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We propose a millimeter wave (MMW)-based mobile hotspot 

network (MHN) system for application in high-speed railways 

that is capable of supporting a peak backhaul link throughput of 

1 Gbps per train at 400 km/h. The MHN system can be 

implemented in subways and high-speed trains to support 

passengers with smart devices and provide access to the Internet. 

The proposed system can overcome the inherent high path loss in 

MMW through system designs and high antenna gains. We 

present a simulation of the system performance that shows   

that a fixed beamforming strategy can provide high signal-to-

interference-plus-noise-ratio similar to those of an adaptive 

beamforming strategy, with the exception of 15% of the train 

path in which the network can use link adaptation with low-order 

modulation formats or trigger a handover to maintain the 

connection. We also demonstrate the feasibility of the MHN 

system using a test bed deployed in Seoul subway line 8. The 

backhaul link throughput varies instantaneously between    

200 Mbps and 500 Mbps depending on the SNR variations while 

the train is running. During the field trial, the smartphones used 

could make connections through offloading.  
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I. Introduction 

Mobile data traffic has been increasing along with the 
increased usage of smartphones and the evolution of various 
networks. Cisco has published a white paper that reported that 
mobile data traffic has grown 4,000-fold over the past ten years, 
reaching 3.7 exabytes per month as of 2015 [1]. Due to the 
ubiquity of handheld devices, there is demand for mobile data 
not only at home and work, but also on buses and trains. 
Smartphone users are able to connect to the Internet through 
cellular networks or utilize offloading, if available. Offloading 
occurs at the user or device level when users are switched from 
cellular connections to Wi-Fi or small-cell access connections. 
The white paper [1] disclosed that mobile offloading exceeded 
cellular traffic in 2015 for the first time. To be specific, 51% of 
the total amount of mobile data traffic was offloaded onto fixed 
networks through Wi-Fi or femtocells in 2015. When we 
consider these statistics, we envision that more and more of the 
smart devices connected to mobile hotspots, for example, on 
buses and subway/high-speed trains, will be connected to 
networks, and a good portion of such traffic will be offloaded 
through Wi-Fi.  

Dual-layer, two-tier, or hierarchical two-hop networks are all 
terms used to describe offloading-related architectures [2], [3]. 
Offloading can be applied in vehicles using mobile relays that 
are deployed in the topology. Vehicles, such as subways and 
high-speed trains, can be viewed as mobile hotspots that have a 
large number of users at the same location. The smartphones 
and tablets of users can connect to a network through Wi-Fi 
access points (APs) inside a train car. To connect to public land 
mobile networks (PLMNs), aggregated AP data must be 
relayed between the train cars and base stations located near the 
train route. Applying 3G/4G networks for the relays is a good 
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way to share the network infrastructure. Other technologies 
using satellite or leaky cable have been exploited in Europe and 
Japan [4].  

Four examples of relay applications under high-speed 
scenarios are as follows. First, a company called Fluidmesh 
launched its “Fluidity system,” which can support data rates of 
up to 100 Mbps at speeds of 350 km/h [5]. This system utilizes 
orthogonal frequency division multiplexing (OFDM) 
transmission technology in the 5 GHz unlicensed frequency 
band. Second, Huawei demonstrated an LTE network system 
for Shanghai maglev trains that supported an average data rate 
of 25 Mbps at 430 km/h [6]. This LTE-based system used a  
2.6 GHz carrier for the cellular frequency bands. The third 
example is a Japanese research group, which reported the 
feasibility of applying free space optic communication 
technology to fast moving trains. The group recorded a very 
high data rate of 566 Mbps at a speed of 130 km/h [7]. 
However, this communication system has yet to be 
commercialized. Finally, Korean subways and high-speed 
trains are under a similar situation in terms of offloading. Seoul 
subway trains deploy WiMax (or IEEE 802.16m) for relays 
between the train cars and the trackside. Because the capacity 
of the wireless backhaul between trains and base stations is 
limited to 10 Mbps as of 2015, Wi-Fi users on board the   
train may frequently experience slow connections or even 
connection failure. Bullet trains in Korea (KTX trains) have 
also been providing Wi-Fi on board using LTE-based wireless 
backhauls. The data rate achieved in this case is similar to that 
of the Seoul subway case. The above examples show the 
diversity in various types of high-speed use cases.  

One common goal of future-proof radio access technologies 
is to provide users in high-speed environments with broadband 
services, for example, video streaming, online gaming, and 
video conferencing. The 3GPP is creating specifications to 
enable such services in the future era of 5G. Currently, LTE-
Advanced can provide a wide range of downlink data rates. 
For instance, Release 12 of the LTE-Advanced specifications 
includes physical layer parameters for UE category 14, which 
supports a 3.9 Gbps downlink data rate using 8-layer spatial 
multiplexing and 256-QAM [8]. However, high data rates have 
yet to be realized using these schemes because high-order 
modulation and spatial multiplexing techniques are not 
applicable in high-speed scenarios. Therefore, a new approach 
that is not solely dependent on very high-order modulation and 
spatial multiplexing techniques is necessary for high-speed 
environments. One realistic method is to exploit the wide 
frequency bands available in the millimeter wave (MMW) 
band. MMWs have been applied to fixed wireless backhauls 
that provide very high data rates reaching tens of Gigabits per 
second [9], [10]. They can also be applied to high mobility 

regions through our research. 
Hence, in this paper, we propose an MMW-based network 

architecture, called a mobile hotspot network (MHN), for high-
speed railway communications. The MHN system consists of 
user access links inside the train cars and backhaul links outside. 
The end users inside the trains make connections through  
Wi-Fi. The backhaul link provides beamforming (BF) for the 
MMW radio transmissions between the train cars and trackside 
antennas. In addition to the MMW-based radio access scheme, 
the MHN system employs a cloud radio access network 
architecture. The MHN system is described and investigated in 
the following sections. In Section II, the MMW and high-speed 
specialized features of the MHN system are described. In 
Section III, the design of the physical layer, baseband, and 
radio frequency portions of the MHN system are detailed. In 
Section IV, the results of computer simulations of a performance 
evaluation of the MHN system are investigated. In Section V, a 
description of a MHN demonstration system is presented. Finally, 
Section VI provides some concluding remarks. 

