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Abstract

Compared to nomadic and fixed relay stations, vehicle-mounted mobile relay stations show
different characteristics caused by the time-variant topology, due to their mobility. Especially,
a relay mounted in a vehicle is differentiated from nomadic or fixed relay by the restricted
distance between the relay and associated mobile station and the variable density of relay
deployment in a cell. In this paper, we identify the characteristics of vehicle-mounted mobile
relay stations and provide some parameters that highly influence the performance of
vehicle-mounted relay. Through simulation, we measure the effect of relay density, zone ratio,
relay transmission power, and frame transmission mode on the performance of
vehicle-mounted relay. The results show that the performance of vehicle-mounted relay is
highly susceptible to the above vehicle-mounted relay-specific parameters.
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1. Introduction

Recently, due to the increase in the number of mobile stations (MSs) equipped with

communication technology, we entered the era of ubiquitous computing. Meanwhile, mobile
communication technology, such as LTE/LTE-Advanced or WiBRO Evolution, has reached
the stage of commercialization. These next generation communication technologies make it
possible for MSs to break away from their spatial limitation and for the user to use high quality
communication services on the move. As a result, the demand for ubiquitous communication
services in the various vehicles is expected to dramatically increase, and as a result, vehicles
will be equipped with an infotainment space that can make use of communication networks
providing information, entertainment, and internet or act as a mobile office.

The telematics service is an example of vehicle-mounted communication systems. Since
most telematics services are built on the basis of wireless cellular technologies, the
performance of the current telematics system is equal to or less than that of wireless cellular
network users. So, telematics service users experience the deterioration of QoS when they are
located on the cell edge area or on the move. On the other hand, we can expect more enhanced
cell edge capabilities by using a vehicle-mounted relay station (RS) in that smart and multiple
antenna technologies can be more easily applied to vehicles than MSs, which is not feasible to
MSs because of their limited space. In fact, studies on vehicle-mounted MIMO and RF
technologies have been recently performed [1][ 2]. In this paper, our research is focused on the
performance of in-vehicle users being relayed by vehicle-mounted RS.

Fig. 1. Concept of Mobile Office Using Vehicle-mounted Mobile Relay Station

In a survey paper related to relays [3], the need for vehicle-mounted mobile relays is
mentioned and an efficient resource allocation scheme is proposed for nomadic relay stations.
In [4], a general overview of multi-hop relaying and an analysis of system performance is
given. In [5], a performance analysis is given depending on the concurrency between the direct
path and relay path. Also, an efficient path selection scheme is proposed for MSs in the cell. In
[6], the performance variation caused by the location of relay station is emphasized. In [7], the
authors introduced inter-relay interference and showed the simulation results using different
frequency reuse factors (FRFs) in order to analyze the effect on the inter-relay interference. In
addition, a path selection scheme is proposed that is superior to the one in [5].

Although a considerable amount of research has been conducted on relays, all of these
studies assume that nomadic or fixed relays are employed. A comparison between nomadic
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and fixed relay stations shows that mobile or vehicle-mounted mobile relay stations have
specific characteristics caused by the time-variant topology due to their mobility. In addition,
the distance between the mobile relay and associated MS is restricted by the vehicle size and is
relatively very short compared to fixed or nomadic relays. Hence, RS-MS link status in
vehicle-mounted mobile relay is supposed to be more stable than that in nomadic or fixed
relays. Instead, we need to pay attention to indigenous characteristic of vehicle-mounted
mobile relay system such as frequent changes of inter-RS interferences caused by mobility of
RSs. For this reason, the existing research results cannot be directly applied to
vehicle-mounted mobile relay stations. In this paper, we identify the characteristics of
vehicle-mounted mobile relay stations and derive the system parameters that influence the
performance of in-vehicle users. And we analyze the system performance as a function of
these system parameters.

The rest of this paper is organized as follows. In section 2, the system parameters affecting
the characteristics of vehicle-mounted mobile relay stations are defined. Section 3 describes
the system model. Section 4 presents the simulation environment and performance evaluation
methods used in this study. Section 5 explains the simulation results, and we conclude this
paper in Section 6.

2. System Parameters of Vehicle-mounted Mobile Relay Stations

In this session, we enumerate and explain some system parameters that affect the system
performance of vehicle-mounted mobile relay stations in the context of OFDMA/TDD based
IEEE 802.16m [9].

