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Filterless 16-Tupled Optical Millimeter-Wave Generation
Using Cascaded Parallel Mach-Zehnder Modulators

with Extinction Ratio Tolerance

Aasif B. Dar1, *, Faroze Ahmad1, and Rakesh K. Jha2

Abstract—A 16-tupling frequency system for millimeter-wave generation using cascaded arrangement
of parallel Mach-Zehnder modulators is presented in this paper. Parallel non-ideal Mach-Zehnder
modulators are used to realize a Mach-Zehnder modulator (MZM) with an ideal splitting ratio of
0.5. Hence, parallel MZMs work as a modulator with ultra-high extinction ratio. A 5GHz radio
frequency signal is 16-tupled to 80 GHz with optical sideband suppression ratio of 64 dB and radio
frequency spurious sideband suppression ratio of 31 dB. The system has radio frequency spurious
sideband suppression ratio ≥ 10 dB for modulation range of 2.79 to 2.86. Further, optical sideband
suppression and radio frequency spurious sideband suppression ratios are independent of extinction
ratio of MZMs.

1. INTRODUCTION

From the past decade, there has been accelerated penetration of wireless devices in the forms of
smartphones, tablets, and laptops. Further, a large number of innovative applications run on these
devices and require wireless data connection. To cater the emerging wireless bandwidth demands, it
has been emphasized to transfer from existing microwave bands to millimeter-wave bands for next
generation telecommunication [1]. However, generation and distribution of such high frequency signals
using conventional techniques are cumbersome. Radio-over-fiber (RoF) technology provides an amalgam
of high-bandwidth optical communication and adaptability with wireless communication [2]. Generation
of high-quality mm-wave frequency signal and optimal design of transmission system of such signal along
with data has been of great interest to researchers.

Various optical millimeter-wave (mm-wave) generation techniques have been proposed such as —
Stimulated Brillouin scattering (SBS) [3], Four-Wave Mixing (FWM) [4, 5], Optical heterodyne [6–
8], direct [9] and external modulation. Using SBS approach, the generation of frequency is limited
to multiples of Brillouin frequency [10]. Stimulated Brillouin scattering is also known for the cause
of performance degradation due to back-scattering of signal power. The frequency generation using
FWM in nonlinear systems such as semiconductor optical amplifier (SOA) or highly non-linear fiber
(HNLF) lacks operation stability. Optical heterodyne employing beating of two independent laser
outputs using photo-detector provide simple system configuration. However, it results in poor phase
noise characteristics due to mismatch of phases in two independent lasers. Direct modulation can be
used for only low-frequency generation due to chirp and nonlinear effects [11]. Among the mentioned
techniques, mm-wave generation by external modulation using MZMs offers higher reliability, frequency
multiplication factor (FMF), and operation tunability.
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FMFs of four [11, 12], six [13], and eight [14] have been proposed, but lower FMF requires a high
frequency RF oscillator to generate higher frequency mm-wave signal. Systems with higher FMFs of
12, 16, 18 have been proposed at modulation index (MI) greater than five, which increases system
sensitivity [15–17]. Filterless 16-tupling mm-wave generation has been proposed using cascaded MZMs
with assumption of the extinction ratio of 100 dB, which is not realizable [18]. Several mm-wave
frequency generation schemes employing filters have also been proposed. However, the use of optical
filters increases the complexity of a system.

The remainder of the paper is arranged as follows. Section 2 presents the operation principle for
16 frequency tupling using parallel MZMs. Section 3 provides results along with discussion. Conclusion
is provided in Section 4.

2. PRINCIPLE

In this section, realization of an ideal splitting ratio MZM using parallel non-ideal MZMs is discussed
first. Later, application of this ideal splitting ratio MZM in generation of 16-tupled mm-wave is
presented.

2.1. Realization of Ideal Splitting Ratio MZM

The schematic diagram for realization of ideal splitting ratio MZM using dual-parallel MZMs shown in
Figure 1(b).

