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Abstract—Generation of optical millimeter-wave (mm-wave)
signal using a Mach-Zehnder modulator (MZM) based on
double-sideband (DSB), single-sideband (SSB), and double-side-
band with carrier suppression (DSBCS) modulation schemes have
been demonstrated for various applications, such as broadband
wireless signals or optical up-conversion for wavelength-di-
vision-multiplexing (WDM) radio-over-fiber (RoF) network,
wideband surveillance, spread spectrum, and software-defined
radio. Among these schemes, DSBCS modulation offers the best
receiver sensitivity, lowest spectral occupancy, the least stringent
requirement of electrical bandwidth, and the smallest receiving
power penalty after long transmission distance. Nonetheless, the
inherent nonlinear E/O (electrical/optical) conversion response
of a MZM is such that the signal quality of the optical mm-wave
suffers. Fabrication tolerances make a balanced 50/50 splitting
ratio of the MZM’s y-splitter particularly difficult to achieve.
As a result, imbalanced MZMs have a finite extinction ratio
(ER) and degrade the optical carrier suppression ratio (OCSR)
using DSBCS modulation. In this paper, the effect of the MZM
nonlinearity and imbalanced y-splitter on optical mm-wave gen-
eration by DSBCS modulation is theoretically and experimentally
investigated. A novel approach with better performance and
greater cost-effectiveness than dual-electrode MZM (DD-MZM)
is presented to realize a DSBCS modulation scheme based on a
single-electrode MZM (SD-MZM).

Index Terms—Microwave photonics, millimeter-wave (mm-
wave) generation, Mach-Zehnder modulator (MZM), MZM
imbalance, MZM nonlinearity, radio-over-fiber (RoF).

I. INTRODUCTION

HE pervasiveness of handheld devices has lead to rapid
T growth in the demand on broadband wireless commu-
nication. However, insufficient bandwidth and serious propa-
gation loss make traditional coaxial cable unsuitable for the
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transmission of wireless signals in the microwave/millimeter-
wave (mm-wave) range. Therefore, the radio-over-fiber (RoF)
system, which distributes radio-frequency (RF) signals from a
central station (CS) to base stations (BS) over an optical fiber,
is a promising approach because of its almost unlimited band-
width and very low propagation loss [1]-[3].

RoF technology allows the concentration of RF signal
processing and shared mm-wave components at a CS and
makes BS simpler and more cost-effective. The generation and
transmission of optical microwave or mm-wave signals are
crucial to RoF systems. Optical RF signal generation or optical
up-conversion using an external Mach—Zehnder modulator
(MZM) based on double-sideband (DSB), single-sideband
(SSB), and double-sideband with carrier suppression (DSBCS)
modulation schemes have been demonstrated [3]-[7]. The DSB
modulation signal undergoes performance fading problems
because of fiber dispersion, which causes periodic degradation
of the receiver sensitivity varying with the transmission length
of standard single mode fiber (SSMF). The SSB modulation,
which is generated by applying a 7 /2 phase difference between
the two RF electrodes of the dual-electrode MZM (DD-MZM)
biased at the quadrature point, is developed to overcome the
performance fading. However, since the optical RF signals are
weakly modulated because of the narrow linear region of MZM,
those that undergo DSB and SSB modulations have inferior
sensitivities because the optical modulation depth (OMD)
is limited [4]. Recently, the DSBCS modulation has been
demonstrated in the mm-wave range to have the best receiver
sensitivity and overcome periodic performance fading due to
fiber dispersion. Besides, since optical carrier is suppressed,
a frequency doubling technique can be achieved to reduce the
bandwidth requirement of optical RF transmitter [5].

However, independent of the modulation scheme employed,
MZM modulation is associated with an inherently nonlinear
E/O conversion response. Hence, the MZM nonlinear distortion
negatively affects the performance of the mm-wave signal.
Besides, fabrication tolerances make a balanced 50/50 splitting
ratio of the MZM’s Y-splitter particularly difficult to achieve.
Therefore, imbalanced MZMs have a finite extinction ratio
(ER) and the mm-wave signals based on DSBCS modulation
have finite optical carrier suppression ratio (OCSR), degrading
the quality of mm-wave signals. Although numerous studies of
the nonlinear distortion of mm-wave signals generated using
the DSB and SSB modulation approaches have been recently
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Fig. 1. The principle diagram of the optical mm-wave generation using bal-
anced MZM based on DSBCS modulation.