2.1. RS Density

The vehicle-mounted mobile relay has different characteristics from that of fixed or nomadic
relays because of its time-variant topology. According to the results obtained so far, the
number of fixed or nomadic relay stations in a cell should be properly controlled in order to
maximize the cell capacity. However, in the case that vehicle-mounted mobile relays are
employed in a cell, the number of these relays is usually uncontrollable, so its network
topology cannot be managed either. When a number of vehicles are gathered in a confined
location due to external reasons such as traffic jam or waiting at a red light, the capacity of RS
is affected by interference from neighbor relays. Therefore, the density of the RSs is one of the
important parameters influencing the capacity of the cell where vehicle-mounted relays are
employed. In this paper, we define RS density as the number of RSs per square meter (Rs/m?)
and used it to quantify the density of the vehicle-mounted relays.

2.2. Zone Ratio

While the channel status between the vehicle-mounted mobile relay and base station changes
frequently because of its high mobility, the channel status between the RS and MS is quite
stable. (Notice that the distance from relay to the users inside vehicle is limited to the size of
the vehicle.) It implies that the throughput bottle-neck phenomenon between the BS and MS in
a vehicle does not arise from the RS-MS link, but from the BS-RS link. Therefore, increasing
the length of BS-RS transmission zone can improve the cell capacity. On the other hand, if the
BS-RS transmission zone is too long, then there is not enough bandwidth to transmit data
between the RS and MS, which again acts as a bottleneck between the BS and MS. This gives
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rise to the necessity of studying the appropriate ratio between the lengths of BS-RS and
RS-MS transmission zones.
In each frame, the downlink region is divided into T, and T, where T, and T., mean

the lengths of BS-RS and RS-MS transmission zones, respectively. We define BR_zone_ratio
as the occupation ratio of the BS-RS transmission zone to that of all resources. The
RM_zone_ratio is similarly defined as the occupation ratio of RS-MS transmission zone to
that of all of resources. So, the BR_zone_ratio and RM_zone_ratio are described simply as
follows.

. T,
BR_zone ratio=—b55 (1)
BS + TRS
RM _zone_ ratio T )
BS +TRS

2.3. RS Transmission power

The transmission power of vehicle-mounted mobile relay should be high enough to guarantee
the QoS of the user inside the car. On the other hand, considering the mobility of a
vehicle-mounted relay, high RS transmission power may increase the inter-relay interference
that causes poor performance in cell capacity. So, it is necessary to analyze the influence of the
transmission power of the vehicle-mounted relay on interference in the BS-RS and RS-MS
links and the service quality of the user inside the car.
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Fig. 2. Schematic illustration of transparent (a) and nontransparent modes (b). Symbols used are
described in Table 1.

2.4. Frame Transmission Mode
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Relay supports two kinds of frame transmission mode (FTM), transparent mode and
nontransparent mode [9]. Fig. 2 describes the operational procedures of transparent and
nontransparent modes. Notice that there is no inter-RS interference (interference among
RS-MS links) for transparent mode. It is known that transparent and nontransparent modes are
useful to overcome the problem of coverage holes and to extend the cell coverage, respectively
[10]. However, this result assumes fixed or nomadic relay deployment, so it is not applicable
to the study of vehicle-mounted mobile relay. Therefore, we evaluate the performances of each
frame transmission mode in the context of vehicle-mounted mobile relay. Hereafter, we refer
the transparent and nontransparent modes as FTM1 and FTM2, respectively, in the rest of the

paper.
3. System Model

3.1. Network Definition

We define some network parameters used for evaluating the performance of vehicle-mounted
mobile relay system as follows.

Table. 1. Network Parameters

SYMBOL EXPLANATION
dg Distance between A and B.
M The number of RS associated with each RS.
o] The number of MS associated with each BS.
bs, i-th BS (1<i<18).
s, J-th RS associated with i-th BS (1< j<m ).
ms; The MS associated with j-th RS of i-th BS via relay link.
ms® I-th MS directly associated with i-th BS (no relay link)
! (1<1<0).
pow;, Transmission power of entity A (A can be a RS or an MS).
pse Received signal power of entity A.
int_servR Received interference power of entity A from RS located in
Pa serving BS.
int_nbrR Received interference power of entity A from RS located in
Pa neighbor BS.
pa-P Received interference power of entity A from BSs.
prR Total inter-relay interference of entity A.
SIR, SIR of entities A.
d_BR; The amount of data sent to j-th RS from i-th BS.
d _RM;; The amount of data sent to MS from j-th RS in i-th BS
d_BM, The amount of data sent to MS through j-th RS in i-th BS
d BM?® The amount of data sent to j-th MS from i-th BS via direct
- link.
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d_B Total throughput of i-th BS.

