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Abstract—We propose a novel phase shift keying technique that
uses optical delay modulation for fiber-optic radio links. Using only
a 2 1 switch and a delay line, this technique enables modula-
tion of a millimeter-wave carrier at bit rates of several gigabits
per second or higher, where high-speed devices are not needed. Bi-
nary phase shift keying (2PSK) was experimentally demonstrated.
2-Gb/s data signal on a 40-GHz carrier was transmitted over a
5-km optical fiber without any error. The coherent crosstalk noise,
due to insufficient extinction ratio of optical switches, was evalu-
ated. The 2PSK modulation technique can be extended to multi-
phase shift-keying modulation.

Index Terms—Coherent crosstalk noise, millimeter-wave, mod-
ulation, multiple phase shift keying (MPSK), optical delay lines,
optic radio links, phase shift keying (PSK), subcarrier multiplexing
(SCM).

I. INTRODUCTION

W IRELESS access systems and wireless local area net-
works using millimeter-wave (mm-wave) bands are at-

tractive because of their potential for high-bit rate communica-
tions. Since mm-wave radio signal is drastically lost in the air,
the diameter of each cell zone will be as small as 100 m. There-
fore, many access stations are needed to cover wide areas and
each must be equipped with an antenna, amplifier, and other
costly electronic devices. Using fiber-optic radio links would
make the acces sstations simpler and cheaper [1], [2]. Once
mm-wave signal is multiplexed with light, it is transported over
a long distance through an optical fiber. With such a system,
the number of electronic devices at access stations could be de-
creased because such devices could be installed in the central
station. As a result, the entire system cost could be reduced.

Many fiber-optic radio link systems have been demonstrated
[3], [4]; however, they have not fully utilized the advantages of
mm-wave systems, such as their, high-bit-rate operation. In [3],
data signal on a mm-wave carrier is generated before it is in-
troduced a high-speed optical modulator. In [4], data signal and
carrier signal are transported in a fiber separately and are mixed
after photodetection. Both approaches employ mm-wave mixer
for phase modulation. Under current technology, the mm-wave
mixer is extremely expensive; hence, the system cost using such
modulators is very high.

This paper reports a novel modulation technique based on a
proposal in [5]. It can modulate microwave or mm-wave sig-
nals at a bit rate of a few gigabits per second without the need
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Fig. 1. The configuration of the 2PSK modulator.

Fig. 2. Phase shift of the input and output intensity of the SCM light. (a) The
logic value of input data, (b) the input light intensity, and (c) the output light
intensity. Output SCM light has a phase of 0 or� according to input data.

for high-speed electronic devices. Our modulator can be con-
structed with a 2 1 optical switch and an optical delay line.
Binary phase shift-keying (2PSK) modulation is demonstrated,
with which 2-Gb/s data on a 40-GHz carrier is transmitted over
a 5-km optical fiber without any error. We measured coherent
crosstalk noise due to the insufficient extinction ratio of optical
switches. A configuration of the modulator for multiple phase
shift keying (MPSK) is proposed as an extension of the 2PSK
modulator.

II. PRINCIPLE OF2PSK MODULATION

Fig. 1 shows the configuration of 2PSK modulator. It con-
sists of a splitter, an optical delay line, and a 21 switch. The
first feature of this modulator is that mm-wave subcarrier mul-
tiplexing (SCM) light is phase-modulated optically. The delay
corresponds to the phase of a mm-wave carrier.

SCM light is input and then divided into two paths. The phase
of is added only at the lower path. The light beams are incident
into the 2 1 switch and the switch selects one of the two
beams. The upper path is chosen for an input data of false or
0, for example. The output light intensity is expressed as

for data 0
for data 1

(1)

where is angular frequency of the subcarrier andis light
intensity amplitude. Fig. 2 shows the phase shift of the input
and output intensities of the SCM light: 1) is the logic value of
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input data, 2) the input light intensity, and 3) the output light
intensity. The output SCM light has a phase of 0 oraccording
to the input data.

The second feature is that none of the devices in this con-
figuration have to operate at a high carrier frequency in the
mm-wave band. We can use optical devices based on either the
electrooptic effect or electroabsorption effect 21 switch as
long as they can switch at the data rate of baseband signal. Our
technique provides very high bit rate data, so a time-division
multiplexing (TDM) technique can be also employed for mul-
tiple access. Furthermore, there is no practical limitation on the
carrier frequency in the micro- and mm-wave bands because
only an adjustment of the delay length enables wide-carrier-fre-
quency range application.

