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Abstract—This paper proposes an array antenna for multibeam recep- ()
tion with a beam-forming network (BFN) that uses spatial optical signal
processing and also presents experimental results. In this antenna, signals F!VF E/'O Space OfE

received at individual antenna elements are converted to optical signals,
and are optically divided from the directions of signal arrival by means
of optical spatial Fourier transformation, and then the optical signals are
reconverted into microwave signals at the BFN. In this BFN, to maintain

optical path-length conditions, an optical integrated circuit is employed. . . L
We have experimentally investigated the optical signal processing perfor- Of the optical processing ?‘”aY_amenna [3]. This IS because, as t_he
mances of the BFN for multibeam reception. The experimental results show wavelength of the optical signal is very short, the optical path length is

that optical beam direction is changed according to the signal arrival di-  easily disturbed by change in the temperature of the surroundings or a
rection of an array antenna. Two multiple RF signals with different phase — gyrain condition. The disturbance of the optical path-length condition
distributions are separated. The sidelobe level of the optical signal is re- . . S e L
duced when amplitude distributions of optical signals are Chebyshev dis- CaUS€S optical phase fluctuation. Therefore, it is difficult to maintain
tributions. We also present the signal transmission behavior of this BFN. the relative phase differences among the antenna elements in the
The measured carrier-to-noise-ratio degradation of this BFN is 2 dB at optical domain. In addition, it is also difficult to maintain the dynamic
BER = 107° when 118.125-Mb/s QPSK modulated signal is input into  range of the received signal because there are great losses at an optical
the BFN. modulator even though the power of the signal received by antenna

Index Terms—Beam-forming network, microwave photonics, multibeam elements is very low. Furthermore, in the case of a receiving mode
receiving antenna, optical spatial signal processing. array antenna, many optical modulators are required, i.e., the number
of optical modulators is the same as that of antenna elements; the
system becomes relatively complicated and the cost becomes higher
than for a transmitting mode array antenna using spatial optical signal

An array antenna for multibeam reception requires a beam-formipgbcessing in its BFN.
network (BFN) to separate signals according to the signal arrival direc-|n this paper, we propose a spatial optical signal-processing BFN
tions. Several types of BFN have been proposed such as a microwage-a receiving mode multibeam array antenna [9], [10] and present
domain BFN, e.g., Butler matrix [1], and a digital beam-forming (DBFgxperimental results for basic characteristics. In order to maintain the
antenna. optical path-length conditions, we employ an optical integrated circuit.

Spatial optical signal processing is a BFN technique that uses optigais approach avoids complicating the system and reduces the cost.
spatial Fourier transformation [3]-[5]. It has a number of advantag@ge present experimental results for optical radiation patterns of the
in terms of bandwidth, circuit complexity, size, and weight, and pr&8FN when signal arrival direction of a receiving antenna is changed,
cessing speed over conventional techniques that use microwave Bfen two multiple RF signals with different phase distributions are
or DBF antennas. With these array antennas, for example, the Bfi¥ut into the BFN, and when amplitude distributions of optical signals
becomes smaller and lighter and can be controlled at high speed, apgiChebyshev distributions. We also present the signal-processing be-
the BFN generates less electromagnetic interference, which can rdvior of this BFN when a QPSK modulated RF signal is input into the
fect other electronic devices. In addition, the BFN can be used at gggN.
frequency simply by changing the array antenna, giving it excellent
broad-band characteristics.

ATR Adaptive Communications Research Laboratories, Kyoto,
Japan, has proposed a beam-shaping, beam-scanning, and multibedri®- 1 shows the basic configuration of the proposed spatial optical
transmitting array antenna that uses spatial optical signal processing§ifinal-processing array antenna for multibeam reception. This antenna
its BFN [6]-[8]. However, only a few papers discuss the receive mog@nsists of four parts. The RF part consists of the RF antenna. The elec-

tric-to-optical (E/O) conversion part consists of a master laser and an
optical integrated circuit comprises an optical phase modulator (PM)

Manuscript received October 25, 2000; revised August 9, 2001. array. The master laser generates an optical source. At the optical PM,
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Fig. 1. Schematic view of a spatial optical signal-processing array antenna.
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II. ANTENNA CONFIGURATION
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which reconvert the optical signals into RF or IF signals. The reference
laser is phase locked to the master laser. All radiated optical beams ar¢
sampled by the sampling fiber, coupled with the optical signal of the
reference laser, and reconverted to RF or IF signals at the PD.