3.2. Networks Assumption

In this paper, we make some assumptions to properly focus on the performance evaluation of
vehicle-mounted mobile relay systems.
i) There is no inter-RS handover; that is to say, the user inside a car does not move its air
connection to the neighbor RS.
i)  There is only one MS associated to each RS.
iii)  The transmission power of vehicle-mounted mobile relay is uniformly distributed
across whole frequency bands.

3.3. SIR Calculation and MCS level Selection

There are two interference scenarios that may cause QoS deterioration to the user inside a
vehicle. One is the interference between BS-MS link and RS-MS links in FTM1, and the other
is interference among the RS-MS links in FTM2. We apply a network structure with 19 cells
and the simple path-loss model defined in [15].
The signal and interference power of rs;; are calculated as follows.

powsS ~(130.19+37*l0g(dpg_r5 ;)

sig __
prsi‘j —10 (3)
p:;‘ltj - ilo(powﬁs—(130.19+37*|og(db5p,rsi,j)))/10 @
' p=0, p=i
psig
SIR,,, =10log 5 5)

The signal power of msffj connected to rs;; is given by

) ( powRs —(130.19+37*log(d r /10
sig _ TS, j—Msj
pmSi?J' B 10 | . (6)

In the case of FTM2, there are two sources of interference affecting m’sﬁj . When the BSs

transmit data to the MSs connected to the direct path, the RS-MS link can suffer from
interference, which is calculated as follow.
18 (powTBxSp—(130.19+37*Iog(db o ))/10
Sp—msj j

int—-D
pms-R- :Z]'O (7)
1] p=0
Also, we must consider the inter-relay interference from inside and outside of the cell.
. M (powTRXS—(130.19+37*Iog(dr5_ R0
prlrr:stR—servR — Zlo i,p~MS (8_a)
" p=0,p#]
8 M (powf® —(130.19+37*log(d r ))/10
int—nbrR 1Sp,q—Msj
P = 2, 210 b (8-b)
h p=0, p=i q=0
The total inter-relay interference of MS; ; is given by
p;:;;jR — pliﬂ:;iservR + pri:;;jner. (8)

In this case, SIR between RS and MS is calculated as
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psigR
SIR R =10|Og ﬁ 8 (9)
" [ pm:ﬁj ’ * pm:ﬁi RJ

The signals of msi'ﬂ coming from the serving BS are expressed as

(powEs —(130.19+37*log(d b N)/10
Bsi*msu

P, =10 (10)
The interference power from the neighbor BSs is given by
. 18 (powss ~(130.19+37*log(d 5 )))/10
pre® = >'10 P (11)
M p=0, p=i
Also, the interference power caused by each relay is expressed as
) 18 M (powsS —(130.19+37*log(d b ))/10
int-R __ Sp,q-msj;
P =2, 210 e (12)
p=0 g=0
So, SIR between the BS and direct path MS link is described by
psig
ms)
s, =109 o o | -

SIR is calculated using the same formula as that shown above, and the selection of MCS level
is based on Table 2 [7].

Table 2. MCS Level Table

McsLevel | 2 | 2 | 3 | 4 | s 6 | 7 | s 9 | 10

Modulation QPSK 16 QAM, 64 QAM

Codingrate | 1/12 1/6 1/3 1/2 2/3 1/2 2/3 3/4 2/3 5/6
sIR@B) | -335 | -165 | 05 | 25 45 | 735 | 102 | 115 | 1505 | 189

3.4. Throughput Calculation

The throughput is calculated by considering the proportion of the frame occupied by a specific
MCS level. When M RSs exist and the MCS level of the connection between rs;; and bs; is p,
the capacity of this link is calculated as follows.

d_BR,, = MCSdata, x :

M x BR_zone_ratio’

(14)

Similarly, when an MS is connected to rs;; and the MCS level of the connection between
rsij and the MS is r, the capacity of this link is given by

1

d _RM, ; = MCSdata, x —.
- ' RM _zone _ratio

(15)

Also, the data rate of the msf’, connected to bs; with s-th MCS level is given by equation
(16).
1

: (16)
OxRM _zone_ratio

d _BM,] = MCSdata, x
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If the BS-RS link status is poor, then a bottleneck phenomenon may occur, even though the
RS-MS link status is very good. So, the amount of data that the MS receives is expressed by

d_BMi'Rj =min(d _RS;;,d _RM, ;). ()]
As a result, the total throughput of i-th cell is given by

M [¢]
d_B;=Yd_BM} +>.d_BMS. (18)

p=0 g=0

ij?

