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Abstract—With the increasing popularity of smartphones
and Internet of Things (IoT) devices, there has been an
increase in the amount of mobile traffic on networks. In this
paper, we discuss an access strategy for downlink/uplink
decoupling (DUDe) with multiple frequency channels to
enable the efficient use of frequencies in wireless networks.
DUDe is a wireless communications scheme that effectively
utilizes frequencies when communicating by connecting
the uplink and downlink to different base stations. We
propose two base station selection methods, i.e., signal-
to-interference-plus-noise ratio (SINR)-based decoupling
with re-association (SBD-RA) and SINR-based decoupling
with first-come first-association (SBD-FCFA). Based on the
evaluation results obtained by event driven simulations,
we show that both SBD-FCFA and SBD-RA provide
higher throughput by utilizing frequencies more efficiently
than DUDe when using the same channel, or without
using DUDe. We also show that SBD-RA achieves a high
throughput although SBD-RA has a larger computational
complexity than SBD-FCFA.

I. INTRODUCTION

In recent years, with the rapid spread in the use of
devices such as smartphones, tablets, and Internet of
Things (IoT) devices, the demand for wireless com-
munication capacity has continued to increase. Various
efforts have been made to cope with increasing wireless
communication capacity, such as the development of 5G
technology [1]. In this paper, of the different approaches
to realizing 5G, we focus on the downlink/uplink decou-
pling (DUDe). DUDe is a scheme that is used to improve
throughput by independently selecting the source base
station of the downlink and the destination base station
of the uplink in a network having multiple types of base
stations [2], [3]. The basic idea of DUDe is shown in
Fig. 1, Fig. 2. In Fig. 1, Fig. 2, we assume that the
distance between a small cell base station and a device
is closer than the distance between the macro cell base
station and the device.

Fig. 1 illustrates a normal connection method. In a
normal connection, scheme connects both the uplink and
the downlink to the base station that has the higher
downlink received signal strength indicator (RSSI) at
the device. In the same frequency band, we assume
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that the macro cell base station transmits data with high
transmission power, and the small cell base station and
the device transmit data with low transmission power.
In Fig. 1, because the signal from the macro cell base
station has a stronger RSSI at the device, both the uplink
and downlink to the device are connected to the macro
cell base station. On the other hand, in DUDe, scheme
improves the throughput by making a connection to the
higher RSSI on the receiving side. Fig. 2 shows an
example of how to connect with DUDe. As mentioned
above, the macro cell base station transmits data with
high power, so in Fig. 2, the RSSI on the device is larger
than that of the small cell base station. In this case, for
the downlink, the device connects to the macro cell base
station. On the other hand, in Fig. 2, the small cell base
station is closer to the device than the macro cell base
station, and therefore, the RSSI on the small cell base
station is higher than that on the macro cell base station.
In this case, for the uplink, the device connects to the
small cell base station.

Previous research on DUDe has assumed that both
the uplink and downlink are in the same frequency
band. However, in this study, we consider the case
where the uplink and downlink use different frequency
bands. Owing to advances in semiconductor technology
and the miniaturization of wireless modules, current
smartphones are capable of supporting multiple inter-
faces such as WiMAX, wireless local area network
(LAN), Bluetooth, and NFC. In addition, tethering can
be achieved with current technology, enabling the use
of multiple wireless interfaces simultaneously. Devices
can connect the uplink and the downlink on different
frequency channels technically, if we show that the
frequency utilization efficiency can be improved, DUDe
can be applied on different frequency channels in future.

To this end, in this paper, we propose two base
station selection methods in DUDe using multiple fre-
quency channels. One is the signal-to-interference-plus-
noise ratio (SINR)-based decoupling with re-association
(SBD-RA), and the other is SINR-based decoupling with
first-come first-association (SBD-FCFA). The SBD-RA
approach uses the actual SINR as an index for selecting
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base station (casel) the uplink to the small cell base
station (case2)

a base station, and selects the type of base station to
which each device connects, i.e., the macro cell base
station or the small cell base station. We introduced a
mechanism to reduce the number of calculations required
for brute-force computations. The SBD-FCFA is a base
station selection method that further reduces the number
of calculations, as opposed to the SBD-RA, without
changing the base station. As a result of the evaluation
using simulations, we find that both the SBD-FCFA and
SBD-RA have a higher throughput compared to existing
methods. In addition, we find that the SBD-RA achieves
a high throughput although it has a larger number of
calculations compared to the SBD-FCFA.