The output of MZM can be written as [19];

EoMZM (t) = αEi (t)
[
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where α is the attenuation factor due to insertion loss; γ =

(
1− 1√

εr

)
2 (where εr = 10(Extinction Ratio)/10)

is the power splitting ratio of two arms; and Vπ is the half wave voltage of MZM. For an ideal MZM
γ = 0.5, which corresponds to infinite extinction ratio. Consider that the light signal E0e

jωct emitted
from the laser diode (LD) is fed to MZM with splitting ratio of ‘γ’ as shown in Figure 1(a). Let
(1 − γ) = β, and for MZM operating at maximum transmission point vbias1 = vbias2 = 0. Eq. (1) can
be reduced as

EoMZM (t) = αEi (t)
[
γejm sin(ωmt+π) + βejm sin(ωmt)

]
(2)
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Figure 1. (a) Practical MZM with arbitrary any splitting ratio (γ). (b) Schematic diagram for
realization of MZM with splitting ratio (γ) ≈ 0.5.
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where m = πvm
vπ

is the Modulation Index. Jacobi-Anger expansions are written as

ejm sinΘ =
∞∑

n=−∞
Jn (m) ejnΘ; ejm cos Θ =

∞∑
n=−∞

jnJn (m) ejnΘ (3)

Therefore, using Jacobi-Anger expansions Eq. (2) can be simplified as

EoMZM (t) = αEi (t)
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EoMZM (t) = αE0e
jωct

∞∑
n=−∞

Jn (m) ejnωmt[(−1)nγ + β] (5)

Eq. (5) suggests the presence of all harmonics. However, the power of odd harmonics is less because
of (β-γ) factor. Further, as the order of Bessel function increases the strength of the term decreases,
because Jn(m) is the decreasing function with respect to n and m. However, if the MZM is ideal, i.e.,
γ = β = 0.5, Eq. (5) can be simplified as;

EoMZM (t) ∝ E0e
jωct

∞∑
n=−∞

J2n (m) ej2nωmt (6)

Eq. (6) suggests the presence of even harmonics, which is an ideal case for MZM at maximum
transmission point (MTP).

Similarly, the output of system shown in Figure 1(b) can be given as
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For MZM-a; v1a(t) = vm sin(ωmt) and v2a(t) = vm sin(ωmt+π) and for MZM-b; v1b(t) = vm sin(ωmt+π)
and v2b(t) = vm sin(ωmt). Vbias = 0V for all MZMs. Hence Eq. (3) can be further solved to

Eo (t) ∝ Ei (t)
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Eq. (8) can be further simplified as

Eo (t) ∝ E0e
jωct

∞∑
n=−∞

J2n (m) ej2n(ωmt) (9)

Eq. (9) suggests the presence of only even order side bands, as that of an ideal MZM at MTP.

2.2. Frequency 16-Tupling

The schematic diagram for a 16-tupling system using the ideal MZM realized in Section 2.1 is shown in
Figure 2.

The output after th efirst MZM is given by Eq. (9), which acts as an input to next MZM. The
outputs of the 2nd and 3rd MZMs act as the inputs to the 3rd and 4th MZMs, respectively. Therefore,
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Figure 2. Schematic diagram 16-tupling mm-wave generation system. OA; optical amplifier, PD;
photodiode.

output after the cascaded arrangement of modulators can be given as

Eo (t) ∝ E0e
jωct
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Upon expansion of each summation term, Eq. (10) can be written as

Eo (t) ∝ E0e
jωct {[J0 (m) + 2J2 (m) cos (2ωmt) + 2J4 (m) cos (4ωmt) + 2J6 (m) cos (6ωmt) + . . .]

