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Abstract—In this paper, we propose an approach to generate
and distribute two wide bands of continuously tunable millimeter-
wave (mm-wave) signals using an optical phase modulator and
a fixed optical notch filter. We demonstrate theoretically that
the odd-order electrical harmonics are cancelled and even-order
electrical harmonics are generated at the output of a photodetector
when the optical carrier is filtered out from the phase-modulated
optical spectrum. Analysis shows that dispersion compensation is
required in order to maintain the suppression of the odd-order
electrical harmonics, in order to eliminate signal fading of the
generated electrical signal when the optical signal is distributed
using conventional single-mode optical fiber. It is experimentally
demonstrated that, when the electrical drive signal is tuned from
18.8–25 GHz, two bands of mm-wave signals from 37.6 to 50 GHz
and from 75.2 to 100 GHz with high signal quality are generated
locally and remotely. This approach does not suffer from the
direct current (dc) bias-drifting problem observed when an optical
intensity modulator is used.

Index Terms—Fiber Bragg grating (FBG), microwave photon-
ics, millimeter-wave (mm-wave) generation, optical heterodyne,
optical phase modulator.

I. INTRODUCTION

O PTICALLY generated microwave and millimeter-wave
(mm-wave) signals can find applications in many fiber-

supported microwave and mm-wave systems, such as broad-
band wireless access networks, software-defined radio, antenna
remoting, phased-array antenna, optical sensors, and radar sys-
tems [1]. These systems take advantage of the extremely low
transmission loss (0.2 dB/km) of the standard single-mode fiber
(SMF) and the availability of erbium-doped fiber amplifier
(EDFA) at the 1550-nm band for distributing microwave and
mm-wave signals over long distances.

These microwave and mm-wave signal sources have been
extensively investigated with most work to date focusing on
high-frequency electrical signal generation—especially on
mm-wave signal generation up to the 60-GHz band with
narrow-bandwidth optical components. This is because high-
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frequency electrical signal generation using conventional elec-
tronics becomes less financially attractive for systems operating
above about 26 GHz, and their distribution via wireless or
coaxial methods is highly challenging when compared with
optical methods. On the other hand, low-frequency electrical
carriers can be generated by direct modulation of a laser diode
(LD) or by external modulation using an optical intensity
modulator. When compared with high-frequency signals, the
power penalty and phase-noise degradation induced on these
low-frequency signals by chromatic dispersion of the fiber is
less severe, even without dispersion compensation [2]–[4].

Many different approaches have been proposed to design
mm-wave sources based on optical heterodyne techniques.
They can be roughly classified into two types: one type is based
on two stabilized lasers, and the other is based on one laser plus
an external optical modulator. Methods based on two stabilized
lasers include the use of injection locking [5] and phase-locked
loops [6]. Methods with one laser plus an external optical
modulator have shown great potential for producing high-purity
mm-wave signals [7]–[9]. These approaches are based on the
inherent nonlinearity of the phase modulator’s response and,
as a result, a high-frequency electrical signal can be optically
generated with a low-frequency drive signal. Frequency dou-
bling [7] or quadrupling [8], [9] becomes achievable. This
dramatically lowers the bandwidth requirements for the optical
modulator, the electrical drive signal source, and the drive cir-
cuit itself. For the frequency-quadrupling approaches [8], [9],
additional components such as Mach–Zehnder interferometer-
based [8] or Fabry–Pérot (FP) [9] filters are used to select
the desired optical sidebands in order to obtain an electrical
signal with a clean spectrum. The free spectral range (FSR) of
these optical filters determines the frequency of the generated
electrical signal. These methods work well for fixed-frequency
applications, but for systems with frequency reconfigurabil-
ity, such as wide-band surveillance radar, spread-spectrum, or
software-defined radio, continuously tunable mm-wave signals
are required.