The rest of the paper is organized as follows. In
Section II, we review the system model of DUDe in
heterogeneous wireless networks. Then, in Section III,
we describe the proposed SBD-RA, and in Section IV,
we describe the proposed SBD-FCFA. In Section V, we
present and discuss the performance evaluation results
obtained by simulation, and we confirm the effectiveness
of the proposed methods. We conclude the paper in
Section VI.

II. SYSTEM MODEL

In this paper, we assume DUDe using different fre-
quency bands for uplink and downlink. We assume that
the transmission power of the macro cell base station is
larger than that of the small cell base station.

A. Base station selection method

Figs. 1 to 4 show examples of connections in DUDe
where macro cells and small cells use multiple frequency
channels, as assumed in this paper. The green arrow
represents the macro cell frequency band, and the blue
arrow represents the communication in the small cell
frequency band. In DUDe using multiple frequency
channels, the following four types of connection methods
to base stations are conceivable.

casel: Both the downlink and uplink to the macro
cell base station (Fig. 1)

case2: The downlink to the macro cell base station,
and the uplink to the small cell base station (Fig. 2)
case3: The uplink to the macro cell base station, and
the downlink to the small cell base station (Fig. 3)
case4: Both the downlink and uplink to the small
cell base station (Fig. 4)

Fig. 3. Connect the uplink to the Fig. 4. Connect both the down-
macro cell base station, and the link and uplink to the small cell
downlink to the small cell base base station (case4)

station (case3)

TABLE I
INTERFERENCE IN DUDE USING THE SAME FREQUENCY
CHANNELS [4]-[9]

Receiver
Macro cell | Small cell
BS | UE | BS | UE
Transmitter | Macro | BS X v X v
cell UE v X v X
Small BS X v X v
cell UE v X v X
TABLE II
INTERFERENCE IN DUDE USING MULTIPLE FREQUENCY CHANNELS
Receiver
Macro cell | Small cell
BS | UE | BS | UE
Transmitter | Macro | BS X v X X
cell UE v X X X
Small | BS X X X v
cell UE X X Ve X

B. Comparison of interference model with previous re-
search

In DUDe, using the multiple frequency channels han-
dled in this paper, we see that the interference model
is different from the existing research [4]-[9], which is
based on the assumption that the current macro cell base
station and the small cell base station communicate in the
same frequency band. [4]-[9] deals with the base station
selection problem on the premise that the frequency
channels are the same on the uplink and downlink in
DUDe. Table I shows the interference between the base
station and the device assumed in [4]-[9]. In Table I,
the BS is the base station, and the UE is the device. v
represents the case with interference and x represents the
case with no interference. In [4]-[9], base stations and
devices are assumed to interfere with each other because
they are transmitted in a time-division manner based on
scheduling by the base station. For example, [4] defines a
system model on the premise that the frequency channel
is the same on the uplink and the downlink in DUDe,
and it shows that the throughput of the whole system
improves by using DUDe.

On the other hand, in DUDe, considering the use of
multiple frequency channels in this paper, we assume
an interference model where the macro cell base station
and the small cell base station do not interfere with each
other. Table II shows the interference model assumed
in this paper. As can be seen from the table II, in the
interference model, the macro cell base station and the
small cell base station do not interfere with each other.



