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Abstract—This study presents two optical frequency quadru-
pling techniques for generating high-purity millimeter-wave
signals with optical carrier suppression. To our best knowl-
edge, this investigation demonstrates for the first time that a
frequency quadrupling system requires only a single integrated
Mach–Zehnder modulator without an optical narrowband filter
to remove undesired optical sidebands. Since no optical filter is
needed, fast frequency tuning is straightforward and this ap-
proach is particularly attractive for the optical up-conversion in
the wavelength-division-multiplexing radio-over-fiber systems.
This study provides both theoretical analysis and experimental
demonstration. The generated optical millimeter-wave signals are
of very high quality with optical carrier and undesired harmonic
distortion suppression ratio of more than 36 dB.

Index Terms—Mach–Zehnder modulator (MZM), optical fre-
quency multiplication, optical millimeter wave, radio-over-fiber
(RoF).

I. INTRODUCTION

W ITH THE accelerated development of wireless com-
munications, efficient and cost-effective methods

of generating and transmitting microwave/millimeter-wave
signals are of the utmost importance. The generation and
transmission of microwave/millimeter-wave signals over an
optical fiber have been extensively investigated for various
applications, including broadband wireless access networks,
phase-array antennas, optical sensors, remote antenna, and
radars [1]–[7]. The advantages of using an optical fiber as a
millimeter-wave signal transmission medium lie in the almost
unlimited bandwidth and very low propagation loss. How-
ever, optical millimeter-wave signal generation at frequencies
beyond 40 GHz remains a major challenge because of the
frequency response of an LiNbO Mach–Zehnder modulator
(MZM) or a phase modulator is less than 40 GHz. The electrical
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Fig. 1. Optical colorless up-conversion using a frequency multiplication tech-
nique for WDM RoF systems.

components and equipment at frequencies beyond 40 GHz,
such as amplifiers, mixers, and synthesizers, are very expen-
sive. Therefore, a cost-effective means of generating optical
millimeter-wave signal beyond 40 GHz is of great interest.

Several optical millimeter-wave signal generation schemes
based on an MZM or a phase modulator to achieve frequency
multiplication have recently been demonstrated [1]–[10]. How-
ever, these proposed systems with frequency multiplication of
more than two times either depend on more than one optical
filter to remove undesired optical sidebands [2]–[10] or need
two cascaded external modulators [13], which significantly
increase the complexity and cost of the system. Besides, the
required optical filtering severely hinders the implementation
of optical up-conversion in a wavelength-division-multiplexer
(WDM) radio-over-fiber (RoF) system, as shown in Fig. 1. Al-
though one external modulator with optical filtering is utilized
to demonstrate WDM up-conversion in [11], only frequency
doubling is achieved.

This study demonstrates the feasibility of two novel fre-
quency quadrupling approaches that can generate optical
carrier-suppressed millimeter-wave signals using only one
external modulator without optical filtering. The first method
sets the bias point of the MZM at the maximum transmission
point, which has been proposed in our previous study [14].
More experimental data, including higher undesired harmonic
distortion suppression ratio and millimeter-wave signal beyond
40 GHz, will be given in this paper. The second approach
changes the bias point to the minimum transmission point. The
optical carrier and undesired harmonic distortion suppression
ratios (OCHDSRs) of the millimeter-wave signals obtained
using maximum and minimum transmission operation modes
exceed 36 and 20 dB, respectively. Since the optical carrier
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Fig. 2. Principle diagram of optical millimeter-wave generation using external
MZM.

and undesired harmonic distortions are highly suppressed, the
high-purity two-tone millimeter-wave signal does not suffer
from impairment due to fiber dispersion. This paper is orga-
nized as follows. Section II presents theoretical analyses of
optical quadruple-frequency millimeter-wave signal genera-
tions obtained using maximum and minimum transmission
operation modes. In Section III, optical 40- and 72-GHz mil-
limeter-wave signals using electrical 10- and 18-GHz driving
signals are experimentally demonstrated. Section IV shows
the comparison of two proposed methods. Conclusions and
summary are finally drawn in Section V.