II. Characteristics of the MHN System 

MMWs are widely used for fixed site communications that 
support line-of-sight (LOS) transmissions. The high propagation 
loss of MMWs is a well-known property that must be addressed. 
In this section, the characteristics of wave propagation are 
analyzed. Then, the critical high-speed problems of Doppler 
frequency shift and handover are discussed.  

1. Propagation and Channel Characteristics of MMWs 

The free space path loss is given by the following equation 
[11].  

s

GHz km

20log(4πd/ ),

92.45 20log 20log dB,

L

f d


  

       (1) 

where Ls, d, λ, and fGHz represent the path loss, distance, 
wavelength, and frequency, respectively. In (1), the path loss 
exponent is assumed to be 2; however, in non-LOS (NLOS) 
channels, the path loss will increase. Referring to [12], the path 
loss exponent of an NLOS channel at 38 GHz is 3.71. We 
conducted a link test in a subway tunnel in Seoul where the 
signal-to-noise ratio (SNR) of the received signal was provided 
[13]. These values can be used to describe the path loss. Based 
on the results of the test, the path loss component increased to 
approximately 5 in the NLOS curved route.  

In addition to the free space path loss, the air gases, including 
the oxygen and water vapor, also contribute to the path loss. 
The characteristics of the atmospheric attenuation can be  
found in ITU-R Recommendation (Rec.) P.676-7 [14]. The 
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atmospheric absorption is strongly dependent on frequency. 
For instance, the attenuation at 60 GHz is approximately 15 dB 
per kilometer, whereas that at 32 GHz is about 0.3 dB. Hence, 
if 32 GHz is the carrier frequency, then the path loss due to  
the atmospheric attenuation is not detrimental. Meanwhile, the 
attenuation from rain is an important factor at frequencies 
above 10 GHz, as analyzed in ITU-R Rec. P.837-1 and P.838-3 
[15], [16]. ITU-R Study Group 3 defined a rain climate zone 
model for the prediction of rainfall rate distributions. The rain 
attenuation varies from A to Q depending on the regions where 
one belongs. If a region is selected with an associated rainfall 
rate (mm/h), the percentage of the year during which the 
rainfall rate is exceeded can be calculated. Assuming region K 
and a medium rainfall rate of 12 mm/h, the link availability will 
be 99.9%. In this case, the rain attenuation is approximately  
2.8 dB per kilometer at 32 GHz. Therefore, in the design of the 
MHN system, overcoming the large path loss of the MMWs is 
essential.  

In general, there are multiple paths between a transmitter 
(TX) and receiver (RX). Differences in the delays in the 
different paths cause constructive or destructive interference. 
Moreover, the delay spread evokes frequency selective fading 
and is inversely proportional to the coherence bandwidth. In an 
OFDM transmission, the delay spread is an important 
characteristic because the subcarrier spacing is determined in 
such a way that it is much smaller than the coherence 
bandwidth.  

Some MMW channel measurements have been conducted 
[12], [17], [18]. The measurement results of the MMW 
characteristics have been primarily dependent on the frequency, 
beamwidth, and transmit (TX) receive (RX) distance, and the 
resultant root mean square (RMS) delays vary accordingly. 
Overall, the RMS delays in LOS environments were less than 
10 ns. In contrast, the observed maximum RMS delay in 
NLOS systems is much larger, but still less than 200 ns. Open 
source channel measurement results are available in [19]. The 
generated results for NLOS channels operating at 28 GHz 
reported an average RMS delay spread of 32.1 ns. If the 
coherence bandwidth is defined as a bandwidth with a 
correlation of 0.5, the coherence bandwidth can be calculated 
using (2): 

c

1
,

5
B


                    (2) 

where Bc represents the coherence bandwidth and   denotes 
the RMS delay spread. A maximum RMS delay spread of  
200 ns is equal to a coherence bandwidth of 1 MHz.  

Tunnels are the most common channel environments 
observed when operating subway trains in an urban area. An 
important observation regarding the channel characteristics 

under tunnel structures [20] is that radio signals were observed 
to experience a rather lower attenuation compared with the 
path loss in an open space. This can be explained as a 
waveguide effect. In addition, the main parameters related to 
the propagation characteristics were the tunnel geometry, the 
electromagnetic properties of the wall inside the tunnel, and the 
frequency. The tunnel geometry means the cross-sectional 
dimension, shape, and curvature. For a straight tunnel, the 
attenuation was observed to decrease when the carrier 
frequency and transverse dimension increased [20]–[22]. 
Whether a channel environment is LOS or NLOS is a major 
factor that affects the multi-path fading. There are also other 
causes, such as the diffraction and roughness of surfaces [23]. 
Scatterers, such as power lines and pillars, can also cause large 
delay spreads [24]. In our channel measurements in tunnels, the 
delay spreads were reported to be less than 60 ns [13].  