4. Simulation Design
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Fig. 3. Schematic illustration of the simulation method

Table 3. Simulation Parameter Setup

Parameter Description

Cell structure 19 cell, 2-tier

Site to site distance 1.5km

Antennas SISO

Carrier frequency 2.5GHz

Path loss 130.19+37.6*log10(d)
BS transmit power 46dBm

Traffic Model Full buffered

RS transmission power 5~24dBm

As a simulation model, we consider OFDMA/Time Division Duplex (TDD) macro cellular
systems. Parameters used in simulation runs are summarized in Table 3.

Considering the vehicle size, we assume that the MS is randomly located over a distance of
more than 1m and less than 1.5m from the relay in a vehicle. The RS block is defined as the
region where a vehicle can be located. The RS block is a square whose side is x m long. Notice
that the RS density varies with the value of x. The relay is randomly located in this RS block,
but the minimum distrance (1.5m) from the four sides of the RS block is guaranteed assuming
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the relay is located in the center of the vehicle. The RS group consists of 7x7 RS blocks. To
measure average performance of vehicle-mounted mobile relay, RS groups are set to be
located randomly in a cell and do not overlap with each other in each simulation trial. A
schematic illustration of the network simulation scenario is given in Fig. 3. The Monte Carlo
method with more than 10,000 trials is used for the simulation runs.

5. Results

5.1. Effect of the BS-MS connection on the RS-MS link under FTM2

= Qutage probability

0.7
0.6
0.5+
0.4
0.3
0.2

Outage probability

0.0/
10 20 30 40 50
Distance (m)

Fig. 4. Outage probability of RS-MS link according to the distance from BS (RS density: 0.10, RS
transmission power: 11dBm)

In the case of FTM2, the RS-MS links may suffer from interference originating from the BS
transmission power. We measure the outage probability of the MSs directly connected to the
relays as a function of distance from the BS to the RS group.

Fig. 4 shows that the outage probability of the RS-MS connection becomes zero when the
distance between BS and the RS group is longer than 30m. This is because the signal strength
between the RS and MS in the vehicle is quite strong due to shorter distance between the RS
and MS. So, we can say that the BS-MS connections have little effect on the RS-MS links.
This phenomenon originating from the short distance between RS and MS characterizes the
performance of vehicle-mounted mobile relay systems.

5.2. Effect of RS-MS connections on BS-MS link under FTM2

In the case of FTM 2, the greater the number of RS groups/RSs located in the cell, the greater
the interference on an MS that is directly connected to the BS. We measure the MCS level
distribution of the MS connected to the BS (Fig. 5-(a)) and the throughput of BS-MS link (Fig.
5-(b)) as a function of the number of RS groups. The result shows that the outage probability
(MCS level 0) of the BS-MS links increases (thus, the throughput of BS-MS link increases) as
the number of RS groups increases.

5.3. BS-MS link quality vs. RS Transmission Power

We measure the effect of RS transmission power on the BS-MS link. As the RS transmission
power increases, interference that the BS-MS link experiences increases. As shown in Fig. 6,
the performance of MCS level distribution (Fig. 6-(a)) and BS-MS link throughput (Fig.
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6-(b)) decrease. The result shows that the BS-MS link suffers from performance degradation
due to the RSs/RS groups.
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Fig. 5. MCS level distribution (a) of RS and throughput (b) of BS-MS link as a function of the number
of RS groups (RS density per group: 0.10, BR zone ratio=0.5, RS transmission power: 11dBm)
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6. MCS level distribution (a) and throughput (b) of BS-MS link as a function of RS transmission
power. (RS density: 0.10, RS group: 5, Location of RS group: random, BR zone ratio=0.5)
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Fig. 7. MCS level distribution of RS-MS link as a function of RS Transmission Power (RS density:

0.10, RS group: 5, Location of RS group: random, BR zone ratio=0.5)

We measure the distribution of the MCS level of the RS-MS link according to the RS
transmission power. Unlike Subsection 5.3, there is no significant change in the MCS level of
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RS-MS link as the RS transmission power varies. This is because the received signal strength
of an MS in a vehicle increases although the neighbor RS increases its transmission power.

