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ABSTRACT A prefilter based on the time-reversal (TR) is proposed to control the multi-link interference
(MLI) and the inter-symbol interference (ISI) for multi-link system. At first, we define a new parameter
signal-to-sidelobe-plus-leakage ratio (SSLR) to represent the performance of the multi-link system. To
improve the bit error rate (BER) performance, the proposed prefilter minimizes the MLI and the ISI and
maximizes the peak power of received signal at the same time by maximization of the SSLR. We set
an optimization problem to maximize the SSLR which is a quadratically constrained fractional quadratic
problem. To solve the optimization problem, we use the epigraph form and the bisection method. Therefore,
we find an ε-optimal solution which is a global optimal solution. Simulation results show that link
interference power is reduced by the MLI-TR prefilter and the SSLR of the MLI-TR prefilter is higher than
that of the conventional TR prefilter. Moreover, the BER performance of the MLI-TR prefilter is improved
in overall signal-to-noise ratio range.

INDEX TERMS Time-reversal prefilter, indoor radio communication, interference channels, signal process-
ing, optimization.

I. INTRODUCTION
Recently, ultra wideband (UWB) communication system has
received attention since it is appropriate for high-speed com-
munication in short distance [1]. Thanks to the large band-
width, the UWB communication system can support high
data rate transmission. However, there are dense multipaths
and long delay spread which cause performance degrada-
tion [2]. To resolve individual multipath component, many
researches have been performed for short range communi-
cation techniques such as rake receiver and energy detector.
The rake receiver uses many fingers to gather sufficient
energy enough for the target signal-to-noise ratio (SNR)
[3]. However, it is too complex to be implemented in the
receiver for the short range communication which should
have very small and simple structure. To reduce the com-
plexity of the receiver, many non-coherent schemes were
studied in [4]–[9]. However, the performances of these
receivers are still degraded significantly because they can-
not mitigate the interference in multipath channel. More-
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over, in multi-user systems, especially in multi-link sys-
tems where there are multiple transceivers in [10] and [11],
the receiver performances are severely affected by multi-link
interference.

To combat the performance degradation from the delay
spread, the time-reversal (TR) prefilter was proposed [12].
The TR prefilter has been studied in the ultrasound medical
imaging and the underwater communications [13]. Recently,
it has attracted attention due to simple structure for indoor
wireless communication [14]–[21]. Since the TR prefilter
shifts the design complexity from receiver to transmitter,
the receiver uses a single-tap detector. The TR prefilter
uses the time-reversed channel impulse response (CIR) as a
prefilter. The receiver sends an impulse to the transmitter,
and then the transmitter estimates the CIR and exploits the
channel reciprocity for prefilter design [12]. The transmit-
ted signal from the TR prefilter retraces the channel. Thus,
the energy of the received signal is concentrated within
few taps and the sidelobes are reduced - temporal focusing
effect [16]. Moreover, the transmitted signal is focused at
the intended receiver - spatial focusing effect [16]. Through
the TR prefilter, the inter-symbol interference (ISI) and the
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multi-link interference (MLI) are reducedwithout complexity
increase.