conducted [8]-[11], to the author’s best knowledge, no infor-
mation is available on the combined effects of MZM nonlinear
distortion and imbalance on mm-wave generation or optical
up-conversion by the DSBCS modulation scheme. This investi-
gation theoretically and experimentally analyzes the impacts of
both MZM nonlinearity and imbalance on the mm-wave signal
performance. Optimal conditions for optical mm-wave genera-
tion using imbalanced MZM based on DSBCS modulation are
discussed. In conventional DSBCS modulation scheme, a full
swing (2V, typically 10-14 V) electrical RF driving signal is
necessary to ensure high OCSR. The limited driving capability
of the electrical amplifier requires a push-pull DD-MZM to be
used to weaken the demanding driving voltage requirement.
This limitation increases the system complexity and cost be-
cause extra and more expensive components are needed. This
work presents a novel method that uses a single-electrode MZM
(SD-MZM) to generate the mm-wave signal with performance
improvement based on DSBCS modulation scheme. Both theo-
retical and experimental results show that the proposed system
is compact, cost-effective, and performs better.

II. THEORETICAL ANALYSIS OF MILLIMETER-WAVE
GENERATION BY DSBCS MODULATION

A. Generation of mm-Wave Signal Using Balanced MZM

Fig. 1 displays the principle of the optical mm-wave gener-
ation by the DSBCS modulation scheme. The power splitting
ratio of two arms of a balanced MZM is 0.5. The electrical field
at the output of the MZM is given by

Eout(t) = E, cos [@} cos(w.t) (D

where E and w. denote the amplitude and angular frequency of
the input optical carrier, respectively, V (¢) is the applied driving
voltage, and ®[V(¢)] is the optical carrier phase difference that
is induced by V (¢) between the two arms of the MZM. The loss
of MZM is neglected. V() consisting of an electrical sinusoidal
signal and a dc biased voltage can be written as

V(f) = Vhias + Vi COS(wRFt) )

where Vj,i,5 1 the dc biased voltage, and V,,, and wry are the
amplitude and the angular frequency of the electrical driving
signal, respectively. The optical carrier phase difference in-
duced by V() is given by

Wi ias Vm
bias 4 *m cos(wrrt) 3)

V(] =7 | 5=+ 37
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Fig. 3. Illustration of the electrical spectrum of the mm-wave signal using bal-
anced MZM after square-law PD detection.

where V; is the half-wave voltage of the MZM. Therefore, the
output electrical field can be rewritten as

W ias Vm
Eous(t) = E, cos (g [ ‘b/ﬂ + ?W cos(wRFt)}> cos(wct)

= FE,{cosb - cos[mn cos(wrrt)]

—sinb - sin[m cos(wrrt)]} - cos(w.t) )

where b & (Visias/2Vy)m is a constant phase shift that is

induced by the dc biased voltage, and m ' (Vin/2Vz )7 is the
phase modulation index. Expanding (4) using Bessel functions,
as detailed in Appendix I, yields Fig. 2, which illustrates the
optical spectrum of the mm-wave signals obtained by DSBCS
modulation with the MZM biased at the null point. All of
the even-order optical sidebands are eliminated, so only the
odd-order optical sidebands remain in the spectrum. Square-law
photo-diode (PD) detection yields the corresponding electrical
spectrum of the generated mm-wave signals which are shown
in Fig. 3. No original driving signal wrp and the odd terms
of its harmonics distortions (3wgrr, SwRF, TWRF - - . .) exist. A
strong anticipated double-frequency signal (2wgry) and the odd
terms of the harmonic distortions (4wrr, 6wrF, 8wrF - - ) are
observed.

B. Generation of mm-Wave Signal Using Imbalanced MZM

Fig. 4 shows the MZM with an imbalanced power splitting
ratio of the Y-splitter. The electrical field at the output of the
MZM can be written as

Eout(t) = Re{ Eo[y/r1 - /12 - exp(jp1) + V1 =11
V1 =12 -exp(joz)] - exp(jwet)}  (5)
where 71 and ro are the power splitting ratios of the first and

second Y-splitters in MZM, respectively; ¢1andys are the op-
tical carrier phase shifts induced by the applied driving voltages
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Fig. 4. The principle diagram of the optical mm-wave generation using imbal-
anced MZM based on DSBCS modulation.

in the upper and lower arms of the MZM, respectively. The ER
of the imbalanced MZM can be expressed as

VTV VT T

R R e e

(6)

Notably, the MZM ER is infinite as 71 = ro = 0.5 0r r; =
1 — r9. If not, the MZM ER will have a finite value. Without

loss of generality, the assumption that /71 - \/ry < /1 — 7y -
/1 — ry, enables (6) to be rewritten as

Eout(t) = Re{/r1 - /12 - [exp(jip1)
+ exp(jpa)] - exp(jwet) + Eo[V1 =711 - V1 =72
— /11 \/T2] - exp(jipz) - exp(jwet)}. (M

