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IIpennoskeH mpocTOil reHEPATOP ONTHUUYECKOH YAaCTOTHOM Ipe0eHKM Ha OCHOBE HOBOM
cxeMbl MogyaaTopa Maxa—Ilenznepa, comepskaieii 1x4 MHOTOMOZOBBII MHTEP(HEPEHITNOH-
HBII Pa3BETBUTEJIb U YeThIPEe BOJTHOBOAHBIX (hasoBhIX MoayasaTopa. IlonyueHa 25-TonoBas
reHepanusa ¢ aMILIUTYAHBIMU OTKJOHeHusMHU B mpezenax 0,2 1B u cremeHbio momasJe-
HUS HeskejaTeabHbIX Mon B 27 nb. IlpeasiosKeHHBIH MOAXO0J MOXKET IIO3BOJUTL CO31aTh
HOBOE TIOKOJIEHUE TeHEepaTOPOB ONTUYECKUX TIPebeHOK, 00eCIeunBAaIOINX IIJIaHAPHOE
UCIOJHEHUE.

AN OPTICAL FREQUENCY COMB GENERATION SCHEME USING
A NOVEL MACH-ZEHNDER MODULATOR WITH FOUR ARMS
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We propose a simple and cost-effective ultra-flat optical frequency comb generator
based on a novel Mach-Zehnder modulator which employs a 1x4 multimode interference
coupler and four optical phase-modulator waveguides. 25-tone optical frequency comb
with flatness within 0.2 dB and unwanted-mode suppression ratio of 27 dB is obtained.
This approach may provide a new generation of combs that enable planar integration and
may permit a direct link from the radio frequency to optical domain on a chip.
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1. Introduction

Optical frequency comb (OFC) with equal fre-
quency spacing, equal spectral intensity, and a
great many of comb lines has received more and
more attention, as it has many applications in
optical communications such as arbitrary wave-
form generation, short optical pulse generation,
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dense wavelength division multiplexing and op-
tical orthogonal frequency division multiplexing
[1-5]. Many schemes have been proposed to gen-
erate flat and stable optical frequency comb, such
as mode-locked lasers and externally modulating
a single laser source with microwave signals.
Nevertheless, the generated optical frequency
comb based on mode locked lasers is usually not
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flat, and the frequency spacing between the lines
is defined by the repetition rate of the laser [6].
OFC generation by externally modulating a single
laser source with microwave signals is proved to
be very economical. This method has many advan-
tages including a simple configuration, adjustable
wavelength, and precise comb spacing. The exter-
nal modulator driven by a radio-frequency (RF)
signal generates a series of sidebands which can
be regarded as an OFC. To generate more comb
lines, more modulators were used in the OFC gen-
erator. There are several methods that have been
reported using Mach-Zehnder modulators (MZMs)
and phase modulators [7—10]. In Ref. [7], as many
as 9 lines within 2 dB power variation were ob-
tained by two cascaded intensity modulators.
Driven by tailored RF waveforms, the cascaded
modulators could generate 38 tones within 1 dB
spectral variation. But four modulators must be
employed, and the applied RF signals must be
tailored specially to generate a quadratic tempo-
ral phase [8]. With cascaded IM and PM, 15 lines
within 1 dB power variation or 17 lines within
3 dB power variation were reported in Ref. [9].
In this scheme, the number of the comb lines is
in direct proportion to the phase modulation in-
dex. A scheme using one intensity modulator
and two phase modulators directly by sinusoidal
waveform to generate an optical frequency comb
was reported in Ref. [10], where 29 comb lines
with spectral power variation less than 1.5 dB at
10 GHz were obtained. The number of modulators,
however, must be increased to three, increasing
also the cost. Recently 25 comb lines within 1 dB
power variation were obtained by cascaded inten-
sity modulator in Ref. [11].

RF1 (O

MMI1

In this paper, we propose a scheme using
a novel MZM with four arms which employs a 1x4
multimode interference (MMI) coupler and four
optical phase-modulator waveguides. Theoretical
analysis and simulation results suggest that by
adjusting the bias voltages and the power of the
microwave signal of the MMI, we can achieve an
OFC having 5 comb lines with the spectral flat-
ness of 0.1 dB. When cascaded with another MMI,
as many as 25 com lines with the spectral power
variation less than 0.2 dB were obtained.

2. Analytical model

Multimode interference couplers have been
intensively studied as splitting/recombining ele-
ments in integrated optics since they were firstly
reported by Ulrich et al. [12]. Multimode inter-
ference couplers are employed as optical power
splitters for dual-arm MZMs to generated op-
tical SSB signal in ROF links. Furthermore,
1xN MMI couplers have prospects for MZMs with
more than two arms, since MMI couplers do not
need to be cascaded in large numbers to achieve
large output port counts. In this paper, we pro-
pose a simple and cost-effective ultra-flat OFC
generator based on a novel MZM which employs
a 1x4 MMI coupler and four optical phase-mod-
ulator waveguides. The scheme of the 1x4 MMI
coupler is shown in Fig. 1. It consists of an in-
put mono-mode waveguide, a wide multimode
section where the interference of modes occurs,
and four output mono-mode waveguides which
are denoted by i = 1, 2, 3, 4. The basic prin-
ciple of MMI couplers is the self-imaging effect.
The 1x4 MMI coupler splits the input light wave

RF2 ()

