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Abstract—In this paper, we propose a new approach to generate
quadrupling-frequency optical millimeter-wave (mm-wave) signal with
carrier suppression by using two parallel Mach-Zehnder modulators
(MZMs) in Radio-over-fiber (RoF) system. Among the numerous
properties of this approach, the most important is that a filterless
optical mm-wave at 60 GHz with an optical sideband suppression ratio
(OSSR) as high as 40dB can be obtained when the extinction ratio
of the MZM is 25dB. Simplicity and cost-effectiveness have made this
approach a compelling candidate for future wave-division-multiplexing
RoF systems. Theoretical analysis is conducted to suppress
the undesired optical sidebands for the high-quality generation of
frequency quadrupling mm-wave signal. The simulation results show
that a 60 GHz mm-wave is generated from a 15 GHz radio frequency
(RF) oscillator with an OSSR as high as 40 dB and an radio frequency
spurious suppression ratio (RFSSR) exceeding 35dB without any
optical or electrical filter when the extinction ratio of the MZM is
25dB. Furthermore, the effect of the non-ideal RF-driven voltage as
well as the phase difference of RF-driven signals applied to the two
MZMs on OSSR and RFSSR is discussed and analyzed. Finally, we
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establish a RoF system through simulation to verify the transmission
performance of the proposed scheme. The Q-factor performance and
eye patterns are given.

1. INTRODUCTION

Radio-over-fiber (RoF) is a type of communication technology that
combines millimeter-wave (mm-wave) with optical communication [1-
7].  RoF has attracted considerable attention for its potential
application in future broadband wireless access networks because of
its advantages of extremely low propagation loss, unlimited fiber
bandwidth, immunity to electromagnetic interference, and high spatial
division multiplexing on account of large atmospheric attenuation [8—
11]. In an RoF system, the cost-effective and high quality generation
of high frequency mm-wave signals is a key technology that requires
further development toward high-frequency bands, especially for
frequencies above 40 GHz [12-14]. Compared with the conventional
electrical method, the optical method is preferable [15-17]. By
beating the two high-order optical sidebands with good coherence
in a square-law photodetector (PD), a laser with an optical external
phase or intensity modulator is a promising and attractive technology
for the generation of high-frequency mm-wave signals, the frequency
of which can be several-folds that of the radio frequency (RF)
local oscillator [18-33]. In this technology, a high optical sideband
suppression ratio (OSSR) is extremely desirable for the generation of
high-quality mm-wave signals.

Several different approaches have been recently proposed to
generate frequency quadrupling mm-wave signal. By employing two
cascaded Mach-Zehnder modulators (MZMs), Zhao conducted both
a theoretical investigation and an experimental verification for the
generation of frequency quadrupling mm-wave signal [34]. However,
the undesired optical sidebands were not well suppressed. Thus, only a
lower OSSR of 25 dB can be obtained, which degrades the RF spurious
suppression ratio (RFSSR) between the desired frequency quadrupling
mm-wave signal and other undesired RF components. Based on
an integrated Mach-Zehnder modulator, which consists of three sub-
MZMs, namely, MZM-a, MZM-b, and MZM-c, Lin demonstrated a
novel frequency quadrupling technique for generating optical mm-
waves [12]. In this technique, two sub-MZMs (MZM-a and MZM-
b) are biased at the maximum transmission point with 90° phase
shift between the driving signals. MZM-c is biased at the minimum
transmission point. However, in order to achieve high OSSR, a
modulation index of 7 is needed for driving the integrated MZM. This
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suggests that a high RF power is required, i.e., not cost effective. Liu
also proposed a scheme to generate frequency quadrupling mm-wave
signal based on a 1 x 4 Multimode interference (MMI) coupler with
four optical phase-modulator arms [35]. However, the relative optical
phase introduced by the MMI coupler is difficult to control [36].