II. THEORETICAL ANALYSIS

A. Principle of MZM Modulation

Fig. 2 displays the principle of the optical millimeter-wave
signal generation using a balanced single-electrode MZM. The
driving signal sent to the MZM consists of an electrical
sinusoidal signal and a dc-biased voltage and can be written as

(1)

where is the dc-bias voltage, and and are the am-
plitude and the angular frequency of the electrical driving signal,
respectively. It is known that the optical field at the output of the
MZM is given by

(2)

where and denote the amplitude and angular frequency of
the input optical carrier, respectively, and is the optical
carrier phase difference that is induced by between the
two arms of the MZM. The loss of the MZM is neglected. The
optical carrier phase difference induced by is given by

(3)

where is the half-wave voltage of the MZM. Therefore, the
output optical field can be expressed as

(4)

Fig. 3. Transmission function of MZM versus bias voltage.

Expanding (4) using Bessel functions, the optical field at the
output of the MZM can be rewritten as

(5)

where is a constant phase shift that is induced
by the MZM biased voltage, is defined as , and

is the Bessel function of the first kind of order . Notably,
the MZM bias point affects the relative amplitudes of odd and
even terms of optical sidebands.

Fig. 3 shows MZM transmittance versus the bias voltage.
As the MZM is operated at the maximum transmission point
(i.e., or ), only optical carrier and even terms
of optical sidebands are observed and no odd terms of optical
sidebands exist, as shown in Fig. 4(a). As the MZM is biased
at the minimum transmission point (i.e., or

), the optical carrier is suppressed as shown in Fig. 4(b). All
of the even-order optical sidebands are eliminated so only the
odd-order optical sidebands remain in the spectrum. Therefore,
after square-law photodiode (PD) detection, a strong frequency-
doubling millimeter-wave signal can be generated as the MZM
is biased at either a maximum or minimum transmission point.
In this paper, we will utilize this frequency-doubling modulation
scheme with the MZM biased at a maximum or minimum trans-
mission point to achieve frequency quadrupling without optical
filtering.
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Fig. 4. Illustration of the optical spectrum using MZM biased at the: (a) max-
imum and (b) minimum transmission point.

Fig. 5. Conceptual diagram and experimental setup of optical quadruple-fre-
quency millimeter-wave signal generation using maximum transmission oper-
ation mode (polarization controller: PC, photodiode: PD, erbium-doped fiber
amplifier: EDFA, optical spectrum analyzer: OSA, electrical spectrum analyzer:
ESA).

B. Maximum Transmission Operation Mode

Fig. 5 shows a conceptual diagram of optical carrier-sup-
pressed millimeter-wave signal generation using a frequency
quadrupling technique with the MZM biased at the maximum
transmission point [11]. An integrated MZM that is comprised
of three sub-MZMs is key to generating optical millimeter-wave
signals [14]. One sub-MZM (MZ-a or MZ-b) is embedded in
each arm of the main modulator (MZ-c). The optical field at the
input of the integrated MZM is defined as

(6)

Fig. 6. (a) Illustrated spectrum of optical millimeter-wave signal using full-bias
operation mode. (b) Illustrated spectrum of generated electrical millimeter-wave
signal following square-law PD detection. Data from [14].

Both MZ-a and MZ-b are biased at the maximum trans-
mission point. The electrical driving modulation signals
sent into MZ-a and MZ-b are and

, respectively. Moreover, the
MZ-c is biased at the minimum transmission point. Therefore,
the optical field at the output of the integrated MZM can be
expressed as

(7)

Expanding and
using a Bessel function enables the output optical field to be
rewritten as

(8)

Fig. 6(a) presents the optical spectrum of the generated mil-
limeter-wave signal. Only optical sidebands with the second,
sixth, and tenth orders are observed. Within the typical modula-
tion range of , declines monotonically with

. When is equal to , the corresponding values of ,
, , and are 0.4854, 0.0145, 2.0095 10 ,

and 5.4133 10 , respectively. Therefore, the optical side-
bands with orders higher than can be neglected without sig-
nificant errors, and the optical field can be further simplified to

(9)
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Fig. 7. Schematic principle of optical millimeter-wave generation using max-
imum transmission operation mode.