MMI2

Fig. 1. Schematic diagram of the proposed optical frequency comb generator based on a novel MZM which
employs a 1x4 MMI coupler and four optical phase-modulator waveguides. LD: laser diode. MMI: multimode
interference, RF: radio frequency, DC: dc power supply, OSA: optical spectrum analyzer.
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into four paths with equal intensities and dif-
ferent phases. The relative phases of the four
optical paths are {0, /2, w/2, 0} respectively.
The 1x4 MMI coupler can be described by the fol-
lowing equation:

exp(jo)
Eoutl (t) T
Egua @) 1|%P%
== E;, (t). 6))
Eout3 (t) 2 LT
exp|j—
Eout4 (t) 2
exp(jo)

Assume that the optical field of the conti-
nuous-wave (CW) laser is defined as E; () =
= Ecos(ot), where E, denotes the amplitude of
the optical field, and o is the angular frequen-
cy of the optical carrier. The light wave from a
CW laser is split into four beams with equal in-
tensities and different phases by the 1x4 MMI.
The first branch and the fourth branch of the
MMI cooperate to act as an intensity modulator.
The MZM is driven by the electrical driving sig-
nal RF1 Vipsin(o,t), where Vip; and o; are the
amplitude and the angular frequency of the input
electrical signal, respectively. A DC voltage 2V
is applied to the two arms of the MMI. There-
fore the optical field at the output of the MZM
is given by

VDCl + VRFl sin(u)lt)
VTC

1 .
E ()= EEin (t)exp|jn

Vet + Vi sin(ont)|
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where J, (") denotes the n'" order Bessel function
of the first kind, m = (aVyp)/V, is the RF
modulation index, and ¢; = (nVp;)/V, is the phase
shift caused by the DC voltage. We can get the
expressions for the carriers,

E . .
Eo, Mmzm = ?OJO (m)(exp(jo1 )+ exp(—jgq ))cos(w;t),

E, . .
E.y mzm = i7OJ1 (m)(exp(j@1)—exp(—jor))x
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If we let |[E.; yzul = |EL s, mzml We can get
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We can see that for any m, there exists always
a proper ¢ that makes equation (4) true. Two DC
voltages Vg and Vg are applied to the second
and the third branches of the MMI respective-
ly. The optical outputs of the two branches are
1/2E exp(jopy)cos(ot) and 1/2E exp(jps)cos(wi),
where ¢, = nVpoy/V, and @3 = nVpos/V,. So the
zero carrier of the output can be expressed as

E, . .
Eo, mzm = 70J0 (m)(exp(j@q)+exp(—jgq))x

exp(jpg )cos(mt)+  (5)

xcos((ot)—k%EO exp[jg
+ ; E, exp[ 3 ]exp(](p3 )eos(ot).

As can be seen from Eq. (5), by adjusting Vpey
and Vpeg, we can also realize |Eg vzl =E.q yzul =
= |E.5, yzul- For example, Eq. (4) and Eq. (5) are
true when m = 0.3n, ¢; = 0.07x, ¢, = 0.055m,

= 0.945n. So, theoretically, an OFC with 5
exactly equal tones can be generated with the
1x4 MMI. In addition, according to the numerical
values of Bessel functions of the first kind, when
0 < m < 0.851, we can get 10lg(J3(m)/J4(m)) > 30.
That means that when 0 < m < 0.851, I_; will be
30 dB higher than I, ; and the other higher order
sidebands.

When cascading with another 1x4 MMI which
is with the same settings as the first MMI, the op-
tical signal generated by the first MMI is sent to
the second MMI. The angular frequency of RF2 is
5 times of that of RF1. Based on the same prin-
ciple as described above, each spectral line can
generate another 5 spectral lines by IM2. So we
can get an optical frequency comb with 25-lines
frequency comb.

3. Simulation results and discussions
Computer simulations with Virtual Photon-
ics Inc. software package have been performed to

study the performance of our proposed OFC gene-
ration technique. A CW laser with the linewidth
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Fig. 2. Simulated output spectrum (a) 5-line fre-
quency comb with a spacing of 8 GHz, (b) 25-line
frequency comb with a spacing of 8 GHz.

of 10 MHz at the frequency of 193.1 THz is sent
to the cascaded intensity modulators. The power
of CW laser is 1 mW, the azimuth angle and the
initial phase are equal to zero. The intensity mod-
ulators are with the same half-voltage of 3.5 V
and the same extinction ratio of 30 dB. The fre-
quency of RF1 we use is equal to 8 GHz. Based
on the theoretical analysis, we set m = 0.3n,
¢; = 0.07, gy = 0.0557, @3 = 0.9451. An OFC with
5 tones is generated at the output of MMI1 and is
shown in Fig. 2a. The spectral flatness and out-
band-suppression ratio are 0.1 and 28 dB respec-
tively. When cascaded with MMI2, the frequency
of RF2 we use is 40 GHz resulting in 25 comb
lines with flatness of 0.2 dB and frequency spac-
ing 8 GHz (Fig. 2b). The out-band-suppression ra-
tio is 27 dB.

This method for OFC generation is simple and
adjustable, and the frequency spacing is deter-
mined by the frequency of the RF signal. As an
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Fig. 3. Simulated output spectrum (a) 5-line fre-
quency comb with a spacing of 5 GHz, (b) 25-line
frequency comb with a spacing of 5 GHz.

example, Figs. 3a and 3b show the 5 and 25 lines
comb respectively, with frequency spacing equal
to 5 GHz.

4. Conclusion

A simple and cost-effective ultra-flat OFC gen-
erator was proposed and investigated, based on
a novel MZM which employs a 1x4 MMI coupler
and four optical phase-modulator waveguides.
25-tone OFC with flatness within 0.2 dB and
unwanted-mode suppression ratio of 27 dB is ob-
tained. This approach provides a new generation
of combs that enable planar integration and per-
mits a direct link from the RF to optical domain
on a chip.
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