Based on the advantages of the TR prefilter, there are many
researches to apply the TR prefilter to the indoor wireless
communication. The space-time reversal prefilters was pro-
posed in [18] and the TR prefilter with the MMSE receiver
was studied in [19] to reduce the ISI. Reference [20] proposed
an improved TR prfilter for a single link system to maximize
signal-to-sidelobe ratio (SSR). In [21], equalized TR (ETR),
which uses equalizer cascaded with the TR prefilters for
minimizing the ISI power at the receiver, was proposed and
theoretical performance bounds for ETR was also derived.
Some of researches about the multi-user system have been
carried out. In [22], the modified TR prefilter using circular
shift operation was proposed. The time reversal division mul-
tiple access (TRDMA) scheme was proposed in [23] and [24]
to support multi-users. This concept has been extended in [25]
to apply in massive MIMO systems. Moreover, the authors
in [26] and [27] apply the TR prefilter to the millimeter-
wave MIMO system with interference nulling and hybrid
beamforming schemes. In [28], the SNR of target receiver
and unintended receiver with distributed time reversal (DTR)
scheme is analyzed. However, only few researches have been
considered the multi-link system recently. The authors in [29]
proposed the application of TR prefilter to heterogeneous
network in limited backhaul connection. In [30], the physical-
layer security issue in multiple-input single-output (MISO)
UWB systems was addressed for various types of TR pre-
filters which exploit the spatial domain for increasing the
received power for legitimate user while suppressing the
received power for the eavesdropper. In [31], the authors pro-
vided an overview for the adequacy of the TR for the system
with a number of devices such as internet-of-things (IoT)
systems. In [32], the authors considered the TR technique in
multi-cell UWB systems. It provided the feasibility of the
MLI on the TR prefilter, though the consideration on the
multi-link interference mitigation is limited. The authors in
[33] also proposed a waveform design for downlink multi-
user systems. Though [33] considered the inter-user inter-
ference, it is not easy to be extended to multi-link systems.
In this paper, we consider a TR prefilter for the multi-link
indoor wireless communication system. As the number of
links increases, the MLI is a principal factor for performance
degradation. Thus, it is important to control the MLI and
the ISI in the indoor wireless communication. We propose
a novel prefilter based on the TR prefilter to mitigate the
ISI and the MLI. The proposed prefilter maintains the peak
power of the received signal to be robust to noise. In order to
mitigate the ISI and the MLI and maximize the peak power
of the received signal at the same time, we define a new
parameter signal-to-sidelobe-plus-leakage ratio (SSLR). We
establish an optimization problem for the proposed prefilter
to maximize the SSLR.

The optimization problem is a quadratically constrained
fractional quadratic problem which is a non-convex problem.
We turn the problem into an epigraph form so that we can

FIGURE 1. The block diagram of a ML-MISO system with the proposed
MLI-TR prefilter.

apply the bisection method [41] to solve the optimization
within the ε-optimal sense. Note that the found solution is a
global optimal one as well. We also provide a method to find
the boundaries of the bisection search along with the number
of iterations needed for the solution to be settled.

This paper is organized as follows. In Section II, the sys-
tem model of the multi-link MISO system is presented.
In Section III, the optimization problem is formulated and
a simple one-dimensional search-based scheme is proposed.
In Section IV, the simulation results are illustrated and
Section V gives the conclusions.

II. SYSTEM MODEL
We consider a multi-link MISO system that includes N trans-
mitter and their intended receivers. Each transmitter has Nt
antennas and each receiver is equipped with a single antenna.
Assuming that one receiver is paired with a transmitter,
the block diagram of an ML-MISO system is illustrated as
Fig. 1. As shown in Fig. 1, each receiver experiences multi-
link interference (MLI) from N − 1 transmitters. We assume
that each transmitter knows the channel between it and all
receivers by the channel reciprocity [12]. Note that this
assumption is valid practically since the distance between the
transmitter and the receiver is within a few meters, which is
not long, in general, in the indoor wireless communication
system [34].

In the indoorwireless communication, themulti-path chan-
nel is formed between transmitters and receivers. The channel
remains static during a data burst, 100µs [34]. The CIR
between the transmitter i and the receiver j is modelled as

hi,j (t) =
L−1∑
k=0

h(k)i,j δ (t − τk), (1)

where L is the number of the channel components and h(k)i,j is
a 1× Nt vector of the kth channel component with delay τk ,
which is the difference between the time of arrival with the
earliest one, τ0 [16].
The transmitted signal from the transmitter i to the receiver

i is written as

xi (t) = gi (t) ∗ si (t) , (2)
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where ∗ denotes convolution product, gi (t) is a prefilter of
the transmitter i and si (t) indicates a transmit symbol for
the receiver i with average power of 1. The prefilter, gi (t)
is represented as

gi (t) =
L−1∑
k=0

g(k)i δ (t − kτs), (3)