The third feature of this configuration is that we can apply
many kinds of SCM light sources. A mode-locked semicon-
ductor laser is one candidate [6], and light pulses with a terahertz
repetition have been observed [7]. Other candidates are external
modulators [8]–[10] used in combination with continuous-wave
(CW) laser diodes (LD’s). Single sideband techniques [11]–[14]
are also applicable to overcome chromatic dispersion in fibers.

Our configuration is suitable for monolithic integration be-
cause the 2 1 switch and the delay line can be manufactured
on a lithium niobate (LiNbO) substrate. The delay line length
is shorter than a few mm at the mm-wave band, which will fit on
the LiNbO substrate with an optical switch. Such an integrated
modulator can reduce the loss, cost, and system complexity.

This 2PSK configuration can be extended to MPSK, which
will be described in detail in Section V.

III. 2PSK EXPERIMENTS

A. Setup

The setup for the 2PSK modulation experiment is shown in
Fig. 3. The parts enclosed by the dotted lines are referred to
as the central station (CS), access station (AS), and remote ter-
minal (RT).

SCM light is generated and modulated by the data signal at
the CS. An integrated light source (ILS) was employed as a
subcarrier generator. The ILS is a laser diode (LD) monolithi-
cally integrated with an electroabsorption (EA) modulator [15].
The maximum modulation frequency was 40 GHz at a wave-
length of 1.55 m. To obtain a high extinction ratio, bias voltage
was set at 2.6 V, and a carrier of 40-GHz frequency with 2-V
peak-to-peak voltage was applied to the EA modulator. The LD
was operated at a current of 30 mA and its average light output
power was 5 dBm. The shaded block in the CS in Fig. 3 is the
2PSK modulator. It consists of an optical splitter, two LiNbO
Mach–Zehnder modulators (MZM-1 and MZM-2), a delay line,
a polarization controller (POL), and a combiner. A pulse pattern
generator (PPG) feeds pulses into the two MZM’s.

SCM light divided into two paths, one with and the other
without a delay line, is incident into the two MZM’s. The delay
line was placed after an MZM (here, MZM-2) because the light
polarization could be disturbed if it were set before the MZM.
The set of the two MZM’s and combiner are regarded as a 2
1 switch when the MZM’s are operated complementarily. The
voltage-transmittance curve of the MZM is shown in Fig. 4. It

Fig. 3. The setup for the 2PSK modulation experiment. The carrier frequency
and bit rate are 40 GHz and 2 Gb/s, respectively. The shaded block is the 2PSK
modulator. ILS: integrated light source, MZM: Mach–Zender modulator, PPG:
pulse pattern generator, POL: polarization controller, EDFA: Erbium doped
fiber amplifier, PD: photodiode, LPF: low-pass filter.

Fig. 4. The transmittance of the MZM. Bias voltage of MZM’s is set at3(V �
V )=2 for MZM-1 and(V + V )=2 for MZM-2.

varies periodically against the voltage and in the form of a si-
nusoidal function. and are voltages for minimum
transmittance, and is the voltage for maximum transmittance.
We assume that the bias voltages are set at for
MZM-1 and for MZM-2. The transmittance be-
comes 0.5 in both MZM’s. Data signal input to each MZM si-
multaneously has voltage of for a logic value of
1 and for a logic value of 0. The peak-to-peak
voltages of the signal, correspond to the half-wave-
length voltage of the MZM’s, which was approximately
3 V in the experiments. The two MZM’s operate as a 2 × 1
switch, whose operation is summarized in Table I. The voltage
of MZM-1, is and that of MZM-2, is for
the logic value of 0, and is and is
for the logic value of 1. Taking a logic value of 0 as an example,
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the transmittance status of MZM-1, is on and the phase
delay provided in this configuration becomes 0. In contrast for
a logic value of 1, is off and delay is .

A variable delay line was used for precisely adjusting phase.
Its length was 3.75 mm in th air for a 40-GHz carrier. A POL was
inserted to prevent coherent crosstalk noise, which causes power
variation of a detected mm-wave carrier. The POL is adjusted for
the polarizations of two lights to be orthogonal. The light pulses
are amplified by an erbium-doped fiber amplifier (EDFA) and
transmitted to the AS. A p-i-n-PD (NEL KEPD2525) was used
for photo detection. In this experiment, antennas between the
AS and RT were omitted because our main purpose is to con-
firm 2PSK modulation in the CS. After the detected signal was
amplified, it was sent to the RT. The RT consists of a double-bal-
anced mixer (DBM) and a low-path filter (LPF), which together
function as a synchronous detection receiver. To measure the
detected signal, we used a spectrum analyzer, a sampling oscil-
loscope, and an error detector.