However, the interference model considered in this
paper uses an ideal model that does not interfere with
the uplink and downlink in a small cell base station. For
example, assuming a wireless LAN as a small cell, the
uplink and downlink interfere with each other. However,
if we use the frequency band of the wireless LAN,
controlling wireless LAN is technically impossible. if
the interference between the uplink and downlink does
not occur by using a technology such as licensed-
assisted access (LAA), controlling wireless LAN is pos-
sible. We also consider the simplicity of comparisons
with previous studies assuming that macro cell base
stations and small cell base stations perform DUDe on
the same frequency channel.

C. Interference model

In this paper, we define the SINR model of DUDe
using multiple frequency channels related to the SINR
model defined in [4]. ®p, Pg, and P4 are the set of
points representing the positions of macro cell base sta-
tions, small cell base stations, and devices, respectively,
which are randomly positioned.

rm; (€ Pm), 7F, (€ Pr), 24, (€ Pg) are the positions
of the jth macro cell base station (M), the locations of
the I/th small cell base station (W;), and the position of
the mth device (d,,), respectively. j, [, and m are natural
numbers that are assigned to base stations or devices that
exist in countless numbers for convenience. We define
Py, P, and Py as the transmit powers of the macro cell
base station, the small cell base station, and the device.

We consider the downlink received power and SINR
from the base station, focusing on the mth device (d,,).
The downlink receive power (Sﬁj 4,,) from the jth
macro cell base station (M;) at the device is S]BIJ_ 4, =
Pyvh;a,, |om; — 24, || The downlink receive power
(S}?Z d,) from the Ith small cell base station (W;) is
Sl]:)zdm = PFhFLdm Tg, — X4, -, hM]-dm and hFld
represents Rayleigh fading, which is caused by radio
wave propagation from the macro cell base station (M;)
and the small cell base station (F;) at the device (d,,).
hM;d,,» PF,a,, are independent exponential distributions
with an average of 1. ||y, — x4, || and [|zF, — 24, || are
the distances between the macro cell base station (M;)
and the device (d,,,), and the distance between the small
cell base station (F;) and the device, respectively.

In DUDe, by using multiple frequency channels, the
SINR at the device when the mth device (d,,,) connects
to the j'th macro cell base station (Mj.) on the downlink
is

m

D
SM} dnL

SINRy 4 =
M;d,, ZxMjedm\{wM;} Sﬁjdm + 02
the SINR at the device when the mth device (d,,)
connects to the /th small cell base station (W;) on the
downlink is Slli)Ad
SINRp, = i
idm

D 2
ZmFl E(I)F\{ZFi} SFldm, + g

o? represents the noise.

The interference in the uplink in DUDe using multiple
frequency channels depends on whether each device is
connected to a macro cell base station or a small cell
base station. Specifically, the device connected to the
macro cell base station in the uplink is not affected by
the interference caused by the device connected to the
small cell base station. It is necessary to treat devices that
are connected to the macro cell base station and the small
cell base station separately. Therefore, we define a set of
device locations connecting the uplink to the macro cell
base station as Ppiq (€ ®4), and a set of device locations
connecting the uplink to the small cell base station as
Drq (€ ®4). They satisfy Byig N Prg = .

Like the downlink, the uplink received power (Sﬁj d,)
from the mth device (d,,,) in the macro cell base station
M;) is Syia, = Pubmya, o, — 20, 7% Ay,
hg,q,, represents the Rayleigh fading caused by radio
wave propagation from the macro cell base station (M)
and the small cell base station (F;) at the device (d,,),
respectively. hm;a,,» IF,q,, are independent exponential
distributions with the average of 1. ||zm, — wq,,| and
|lxp, — 4, || are the distances between the macro cell
base station (M;) and the device (d,,), and the distance
between the small cell base station (F;) and the device.

The SINR at the macro cell base station when the rith
device (d;;) connects to the jth macro cell base station
(M;) on the uplink is U

Sde

SINRy, v, =

j
Zl‘dm €dya\{za,y } Sd[InMj +0?

