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Abstract: The current cellular communications are optimized for low mobility users, meaning that
their performance is degraded at high speed. Therefore, passengers in a high-speed train experience
very poor radio link quality due to the significantly large number of simultaneous handovers. In
addition, wireless data traffic is expanding exponentially in trains, subways and buses due to the
widespread use of smartphones and mobile devices. To solve the inherent problem of cellular
communication networks and meet the growing traffic demand, this paper proposes the mobile
hotspot network of a millimeter-wave communication system as a mobile wireless backhaul. This
paper describes the physical layer design of uplink and downlink in the proposed system, and the
performances of uplink and downlink are evaluated under Rician fading channel conditions. The
implemented baseband prototype of the proposed millimeter-wave communication modem is
presented. This system can provide a Gbps data rate service in high-speed trains carrying hundreds
of wireless Internet users.

Keywords: Millimeter-wave, Wireless backhaul, Mobile hotspot network, Distributed antenna system

1. Introduction Interoperability for Microwave Access-Radio over Fiber
(WiMAX-RoF) architecture was proposed and tested to

The widespread use of smartphones and mobile devices ~ achieve a high data rate (10 Mbps) at high mobility (300
has created a strong demand for high data rate services in ~ Km/h), which is a type of mobile backhaul system [2]. In
trains, subways, and buses carrying hundreds of Internet ~ the ITU-R IMT-Advanced requirements, the peak useful
users. Despite this, current cellular communication data rate is 1000 Mbps in a pedestrian speed, which
networks, such as LTE/LTE-Advanced have been decreases to 100 Mbps at speeds beyond 250 km/h [3]. The
optimized for low mobility users and their performance is ~ Peak data rates in the LTE-Advanced system are 1000
degraded at high speed. Therefore, passengers in a high- ~ Mbps in the downlink and 500 Mbps in the uplink [4]. On
speed train (350 km/h) experience very poor multimedia ~ the other hand, to prepare for future mobile data growth,
services and discontinuous connections due mainly to the ~ the 3GPP (3" Generation Partnership Project) began to
insufficient bandwidth and much more frequent handover ~ €xamine the small cell technology as one approach that can
failures. achieve up to 1000 times higher capacity than currently

Research on the seamless wireless connectivity of LTE ~ available [5]. The three topics are improvements in
networks in high-speed trains (350 km/h) was performed spectral efﬂmency,_addltlonal spectrum and large numbgr
because the large number of frequent handovers across ~ Of small base stations. The spectrum for small cells is
cells greatly increases the possibility of service below 6 GHz or above 6 GHz including the millimeter

interruptions [1]. In Taiwan, the integrated Worldwide  band region. But small cells are still appropriate for low
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Fig. 1. Mobile hotspot network structure based on
millimeter-wave communications for high-speed trains.

mobility users.

New communication systems are urgently required to
handle group mobility patterns and the exponential
increased traffic in wireless environments, such as trains,
subways and buses. Therefore, a distributed antenna
system (DAS) based on a millimeter-wave mobile
broadband communication system for a high-speed train
(HST) was introduced [6, 7]. This type of system is called
a mobile hotspot network (MHN).

This paper proposes the physical layer design of uplink
and downlink in a MHN acting as a mobile wireless
backhaul. The performance of the uplink and downlink
were evaluated under Rician fading channel, which is
assumed in a HST scenario, and the implemented baseband
prototype of the proposed millimeter-wave communication
modem is presented.

2. Mobile Hotspot Network

Fig. 1 shows the MHN structure based on millimeter-
wave (mmWave) communications for HSTs. The structure
consists of digital units (mDUs) with multiple radio units
(mRUs), terminal equipments (mTEs) and gateways
(mGWs). Each mDU, which is interconnected with
multiple mRUs via optical fibers, is responsible for
baseband signal processing. This system introduces the
DAS concept that mRUs are deployed along the railway.
The distance between the adjacent mRUs should be much
smaller than the distance between the base stations of the
existing cellular systems to overcome the coverage
problems due to the propagation characteristics of
millimeter-wave communications. In addition, both mDUs
and mTEs use Tx/Rx beamforming (BF) for the coverage
improvement. The BF enhances the desired signal strength
while suppressing the interference signals from the other
mRUs. The 27 GHz band was used to provide a mobile
wireless backhaul for HST. The millimeter-wave backhaul
signals are converted to WiFi/Femto signals inside the
train.

