dB. In this case, the FD
mode can efficiently exploit the time resources. However,
when σ 2 becomes larger than −15dB, the SE of the HD
mode is better than that of the FD mode, due to the severe
self-loop interference and inter-user interference in the FD
mode. Specifically, at σ 2

= 0, the loop interference channel
is equally strong as the user channel, which significantly

FIGURE 6. Energy-efficiency versus ρ of the FD-assisted MTW-MMR
system under ZFR/ZFT processing.

FIGURE 7. Spectral-efficiency versus the power of self-loop interference
and inter-user interference for both FD and HD relay.

degrades the performance of the FD-assisted MTW-MMR
system, resulting that the HDmode significantly outperforms
the FD mode. In this case, more antennas are needed to resist
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the self-loop interference and the inter-user interference in the
FD mode.

V. CONCLUSIONS
In this paper, we have investigated the SE and EE perfor-
mance of the MTW-MMR systems by taking into account
of both channel estimation error and channel aging effect.
Assuming that all the nodes are operated in either FD or HD
mode, we have derived the formulas for the SE and EE of
theMTW-MMR systems employingMRC/MRT or ZFR/ZFT
relay processing. In our analysis, we have addressed four
types of power scaling schemes for different operational sce-
narios. Our studies and simulation results show that among
the power-scaling schemes considered, the one in Case 3 is
capable of achieving a good performance tradeoff between
the SE and EE. For all the cases considered, channel aging
results in reduction of both the achievable SE and the EE,
as the result that channel estimation becomes less reliable
when channels become less correlated. In both FD and HD
modes, the inter-pair interference and self-interference can be
effectively eliminated by the MRC/MRT or ZFR/ZFT relay
processing. Furthermore, when the relay has a big number
of antennas, when comparing the performance of the MTW-
MMR systems in the FD mode with that in the HD mode,
it is shown that the FD mode performs better than the HD
mode, provided that σ 2 is smaller than −15dB. In practice,
more antennas employed by the relay allows the FD-assisted
MTW-MMR system to resist both the self-loop interference
and the inter-user interference.

APPENDIX A
PROOF OF THEOREM 1
When the MRC/MRT relaying processing is employed by the
FD-assisted MTW-MMR systems, Pk (n) and PI (n) in (26)

can be derived from (4) and be given as (69) and (70), as
shown at the bottom of this page, respectively.

From formula (5), we have

N
3
2 α̃ (n) =

√√√√ PR

PS ·
1̃1(n)
N 3 +

σ 2nr
N ·

1̃2(n)
N 2 +

1̃3(n)
N 3

. (71)

As N →∞, the terms in (71) can be simplified as (72)-(74)
with the aid of (6)-(8).

lim
N→∞

[
1̃1 (n)
N 3

]

= lim
N→∞

[
Tr

(
W̃mr (0)Hu (n− 1)HH

u (n− 1) W̃mr (0)H

N 3

)]

= lim
N→∞

ρ2(n−1)Tr
( H̃H

d (0)H̃d (0)
N

)T
T

×

(
H̃
H
u (0)H̃u(0)

N

)2

T


+ lim

N→∞

ρ2(n−1)
N

Tr

( H̃H
d (0)H̃d (0)

N

)T
T

×

(
H̃
H
u (0)Eu(n− 1)
√
N

)2

T


= ρ2(n−1)

2K∑
i=1

σ̂ 2
diσ̂

4
ui′ , (72)

Pk (n) = ρ2(n−1)φ2nPSE
∥∥∥h̃Tdk (0) W̃mr (0) h̃uk ′ (0)

∥∥∥2, (69)

PI (n) = PSE
{
φ2n

∥∥∥h̃Tdk (0) W̃mr (0) euk ′ (n− 1)
∥∥∥2 + ρ2(n−1)∥∥∥eTdk (n)W̃mr (0) h̃uk ′ (0)

∥∥∥2 + ∥∥∥eTdk (n)W̃mr (0) euk ′ (n− 1)
∥∥∥2}

+PSE
{
φ2n

∥∥∥h̃Tdk (0) W̃mr (0) euk (n− 1)
∥∥∥2 + ρ2(n−1)∥∥∥eTdk (n)W̃mr (0) h̃uk (0)