where g(k)i is the kth coefficient of the prefilter which is an
Nt × 1 vector and τs is a filter tap spacing [6]. Since the
proposed prefilter is based on the TR prefilter, we set the
number of the filter taps N . Thus, the received signal of the
receiver i is

yi (t) = hi,i (t) ∗ xi (t)+
N∑

j=1,j 6=i

hj,i (t) ∗ xj (t)+ ni (t) , (4)

where ni (t) denotes an additive zero-mean Gaussian noise
with variance σ 2 at the receiver i. The received signal, yi (t)
has the desired signal, ISI which is included in the first term
of (4) and the MLI which is represented as the second term
of (4). From (4), the equivalent CIR between the transmitter
i and the receiver j can be written as

fi,j (t) = hi,j (t) ∗ gi (t)

=

2L−1∑
k=0

f (k)i,j δ (t − kτs), (5)

where f (k)i,j is the kth coefficient of fi,j (t). According to the
channel length and the number of the filter taps, the length of
the equivalent CIR is 2L − 1.

Since the channel has multi-path components in the indoor
wireless communication, the equation of the received sig-
nal is too complex to understand easily. Therefore, we use
the Sylvester matrix form to simplify those equations. The
equivalent CIR between the transmitter i and the receiver j is
rewritten as

fi,j = Hi,jgi

=



h(0)i,j 0 0

h(1)i,j h(0)i,j
...

... h(1)i,j
. . . 0

h(L−1)i,j

...
. . . h(0)i,j

0 h(L−1)i,j h(1)i,j
... 0

. . .
...

0 h(L−1)i,j




g(0)i
g(1)i
...

g(L−1)i



=


f (0)i,j

f (1)i,j
...

f (2L−1)i,j

 , (6)

whereHi,j is a (2L − 1)×NtL Sylvester matrix of the channel
hi,j (t), gi is an NtL × 1 vector form of the prefilter gi (t) and
fi,j is a (2L − 1)× 1 vector form of fi,j (t).
Using (6), the received signal can be rewritten as

yi =
N∑
j=1

Hj,igjsj + ni = fi,isi +
N∑

j=1,j 6=i

fj,isj + ni, (7)

where ni and yi are (2L − 1) × 1 vectors. In (7), yi contains
the delays of the transmitted signals, si, i = 1, · · · ,N .

A. CONVENTIONAL TR PREFILTER
In this subsection, we first introduce the conventional TR
prefilter which is the base of the proposed prefilter [12].
The TR prefilter maximizes the received peak power and
reduces the delay spread of the channel. The TR pre-
filter uses the time-reversed CIR as a prefilter which is
represented by

hTRi,i =
[
h(L−1)i,i h(L−2)i,i · · · h(0)i,i

]H
. (8)

Thus, the conventional TR prefilter of the transmitter i is
represented as

gTRi =
1∥∥∥hTRi,i ∥∥∥hTRi,i , (9)

where 1∥∥∥hTRi,i ∥∥∥ is used for normalization. Since the trans-

mitted signal through the TR prefilter retraces the chan-
nel, the equivalent CIR, fi,i is an autocorrelation of hi,i (t).
Therefore, strong temporal and spatial focusing is achieved
for dense multipath channel. The ISI is mitigated by the
temporal focusing and the MLI is decreased by the spa-
tial focusing [22]. Nevertheless, the TR prefilter still suf-
fers from the ISI because it considers only the received
peak power maximization. The prefilter must take into con-
sideration that the sidelobe of the received signal should
be minimized. In addition, the MLI mitigation effect of
the TR prefilter is an accompanying phenomenon. To
sum up, the TR prefilter cannot control the interference
excellently.

III. PROPOSED PREFILTER: MLI-TR PREFILTER
For a multi-link indoor wireless communication, we propose
a prefilter which considers the sidelobe of the received signal
and the leakage signal to other receivers in order to control
the MLI and the ISI. Additionally, the proposed prefilter
maximizes the received peak power like the conventional TR
prefilter.

A. INTERFERENCE ANALYSIS
To design the prefilter, we analyze the interference of
the received signal. At first, we find the desired sig-
nal which is from the transmitter i to the receiver i as
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follows:

ri,i = Hi,igisi

=



h(0)i,i 0 0

h(1)i,i h(0)i,i
...