Each mRU functions as a base station and has a unique
cell identity. The BF makes it possible to maintain
multiple independent radio links between the mRUs and
mTEs. As a result, different data streams can be
transmitted /received to/from mRUs. Multiple antennas of
mMTE are installed to reduce the handover latency by
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Fig. 2. TDD frame structure.

maintaining the multiple connections to mRUs. Each
antenna on the train, which is interconnected with its
corresponding modem in the mTE, switches the serving
mRU independently and the probability of losing all the
links at the same time is almost zero, which minimizes the
link failure rate during handover. In addition, this structure
enables mRUs to wuse the same radio resource
simultaneously, which improves the spectrum efficiency
significantly.

3. mmWave Communication System

This section describes the MHN frame structure and
the physical layer design of the uplink and downlink.

3.1 Frame Structure

In a MHN, the downlink and uplink transmissions are
organized into radio frames with a Ty = 1843200xT, = 10
ms duration. The basic time unit, T, is 1/(180000x1024)
second. Time division duplexing (TDD) and frequency
division duplexing (FDD) radio frame structures are
supported, but only the TDD is described in this paper.

Owing to the enormous spectrum available in the
millimeter-wave, carrier aggregation can be used in the
system to increase the system bandwidth. Each aggregated
carrier is generally referred to as a component carrier. The
transmissions in multiple component carriers can be
aggregated where up to three secondary component
carriers can be used in addition to the primary component
carrier. In the case of carrier aggregation, the mTE may
assume that the same frame structure is used in all the
serving component carriers. One component carrier has
125 MHz and four component carriers occupy a 500 MHz
bandwidth.

In the TDD frame structure of Fig. 2, each radio frame
with length, T; = 1843200-T, = 10 ms, consists of five
subframes with lengths, 368640-Ts = 2 ms each. Each
subframe consists of eight slots with lengths, 46080-Ts =
250 ps. Fig. 3 shows the supported uplink-downlink
configurations, where “D” denotes the slot reserved for
downlink transmissions, “U” denotes the slot reserved for
uplink transmissions and “S” denotes a special slot with
three fields, DWPTS (downlink pilot timeslot), GP (guard
period) and UpPTS (uplink pilot timeslot). Table 1 lists the
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Fig. 3. Uplink-downlink configurations.

Table 1. Configuration of the special slot (lengths of
DwPTS/GP/UpPTS).

Special slot

configuration IR VP
0 39168-T;
1 36864-T, 4608-T;
2 34560-T,

length of DWPTS and UpPTS subject to the total length of
the DWPTS, GP and UpPTS being equal to 46080-T, = 250
us. These configurations are the same in every subframe.
The uplink-downlink configurations with a 2 ms
downlink-to-uplink switch-point periodicity are supported.
In this case, the special slot exists in the second slot of
each subframe. In addition, the first slot of each subframe
is always reserved for downlink transmission. UpPTS and
the slot immediately following the special slot are always
reserved for uplink transmission. When multiple
component carriers are aggregated, the mTE may assume
the same uplink-downlink configuration and the same

special slot configuration across all the component carriers.

