3-3-2 A Millimeter-Wave Broadband Wireless Access
System Using Mobile Tracking Technology
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We describe a new system for high-speed wireless access systems between base sta-
tions and mobile terminals. In the proposed system, the base stations are located along
street or in public facilities and formulate the antenna beam toward mobile terminals to uti-
lize the millimeter wave efficiently. The base station has an array antenna and tracks mobile
terminals by using a new tracking algorithm. A radio-on-fiber technique is used to simplify
and miniaturize the components of the base station. We propose a new tracking algorithm
that uses directions-of-arrival, angular velocities of mobile terminals, and scatter modeling
in multipath communications channels to improve the tracking performance. We also devel-
oped experimental equipment to demonstrate the feasibility of the proposed millimeter-
wave broadband wireless access system and the efficiency of the tracking algorithm using

an array antenna system. Finally, we discuss our simulation and experimental results.
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1 Infroduction

There has been growing interest in recent
years in expanding broadband network servic-
es to the users of wireless terminals through a
wireless communications system(ii~41. Such
a wireless access system will require high-
throughput data-transmission technology for a
seamless interface between the wired and
wireless networks. Low-frequency bands with
frequencies lower than that of the microwaves
are already occupied by conventional applica-
tions, and in many cases involve limitations
on the available bandwidths. Under these cir-
cumstances, a wireless communications sys-
tem using the millimeter-wave band has been
attracting attention, since millimeter waves
have considerable available bandwidth space
for easy high-speed communications. In addi-
tion, short wavelengths enable use of compact
antennae and other hardware componentsis;.
On the other hand, millimeter waves are easily
blocked by buildings and other structures and
are subject to attenuation by air(3). In addi-

tion, compared to other wireless communica-
tions systems, millimeter-wave systems offer
coverage of only small service areas (cells).
This necessitates a large number of base sta-
tions, increasing construction costs. In order
to maximize the advantages of millimeter
waves to solve the above problems, we pro-
pose an innovative communications system
utilizing radio-on-fiber and array-antenna
technologiese). Each base station of this sys-
tem, is equipped with an array antenna or
direction-selectable antenna to provide the
maximum gain in the direction of a desired
signal and to mitigate interference with the
other terminal stations. The radio-on-fiber
technology is used to simplify and downsize
the constituting components of the base sta-
tion. This technology allows the control sta-
tion to control the array antenna of the base
station directly by connecting the control sta-
tion with the base station through an optical
fiber and using the wavel ength-division-multi-
plexing subcarrier. The radio-on-fiber and
array-antenna technologies provide the mil-
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limeter-wave based wireless access system
with a number of advantages. However, the
implementation of this system poses several
challenges. For example, in systems in which
the mobile terminal may approach the base
station and be used in the operation of vehi-
cles, the direction-of-arrival of signals sent
from a mobile terminal change significantly
over time. This makes it difficult to direct the
antenna beam toward the moving terminal. In
addition, when the mobile terminal is moving
quickly, the error in estimating the direction-
of-arrival of signals sent from the mobile ter-
minal will become large if that estimate relies
on conventional algorithms. This is because
the covariant matrix of the data received by
the array antenna must be calculated to esti-
mate the direction-of-arrival. In order to solve
these problems, a new mobile-terminal track-
ing method has been developed. This method
utilizes information on the direction-of-arrival
and angular velocity of the mobile terminal
(71. If these two parameters are used, the
tracking performance can be improved even
when the mobile terminal moves very quickly,
compared to conventional direction-of-arrival
estimation methods. We have developed an
algorithm that enables real-time processing
and takes into account scattering around the
mobile terminal by improving the proposed
algorithmis1~[111. This is because that the
original algorithm, which uses a model that
does not account for multipathing, is not capa-
ble of precisely estimating the direction-of-
arrival when the mobile terminal is used in an
environment of multipath communications
channel.

This paper describes a new broadband
wireless access system incorporating the
improvements referred to above. Among the
important component technologies proposed
for the implementation of the new system, we
focused on its capacity to track a mobile ter-
minal utilizing the array antenna and wave-
length-division-multiplexing technology. This
tracking system places a priority on a direc-
tion-of-arrival estimation algorithm that can
improve tracking performance, even in a mul-

tipath environment. To demonstrate the effec-
tiveness of the proposed mobile-station track-
ing system, we conducted simulation studies
and developed devices, including the array-
antenna and wavel ength-division-multiplexing
transmission system, for field experiments.

This paper consists of the following sec-
tions: Section 2, which explains our system
concept; Sections 3 and 4, which describe the
primary technologies for the antenna design of
the mobile-station tracking system and the
wireless access system for millimeter waves,
Sections 5 and 6, which describe the algorithm
for mobile-station tracking and demonstrate its
effectiveness through simulations and field
experiments; and a summary of the conclu-
sions.

2 Outline of the broadband wire-
less access system

This section describes the details of the
proposed broadband wireless access system.
Fig.1 illustrates the concept of the proposed
system. In this system, each base station has
an array antenna or direction-selectable anten-
na. The array antenna directs its antenna
beam in the desired signal direction after esti-
mating the direction-of-arrival of signals sent
from the mobile station for high-speed com-
munication. However, it also directs the nulls
of the antenna beam in directions that may
cause interference. This is the procedure for
increasing the power of the desired wave
while removing interference waves from the
received wave. Base stations are installed at
intervals of 50-100 m along streets in order to
maintain line-of-sight communication between
the respective base stations and terminal sta-
tions. This system employs macro diversity
(or site diversity) technology. When the direct
path to a base station is interrupted by an
obstacle, the mobile terminal begins commu-
nications with another base station with which
adirect path can be secured.