2. High Doppler Shift 

The Doppler frequency shift is also a major factor that can 
affect the performance of a transmission link. This type of shift 
is inversely proportional to the channel coherence time, which 
is a metric that evaluates how fast a channel changes over time. 
Hence, it is natural for a relative velocity difference between 
the transmitter and receiver to cause a Doppler shift. Because 
high-speed trains move quickly, the corresponding Doppler 
shift is very large, which is a challenge that must be overcome. 
The maximum Doppler shift (fmax) is given as:  

max c / ,f f v c                   (3) 

where fc is the carrier frequency in Hz, v is the relative speed, 
and c is the speed of light. If we assume a speed of 400 km/h 
and frequency of 32 GHz, then fmax is 11.85 kHz. A model of 
the Doppler shift for high-speed trains is provided in the LTE 
specifications. This model assumes that the network consists of 
eNodeBs (eNBs) that are deployed alongside railways. In the 
network, a Doppler shift is described as:   

  d max cos ( ),f f t                 (4) 

where cos ( )t  is given in [25]. For example, if we assume 
that the distance between adjacent eNBs is 1,000 m, the 
distance between the antennas of the eNBs and the rail is 2 m, 
and the speed is 400 km/h, then the resultant Doppler shift is as 
plotted in Fig. 1. As a train passes by the eNB, the Doppler 
frequency shift changes rapidly every 9 s, ranging from      
–11.85 to 11.85 kHz. The maximum frequency shift in the 
uplink will be doubled because it occurs first at the moving 
terminal equipment and then occurs at the eNB, while the 
terminal transmits the uplink signal with its clock reference 
locked on the reception. 
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Fig. 1. Doppler shift over time. 
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3. Frequent Handover 

An MMW-based communication system for a railway 
should be capable of frequently executing handovers because 
of the short distances between the adjacent trackside antennas 
and the high speed of the trains. If we assume a distance of   
1 km between trackside antennas and a train speed of 400 km/h, 
the handovers must occur at least once every 9 s. In essence, a 
handover comes with a certain interruption time, although it 
depends on the handover algorithm in use. For example, an 
LTE time-division duplexing system has a typical handover 
interruption time of 12.5 ms. The frequent handovers will 
decrease the average data throughput because there are no data 
transmissions during the interruption time. Therefore, reducing 
the handover interruption time is important, and increasing the 
handover success rate is necessary to improve the performance 
of the MHN system.  

III. Design of the MHN system 

1. Network Architecture 

The MHN system was designed based on a two-tier network 
concept that included an MMW-based radio connection 
outside the train. Inside the train, users are able to connect to 
the MHN network through Wi-Fi APs available inside the train. 
There is no interference between the inside and outside 
transmission links because their frequency bands are widely 
spaced. Wi-Fi is evolving in terms of IEEE standardization and 
industrial production, but that is not the main issue explored in 
this paper. Instead, we focus on the design of the MMW-based 
mobile wireless backhaul link. 

Figure 2 shows the architecture of the MHN system. The 
terminal equipment (TE) handles transmission and reception 
for the entire train, not for individual users. The TE transmits 
(receives) MMW signals to (from) radio units (RUs) installed 
along the trackside. One or two TEs can cover the entire train, 
depending on how they are deployed. An RU has RF  

 

Fig. 2. System architecture of MHN. 
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transceivers and BF antennas for MMW-based transmission 
and reception, and is connected to a digital unit (DU) through 
optical fiber. The DU consists of processing units for both the 
physical and upper layer signals. Multiple DUs, each of which 
is mapped to a single RU, can be co-located to form an 
efficient cloud radio access network. The DUs are connected 
through a gateway to the public Internet.  

2. Frequency Usage 

By definition, the MMW frequency band extends from     
30 GHz to 300 GHz. The 60 GHz band has been internationally 
designated as unlicensed spectrum, and is primarily used for 
personal area networks because of the extremely high absorption 
properties of oxygen and water vapors at those frequencies. 
However, the lower MMW frequency band, for example, from 
28 GHz to 38 GHz, is relatively free from absorption related 
effects. Furthermore, it experiences a relatively low path loss 
compared to the 100 GHz to 300 GHz band. For these reasons, 
we considered this band to be candidate for use in the MHN 
system. The system uses a total bandwidth of 250 MHz, which is 
divided into two 125 MHz bands. Each 125 MHz band is a 
baseband processing unit. The 125-MHz band was selected as 
the unit bandwidth after considering both the complexity and 
scalability of the system. 

3. Frame Structure 

The MHN system supports orthogonal frequency division  
 

 

Fig. 3. MHN frame structure. 
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Fig. 4. Downlink baseband transmit processing. 
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multiple access as the multiple access scheme, and both 
frequency-division duplex (FDD) and time-division duplex 
(TDD) for uplink-downlink duplexing. Figure 3 shows the 
frame structure. One radio frame is 10 ms long and is divided 
into five subframes. Each subframe has eight slots, and each 
slot has a length of 250 µs. Each slot contains 40 OFDM 
symbols, and one symbol is 6.25 µs long, which is the sum of 
the reciprocal of the subcarrier spacing of 180 kHz (5.56 µs) 
and a cyclic prefix length of 0.69 µs.  