After square-law detection using a PD, the photocurrent can
be expressed as

(10)

where is the responsivity of a PD. The cross terms of (9) pro-
duce the desired millimeter-wave signal and its harmonic dis-
tortion signals. These millimeter-wave signal terms are

(11)
Fig. 6(b) displays the electrical spectrum of the generated mil-

limeter-wave signal after the square-law PD detection. Only the
desired millimeter-wave signal and the harmonic dis-
tortion signals with frequency of are observed in the
electrical spectrum, where is an integer that exceeds two.
Fig. 7 schematically depicts the principle of optical millimeter-
wave generation using maximum transmission operation mode.
Since MZ-a and MZ-b are biased at the maximum transmis-
sion point, the optical carrier and even-order sidebands are ob-
served, as shown in insets (ii) and (iii) of Fig. 7. The optical
sidebands with orders of more than two are neglected for sim-
plicity. The 90 phase difference between the sinusoidal sig-
nals that drive MZ-a and MZ-b causes the polarities of the two
second-order sidebands at the output of MZ-a to oppose those
at the output of MZ-b. As the MZ-c is biased at the minimum
transmission point, an extra 180 phase difference is added to
all optical sidebands of the lower arms of MZ-c, as shown in
insets (iv) and (v) of Fig. 7. Notably, the two optical carriers
are out of phase, but the second-order sidebands are in phase.
Therefore, after MZ-c, the optical carrier is eliminated and only
two second-order sidebands remain, which can be converted
into an electrical quadruple-frequency millimeter-wave signal
following square-law PD detection.

C. Minimum Transmission Operation Mode

Fig. 8 presents the conceptual diagram of optical carrier-sup-
pressed millimeter-wave signal generation using the same in-
tegrated MZM, but biased at the minimum transmission point.
The electrical driving signals sent into the MZ-a and MZ-b are

, and the electrical driving

Fig. 8. Conceptual diagram and experimental setup of optical quadruple-fre-
quency millimeter-wave signal generation using minimum transmission oper-
ation mode (polarization controller: PC, photodiode: PD, erbium-doped fiber
amplifier: EDFA, optical spectrum analyzer: OSA, electrical spectrum analyzer:
ESA).

signal for MZ-c is . Therefore,
the optical field at the output of the integrated MZM is given by

(12)
Expanding and using the
Bessel functions enables the output optical field to be rewritten
as

(13)

Fig. 9(a) shows that only optical sidebands with the second,
sixth, and tenth orders are observed. Without causing significant
errors, the Bessel function with the order higher than are
ignored, and the optical field can be further simplified to

(14)
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Fig. 9. (a) Illustrated spectrum of optical millimeter-wave signal using null-
bias operation mode. (b) Illustrated spectrum of generated electrical millimeter-
wave signal following square-law PD detection.

After square-law PD detection, the desired millimeter-wave
signal and its harmonics distortion signals are

(15)

Fig. 9(b) presents the electrical spectrum of the millimeter-
wave signal following square-law PD detection. The result ob-
tained using the minimum transmission operation mode is the
same as that obtained using the maximum transmission opera-
tion mode, and only the desired millimeter-wave signal
and the harmonic distortion signals with frequencies of
are observed in the electrical spectrum, where is an integer
that is larger than two.

Fig. 10 schematically depicts the principle of optical mil-
limeter-wave generation using the minimum transmission op-
eration mode. When MZ-a and MZ-b are biased at the min-
imum transmission point, two first-order sidebands with car-
rier suppression are generated and the optical sidebands with
orders of more than two are neglected for simplicity. Since no
phase difference exists between two driving signals for MZ-a
and MZ-b, the polarities of optical sidebands at the output of
MZ-a and MZ-b are identical, as presented in insets (ii) and (iii)
of Fig. 10. These two identical two-tone lightwaves at the output
of MZ-a and MZ-b can be regarded as two coherent lightwave
sources before MZ-c. When an electrical signal with a
90 phase delay, which is relative to and , is ap-
plied at MZ-c, each lighwave generates two first-order side-
bands with optical carrier suppression, and an extra 90 and

90 phase differences are added to the upper and lower side-
bands, respectively. As presented in inset (iv) of Fig. 10, the
polarities of the two generated optical sidebands at the original
carrier frequency oppose each other. Accordingly, two second-

Fig. 10. Schematic principle of optical millimeter-wave generation using min-
imum transmission operation mode.

order sidebands with carrier suppression are obtained and can
be converted into a quadruple-frequency electrical millimeter-
wave signal following square-law PD detection.

III. EXPERIMENTAL VERIFICATION OF

TWO PROPOSED METHODS

To verify these two proposed methods, experiment setups
using maximum and minimum transmission operation modes
are performed as displayed in Figs. 5 and 8, respectively.
The external integrated MZM is a commercially available
LiNbO modulator. A commercial distributed feedback laser
is employed as a light source and a polarization controller
is adopted to adjust the polarization before the light is sent
into the modulator. The frequency of the driving signal is set
at 10, 15, and 18 GHz, respectively. The generated optical
millimeter-wave signal is amplified using an erbium-doped
fiber amplifier to compensate the loss of the integrated MZM
and then transmitted with launch power of 0 dBm over a
50-km single-mode fiber. The optical power is normalized to
1 dBm before PD detection. Both optical and electrical spectra
of millimeter-wave signals using maximum and minimum
transmission operation modes are experimentally investigated.

