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Abstract—In this paper, a pilot transmission scheme and a
robust self-interference aware relay transceive filter for multi-
pair two-way relaying are introduced. The bidirectional pairwise
communications of multiple single-antenna nodes are simulta-
neously performed via an intermediate non-regenerative multi-
antenna relay station and a pilot transmission scheme is proposed
to obtain channel state information at the relay station and
at the nodes. It is assumed that the nodes can use the avail-
able channel state information to subtract the back-propagated
self-interference and the cases of perfect and imperfect self-
interference cancellation are investigated. The relay station per-
forms linear signal processing based on the estimated channels
and a robust relay transceive filter approach is introduced which
utilizes the fact that the nodes can perform self-interference
cancellation. The proposed pilot transmission scheme requires
less resources for channel estimation than conventional schemes
and the proposed robust filter design increases the achievable
sum rate in case of imperfect channel state information.

I. INTRODUCTION

In wireless networks, relaying techniques can be used to

expand the coverage and to increase the achievable through-

put. To perform multiple bidirectional communications via

an intermediate half-duplex relay station RS, multi-antenna

techniques can be used to spatially separate the communicating

node pairs and to enable the simultaneous communication of

all pairs. Within each pair, the two-way relaying protocol

of [1] can be applied to overcome the duplexing loss of

conventional one-way relaying schemes. Using the two-way

relaying protocol and performing a spatial separation of the

node pairs at RS, only two time slots are required to perform

the overall bidirectional communications. Thus, significantly

higher overall sum rates can be achieved using a multi-

antenna relay station which spatially separates the pairwise

communications than using direct communications between

the nodes and applying a frequency or time division access

scheme for interference mitigation.

The existing works on non-regenerative multi-pair two-

way relaying [2]–[6] assume perfect channel state information

(CSI) at the nodes and at RS to subtract the back-propagated

self-interference and to determine the relay transceive filter, re-

spectively. However, in realistic scenarios, the channels have to

be estimated [7]. Thus, the available CSI is not perfect due to

estimation errors caused by noisy measurements, quantization

and / or outdated CSI.

The authors of [8]–[11] investigate robust filter design

for non-regenerative single-pair multiple-input multiple-output

(MIMO) one-way relaying with imperfect CSI. Robust filter

design for one-way relaying with multiple source-destination

pairs is investigated in [12], [13].

The authors of [14], [15] investigate single-pair two-way

relaying with imperfect CSI. Channel estimation and training

design for single-pair two-way relaying is considered in [16]–

[19]. However, channel estimation and robust filter design for

multi-pair two-way relaying have not been investigated, so far.

In this paper, non-regenerative multi-pair two-way relaying

with imperfect CSI is investigated. The bidirectional commu-

nications between the single antenna nodes are supported by

an intermediate non-regenerative multi-antenna relay station

which performs linear signal processing based on the available

imperfect CSI. To obtain CSI at the relay station and at the

nodes, a novel pilot transmission scheme for multi-pair two-

way relaying is proposed. Furthermore, it is assumed that the

nodes can subtract the back-propagated self-interference and

the cases of perfect and imperfect self-interference cancel-

lation are considered. Additionally, a robust self-interference

aware relay transceive filter is introduced which minimizes the

mean square error between the estimated and the transmitted

signals if the proposed pilot transmission scheme is applied.

The paper is organized as follows. In Section II, the system

model is presented. A novel pilot transmission scheme for

multi-pair two-way relaying is proposed in Section III. In

Section IV, a robust self-interference aware transceive filter

is introduced. Simulation results in Section V confirm the

analytical investigations and Section VI concludes the paper.

Throughout this paper, boldface lower case and upper case

letters denote vectors and matrices, respectively, while normal

letters denote scalar values. The superscripts (·)T, (·)∗ and

(·)H stand for matrix or vector transpose, complex conjugate

and complex conjugate transpose, respectively. The operators

tr(·), ⊗ denote the sum of the main diagonal elements of a

matrix and the Kronecker product of matrices, respectively.

The operators ℜ[·] and || · ||2 denote the real part of a scalar

and the Frobenius norm of a matrix, respectively. The matrix

vectorization operator vec(Z) stacks the columns of matrix Z
into a vector. The operator vec−1

M,N (·) is the revision of the

operator vec(·), i.e., a vector of length MN is sequentially

divided into N vectors of length M which are combined to



a matrix with M rows and N columns. The operator modyx
returns the modulus of x after division by y and IM denotes

an identity matrix of size M × M .