∥∥∥2 + ∥∥∥eTdk (n)W̃mr (0) euk (n− 1)
∥∥∥2}

+PSE

φ2nρ2(n−1)
∥∥∥∥∥∥∥∥h̃

T
dk (0) W̃mr (0)

2K∑
j=1
j6=k,k ′

h̃uj(0)

∥∥∥∥∥∥∥∥
2

+ φ2n

∥∥∥∥∥∥∥∥h̃
T
dk (0) W̃mr (0)

2K∑
j=1
j6=k,k ′

euj(n− 1)

∥∥∥∥∥∥∥∥
2

+ ρ2(n−1)

∥∥∥∥∥∥∥∥e
T
dk (n)W̃mr (0)

2K∑
j=1
j6=k,k ′

h̃uj(0)

∥∥∥∥∥∥∥∥
2

+

∥∥∥∥∥∥∥∥e
T
dk (n)W̃mr (0)

2K∑
j=1
j6=k,k ′

euj(n− 1)

∥∥∥∥∥∥∥∥
2

+PRE
{
φ2n

∥∥∥hTdk (0) W̃mr (0)HRR (n− 1)
∥∥∥2}+ σ 2

nrE
{
φ2n

∥∥∥hTdk (0) W̃mr (0)
∥∥∥2}+

∑
i,k∈Uk

σ 2
k,iPS

(α̃ (n))2
+

σ 2
n

(α̃ (n))2
.

(70)
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lim
N→∞

[
1̃2 (n)
N 2

]

= lim
N→∞

Tr
(
W̃mr (0) W̃

H
mr (0)

)
N 2


= lim

N→∞

Tr
( H̃H

d (0)H̃d (0)
N

)T
T

(
H̃
H
u (0)H̃u(0)

N

)
T


=

2K∑
i=1

σ̂ 2
diσ̂

2
ui′ , (73)

lim
N→∞

[
1̃3 (n)
N 3

]

= lim
N→∞

[
PRTr

(
W̃mr (0)HRRHH

RRW̃mr (0)H

N 3

)]

= lim
N→∞

PR
N

Tr

T( H̃H
d (0)H̃d (0)

N

)T
T

×

(
H̃
H
u (0)HRR
√
N

)(
H̃
H
d (0)HRR
√
N

)H
= 0. (74)

Therefore, we have

lim
N→∞

σ 2
nr

N
1̃2 (n)
N 2 → 0. (75)

Therefore, by substituting (72), (74) and (75) into (71),
we can obtain

lim
N→∞

(
N

3
2 α̃ (n)

)
=

√√√√√ PR

PS · ρ2(n−1)
2K∑
i=1
σ̂ 2
diσ̂

4
ui′

. (76)

Therefore, when N tends to infinity, based on
[50, Lemma 1], we can derive for the asymptotic signal power
Pk (n) and the interference plus noise power PI (n), which are
given by (77) and (78), as shown at the bottom of this page.

In (78), the term PSamr is contributed by the channel esti-
mation errors, the term PRbmr is by the self-loop interference
on the relay, while the term σ 2nr

N dmr denotes the noise power

on the relay. Furthermore,

∑
i,k∈Uk

σ 2k,iPS

(N 2α̃(n))
2 represents the self-loop

interference and inter-user interference on user k , and finally,
σ 2n

(N 2α̃(n))
2 represents the noise power at user k .

Upon substituting PS = ES , PR = ER, (77) and (78) into
(26) and (25), we can obtain (37). Furthermore, by substitut-
ing (37) into (27), we can obtain (38).