On the other hand, the result in Subsection 5.3 shows that a high transmission power of RS
affects the quality of the BS-MS link. Combining it with the result in Fig. 7, we can say that it
should be avoided to keep the RS transmission power high since a low RS transmission power
can mitigate the interference from the RS-MS connections to the BS-MS connections. If we do
s0, then the overall system performance in the case of low RS transmission power will be
higher than that of high RS transmission power.

5.5. RS density vs. cell throughput
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Fig. 8. MCS level distribution (a) and throughput (b) of RS-MS links according to RS density (RS
group: 5, Location of RS group: random, BR zone ratio=0.5, RS transmission power: 11dBm)

The MCS level distribution in Fig. 8-(a) shows that the quality of RS-MS connections
becomes worse as the RS density increases. As RS density increases, RS-MS link quality
becomes worse due to inter-RS interference where there is no effect on BS-RS link. That is,
BS-RS link are much likely to be a bottle-neck when data are transmitted from BS to MS via
RS. That’s why the performance degradation of RS-MS link does not happen until RS density
reaches 0.10. However, when RS density is greater than 0.10, interference among RSs is too
high for RS to transmit all data received from BS alghouth there is enough resource available
(whole DL access zone of RS). That explains the reason why RS-MS link throughput starts to
decrease when RS density is greater than 0.10. Please notice that value of MCS level 0
dramatically increases when RS density becomes 0.11.

5.6. RS-MS link throughput according to BR zone ratio and distance between
RS and BS

Fig. 9 shows the RS-MS link throughput as functions of both the RM zone ratio and distance
between the BS and RS under FTM 1 (Fig. 9-(a)) and 2 (Fig. 9-(b)), respectively. As defined
in subsection 2.2, the BR zone ratio means the ratio of the amount of resources allocated to
BS-RS link to total resources. Under FTM1, considering the short distance (thus, good link
quality) between RS and MS, it is desirable to prolong the length of the BS-RS zone in order to
enhance the overall system throughput. However, too short a BS-RS zone length causes
shortage of absolutely needed resources, so the overall system throughput decreases. This
explains the reason why there is a certain zone ratio value that maximizes the RS-MS link
throughput under FTM1. Generally, when the amount of data processed in the BS-RS link is
the same as that processed in the RS-MS link, performance is maximized under FTM1.

In the case of FTM2, the same logic can be applied to determine the throughput-optimized
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ratio between BS-RS and RS-MS zones. However, while the RS under FTM1 can use only a
part of RS-MS resource, RS can fully utilize the whole RS-MS resource under FTM2. So, the
amount of BS-RS resource to get the same throughput to the RS-MS link under FTM2 is much
greater than that under FTM1. The results in Fig. 10 show that both RS-MS and cell
throughputs increase as the BR zone ratio increases by up to 0.8. It means that the
throughput-optimized BR zone ratio under FTM2 is larger than 0.8, but we do not express this
point in the figure since such a ratio is an impractical value.
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Fig. 9. RS-MS link throughput due to FTM1 (a) and FTM2 (b) as functions of BR zone ratio and
distance between RS and BS (RS density: 0.1, RS group: 1, Location of RS group: 100, 200, 300, 400,
500, 600, BR zone ratio=0.2~0.8, RS transmission power: 11dBm)
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Fig. 10. Cell throughput according to BR zone ratio (RS density: 0.1, RS group: 5, Location of RS
group: random, BR zone ratio=0.2~0.8, RS transmission power: 11dBm)

6. Conclusion

In this paper, a vehicle-mounted mobile relay in a next generation communication system is
introduced. The distinctive figures of vehicle-mounted mobile relay compared to fixed or
nomadic relays are summarized as i) short distance (thus, good link quality) between relay and
the associated MS and ii) the possibility of high density of relay deployment. Considering the
above two points, we suggest RS density, zone ratio, and RS transmission power as key
metrics in evaluating the performance of a vehicle-mounted mobile relay system. For
performance evaluation, we measure the inter-effect of RS-MS and BS-MS connections,
effect of RS transmission power on both BS-MS and RS-MS connections, and effect of RS
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density and zone ratio on cell throughput. We believe that the work of this paper can serve as
preliminary research of vehicle-mounted relay systems.
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