II. SYSTEM MODEL

In this paper, K pairwise bidirectional communications via

an intermediate non-regenerative multi-antenna relay station

RS of 2K single-antenna half-duplex nodes are considered as

shown in Figure 1. Nodes Sk and Sl form a bidirectional com-

munication pair for l = k − 1 + 2 · mod2k, k = 1, 2, ..., 2K ,

i.e., S1 and S2, S3 and S4, ..., S2K−1 and S2K form bidi-

rectional communication pairs. It is assumed that all signals

are transmitted via one single carrier and time division duplex

is used. In the first time slot, all nodes are simultaneously

transmitting to RS and within each pair, the two-way protocol

of [1] is applied. In the second time slot, RS retransmits

a linearly processed version of the received signals towards

the nodes. This scheme is termed non-regenerative multi-pair

two-way relaying. The transmit powers at each node and at

RS are limited by Pnode and PRS, respectively. The number

of antennas at RS is given by L ≥ 2K − 1 to enable the

suppression of inter-pair-interference and it is assumed that

the nodes can subtract the back-propagated self-interference

based on the available CSI.

Channel reciprocity is assumed and the SIMO Rayleigh

fading channels hk ∈ CL×1 from Sk to RS are assumed to be

constant during one transmission cycle of the two-way scheme.

All signals are assumed to be statistically independent and

the noise at RS and at the nodes is assumed to be additive

white Gaussian with variances σ2
n,RS and σ2

n, respectively.

Furthermore, it is assumed that the nodes transmit with maxi-

mum power and the transmitted symbol of Sk is described by

sk, E{sks∗k} = Pnode. Thus, the received baseband signal at

RS for multi-pair two-way relaying [2]–[6] is given by

yRS =
2K∑

k=1

hksk + nRS, (1)

where nRS represents the complex white Gaussian noise vector

at RS. RS linearly processes the received superimposed signals

using a relay transceive filter G as described in Section IV. To

ensure that the power constraint at RS is fulfilled, the following

definition for G is used:

G = γG̃, (2)

γ =

√
PRS,max∑2K

k=1 ||G̃hk||22Pnode + ||G̃||22σ
2
n,RS

, (3)

where G̃ is the transceive filter at RS which does not implicitly

fulfill the power constraint and γ is a scalar value to satisfy

the relay power constraint [6]. The received signal yk at node

Sk is given by

yk = hT
k GyRS + nk, (4)

where nk represents the complex white Gaussian noise at Sk.

The compositions of the receive signals are also illustrated

Fig. 1. Composition of useful signals and interferences in a bidirectional
multi-pair two-way relaying scenario.

in Figure 1. Each node receives its intended useful signal,

receives interference from the signals intended for the other

node pairs termed inter-pair-interference, and receives back-

propagated self-interference as well as noise. The inter-pair-

interference has to be mitigated by the transceive filter at RS,

but the back-propagated self-interference can be subtracted at

each node [1] assuming that hSI,k = hT
k Ghk is known at

Sk. With RnRS
the noise covariance matrix at RS, the signal,

interference and noise powers for the transmission from Sk to

Sl assuming perfect self-interference cancellation are given by

PS,k = hT
l GhkPnodeh

H
k GHh∗

l ,

PI,k = hT
l G

⎛

⎝
2K∑

j=1,j �=k,l

hjPnodeh
H
j

⎞

⎠GHh∗
l ,

Pn,k = hT
l GRnRS

GHh∗
l + σ2

n, (5)

respectively. If Gaussian codebooks are used for each data

stream, the achievable rate from Sk to Sl is given by

CSk
=

1

2
log2(1 + PS,k(PI,k + Pn,k)−1), (6)

and the sum rate Csum is given by

Csum =
2K∑

k=1

CSk
. (7)

III. PILOT TRANSMISSION SCHEME FOR MULTI-PAIR

TWO-WAY RELAYING

In this section, a novel pilot transmission scheme for pilot

assisted channel estimation (PACE) in non-regenerative multi-

pair two-way relaying scenarios is introduced. As mentioned

in Section II, the channels are assumed to be constant during

one transmission cycle of the multi-pair two-way scheme and

all transmissions are performed via one single carrier. Thus,

the proposed PACE can be performed between the receive and

the transmit phase of the multi-pair two-way scheme.