In this paper, we propose a new frequency quadrupling approach
that can generate a carrier-suppressed optical mm-wave signal by using
two commercially available dual-electrode MZMs (DE-MZMs). Both
MZMs are biased at the minimum transmission point. The dual
electrodes of the two MZMs are driven by the same RF sinusoid
with 90° phase shift. Two optical sidebands of second-order optical
harmonics related to the optical carrier are generated and maximized
at the output of the modulator, and the two sidebands have a
frequency spacing of four times of the driving RF to the MZMs.
With a modulation index of 2.404, a cost-effective optical mm-wave
at 60 GHz with an OSSR as high as 40dB and an RFSSR exceeding
35dB is obtained without any optical or electrical filter when the
extinction ratio of the MZM is 25dB. Given that the optical carrier
and undesired optical sidebands are well suppressed, the high-quality
optical mm-wave signal does not suffer from power fading induced
by fiber dispersion. The effects of non-ideal RF-driven voltage and
phase difference between RF-driven signals applied to the two MZMs
on OSSR and RFSSR are studied through simulation. Finally, in terms
of the Q-factor and eye pattern of the system, the performance of
the generated optical mm-wave after transmission over fiber is also
investigated.

The remainder of paper is organized as follows: In Section 2,
theoretical model of frequency quadrupling technique is built by using
the proposed approach. Section 3 details the simulation results and
discussion. Finally, the conclusion is given in Section 4.

2. OPERATION PRINCIPLE

The schematic diagram for frequency quadrupling mm-wave signal
generation is proposed as shown in Fig. 1. A continuous lightwave
emitted from the LD expressed as Ejexp(jwot), where Ej is the
amplitude of the optical field, and wy = 27 fy is the angular frequency
of the optical carrier, is split into two branches, namely, I and II,
by a 3-dB optical splitter. Each branch has a DE-MZM, that is,
MZM-a in branch I and MZM-b in branch II. A 180° phase shift
is introduced between the RF-driven signals applied to MZM-a and
MZM-b. The RF-driven signals are applied to the four arms of the
two MZMs with different phase shifts introduced by electrical phase
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Figure 1. The proposed quadrupling-frequency mm-wave generation
scheme with two parallel MZMs. (LD: laser diode; MZM: dual-
electrode Mach-Zehnder modulator; RF LO: radio frequency local
oscillator; OS: optical splitter; OC: optical coupler; PD: photo
diode;EDFA: erbium-doped fiber amplifier).

shifters, and the four arms are biased by different DC voltages, as
depicted in Fig. 1. Thus, the RF-driven signals applied to the four arms
are Vpp COS(wRFt + 7T/2), Vrr COS(wRFt), Vrr COS(wRFt + 7T/2), and
Vrr cos(wgrpt), where Vrr and wgrp are the amplitude and angular
frequency of the RF-driven signal, respectively. If the insertion loss
attenuation of the MZM is neglected, and the extinction ratio is
assumed to be infinite, the optical field at the output of the optical
coupler (OC) can be written as

Eout(ov t) = EI(Ov t) + EII(O, t) (1)
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E[(O,t) _ Z0 eju)ot e] Vi VrE COS(wRFt+2) + 6] Vi VirrF cos(wrpt) ) 6‘7 Vﬂc

%ejwot |:ejVLﬂ_VRF cos(wrFt+75) + ejVLﬂVRF cos(wrFt) ejw}

_ %6]'1001% [ejmcos(wRFt—&-g) _ ejmcos(wRFt)] (2)
By applying the Jaccobi-Anger expansion

() Qt Q) Qt
]xsm Z J ]n ’ ]IECOS Z ] ]n (3)

n=—oo n=—oo




Progress In Electromagnetics Research, Vol. 134, 2013

to Eq. (2), E7(0,t) becomes
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where V. is the switching voltage of MZM, m the RF modulation
( VRF

index defined as m =
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Figure 2. Simulated optical spectra of the generated optical mm-wave
with the DE-MZM biased at the minimum transmission point with 90°
phase shift introduced between the RF-driving signals applied to each
drive electrode.
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of the first kind. Equation (4) shows that the (4n) th-order optical
sidebands are suppressed because of the term sin(“f), as shown in
Fig. 2. Similarly, the optical mm-wave exported from MZM-b can be
described as

Er(0,t) Z Jn( sm( )eﬁ[(wﬁ”wm)t o] (5)

n=—oo
Thus, the optical field at the output of the OC can be expressed as
Eout (07 t)

i Jn(m) sin (%>€j[(w0+anF)t+3"T”}

= Eoc"" [ S Tulm)e ot ) [CF) a(”;)}]

n=—0o0

nm

= Ej Z In( s1n( )cos(%) exp [j(wo—kanF)t—FZ] (6)

Equation (6) shows that the nth-order sidebands are all suppressed,
except for n = 4k —2, where k is an integer. Eq. (6) also shows that the
(4k — 2) th-order sidebands interfere constructively and that the odd-
order sidebands destructively interfere at the output coupler. This is
because the 180° phase shift between the RF-driven signals applied to
the two MZMs causes the polarities of the odd-order sidebands at the
output of MZM-a to oppose those at the output of MZM-b. Therefore,
after the output coupler, only the optical sidebands of the order of
second, sixth, and tenth remain, as depicted in Fig. 3(a).