A. Maximum Transmission Operation Mode

Fig. 11(a) shows the measured spectrum of the optical
40-GHz millimeter-wave signal using a 10-GHz driving
signal before transmission. The optical carrier is effectively
suppressed, and the power of the two second-order side-
bands, which can be converted into a 40-GHz electrical
millimeter-wave signal after PD detection, is 38 dB higher
than that of the other order sidebands. Sidebands other than
the second- and sixth-order sidebands are observed due to
the imbalance in the -junction splitting ratio of MZM. The
suppression of the undesired harmonic sidebands exceeds
38 dB and negligibly affects the performance of the optical
millimeter-wave signal. Fig. 11(b) presents the waveform of
the optical millimeter-wave signal with a 50% duty cycle
associated with a high OCHDSR of more than 38 dB.

Fig. 12 presents the electrical spectrum of the generated
back-to-back millimeter-wave signal with a 40-GHz span and
30-kHz resolution bandwidth. A strong electrical signal with
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Fig. 11. Experimental results of 40-GHz optical millimeter-wave signal spec-
trum using maximum transmission operation mode. The resolution is 0.01 nm.

Fig 12. Measured electrical spectrum of the generated back-to-back 40-GHz
millimeter-wave signal using maximum transmission operation mode.

the frequency four times the driving signal is observed, and
the first, second, and third terms of the electrical signal are
totally suppressed below the noise floor. Since the suppression
of the undesired harmonic sidebands is more than 38 dB, there
is no observable change following 50-km single-mode fiber
transmission, and the spectrum remains very clear with the
same suppression ratio, as presented in Fig. 12. Fig. 13(a)
reveals that the linewidth of the generated 40-GHz signal is
less than 5 Hz and almost equals to that of the 10-GHz driving
signal. After transmission over the 50-km single-mode fiber,
no linewidth broadening of the electrical 40-GHz signal due to
fiber dispersion is observed, as shown in Fig. 13(b). Due to the
available RF amplifier in the authors’ laboratory, only 72-GHz
millimeter-wave signals are obtained by using a 18-GHz elec-
trical driving signal, respectively. Fig. 14 shows that the optical
powers of the two desired second-order sidebands of mil-
limeter-wave signals are at least 36 dB higher than those of the
other sidebands, which suffices for most practical application.

Minimum Transmission Operation Mode: Fig. 15(a) shows
the spectrum of the optical back-to-back 40-GHz millimeter-

Fig 13. Measured electrical spectrum of the generated 40-GHz mil-
limeter-wave signal using maximum transmission operation mode with 100-Hz
span. (a) Comparison of generated 40-GHz signal and 10-GHz driving signal.
(b) Comparison of generated back-to-back and following 50-km single-mode
fiber transmission 40-GHz signal. The resolution bandwidth is 1 Hz.

Fig. 14. Measured optical spectrum of the generated 72-GHz millimeter-wave
signals using 18-GHz driving signals, respectively.

wave signal obtained using a minimum transmission operation
mode. The suppression ratio of the optical carrier and undesired
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Fig. 15. Experimental results of 40-GHz optical millimeter-wave signal spec-
trum using minimum transmission operation mode. The resolution is 0.01 nm.

Fig. 16. Measured electrical spectrum of the generated 40-GHz millimeter-
wave signal using minimum transmission operation mode. (a) Back to back.
(b) Following 50-km single-mode fiber transmission.

harmonic distortions exceeds 24 dB. Although the duty cycle
of optical millimeter-wave signal is close to 50%, the limited
suppression ratio slightly blurs the envelope of the optical mil-
limeter-wave signal waveform. Fig. 16 presents the electrical

Fig. 17. Measured electrical spectrum of the generated 40-GHz mil-
limeter-wave signal using minimum transmission operation mode with 100-Hz
span. (a) Comparison of generated 40-GHz signal and 10-GHz driving signal.
(b) Comparison of generated back-to-back and following 50-km single-mode
fiber transmission 40-GHz signal. The resolution bandwidth is 1 Hz.