Tunable optical filters would be required to realize a tunable
mm-wave source using the methods mentioned in [8] and [9].
This adds extra complexity that can be avoided by exploring
other approaches. The method described in [7] provides a solu-
tion to generate a tunable frequency-doubled electrical signal.
The direct current (dc) bias is adjusted to suppress the even-
order optical sidebands from the optical intensity-modulator
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Fig. 1. Schematic diagram of the proposed mm-wave generation method
(Optical PM: optical phase modulator).

output spectrum. Therefore, an optical filter is not needed.
However, biasing the intensity modulator to suppress the
even-order optical sidebands suffers from a dc bias-drifting
problem, which reduces the robustness of the system.

In this paper, we propose a robust method for the optical gen-
eration of two bands of continuously tunable mm-wave signals
using an optical phase modulator and a fixed optical notch filter.
Frequency doubling and quadrupling of the electrical drive
signal can be achieved without specific dc bias adjustment. A
theoretical model of the proposed method and a mathematical
analysis of the chromatic dispersion effect on the generated
signal when distributed over optical fiber are presented. We
successfully generate two bands of mm-wave signals that can
be tuned from 37.6 to 50 GHz with frequency doubling, and
from 75.2 to 100 GHz with frequency quadrupling, using a
commercially available optical phase modulator and a fiber
Bragg grating (FBG) serving as the fixed optical notch filter.
We show that the quality of the signal remains unchanged when
remote generation is performed at the end of a 60-km span of
SMF with proper dispersion compensation.

II. ANALYSIS

A. Principle of the Proposed Approach

A well-known method for optical generation of electrical
signals is based on the optical heterodyne technique. In our pro-
posed approach, the two optical carriers used for heterodyning
originate from the same optical source. As a result, there is a
high level of phase-noise correlation between the two carriers.
Therefore, the generated signal will have low phase noise and
stable amplitude and frequency, a requirement for most system
applications.

The operating principle of the proposed method is illustrated
in Fig. 1. To simplify the analysis, we use pure sinusoidal
signals to represent the electrical and optical sources without
loss of generality. The waveform at the output of an optical
phase modulator Eout1(t) driven by a pure sinusoidal electrical
signal is given by

Eout1(t) = Eo

∞∑
n=−∞

Jn(β) cos
[
(ωo + nωe)t + n · π

2

]
(1)

where Eo and ωo are the amplitude and angular frequency of
the optical carrier; ωe is the angular frequency of the electrical
drive signal; and Jn(β) is a Bessel function of the first kind
of order n with argument of β. β = (π/Vπ) · Ve is related to
the phase-modulation depth, where Vπ is the half-wave voltage
of the optical phase modulator and Ve is the amplitude of the
electrical drive signal.

Fig. 2. Optical spectrum at the output of the notch filter (the dashed line shows
the removed optical carrier by the notch filter).

Equation (1) shows that the power of the input optical carrier
will be spread out to the first-, second-, third- and higher order
optical sidebands. The amplitude distribution of the sidebands
is governed by the variation of the Bessel functions parameter-
ized by β. Although (1) indicates that there are many optical
sidebands at the output of the phase modulator, their beating
at a photodetector will only generate a dc component. This is
because all of the optical sidebands are related in amplitude
and phase, and as a result, the beat products cancel. This
behavior is expected since the phase modulation does not alter
the amplitude of the input optical carrier, and the square-law
photodetector works like an envelope detector. Once converted
to the electrical domain, the unfiltered optical output of the
phase modulator can be mathematically expressed as

Vout1(t) =C

[ ∞∑
n=−∞

Jn(β) cos
[
(ωo + nωe)t + n · π

2

]]2

=
C

2

∞∑
n=−∞

[Jn(β)]2 =
C

2
(2)

where C is a constant, which is related to Eo and the respon-
sivity of the photodetector. The intrinsic insensitivity of the
photodetector to the phase of the optical carrier means that only
the amplitude is detected, and the dc component at its output
will be proportional to that amplitude. Note that, in (2), all terms
proportional to cos[2(ωo + nωe)t + nπ], (n = −∞,+∞) are
omitted because of the limited bandwidth of the receiving
circuit.