4. Modulation and Coding 

Figure 4 shows the downlink baseband processing flow. First, 
the data stream from the high layer is divided into code blocks 
during block segmentation. Cyclic redundancy check (CRC) bits 
are then appended to the code block to so that the receiver can 
detect transmission errors using a CRC check. Next, the bit 
stream is Turbo encoded before being scrambled. The basic code 
rate used in the Turbo coding block is 1/3, although the precise 
code rates vary depending on the modulation and coding scheme 
(MCS) selected and the number of usable resource blocks. Bit-
wise scrambling is then applied to achieve time diversity by 
randomizing the bit streams. A modulation mapper then 
transforms the scrambled bits into a series of complex symbols. 
Three modulation formats are available: QPSK, 16QAM, and 
64QAM. A layer mapper is used to map the modulated symbols 
to one or two layers, depending on the transmission mode. A 
single-antenna scheme only supports one layer, and a precoding 
scheme for spatial frequency block codes is used for two layers. 
The layer mapping and precoding blocks are followed by one or 
two resource element mappers. After resource mapping, the 
outputs are transformed into time domain data through an 
inverse discrete Fourier transform. Then, the data is combined 
using a cyclic prefix and sent to the antennas. 

5. Downlink Reference Signals  

Downlink reference signals (RSs) are used for demodulation 
and measurement at the TEs. Three types of downlink RSs are 
generally used, namely, a block, comb, and lattice [26]. We 
designed the MHN system to use a lattice type allocation, as 
illustrated in Fig. 5, where two resource blocks (RBs) are 

 

Fig. 5. Reference signal assignment for downlink. 
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shown. Each RB contains 12 subcarriers along the frequency 
axis, and 40 symbols along the time axis. The allocation of the 
RSs is for a total of two antenna ports. Let St and Sf denote the 
RS period in time and frequency, respectively. To keep track of 
the time-varying and frequency-selective channel characteristics, 
the RS arrangement must satisfy both (5) and (6),  

t C
D,max

0.423
,S T

f
                  (5) 

 f
max

1
,S


                   (6) 

where TC, fD,max, and max  denote the coherence time, 
maximum Doppler shift, and maximum delay spread, 
respectively [26]. Using the assumption in Section II, the 
maximum Doppler shift is 11.85 kHz and the maximum delay 
spread is 200 ns. In Fig. 5, the period in the time domain is four 
symbols, and the period in the frequency domain is six 
subcarriers, which corresponds to St = 25 ns and Sf = 1.08 MHz. 
Hence, (5) and (6) are satisfied in the design of the RSs. 

6. Link Budget and RF Design 

A link budget is necessary for cell planning, and should  
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Table 1. Link budget. 

Parameter Value 

Transmit power 20 dBm 

Transmit/receive antenna gain 22 dBi 

Free space path loss (1 km) 122.6 dB 

Atmospheric attenuation 0.2 dB 

Rain attenuation 2.8 dB 

Receiver noise figure [27] 8 dB 

Received Power –61.6 dBm 

Modulation format 16QAM 64QAM 

Sensitivity –71.0 dBm –66.0 dBm 

Margin 9.4 dB 4.4 dB 

 

Table 2. RF design. 

Parameter Value 

Carrier frequency 31.5 GHz–32.0 GHz 

Bandwidth 250 MHz 

Digital IF frequency 204.3 GHz–312.3 MHz 

EVM (for 64QAM) < 3% 

Noise Figure < 8 dB 

Antenna gain 22 dBi 

TDD switch time < 5µs 

 

 
consider all gain and loss factors. The gain factors are the RF 
transceiver output power and the antenna gains, while the loss 
factors include the free space, atmospheric, and rain losses. In 
addition, the noise figure of the receiver must be considered. 
Table 1 shows an example link budget of the MHN system that 
is based on an RU spacing of 1 km. The received power was 
calculated by summing the gain factors and subtracting the loss 
factors. 

If the receive power is compared with the receiver 
sensitivities for two modulation formats, the system margins 
can be calculated [28]. The link budget indicates that 64QAM 
and 16QAM have system margins of 4.4 dB and 9.4 dB, 
respectively.  

Table 2 shows the RF design parameters and values. A 
transmit power of 20 dBm and antenna gain of 22 dBi are 
required in order to satisfy the link budget. In addition, to 
support a TDD scheme, the switching time for the conversion 
between the uplink and downlink must be smaller than one 
OFDM symbol length, which is 6.25 µs. An error vector 
magnitude (EVM) value of 3% is necessary to guarantee the 
64QAM performance. The noise figure is less than 8 dB.  

IV. Performance Evaluation 

In this section, we present the results from two different 
simulations. In the first simulation, we evaluated the 
performance of three different BF strategies in order to 
compare the signal qualities of each. In the second simulation, 
we estimated the performance of the system, including the 
block error rate (BLER) and throughput of the MHN system. 

1. BF Strategies and Performance 

BF is commonly used to enlarge the signal coverage in 
MMW-based communication systems. In this subsection, we 
investigate three different BF strategies for the downlink. An 
antenna design provides a 3D beam radiation pattern, and the 
beamwidths are normally specified in two directions. In the 
MHN system, the 3 dB beamwidths are made up of 8° in both 
the horizontal and vertical directions, and a BF gain value of 
21.58 dBi was used. Figure 6 shows the test scenarios and 
radiation patterns used in the simulations. 

To determine the most appropriate BF strategy in terms of 
the desired system performance and ease of implementation, 
we conducted a simulation that assumed three different BF  
 

 

Fig. 6. Beamforming simulation model. 
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Table 3. Simulation settings. 

Parameters Values 

Carrier frequency (fc) 31.625 GHz 

System bandwidth (W) 250 MHz 

Transmit power (PTX,dBm) 20 dBm 

Free space path loss (dB) Equation (1)  

Noise figure (NF,dB) 8 dB 

RU height (hRU) 3 m 

TE height (hRU) 3 m 

Dist. between adj. RUs (dRU) 1,000 m 

Dist. between adj. TEs (dTE) 200 m 

Dist. between railway track and RUs (dRU-track) 2 m 

 

 
strategies. In the first BF strategy, an ideal adaptive BF was 
used on both the TX and RX sides, while in the second BF 
strategy, a fixed BF was used in both the TX and RX. In the 
third strategy, a fixed BF and adaptive BF were used in the TX 
and RX, respectively. 