Accordingly, the modulation of the MZM with imbalanced
power splitting ratios can be regarded as the sum of a bal-
anced MZM modulation plus a modulation by an extra phase
modulator (PM) modulation which are represented by the
first and second terms of (7), respectively. Evidently, for a
balanced MZM with r; = ro = 0.5 or r; = 1 — 72, no phase
modulation term exists. However, fabrication tolerances make
both conditions difficult to achieve. Thus, the inherent PM
modulation that is caused by the imbalanced splitting ratios
of the MZM cannot be avoided. Expanding (7), as detailed
in Appendix II, yields the optical spectrum of the mm-wave
signal using DSBCS modulation that is displayed in Fig. 5. A
comparison with Fig. 3 indicates that the main effects of the un-
desired PM modulation, caused by imbalanced MZMs, are the
generation of the superfluous optical carrier w. and even-order
sidebands (w. * 2wrF, w. £ 4wrF - - -). Additionally, the even-
and odd-order terms are mutually orthogonal. Fig. 6(a) and (b)
present back-to-back (BTB) and following fiber transmission
electrical spectra of the generated mm-wave signals. Notably,
only the even-order BTB mm-wave signals are observed as
shown in Fig. 6(a). However, after transmission over a disper-
sive fiber, the even- and odd-order terms are no longer mutually
orthogonal because of fiber dispersion. Therefore, following
square-law PD detection, the cross-terms generate the undesired
odd-order signals (3wgrr,5wrr, Twrr ---) and also produce
unwanted signals fall inside the target 2wgr mm-wave band.

C. Optical Carrier and Distortion Suppression Analysis

An RoF lightwave system primarily consists of transmitters,
a fiber link, and receivers. One of the key issues that govern
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Fig. 5. Illustration of the optical spectrum at the output of the imbalanced
MZM.
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Fig. 6. Illustration of the electrical spectrum of generated mm-wave signals
using imbalanced MZM after square-law PD detection. (a) BTB mm-wave sig-
nals. (b) Mm-wave signals after transmission over dispersion fiber.

the performance of the RoF system is the linearity of E/O con-
version especially for external MZM modulation. The inherent
nonlinearity of MZM makes the undesired optical sidebands of
the mm-wave signals (w. + zwrr,z # 1) employing DSBCS
modulation scheme unavoidable, as shown in Figs. 2 and 5.
These unwanted optical sidebands can degrade the performance
of the desired electrical mm-wave signals. For mm-wave signal
generation using balanced MZMs, the amplitudes of the optical
sidebands are only proportional to the Bessel functions of the
corresponding orders. However, for mm-wave signal genera-
tions using imbalanced MZMs, the amplitudes of optical side-
bands are related to not only the Bessel functions of the cor-
responding orders but also the weighting factors consisting of
E sy and Epy which are defined in Appendix II. As modulation
index MI = V,,_,,/2V,, V,_,, is the peak-to-peak voltage of the
MZM driving signal) for driving MZM increases from zero to
one, the zeroth-order Bessel function and the Bessel function of
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order of more than one will decrease and increase, respectively.
Fig. 7 plots E s\ and Epyy as a function of 1, with 75 set at 0.5.
As r1 moves away from the ideal condition, decreasing from
0.5 to zero, as expected, the pure amplitude modulation term
E sy declines and the phase modulation term E'py; increases.
The ER of MZM is determined by the combined effect of r;
and r5. Fig. 8 plots the ER versus 71, for a commercially avail-
able MZM, the typical value of ER is 25 dB, which corresponds
tor; = 0.44.

For the mm-wave signal produced by DSBCS modulation,
the two first-order sidebands are the desired optical signals, and
the suppression ratio of the other undesired distortion sideband
caused by the MZM nonlinearity and the imbalance is the key
parameter in the RoF system. The commercial software, VPI
WDM-TransmissionMaker 5.0, is used to simulate numerically
the suppression ratio. Fig. 9 shows the optical carrier and distor-
tion suppression ratio (OCDSR, Py ,.) as a function of MI for the
driving the MZM with an ER of 25 dB. The P, is defined as

P= 5 )

where P and P, are the optical powers of the first-order side-
band (w. + wgrr) and the zth-order sideband (w. + 2 - wrF, x #
1), respectively. Notably, Py is the OCSR. As MI falls from one
to zero, the distortion suppression ratios (P, z = 2,3,4,5) are
improved, but the OCSR (Pyo) decreases. When the MZM ER
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equals 25 dB and MI exceeds 0.79, the third-order optical side-
band (P;3) is key to determining the degradation of OCDSR.
However, for MI < 0.79, P1¢ is less than P13, and the OCSR,
rather than OCDSR, dominates the system performance. There-
fore, the optimal MI for maximum OCDSR (OMI-OCDSR) ex-
ists at the intersection of Py and P13 and is determined by the
MZM ER. Fig. 10 plots the OMI-OCDSR and the corresponding
maximum OCDSR versus the MZM ER. When the MZM ER is
less than 17 dB, Py is always less than Py3. Thus, the OCSR
controls the system performance and the OMI-OCDSR is one.
For a commercially available MZM with a typical ER of 25
dB, the OMI-OCDSR is about 0.79 and the corresponding max-
imum OCDSR is 23 dB.