Next, we filter out the optical carrier at the output of the phase
modulator using a notch filter. The electric field at the output of
the filter can be expressed as

Eout(t)

=Eo

{ ∞∑
n=−∞

Jn(β)cos
[
(ωo+nωe)t+n · π

2

]
−J0(β)cos(ωot)

}
.

(3)

The spectrum at the output of the notch filter consists of a
series of impulses, each with their own amplitude and phase.
An example of such a spectrum is shown in Fig. 2. Here, the
additional π/2 phase shift between each impulse is not shown.
The dashed line represents the optical carrier removed by the
notch filter.
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Fig. 3. Electrical spectrum at the output of a photodetector.

When these optical sidebands are fed to a photodetector,
high-frequency electrical signals are generated. The voltage
expression of the generated electrical signals Vout(t) is

Vout(t) = C

{[ ∞∑
n=−∞

Jn(β) cos
[
(ωo + nωe)t + n · π

2

]]2

+ [J0(β) cos(ωot)]
2 − 2

∞∑
n=−∞

Jn(β)

· J0(β) cos
[
(ωo + nωe)t + n · π

2

]
· cos(ωot)

}

= C

{
1
2

+
1
2
· [J0(β)]2 −

∞∑
n=−∞

Jn(β)

· J0(β) cos
[
n

(
ωet +

π

2

)]}

= C

{
1
2
− 1

2
· [J0(β)]2 − 2

∞∑
n=1

J2n(β)

· J0(β) cos
[
2n

(
ωet +

π

2

)]}
. (4)

Here, the property of the Bessel function J−n(β) =
(−1)nJn(β) is used and the limited bandwidth of the receiving
circuit is also taken into consideration.

In (4), the first two terms C/2 and −(C/2) · [J0(β)]2

are dc components. The third term, −2C
∑∞

n=1 J2n(β) ·
J0(β) cos[2n(ωet + (π/2))], represents an infinite number of
even-order electrical harmonics of the electrical drive signal
with the peak magnitude of each harmonic decaying according
to the Bessel function distribution. Equation (4) clearly indi-
cates that there are no odd-order harmonic terms in the optically
generated electrical signals once the carrier is removed. This
mathematically demonstrates that the proposed configuration is
able to generate optically even-order harmonics of the electrical
drive signal and suppress all odd-order harmonics.

By adjusting Ve, the modulation depth β is set such that the
optical sidebands up to the fourth order dominate the optical
power. As a result, the second- and fourth-order electrical
harmonics will be generated, and higher order harmonics can
then be ignored. The spectrum of the generated electrical signal
is illustrated in Fig. 3.

For maximizing the power of the generated second- and
fourth-order electrical harmonics, β can be adjusted in (4) to
get the maximum value of J2(β) · J0(β) and J4(β) · J0(β).

Our signal-generation scheme provides the possibility of
generating tunable electrical signals by tuning the frequency of
the electrical drive signal without changing the optical carrier
frequency. Then, a notch filter, with a fixed central wavelength,
can be employed to remove the carrier. For example, if the
optical phase modulator is driven by an 8–16-GHz signal, two
bands of electrical signals with frequency of 16–32 GHz and
32–64 GHz can be obtained.

B. Transmission-Effect Analysis

A significant advantage of the optical generation of high-
frequency electrical signals is the ease by which they can
be distributed using optical fiber, without significant loss,
over much greater distance than by using conventional elec-
trical cables or waveguides. However, for propagation over
many tens of kilometers of standard SMF, fiber attenuation,
chromatic dispersion, and random polarization disturbances
can affect the quality of the generated signal. The fiber atten-
uation can be easily compensated for with the use of EDFAs.
Random polarization disturbances do not affect signals gen-
erated by optical heterodyne as much as in optical coherent
communication systems, where the polarization state of the lo-
cal optical carrier needs to track the polarization state of the
incoming signal. In our optical heterodyne-based systems, the
optical carrier and sidebands used for creating the electrical
carrier are sent together. As a result, it is most likely that the
polarization states of all the optical-signal components will
change in a similar way as they propagate in the fiber.