... h(1)i,i
. . . 0

h(L−1)i,i

...
. . . h(0)i,i

0 h(L−1)i,i h(1)i,i
... 0

. . .
...

0 h(L−1)i,i




g(0)i
g(1)i
...

g(L−1)i

 si.

(10)

In (10), we can find the main peak power of the desired signal
as

Pmain,i =
∣∣∣hTRi,i gi∣∣∣2, (11)

where hTRi,i represented in (8) is the Lth row of Hi,i. Also,
we can find the sidelobe of the desired signal that is the ISI
of the transmitter i in (10). The sidelobe means the residual
signal but the main peak of the desired signal. To remove the
main peak from (10), we set the Lth row ofHi,i as zero vector
as follows:

H̃i,i=



h(0)i,i 0 0 0
h(0)i,i 0

... h(0)i,i
...

...
...

. . .

h(L−2)i,i h(L−3)i,i h(L−4)i,i
0 0 0 0
... h(L−1)i,i h(L−2)i,i h(1)i,i

0 h(L−1)i,i

...

0 0 h(L−1)i,i



. (12)

Thus, the power of the sidelobe can be written using H̃i,i as

Psidelobe,i =
∣∣∣H̃i,igi

∣∣∣2. (13)

The proposed prefilter, so-calledMLI-TR prefilter, consid-
ers the leakage power defined as the power of the undesired
signal toward non-paired receivers. In order to design prefilter
for each transmitter, it is ideal when the channel informa-
tion between its own paired receiver and the all interfering
links of is available to each transmitter, which is practically
impossible. However, the transmitter can acquire the channel
information between itself and the all receivers. Therefore,
considering the leakage power from the transmitter rather
than the interference power of its paired receiver, we propose
a prefilter considering the leakage power which is expressed
as

Pleakage(i,j) =
∣∣Hi,jgi

∣∣2 , (14)

where Pleakage(i,j) represents the leakage power from the
transmitter i to the receiver j.
To improve the performance of the prefilter, the proposed

prefilter should consider the main peak power, the ISI and
the MLI simultaneously. The signal power to sidelobe power
ratio (SSR) is calculated as the ratio of themain peak power of
the received signal to the sum power of the sidelobe [35], [36].
However, the SSR cannot represent the performance of the
multi-link communication properly since it does not contain
theMLI. In this paper, we introduce a new parameter to apply
the leakage power - signal power to sidelobe power plus leak-
age power ratio (SSLR). As the leakage power is contained
in the parameter, the SSLR can represent the performance of
the multi-link communication system under limited channel
information. Thus, the expression of the SSLR at the trans-
mitter i is

SSLRi =

∣∣∣hTRi,i gi∣∣∣2∣∣∣H̃i,igi
∣∣∣2 + N∑

j=1,j 6=i

∣∣Hi,jgi
∣∣2 . (15)

As the SSLR is increased, the overall performance of the
multi-link communication system is improved.

B. PROBLEM FORMULATION
The proposedMLI-TR prefilter maximizes the SSLR by con-
trolling the coefficients of the prefilter using a weight matrix.
That is, we control the coefficients of the conventional TR
prefilter to design the weight matrix. The proposed prefilter
with the weight matrix, Wi at the transmitter i is represented
as

gMLIi =WihTRi,i , (16)

where Wi = diag
[
wi,1 wi,2 · · · wi,(NtL)

]
is a diago-

nal matrix. Since the weight matrix maximizes the SSLR,
the main peak power of the desired signal is maximized and
the ISI and the MLI are minimized at the same time.