D. Generated Electrical mm-Wave Signal Analysis

Fig. 6(b) presents the generated electrical spectra following
square-law PD detection. The desired electrical signal origi-
nates from the beating between two optical sidebands with a
frequency difference that is twice the frequency of the electrical
driving signal, and the beating of the two first-order optical side-
bands dominates the power intensity of the desired electrical
signal. Notably, Eap/Epy and m, which originate in MZM
imbalance and MI for driving MZM, respectively, determine the
power intensity of the desired and undesired electrical signal,
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as shown in Appendix II. For optical mm-wave signal genera-
tion or optical up-conversion for RoF links, since the undesired
electrical signals can be easily removed by an electrical filter,
the normalized power intensity of the desired electrical signal
(I2uny ) is the key parameter as the MZM ER and MI vary.

Fig. 11 plots the I5,,, versus MI and MZM ER after PD
detection. The power of the optical mm-wave signals before PD
detection is normalized to be 0 dBm. As Ml increases from zero
to one, the I, increases first and then declines. Notably, the
maximum Iy, decreases as the MZM ER decreases. Further-
more, the optimal MI for the maximum /s, (OMI-I5,, ) in-
creases as the MZM ER falls from 35 to 10 dB, as shown in
Fig. 12. For a commercial MZM with a typical ER of 25 dB, the
OMI-1Iyp 15 0.32 % 0.2 for a maximum I, with a tolerance
of 1 dB.

Since fiber chromatic dispersion induces different phase vari-
ations of the optical sidebands, Ia,,, varies with the trans-
mission length of the SSMF. Fig. 13(a) plots the power inten-
sity fluctuation of the electrical 40-GHz mm-wave signal that
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Fig. 13. (a) Power fluctuation of the 40-GHz mm-wave signal transmitted over
50-km SSMF. (b) Periodic fading power variation versus the MZM ER fol-
lowing 50-km transmission of SSMF.

is transmitted over 50-km SSMF. The MZM ER is 25 dB and
the power of the optical mm-wave signal is normalized to be
0 dBm before PD detection. The periodic fading power varia-
tion, which is associated with undesired optical sidebands, is
less than 0.5 dB. Fig. 13(b) plots the periodic fading power
variation versus the MZM ER following 50-km transmission of
SSMEF. As the MZM ER falls, the periodic fading power varia-
tion increases. When the MZM ER is 10 dB, the periodic fading
power variation reaches 3.3 dB and the receiver sensitivity of
the mm-wave signal is clearly degraded. When the MZM ER
exceeds 20 dB, the periodic fading power variation is less than
1 dB and is negligible.

E. Comparison of Different Optimal Mls

In summary, the MZM nonlinearity and imbalance were theo-
retically demonstrated to strongly influence the performance of
the optical mm-wave signals based on the DSBCS modulation
scheme. Table I presents the different optimal MIs for the max-
imum OCDSR and desired electrical signal I, for different
applications. The optimal MI that maximizes OCDSR can be
used to generate a tunable optical mm-wave signal for a wide-
band surveillance, spread spectrum or software-defined radio
[12], [13]. For those systems, the undesired electrical signal
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TABLE 1
COMPARISON OF DIFFERENT OPTIMAL MI FOR DRIVING MZ
Optimal MI Application Contribution
OCDSR Tunable optical mm-wave signal | 1.With MZM ER>25dB,
for wideband surveillance, spread OMI-OCDSR<0.79 and
spectrum, and software-defined OCDSR>23dB
radio. 2.Signal improvement
Frequency 1.BroadBand wireless mm-wave 1.With MZM ER>25dB,
doubling signal generation OMI"szF <0.32
Electrical 2.0Optical up-conversion 2.Signal improvement
Signals

cannot be filtered out after PD detection because the RF fre-
quency is not fixed. Therefore, OMI-OCDSR can be used to
achieve high undesired electrical distortion ratio. The optimal
MI for maximum I, can applied to optical broadband wire-
less mm-wave signal generation or optical up-conversion in RoF
access systems. In a conventional DSBCS modulation scheme,
the DD-MZM is adopted to yield full MI (MI = 1). According
to the simulation results, only SD-MZM is required to realize
DSBCS modulation, which provides a compact, cost-effective,
and better performance alternative.