Within the typical modulation index range of 0 < m < 2.4048, the
Bessel function J4_o monotonically reduces with m. At m = 2.4048,
the corresponding values of Ja(m), Jg(m) and Jig(m) are 0.4318,
0.0034, and 1.5252 x 1075, respectively, as shown in Fig. 4. Therefore,
the optical sidebands higher than the sixth order can be neglected
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Figure 3. (a) Optical, (b) electrical spectrum of the mm-wave signals.
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Figure 4. Bessel Function of first kind.

because of their extremely low power. Thus, Eq. (6) can be simplified
as

Eout(0,1) = Eo{J2(2.4048) [eﬂ(wO*ZwRFﬁ*%l - eﬂ'KonwRF)t*%]}
+.J6(2.4048) [ej[(wo-&-finF)t—i—%ﬂ _ ej[(w0_6wRF)t_37w}:|} (7)

By using Eq. (7), the OSSR for the MZM with infinite extinction ratio
is given by
J2(2.4048)?

] =42.07dB (8)



196 Al-Shareefi et al.

In a back-to-back (B-T-B) case, the quadrupling-frequency the optical
mm-wave signal is detected by using a square-law PD, and its
photocurrent can be written as

1(0,8) = R|Eou(0,8)]* = RE2 - [Eput(0,) - Eout (0,1)*]

— RE? [ Jo(m) w20} e=i% _ 1, () edl(wor2wrm)t] i
+Jg(m)ed (w0t 6wrr)l i % _ JG(m)ej[<wofawRF>t1efj%}
, [ Jo(m) e~dlwo—2wrr) 3% g, () e=dlwot2wrr)t] =%

_|_J6(m)e—j[(wo-i-ﬁwRF)t]e—j%7T _ JG(m)e—j[(wo—GwRF)ﬂ ej%”} (9)

where R is the photodiode responsivity, and E,.(0,t)* stands for the
complex conjugate of Eyy(0,t). Equation (9) can be further simplified
to
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= REG [2J7 + 2J2 + 2J3 cos dwrpt + 4205 cos dwppt
+4JoJg cos S8wrpt + 2Jg cos 12wRFt]
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= RE2 - [{ZJQQ(m) + 4J2(m)Js(m) } cos(dwppt)
+4.J5(m) Js(m) cos(8wgrpt) + 2J¢ (m) cos(12wgpt)] (10)

Equation (10) shows that the photocurrent contains the desired mm-
wave signal at 4dwgrp, which we are interested in, and the harmonic
distortion signals with frequency equal to 4nwrp, where n > 2, as
shown in Fig. 3(b). By utilizing Eq. (10), RFSSR is given by

2J3(2.4048) +4.J5(2.4048) J5(2.4048)

FSSR=201
RFSSR =201log 4.J5(2.4048) J5(2.4048)

=36.1dB (11)

3. SIMULATION RESULTS AND DISCUSSION

In this section, the performance of the proposed scheme is evaluated
through a simulation by using the commercially available simulation
software “OptiSim™™?”  which provides numerical modules that enable
users to simulate optical components that are commonly used in the
optical communication systems. First, the quality of the generated
quadrupling-frequency optical mm-wave signal for a B-T-B case is
investigated in Section 3.1. The influence of the non-ideal RF-driven
voltage and the phase difference between RF-driven signals applied to
the two MZMs on OSSR and RFSSR for B-T-B case are then discussed
and analyzed in Section 3.2. Finally, the transmission performance of
the generated quadrupling-frequency optical mm-wave signal over fiber
is investigated in Section 3.3.