The implementation of the above system
poses several challenges. First, compared to
other wireless communications systems, the
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construction of base stations involves signifi-
cant time and expense. This is partly due to
limitations on the available space for the
installation of base stations. As a potential
solution to this problem, radio-on-fiber tech-
nology has been attracting attention for its
ability to transfer the signal information
received at the base station to the control sta-
tion asisiel. If this technology is employed
in the wireless communications system, the
base station does not require the installation of
complex hardware such as a line control
switch or modem, which can be integrated
into the control station.

Second, as shown in Fig.2a, we propose a
new configuration of the base and control sta-
tions for controlling the array antenna. In the
reverse link, the output signal from the array
antenna directly modulates the intensity of
optical signas, and the signals are sent to the
control station through an optical fiber. The
structure of the reverse link is virtually the
same as that of the forward link. In the for-
ward link, the signals divided in the modulator
directly adjust the intensity of optical signals,
and the signals are sent to the base station
through another optical fiber. However, if the
same structure is used for both the reverse and
forward links, several problems may arise in
the forward link. For example, it isdifficult to
form a beam with a narrow beamwidth at a
high gain. If the array antennais used to real-
ize such a beam pattern, the total number of
antenna elements must be increased. Howev-
er, if the number of elements is increased, the
stages of multiplexing in the wavelength-divi-
sion multiplexer increase, making the system

itself more complex. In addition, the calibra-
tion of the array antenna used in the forward
link is generally difficult to perform compared
with the calibration during signal reception.
We therefore propose another configuration of
the base and control stations, as shown in
Fig.2b. The array antennais used only to esti-
mate the direction-of-arrival of signals sent
from the mobile terminal. A direction-selec-
table or sector antenna is used in communica-
tions, allowing the antenna direction to be
changed in accordance with information on
the direction-of-arrival. While the configura-
tion shown in Fig.2b is easy to implement and
provides high antenna gain, the degree of
improvement in communications quality due
to the elaborate beam control will be limited,
since complex beamforming is difficult to
implement.

In the proposed antenna configuration, vir-
tually al of the hardware components, includ-
ing those for beamforming, handover, and
modulation/demodulation, can be integrated
into the control station. Since a high-perform-
ance digital signal processor (DSP) can be
installed in the control station, the base station
can in turn be made even move compact. If a
better DSP has been developed, the DSP unit
of the control station can easily be replaced.
A more sophisticated algorithm is available
for the control of the array antenna without
retrieving the base station.

3 Antenna design for the millime-
ter-wave access system

3.1 Investigation of antenna structure
This section describes the antenna design
for estimation of the direction-of-arrival and
the configuration for the implementation of
communications between the base station and
the mobile terminal. First, the required speci-
fications for the antenna are investigated. Our
system greatly depends on the behavior of the
direct and reflected waves during the signal
exchange between the base station and the
mobile terminal. However, this study consid-
ers only a single direct wave to simplify
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design of the antenna structure. We designed

the antenna under the following assumptions:
—The free-space propagation model will
be used.
—The propagation loss caused by the air
will be taken into account.
—The central frequency is set to 59.5
GHz.
—The transmission power is set at 10 dBm
at the mobile terminal.
—The distance between the base station
and the mobile terminal is a maximum of
50 m.
—The antenna of the base stationis5 min
height.
—The CNR (carrier-to-noise ratio) must
be at least 5 dB for estimation of the direc-
tion-of-arrival and at least 15 dB for com-
munications.
—The NF (Noise Figure) is 10 dB.
— A patch antenna is employed in the
mobile terminal and is also used in the
base station for estimation of the direction-
of-arrival.

For the link budget between the base sta-
tion and the mobile terminal, we assume a vir-
tual antenna that has antenna directivity (elec-
tric-field-strength) that is both vertically and
horizontally symmetrical and can be approxi-
mated using the n-th power of the cosine func-
tion1s).  Specifically, the antenna directivity
is defined asfollows:

D{¢)=(cos¢)” 1)

wheregis the angle measured from the bore-
sight of the antenna. The following equation
is obtained if the half-power beamwidth of the
patch antennais expressed using.g:

(g] ! @

For example, if @= 80 degrees, n=1.3. In
addition, if the front gain of the antenna is
defined as a function of the half-power
beamwidth of the antennari19; as shown
below:

K
G, :1010g,0( 5 ; ) (©)
HYV

where Kg is a constant with no unit and gy
and 9y are the half-power beamwidths
(degree) along two perpendicular axes (the
horizontal and vertical axes). If Kg is set to
24000, the front gain Gf is calculated as 5.74
dBi assuming 9= 80 degrees. Equations (2)
and (3) result in the following mathematical
model for antenna gain:

G =G, +20nlogy, (cosg) (4)

where¢ is the direction-of-arrival of a wave
arriving from the base station or mobile termi-
nal. Equation (4) can thereby simulate a patch
antenna with a wide beamwidth and a horn
antenna with a narrow beamwidth by chang-
ing the magnitude of &.

CNR is finaly defined by equation (5) as
follows:

CNR = Pr+ Gr+ Lpeet+ Loxgn + Gr- Np
®)

84 Journal of the Communications Research Laboratory \Vol.48 No.4 2001



where Pr is transmission power, Gt the anten-
na gain on the transmission side, and Gr the
antenna gain on the reception side. Np, the
noise power, is—87 dBm when the bandwidth
is1 MHz and NF = 10 dB, while it is =104
dBm when the bandwidth is 50 MHz and NF
=10 dB. Lifree and Loxyn are free-space propa-
gation loss and oxygen absorption |oss,
respectively, which are obtained by 20 logio( 4
/47r)dB and —16 dB/km. Gr and Gr can be
calculated by equation (4). The CNR for the
base station is calculated from these parame-
ters.