B. Results

The carrier frequency and bit rate were 40 GHz and 2 Gb/s, re-
spectively. Fig. 5 shows the results of back-to-back experiments.
Input light power to the PD was 4.2 dBm. Fig. 5(a) shows
the output waveform signal from the AS. The input data to the
2PSK modulator is the repetition pulse of the logic values of 1
and 0. A -phase change is observed near the center and indi-
cates successful 2PSK modulation. Fig. 5(b) shows the spectrum
of the modulated carrier when 2-Gb/s pseudorandom bit stream
(PRBS) signal is applied as the data. A 4-GHz main lobe width
shows that the carrier is modulated by the data signal whose bit
rate is 2 Gbit/s. The peak power of the main lobe is17 dBm.
Fig. 5(c) shows an eye diagram of a demodulated PRBS signal.
The eye is clearly open with a peak-to-peak voltage of 200 mV.

The dependence of bit error rate on the optical power is shown
in Fig. 6. Error-free mm-wave transmission is also confirmed
using a 5-km dispersion shifted fiber (DSF). Interpolation of
the line indicates that minimum input light power at the error
rate of 1 10 were 13.9 dBm for the DSF and 13.7 dBm
for the back-to-back fiber. There are almost no differences in
the detected carrier power of the back-to-back fiber and DSF.
No error rate floor is seen in the measured range. This means
that the error rate will be decreased as the gain of an electronic
amplifier is increased. According to a calculation of dispersion
effect [16]–[18], the transmission length is limited mainly by
the chromatic dispersion when the ILS is used, although the
length of 5 km is sufficient for some applications such as a wire-
less local area network. For longer applications, some configu-
rations [11]–[14] can be employed instead of the ILS in order to
overcome fiber dispersion problems even if a single-mode fiber
(SMF) is used.

The insertion loss of the 2PSK modulator was 15 dB, which
includes 3-dB splitting loss of the input light, 8-dB MZM loss,
and 3-dB coupling loss of the optical coupler. Since these losses
arise from insufficient coupling at connections, the practical loss
can be reduced by monolithically integrating all devices.

TABLE I
2 � 1 SWITCH OPERATION. V : THE

VOLTAGE OF MZM-1, V : THE VOLTAGE OF MZM-2, T : THE

TRANSMITTANCE STATUS OF MZM-1, T : THE TRANSMITTANCE STATUS

OF MZM-2, � THE PHASE OFSUBCARRIER SIGNAL

Fig. 5. The results of back-to-back, in which input light power was�4.2 dBm.
(a) The output waveform signal from AS, where an input data to the 2PSK
modulator is the repetition pulse of the logic value of 1 and 0. (b) The spectrum
when pseudo-random bit stream signal is used. The division is 2 GHz for the
frequency axis and 10 dB for the power axis. At the frequency of 40 GHz, the
peak power of the main lobe is�17 dBm. (c) Eye-diagram of a demodulated
pseudo-random bit stream signal. The eye is open with peak-to-peak voltage of
200 mV.
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Fig. 6. BER dependence on the optical power.

IV. DISCUSSION: COHERENTCROSSTALKNOISE

Becuse of the insufficient extinction ratio of the MZM’s, light
coupling at the combiner causes coherent cross talk noise, and
therefore, the detected signal becomes noisy. Here, we analyze
the noise or power instability theoretically and compare it with
the experimental results.

The two optical fields of two paths just before the 2 × 1
switch, and are defined by

(2)

(3)

where and are the field amplitudes of the light, is the
angular frequency of the light, is the angular frequency of
the mm-wave subcarrier, is the modulation index, and and

are the phase of the light of fields and respectively.
The relationship between and is expressed as

(4)

where is the extinction ratio of the 2 1 switch. If the lights
of the two paths are polarized in parallel, the combined optical
field is given by

(5)

The detected current is represented as

(6)

The last term in (6), indicates the noise
or power instability in the modulator. If the phase difference,

Fig. 7. The experimental setup for measuring the variation
.

Fig. 8. Carrier current of the detected signal,I andI :

changes slowly, the power instability of a mm-wave
carrier is obsrved. In contrast, the variation is regarded as noise
when the phase difference changes rapidly. We define the power
variation as

(7)

where and are the maximum and minimum of current
intensities, respectively. In (6), the current becomes when

and when From
(6) and (7)

(8)

The typical extinction ratio of the 2 1 switch is over 20 dB,
and thus it is regarded that Under this assumption, (8)
can be written which shows that is proportional
to .