At the receiver i, the effective channels of desired link and
interfering link from the transmitter j are expressed as

fMLIi,desired = Hi,iWihTRi,i

= Hi,idiag
(
hTRi,i

) wi,1
...

wi,(NtL)

 = Hi,iDTR
i wi, (17)

and

fMLIi,interference(j) = Hj,iWjhTRj,j

= Hj,idiag
(
hTRj,j

) wj,1
...

wj,(NtL)


= Hj,iDTR

j wj, (18)

respectively, where wi is a vector form of Wi and DTR
i

is a diagonal matrix form of hTRi,i . The reason why we

VOLUME 8, 2020 106039



M. Yoon et al.: New Multi-Link TR Prefilter Design for Indoor Wireless Communications

manipulate the effective channel at the receiver i is that the
SSLR can be represented by the fractional quadratic form
as (19), where Qi,1 =

(
DTR
i

)HHH
i,iHi,iDTR

i and Qi,2 =(
DTR
i

)H (H̃H
i,iH̃i,i +

N∑
j=1,j 6=i

HH
i,jHi,j

)
DTR
i .

We assume that each transmitter uses same power like the
conventional TR prefilter. So, the transmit power constraint
is expressed as

wH
i

(
DTR
i

)H
DTR
i wi = wH

i Qi,3wi = 1, (20)

where Qi,3 =
(
DTR
i

)HDTR
i .

To sum up, we want to find the weight matrix to maximize
the SSLR using the limited channel information. Without the
cooperation between transmitters, each transmitter designs
the MLI-TR prefilter considering the leakage power. There-
fore, the optimization problem for theMLI-TR prefilter of the
transmitter i is

max
wi∈F

wH
i Qi,1wi

wH
i Qi,2wi

subject to F=
{
wi ∈ RNtL×1 : wH

i Qi,3wi = 1
}
. (21)

C. SOLVING THE OPTIMIZATION PROBLEM
The optimization problem (21) is a quadratically constrained
fractional quadratic problem which is a non-convex problem
because of the objective function. It is difficult to find an
optimal solution of (21) since both the terms Qi,1 in the
numerator of (21) and Qi,2 in the denominator of (21) are
singular. Note that the singularity of these twomatrices can be
verified by the theorems in [37] with the properties about rank
of the matrices, and some properties about the elementary
row operations. Therefore, we cannot solve the problem (21)
directly via the generalized eigenvalue problem [38], [39].

Nevertheless, we can find a global ε-optimal solution by
converting the original optimization problem into a sequence
of very simple convex optimization problems with a single
parameter [40]. The ε-optimal solution of (21), w∗i can be
found by a simple one-dimensional search algorithm,

w∗i
HQi,1w∗i

w∗i
HQi,2w∗i

≥ max
wi∈F

wH
i Qi,1wi

wH
i Qi,2wi

− ε. (22)

Observation 1: We can find simple observations in (21) as
follows:

1. max
wi∈F

wHi Qi,1wi
wHi Qi,2wi

≥ α.

2. max
wi∈F

{
wH
i Qi,1wi − αwH

i Qi,2wi
}
≥ 0.

From these observations, we can convert the original opti-
mization problem (21) to the epigraph form as follows [41]:

max
wi∈F

α

subject to
wH
i Qi,1wi

wH
i Qi,2wi

− α ≥ 0,

F=
{
wi ∈ RNtL×1 : wH

i Qi,3wi = 1
}
. (23)

Therefore, we can find a solution by the bisection method
in Table 1 which is expressed as

w∗i ∈ argmax
wi∈F

{
w∗i

HQi,1w∗i − u
∗
kw
∗
i
HQi,2w∗i

}
. (24)

The bisection method iterates until the gap between the
lower bound and the upper bound is less than ε. Thus, as βk
is close to 0, αk is going to the maximum value and then
the solution, wi from the subproblem, (1) is the optimal
solution of (23). Since we find a global optimal solution of
the subproblem, (1), we can find the ε-optimal solution [40].
It is difficult to solve the subproblem (1), because it is a

nonconvex problem. Thus, we use si = Q1/2
i,3 wi for simplifi-

cation of the constraint as

wH
i Qi,3wi = ‖si‖2 = 1. (26)

The constraint converts to the Euclidean norm. Moreover,
the objective function of the subproblem can be converted to
the quadratic function as follows:

wH
i Qi,1wi − αkwH

i Qi,2wi

= sHi

{(
Q
−

1
2

i,3

)H (
Qi,1 − αkQi,2

)
Q
−

1
2

i,3

}
si

= sHi Q̃isi, (27)