3.2 Cell arrangement

This section describes the cell arrangement
for communications between the base station
and the mobile terminal and for estimating the
direction-of-arrival. Fig.3 demonstrates the
two types of cell arrangements we propose.
Oneis asingle-side-radiation system that cov-
ers either the left- or right-side area of the base
station. The other is a both-side-radiation sys-
tem that covers both sides of the base station.
These systems have the following features:

Single-side-radiation system

—The propagation distance is large.

—Signal power is efficiently utilized.

—Multi path effects may be enhanced.

Both-side-radiation system

— The propagation distance is small.

—The probability of signal blocking is

low.

—The electric fields at both cover edges

are weak.

—The antenna beam must be switched at

the mobile terminal when the terminal

passes under the base station.

The arrangement of base stations should
also be considered. In genera, the base sta-
tion is located directly above the street or at
roadside.

It is of great importance in the present
study to determine the angles of the boresight
of the base station and mobile terminal, as
shown in Fig.4. We have calculated CNR,
assuming several possible angles.

(a) Single-Side-Radiation System
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(b) Both-Side-Radiation System

Cell arrangement

3.3 Required CNR level for estimation
of the direction-of-arrival

Assume that the patch antenna is used at
both the base station and mobile terminal for
estimating the direction-of-arrival of signals
sent from the mobile terminal. As previously
mentioned, CNR must be at least 5 dB to esti-
mate the direction-of-arrival, which is a prede-
termined value limited by the agorithm to be
proposed in Section 5. Since the algorithm for
estimating the direction-of-arrival does not
include processing such as demodulation or
synchronization, amost all signals, including
specia signals (such as pilot signals), control
signals transmitted from the mobile terminal,
and communication signals exchanged
between the base station and the mobile termi-
nal, can be utilized in the estimation of the
direction-of-arrival. Assuming that the band-
width required only for estimation of the
direction-of-arrival is 1 MHz, CNR can be
calculated as follows:
(A) Both-side-radiation system

First, assume that the base station is
installed directly above a street (y = 0). The
antenna angles are fixed at ¢s = 95 = O degrees
so that both sides of the station can be covered
as shown in Fig.4 and ¢wm = 0 degrees. When
the mobile station is x = 25 m from the base
station, Gr of the base station located in the
direction of the mobile terminal becomes
—12.65 dBi. Therefore, CNR on the receiving
side at the base station is given by:

CNR =4.80 + Gr (6)
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Thisresult implies that Gt on the transmis-
sion side must be at least 0.20 dBi to attain the
CNR = 5dB required for estimation of the
direction-of-arrival. However, since the actual
Gr of the mobile terminal in the direction of
the base station is —12.65 dBi, the required
CNR level cannot be attained. Fig.5(a) shows
CNR calculated using equation (5), with the
distance changed between the base station and
the mobile terminal. Figs.5(b) and 5(c) show
CNR for cases in which the angle of the bore-
sight of the mobile-terminal antenna ¢m = 60
degrees and 80 degrees. That is, only the
antenna of the mobile terminal is directed
toward the base station. These studies indi-
cate that the effective distance between the
base station and the mobile terminal is 30 m or
less.

(B) Single-side-radiation system

In this case, the two antennas face each
other. We calculate CNR by changing the
angles of both the base station and the mobile
terminal, as well as the location of the base
station. The results of CNR calculation for a
case in which the base station is located above
the street are shown in Figs. 6(a)/6(b), while
those for a case in which the base station is
located at roadside (yo = 0) are shown in Figs.
6(c)/6(d)/6(e)/6(f). The figures indicate that
sufficiently high CNRs are achieved for all
locations when the base station is installed
above the street. On the other hand, when the
base station is installed at roadside, the anten-
na of the base station should be directed
toward the mobile terminal such that ¢s=¢s =
45 degrees, in order to cover all service aress.
The results of this study indicate that the sin-
gle-side-radiation system can be used when it
IS necessary to estimate the direction-of-
arrival for all service areas.

3.4 Required CNR level for communi-
cations

We assume that CNR must be at least 15
dB when the bandwidth is 50 MHz for the
establishment of communication between the
base station and the mobile terminal. This is
based on the following assumptions:

Base Station

Antenna Beam

20 %
(b) gg=0°, Gp=0", ¢h=60°

25 30 35 40 45 50
i (€) ¢a=0°, )&,41", Ha=80°
7o B CNR for estimation of the direction-of-
arrival (both-side-radiation system)

20 25 30 35 40 45
(2) $=50°, A=90°, $y=50°

20

(€) d545°, 60°, ghi-90°, yy=0°

10 20 30
(£) ds=45°, Gy=457, $=90%, y=0°
[7[eN- W CNR for estimation of the direction-of-
arrival (single-side-radiation system)
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—BER without error-correction scheme is

10°.

—The modulation mode is single-carrier

QPSK.

—Differential detection is adopted.

We have determined the required CNR

level in accordance with the CNR versus

BER (bit-error rate) table presented in

Referenceg23).

Next, we will describe the installation
angles of the antennas for the base station and
the mobile terminal, along with their required
specifications.

(A) Both-side-radiation system

Communication between the base station
and the mobile terminal requires a bandwidth
50 times that required for estimation of the
direction-of-arrival. Thus, the CNR required
must be approximately 10 dB greater. If the
patch antenna (n = 1.3) is used in the base sta-
tion of the both-side-radiation mode and the
mobile terminal, a complex problem arises.
Specificaly, if ¢s, 68, and ¢m are set to zero
degrees, a sufficiently high CNR cannot be
achieved. The antenna of the mobile terminal
must be tilted to attain sufficient CNR. This
indicates that we must prepare an antenna with
directivity that can be switched between its
front and rear ends, due to the possibility that
the mobile terminal may pass immediately
under the base station. However, this system
configuration is not suitable for the proposed
system, as its control process becomes very
difficult to perform. Thus, only the single-
side-radiation system is discussed in this
paper.