The SINR at the small cell base station when the mth
device (d;;,) connects to the [th small cell base station

(F;) on the uplink is U
dpmr
SINRY . = :
! ZmdeéFd\{xdm} ngFl +o?
I1I. SBD-RA

In the system model shown in Section 2, if the
number of devices is m, the number of macro cell
base stations is j, and the number of small cell base
stations is [. The combination of the devices and the
base station is O((5 +1)™). If (j + 1)™ combinations
are tried, we determine all of the connections of the
devices with the maximum total throughput. However,
because the number of combinations of devices and base
stations exponentially increases as the number of devices
increases, it is not realistic to try (j -+ 1)™ combinations
of devices and base stations in a real environment having
a large number of devices.

To reduce the computational complexity at the time
of connection, we propose a base station selection
method called the SBD-RA. The SBD-RA first deter-
mines whether to connect the uplink of each device to
the macro cell base station or the small cell base station.
If the number of devices is m, the number of macro
cell base stations is j, and the number of small cell



Algorithm 1 SBD-RA base station selection method.

Algorithm 2 SBD-FCFA base station selection method.

1: for all d, € ci>Md + ‘i)pd do
2 for all B € &\ + & do
3: Th%dn < calcDLThroughput(B, d,, ®m, Pr)
4:  end for
50 BpP < arg max Tth
Bedy+dr

6 d, connect to the station (B{?O ) in the downlink
7: end for

8: for all R, do

9

decideUEway(R,)

10: for all d, € ‘i)Md + (i]:d do

11 if d, € Opq then

12: for all B € & do

13: Thy 5 —
calcULThroughput(B, d,, Pya, Pra)

14: end for

15: end if

16: if d, € ®gq, then

17: for all B € & do

18: Thy 5 —
caluULThroughput(B, d, Py, Pra)

19: end for

20: end if

21:  end for

20 it (C ey o, Thy,p > Tharax) then

23: Thyax < EBGq’MJr‘I)F ThgoB

24: Ry, + R,

25:  end if

26: end for

27: decideUEway(R;)
28: for all d, € ‘i)Md + <i)1:d do
29:  BY < arg maxThy p
Bedg
30:  d, connect to the station (Byo ) in the uplink

31: end for

base stations is [. The number of combinations of each
device connecting to each base station in the uplink is
O(m(y +1)2™).

Algorithm 1 shows the selection method of a base
station to which the SBD-RA is connected. B is a base
station, d, is a device, and By and B are base stations
selected by the device d, in “the downlink and uplink,
respectively. R, is an arrangement that stores the type
of macro cell base station or small cell base station
to which the device connects in the uplink, and Ry is
the array with the highest throughput of the sequences
that store which type of macro cell base station or
small cell base station to which the device connects
in the uplink. ®\; and®r are the set of positions of
the macro cell base station and small cell base sta-
tion, as defined in Section II-C. <i>Md and <i>1:d are the
set of devices that are connected to the macro cell
base station and the small cell base station defined in

1: for all B € &y + ¢ do
SINR},. < calcDLSINR(B, d,, Oum, Pr)

SINREOB + calcULSINR(B, d,, iMd, Dpq)
: end for

BP « arg max SINR%dD
Bedy+Pr
. connect to the station (BP) in the downlink
7. BY « arg max SINRg p
Bedy+Pr
8: connect to the station (BY) in the uplink

A

(=)}

II-C, respectively. calcDLThroughput(B,d,, ®m, Pr) is
a function that is employed to calculate the throughput
of the downlink from the base station (B) to the device
(dy). calcULThroughput(B,do,@Md,épd) is a function
to calculate the throughput of the uplink from the device
(d,) to the base station (B), and decideUEway(R,) is a
function that is used to calculate the throughput of the
macro cell base station or the small cell base station, and
to decide whether to connect.