When all the involved nodes are operated in the HD mode,
from (12), we can obtain

lim
N→∞

(
N

3
2 α̃ (n)

)
=

√√√√√ PR

PS · ρ2(n−1)
2K∑
i=1
σ̂ 2
diσ̂

4
ui′

(79)

by following the similar analysis of (71).
Remembering that the power of the desired signal in the

HD mode is the same as (77), when we compare it with

lim
N→∞

(
Pk (n)
N 4

)
= ρ2(n−1)φ2nPS

(
σ̂ 2
dk σ̂

2
uk ′

)2
, (77)

lim
N→∞

(
PI (n)
N 4

)
= PS

{
φ2n

(
σ̂ 4
dk σ̂

2
uk ′σ

2
euk′

(n− 1)
)
+ ρ2(n−1)

(
σ̂ 4
uk ′ σ̂

2
dkσ

2
edk (n)

)
+ σ̂ 2

dk σ̂
2
uk ′σ

2
euk′

(n− 1) σ 2
edk (n)

}
+PS

{
φ2n

(
σ̂ 4
dk σ̂

2
uk ′σ

2
euk (n− 1)

)
+ ρ2(n−1)

(
σ̂ 4
uk ′ σ̂

2
dkσ

2
edk (n)

)
+ σ̂ 2

dk σ̂
2
uk ′σ

2
euk (n− 1) σ 2

edk (n)
}

+ PS

φ2n
σ̂ 4

dk σ̂
2
uk ′

2K∑
j6=k,k ′

σ 2
euj (n− 1)

+ ρ2(n−1)
σ̂ 2

dkσ
2
edk (n)

2K∑
j6=k,k ′

σ̂ 4
uj

+ σ̂ 2
dk σ̂

2
uk ′

2K∑
j6=k,k ′

(
σ 2
euj (n− 1) σ 2

edj (n)
)︸ ︷︷ ︸

=PSamr

+ PR
{
φ2n

(
σ̂ 4
dk σ̂

2
uk ′σ

2
RR

)
+ σ 2

edk (n) σ̂
2
dk σ̂

2
uk ′σ

2
RR

}
︸ ︷︷ ︸

=PRbmr

+
σ 2
nr

N

{
φ2n

(
σ̂ 4
dk σ̂

2
uk ′

)
+ σ 2

edk (n) σ̂
2
dk σ̂

2
uk ′

}
︸ ︷︷ ︸

=
σ2nr
N dmr

+

∑
i,k∈Uk

σ 2
k,iPS(

N 2α̃ (n)
)2 + σ 2

n(
N 2α̃ (n)

)2 .
(78)
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(78) in the FD mode, the PRbmr term denoting the self-loop
interference on the relay disappears in the HD mode, and the∑
i,k∈Uk

σ 2k,iPS

(α̃(n))2
term of the self-loop interference on user k and

inter-user interference also disappears in this case. Conse-
quently, according to (28), we can obtain (39). Furthermore,
from (39) we obtain the EE as shown in (40). This completes
the proof of Theorem 1.

APPENDIX B
PROOF OF THEOREM 2
When the relay applies the ZFR/ZFT processing based on the
aged CSI, (5) can be transformed into

α̃ (n)
√
N
=

√√√√ PR

PS · N 1̃1 (n)+
σ 2nr
N · N

21̃2 (n)+ N 1̃3 (n)
.

(80)

When N →∞, we have

lim
N→∞

[
N 1̃1 (n)

]
= lim

N→∞

[
N ·Tr

(
W̃ zf (0)Hu (n− 1)HH

u (n− 1) W̃ zf (0)H
)]

= lim
N→∞

PR
N

Tr

( H̃H
u (0) H̃u (0)

N

)−1
T

×

(
H̃
T
d (0) H̃

∗

d (0)
N

)−1
T ·

(
H̃
H
u (0) H̃u (0)

N

)−1

×
H̃
H
u (0)Eu(n− 1)
√
N

(
H̃
H
u (0)Eu(n− 1)
√
N

)H
+ lim

N→∞

ρ2(n−1)Tr
( H̃T

d (0) H̃
∗

d (0)
N

)−1

= ρ2(n−1)
2K∑
i=1

1
σ̂di
, (81)

lim
N→∞

[
N 21̃2 (n)

]
= lim

N→∞

[
N 2
· Tr

(
W̃ zf (0) W̃

H
zf (0)

)]
= lim

N→∞

Tr
( H̃T

d (0) H̃
∗

d (0)
N

)−1
T

×

(
H̃
H
u (0) H̃u (0)

N

)−1
T


=

2K∑
i=1

1

σ̂ 2
diσ̂

2
ui′
, (82)

lim
N→∞

[
N 1̃3 (n)