In multi-pair two-way relaying, the multi-antenna relay sta-

tion requires knowledge of the channels hk, k = 1, 2, ..., 2K
of all nodes to determine a transceive filter which suppresses

inter-pair interference and which maximizes the achievable

sum rate. Furthermore, knowledge of the back-propagation

channel hSI,k is required at Sk to subtract the back-propagated

self-interference. Additionally, knowledge of the concatenated

receive channel hRx,k = hT
k Ghl is required at Sk to estimate

the symbols transmitted by its communication partner Sl.

To effectively estimate the channels hk at RS, the nodes

have to transmit pilot symbols on orthogonal resources [19].



For simplicity, it is assumed that each node transmits a single

pilot symbol pk for channel estimation and that the pilot

transmissions of the nodes are separated in time as shown in

Figure 2, but for the simulations the extension to t transmitted

pilot symbols per node is also considered. In this case, the

transmission scheme is repeated t times. In the considered

scenario, 2K time slots are needed to obtain the required CSI

at RS. After obtaining the required CSI at RS and computing

the relay transceive filter G as described in Section IV, the

pilot symbols can be retransmitted after transceive filtering

by RS to obtain the required CSI at the nodes. However, if

each pilot symbol is retransmitted separately, 2K additional

time slots are required. Thus, in total 4K time slots would be

required by such a scheme to obtain the required CSI at RS

and at the nodes.

In the following, a novel pilot transmission scheme is

proposed which only requires 2K + 2 time slots to obtain

the required CSI at RS and at the nodes. The proposed pilot

transmission scheme consists of two phases which are shown

in Figure 2. In the first phase, each node transmits one pilot

symbol to RS as described above. The pilot transmissions of

the nodes are performed sequentially and are separated in time.

The receive signal at RS for receiving the known pilot symbol

pk from node Sk is given by

ypilot,k = hkpk + nRS,k, (8)

where nRS,k represents the complex white Gaussian noise

vector at RS during the reception of pk. Thus, the least squares

estimate of the channel hk at RS is given by

ĥk =
ypilot,k

pk
= hk + ek, (9)

with

ek =
nRS,k

pk
(10)

modeling the estimation error due to additive noise at RS. The

elements of ek are zero mean with variance

σ2
e =

σ2
n,RS

Pnode
. (11)

Based on the estimated channels at RS, the relay transceive

filter G is calculated. The relay transceive filter is designed

to suppress inter-pair interferences with respect to a minimum

mean square error (MMSE) criteria. This enables the simulta-

neous retransmission of pilot symbols of nodes which do not

belong to the same pair, because the interferences between

these pilot symbols are suppressed. The pilot symbols of the

nodes Sk and Sl which belong to the same pair have to be

retransmitted separately, because the channels hSI,k and hRx,k

cannot be estimated simultaneously at Sk and because the

interferences between these pilot symbols are not suppressed

by the relay transceive filter. Thus, the second phase requires

two time slots and two retransmission groups are formed

which contain one node of each pair as shown in Figure 2.

In each time slot, the received pilot symbols of each group

Fig. 2. Pilot transmission scheme for multi-pair two-way relaying.

are superimposed and retransmitted via G. Thus, the transmit

signals of RS in the first and second time slot are given by

xRS,1 = G

K∑

k=1

ypilot,2k−1, (12)

xRS,2 = G

K∑

k=1

ypilot,2k, (13)

respectively. Assuming that all nodes transmit the same pilot

symbol pk = p, the least squares estimates of ĥSI,k and ĥRx,k

for a node with an odd index k are given by

ĥSI,k = hT
k G

K∑

j=1

ĥ2j−1 + fk,1, (14)

ĥRx,k = hT
k G

K∑

j=1

ĥ2j + fk,2, (15)

respectively, where fk,1/2 models the estimation error due to

additive noise at Sk. fk,1/2 has zero mean and variance

σ2
f =

σ2
n

Pnode
. (16)

Based on the estimated channels, the nodes can perform

receive processing and can subtract the back-propagated self-

interference.