This system defines the slot as a transmission time
interval (TTI), which means scheduling occurs every 250
us. One slot consists of 40 orthogonal frequency division
multiplexing (OFDM) symbols, each 6.25 us in length, as
shown in Fig. 4. Table 2 lists the system parameters related
to OFDM numerology, where the values are decided
carefully considering the millimeter-wave channel
properties. The system bandwidth of a component carrier
is 125 MHz corresponding to 50 resource blocks. Each
resource block consists of twelve subcarriers where the
subcarrier spacing is 180 kHz. The sampling rate is equal
to 1/T; = 184.32 MHz, indicating that a high-speed modem
design is very important. An OFDM symbol length (FFT
size) is 1024 samples and the cyclic prefix (CP) length is
128 samples, respectively.

3.2 Uplink

The uplink transmitted signal in each slot is described

by one or several resource grids of Ngg N& subcarriers

and Ng., OFDMA symbols. Fig. 5 illustrates the
resource grid, where the uplink bandwidth Np5 =50, the

subcarrier number in a resource block, N8 =12, and the
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Fig. 4. Slot structure.

Table 2. OFDM Numerology.

Parameters Values

System bandwidth (MHz) 125
Sampling rate (MHz) 184.32
Subcarrier spacing (kHz) 180
OFDM symbol length (FFT size) 1024
OFDM symbol duration (us) 5.56
Cyclic prefix length (sample) 128
Cyclic prefix duration (us) 0.69
Slot duration (us) 250
Number of sample per slot 46080
Number of OFDM symbol per slot 40
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Fig. 5. Uplink resource grid.

number of OFDMA symbols in an uplink slot, Ng, = 40.
Each element in the resource grid is called a resource
element and is defined uniquely by the index pair (k, I) in
a slot where k=0,1,---, Ngg N& -1 and 1=0,1, -,
Ngmp —1 are the indices in the frequency and time

domains, respectively. The resource element (k, 1) is the
smallest resource unit for uplink transmissions. A resource
block is defined as Ng, consecutive OFDMA symbols

in the time domain and N&° consecutive subcarriers in the
frequency domain. Therefore, a resource block in the
uplink consists of Ngq, N&&  resource elements,

corresponding to one slot in the time domain and 2.16
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MHz in the frequency domain.

Fig. 6 presents the uplink data channel transmitter of
the baseband modem for a mobile wireless backhaul. This
is a kind of the OFDM modem that is used widely in
cellular communications. On the other hand, it requires
broadband high-speed signal processing because the
system bandwidth is 125 MHz, and the sampling rate is
184.32 MHz. The system bandwidth can be also extended
to 500 MHz (or 1 GHz if eight component carriers) by
carrier aggregation. Therefore, the implementation of a
millimeter-wave modem is difficult but important. The
turbo code is used as an error correction code and the
supported modulation schemes are QPSK, 16QAM and
64QAM. The resource element mapper maps the complex-
valued modulation symbols into the resource elements of
the resource blocks allocated for uplink transmission.
Finally, the OFDM signal is generated through an IFFT
operation. Fig. 7 presents the uplink transmission spectrum,
as an example. The uplink signal occupies only the
allocated bandwidth depending on the size of the assigned
resource blocks. The uplink frequency is decided
according to the start position of the resource blocks.

The uplink pilot symbols are inserted between the data
symbols for the channel estimation at the receiver. In a
HST moving at 400 km/h, the maximum Doppler shift is
20 kHz at 27 GHz when reflecting the uplink and
downlink channel. To estimate the frequency offset, up to
20 kHz at the uplink receiver, the pilot symbol interval
should be at least 4 symbols. This requires 10 pilot
symbols, which is not effective in achieving high data
throughput.