In this simulation, we assumed that the adaptive BF is 
capable of ideal beam tracking by controlling the beam 
direction with an accuracy of 1. In addition, the beam 
radiation pattern remained unchanged during beam steering in 
order to simplify the analysis. Fixed BF means that the beam in 
the BF scheme is set to point in a pre-determined direction. In 
this scheme, the TX beam was directed toward the point in the 
middle of the track between adjacent RUs. As shown in the 
figure, the simulation assumed that there were two RUs and 
two TEs, the train started from the origin of the coordinates (0, 
0, 0) to (x, 0, 0), and the locations of the two TEs varied 
according to the location of the train. The distance between the 
RU and track was assumed to be 2 m, which is consistent with 
the case of a tunnel. The other simulation parameters are as 
summarized in Table 3.  

The signal-to-interference-plus-noise-ratio (SINR) for a 
high-speed train was derived in [29]. According to this paper, 
the SINRs of TE #1 and TE #2 can be expressed by  

dB 10

(1,1)
(1) 10log ,

(2,1) 1

SNR
SINR

SNR

 
   

          (7) 

   dB 10

(2,2)
(2) 10log

(1, 2) 1

SNR
SINR

SNR

 
   

,         (8) 

where SNR(m, n) is the SNR of the n-th TE from the m-th RU 
[29]. Using the parameters in Table 3, we calculated the SINRs 
for our simulation model.  

Figure 7 shows the SINRs of the received signals at the TEs  

 

Fig. 7. SINR of received signal versus train location on the x-axis.
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versus the location of the train. In the figure, the first BF 
strategy in which an adaptive BF was used in both the TX and 
RX achieved the highest SINR. As the train moved closer to 
the RU, although the interference from the adjacent RU 
increased, the desired signal was still dominant because of the 
considerably reduced path loss and accurate alignment of both 
the TX and RX beams. In the case where a fixed BF was used 
for both the TX and RX, the SINR was severely degraded 
because the misalignments of both the TX and RX beams led 
to significant decreases in the antenna gains when the train was 
close to the RU. In comparison, the third BF strategy achieved 
a better SINR than that of the second strategy when the TE 
moved closer to the RU. However, as the TE moved away 
from the RU, the performance of the three BF strategies was 
similar, especially in the regions where the distance between 
the TX and RX was more than 150 m. Based on this analysis, 
we can conclude that, with the exception of the region where 
the distance between the RX and TX is smaller than 150 m 
(15% of the train path), it is reasonable to apply a fixed BF 
scheme to both the TX and RX. In addition, the performance of 
an adaptive BF scheme is highly dependent on the calibration 
errors, which were not taken into account in these simulations. 
In fact, an antenna calibration is very hard to implement, and 
requires significant hardware complexity. For these reasons, 
from a feasibility and implementation perspective, a fixed BF 
scheme can be used for MMW-based communications in 
railway systems. If the train is located in regions near the RUs 
with low SINRs, the network can either use link adaptation 
with low-order modulation formats or trigger a handover to 
maintain the connection. 

2. System Performance  

In many railway communication environments, LOS paths 
are commonplace because the antennas for the RUs can be 
installed alongside the track. This means that a Rician fading  
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Table 4. Simulation parameters. 

Parameters Value 

Number of paths 2 

Path loss model Rician 

Velocity 120, 400 km/h 

Number of antennas 1:TX, 2:RX 

Resource block 50 RBs (600 sub-carriers) 

MCS 9 16 21 

Transmit block size 26,232 50,872 71,440 

QAM 4 16 64 

Code rate 0.63 0.61 0.58 

Data rate (Mbps) 91.8 178.1 250.0 

 

 
channel model can be used, in which the Rician factor is defined 
as K = PL/PS, where PL is the power of the LOS component, and 
PS is the sum of the power from all scattered components. 

If the K-factor is larger than 10, Rician channel models tend 
toward becoming an AWGN-like channel, which is applicable 
to trains running on tracks in open areas. As the K-factor 
decreases below 10, Rician channel models tend toward very 
scattered channels. In the simulation, two independent paths 
were considered as a multi-path fading channel, their power 
ratio was 1/10, and the time interval was ten sampling periods. 
Each path offered a Rician channel with a K-factor of 100 or 10. 
The detailed simulation parameters are shown in Table 4.  

The receiver in the simulations used a least squares (LS) 
algorithm followed by a discrete Fourier transform (DFT)-
based algorithm for channel estimation. The minimum mean 
squared error algorithm was used to generate the log-likelihood 
ratios. A single antenna was assumed on the transmitter side, 
and two antennas were assumed on the receiver side.  

Figure 8 shows BLERs for a downlink over Rician channels 
with K-factors of 10 and 100. In the case where the Rician 
factor was 10, BLERs corresponding to MCS-16 and MCS-21 
were severely degraded when the speed was 400 km/h. 
However, when the Rician factor was 100, a BLER of 0.01 
could be achieved for all MCSs and speeds considered. These 
results reconfirm that the link performance at a very high speed 
of 400 km/h was strongly dependent on the Rician K-factor. 