When an RF signal arrives at the RF antenna from a particular direc-
tion, the array antenna has a certain phase distribution. Each antenn
received RF signal is input into each PM. The PM formula is as fol-
lows:

f(t) = Ag cos {wct + m cos(wrrt + (D)}

= Ap i Ji(m) cos{(wC + kwrr )t + k(d) + g)} 1)

k=—o0

wherew. is the frequency of the master lasekr is the RF frequency, Fig. 2. Fabricated eight-element optical PM array. Scale length in this
and¢ is the RF phase. When we focus on the first upper sideband (bbbtograph is 16 cm.

USB) component of the modulated optical sigffal= 1), the formula
is written as

() =1 = Ao J1(m) cos{(;uc + wirr)t + ((,) + g)} 2 Fiber

This formula shows that the phase distribution of the 1st USB compo- Polarizer
nent of the modulated signal is of the same value as the input RF signal
phase distribution; i.e., the phase distribution of the optical path is the
same value as the phase distribution of the array antenna. When these
modulated optical signals are radiated into space, the optical beam is
tilted according to the phase distribution determined by the antenna
receiving signal arrival direction. The radiation pattern of the optic&l9-
signal is calculated by an array antenna formula [11]. The radiation
pattern of the optical beam is determined by the phase and amplitude %
distributions of the optical signal; therefore, maintenance of the optical Laser Opt. PM Array I::Camera —
phase stability constitutes an important problem. It is very difficult to T \F(ide°

. . . . . . rocessor
achieve the optical phase stability because the optical path length is DC bias
easily disturbed by change in the temperature of the surroundings or
a strain condition. To maintain the optical path-length conditions, Wdd- 4. Experimental setup to measufe value.
integrate optical waveguides and optical PMs on an LiblsQbstrate.
Integration of the optical waveguides on an LiNb8ubstrate means
that the optical waveguides are disturbed by the same conditions; there-

VPD#6_—{PMi#i5
TN PM#6

LINbO, substrate

3. Schematic view of fabricated eight-element optical PM array.

TABLE |
V. VALUE OF OPTICAL PM

fore, the relative optical path-length conditions are preserved. Phase Modulator v,
When the plural signals arrive at the RF antenna, the signals are sep- PM #1 54V
arated into the beam arrival directions through the spatial optical signal PM #2 52V
processing. Fig. 1 shows that, when three RF signals arrive at the an- PM #3 592V
tennas from different directions, three optical beams are radiated from PM #4 52V
the edge of the substrate to different directions. These optical beams PM %5 52V
are then sampled by the sampling fiber and reconverted to RF or IF PM #6 53V
signals at the O/E part. Though the radiated optical signal comprises PM #7 52V
many components of different frequency, these components are recon- PM #8 52V

verted to the different frequencies when the master laser is phase locked
to the reference laser with particular frequency offset. Therefore, only
the 1st USB component can be obtained by using RF or IF filters.

I1l. EXPERIMENTAL INVESTIGATION N

A. Optical PM Array

To verify our proposal, we fabricated the optical PM array shown
in Fig. 2 and measured the basic characteristics. Fig. 3 shows the

LiNbO, | “{PM#8

schematic view of the fabricated optical PM array. The eight optical RF Optical
PMs and seven variable power dividers (VPDs) are integrated on a {sweep) (response)
z-cut LiINbO; substrate. We use Ti-indiffused single-mode optical | Lightwave component analyzer

waveguides at 1.3m wavelength band. The VPDs have reverse

Ap-type electrodes [12] for changing the division ratio of the opticatig. 5. Experimental setup to measure frequency responses when the
signal according to the applied voltage on the electrodes. measured optical PM is PM#4.
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Fig. 8. Edge structure of fabricated LiNbGubstrate where optical beams

radiate into space. ) _ ) .
Fig. 10. Radiation patterns of fabricated optical PM array.