Although the chromatic dispersion of the standard SMF is
low [D = 17 ps/(nm · km)], it has to be considered when
analyzing the quality of an electrical signal generated with our
technique after the optical sidebands have traveled in a long
fiber span. One key aspect is that odd-order electrical harmonics
still have to be cancelled. To maintain the cancellation, the
optical sidebands at the remote site must conserve the same am-
plitude and phase relations that existed at the beginning of the
span. Cumulative effects from fiber chromatic dispersion will
alter these relations, eventually resulting in a poor cancellation
of the first- and third-order electrical harmonics, and in some,
power penalty for the second- and fourth-order ones. We will
now analyze the impact of chromatic dispersion on the resulting
signal. Then, we will show that dispersion compensation will
eliminate these detrimental effects on the generated electrical
carrier.
1) Dispersion Effect: When fiber chromatic dispersion is

taken into consideration, the propagation constant β(ω) of the
fiber for an optical sideband at ωo ± nωe can be approximately
represented by a Taylor series around the center angular fre-
quency ωo [10]

β(ωo ± nωe) = β(ωo) + β′(ωo)(±nωe)

+
1
2
β′′(ωo)(±nωe)2 + . . . (5)

where the effect of higher order dispersion is neglected [11].
We can now give the mathematical representation of the first-

order electrical harmonic Vout,e1 after the optical signal has
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Fig. 4. Effects of the chromatic dispersion on the normalized power of generated electrical harmonics. (a) Normalized power versus fiber length. (b) Normalized
power versus the frequency of the electrical drive signal.

traveled through a fiber span of length L. After electrooptical
conversion, we have

Vout,e1(t) = 2C

∞∑
n=1

Jn(β)Jn+1(β)

× sin
[
β′′(ωo)

2
(2n + 1)ω2

eL

]
sin

[
ωet +

π

2
− β′(ωo)ωeL

]
(6)

where
∑−∞

n=−1 Jn(β)Jn−1(β) = −
∑∞

n=1 Jn(β)Jn+1(β) is
used. The widely used chromatic-dispersion parameter D is
related to β′′(ωo) by

D = −2πc

λ2
o

β′′(ωo) (7)

where c is the speed of light in free space, and λo is the wave-
length of the optical carrier. Therefore, (6) can be expressed



QI et al.: OPTICAL GENERATION/DISTRIBUTION OF CONTINUOUSLY TUNABLE mm-WAVE SIGNALS 2691

in terms of D

Vout,e1(t)

=C

{
−2

∞∑
n=1

Jn(β)Jn+1(β) sin

[
(2n + 1)πLcD

(
fe

fo

)2
]}

× cos [ωet − β′(ωo)ωeL] (8)

where fe is the frequency of the electrical drive signal. Sim-
ilarly, the second-order electrical harmonic Vout,e2 can be ex-
pressed as

Vout,e2(t) = C

{
J2

1 (β) − 2
∞∑

n=1

Jn(β)Jn+2(β)

× cos

[
2(2n + 2)πLcD

(
fe

fo

)2
] }

× cos [2ωet − 2β′(ωo)ωeL] (9)

where
∑−∞

n=−1 Jn(β)Jn−2(β) =
∑∞

n=1 Jn(β)Jn+2(β) is used.
The third- and the fourth-order electrical harmonics Vout,e3

and Vout,e4 are

Vout,e3(t) =C

{
2

∞∑
n=1

Jn(β)Jn+3(β)

× sin

[
3(2n + 3)πLcD

(
fe

fo

)2
]

− J1(β)J2(β) sin

[
3πLcD

(
fe

fo

)2
]}

× cos [3ωet − 3β′(ωo)ωeL] (10)

Vout,e4(t) =C

{
J2

2 (β) + 2
∞∑

n=1

Jn(β)Jn+4(β)

× cos

[
4(2n + 4)πLcD

(
fe

fo

)2
]