IV. ROBUST SELF-INTERFERENCE AWARE RELAY

TRANSCEIVE FILTER

The authors of [2]–[6] propose different relay transceive

filters assuming perfect CSI at RS. However, only imperfect

CSI estimates can be obtained in a realistic scenario which

decreases the performance of the proposed transceive filters.

To recover part of this performance loss, a robust relay

transceive filter design for non-regenerative multi-pair two-

way relaying is introduced in this section.

The achievable sum rate Csum of (7) for the considered

multi-user multi-antenna scenario under the given transmit

power constraints for the proposed PACE scheme shall be

maximized. The sum rate maximization is a non-convex prob-

lem and an analytical solution cannot be obtained. To tackle

this problem an MMSE filter design is proposed. In the follow-

ing, a robust self-interference aware MMSE relay transceive

filter termed RMMSE-SI is derived which is an extension of

the non-robust MMSE-SI transceive filter presented in [6]. For



the derivation of the RMMSE-SI transceive filter, the variances

σ2
e and σ2

f are assumed to be known. Furthermore, the receive

filter coefficients at the nodes are assumed to be one. The

general equation for the transceive filter design at RS is given

by

G = argmin
G

E

{
2K∑

k=1

‖sk − ŝk‖
2
2

}
, (17)

where the mean square error (MSE) for the transmission from

Sk to Sl is given by

E
{
‖sk − ŝk‖

2
2

}
= Pnode − 2ℜ

[
hT

l GhkPnode

]

+

2K∑

j=1,j �=l

hT
l GhjPnodeh

H
j GHh∗

l

+
(
hSI,l − ĥSI,l

)(
hSI,l − ĥSI,l

)H

Pnode

+ hT
l GRnRS

GHh∗
l + σ2

n. (18)

The true channels are not known at RS and the robust relay

transceive filter is designed based on the estimated channels

ĥk and based on the knowledge of the error variances σ2
e and

σ2
f . Thus, the MSE for the transmission from a node with odd

index k to a node with even index l = k − 1 + 2 · mod 2k
in terms of the estimated channels and the error variances is

given by

E
{
‖sk − ŝk‖

2
2

}
= Pnode − 2ℜ

[
ĥT

l GĥkPnode

]

+

2K∑

j=1,j �=l

(
ĥT

l Gĥjĥ
H
j GHĥ∗

l + σ2
e ĥ

T
l GGHĥ∗

l

)
Pnode

+

2K∑

j=1,j �=l

(
σ2

e tr(Gĥjĥ
H
j GH) + σ4

e tr(GGH)
)

Pnode

+
(
σ2

e ĥ
T
l GGHĥ∗

l + σ4
e tr(GGH)

)
Pnode + σ2

f

+

K∑

j=1,j �=l/2

ĥT
l Gĥ2jĥ

H
2jG

Hĥ∗
l Pnode

+ σ2
e

K∑

j=1,j �=l/2

tr(Gĥ2j ĥ
H
2jG

H)Pnode

+ ĥT
l GRnRS

GHĥ∗
l + σ2

e tr(GRnRS
GH) + σ2

n. (19)

For the transmission from a node with even index l to a node

with odd index k, the MSE equations are similar. The MSE of

(17) using (19) in combination with the power constraint PRS

of RS results in a convex problem with respect to G. This

problem can be solved by using Lagrangian optimization. Let

matrices Υ(k), Ω(k) and Υ be given by

Υ(k) = ĥkĥ
H
k Pnode + σ2

eILPnode +
1

2K − 1
RnRS

, (20a)

Ω(k) = ĥkĥ
H
k Pnode, (20b)

Υ =

2K∑

k=1

ĥkĥ
H
k Pnode + RnRS

. (20c)

Using matrices Υ(k), Ω(k) and Υ of (20) in (17) and (19)

and considering the power constraint at RS, the Lagrangian

function with the Lagrangian multiplier η results in

L (G, η) =

2K∑

k=1

F0(G, k) +

K∑

k=1

F1(G, 2k) + F2(G, 2k − 1)

− η
(
tr

(
GΥGH

)
− PRS,max

)
, (21)

with

F0(G, k) = Pnode − 2ℜ
[
ĥT

l GĥkPnode

]