Algorithm 1 first calculates the throughput on the
downlink between each device and all base stations. In
the first to fourth lines of Algorithm 1, each device
calculates the throughput on the downlink between all
of the base stations. In lines 5 and 6 of Algorithm
1, the device is connected downlink to the base station
with highest downlink SINR. Next, each device verifies
whether to connect the uplink to the macro cell base
station or the small cell base station on a brute-force
basis. The idea of SBD-RA is to decide in advance to
which of the macro cell base station or small cell base
station the device should be connected. In the 9th line
of Algorithm 1, method determines whether each device
connects to macro cell base station or a small cell base
station. After that, each device obtains the maximum
throughput from either the macro cell base station or
the small cell base station. the device connects to the
macro cell base station obtains the maximum uplink
throughput in the 11th to 15th lines of Algorithm 1,
and the device connects to the small cell base station
obtains the maximum uplink throughput in the 16th to
20th lines of Algorithm 1. Finally, devices connect by
a combination in which maximizes the total of uplink
throughput in all devices in uplink.

IV. SBD-FCFA

In the SBD-RA shown in Section III, although SBD-
RA reduces the number of calculations when compared
with the case of using the brute-force approach for all
of them, the number of calculations remains large as
O(m(j+1)2™). In real networks, devices repeat addition
and exit operations, so the number of calculations may
be problematic depending on the scale of the network.

In the DUDe for heterogeneous wireless networks,
the SINR of the device uplink depends on the type of



connected base station of the other device. When we
use the RSSI base in a heterogeneous wireless network,
the interference increases and the throughput of the up-
link decreases. Specifically, in a heterogeneous wireless
network, when using the RSSI base when the number
of small cell base stations is larger than the number of
macro cell base stations, the device that connects its
uplink to the small cell with a large number of base
stations is connected to the device. When many devices
connect their uplink to a small cell, the interference at
the small cell base station increases, and the throughput
of the device connected to the small cell base station
decreases. To improve the throughput, we should select
the base station for all of the devices based on the SINR
in the uplink.

However, it is not realistic to determine the uplink
destination base station for all devices on a brute-force
basis. In the case of the brute-force approach, assuming
that the number of devices is m, the number of macro
cell base stations is j, and the number of small cell
base stations is [, there are (j + 1)™ combinations of
streets. As the number of devices increases, the number
of computation increases exponentially. In a wireless
network in which a large number of wireless devices
exists and fluctuate dynamically, it is necessary to select
base stations based on the SINR using a small number
of calculations.

In this paper, we propose a base station selection
method, SBD-FCFA. SBD-FCFA reduces the number of
calculations by not changing the destination base station
of the device that is connected to the base station once
in the wireless network. Specifically, when each device
connects, method selects the base station based on the
SINR considering only the interference of the devices
already connected to the base station. Further, by not
changing the base stations once connected, SBD-FCFA
reduces the computational complexity.

Algorithm 2 shows the base station selection method
of SBD-FCFA. B is an arbitrary base station, d, is
the newly connected device, and BPand BY are the
base stations selected for the downlink and the uplink,
respectively. @y, P is the set of macro cell base stations
and small cell base station positions defined in Section
II-C, (i)Md, Dry represents the set of devices connected to
the macro cell base station, and small cell base station,
respectively. calcDLSINR(B,d,, @y, Pr) is a function
to calculate the downlink SINR from the base station
B to the device d,. calcULSINR(B, d,, Pra, épd) is a
function to calculate the uplink SINR from the device
d, to the base station B.

First, the method calculates the downlink and uplink
SINR with all base stations. Specifically, the method
estimates the SINR between all of the base stations on
lines 14 of Algorithm 2. When method calculates the
SINR of the uplink, method considers to which base

station the other device connects macro cell base station
or small cell base station. Subsequently, in lines 5 and 6
of Algorithm 2, the device makes a downlink connection
to the base station that achieves the highest downlink
SINR. Finally, in lines 7 and 8 of Algorithm 2, the
device makes an uplink connection to the base station
that achieves the highest uplink SINR.

If the number of devices is m and the number of base
stations is j -+, there are m(j+!) combinations in SBD-
FCFA. This is less than m(j+41)2™ in SBD-RA, and the
number of calculations decreases. In addition, even if the
number of devices increases, the amount of computations
does not increase exponentially, so we consider that it
can be applied to a large-scale network.