First, we measured/’: of the PM. Here,V; is the dc voltage of an
optical wave phase shift of 18@n the PM, when the PM works as apath. When itis set in the Mach—Zehnder interferometer path, it works
phase shifter. I is a small value, a large phase shift can be obtainex$ an intensity modulator (IM). To obtain sufficient dynamic range in
by a small RF signal. In order to obtain a highly efficient E/O convertethe measurement, we used another optical PM array with the same op-
a PM with a smallV; is required. tical PM structure, but where the output optical signals were incident
The experimental setup is shown in Fig. 4. When the measured opthe optical fibers. The optical beam from the laser was input into the
tical PM was PM#4, the VPDs were set to distribute the optical signfitber-coupled optical PM array. When the measured optical PM was
to PM#4 and PM#5, and radiated optical beams were observed with#4, the VPDs were set to distribute the optical signal to PM#4 and
the camera. We examined the periodic motion of the optical radiB@M#8. The optical coupler coupled the output optical signals of these
tion pattern at the time the applied dc voltage of PM#4 increased. Thptical PMs. The swept RF signal was input into the optical PM and
V. values of other PMs are measured by a similar procedure. Tableé measured the optical intensity response of the output signal of the
presents the obtaindd. values. These results show that the obtaineabtical coupler. The frequency responses of other PMs are measured
V= values are of almost equal characteristics. by a similar procedure. Fig. 6 shows the obtained frequency responses.
At the optical PM in this BFN, the optical signal was modulated his figure indicates that the frequency of the optical response dropped
by the antenna-received RF signal; therefore, the performance of thg dB at approximately 450 MHz; i.e., the optical PMs worked in the
optical PM at high frequency is important. Thus, we measured the flew-frequency region below 450 MHz. Since the aim of our experiment
quency responses of the PM using an HP 8703A lightwave comps-to investigate the basic characteristics, it is sufficient to experiment
nent analyzer. The experimental setup is shown in Fig. 5. In this d@r-the low-frequency region. Note that high-frequency characteristics
periment, the optical PM was set in the Mach—Zehnder interferometeitl improve if a traveling-wave-type PM is used [13].
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Fig. 11. Experimental setup to measure the optical radiation pattern when two RF signals are input into BFN.

B. Optical Radiation Patterns of BFN

1) Experimental SetupTo investigate the optical signal-pro-
cessing behavior, we measured the radiation pattern of the 1st USB
component of the optical signal in the BFN. Instead of an actual
antenna receiving RF signal, we used a signal generator and phase
shifters to investigate the basic characteristics of the BFN. Fig. 7 shows
the experimental setup. The phase differedegwas changed by the
phase shifters to simulate the antenna-received signal when an RF
signal arrival direction was changed. The lasers were Nd : YAG lasers
at 1.319xm-wavelength band and had exceptionally high-frequency o ) ) ) )
stability. We phase locked the master laser to the reference |aEyk,9r 12. Radiation pattern of optical PM array with two different RF signals

L input to the BFN.
with individual frequency offset to produce the 1st USB and other
frequency components with different microwave frequencies. In this

Relative RF power [dB}

0
Radiation angle [degree]

experiment, the lasers were phase locked at 400 MHz and the output = 0

power of the master laser was 5 mW. The RF signal frequency was k=2

300 MHz and the amplitude at the input port of the optical PM was g ol i
0 dBm. Radiated optical beams were sampled by a fiber, combined g

into an optical signal from the reference laser, and detected by a PD. e

We rotated the fiber on the rotary stage and measured the 1st USB 2 20 7
component of the detected signal at 100 MHz by a spectrum analyzer ®

to obtain the radiation pattern. The distance from the edge of the & 3ok

LiNbO; substrate to the fiber was 22 mm, which satisfied the far-field
condition.