III. OpTiCAL RF SIGNAL GENERATION
USING DSBCS MODULATION

A. Experimental Setup

Fig. 14 shows the experimental setup used for optical RF
signal generation and transmission based on DSBCS modu-
lation scheme. The continuous wave (CW) laser is generated
by a distributed feedback laser, and the emission wavelength
is 1540 nm. The baseband signal is 622-Mb/s on-off-keying
(OOK) pseudo random bit sequence (PRBS) signal with a word
length of 23! — 1 and up-converted using a 5-GHz sinusoidal
signal, as shown in inset (i) of Fig. 14. The up-converted signal
is amplified to maximum V,_, of 7 V, which is limited by
the available commercial RF amplifier. To realize DSBCS
modulation, the MZM is biased at the minimum transmission
point and DD-MZM with V; of 5 V is utilized to yield full MI
(MI = 1). The frequency of the generated optical microwave
is 10 GHz. The insets (ii) and (iii) of Fig. 14 present the
optical microwave waveform and spectrum, respectively. The
generated optical signal is amplified using an erbium-doped
fiber amplifier (EDFA) and then filtered through a tunable
optical filter with a bandwidth of 0.4 nm. After it is transmitted
over SSMF, the optical microwave signal is converted into an
electrical microwave signal using a PD with a 3-dB bandwidth
of 38 GHz, and the converted electrical signal is amplified
by an electrical amplifier. The electrical microwave signal is
down-converted by a mixer with a 10-GHz sinusoidal signal
and then passes through a low-pass filter with a 3-dB bandwidth
of 622 MHz. The inset (iv) in Fig. 14 shows eye diagrams of
the down-converted signals. The down-converted signals are
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Fig. 14. Experimental setup for optical microwave generation based on
DSBCS modulation scheme. (i) Up-converted electrical signal. (ii) Generated
optical microwave signal. (iii) Optical spectrum of generated microwave signal.
(iv) Eye diagram of down-converted signals.

tested by a bit-error-ratio (BER) tester. The fiber length is set
to 25, 50, and 75 km.

B. Experimental Results and Discussions

The performance of RF signals is strongly related to the
MZM nonlinearity which can be reduced by decreasing the
MI. Fig. 15(a) plots the variation of the receiver sensitivities of
the down-converted signals as a function of MI. The receiver
sensitivity initially increases and then decreases as MI falls
from 1 to 0.13, and the sensitivity is minimal at the optimal MI
of 0.43. As theoretically demonstrated above, the optimal MI is
determined by the tradeoff between the MZM nonlinearity and
the residual optical carrier caused by the imbalance y-junction
splitting ratio of MZM.

The MZM nonlinearity and OCSR are determined by MI.
As the MI that drives MZM decreases from 1 to 0.18, the
OCSR decrease from 17 to 4.5 dB; meanwhile, the amplitude
of the second-order optical sideband that is associated with the
MZM nonlinearity decreases, as shown in Fig. 16. Note that
the OCSRs in Fig. 9 are better than those in Fig. 16. The reason
is that we use OOK PRBS data for experimental demonstra-
tion in Fig. 16, instead of a sinusoidal signal that is used for
theoretical analysis in Fig. 9. Furthermore, the reduction of the
MZM nonlinearity makes the duty cycle of optical microwaves
closer to 0.5 as shown in Fig. 17. At a given optical power, a
smaller duty cycle of the optical microwaves corresponds to
a higher peak power, resulting in better receiver sensitivity of
the down-converted signal. However, a low OCSR is such that
the optical power of two first-order sidebands are relatively
low and optical power of the residual carrier is relatively high,
worsening the sensitivity of the receiver signal. Therefore, a
tradeoff for the receiver sensitivity exists between the MZM
nonlinearity and OCSR as MI is decreased.

When the optimal MI is 0.43, the receiver sensitivity of the
down-converted signals at a BER of 1072 is —22.7 dBm. The
receiver sensitivity of the down-converted signal improves by 1
dB as the MI decreases from 1 to 0.43. As 0.23 < MI < 0.55,
the power penalty of down-converted signals, which are com-
pared with those using optimal MI of 0.43, is less than 0.2dB,
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Fig. 15. BER curves (a) and power penalties at BER of 10~ (b) of down-
converted signals versus MI. The receiver sensitivity at MI = 1 is used as a
reference for the power penalty.
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Fig. 16. OCSRs of optical microwave signals based on DSBCS modulation.
The resolution is 0.01 nm. The M1 is set at (a) 1, (b) 0.66, (c) 0.43, (d) 0.28, and
(e) 0.18.