− 2J1(β)J3(β) cos

[
8πLcD

(
fe

fo

)2
]}

× cos [4ωet − 4β′(ωo)ωeL] . (11)

Equations (8)–(11) show that the amplitudes of the first
four electrical harmonics are determined by the value of
LcD(fe/fo)2. The level of cancellation of the odd-order elec-
trical harmonics and the power penalty on the even-order
harmonics at the other end of the fiber span depends on D and
fe. Hence, as the signal frequency is tuned, the cancellation
and power penalty level will change. Obviously, this is not
a desirable effect. To overcome these problems, dispersion
compensation is required. The variation of the power in the
four harmonics calculated using (8)–(11) is shown in Fig. 4.
The power variation is plotted as a function of the fiber length
[Fig. 4(a)] and the frequency of the electrical signal that drives

Fig. 5. Dispersion compensation using DCF for optical distribution of
mm-wave signal (SSMF: standard single-mode fiber; DCF: dispersion-
compensating fiber).

the modulator [Fig. 4(b)]. In Fig. 4(a), all values are normalized
to the power of the second harmonic when the fiber length is
zero (local detection). The other parameters used in Fig. 4(a) are
set as follows: D = 17 ps/(nm · km), β = 2.5, fo = 1550 nm,
c = 3 × 108 m/s, and fe = 24.5 GHz. In Fig. 4(b), all values
are normalized to the power of the second harmonic when
the frequency of the electrical drive signal is 18 GHz. All the
parameters are the same in Fig. 4(b), except for L, which is
fixed at 25 km, and fe, which is varied between 18 and 25 GHz.

2) With Dispersion Compensation: One way to compen-
sate for fiber dispersion is to insert a length of dispersion-
compensating fiber (DCF) at the end of the span. Fig. 5 shows
the dispersion-compensation arrangement. A DCF of chromatic
dispersion parameter Dc and length Lc is connected after the
transmission fiber, as shown in Fig. 5.

The DCF will compensate for the phase shifts that are
induced on the optical sidebands while they are traveling in the
fiber span, bringing them back in phase as much as possible.
Now, the phase delay Φ(ω) of each of these optical sidebands is
expressed in terms of the propagation constant and fiber length
of both the standard fiber and the DCF, respectively.

Φ(ω) = β(ω)L + βc(ω)Lc (12)

where βc(ω) is the propagation constant of the DCF. With
the same analysis process as above, the expressions of the
generated electrical signals at a photodetector can be obtained,
as follows:

Vout,e1c(t)

= C

{
−2

∞∑
n=1

Jn(β)Jn+1(β)

× sin

[
(2n + 1)πc(LD + LcDc)

(
fe

fo

)2
]}

× cos {ωet − ωe [β′(ωo)L + β′
c(ωo)Lc]} (13)

Vout,e2c(t)

= C

{
J2

1 (β) − 2
∞∑

n=1

Jn(β)Jn+2(β)

× cos

[
2(2n + 2)πc(LD + LcDc)

(
fe

fo

)2
]}

× cos {2ωet − 2ωe [β′(ωo)L + β′
c(ωo)Lc]} (14)
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Fig. 6. Experimental setup for optical generation of mm-wave signals (TLS: tunable laser source; PC: polarization controller; Optical PM: optical phase
modulator; EDFA: erbium-doped fiber amplifier; SSMF: standard single-mode fiber; DCM: dispersion-compensation module; OSA: optical spectrum analyzer;
PD: photodetector; and ESA: electrical spectrum analyzer).