Fig. 8 shows the configuration of the uplink data
channel in which the ‘blue’ colored symbols (#2, #5, #14,
#23 and #32) mean the pilot symbol. The percentage of the
pilot symbols is 12.5%. The pilot symbols are normally
deployed at regular intervals. On the other hand, the
designed uplink pilots aim to resolve the Doppler problem
with fewer pilot symbols in a HST channel. Fig. 9
represents the frequency range that can be estimated by the
pilot symbols in Fig. 7. The frequency offset f; (blue line)

that can be estimated by pilots #2 and #5 is +26.67 kHz.
The frequency offset f, (red line) that can be estimated by

frequency

OFDM symbol ~

Fig. 8. Uplink data channel structure.
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Fig. 9. Uplink frequency estimation range.

pilots #5, #14, #23 and #32 is +8.89 kHz. The final
frequency offset f, is calculated as follows:

(f,+1,)12
f, =4(f,+ f,)/2+8.89kHz
(f,+ f,)/ 2—8.89kHz

if | f,| <8.89kHz
if f,>889kHz (1)
if f, <-8.89kHz

where offset f; value plays an important role as a reference
to determine if the phase of f, is in the range (-x, x) or not.

3.3 Downlink

The downlink resource grid is same as the uplink. The
transmitter of Fig. 5 is also used for the downlink, except
that the downlink transmission spectrum occupies the
entire system bandwidth. A multiplexing scheme in the
downlink is OFDM due to the efficient use of the spectrum.
In addition, it is less sensitive to timing offsets compared
to other multiplexing schemes.

Because the millimeter-wave channel characteristics of
small delay spread and large coherence bandwidth, cyclic
prefix can be shortened and wide subcarrier spacing can be
used to design a system robust to the Doppler Effect and
frequency offset. Considering that the maximum velocity
of mTE is 400 km/h causing a maximum Doppler shift of
10 kHz, the subcarrier spacing A f of 180 kHz is suitable

for the system. To reserve some subcarriers as guard bands,
the total number of resource blocks of each component
carrier is 50 and each resource block is defined as 40
consecutive OFDM symbols in the time domain and 12
consecutive subcarriers in the frequency domain, as
illustrated in Fig. 10. The first four OFDM symbols are the
resources for downlink control data transmission and
others are for downlink data transmission.

Pilot signals, as shown in Fig. 10, play important roles
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in the system. In order to adapt to the rapidly changing
channel of HSTSs, accurate channel estimation by the pilot
signals is highly important. Without accurate channel
estimation information, the system performance will
degrade significantly. In this paper, a least-squares (LS)
channel estimation was used, and the estimated channel
was interpolated using a FFT interpolation in the
frequency domain and a linear interpolation in the time
domain.

From the unique MHN structure with scarce reflectors
and scatters and the effect of Tx/Rx beamforming, a line-
of-sight (LOS) signal can be guaranteed in most cases, and
the received power of the dominant path is much larger
than that of the multipath signals. As a result, the Doppler
spread, which is approximately equivalent to the Doppler
shift in the frequency domain, can be overcame simply by
automatic frequency control (AFC), whereas the Doppler
spread in general cellular systems is difficult to
compensate for. Therefore, the downlink uses a simple
Doppler shift compensation algorithm similar to that
described elsewhere [8]. The algorithm simply estimates
the average Doppler frequency shift A f, using the

received pilot signals and then directly compensates for it
in the received signal r(m) . The received signal after the

Doppler compensation, F(m), can be expressed as follows,

f(m) = r(m) . e—jfoﬂﬁst (2)

where T is the sampling interval. Owing to the short TTI

of the system, the compensation period of the Doppler
frequency offset will be shortened, leading performance
enhancement.

4. Performance Evaluation

According to a previous report [9], studies of the
propagation characteristics of 27.4 GHz have shown that
the delay spread varies from 21.75 to 75.75 ns. Owing to
this extremely small delay spread, the coherence
bandwidth of the channel in this system is larger than 1
MHz. Even if Soma claims that the K-factor of the Rician
fading channel, which refers to the ratio of the energy in
the line-of-sight (LOS) path to the energy in the scattered
paths, is smaller than 10 dB [9], the K-factor in the HST
scenario would be much larger than that because of its

Table 3. Uplink Simulation Parameters.