SSLRi =
wH
i

(
DTR
i

)HHH
i,iHi,iDTR

i wi

wH
i

(
DTR
i

)H H̃H
i,iH̃i,iDTR

i wi +
N∑

j=1,j 6=i
wH
i

(
DTR
i

)HHH
i,jHi,jDTR

i wi

=

wH
i

[(
DTR
i

)HHH
i,iHi,iDTR

i

]
wi

wH
i

[(
DTR
i

)H (H̃H
i,iH̃i,i +

N∑
j=1,j 6=i

HH
i,jHi,j

)
DTR
i

]
wi

=
wH
i Qi,1wi

wH
i Qi,2wi

, (19)
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TABLE 1. Bisection method for (23).

where Q̃i =

(
Q
−

1
2

i,3

)H (
Qi,1 − αkQi,2

)
Q
−

1
2

i,3 . Therefore,

the subproblem is manipulated as

max
‖si‖2=1

{
sHi (Q̃i)si

}
, (28)

which is a convex optimization problem. We can solve this
optimization problem using the Lagrangian’s method [41],
where the proof is represented in Appendix A. The initial
upper bound and lower bound M and m are given by

M =
λmax

(
Qi,1

)
λmax

(
Qi,3

)
λmin

(
Qi,3

)
λmin

(
Qi,2

) . (29)

m = −M . (30)

The derivation of initial bounds is represented in Appendix B.
As we set the initial bound, we can calculate the number of
the iteration of the bisection method as follows:
Proposition 1: The bisection algorithm ends after⌈
ln
(M−m

ε

)/
ln 2

⌉
iterations with an output w∗ that is an

optimal ε-solution of (21).
Proof: The length of initial bound is u0 − l0 = M −m.

By the definition of the uk and lk , we can find the relationship
for every k as uk − lk = 1

2 (uk−1 − lk−1). Thus, this relation-
ship is established,

uk − lk = (M − m)
(
1
2

)k
. (31)

Since the iteration ends when uk − lk ≤ ε, the number of the
iteration k∗ has

(M − m)
(
1
2

)k∗
≤ ε, (32)

which is equivalent to k∗ ≥
⌈
ln
(M−m

ε

)/
ln (2)

⌉
. �

In addition, note that only 2L − 1 equations are consid-
ered for the proposed MLI-TR prefilter while 2L + LE − 2
equations are required for the conventional ETR prefilter
[21], where LE denotes a length of an equalizer added in the
transmitter, which results in high computational complexity
for sufficient suppression of the inter-symbol interference.

TABLE 2. Multipath channel characteristics of IEEE 802.15.3a channel
model [42].

FIGURE 2. Comparison of other link interferences.

IV. SIMULATION RESULTS
We compare the performance of the proposed MLI-TR pre-
filter with that of the conventional TR prefilter and the ETR
prefilter. We consider the channel model in IEEE 802.15.3a
[42] which is the indoor wireless channel for short ranges and
high data rate. Especially, we use the channel model (CM)
1, 2 and the CM3 and their characteristics are represented
in Table 2. The CM1 is based on line of sight (LOS) channel
measurements in a small room (0-4m). In case of CM2 and
CM3, they are based on non line of sight (NLOS) channel
measurements in a small room (0-4m) and large room (4-
10m), respectively. There are N links between N transmitters
and N receivers. The transmitters have 4 antennas and the
receivers have a single antenna.We use the QPSKmodulation
and vary the symbol duration Ts and the number of links to
observe the interference effect.

In Fig. 2, we represent the impulse response of the leakage
signal power to other links when there are 2 links in the
network. Since the objective of the MLI-TR prefilter is to
reduce the leakage interference to other links, the power of
the leakage signal of the conventional TR prefilter is larger
than that of the MLI-TR prefilter. Thus, the MLI-TR prefilter
improves the performance by reducing the leakage signal.