(B) Single-side-radiation system

First, assuming that the patch antenna (n =
1.3) isused at both the base station and mobile
terminal, we calculate CNR provided when ¢s
and ¢wm are changed.

The results shown in Fig.7 indicate that,
when the antenna angle at the mobile terminal
isset to ¢m = 70 or 80 degrees, a sufficiently
high CNR (= 15 dB) is provided in the area
within 15 m from the base station if the angle
of the base station ¢s, is set to either 50 or 60
degrees. Therefore, ¢s and ¢m must be set to

60 and 80 degrees, respectively, in order to
ensure communications between the base sta-
tion and mobile terminal within 15 m of each
other.

Here, we examine a case in which the dis-
tance between the base station and the mobile
terminal is 15 m or greater. The above study
results indicate that the base station is not
alowed to use a patch antenna for communi-
cations with a mobile terminal located at |east
15 m away. Thus, we estimate the antenna
gain required to ensure communications when
the base station uses another antenna having a
different beamwidth or antenna gain.

Assume that the antenna angle at the
mobile terminal is set to ¢m = 80 degrees
based on the results obtained for the estima-
tion of the direction-of-arrival. The antenna
angle at the base station is set to ¢s = 80
degrees. In other words, CNR is calculated
with angles ¢s and ¢ m fixed and the
beamwidth at the base station changed. Fig.8
shows the CNR calculation results. Our simu-
lation indicates that communications can be
established between the base station and the
mobile terminal, which are at least 15 m from
each other, if the beamwidth is set to 15
degrees and the antenna gain to 20 dB.

5

10 15 20 2x5 30 35 40 45 50
(a) Beamwidth=80°, ¢5=50°, 83=00°, ¢,,=70°

0
y 15 10 .

10 15 20 2);5 30 35 40 45 50
(b) Beamwidth=80°, ¢3=60°, B3=90°, ¢\;=70%

10

10 156 20 2)(5 30 35 40 45 50
(c) Beamwidth=80°, $5=50°, 85=90°, ¢=80°
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5
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(d) Beamwidth=80°, $5=60°, 85=90°, ¢=80°

CNR for communication (single-side-
radiation system)
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4 Component techniques for
implementation of the millime-
ter-wave wireless transmission
system

4.1 Wavelength-division-multiplexing
transmission

Information on the amplitude and phase of
signals obtained by elements installed in the
array antenna is very important when signals
are exchanged between the control station and
the base station in the proposed system,
because both estimation of the direction-of-
arrival and the formation of an antenna beam
depend on the amplitude and phase of signals.
WDM (wavel ength-division-multiplexing)
transmission is a suitable technology for sig-
nal exchange between the base station and the
control station. We have therefore devel oped
a transmission device that adopts the WDM
technology used in the proposed array-antenna
system(131. This section provides details on
the proposed system.

Optical Bandpass Filter
E Optical Isolator

Single Mode Fiber

=] 3dB Optical Goupler

b FC-FC Adaptor ,
] P
(7l R°A WDMS transmission system (4 subcarri-
ers)

Fig.9 illustrates the configuration of the
wavelength-division-multiplexing system.
This system comprises transducers that con-
vert between optical and electrical signals on
different wavelengths, optical couplers that
combine multiple optical signals, optical
bandpath filters (BPFs), and amplifiers. At the
reverse link extending from the base station to
the control station, laser diodes of different
wavelengths convert between electrical and
optical signalsthat have been received by each
element of the array antenna. The outputs are
mixed with each other by the optical couplers
installed in the base station. After the multi-
plexed signals are separated into optical sig-
nals of different wavelengths by optical cou-
plers and BPFs at the control station, they are
restored to their origina form by the optical-
electrical signal converter. In consideration of
the current availability of laser diodes and
photo-diodes, we set the intermediate frequen-
cy (IF) of this system set to 1.5 GHz. Also, in
consideration of the properties of the optical
BPF that separates the multiplexed signals, we
set the number of multiplexing subcarriers to
four. The other specifications are listed in
Table 1. If the number of multiplexing sub-
carriers is doubled, the optical fibers can be
shared between the forward and reverse links.
However, such a configuration will increase
the level of inter-signal interference and the
costs for the wavel ength-division-multiplexing
transmission. We therefore consider it a rea-
sonable option to use two separate fibers for
each of the forward and reverse links.

[[o/o]EBAR WDMS specifications

1298.3mm
Optical wavelength 1 1304.2mm

1308.5mm

1315.4mm
Optical Transmission Power +9dBm
Cross-talk <-38dB
CNR (m=20%. Bandwidth=
S50MHz, Fiber length=4km) 4308
Frequency 1.4-1.6GHz
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4.2 Millimeter-wave array antenna for
the tracking system

At the beginning of this paper, we men-
tioned that the base station is required to esti-
mate the location of the mobile terminal in
order to direct its antenna beam toward the
terminal. This section describes the array
antenna used in estimating the direction-of-
arrival of signals sent from the mobile termi-
nal. A variety of technologies are necessary
for the fabrication of an array antennathat uti-
lizes millimeter waves of extremely high fre-
guencies. We have developed an array anten-
na employing a microstrip antenna (MSA) as
the antenna elementi141. The MSA is a suit-
able component for such an array antenna that
has precise element intervals, since it is fabri-
cated by photolithography. As shown in
Fig.10, this array antenna has a multi-layer
structure. This type of MSA is referred to as
an *“electromagnetically-coupled microstrip
antenna”’ or a “proximity-coupled microstrip
antenna.” The central frequency of this anten-
nais 59.5 GHz. Thisantennais alinear-array
antenna which has four rectangular patch
antenna elements with element intervals of
half the wavelength, and. Dummy elements
are located on both ends of the element array
to make the inter-element coupling uniform.
The feed lines in the center layer supply
power to the radiation patches through the
coupling between the radiation patches and
the feed lines.