V. EVALUATION

In this section, we show the effectiveness of the
proposed method using computer simulations to describe
the performance evaluation. Specifically, we verify the
effectiveness of SBD-RA and SBD-FCFA by evaluating
the average throughput for each device in a small-scale
network and a large-scale network.

A. Evaluation environment

We evaluated the throughput of the uplink and down-
link by performing computer simulations of the proposed
method. The transmission power of the macro cell base
station was 46 [dBm], the transmission power of the
small cell base station was 20 [dBm], and the transmis-
sion power of the device was 20 [dBm]. We set the noise
o2 to -90 [dBm], and the path-loss coefficient « to 4. The
traffic model was the full-buffer model. The throughput
was the average of the Shannon capacities between the
devices and base stations. We performed the simulation
1000 times, and we used the average as the throughput.

We used downlink reference signal received power
(DRP) and RSSI base as comparison targets. DRP is
a method that is used to connect the uplink and the
downlink to the same base station based on the downlink
received power, as described in Section II-C. RSSI Base
is a method used in [4], and independently connects
the uplink and downlink to base stations based on the
received power. We perform comparisons using the four
methods, which include the proposed methods SBD-
FCFA and SBD-RA.

B. Evaluation in small networks

We randomly placed base stations and devices within
the range 1 x 1 [km?]. Then, we set two macro cell
base stations and five devices. We evaluated the average
throughput by varying the number of small cell base
stations from 2 to 10. In Fig. 5, we show the downlink
throughput. From the figure, we observe two things.
First, SBD-FCFA and SBD-RA improved the downlink
throughput by up to 1.2 [bps/Hz] compared with the DRP
and RSSI Base. This is because the device selected the
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throughput in small networks.  put in small networks.

base station with little interference by other devices by

the SBD-FCFA. Second, SBD-FCFA achieved the s
downlink throughput as SBD-RA. This is because

ame
the

interference does not change in the downlink even if the
base station to which the device is connected changes.
Fig. 6 shows the uplink throughput. From the figure,
we observe two things. First, the SBD-FCFA improved
the uplink throughput by up to 2.2 [bps/Hz] compared

with DRP, and by up to 1.1 [bps/Hz] higher than

the

RSSI Base. Second, the SBD-RA improved the uplink
throughput by up to 2.3 [bps/Hz] compared with SBD-
FCFA. This is because devices do not change base station
in the SBD-FCFA when a new device is connected, so
method does not consider the interference of the newly

added device. Therefore, the device that was conne
earlier could not connect to the base station with
maximum SINR.

C. Evaluation in large networks

cted
the

We randomly placed base stations and devices in the

range 2 X 2 [km?]. We set 10 macro cell base stat

ions

and 25 devices. We evaluated the average throughput by

varying the number of small cell base stations from

5to

50. Because the SBD-RA calculations are complicated,

we compared DRP, RSSI Base, and SBD-FCFA.

In Fig. 7, we show the downlink throughput. From
Fig. 7, SBD-FCFA improved the downlink throughput
by up to 1 [bps/Hz] compared to DRP and RSSI Base.
This is because the device selected the base station with

little interference by the SBD-FCFA.

Fig. 8 shows the uplink throughput. From Fig. 8, SBD-
FCFA improved the uplink throughput up to 1.6 [bps/Hz]
compared to DRP, and up to 0.7 [bps / Hz] compared to
RSSI Base. This is because the device selected the base

station with little interference by the SBD-FCFA.

VI. CONCLUSION

In this paper, we proposed DUDe using different
frequency bands for the uplink and downlink, and we
proposed two base station selection methods, SBD-
RA and SBD-FCFA. SBD-RA reduces the number of
calculations required to obtain the maximum throughput
by routing all kinds of base stations in the uplink
in each device. SBD-FCFA is an extension of RSSI

Base used in DUDe in cellular. By using SINR as

the

base station selection index, SBD-FCFA selects the base
station considering interference using a small number

throughput in large networks.

put in large networks.

of calculations. We evaluated the performance of the
effectiveness of SBD-RA and SBD-FCFA by performing
computer simulations.
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