Fig. 7 shows the experimental setup to verify the calculated
variation . Instead of using a 2 1 switch, we inserted an op-
tical attenuator into a path and the extinction ratiowas ad-
justed by the attenuation value. The two light polarizations were
parallel for the worst-case consideration. The dependence of the
carrier current of the detected signal, and on the ex-
tinction ratio is shown in Fig. 8. The variation of carrier signal
is suppressed as the extinction ratio becomes higher. The exper-
imentalγ value was obtained by substituting and into
(7). Fig. 9 shows the theoretical and experimental values of.
As expected, the value is proportional to the extinction ratio
when extinction dB. The agreement between theoretical
and experimental is good.
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Furthermore, we used the POL to make the polarizations of
the two lights orthogonal to get a highervalue. The variation

becomes larger when the polarizations of the two lights are
parallel, and becomes smaller when they are crossed. When the
polarizations were orthogonal, thevalue increased by 20 dB.
In our PSK experiment, corresponds to the extinction ratio
of each MZM if the two MZM’s are regarded to have the same
ratio. A MZM with a 30-dB extinction ratio may produceof 44
dB, which is suitable for practical radio communications. The
phase difference, depends on the temperature difference
of the two paths and on their lengths. We therefore expect to
reduce the variation by monolithic integration and temperature
control.

V. MPSK MODULATION

MSPK modulation has already been used in radio systems.
It can transmit bits in a symbol time. Our mod-
ulation technique can be extended for MPSK modulation. Two
configurations of 4PSK modulators are shown in Fig. 10: (a) is
a cascade type and (b) a parallel type. Both types have ON-OFF
switches (SW’s) like MZM’s.

The cascade type consists of a front block, which has SW-1
without a delay and SW-2 with delay of, and a back block,
which has SW-3 without a delay and SW-4 with delay of/2.
Sequential 2-bit data are input to each SW after encoding. An
encoder converts the input signal into parallel data and adjusts
the voltage for switching. Table II(a) lists the transmittance
status and the assignment of phase delayfor a 2-bit signal.
In both blocks, each SW pair is operated complementarily. For
instance, when the output phase is assignedfor data of 10,
the phase of the mm-wave SCM light is delayed in the front
block, but it is no longer delayed in the back since only SW-2
and SW-3 are on. Furthermore, 8PSK and 16PSK are possible
by adding another block.

The parallel type consists of four SW’s and three delay lines.
The SW’s are connected in parallel. The delays on the SW-2, -3,
and -4 paths are , , and , respectively. Table II(b) lists
the transmittance status, combinations of data input, and phase
delays. Only one SW of the four is on. For instance, when output
phase is assignedπ for data of 10, only SW-3 is on. Extensions
to arbitrary multi-phase shift keying modulation are possible by
connecting more SW’s in parallel.

VI. SUMMARY

The novel PSK configuration for use at a central station in
a fiber-optic radio links modulates mm-wave SCM light opti-
cally. It modulated a mm-wave carrier of 40-GHz frequency
at bit rates of 2 Gbit/s without the need for high-speed elec-
tronic and optical devices. The error-free transmission of light
was achieved over a 5-km optical fiber. Input light power over
a 5-km DSF was−13.9 dBm and that over a back-to-back fiber
was 13.7 dBm at the error rate of 1 10 A 5-km transmis-
sion is sufficient for certain applications such as a wireless local
area network. Furthermore, some of the solutions to overcome

Fig. 9. Comparison of the theoretical (line) and experimental (squares) value
of 
.

Fig. 10. Configurations of a 4PSK modulator. (a) Cacasde type and (b) parallel
type.

chromatic dispersion in an SMF are applicable to the SCM light
source in our PSK modulator. These solutions will be a pow-
erful system for implementing fiber-optic radio links.

We determined the relationship between the extinction ratio
of the 2 1 switch and the variation of detected carrier power. It
was confirmed that variationis proportional to extinction ratio

. And of over 40 dB was obtained for dB when the
polarizations of two paths were orthogonal. A combination of
a commercial device, such as a MZM, and a polarization con-
troller provides sufficient or carrier-to-noise ratio for practical
radio communications. Extensions to a MPSK apparatus were
also proposed.

Monolithic integration of this modulator and implementation
by multiple access is under investigation.
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TABLE II
THE TRANSMITTANCE STATUS OF EACH SW AND THE ASSIGNMENT OFPHASE

DELAY FOR 2-BIT SIGNAL. (a) CASCADE TYPE, (b) PARALLEL TYPE. T :
THE TRANSMITTANCE STATUS OF SW-1,T : THE TRANSMITTANCE STATUS

OF SW-2,T : THE TRANSMITTANCE STATUS OF SW-3,T : THE

TRANSMITTANCE STATUS OF SW-4
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