]
= lim

N→∞

[
N · PR · Tr

(
W̃ zf (0)HRRHH

RRW̃
H
zf (0)

)]
= lim

N→∞

PR
N

Tr

( H̃H
u (0) H̃u (0)

N

)−1
T

×

(
H̃
T
d (0) H̃

∗

d (0)
N

)−1
T ·(

H̃
H
u (0) H̃u (0)

N

)−1
H̃
H
u (0)HRR
√
N

(
H̃
H
u (0)HRR
√
N

)H
= 0. (83)

Therefore, when substituting (81)-(83) into (80), we can
obtain

lim
N→∞

(
α̃ (n)
√
N

)
=

√√√√√ PR

PS · ρ2(n−1)
2K∑
i=1

1
σ̂ 2di

. (84)

lim
N→∞

(Pk (n)) = ρ2(n−1)φ2nPS , (85)

lim
N→∞

(PI (n)) = PS

{
φ2n

(
σ 2
euk′

(n− 1)

σ̂ 2
uk ′

)
+ ρ2(n−1)

(
σ 2
edk (n)

σ̂ 2
dk

)
+
σ 2
edk (n) σ

2
euk′

(n− 1)

σ̂ 2
dk σ̂

2
uk ′

}

+PS

{
φ2n

(
σ 2
euk (n− 1)

σ̂ 2
uk ′

)
+ ρ2(n−1)

(
σ 2
edk (n)

σ̂ 2
dk

)
+
σ 2
edk (n) σ

2
euk (n− 1)

σ̂ 2
dk σ̂

2
uk ′

}

+ PS

φ
2n


2K∑

j6=k,k ′
σ 2
euj (n− 1)

σ̂ 2
uk ′

+ ρ2(n−1)
σ 2

edk (n)
2K∑

j6=k,k ′

1

σ̂ 2
dj

+ σ
2
edk (n)

2K∑
j6=k,k ′

σ 2
euj (n− 1)

σ̂ 2
dk σ̂

2
uk ′

︸ ︷︷ ︸
=PSazf

+ PR

(
φ2n

(
σ 2
RR

σ̂ 2
uk ′

)
+
σ 2
edk (n) σ

2
RR

σ̂ 2
dk σ̂

2
uk ′

)
︸ ︷︷ ︸

=PRbzf

+
σ 2
nr

N

(
φ2n

(
1

σ̂ 2
uk ′

)
+
σ 2
edk (n)

σ̂ 2
dk σ̂

2
uk ′

)
︸ ︷︷ ︸

=
σ2nr
N dzf

+

∑
i,k∈Uk

σ 2
k,iPS

(α̃ (n))2
+

σ 2
n

(α̃ (n))2
. (86)
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Furthermore, when N → ∞, with the aid of [50,
Lemma 1], we can derive the asymptotic Pk (n) and PI (n),
which are shown as (85) and (86), as shown at the bottom of
the previous page.

In (86), PSazf is the combination of the channel estimation
errors, PRbzf is due to the self-loop interference on the relay,

and σ 2nr
N dzf is because of the noise added on the relay.

Finally, when we substitute PS = ES , PR = ER, (85)
and (86) into (26), and then apply the result to (25) and (27),
we can obtain (41) and (42). Similarly, when theMTW-MMR
system is operated in HD mode and with the MRC/MRT
processing, we can carry out the analysis to obtain (43) and
(44) for the SE and EE.

APPENDIX C
PROOF OF THEOREM 3
In Case 3, by substituting PS = ES , PR = ER

/
N into (77)

and (78), and letting N →∞, we can obtain

γ FDk (n)=
ρ2(n−1)φ2nER

(
σ̂ 2
dk σ̂

2
uk ′
)2

ERamr+ρ2(n−1)
2K∑
i=1
σ̂ 2
diσ̂

4
ui′

( ∑
i,k∈Uk

σ 2
k,iES+σ

2
n

) .
(87)

Then with the aid of (25), we can obtain (45). Finally, when
substituting (45) into (27), we obtain(46) as N →∞.
In contrast to the FD mode, in the HD mode, both the self-

loop interference and inter-user interference disappear. Thus,
from (87) we can obtain the SINR in HD mode as

γHDk (n) =
ρ2(n−1)φ2nER

(
σ̂ 2
dk σ̂

2
uk ′
)2

ERamr + ρ2(n−1)
2K∑
i=1
σ̂ 2
diσ̂

4
ui′σ

2
n

. (88)

Consequently, by substituting (87) into (25) and (27), (88)
into (27) and (28), respectively, we can obtain (45)-(48).