2) Element Pattern:The radiation pattern of an array antenna I?f'g. 13. Radiation pattern of optical PM array when the optical distributions

calculated by using the element factor and array factor [11]. The %t‘e Chebyshev distributions with sidelobe level design of less-t#2hdB.
ement factor is the radiation pattern of one element. It is determined

by the optical waveguide width of the radiating edge. Fig. 8 shows the

radiating edge of the fabricated LiNg@ubstrate. The optical waveg-8.29 m. This value is 2.2%:m wider than the designed width. Con-

uides were Ti-indiffused waveguides with a designed width @6  sidering the Ti-indiffused waveguide, the obtained value accords with

and an element spacing of 1#n. Considering the diffusing process,expectations. We can then obtain the element factor. The array factor of

there are some differences between the fabricated width and desigthedinear array is determined by the element spacing normalized by the

width of the waveguide. To evaluate the element factor, we measungatical wavelength, amplitude, and phase distributions. We then obtain

the optical radiation pattern of the BFN when the RF signal was inpall parameters to calculate the radiation patterns.

into only one PM. 3) Main Beam ScanningNext, we measured the radiation patterns
The solid line in Fig. 9 shows the obtained radiation pattern. Thed the BFN when the signal arrival direction was changed. The VPDs

horizontal axis indicates the angle from the center, and the vertical anisre set to distribute optical beams to the eight optical PMs with uni-

indicates the relative microwave signal amplitude detected by the FDrm amplitude distributions.

which is equal to the value of the relative power of the 1st USB compo-Fig. 10 shows the obtained radiation pattern. The valua ofin-

nent of the optical signal. The 3-dB beamwidth of the obtained radidicates the phase difference between adjacent RF signals; when it was

tion pattern is approximately’5The broken line indicates the Gaussiar®®, the signal arrived from the center. The values\af of 90°, 180,

beam whose mode field radius at the edge of the optical waveguideisl 270 corresponded to the signal arrival directions of,6090°, and

Radiation angle [degree}]
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Fig. 14. Experimental setup to investigate the characteristics when a QPSK modulated signal is input.

—60° tilted from the center, respectively, when the RF antenna element TABLE I
spacing was a half-wavelength. PARAMETERS OFQPSK MODULATOR AND DEMODULATOR
The obtained radiation pattern was in good agreement with the cal-
culated value and the beam tilted when the signal arrival direction was Data rate 118.125 Mbps
changed. The grating lobes appeared at approximatelymesvals. It
appears as the same principle of the well-known physical phenomenon . root cosine roll-off
. : . . ) . Roll-off filter ~
of the interference fringes. This is because optical waveguide spacing roll-off factor = 0.3
of the radiating edge is larger than the optical wavelength. Although
the grating lobes appeared, only the main lobe is required for spatial Center frequency 140 MHz

signal processing. Therefore, if we fabricated the BFN to acquire the

main lobe, signal processing can be done. Since the grating lobes were
unnecessary for signal processing, there are unused signal powers of Detection method coherent detection
signal processing. That is to say, a high grating lobe means large signal
loss of the BFN. Therefore, we have been studying to develop a spatial
gggzzrs:cl\;w'th less optical leakage for the direction of grating IObgign level. This is mainly due to optical distributions that are incorrect

4) Multiple Signal Processingin this BFN, when a number of for the_exact design dlstrlbutlon_s. .
. - . . . . In this structure, the level of signal leakage at different angles can be
sampling fibers were arranged side by side, multiple signals were

reduced compared with those of uniform optical distributions instead

separated in the optical domain without system modification. In thlsf . . ) ) )
. . ) . ) . of increasing beamwidth. This result confirms that the array antenna
experiment, we investigated the multiple signal-processing behavior.