The data throughput is presented as a metric for the system 
performance. The throughput of a system R can be formulated 
using the following equation: 

block 1
CH

size block
0total

 ( ),
N

b

N
R TB E b

T





            (9) 

where NCH is the number of RF sub-bands, TBsize is the size of  

 

Fig. 8. BLER over Rician fading channel. 
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Fig. 9. Data throughput of the system over Rician fading channel 
(K = 100). 
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the transmitted block, and Eblock(b) is a block error indicator that 
is equal to 1 if there is no block error; and zero otherwise. In 
addition, Ttotal is the total transmission time, and Ttotal = 
Nblock·Tslot, where Nblock denotes the total number of transmitted 
blocks.  

Figure 9 plots the throughput of a TE under the same 
conditions as those in Fig. 8, except that two independent 
frequency bands were assumed. The starting points of the 
plateaus indicate the minimum SNRs required to achieve the 
optimum throughput with the given MCS. When the results of 
the three MCSs are compared, it is clear that MCS-9 and 
MCS-16 were less sensitive to the speed of the TE, whereas 
MCS-21 was sensitive to it. The maximum throughput of  
500 Mbps was achieved at an SNR of 20 dB at a speed of  
400 km/h. As implied by Figs. 6 and 7, it was possible to serve 
one train using two independent MMW links simultaneously. 
Furthermore, as Fig. 9 shows, each link could have a data 
throughput of 500 Mbps. Hence, the proposed MHN system 
can achieve a peak backhaul data throughput of 1 Gbps per  
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Fig. 10. Map of test bed deployment. 
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train at 400 km/h. 

V. Demonstration 

1. Test Bed 

We demonstrated the MHN system using a test bed 
deployed in Seoul subway line 8. Figure 10 shows the map of 
the test bed deployment. Five RUs were deployed alongside 
the track, three stations (St.) are noted, and four RUs were 
installed between Jamsil and Seokchon St. Because the route 
between the two stations was curved, the coverage of the fixed 
beamformed RUs was greatly reduced compared to that for the 
straight path. In contrast, the 5th RU near Songpa St. was able 
to cover 1.1 km. Before the deployment, the positions of the 
RUs were determined based on the results from a prior test 
using a transmitter and receiver. Each RU was mapped to one 
DU, and all of the DUs were set up at Jamsil St. The tunnel 
includes two lanes heading in opposite directions, and the 
three-dimensional structure is of a box type [13].   

Figure 11 shows the test bed setup of the demonstration, 
including several components and pieces of equipment. A rack  

for the DU platforms is shown on the left side. Five DUs, a 
gateway, and an Ethernet switch are mounted in the rack. The 
inlet (left) shows an RU attached to a wall that has two antennas 
pointing in opposite directions. The inlet (lower right) shows a 
TE installed in an engine room. The TE transmits and receives 
an MMW beam through the front window. The TE is connected 
to a Wi-Fi AP located in a train. The laptop computers are also 
connected to the TE for control and monitoring purposes. 

2. Test Results 

The downlink data throughput was monitored while the 
subway was running along the route. The TE measured the 
channel qualities based on the received MMWs, and sent them 
to the DU through an uplink so that the scheduler could 
instantaneously change the MCSs for link adaptation. During 
the demonstration, the observed backhaul data throughput 
changed instantaneously from 200 Mbps to 500 Mbps. Because 
the RUs have two antennas, one of which points forward while 
the other points backward, the TE can communicate with either 
the forward or backward antenna depending on the location of 
the TE. If the TE is in the front engine room, it is able to receive 
signals from the forward pointing antenna while the TE is 
approaching the RU. However, if the TE is in the rear engine 
room, it is able to receive signals from the backward pointing 
antenna. It was observed that a similar downlink data throughput 
was achievable in both cases.  

We also tested the Internet connection using a smartphone 
inside the train car, and found that a tester with a smartphone 
was successfully able to make a connection through a Wi-Fi AP.  

A handover test was included in the demonstration. We 
observed that a handover occurred successfully in the test, 
although the handover success rate was slightly lower     
than expected. Actually, the number of handover tests was  

 

 

Fig. 11. Test bed setup for demonstration. 
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insufficient to obtain meaningful statistics. Hence, an 
exhaustive handover test is an area for further study. 

The SNR levels were measured during the test. Figure 12 
shows the measured SNRs for the one- and two-receive 
antenna cases. The vertical axis represents the SNR, and the 
horizontal axis represents the time or location. For a single 
receive antenna, the number of samples was smaller than that 
for the case of two receive antennas. The reason for this is that 
the monitoring system continuously checks the signal quality, 
and if it falls below a certain threshold, the acquisition stops. 
Each graph shows the measured SNRs in blue (or red), and the 
average values in green. The differences between the average 
and real-time values are shown at the bottom of each graph. 
The results for the case where there were two receive antennas 
clearly shows a low degree of variation when compared to that 
for the single antenna case. In the figure, Stations 1 through 3 
indicate the measured SNRs of a train that was stopped at a 
station. When the train was moving, the SNRs fluctuated, 
reflecting the fading channel environments of the tunnel. 
Overall, the average SNRs were higher than 22 dB, except for 
the positions near St. 2. The scheduler set the MCS to 64QAM 
when the SNRs were higher than 22 dB. The information on 
the SNRs along the route should be useful for cell planning, 
and it is possible that a better data throughput can be achieved 
along the train route. 

VI. Conclusion 

An MHN system using MMWs was proposed in this paper. 
Because MMWs have very wide bandwidths, they have been 
applied to fixed site backhauls capable of providing data rates 
of tens of Gigabits per second. For the first time, we presented 

an MMW-based radio access technology that can support high 
mobility. The system can be applied to networks used in 
subway and high-speed trains that transport numerous people 
carrying handheld smart devices. The users can enjoy Internet 
services requiring large bandwidths without concern for their 
cellular data consumption because the MHN system can 
provide cost-efficient offloading using MMWs.  