(d ©

as shown in Fig. 15(b). The ER of the MZM used in the exper-
iment is around 25 dB, and the simulation results show that the
OMI-I5,,,, is 0.32+0.2 over a 1-dB tolerance of the maximum
I, rF,as shown in Fig. 12. Therefore, the experimental result is
well consistent with the simulated result. Since the optimal MI
is 0.43, the driving V},_,, for commercially available MZM with
typical V; of 5 Vis 4.3 V (0.43%2V,;). Hence, the DD-MZM can
be replaced with SD-MZM. After the optical microwave signals
using the optimal MI of 0.43 are transmitted over 25-km, 50-km,
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Fig. 17. Duty cycles of optical microwave signal based on DSBCS modulation.
The optical microwave power is 1 dBm. The optical power scale is 0.8 mW/div
and the time scale is 20 ps/div. The MI is set at (a) 1, (b) 0.66, (c) 0.43, (d) 0.28,
and (e) 0.18.
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Fig. 18. BER curves of optical microwave signals using optimal MI of 0.43
after transmission over 25 km, 50 km, and 75 km SSMF.

and 75-km SSMF, the power penalty for the receiver sensitivity
of the down-converted signals at BER of 10~ is less than 1 dB
as shown in Fig. 18.

IV. CONCLUSION

The impact of the inherent MZM nonlinear distortion on
mm-wave signal generation by DSBCS modulation was the-
oretically and experimentally investigated. Given fabrication
tolerances, the effect of MZM imbalance on mm-wave gener-
ation was theoretically and experimentally studied. Moreover,
the optimum conditions for tunable optical mm-wave signal
generation, optical up-conversion, and optical broadband wire-
less mm-wave signal generation using DSBCS modulation have
been also discussed. According to the simulation results, only
SD-MZM is required to realize DSBCS modulation, which
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provides a compact, cost-effective and better performance
alternative.

APPENDIX |

Expanding (1) with Bessel function leads to an expression for
the electrical field at the output of the MZM as

Eout (t)

= F,cosb {Jo(m) cos(wet)
Z Jon(m) cos(wet + 2nwrpt — n)

+Jan(m) cos(wet — 2nwrrt + mr)]}

+ E,sinb {Z[JM_I(

n=1

m) cos(wet
+ (2n — Dwrpt — 1)

o1 (m) cos(wet — (2n — 1)wrrt + mr)]}
(A1)

where J,, is the Bessel function of the first kind of order n, the
bias voltage is set at Vijos = Vi, and cosb = 0 and sinb = 1.
Consequently, the electrical field of the mm-wave signal using
DSBCS modulation can be written as

out E Z[JZn

+ 2anFt —nm) + Jap_1(m) cos(wet
— (2n — 1)wgpt + nm)]}.

) cos(w,t

(A2)

The amplitudes of the generated optical sidebands are pro-
portional to those of the corresponding Bessel functions asso-
ciated with the phase modulation index m. With the amplitude
of the electrical driving signal V,,, equal to V., the maximum
mis (7/2). As 0 < m < (m/2), the Bessel function Ja,, for
n > 1 decreases and increases with the order of Bessel func-
tion and m, respectively. J1((7/2)), Js((7/2)), J5((7/2)), and
J7((mw/2)) are 0.5668, 0.0690, 0.0022, and 0.00003581, respec-
tively. Therefore, the optical sidebands with the Bessel function
higher than .J5(m) can be ignored, and (A2) can be further sim-
plified to

Eout(t) = Eof ~ 1 (m) cos[(w. + wrr)1]

1]} (A3)

When optical DSBCS signals are transmitted over a single-
mode fiber with dispersion, a phase shift to each optical side-
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band relative to optical carrier is induced. The propagation con-
stant of the dispersion fiber 5(w) can be expressed as