Parameters Values

Carrier frequency 27 GHz
Bandwidth (W) 125 MHz
Resource block 10 RBs

Modulation QPSK, 16QAM, 64QAM
Channel code Turbo code
Code rate (R;) 0.8
Velocity (V) 400 km/h
Wireless channel Rician (K=30,50,100)

unique environment that has scarce reflectors and scatters.
Furthermore, this millimeter-wave system uses the fixed
Tx/Rx beamforming at the mRUs of the mDU and mTE,
which helps reduce the multipath signals. The antenna
configuration is one transmit antenna and one receive
antenna in the uplink and downlink. 3GPP, which
examines the cellular communications, such as LTE/LTE-
Advanced, modeled the HST environment in the open
space scenario as the AWGN channel with a LOS path
[10].

The Rician probability density function (pdf) of a
random variable X is

« (x2+0?) «
T, 2 ()
(=2 = %) <

where 1,(-) is the modified Bessel function of the first

kind with order zero, v? is a LOS signal power, and 2¢

is a non-LOS signal power. The Rician K-factor is defined

as K =v?/2c2. If the K-factor is zero, it becomes the
Rayleigh fading channel. If the K-factor is o, it becomes
the AWGN channel.

Therefore, link-level simulations have been conducted
to evaluate the uplink and downlink performance under the
Rician fading channel, respectively.

4.1 Uplink Channel

The uplink performances were evaluated under the
single-path Rician channel with K-factors of 30, 50 and
100. Table 3 lists the uplink simulation parameters. The
frequency offset estimation and compensation was applied
in the uplink.

Fig. 11 shows the bit error rate (BER) performance of
QPSK, 16QAM and 64QAM in the uplink. It is observed
from Fig. 11 that they have good performance in the
AWGN channel. On the other hand, only QPSK and
16QAM (K =50, 100) are acceptable in the Rician channel.
The BER performance can be improved further when the
code rate is lower than 0.8 or the K-factor is large. Because
the data of two uplink channels are different in a multi-
flow communication, the total spectral efficiency is
doubled. Therefore, the maximum spectral efficiencies are
2.09 bps/Hz for QPSK, 4.18 bps/Hz for 16QAM and 6.27
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Fig. 11. BER performance of the uplink channel
(V =400km/h, R, =0.8).
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Fig. 12. Throughput performance of the uplink channel
(V =400km/h, R, =0.8, W =500MHz).

bps/Hz for 64QAM, respectively. The momentary spectral
efficiency may reach the peak, when the Doppler shift
variations are small. In addition, 64QAM is supported at a
lower speed than 200 km/h.

If the UL/DL ratio is 50:50 in TDD and the system
bandwidth is 500 MHz, as shown in Fig. 12, the maximum
uplink data rates are 522.5 Mbps for QPSK, 1045 Mbps
for 16QAM and 1567.5 Mbps for 64QAM, in a multi-flow
communication. Therefore, it is possible to achieve a data
rate more than 1 Ghps.

4.2 Downlink Channel

Similarly, the downlink performances were evaluated
using the simulation parameters listed in Table 4.

Fig. 13 shows the BER versus SNR for the different K-
factor and modulation schemes when the velocity of mTE
is 400km/h. Performance degradation occurs when the K-
factor becomes small. One reason for this is that the
conventional AFC, which simply compensates for the
Doppler frequency shift, cannot efficiently combat the
Doppler spread, the effect of which destroys the

Table 4. Downlink Simulation Parameters.

Parameters Values

Carrier frequency 27 GHz
Component carriers 4
Bandwidth (W) 500 MHz
Modulation QPSK, 16QAM, 64QAM
Channel code Turbo code
Code rate (R;) 0.6,0.8
Channel estimation LS estimation
Delay spread 100 ns
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orthogonality of the subcarriers, resulting in inter-carrier
interference due to leakage among subcarriers.