We compare the SSLR of the conventional TR prefilter
and the MLI-TR prefilter in Fig. 3 and Fig. 4. Though the
number of links is increased, the SSLR of the MLI-TR pre-
filter is higher than that of the conventional TR prefilter as
in Fig. 3. In Fig. 4, we represent the increasing rate of the
SSLR of the MLI-TR prefilter compared to the TR prefilter.
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FIGURE 3. Comparison of the SSLR for various N .

FIGURE 4. Increasing rates of the SSLR for various N .

The increasing rate of the SSLR is decreased as the number
of links is increased because the leakage signal between links
occurs seriously. This means that MLI and ISI would be
greatly affected by increasing the number of links in the
multi-link system.

Considering that the MLI-TR prefilter can enhance the
effective desired signal power compared to that of the conven-
tional TR prefilter, we can use BER as well as SSLR as a per-
formance ofmulti-link system to show the effectiveness of the
MLI-TR prefilter. As shown in Fig. 5, the BER performances
of the conventional TR prefilter, the ETR prefilter and the
MLI-TR prefilter in the CM1 are compared. There are 2 links
in the network and the symbol duration is 1ns, 5ns or 10ns.
Since the ISI is increased as the symbol duration is short,
the BER performances of all prefilters are degraded. Compar-
ing the conventional TR prefilter and the ETR prefilter, in the
case of the short symbol duration, BER performance of the
ETR prefilter is better because the ISI has a large influence.
However, the BER performance of the MLI-TR prefilter is
better than that of other prefilters in every symbol duration
by maximizing the SSLR.

In Fig. 6 and Fig. 7, we compare the BER performances
of the conventional TR prefilter, the ETR prefilter and the

FIGURE 5. Comparison of BER for the CM1 with 2 links and various Ts.

FIGURE 6. Comparison of BER for the CM2 with 2 links and various Ts.

MLI-TR prefilter in the CM2 and CM3, respectively. Since
CM2 and CM3 are based on NLOS channel measurement,
the delay spread effect of the CM2 and CM3 are larger than
the CM1. However, the BER performance of the MLI-TR
prefilter is improved by maximizing the SSLR. Moreover,
compared with other prefilters, the MLI-TR prefilter exhibits
the best BER performance for every symbol duration. There-
fore, we can conclude that the MLI-TR prefilter is robust to
the delay spread.

In Fig. 8 and Fig. 9, we compare the BER performances
of two prefilters in the CM2 when the symbol duration is 5ns
and 10ns with various numbers of links (3, 5, 7 links). As
the number of links is increased, the BER performances of
both prefilters are degraded because the MLI is significantly
increased. However, theMLI-TR prefilter has better BER per-
formance in overall SNR range because the MLI-TR prefilter
reduces the MLI and the ISI at the same time. To show the
effect of the MLI reduction, we set the symbol duration to be
10ns in Fig. 9: the effect of the ISI is very small. When the ISI
is small, the MLI-TR prefilter has better BER performance
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FIGURE 7. Comparison of BER for the CM3 with 2 links and various Ts.

FIGURE 8. Comparison of BER for the CM2 with Ts = 5 ns and various N .

FIGURE 9. Comparison of BER for the CM2 with Ts = 10 ns and various N .

than the TR prefilter. That is, theMLI-TR prefilter can control
the leakage signal.

V. CONCLUSION
We propose the MLI-TR prefilter for multi-link indoor wire-
less communication. The MLI-TR prefilter reduces the MLI
and the ISI at the same time by controlling the leakage signal

to other links. We define the SSLR to consider the main
signal, the ISI and the MLI simultaneously. The MLI-TR
prefilter maximizes the SSLR to maximize the main peak
power and minimize the ISI and the MLI.

To maximize the SSLR, we design the optimization prob-
lem and find the ε-optimal solution as the MLI-TR prefilter.
Simulation results show that the MLI-TR prefilter improves
the BER performance. Especially, we presented the leakage
signal is controlled by the MLI-TR prefilter efficiently and
therefore can be applied to the multi-link indoor wireless
communication systems. A further extension of the efficient
ISI/MLI management based on SSLR maximization would
be considered in a multi-link systems with the transmitters
enabled with serving multiple devices for future work.