Blw) = n(w)=

C

1
= Bo + Bi(w = we) + 5 Ba(w — we)? 40 (Ad)
where B, = (d™(/dw™)|w=w, is the derivative of the propa-
gation constant evaluated at w = w,.. The effect of high-order
fiber dispersion at 1550-nm band is neglected. For carrier tones

with central frequency at w = w, + nwry, we have

B(w. £ nwrr) = B, + nf (we)wrF + %nzﬂz(wc)w%ﬂ?
(AS)

and
c

52(‘%) = _W

- D(we) (A6)
where c is light speed in free space, D is the chromatic dis-
persion parameter, and f. is the frequency of the optical carrier.
For a standard single-mode fiber, D is 17-ps/(nm.km). The fiber
loss is ignored. Therefore, after transmission over a single-mode

fiber of length z, the electrical field can be written as

(1) = B { — Ja(m) oos (v + o

1
—Boz — B1wrFz — 5/82“11%{}?2:‘
— J1(m) cos

(wc — pr)t
I .
—Bo% + PLWRFZ — 5,[32wRFz

+ J3(m) cos | (w. + 3wrr)t

9
—Boz — 3B1wWRFZ — 5,[32w%{Fz

™) cos (

+ J3( we — 3wgrE)t
—Boz + 3f1wrpz — 5/62(4)}2{1:‘2-
— J5(m) cos | (we + Swrr)t
—Boz — 5B1wRrFz — %BQW%{F'Z}

— J5(m) cos | (we — Swrr)t

25
—Bo% + S5P1WRFZ — ?ﬂzwﬁpz} } . (A7)

After square-law detection using an ideal PD with responsi-
tivity R, the photocurrent can be expressed as
i(t) = R-|E®)". (A8)

The individual square term of (A8) will generate the base-
band signal, and the cross terms will generate the desired
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mm-wave signal and its harmonics distortion signals. These
desired mm-wave terms can be expressed as

JE(m —2ZJ2n .

Jong1(m) cos(4nfowi e z)]

2
ZQWRF =R- E

- cos(2wrrt — 231 wWRFZ2)
e = R+ B2 [=2J1(m)J3(m) cos (4B2whpz)
+2.J1(m)J5(m) - cos(12Bswhpz)]
- cos(4wrrt — 401wRF2)
iGwne = R - E2 [J3(m) + 2J1(m) J5(m) cos(12Bowp )]
- cos(6wrrt — 61 wrFz)
i8wne = B+ B2 [=2J3(m)J5(m) cos(8Bowhipz)]
- cos(8wrrt — 8B1wRF2)

1100py = B+ E% - J2(m) - cos(10wgrpt — 1061wrFz). (A9)

APPENDIX II

Rearranged (3), the electrical fields of the balanced MZM and
PM modulations, respectively, can be rewritten as

Eoue_am(t) = Re {EAM - cos <<p1 5 <P2>

exp? (55) -exp(jwcw}

and

(A10)

Eout_pm(t) = Re{Epm - exp(jp2) - exp(jwet)}

(Al1)

where Eay and Epy are 2E,\/r1 - /2 and Eo(v/1 =11 -
V1 —ry — \/r1 - \/T2), respectively. For a single-arm MZM,

01 = —pa = —(0/2),(0/2) can be expressed as
0 Viias Vin COS(wRFt) def
5= 21 T+ oV = b+ mcos(wrrt) (Al2)

where b and m are (Viias/2V; )7 and (V;,, /2V, ), respectively.
The output electrical field of the amplitude modulation can be
rewritten as

Eous_am(t)

= FEanm {cosb [J(,(m) - cos(w,t)

Z J2n

+.J2p(m) cos(wet — 2nwrrt + nrr))

- cos(wet + 2nwrrt — nr)

oo

+sind [Z[Jgnl(m) cos(wet + (2n — 1)wrpt — nw)

}.

+ Jon—1(m) cos(wet — (2n — 1)wrrt + nw)]

(A13)
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For the phase modulation, the output electrical field can be
written as

oo

= EPM' Z Jn(m)

n=—oo

- cOS {(wc + nwrr)t + (b + ng)} . (Al14)

Eoue_pm(t)

For mm-wave signals based on DSBCS modulation with the
bias voltage set at Vyis = Vi, we have b = (7/2),cosb = 0,
and sinb = 1. The output electrical filed of the amplitude and
phase modulations can be rewritten as

Eous_am(t

) = Eam Z{JZn—l(m)

- cos[wet + (2n — 1)wrpt — n7)

+ Jop—1(m) coswt — (2n — 1)wgrrt + nr|}

(A15)
and
Eout pr(t) = Epwm Z Jn(m)
- cos {(wc + nwrr)t + (n—2|— 1> 7r} .
(A16)

It is reasonable that optical sidebands with the Bessel func-
tions with the order higher than 5 can be ignored, and the elec-
trical field at the output of the MZM with imbalanced power
splitting ratios can be simplified to

Eout(t) = Eout_am(t) + Eout_pm(?)
= —EpmJo(m
— (Eam + Epm)J1(m) cos(wet + wrrt)
— (Eam + Epm)Ji(m) cos(wet — wrrt)
+ EpmJa(m) sin(wet + 2wrrt)
+ EpmJa(m
+ (Eam + Epm)J3(m
+ (Eam + Epym)Js(m
— EpmJa(m