Using the developed array antenna and the
algorithm for estimating the direction-of-
arrival, we conducted experiments to estimate
the direction-of-arrival in an anechoic cham-
ber. After placing the array antenna on a
rotary table, we set the antenna angle at zero
degrees. Next, the phase and amplitude of
each received signal were adjusted so that the
estimated angle became zero degrees (in prac-
tice, the complex coefficients of the base-band
signal were changed to make the adjustment).
In the experiment, the distance between the
array antenna and the horn antenna was 3.5 m,
and the transmission power was 10 dBm.
Upon completion of the parameter adjustment,

Radiation Patch
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Dielectric Substrate
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|
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Dielectric Substrate

Microstrip Feed Line
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(round

(7]e W [1] Structure of the microstrip array

antenna

we measured the direction-of-arrivals at dif-
ferent angles by rotating the rotary table. The
measurement results are shown in Fig.11. The
results of our experiment indicated that the
discrepancy between the actual direction-of-
arrival and that estimated was within 3.2
degrees. The standard deviation of estimation
errors was 1.6 degrees. We thereby confirmed
that the system employing the wavelength-
division-multiplexing transmission technology
and the array antenna would operate with no
problems.
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5 Tracking algorithm for the mil-
limeter-wave access system

5.1 Estimation of the direction-of-
arrival of signals sent from the mobile
terminal

Several methods have been proposed for
determining the weight vectors of the array
antenna to provide an antenna beam at the
base station, in order to optimize communica
tions between the base station and a specific
user using an array antenna. The common
algorithms used to estimate the direction-of-
arrival and to determine the weight vectors are
summarized in Referenceriel. One of the rec-
ommended beamforming methods is that for
determining the weight vectors by utilizing the
signal incoming direction (direction-of-
arrival). Such a method for estimating the
direction-of-arrival can be applied to high-
speed communications systems. Thisis dueto
the fact that the direction-of-arrival is the only
parameter common in the forward and reverse
links, making beamforming easy in both links.
In addition, although synchronization and
demodulation are necessary in such methods
that determine weight vectors based on a ref-
erence signal, for example, the employed
method utilizing information on the direction-
of-arrival does not require such processing. It
can therefore easily handle high-speed signals.
In addition, when a direction-selectable anten-
na is used in communications between the
base station and the mobile terminal, the infor-
mation on direction-of-arrival can be used to
determine the antenna direction. Meanwhile,
the estimation of the direction-of-arrival and
the determination of weight vectors must be
performed separately under this method,
which utilizes information on the direction-of-
arrival. Thus, we must consider the process-
ing load for these calculations. One of the
most important requirements of the proposed
system is the precise real-time estimation of
the direction-of-arrival for beamforming, even
when the mobile terminal moves as fast as a
car. This section describes a new methodolo-
gy for improving the tracking capability of the

mobile terminal by introducing the local scat-
tering model presented in Referenceris). We
also demonstrate the effectiveness of the pro-
posed method through a simulation study.

5.2 Signal model

First, a signal model for estimating the
direction-of-arrival is explained below.
Assuming that N narrow-band plane waves
impinge on the array antenna from different
directions, 6n(t), n=1,--, N where M elements
arearrayed inline at equal intervalsof D. The
received signal can be described as follows in
the multipath communications environment:

Yy =x(1)+v(1) (7)

©(1)= 33 Bua(6,0+ 4,05, (--5.), (®)

n=1 k

x(0) =[x, (O, x, (O] (@) =W (), OF

a(@) = I:l,ej§5i"g,'",ejf(Mkl)SMT » §=27DfA

where y(t)=[yi(t),--, ym(t)]"T isthe M x 1 vec-
tor comprising a complex envelope of the
observed signal, while g, t, and gn(t)+4
nk(t) are the amplitude, delay time, and direc-
tion-of-arrival, respectively, of the k-th arriv-
ing signal originally sent from the n-th signal.
Pn is the sum of local scattering signals from
the n-th signal source; v(t) isthe Mx 1
observed noise vector composed of white
noise with a mean of zero and variance of g%,
having no correlation with s (t); and 1 is the
wavelength of the carrier.

Since the base station is installed in a high
location above the level of the mobile terminal
in the proposed system, we assume that the
angle spread of signals transmitted to the base
station is relatively small. In other words, we
assume that the base station is located away
from the mobile terminal and its surroundings,
so the signal scattering occurs primarily in the
vicinity of the mobile terminal itself. The
model presented in Referencer1s) is used to
analyze the local scattering signal. The signal
delay can be approximated by a phase shift
such as s (t-znk) =~ Sn(t) e12*fenk and is provided
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by Taylor expansion as below:

*()= 33 feeine (a(6,(1)+6,4(8,(0))s, (1),

n
=
LR

I
D=

lo.a(6,0)~£,a(6,0)} s (1) ©

A

Py .. .
-jiaf.t, =iz ).
P =Zﬂnke s * gn ZZIBﬂke ! J”‘rﬂan.'l’
k=1

k=1

4(0)= % =[0,+, &M ~Tycosoer e |

where f. is the frequency of the carrier and v,
is a non-zero number including the complex
amplitude of the n-th signal. Then the steering
vector is re-defined as described by equation
(20).