Vout,e3c(t)

= C

{
2

∞∑
n=1

Jn(β)Jn+3(β)

× sin

[
3(2n + 3)πc(LD + LcDc)

(
fe

fo

)2
]

− J1(β)J2(β) sin

[
3πc(LD + LcDc)

(
fe

fo

)2
]}

× cos {3ωet − 3ωe [β′(ωo)L + β′
c(ωo)Lc]} (15)

Vout,e4c(t)

= C

{
J2

2 (β) + 2
∞∑

n=1

Jn(β)Jn+4(β)

× cos

[
4(2n + 4)πc(LD + LcDc)

(
fe

fo

)2
]

− 2J1(β)J3(β) cos

[
8πc(LD + LcDc)

(
fe

fo

)2
]}

× cos {4ωet − 4ωe [β′(ωo)L + β′
c(ωo)Lc]} (16)

where Vout,e1c(t), Vout,e2c(t), Vout,e3c(t), and Vout,e4c(t) are
the generated electrical signals at the end of the DCF. When
LD + LcDc = 0, it is clear that Vout,e1c(t) and Vout,e3c(t) are
equal to zero, as can be seen in (13) and (15); Vout,e2c(t) and
Vout,e4c(t) reach their respective maximum value. When the
dispersion parameter of the DCF Dc is given, the required
length Lc for proper compensation is calculated by

Lc = − D

Dc
L. (17)

III. EXPERIMENT

The experimental setup used to verify the performance of the
proposed signal-generation method is illustrated in Fig. 6.

The optical phase modulator is a commercially available
1550-nm LiNbO3 modulator. A tunable laser is used as the
optical source. The optical carrier generated by the tunable
laser source (TLS) is sent to the phase modulator through
a polarization controller (PC). The wavelength of the optical
carrier is set to match the maximum attenuation wavelength

Fig. 7. Transmission spectrum of the FBG filter.

of the FBG notch filter. A microwave-signal source tunable
from 12.5 to 25 GHz is applied to the phase modulator. Optical
sidebands at the output of the FBG filter are amplified with an
EDFA and then transmitted over 60 km of standard SMF. The
beating of these optical sidebands at a photodetector generates
the required mm-wave signals.

The transmission spectrum of the FBG notch filter is shown
in Fig. 7. The bandwidth from the minimum attenuation point
at lower wavelengths to the minimum attenuation point at
longer wavelengths is about 0.3 nm (≈ 37.5 GHz).

Measurements have been taken before and after transmission,
with and without dispersion compensation, in order to analyze
and evaluate the performance of the system. Fig. 8 shows the
typical optical spectra before and after the FBG filter. Here,
the optical phase modulator is driven by a 12.5-GHz signal.
Fig. 8(a) shows that optical sidebands are generated up to the
fourth order. They are distributed symmetrically around the op-
tical carrier. Fig. 8(b) shows the optical spectrum after the
FBG filter. It is clearly shown that the optical carrier power is
attenuated to about 40 dB. Due to the bandwidth of the FBG and
its asymmetric attenuation characteristics, the first-order optical
sidebands are not attenuated to the same level on each side of
the carrier. This is an issue for drive frequencies up to about
19 GHz for this particular FBG, but the problem can be avoided
by operating at higher frequencies or, in the future, by improv-
ing the spectrum symmetry of the FBG.

Fig. 9 shows the spectrum of the optically generated electri-
cal signal, measured at the output of the photodetector before
transmission. The spectrum corresponds to a 24.5-GHz elec-
trical drive signal—a frequency where the first-order optical
harmonics are not attenuated by the FBG. It is easily seen that
an mm-wave signal at twice the frequency of the drive elec-
trical signal is generated. Signal components above 50 GHz
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Fig. 8. Typical optical spectra before transmission (+, −: optical sideband in
upper frequency side and lower frequency side; 0: optical carrier; and 1, 2, 3,
4, 5: first-, second-, third-, fourth-, and fifth-order optical sideband). (a) Before
the FBG filter. (b) After the FBG filter.

Fig. 9. Electrical spectrum of the generated mm-wave signals when the drive
signal frequency is 24.5 GHz.

are not visible due to the bandwidth limit of the photodetector
and the electrical spectrum analyzer; however, they are present
in the output when viewed on the optical spectrum analyzer
(OSA). When the electrical drive signal is tuned from 18.8 to
25 GHz, two bands of mm-wave signals from 37.6 to 50 GHz
and from 75.2 to 100 GHz with high frequency stability and
narrow linewidth are generated. These observations agree well
with the outcome of the mathematical analysis presented in the
previous section.