) sin(wet)

) sin(w.t — 2wgrFt)

) cos(wet + 3wrrt)

) cos(wet — 3wrrt)

) sin(wet + 4wgrrt)

— EpmJy(m) sin(wet — dwgrt)

— (Fam + Epm)Js(m) cos(wet + Swrrt)

— (Eam + Epm)Js5(m) cos(wet — Swrrt).
(A17)
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After transmission over dispersive fiber, the electric field can

be written as

E(t) = —EpmJo(m) sin(wet)
— (Eam + Epy)Ji(m) cos (wet + wrrt
—Boz — Prwrrz — 1/20sw] )
— (Eam + Epy)Ji(m) cos (wet — wrrt
—Boz + Prwrrz — 1/2p2w? )
+ EpnJa(m) sin (wct + 2wRrFt
—Boz — 21WRFZ — 2ﬂ2w§F)
+ EpyiJa(m) sin (wct — 2wrpt
—Boz + 2B1wrFz — 2Bow” )
+ (Eam + Epm)Js(m) cos (wet + Bwrpt
—Boz = 3f1wrEz — /2027 )
+ (Eam + Epym)J3(m) cos (wct — 3wrFt
—Boz + 3f1wrrz — 9/232w2 )
— EpyJy(m) sin (wct + 4wgrrFt
—Boz — 4P1wrEZ — 8f2w? )
— EpyJy(m) sin (wct — 4wgrrt
—Bo7 + 4B1wrEz — 80207 )
— (Eam + Epn)Js(m) cos (wet + Swrrt
—Boz — BB 1WRFZ — 25/2,[32w§F)
— (Eam + Epym)Js(m) cos (wct — Swrrt
—Boz + bP1wrFz — 25/2,[32w§F) .

(A18)

After square-law detection using a PD with responsitivity R,
the photocurrents of the desired mm-wave signal and its har-

monics distortion signals can be expressed as
ony = R - E? {2 (EamEpy + Ey)
a1 sin (G e
+ Ji(m)J2(m) sin ( Bowiipz

+ J3(m)Jy(m) sin < /BQCL}RFZ

)
)
+ a(m) o) sin (e )
)
)

+J4(m)J5(m) sin ( Bowipz } }
. COS(wRFt — ,BleFZ)
iswne = R E} {(Eam + Epm)?J7(m)
— 2E3\; [Jo(m) Jo(m) - cos (2Bowhpz)
+J2(m) Js(m) cos (6B2wipz) ]

— 2(Eam + Epnt)? [Ji(m)Js(m) cos (4swipz)

+Jy(m).J5(m) cos(8 w2 }
- cos(wrrt — 21wRF2)

i30pe = R - E2 {2 (EamEpwm + Ey)
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Z4wRF

15wRp

L6wr

YTwrp

'L&uRF

L9wrp

210wrF

[1

[2

—

—

[ mmsin (Gt
— () s sin (e
- da(m) () sin (5 aes

}

+J1(m)J2(m) sin ( ,ngRFz> }
- cos(3wrrt — 301wRFZ)
=R-E? {2E1%MJ0(m)J4(m) cos (Sﬁgwlzwz)
+2(Eay + Epn)? - [Jl(m)J5(m) cos (12,82wf2mz)
—J1(m)J3(m) cos (4Bowhpz)]
+EZ\1J2(m)Jo(m)} - cos(dwrrt — 4B1wrr2)

=R-E? {2 (EamEprn + ERy)
| sotmy sty sin (5 s
~ a(m) s sin (3 B
+a(m) ) sin (3o ) |

- cos(bwrrt — 5P1WRF2)

R- E2{2(Eam + Epw)?

- Ji(m)Js(m) cos (12Bowhpz) — 2Efy

- Jo(m)Ja(m) cos (6B2wipz) + (Eam + Epm)®
-J3(m)J3(m)} - cos(bwrrt — 601WRF2)

R-E? {2(EAM + Epy)?
: [_JQ(m)J5(m) sin (%@w%mz)
st (o)

- cos(Twrrt — TB1wWRF2)
R-E} {EI%MJ4(m)J4(m)
— 2(Eant + Epy)?J3(m)Js(m)
- oS (8[32&)%{}72)} - cos(8wrrt — 81wWRF2)

=R-E? {Q(EAMEPM + Epyp)Ja(m)

9
- J5(m) sin <§[)’2w12>\Fz) } - cos(Ywrrt — 9G1wRrF2)

=R- Eg{(EAM + EPM)ZJS(m)J5(m)}

- cos(10wgrrt — 1081wRF2). (A19)
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