a(6,(n)2a(0,10))+7.4(6,0) (10)

This equation contains a newly-defined
scattering parameter, ¥n= & ¥h. Assuming that
& and |vn| are small values, the m-th element
of (g (t)) in equation (10) can be approximat-
ed asfollows:

[@6,))], = ™05 (14 jy,&(m ~1)cosB,(1))

~ ejé(m—l)sint?,(')efr,,‘f(m—l)cnsﬁn(r)

=b (D) (11)

An array-antenna signal-receiving model
taking the local scattering effect into account
can be defined as follows:

»(t)=x(0+v(t) (12)
x(1)= 3 5(6,0)s, (1) (13)

n=l

b(6,0)) =1 e eemnos T (1)

5.3 Estimation of the direction-of-
arrival

This section describes the methodology to
estimate the direction-of-arrival of signals sent
from a moving target utilizing the above local
scattering model. Fig.12 is a schematic dia-
gram briefly illustrating the algorithm
employed in this method. Using sampling
interval Ts and index k, continuous time is
converted into discrete time, t = KTs. Assume
that the trace of a traveling signal over the
short term can be approximated by a straight

ling, asfollows:
0,{k-1)~0,(k-1}k)=0,(k)-a,(k)IT,

n=l N, I=1- k-1 (15)

where a,(K) is the angular velocity of the
n-th target at time k. Assuming that the value
of j(m-1) Ean(K)I Ts is very small, bim(k-|K) in
equation (11) is approximated as shown by
equation (16).

ind, (k=ilk )+, cos8, (k=IJk))

Fom=1)&(s
b, (k-1k)=e
7eJ("‘-‘)f{ﬂﬂwn(k)—an(k)-"l'})ry,,cus(ﬁ,,(k)—a,(k).'ﬂ)}

x @/l k), cost (0} {1— j(m—Déa, (k)T cos b, (k)}-
{1+ j{m —1)p,a, )T, sind, (%)} (16)

- ej(M*l)s‘{-\inﬂn(an s, (£))

[ j(m - Déa, (K)IT, {cos 8, (k) -y, sin e"(k)}]

Then, a cost function J(K) is defined as
shown below to provide the weighted sum of
the residual error functions, as follows.

J(k) = fz; o (- el
r{k~1k)= y(k—1)-%(k—1k)

(k1K) = gb(é,, (ke 1[k))s, (k~1)

ix = Pt i My =1

(17)

where py is the forgetting factor at time k and
0<p <.

o a1 = ab—athir,
o)

Kk=1)
Nie—114) /
(k=DT, kT, ¢

[« W4 Linear approximation model for esti-
mation of the direction-of-arrival

-
-

The direction-of-arrival and the angular
velocity are provided by minimizing J(k).
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Angular velocity a,(K) is a linear parameter of
J(K), while direction-of-arrival gn(K) is a non-
linear parameter. Thus, an(k) is obtained by
the least-square, and #n(K) is calculated by a
Newton-type recursive algorithm.

First, the equation for calculating a,(k),
which minimizes J(k), is derived as follows.
Specifically, it is given when J(k) differentiat-
ed with respect to an(K) equals zero.

%bzﬁymrz{r”u "y k]{i,,(:’c 4)6{’";; ;;)“f}H

da, (k)
=0, a=1-N
86, (k—11%) _ e i ] (18)
o, (k)

-[—j(m ~1)&te]eosd, (k) - 7, 5ind, (k)
12(m 1) 5,8, (k) T2 cosf,(K)sinb, (6) |

Then, the angular velocity is expressed by
the following equation.

u, (k) (19)

&, (k=22 00 n=l N

u, (k) = —Re[icmu,(k)w;':m

{ ﬁw‘;;'(k)(cmnw:f’(k)f;:’(k) = Iy jfm‘i’} - jw,‘,,'j'f,j:’}

el

v, (kY = M, {EL |4, )]} £,

A (k) =cosd, (k) -, siné"(k), B (k)=sind, (k}+y, cosd, {k),

= (m-DE =R, Wl =g, (0 4,(k),

@ (k)= a, (k) B, (k)= jo,4,(k)4,(k)}. M, = i(m ) [

k-1
SR =Y w kD8 -

= Y, (RS, U + p 0k - 1),
k-1

F200 =X e dyn e -D3,0k=0)
=0

= p k=1 + 20—},

k-1
f,f.?(k)= Zyi,,ﬁ;(k =05, k—1)
=0

=55+ p [k =1),

K-l
f;:)(k) = zﬁk—.‘,kﬁ; (h-ns k-0
=0
= p S+ £ G- D)

TR0 =3 P8 k=03, (k=)
=0
= P A=)+ 240k = 1)+ £k =D,

Now consider direction-of-arrival gn(K),

which minimizes cost function J(k). Since
direction-of-arrival g,(k) is a nonlinear param-
eter, it is derived from the following Newton-
type recursive algorithm.

G(k) = 6(k—1)—nH "' (k)g(k) (20)

where@n(k) = [01(t), ---, On()] T isthe Nx 1
arrival-direction vector, 1 the step size, and O
<n=1 g(k) and H(k) are the gradient vector
and Hessian matrix of J(k), respectively,

which are expressed as below:
aJ(ky r
(), gy k), gy (K 21
glk)= 280k) =[g(k), g2 k), -, g4 (R)]  (20)
2 : (22)
H(k):ﬂ)__=Ji... kp,,(k) }
d6(k)28" (k) ;

N
2,(h) -2R{ifcmw:::(k){gn(k)—Zmﬂg‘mgﬁ’(k)}],
m=] p=l

M
R, (k)= 2Re[Zcﬁwﬂj(k)m$'(k)hL'j},
m=1

(I)(k) = A" (k)f(l) + le:‘])(k)f,,(,:)(k)g
gk = A,(k) £
T [ @ (k) + jen (k) ‘“(k)] £k
+je Lol el (k) £ (B,

KO (k) = A, (k) A, (k) £, (k)
+T, [ 4, (K)ol () + 4, (k)
AT () (k) £ k).

w®(k)] fe)

Summarizing the above results, the fol-
lowing recursive procedures are derived:

1. Make @ (k-1) the estimated direction-

of-arrival and a(k-1) = ai[(k-1), az(k-1),

L, a(k=1)]T the angular velocity estimate

vector at time k-1.