spectrum of the generated 40-GHz millimeter-wave signal. Not
only a quadruple-frequency electrical signal is observed, but
also the first, second, and third harmonic terms of the electrical
signal are observed. Additionally, the undesired electrical dis-
tortion suppression ratio declines from 15.7 to 12.8 dB after
50-km single-mode fiber transmission. Fig. 17(a) reveals that
the linewidth of the generated 40-GHz signal is almost equal
to that of the 10-GHz driving signal. Following transmission
over the 50-km single-mode fiber, no linewidth broadening of
the electrical 40-GHz signal due to fiber dispersion is observed,
as presented in Fig. 17(b). Fig. 18 shows that the OCHDSRs of
the 72-GHz millimeter-wave signal can exceed 22 dB.

IV. COMPARISON

For an ideally balanced MZM, regardless of which proposed
method is adopted, only the optical sidebands of the order

are observed, as evident in (8) and (13). However,
the imbalance of the two arms of the MZM produces other
undesired optical sidebands. The OCHDSRs obtained using
a maximum transmission operation mode markedly exceeds
those obtained using a minimum transmission operation mode,
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Fig. 18. Measured optical spectrum of the generated 72-GHz millimeter-wave
signal using 18-GHz driving signal.

as displayed in Figs. 11, 14, 15, and 18. For the maximum
transmission operation mode, the active trimming approach,
i.e., adjusting the bias points and the amplitudes of the driving
signals for MZ-a and MZ-b, can be used to compensate
for the MZM imbalance. Therefore, higher OCHDSRs can
be obtained, as has been demonstrated elsewhere [13]. For
minimum transmission operation mode, the two first-order
sidebands dominate the suppression ratio, as presented in
Figs. 15 and 18. Two main sources are responsible for the
undesired first-order sideband. The first source is the amplitude
imbalance of MZ-a and MZ-b. With MZ-a and MZ-b biased
at the minimum transmission point, the generated double-fre-
quency millimeter-wave signal using a balanced MZM have
an infinite optical carrier suppression ratio. Due to fabrica-
tion errors, a perfectly balanced MZM is difficult to achieve.
Therefore, the residual optical carrier caused by MZ-a and
MZ-b imbalances will contribute to the two first-order side-
bands after MZ-c modulation. The second source is the MZ-c
imbalance. The two first-order sidebands generated by MZ-a
and MZ-b are regarded as two coherent lightwave sources
before MZ-c modulation. The suppression ratio of those two
first-order sidebands depends on the amplitude imbalance of
the MZ-c at the output of the integrated MZM. Therefore, the
imbalances of the three sub-MZMs dominates the OCHDSR
of the quadruple-frequency millimeter-wave signal when the
minimum transmission operation mode is used, and active
trimming cannot be adopted to eliminate the imbalance.

Notably, the amplitudes of the two desired second-order
sidebands of optical millimeter-wave signals obtained using
maximum and minimum transmission operation mode are
related mostly to the second- and first-order Bessel func-
tion, respectively. When , is larger than

. To achieve high OCHDSRs, the modulation index (MI)
for a driving integrated MZM using a

maximum transmission operation mode exceeds that obtained
using a minimum transmission operation mode. For a maximum
transmission operation mode, the optimal MI for maximum
OCHDSRs, which is determined by the MZM imbalance, ranges
from 1.2 to 1.8. Hence, a narrowband RF high power amplifier
for a driving MZM or z-cut integrated MZM (i.e., two-electrode

MZ-a and MZ-b) [13] is required for the maximum transmission
operation mode. For the minimum transmission operation mode,
the optimal MI is less than 0.7. Therefore, only an RF medium
power amplifier or x-cut integrated MZM (i.e., single electrode
MZ-a, MZ-b, and MZ-c) is needed.

V. CONCLUSIONS

This paper has presented two novel frequency quadrupling
techniques for optical millimeter-wave generation. A two-tone
lightwave with a frequency separation four times of the mod-
ulation frequency can be generated using only one external
modulator without optical filtering. The OCHDSRs of these
optical millimeter-wave signals obtained using a maximum
and minimum transmission operation mode can exceed 36 and
22 dB, respectively, which values suffice for most applications.
Since no optical filter is needed, the proposed approaches can
be adopted for optical up-conversion in WDM RoF systems and
continuously tunable millimeter-wave signal systems. Since the
state-of-the-art MZM has an upper-limit frequency response
of about 40 GHz [13], the two proposed methods can generate
optical millimeter-wave signals up to 160 GHz.
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