As can be seen in Fig. 7, the attenuation of the FBG filter
on its lower and upper frequency slopes is not symmetrical
with respect to the center of the notch. As such, the group
delay is also not symmetrical. If the sidebands of the modulated
optical signal fall in this section of the filter bandwidth, the
nonsymmetrical characteristic will break down the intrinsic
amplitude and phase relationship among the optical sidebands
of a phase modulated signal. The power of the required

Fig. 10. Electrical spectra of the generated mm-wave signals after trans-
mission over a 60-km standard single-mode fiber. (a) Without dispersion-
compensation module. (b) With dispersion-compensation module.

mm-wave signal and the odd-order harmonic suppression will
be affected. To avoid this, the electrical drive signal must have a
low-frequency criterion. The lowest frequency of the electrical
drive signal should be equal to or greater than half of the
frequency bandwidth of the FBG. In this case, the generated
mm-wave signal is only affected by the maximum attenuation
at the center of the notch, and it is immunized from the im-
perfect characteristics of the FBG, including its large disper-
sion effect.

Fig. 10 shows the electrical spectra of the remotely generated
electrical signals when the electrical drive signal is at 24.5 GHz,
after propagation over a 60-km SMF. Fig. 10(a) is an indica-
tion of the spectrum without dispersion compensation, while
Fig. 10(b) is the spectrum when dispersion compensation is
applied before photodetection. In Fig. 10(a), the 24.5-GHz
signal is not fully cancelled, and the amplitude of the 49-GHz
signal decreases due to a chromatic-dispersion-induced power
penalty. Fig. 10(b) clearly shows the cancellation of the
24.5-GHz signal and the elimination of the power penalty to
the 49-GHz signal when chromatic dispersion compensation is
used. These measurements are in accordance with the analysis
conclusion presented in Section II-B.

Fig. 11 gives zoom-in views of the electrical spectra of the
optically generated 49-GHz electrical signal before and after
transmission with dispersion compensation. The resolution
bandwidth of the electrical spectrum analyzer is 1 and 100 Hz in
Fig. 11(a) and (b), respectively. It can be seen that the 49-GHz
electrical signal does not suffer from obvious phase-noise
degradation after the 60-km transmission. The quality of the
signal is adequate for most practical applications.
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Fig. 11. Electrical spectra of the signal generated before and after transmis-
sion with dispersion compensation. (a) Span 100 Hz. (b) Span 10 kHz.

IV. CONCLUSION

We have proposed a new and robust method for the opti-
cal generation of wideband continuously tunable millimeter-
wave (mm-wave) signals. The mathematical foundations of
the method have been detailed, and an experimental verifica-
tion of its performance has been performed. In the proposed
configuration, an optical phase modulator and a fiber Bragg
grating (FBG) notch filter were used. The optical carrier was
removed from the output of the optical phase modulator by
the FBG notch filter. When the resulting optical sidebands
were applied to a photodetector, only even-order electrical
harmonics were generated, and the odd-order harmonics were
cancelled. The effect of chromatic dispersion in the fiber used to
distribute the signal on the generated electrical signal was also
analyzed.

Experimental validation with an electrical drive signal tuned
from 18.8 to 25 GHz has been conducted. Two bands of
mm-wave signals from 37.6 to 50 GHz and 75.2 to 100 GHz
(signal components above 50 GHz are only visible on the
OSA) were generated locally and remotely. The generated
signals had high-frequency stability and narrow linewidth. It
was verified that, after dispersion compensation, the integrity
of the generated signals was maintained after transmission over
a 60-km SMF.

A major advantage of the proposed approach is that con-
tinuously tunable mm-wave signals over a wide frequency
range can be generated using a fixed optical filter, which sig-
nificantly simplifies the system configuration. Compared with
the approaches based on an optical intensity modulator, the

phase modulator does not need a direct current (dc) bias, thus
eliminating dc bias-drifting related problems.
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