2. Calculate the provisional direction-of-

arriva 9 (k) from @ (k-1) and a(k-1).

3. Predict §(k), which has a complex

amplitude, based on the direction-of-

arrival § (k) estimated in Step 2, and on the

least square.

4. Renew q(k) and § (k) using equations

(29) and (20), respectively.

5. Increment k to k+1, and return to Step

2.

The convexity of the cost function with
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respect to the directions-of-arrival in the
neighborhood of their true values can be
proved by the same method shown in Refer-
encer7]. Therefore, a value close to the true
value must be provided as the initial value to
allow a precise estimate to be made by the
above method. Another method (such as
MUSICr171) may be used to obtain the initial
estimated value.

5.4 Estimation of the scattering para-
meter

In general, scattering parameter y is an
unknown factor estimated from the observed
signal. As scattering parameter yn(K) in equa-
tion (14) is a non-linear parameter of JK), a
recursive algorithm or other method is used to
estimate the scattering parameter. Several
methods have been proposed for estimating
the scattering parameter, as presented in Ref-
erences(15] andi21]. However, the method
introduced in Referencer15) is not suitable for
real-time tracking algorithms, as it requires a
large amount of calculations, including that
for eigenvalue decomposition. The other
method explained in Reference21] requires a
certain amount of observed data and recursive
processing to obtain the scattering parameter.
Thus, in this paper, we have slightly modified
the model used in equation (10) to linearize
the scattering parameter in J(K).

Since the steering vector can be given by
the following equation:

a(8,n)=2a(6,(0)+7,4(0,(1)

we assume that parameter y, and gnlTs pro-

vide very small values in the effective time

window given by the forgetting factor. Then,

the steering vector in equation (10) is approxi-

mated as below:

@(6,0k D)2 a{8,(k — D)+ 7,d(8,(k-D) (23)

~ a{,(k)—a, (k)T )+ 7,4(8,06) —a, (k)T )
=al{@, (k) -a,(k)ITd (6, k)

é

+7, d(e;(k))—an(k)n;md(oﬂ(m)}

n

=~ a(0,(k))-a, (k)ITd(6,(0))+y,d(6,(k))

2b(6,(k-D)

This derivation is made by discarding
higher-order terms with respect toa, and vy,
so that they can be linearized. As a result of
the modification given by equation (23),
parameter 7, (K) can be estimated by the same
method as that for the estimation of a (k).

Next, we define a new evaluation function
similar to equation (17).

J,(k) =§; Fi a7 (k=1] k)”z (24)

Fk-1ik) = y(k-1)-%(k - 1]k) (25)

X{k-1lk)= >

n=l

B(6,(k-1]k))3, (k1) (26)
j}fr'f.k = ﬁkﬁkﬂ',kq » Jak,k =1

Then, yn(K), which minimizes J»(Kk), is
given by solving the following equation, as
yn(K) is a complex number and an(K) is a real
number.

at, (k) (27)
7, (k)

e ob, (k- 11k
- 722;1,(,[‘,‘ R{;H (k-1] k){ﬁn (k _I)Jai;*:wl)ﬂ
=0, n=1,N.

Conseguently, the scattering parameter can
be estimated as follows:

relr ()=, ot
Im{7, (k)} = :‘;E:)) =l N

a8 ()= S (8-804, D G114
(&, (k-Da(6,(6)}]

a1(0) R S {rth=t14) - (k- e-100)
{8, (e-na(e.(x))}]

5 ()= 41, (gosd ()] 35, =0

5 M nem )
2_—6___“_‘
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5.5 Results of the simulation study

We use a linear array antenna in which
four elements are arranged at equal intervals
of half the wavelength of the carrier in our
simulation study. We assume that the
observed signals contain 50 local scattering
waves and that the incident angles show a nor-
mal distribution with standard deviation ¢ .
The standard deviations of the incident angles
were set at 2, 5, and 8 degrees based on Refer-
ence22). Other simulation conditions are list-
ed on Table 2.

[[o/]23A8 Simulation parameters

Modulation scheme QPSK
Wavelength A 5mm
Pattern of the element antenna Isotropic
Sampling rates SkHz
Initial velocity of the mobile 25m/s
Step size n 0.30
Forgetting factor o 0.98
Base station height h 5m
Service distance L 50m
Standard deviation 6 2°, 5°, 8

This simulation takes into account only
free-space propagation loss and the Doppler
effect, so CNR of the output of each antenna
element may change as the target (mobile ter-
minal) moves.

In the simulation below, CNR is set at 5dB
for each element when the terminal is located
atx=-25m.

Fig.13 shows the true direction-of-arrival
(dotted line) and its estimate (solid line)
obtained by the proposed method, in a case in
which a single mobile terminal is used. The
standard deviation of the direction-of-arrivals
was ¢ =5 degrees, and the initial speed was
a. =0 m/s2and -10m/s?. Fig.14 demonstrates
the sguare errors in the estimation of the direc-
tion-of-arrival by our method (solid line) and
that based on Referencers) (dot-dash line).
For the simulation, we assumed that the initial
direction-of-arrival and initial angular velocity
were known in advance. Table 3 lists the
mean square errors (M SE) in the simulation.