Fig. 14 plots the downlink throughput for the different
velocities of mTE and the different modulations. From the
figure, it is better to use the modulation of QPSK in the
low SNR region from 0 dB to 15 dB, and the throughput
when using 16QAM can reach beyond 2 Gbps in the SNRs
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over 15 dB. Both QPSK and 16QAM were less sensitive to
the velocity of mTE than 64QAM, which is highly
vulnerable to the velocity. This means that for extremely
high-speed moving trains, the velocity of which is over
300 km/h, 16QAM is the most appropriate modulation
scheme in the system. To alleviate the degradation in
performance of 64QAM, pilot signals in the time domain
should be assigned more closely. More accurate channel
estimation information is then provided to combat the
short coherence time of the channel. The spectral
efficiency can be calculated using the throughput
simulation results obtained. The peak downlink spectral
efficiency is approximately 4 bps/Hz in the case of
16QAM.

5. Implementation of the mmWave
Modem

The millimeter-wave modem was implemented by
Xilinx Virtex-7 FPGA products. Fig. 15 shows a prototype
of mDU baseband (BB) board packaged with two FPGAsS
that function as a modem and a codec, respectively. A
transceiver interface (TIF) board has an 10 Gbps optical
transceiver that is interconnected with mRU via single
mode optical fiber. The digital signal processor (DSP)
(Texas Instruments, TMS320C6678) controls the physical
layer operations and acts as an interface of the protocol
stack (layer 2/3). The modem works in 184.32 MHz
generated with a 10 MHz reference clock and the AD/DA
conversions are performed in mRUSs.

The physical link test was conducted in a laboratory to
verify the functions of the implemented modem. Fig. 16

B Constellstion of mTE #0 (mTE BB #0)
{ Frame member = 0, =lof number = 39)
CRC for TH is <G

[

~+ R Consteitation |
rxmm--uulm

i

'l
]

o
i

}
e
'y
¥
iy
A
A '!,L

AW

I
1
e
: |
I
i

o
el
.
»
A LR LA

Quadrature-phase

&Ry

e o b
S
;’

.;“i.'f&:

1.5
i

”

n
oty
Y

-
Y

L5 -1 4.5 a
Ine-plase

=
=
2

Fig. 17. Constellation under RF cable connection.

BX Comtellation of mTE 80 {mTE BH ¥}
i frnmme pamvbser = O, slot mamber = 39)
CRC for TH is < GOO D>

RN Cons inilation
TX Conslellation

Cundrature-phase

Fig. 18. Constellation under RF antenna connection.

shows a test configuration between the mDU and mTE in
the downlink. The modulation signals of the mDU-BB are
transmitted to the mRU-analog front end (AFE) (or RF Tx)
through the optical fiber. Then the mRU-AFE (or RF Tx)
and the mTE-AFE (or RF Rx) is connected with the RF
cables or horn antennas. And the mTE-AFE (or RF Rx)
signals are transmitted to the mTE-BB through the optical
fiber. Finally, the mTE-BB demodulates the received
downlink signal and checks the cyclic redundancy check
(CRC) value of decoder output. When the demodulation is
a success, a CRC value is 0. Fig. 17 illustrates the Tx/Rx
constellations of 64QAM under the RF cable connection
between the mRU-AFE and mTE-AFE. It was observed
that a CRC value was 0 and an error vector magnitude
(EVM) at the receiver was -24.71 dB. In addition, Fig. 18
shows the Tx/Rx constellations with the -22.4 dB EVM
measured, when the 27 GHz horn antennas are used in the
RF-Tx and RF-Rx. Although there is no mobility, this test
result shows the possibility of applying the implemented
mmWave modem to a mobile wireless backhaul.

6. Conclusion

This paper proposed the physical layer design of the
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MHN uplink and downlink that uses millimeter-waves for
a mobile wireless backhaul. The performance of the uplink
and downlink were evaluated under the Rician fading
channel conditions. The baseband prototype of a
millimeter ~ -wave  communication modem  was
implemented by FPGA. The proposed MHN system can
provide a high data rate service of Gbps in vehicles
carrying hundreds of wireless Internet users. This study is
expected to contribute to the research and development of
millimeter-wave cellular communication systems.
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