The MHN system can be summarized as follows. First, we 
discussed the propagation loss and channel characteristics of 
the MMWs. Although the use of high frequencies cannot avoid 
proportional path losses, the MHN system employs  8 × 8 
patch array antennas with a BF gain of 22 dBi, which are able 
to provide reasonable coverage over distances up to 1 km in a 
straight path. Second, the design of the MHN system leveraged 
a two-tier network concept with an MMW-based radio 
connection outside the train cars. The end users inside the trains 
can utilize offloading while making a connection through Wi-
Fi APs to PLMNs. Third, the radios in the MHN system use 
OFDM access technology, and the numerology is determined 
by considering the 28 GHz to 38 GHz bands in MMWs. A 
subcarrier spacing of 180 kHz and a symbol length of 6.25 µs 
provide robustness against the Doppler shift at a speed of 400 
km/h and a delay spread of 200 ns. Hence, the MHN system 
was designed to efficiently support a very high level of 
mobility. 

The system performance was analyzed through simulations. 
First, we compared three BF strategies, namely adaptive, half 
adaptive, and fixed BF strategies, by analyzing the SINR 
performance over a train path of 1 km. Based on the results, we 
concluded that it was reasonable to use a fixed BF scheme in 
both the TX and RX. Although 15% of the route had a low 
SINR, a link adaptation with lower MCSs or handover 
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algorithms was used to maintain the connection. Second, we 
investigated the downlink data throughput at 400 km/h. Using an 
MCS setting of 21, a maximum data throughput of 500 Mbps 
was achieved when a 250 MHz bandwidth was used. Because 
the MHN system can have two independent TEs for one train, a 
maximum data throughput of 1 Gbps per train is achievable.  

We also demonstrated the feasibility of the MHN system in a 
test bed in Seoul subway line 8. The backhaul data throughput 
changed between 200 Mbps and 500 Mbps according to the 
SNR variation while the train was running along the route. In 
the field trial, an end user was able to make a connection using 
a smartphone through offloading. The handover was also tested 
when the train passed by the RUs, and the algorithms were 
shown to work as expected. Further stabilization and 
exhaustive handover tests are left as areas for future study. 

References  

[1] 2015-2020 White Paper, “Cisco Visual Networking Index: Global 

Mobile Data Traffic Forecast,” CISCO, Feb. 3, 2016. 

[2] L. Tian et al., “Seamless Dual-Link Handover Scheme in 

Broadband Wireless Communication Systems for Highspeed 

Rail,” IEEE J. Sel. Areas Commun., vol. 30, no. 4, May 2012, pp. 

708–718. 

[3] J. Zhang et al., “A Multi-mode Multi-band and Multi-system-

Based Access Architecture for High-Speed Railways,” IEEE Veh. 

Technol. Conf. Fall, Ottawa, Canada, Sept. 6–9, 2010, pp. 1–5. 

[4] D.T. Fokum and V.S. Frost, “Survey on Methods for Broadband 

Internet Access on Trains,” IEEE Commun. Surveys Tuts., vol. 12, 

no. 2, 2010, pp. 171–185. 

[5] http://fluidmesh.com/solutions/on-board-wifi-for-trains/ 

[6] Huawei Technologies Co., LTD, Huawei Digital Railway 

Solution Brochure, 2013. 

[7] S. Harayuma et al., “New Ground-to-Train High-Speed Free-

Space Optical Communication System with Fast Handover 

Mechanism,” Opt. Fiber Commun. Conf. Expo./Nat. Fiber Opt. 

Eng. Conf., LA, USA, Mar. 2011, pp.1–3. 

[8] 3GPP TS 36.306, “User Equipment (UE) Radio Access 

Capabilities,” Jan. 2016. 

[9] E. Perahia et al., “IEEE 802.11ad: Defining the Next Generation 

Multi-Gbps Wi-Fi,” IEEE Consum. Commun. Netw. Conf., Las 

Vegas, NV, USA, Jan. 9–12, 2010, pp. 1–5. 

[10] H. Li and Y. Wang, Approach to NG60 peak rate, IEEE 802.11-

15/0124-00, Atlanta, GA, USA, 2015. 

[11] ITU-R Recommendation P.525-2, “Calculation of Free-Space 

Attenuation,” 1994. 

[12] T.S. Rappaport et al., “38 GHz and 60 GHz Angle Dependent 

Propagation for Cellular and Peer to Peer Wireless 

Communications,” IEEE Int. Conf. Commun., Ottawa, Canada, 

June 10–15, 2012, pp. 4568–4573. 

[13] S.W. Choi et al., “Performance Evaluation of Millimeter-Wave-

based Communication System in Tunnels,” IEEE Globecom 

Workshop, San Diego, CA, USA, Dec. 2015, p. 5. 

[14] ITU-R Recommendation P.676-7, “Attenuation by Atmospheric 

Gases,” 2007. 

[15] ITU-R Recommendation P.837-1, “Characteristics of 

Precipitation for Propagation Modeling,” 1994. 

[16] ITU-R Recommendation P.838-3, “Specific Attenuation Model 

for Rain for Use in Prediction Methods,” 2005. 

[17] H. Xu et al., “Measurements and Models for 38-GHz Point-to-

Multipoint Radiowave Propagation,” IEEE J. Sel. Areas 

Commun., vol. 18, no. 3, Mar. 2000, pp. 310–321. 

[18] T.S. Rappaport et al., “Broadband Millimeter-Wave Propagation 

Measurements and Models Using Adaptive-Beam Antennas for 

Outdoor Urban Cellular Communications,” IEEE Trans. 