of the RF signals, when two different phase distributions are combing ight d_istr_ibut_ions can be changed by changing only the optical signal
and input into the BFN. Fig. 11 shows the experimental setup. TRWET distributions.
RF signals were of the same frequency, i.e., 300 MHz. To distinguish o . )
between the two signals, the signals were amplitude modulated (AQI) Characteristics When a QPSK Modulated Signal is Input
at a different frequency and the amplitude of the AM signal componentThe optical signal frequency in this experiment was 227 THz; there-
was measured at the detected frequency. The phase differendes offore the broad-band signal at the microwave frequency domain could
were 0 and 45 where signal arrival directions were at the center anlde regarded as a narrow-bandwidth signal at the optical domain. To
15’ tilted from the center when the simulated antenna element spacingestigate the wide-band signal-processing behavior, a 118.125-Mb/s
was a half-wavelength. In this case, the crossover level of the m&#SK modulated signal with an occupied bandwidth of 77 MHz was
beams is approximately 3 dB. employed to evaluate the wide-bandwidth operation. The experimental
Fig. 12 shows the obtained radiation patterns. The patterns aresétup is shown in Fig. 14. The parameters of this experiment are listed
good agreement with the calculated values, and these signals are sep@able 1. The center frequency of the input signal to the BFN was
rated into different angles. When the sampling fibers are located at 880 MHz and the power was 0 dBm. The relative bandwidth of the
center and 0.58from the center, the signals will be detected indepersignal processing was 21%. The lasers were phase locked at 500 MHz.
dently. When an array antenna with more elements is used, the 3-ftie power of the optical beam of the master laser was 40 mW. The PD
beamwidth will be narrowed and the minimum signal separation anglatput signal was an IF signal with a center frequency of 140 MHz.
will be obtained. The carrier-to-noise ratio (CNR) obtained by the spectrum analyzer
Though the grating lobe appeared at intervals of approximately 4\8as approximately 20 dB. In this experiment, which is only a fun-
in front of the waveguide, as shown in this figure, only the main lobe damental experiment, we can obtain the CNR of 20 dB by using the
required for spatial signal processing. Therefore, if the optical beamsster laser of 40 mW. If a higher power laser were employed, we
are sampled withia=2.4° region, these signals can be obtained. would be able to reduce the degradation of the dynamic range and,
5) Chebyshev DistributionsNext, we set the VPDs to change thethus, obtain higher CNR.
optical signal power distributions by changing the VPD on the LiblbO Fig. 15 shows the eye pattern of the modulation signal and that of
substrate. Fig. 13 shows the obtained radiation pattern when the opttbal demodulated signal. The eye opening is clear. Fig. 16 shows the
power distribution was a Chebyshev distribution [11] with a sideloHat error rate (BER) performance with additive white Gaussian noise
level design of less thar 20 dB. The sidelobe levels clearly declineat the IF signal. The broken line indicates the performance when the
compared with the equal optical distributions shown in Fig. 10. THRPSK demodulator was directly connected to the QPSK modulator.
peak level of the sidelobe is17 dB, which is 3 dB greater than the de-The dots and solid line indicate the performance of the whole system.

Occupied bandwidth 77 MHz
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One of the main problems concerning this BFN is that optical loss
of the BFN causes degradation of the dynamic range of this system
and, thus, high CNR cannot be obtained. When a higher power laser
is employed, degradation of the dynamic range can be avoided. In our
experiment, which is only a fundamental experiment, we obtained the
CNR of 20 dB by using the master laser of 40 mW. If a higher power
laser were employed, we would be able to obtain higher CNR; our pro-
posed optical BFN is applicable to systems satisfying required BER
for practical applications such as satellite communication systems and
mobile and personal communication systems.

Using the proposed approach, we can develop a broad-band spatial
optical BFN for receiving a mode multibeam array antenna.
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[6]
The CNR degrades 2 dB at a BER 0&110~%. This mainly seems to
be due to the optical path length being disturbed at the fiber from the
master laser to the optical PM array, at the reference laser to the opticdl]
coupler, and at the sampling fiber. It will be improved when the BFN is
optimized. Another possibility is that it is due to the mutual coupling
of the RF frequency at the optical PMs. It will be improved, however, [g]
by designing the electrode of the optical PMs so as to decrease the RF
mutual coupling.
These results show that the optical signal-processing BFN works')
with the wide-band signal-processing BFN.
[10]

IV. CONCLUSION [11]

We have proposed a spatial optical signal-processing BFN for a rd12]
ceiving mode multibeam array antenna and presented the basic charac-
teristics of this BFN. With the antenna, received signals are converte 3
to optical signals, and are optically divided from the beam arrival di-
rections by optical spatial Fourier transformation, and then the optical
signals are reconverted into microwave signals. To maintain the optical
path-length conditions, an optical integrated circuit is employed.

Experimental results have been presented that show that the optical
beam is tilted when the signal arrival direction is changed. Two RF sig-
nals with different phase distributions are separated. The sidelobe level
of the optical signal is decreased when the optical signal distributions
are Chebyshev distributions. The CNR degradation is 2 dB at a BER of
10~° when a 118.125-Mb/s QPSK modulated signal is input into this
BFN.

cussion.
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