+ tr

⎛

⎝
2K∑

j=1,j �=l

ĥT
l GΥ(j)GHĥ∗

l

⎞

⎠ + σ2
n

+ σ2
e tr

⎛

⎝
2K∑

j=1,j �=l

GΥ(j)GH

⎞

⎠

+
(
σ2

e ĥ
T
l GGHĥ∗

l + σ4
e tr(GGH)

)
Pnode + σ2

f

(22a)

using l = k − 1 + 2 · mod2k, and with

F1(G, l) =

K∑

j=1,j �=l/2

ĥT
l GΩ(2j)GHĥ∗

l

+ σ2
e

K∑

j=1,j �=l/2

(
tr(Gĥ2j ĥ

H
2jG

H)
)

Pnode (22b)

F2(G, k) =

K∑

j=1,j �=(k+1)/2

ĥT
k GΩ(2j−1)GHĥ∗

k

+ σ2
e

K∑

j=1,j �=(k+1)/2

(
tr(Gĥ2j−1ĥ

H
2j−1G

H)
)

Pnode.

(22c)

From the Lagrangian function, the Karush-Kuhn-Tucker

(KKT) conditions can be derived:

∂L

∂G
=

2K∑

k=1

f0(G, k) +

K∑

k=1

f1(G, 2k) + f2(G, 2k − 1)

− η G∗ΥT = 0, (23a)

η
(
tr

(
GΥGH

)
− PRS,max

)
= 0, (23b)

with

f0(G, k) = − ĥlĥ
T
k Pnode +

2K∑

j=1,j �=l

ĥlĥ
H
l G∗Υ(j)T

+ σ2
e

2K∑

j=1,j �=l

G∗Υ(j)T + σ4
eG

∗Pnode

+ σ2
e ĥlĥ

H
l G∗Pnode (24a)



f1(G, l) =

K∑

j=1,j �=l/2

ĥlĥ
H
l G∗Ω(2j)T

+ σ2
e

K∑

j=1,j �=l/2

G∗(ĥ2j ĥ
H
2j)

TPnode (24b)

f2(G, k) =

K∑

j=1,j �=(k+1)/2

ĥkĥ
H
k G∗Ω(2j−1)T

+ σ2
e

K∑

j=1,j �=(k+1)/2

G∗(ĥ2j−1ĥ
H
2j−1)

TPnode

(24c)

The KKT conditions can be used to determine the transceive

filter according to (17), because the optimization problem is

convex. In the following, matrix K is defined as

K =

[
ΥT ⊗

2Kσ2
n

PRS,max
IL

]
+

2K∑

k=1

σ2
ePnode

[
IL ⊗

(
ĥ∗

kĥ
T
k

)]

+

2K∑

k=1

2K∑

j=1,j �=k

[
Υ(j)T ⊗

(
ĥ∗

kĥ
T
k

)]

+
2K∑

k=1

⎛
⎝

2K∑

j=1,j �=k

σ2
e

[
Υ(j)T ⊗ IL

]
+ σ4

ePnodeIL2

⎞
⎠

+

K∑

k=1

K∑

j=1,j �=k

[
Ω(2j)T ⊗

(
ĥ∗

2kĥ
T
2k

)]

+ σ2
e

K∑

k=1

K∑

j=1,j �=k

Pnode

[(
ĥ∗

2kĥ
T
2k ⊗ IL

)]

+

K∑

k=1

K∑

j=1,j �=k

[
Ω(2j−1)T ⊗

(
ĥ∗

2k−1ĥ
T
2k−1

)]

+ σ2
e

K∑

k=1

K∑

j=1,j �=k

Pnode

[(
ĥ∗

2k−1ĥ
T
2k−1 ⊗ IL

)]
. (25)

Using Eqs. (3) and (25), the RMMSE-SI transceive filter at

RS which solves problem (17) based on the available CSI is

given by

G = γ · vec−1
L,L

(
K−1 vec

(
2K∑

k=1

ĥ∗
kPnode, ĥ

H
l

))
(26)

where l = k − 1 + 2 · mod2k. The derived robust RMMSE-

SI relay transceive filter minimizes the MSE based on the

proposed pilot transmission scheme. Modifying the equations

for a PACE scheme which does not perform the superposition

of pilot symbols in the second phase is straightforward.