3.1. Frequency Quadrupling mm-wave Signal Generation for
B-T-B

The simulation system for a B-T-B case is set up as shown in Fig. 1.
The LD is assumed to emit the lightwave with a central wavelength of
1552.52 nm, line width of 10 MHz, and power of 0 dBm. The two dual-
arm MZMs of the proposed modulator are combined by two optical
couplers. The power splitting ratio of the couplers is 0.5. MZM-a and
MZM-b are driven by the same RF local oscillator of 15 GHz, with
a phase difference of 180° introduced by an electrical phase shifter
between the RF-driven signals. The RF-driven signals are applied to
the four arms of the two MZMs with different phase shifts introduced
by electrical phase shifters, and the four arms are biased by different
DC voltages, as depicted in Fig. 1. The half-wave voltage of the MZM
is 4v. The insertion loss of the MZM is 5 dB. Following the modulator,
an erbium-doped fiber amplifier (EDFA) with gain of 12dB and noise
figure of 5dB is utilized to compensate for the insertion loss of the
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Figure 5. The simulated 60 GHz mm-wave signal generation with
15GHz RF driven signal for B-T-B, when the extinction ratio is
infinite. (a) Optical spectrum. (b) RF spectrum.

modulator. For the PD, the responsivity is &t = 0.7 A/W, dark current
is 2nA, and thermal noise is 1 x 10711 A /Hz%.

Figure 5 shows the simulated results of the optical and RF spectra
via the proposed approach when the extinction ratio of the MZM is
100dB. An extinction ratio of 100 dB can approximately be regarded
as infinite. The optical carrier and other undesired sidebands, except
for the undesired sixth-order sideband, are completely suppressed. The
power of the second-order sideband is —16 dBm, which is significantly
higher than that of the sixth-order sideband, and its OSSR is 42.07 dB,
as shown in Fig. 5(a). The desired frequency quadrupling 60 GHz
mm-wave signal and spurious 120 GHz mm-wave signal are generated
simultaneously because of the existence of the undesired sixth-order
sideband. Nonetheless, the power of the 60 GHz mm-wave signal is
higher than that of the 120 GHz mm-wave signal, and its RFSSR
is 36dB, as shown in Fig. 5(b). Figs. 5(a) and (b) show that the
simulation results for the MZM with an infinite extinction ratio are
consistent with the theoretical analysis in Section 2 (Egs. (8) and (11)).

Figure 6 shows the simulated optical and RF spectra for the MZM
with an extinction ratio of 25 dB. The power of the second-order optical
sideband is maximal, and the OSSR exceeds 39 dB. The power of the
60 GHz mm-wave signal is evidently higher than that of other spurious
RF components, and its RFSSR is higher than 35dB, as shown in
Fig. 6(b).

Figure 6 shows that the high-quality quadrupling frequency optical
mm-wave signal can be generated without an optical filter for the MZM
with an imperfect extinction ratio.
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Figure 6. The simulated 60 GHz mm-wave signal generation with
15 GHz RF driven signal for B-T-B, when the extinction ratio is 25 dB.
(a) Optical spectrum. (b) RF spectrum.

3.2. Effect of Nonideal RF-driven Voltage and Phase
Difference on OSSR and RFSSR for B-T-B

The above theoretical analysis and numerical simulation are based on
the assumption that system parameters such as RF driving voltage
and phase difference are ideal. Initially, the OSSR can be infinite, but
in real systems, non-ideal factors contribute to a finite value: (1) the
phase shift may deviate from 180° between the two RF-driven signals
applied to MZMs; and (2) the RF-driven voltage may deviate from
its desired value. These conditions will result in the degradation of
the generated optical mm-wave signal. Therefore, investigating the
influence of these non-ideal factors is important. Properly adjusting
the related parameters for high-quality mm-wave signal generation is
useful. Except for RF-driven voltage and the phase difference between
RF-driven signals applied to MZM-a and MZM-b, other parameters
are identical to those given in Section 3.1.

Figure 7 shows the effect of phase shift deviation on OSSR. The
highest OSSR can be obtained for a phase difference near the ideal
value. The value then degrades slowly with the increment of deviation
value. An OSSR higher than 22 dB can be obtained if the deviation is
within 10°. Compared with OSSR, RFSSR is not influenced by a phase
shift deviation with a value of approximately 35.8 dB. This is because
the phase shift deviation does not affect the optical carrier suppression
ratio. Therefore, the mm-wave at 60 GHz is mainly due to the beating
of optical harmonics at +2wgrpr so that constructive and destructive
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Figure 7. OSSR and RFSSR versus phase shift deviation at an
extinction ratio of 25 dB.
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interaction hardly occurs so the RFSSR values are not influenced.
The impact of the non-ideal drive voltage of RF-driven signal on
OSSR and RFSSR is shown in Fig. 8. OSSR higher than 30dB and
RFSSR higher than 25dB can be obtained if the deviation is less than
10%. In comparison, RFSSR. is more susceptible to nonideal RF driven
voltage. This is because the RF driving voltage deviation decreases the
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optical carrier suppression ratio. Therefore, the mm-wave at 60 GHz is
due to the beating of optical harmonics at +2wgrpr and beating of sixth-
order optical harmonics with the optical carrier so that constructive
and destructive interaction will occurs, and the desired mm-wave will
suffer from the power fading induced by fiber dispersion.