APPENDIX D
PROOF OF THEOREM 4
Theorem 4 can be proved following the same steps for
Theorem 3, by taking of the ZFR/ZFT processing into
account. In summary, the SINR in FD mode is

γ FDk (n) =
ρ2(n−1)φ2nER

ERazf + ρ2(n−1)
2K∑
i=1

1
σ̂di

( ∑
i,k∈Uk

σ 2
k,iES + σ

2
n

) ,
(89)

and that in HD mode is

γHDk (n) =
ρ2(n−1)φ2nER

ERazf + ρ2(n−1)
2K∑
i=1

1
σ̂di
σ 2
n

. (90)

Consequently, with the aid of (25), (27), and (28), we can
obtain (49)-(52).

APPENDIX E
PROOF OF THEOREM 5
For Theorem 5 in the Case 3 with PS = ES

/
N , PR = ER

/
N ,

we can derive to obtain

γ FDk (n)

=
ρ2(n−1)φ2nERES

(
σ̂ 2
dk σ̂

2
uk ′
)2

ERESamr+E2
Rbmr+σ

2
nrERdmr+ESσ 2

n ρ
2(n−1)

2K∑
i=1
σ̂ 2
diσ̂

4
ui′

,

(91)

in the FDmode. By contrast, in the HDmode, it can be shown
that the SINR is

γHDk (n)=
ρ2(n−1)φ2nERES

(
σ̂ 2
dk σ̂

2
uk ′
)2

ERESamr+σ 2
nrERdmr+ESσ 2

n ρ
2(n−1)

2K∑
i=1
σ̂ 2
diσ̂

4
ui′

.

(92)

Consequently, (53)-(56) can be obtained by substituting (91)
into (25) and (27), (92) into (27) and (28), respectively in the
FD and HD modes.

APPENDIX F
PROOF OF THEOREM 6
When the ZFR/ZFT relay processing is operated in Case 3,
in the FD mode, we have

γ FDk (n)

=
ρ2(n−1)φ2nESER

ESERazf +E2
Rbzf +σ

2
nrERdzf +ESσ 2

n ρ
2(n−1)

2K∑
i=1

1
σ̂di

,

(93)

and in the HD mode, we have

γHDk (n) =
ρ2(n−1)φ2nESER

ESERazf + σ 2
nrERdzf + ESσ 2

n ρ
2(n−1)

2K∑
i=1

1
σ̂di

,

(94)

applying (93) and (94) respectively to (25) and (28), and
according to (27), we obtain (57)-(60).

APPENDIX G
PROOF OF THEOREM 7
In Case 4, if PS = ES

/
N and PR = ER, it can be shown from

(77)-(78) that

γ FDk (n) = 0. (95)

Consequently, the SE and EE of the MTW-MMR system
employing the MRC/MRT processing and operated in the FD
mode tend to 0, as N →∞.

By contrast, when in the HD mode, we can obtain

γHDk (n) =
ρ2(n−1)φ2nES

(
σ̂ 2
dk σ̂

2
uk ′
)2

ESamr + σ 2
nrdmr

. (96)
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Consequently, we can obtain get (63)-(64) by substituting
(96) into (27) and (28).

APPENDIX H
PROOF OF THEOREM 8
Similarly, when the ZFR/ZFT relay processing is employed,
we have

γ FDk (n) = 0. (97)

Here, the SE and EE of the FD-assisted MTW-MMR sys-
tem employing the ZFR/ZFT processing also tend to 0 as
N →∞.

By contrast, when operated in the HD mode, we have

γHDk (n) =
ρ2(n−1)φ2nES
ESazf + σ 2

nrdzf
. (98)

Substituting it to (27) and (28), respectively, we
obtain (67)-(68).
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