V. PERFORMANCE RESULTS

In this section, the achievable sum rates of the proposed

approaches are investigated by numerical results. The channels

between the nodes and RS are assumed to be i.i.d. Rayleigh

fading channels with an average channel gain of one. It is

assumed that PRS,max = 4PMS,max, σ2
n,RS = σ2

n. Furthermore,

it is assumed that K = 4 pairs are simultaneously transmitting

to RS which is equipped with L = 8 antennas. The ratio

PMS,max/σ2
n,RS between the maximum transmit power at the

nodes and the noise power at RS is termed average receive

signal to noise ratio (SNR) at RS.

The following approaches are compared:

• MMSE-SI (perfect CSI): self-interference aware MMSE-

SI transceive filter of [6] using perfect CSI.

• RMMSE-SI (PACE, case 1 / 2): robust RMMSE-SI

relay transceive filter proposed in this paper using the

CSI which is obtained via the proposed PACE scheme.

In case 1, perfect self-interference cancellation at the

nodes is assumed and in case 2, the nodes perform self-

interference cancellation based on the CSI obtained via

the proposed PACE scheme.

• MMSE-SI (PACE, case 1 / 2): self-interference aware

MMSE-SI transceive filter of [6] using the CSI which

is obtained via the proposed PACE scheme. In case 1,

perfect self-interference cancellation at the nodes is as-

sumed and in case 2, the nodes perform self-interference

cancellation based on the CSI obtained via the proposed

PACE scheme.

• conv. MMSE (PACE, case 2): conventional MMSE relay

transceive filter which suppresses the back propagation

of self-interference and uses the CSI obtained via the

proposed PACE scheme. The nodes subtract the remain-

ing self-interference based on the CSI obtained via the

proposed PACE scheme.

The average achievable sum rates versus the average receive

SNR at RS are shown in Figure 3. The achievable sum rate

assuming perfect CSI at all nodes and at RS is significantly

higher than the achievable sum rate of the approaches which

are based on the CSI obtained via the proposed PACE scheme.

However, having perfect CSI at all nodes and at RS is not

a realistic assumption. The achievable sum rates applying

the proposed RMMSE-SI filter are approximately 18 − 20%
higher compared to the achievable sum rates of the MMSE-SI

filter for an average receive SNR at RS of 10dB. The gain

between the robust and non-robust filters decreases for higher

SNR values, because the estimation error decreases. The

performance of using a conventional MMSE relay transceive

filter is worse than using the proposed RMMSE-SI transceive

filter and the gap increases with increasing SNR values. The

gain of using a robust relay transceive filter at RS compared to

a non-robust transceive filter is higher in case of imperfect self-

interference cancellation compared to assuming perfect self-

interference cancellation.

In Figure 4, the average achievable sum rates versus the

average receive SNR at RS are shown for using one (1 pilot)

or two (2 pilots) transmitted pilot symbols per node for channel

estimation. Using two pilot symbols doubles the required

resources for channel estimation, but the achievable sum rate is

increased, because the estimation error decreases and sum rates

which are closer to the transceive filter design with perfect CSI

can be achieved. In this figure, only the achievable sum rates
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Fig. 3. Average achievable sum rates versus average receive SNR at RS for
L = 8 considering one transmitted pilot symbol per node.
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Fig. 4. Average achievable sum rates versus average receive SNR at RS for
L = 8 considering one and two transmitted pilot symbols per node.

of the RMMSE-SI filter are compared, because the other relay

transceive filters perform worse. The gain of using a second

training sequence for an average receive SNR at RS of 10dB

is approximately 25% if perfect self-interference cancellation

is assumed and approximately 35% in case of imperfect self-

interference cancellation.

VI. CONCLUSIONS

Non-regenerative multi-pair two-way relaying with imper-

fect CSI has been investigated. A novel pilot transmission

scheme is proposed which requires less resources than a

conventional pilot transmission scheme to obtain CSI at the

nodes and at the relay station due to the superposition of

pilot symbols. Furthermore, a robust self-interference aware

relay transceive filter termed RMMSE-SI is introduced which

significantly increases the achievable sum rate in case of

imperfect CSI at the relay station. Additionally, the impact of

imperfect self-interference cancellation has been investigated.
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