APPENDIX A
The Lagrangian function of this problem is

l (si, λ) = sHi (Q̃i)si + λ(1− sHi si). (33)

Applying the Lagrangian condition yields

Dsi l (si, λ) = 2sHi Q̃i − 2λsHi = 0T . (34)

Dλl (si, λ) = 1− sHi si = 0 (35)

The equation (34) can be represented as

(λI− Q̃i)si = 0, (36)

equivalently,

Q̃isi = λsi. (37)

Therefore, the solution is an eigenvector of Q̃i and the
Lagrangian multiplier is the corresponding eigenvalue. Since
the optimum value λ∗ maximizes the objective function,
the value λ∗ is a maximum eigenvalue of Q̃i and the optimal
solution, s∗i is the eigenvector of Q̃i corresponding to λ∗.
To check the second-order sufficient conditions (SOSC),

we first compute the Hessian matrix of the Lagrangian func-
tion as

L(s∗i , λ
∗) = 2Q̃i − 2λ∗I, (38)

which is positive definite. The Lagrangian condition is also
satisfied

Dsi l(s
∗
i , λ
∗) = 2s∗Hi Q̃i − 2λ∗s∗Hi = 0T . (39)

Therefore, the solution s∗i is an optimal solution of the sub-
problem.

APPENDIX B
The bisection method needs the initial bound to find a solu-
tion. Aswe set the initial bound close to the solution, the itera-
tion could be finished quickly. Thus, howwe choose the lower
and upper bounds m and M , respectively, is important. From
the constraint (20), we can get an inequality of wH

i wi using
the Rayleigh-Ritz theorem as follows [43]:

λmin
(
Qi,3

)
≤

wH
i Qi,3wi

wH
i wi

=
1

wH
i wi
≤ λmax

(
Qi,3

)
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⇒
1

λmax
(
Qi,3

) ≤ wH
i wi ≤

1

λmin
(
Qi,3

) (40)

where λmin (A) is a minimum eigenvalue of A and λmax (A)
is a maximum eigenvalue of A. Note that the eigenvalues of
Qi,1, Qi,2, and Qi,3 are positive, since those are Hermitian
and positive definite matrices. So, we can find inequalities of
Qi,1 and Qi,2 using the Rayleigh-Ritz theorem as follows:

λmin
(
Qi,1

)
wH
i wi ≤ wH

i Qi,1wi

= 1

≤ λmax
(
Qi,1

)
wH
i wi, (41)

λmin
(
Qi,2

)
wH
i wi ≤ wH

i Qi,2wi

= 1

≤ λmax
(
Qi,2

)
wH
i wi. (42)

From (40) and (41), we can merge two inequalities as

λmin
(
Qi,1

)
λmax

(
Qi,3

) ≤ wH
i Qi,1wi ≤

λmax
(
Qi,1

)
λmin

(
Qi,3

) . (43)

Also, we can merge two inequalities (40) and (42) as

λmin
(
Qi,2

)
λmax

(
Qi,3

) ≤ wH
i Qi,2wi ≤

λmax
(
Qi,2

)
λmin

(
Qi,3

) . (44)

Based on these inequalities, (43) and (44), we set the initial
bound from this inequality,∣∣∣∣∣wH

i Qi,1wi

wH
i Qi,2wi

∣∣∣∣∣ ≤ max
∣∣wH

i Qi,1wi
∣∣

min
∣∣wH

i Qi,2wi
∣∣

≤
λmax(Qi,1)
λmin(Qi,3)

/
λmin(Qi,2)
λmax(Qi,3)

=
λmax

(
Qi,1

)
λmax

(
Qi,3

)
λmin

(
Qi,3

)
λmin

(
Qi,2

) . (45)

Therefore, the upper bound is

M =
λmax

(
Qi,1

)
λmax

(
Qi,3

)
λmin

(
Qi,3

)
λmin

(
Qi,2

) . (46)

The lower bound is

m = −M . (47)
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