× [J0 (m) − 2J2 (m) sin (2ωmt) − 2J4 (m) cos (4ωmt) + 2J6 (m) sin (6ωmt) − . . .]
× [J0 (m) − 2J2 (m) cos (2ωmt) + 2J4 (m) cos (4ωmt) − 2J6 (m) cos (6ωmt) + . . .]
× [J0 (m) + 2J2 (m) sin (2ωmt) − 2J4 (m) cos (4ωmt) − 2J6 (m) sin (6ωmt) + . . .]} (11)

Neglecting higher order terms in each of the expansions as Jn(m) is decreasing function with respect to
‘n’ and ‘m’, Eq. (11) can be reduced as

Eo (t) ∝ E0e
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and F = 2J2
6 (m). Eq. (12) reflects the presence of ωc and (ωc±8nωm)

frequency components in the output of cascaded arrangements of MZMs. Figure 3(a) shows the plot of
coefficients of ωc and (ωc + 8nωm) frequency components in Eq. (12) with respect to modulation index
‘m’. The values of coefficients for the 16th and 24th harmonic frequencies are zero for the modulation
index range of 0 to 5. So only ωc and (ωc + 8ωm) frequency components will be under consideration for
the further discussion.

3. RESULTS AND DISCUSSION

Figure 3(b) shows the variation of calculated band power ratio (P0/P8) with modulation index, using
Eq. (12). In the figure, around modulation index of 1.6, 1.9, and 2.8, (P0

P8
) is minimum, reflecting that

the cascaded arrangement of parallel MZMs works as a frequency 16-tupling system. However, around
modulation index of 1.6 and 1.9, P8 is low, and (P8

P0
) is more sensitive to biasing variations as suggested

by Figure 3. Therefore, biasing is adjusted such that modulation index is around 2.8. Analytical
calculations show that at m = 2.828, (P8

P0
) ≈ 63 dB.
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(a) (b)

Figure 3. (a) Variation of frequency coefficients with modulation Index. (b) Variation of band power
ratio with modulation Index.
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Figure 4. (a) Optical spectrum and (b) RF spectrum, at m = 2.8274.

However, system shows (P8
P0

) ≈ 64 dB at the m = 2.8274. This small deviation from the mathematical
calculation can be explained as Eq. (12) is resultant from multiplication of truncated expansions, hence
is an approximate relation. Figure 4 shows the optical spectrum and radio frequency spectrum after
the detection of system at the modulation index of 2.8274.

Figure 5(a) shows the variations of OSSR and RFSSR with modulation index. The system provides
OSSR ≥ 10 dB in the modulation index range of 2.75–2.90. The system provides the peak OSSR and
RFSSR of 64 dB and 31 dB, respectively, at the modulation index of 2.8274. Figure 5(b) shows the
variation of OSSR and RFSSR with extinction ratio of parallel MZMs. As long as extinction ratio of
parallel MZMs is same, the output of system is not affected.

In the proposed system setup there are three ‘π/4’ phase shifter and four ideal MZMs. Further,
an ideal MZM was realized using parallel MZMs and three ‘π’ phase shifters. To evaluate the effect of
phase offset on system performance, variation of OSSR with phase offset in phase shifters is analyzed.
Figure 6 shows the variation of OSSR with phase offset in ‘π’ phase shifters and ‘π/4’ phase shifter.
It can be noted that for ±10◦ phase offset in ‘π’ phase shifters, OSSR is well above 20 dB reflecting
that the system is tolerant to phase variation as far as ‘π’ phase shifters are considered. The system
is relatively sensitive to phase offset in ‘π/4’ phase shifter. However, the performance is acceptable for
±5◦ phase offset.
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(a) (b)

Figure 5. (a) Variation of OSSR and RFSSR with Modulation index ‘m’. (b) Variation of OSSR and
RFSSR with extinction ratio of parallel MZMs.
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Figure 6. Variation of OSSR with phase offset in phase shifters.

4. CONCLUSION

A novel 16-tupled mm-wave generation system operating at lower modulation index for MZMs is
presented in this paper. MZM with splitting ratio of 0.5 is realized with two parallel non-ideal MZMs.
The demonstration of generation of 80 GHz signal from 5GHz RF source is done. However, the system
architecture is general, and hence the generation of any required mm-wave can be achieved by controlling
the frequency RF source. For example, 60 GHz can be generated using 3.75 GHz RF source. Using
proper biasing adjustments, a high-quality mm-wave can be generated. The OSSR and RFSSR are
constant with variation of extinction ratio of MZMs.
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