Fig.13 indicates that the proposed algo-
rithm can precisely and stably track the mobile

[ .
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7o WK} Estimation of the direction-of-arrival of sig-
nals sent from a single mobile terminal

50 e — e — - : —

T I
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45— — | — —T T 1 ——- Conventional Method |~
|

Squares Error

Time [s]
7l WV} Mean-square errors of the esfimates

I[e]o] 238 Mean-square error of estimates of
the direction-of-arrival Proposed
method, Method in Reference [8]

Aacc=0m/s2 0=2"| 6=5"| =8
Proposed method 1.97 4.38 491
Method in Reference [8] 2.81 5.70 8.76

terminal despite a limited number of antenna
elements. Fig.14 aso indicates that the pro-
posed method can estimate the direction-of-
arrival with higher accuracy than the method
presented in Referencers;. In addition, the
results in Table 3 show that the proposed
method is less affected by the local-scattering
effect.

6 Field experiment

6.1 Tracking signal-processing device

We executed the proposed algorithm uti-
lizing a digital-signal-processor (DSP) for the
implementation of a real-time estimate of the
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direction-of-arrival. As shown in Fig.15, the
DSP is composed of A/D converters, a main
processor for executing the algorithm, and a
sub-processor (TMS320C40) used for system
control or as an inter-computer interface. The
main processor was a Compaq (formerly
DEC) Alpha 500-MHz processor. Main
processors can be added depending on the
amount of calculation required.

Prior to the actual field experiment, we
constructed an array-data simulator to carry
out preliminary experiments in order to check
the performance of the developed tracking
system. This array-data simulator can provide
simulated signal data received in the array
antenna and change the direction-of-arrival
and intensity of signals sent from a virtual
mobile terminal over time. Fig.16 shows the
results of a tracking test on a virtual mobile
terminal with a speed set at 180 km/h. Its
antenna height, signal sampling rate, and CNR
were set at 5 m, 5 kHz, and 3 dB, respectively.
L ocal-scattering effects were not considered in
that experiment. The experimental results
indicate that the tracking system can precisely
estimate the direction-of-arrival on a real-time
basis.

6.2 Experimental system

We conducted field experiments in a test
course in order to check the effectiveness of
the tracking algorithm and the practical capa-
bilities of the proposed millimeter-wave
broadband wireless access systemi2o;. Fig.17
illustrates the configuration of the experimen-
tal system. The mobile terminal is equipped
with a signal generator and a micro-strip
antenna.

The base station is composed of an array
antenna, frequency converters, E/O convert-
ers, and multiplexers. The base station is
equipped with the microstrip-type array anten-
na described in Section 4. The control station
is composed of demultiplexers, O/E convert-
ers, orthogonal detectors, A/D converters,
DSP, and PC. The tracking algorithm pro-
posed in Section 5 is installed in DSP. The
estimation results for direction-of-arrival are
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saved to the PC. In the experiments, we used
an estimation model that ignored |ocal-scatter-
ing effects. Thisisdueto the fact that amodel
that takes local-scattering effects into account
must estimate the scattering parameter in addi-
tion to the direction-of-arrival and angular
velocity, and the required amount of calcula-
tions is beyond the capability of the current
system. Fig.18 shows the geographical rela-
tionships between the base station and the
mobile terminal, while Fig.19 shows the field
experiment. In this experiment, we mounted
the antenna of the base station at roadside, in
consideration of the structure of the measure-
ment system. As investigated in Section 3
with regard to the antenna configuration for
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[Z[e WV 4 Configuration of the experimental sys-
tem

45 [deg]
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the base station and mobile terminal, the
installation angles of the base-station antenna
were set such that ¢g = 45 degrees toward the
mobile terminal and 6g = 45 degrees in the
vertical direction. In order to ensure a CNR
margin slightly greater than the theoretical
value required for estimation of the direction-
of-arrival of signals sent from the mobile ter-
minal, we set the angle of the mobile-terminal
antenna at ¢m = 90 degrees. The antennas of
the mobile terminal and the base station were
2 m and 4.7 m in height, respectively. The
carrier frequency was 59.5 GHz, the interme-
diate frequency was 1.5 GHz, and the sam-
pling rate for receiving signals was set to 1

kHz. Non-modulation signals were used for
transmission.

6.3 Results of the field experiment
Figs.20 and 21 show the direction estimates
of signals sent from the mobile terminal
obtained in the experiment. The thin line indi-
cates the actual angles, while the thick line
indicates the estimates. The horizontal axis
indicates the elapsed time in seconds, and the
vertical axis indicates the direction-of-arrival
of signals received using the base-station
antenna. As shown in Fig.20, the mobile ter-
minal was moved around the base station at
speeds of approximately 10 km/h. Since the
mobile terminal is located far from the base
station, the estimates of the direction-of-
arrival fluctuate. This is probably due to the
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fact that CNR falls as a result of signal decay
as the length of the signal path increases. The
figures indicate that the direction-of-arrival
can be estimated within 5 degrees or less.

In the test shown in Fig.21, the mobile ter-
minal moved to alocation 80 m from the point
directly under the base station, then
approached the base station. Its approach
speed during this test reached approximately
55 km/h in the vicinity of the base station.
Even when the mobile terminal moves this
fast, the proposed system can precisely track
the course of the mobile terminal in real-time.

7 Conclusions

In this paper, we proposed a millimeter-
wave broadband wireless access system and
described a mobile-terminal tracking system
and a wavelength-division-multiplexing trans-
mission system equipped with a millimeter-
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