The quadrupling mm-wave generation scheme is almost unaffected
by the deviation of RF-driven voltage, and the non-ideal phase
difference has a minimal influence on system performance. The OSSR
and RFSSR can respectively be higher than 39 and 35dB when the
extinction ratio is 25 dB. The results are better than those in available
reports.

3.3. Transmission Performance of the (Generated
Quadrupling-frequency Optical mm-wave Signal over Fiber

To further investigate the quality of the generated quadrupling
frequency optical mm-wave signal over fiber, we set up an RoF
system through simulation, as shown in Fig. 9. Identical parameters
are utilized for the identical components in Fig. 1. The simulating
spectra at different locations are shown in Fig. 10. After the
proposed quadrupling frequency mm-wave generation scheme, two
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EBFF

Figure 9. Block diagram of the RoF link based on the proposed
quadrupling-frequency optical mm-wave generation approach. (SMEF:
single-mode fiber; BPF, bandpass filter; LPF, lowpass filter; BERT:
bit error rate tester).
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optical sidebands of second-order optical harmonics related to the
optical carrier are generated and maximized and the frequency spacing
between the two sidebands is 60 GHz, as shown in Fig. 10(a). The two
second-order sidebands are then intensity modulated with a 2.5 Gbps
baseband signal by another MZM (MZM-c) with an extinction of 30 dB,
as shown in Fig. 10(b). A single-mode fiber (SMF) with a dispersion
of D =16.7ps/(nm km) and attenuation of & = 0.23dB/km is used in
the system, and an erbium-doped fiber amplifier (EDFA) is employed
to compensate for both the insertion loss of MZM and fiber loss. At
the base station, a PD detects the quadrupling-frequency optical mm-
wave, and an electrical first-order Gaussian bandpass filter centered
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Figure 10. Simulating spectra at different locations corresponding to
(a), (b), and (c) located in Figure 9.
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at 60 GHz filters out the RF harmonics. To demodulate the baseband
signal from the generated 60 GHz mm-wave signal, a 60 GHz RF local
oscillator, a mixer, and an electrical first-order Gaussian lowpass filter
are utilized. The performance of the system was characterized by
referring to the @-factor and eye pattern.

Figure 11 shows down-converted 2.5 Gbps eye patterns of the
60 GHz mm-wave generated obtained by using the proposed approach
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Figure 11. Simulated eye diagrams of the baseband signals using the

proposed OCS quadrupling-frequency at the transmission distance of
(a) 20, (b) 40, (c) 60, and (d) 70 km.

after different transmission distances. When the transmission distance
is 60km, the Q-factor is approximately 7 without optical filter, as
shown in Fig. 11(c). This is because of the high OSSR of the proposed



Progress In Electromagnetics Research, Vol. 134, 2013 205

scheme. After transmission over 60km, the Q-factor degraded and
reached a value of approximately 4 when the transmission length is
70km, as shown in Fig. 11(d). The physical cause is the effect of walk-
off that induces fiber dispersion [37]. Fig. 11 shows that the outline of
the eye patterns changes slightly after different transmission distances.
Thus, the generated mm-wave signal is satisfactory.

4. CONCLUSION

We have proposed a new approach for the generation of the OCS
quadrupling-frequency optical mm-wave by using two dual-electrode
MZMs and have investigated its transmission performance along a
single-mode fiber. By using this approach, the desired second-order
optical sidebands are maximized, whereas the other optical sidebands
are greatly suppressed, so that high frequency up-conversion efficiency
is achieved with less nonlinear distortion impact. The simulation
results show that a 60 GHz millimeter-wave can be generated from
a 15GHz RF oscillator with an OSSR as high as 40dB and an
RFSSR exceeding 35dB without any optical or electrical filter when
the extinction ratio of the MZM is 25dB. The influence of non-ideal
RF driving voltage and phase difference on OSSR and RFSSR is
investigated through a simulation. Results show that although the
parameters deviate from the ideal values to a certain degree, the
performance remains good, and our scheme is practical for wave-
division-multiplexing RoF systems.
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