Antennas Prop., vol. 61, no. 4, Apr. 2013, pp. 1850–1859. 

[19] http://wireless.engineering.nyu.edu/5g-millimeter-wave-channel-

modeling-software/ 

[20] A. Hrovat et al., “A Survey of Radio Propagation Modeling for 

Tunnels,” IEEE Commun. Surveys Tuts., vol. 16, no. 2, Aug. 2014, 

pp. 658–669. 

[21] J. Chiba et al., “Radio Communication in Tunnels,” IEEE Trans. 

Microw. Theory Tech., vol. 26, no. 6, June 1978, pp. 439–443. 

[22] D.G. Dudley et al., “Wireless Propagation in Tunnels,” IEEE 

Antennas Propag. Mag., vol. 49, no. 2, Apr. 2007, pp. 11–26. 

[23] C. Kwon et al., “A Temporal Millimeter Wave Propagation 

Model for Tunnels Using Tay Frustum Techniques and FFT,” Int. 

J. Antennas Propag., vol. 2014, pp. 172924-1–172924-9. 

[24] B. Ai et al., “Challenges toward Wireless Communications for 

High-Speed Railway,” IEEE Trans. Intell. Trans. Syst., vol. 15, no. 

5, Oct. 2014, pp. 2143–2158. 

[25] ETSI, “ETSI TS 136 101 V8.22.0 (2013-10), LTE; Evolved 

Universal Terrestrial Radio Access (E-UTRA); User Equipment 

(UE) radio transmission and reception,” Oct. 2013. 

[26] Y.S. Cho et al., MIMO-OFDM Wireless Communications with 

Matlab, Noida, India: John Wiley & Sons, 2010. 

[27] ETSI TR 101 854 V1.3.1 (2005-01), “Fixed Radio Systems; 

Point-to-Point Equipment: Derivation of Receiver Interference 

Parameters Useful for Planning Fixed Service Point-to-Point 

Systems Operating Different Equipment Classes and/or 

Capacities,” 2005. 

[28] J. Kim and I.G. Kim, “Distributed Antenna System-Based 

Millimeter-Wave Mobile Broadband Communication System for 

High Speed Trains,” Int. Conf. Inform. Commun. Technol. 

Convergence, Jeju, Rep. of Korea, Oct. 2013, pp. 218–222. 

[29] J. Kim et al., “A Study on Millimeter-Wave Beamforming for 

High-Speed Train Communication,” Int. Conf. Inform. Commun. 

Technol. Convergence, Jeju, Rep. of Korea, Oct. 28–30, 2015, pp. 

1190–1193. 

  



ETRI Journal, Volume 38, Number 6, December 2016 Sung-Woo Choi et al.   1063 
http://dx.doi.org/10.4218/etrij.16.2716.0018 

Sung-Woo Choi received his BS and MS 

degrees in Electronic Engineering from the 

Chonbuk National University, Jeonju, Rep. of 

Korea, in 1999 and 2001, respectively. He is 

currently pursuing his PhD degree in the Dept. 

of Radio and Information Communications 

Engineering at Chungnam National University, 

Daejeon, Rep. of Korea. He joined ETRI, Daejeon, Rep. of Korea, in 

2001 and is currently a Principal Member of the engineering staff. His 

research interests include millimeter wave communications, wireless 

PAN, channel coding, and MIMO-OFDM. 

  

Heesang Chung received his BS in physics 

from the Korea Advanced Institute of Science 

and Technology, Daejeon, Rep. of Korea, in 

1993, and the MS and PhD degrees from 

Chungnam National University, in 1995 and 

1999, respectively. Since then, he has been with 

the ETRI where he is currently the Principal 

Researcher. His career at ETRI began with optical communications, 

and moved on to mobile and wireless communication systems in 2005. 

He was involved in research projects related to LTE and LTE-

Advanced from 2006 to 2010. His recent research interests are in 5G 

with a special emphasis on high data-rate services for passengers on 

public transportation, such as the buses, subway and bullet trains. 

  

Junhyeong Kim received his BS degree in 

Dept. of Electronic Engineering from Tsinghua 

University, Beijing, China, in 2008, and his MS 

degree in the Dept. of Electrical Engineering 

from KAIST in 2011. He joined the ETRI in 

2011. He is also currently pursuing his PhD 

degree in the School of Electrical Engineering at 

KAIST. His main research interests include millimeter-wave 

communications, MIMO, cooperative communications, and handover. 

  

Jaemin Ahn received his BS degree in 

Electronic Engineering from Seoul National 

University, Rep. of Korea, in 1987 and MS and 

PhD degrees in Engineering from the KAIST in 

1989 and 1994 respectively. From Nov 1990 to 

Aug 1999, he was with Samsung Electronics, 

Suwon, Rep. of Korea, as a senior researcher. 

Since Sep 1999, he has been an associate professor in the Department 

of Radio and Information Communications Engineering at Chungnam 

National University, His main research interests include coding theory, 

wireless communications, MIMO-OFDM Communication systems, 

and cooperative communications 

  

 

Ilgyu Kim received his BS and MS degrees in 

Electronic Engineering from University of 

Seoul, Rep. of Korea, in 1993 and 1995, and his 

PhD degree in Information Communications 

Engineering from KAIST 2009. Since 2000, he 

has been with ETRI, where he has been 

involved in the development of WCDMA, LTE 

and MHN systems. Since 2012, he has been the leader of the mobile 

wireless backhaul research section. His main research interests include 

millimeter wave communications and 5G mobile communications. 

 

 

 

 

 

 

 

  

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


