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Abstract—We show that the symmetry properties of the two
outputs from a push–pull Mach–Zehnder modulator can be exploited to reject dispersion-induced second-order distortions in the
time-stretch analog-to-digital converter (TS-ADC). Using differential operation and signal processing in the digital domain, we
experimentally demonstrate suppression of the signal harmonics
generated due to system nonlinearities. Simulations predict that
distortion-limited dynamic range improves from 34 to 57 dB. In
addition, differential signaling improves the signal-to-noise ratio
(SNR) by 3 dB and rejects an even-order nonlinear distortion
added by an electronic digitizer in the TS-ADC. It is also shown
that this approach is robust even in the presence of mismatches in
the differential signal paths. In general, the approach can also be
applied to any ultrawideband (multioctave) optical link to obtain
a high dynamic-range system.
Index Terms—Analog-to-digital conversion, electrooptic modulation, nonlinear distortion, optical communication, optical fiber
dispersion.

I. I NTRODUCTION

D

ISPERSION-INDUCED second harmonics and intermodulation products are a serious problem in ultrawideband (multioctave) analog optical links [1], [2] and in systems
that contain these links, such as the photonic time-stretch
analog-to-digital converter (TS-ADC) [3]. In general, nonlinear
distortion in analog optical links can be corrected by pre- or
postdistortion circuits. However, since the dispersion-induced
nonlinearity is frequency-dependent, electronic pre- or postdistortion cancellation is not effective in suppressing the nonlinear distortion produced by dispersion followed by square-law
detection. Thus, most analog links operate at suboctave bandwidths or at low signal frequencies so that dispersion-induced
harmonics and intermodulation components are negligible. Alternatively, costly solutions, such as dispersion-compensation
fibers, can be employed. In systems such as the TS-ADC,
dispersion plays the crucial role of reducing the bandwidth of
the RF signal by stretching its waveform in time. However, in
such systems, optical dispersion compensation does not work
as it eliminates the fundamental stretching process itself.
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Reduction of dispersion-induced second-order distortion is
further complicated by the additional second-order distortion
caused by the bias point drift of the Mach–Zehnder modulator,
particularly in the case of chirped or tunable optical carriers
[4]. Most wideband and high dynamic-range analog optical
links are restricted to suboctave bandwidths to avoid secondorder intermodulation components as well as to low modulation depths to avoid third and higher odd-order nonlinearities
inherent in a Mach–Zehnder transfer function. Operation at
low modulation depths is an unattractive solution in general
because it limits power in the RF sidebands compared to
the optical carrier, degrading the carrier-to-noise ratio (CNR).
In this paper, we show that the dual outputs of a push–pull
Mach–Zehnder modulator can be used differentially to cancel
the distortion caused by the dispersion-induced nonlinearity in
an analog optical link. Furthermore, additional postprocessing
using an arcsine operation, which is performed in the digital
domain [5], is shown to eliminate the frequency-independent
nonlinearities caused by the modulator and by bias offsets. An
application of this technique to a TS-ADC is also demonstrated.
II. N ONLINEARITIES IN E XTERNALLY M ODULATED
A NALOG O PTICAL L INKS
Analog optical links are used in many applications, such
as CATV distribution, antenna remoting, phased array antennas, and radio over fiber. Analog optical links also appear in
many proposed photonic ADCs [6], including the TS-ADC.
A large fraction of wideband analog optical links are externally modulated using Mach–Zehnder modulators because they
have very high modulation frequencies, low loss, and high
power-handling capability. The following sections describe two
sources of the second-order nonlinear distortion that originate
in the Mach–Zehnder modulators as well as methods to overcome them.
A. Dispersion-Induced Nonlinearities
The optical spectrum at the output of a Mach–Zehnder modulator contains the optical carrier, the upper and lower sidebands
of the fundamental RF signal, and its harmonic and intermodulation components. At the detector, these sidebands and the
optical carrier beat with each other, reproducing the RF signal
plus its nonlinear-distortion components. In the absence of
dispersion and perfect biasing, an even-order distortion cancels,
yielding the well-known transfer function of the Mach–Zehnder
modulator that has only the odd-order components. In the presence of dispersion, however, the even-order components appear,
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and their intensity rapidly increases as the signal frequency and
the amount of dispersion increase. For a multioctave system,
this harmonic distortion can severely restrict the dynamic range.
The Mach–Zehnder modulators that use a directional coupler
as the output combiner have two complementary output channels. Using a push–pull operation means that the modulated
output fields have a zero chirp—a well-known property used
in long-haul optical communications [7]. For such a modulator
biased at quadrature, the output electric fields from the complementary output channels can be written as
π m

1
±
cos ωRF t
(1)
E± (t) = √ Ein (t) cos
4
2
2
where m is the modulation index, Ein (t) is the input electric
field, and cos(ωRF t) is the normalized RF-modulation signal.
Using the mathematical framework described in [3], we find
that the detector currents, after propagation of this field through
a dispersive fiber of length L and group-velocity dispersion
parameter β2 , can be written as
Fig. 1. Spectra of a two-tone test for an analog optical link with 3- and
5-GHz input frequencies and perfect Mach–Zehnder bias. (a) Single-ended
output showing both second- and third-order distortion tones. (b) Output
using differential operation showing that the dispersion-induced second-order
distortion tones are rejected.

I± (t) = IEnv (t)

× 1∓m cos φDIP cos ωRF t
+
±

m2
(1−cos 4φDIP ) cos 2ωRF t
8
m3
(cos 9φDIP + 3 cos 3φDIP ) cos 3ωRF t +· · ·
96



(2)
2
where θDIP = β2 ωRF
L/2, and IEnv (t) is the photodetector
current in the absence of modulation.
Clearly, odd harmonics in the expressions for I+ and I−
are 180◦ out of phase, whereas the even-harmonic components are in phase. Thus, taking the difference I+ − I− removes all even-order nonlinear-distortion components. Fig. 1
shows the simulation results for a two-tone input signal with
modulation index m = 0.6, fiber length L = 15.5 km, and
D = 17 ps/nm/km (β2 = 21.67 ps2 /km). Note that the
dispersion-induced second-order harmonics are completely
cancelled by using a differential operation. In practice, the
cancellation is not perfect because of the amplitude and phase
errors in the two signals, as discussed in Section V.
It must be emphasized that this cancellation takes place only
for push–pull-type modulators that have zero signal chirp. For
single-electrode modulators, which have chirped outputs, this
operation fails as the dispersion behavior of the two output
channels is no longer symmetric.

B. Nonlinearity Caused by Bias Drift
Mach–Zehnder modulators have small bias drifts due to
temperature variations, stress, humidity, etc. [1]. While bias
controllers can be employed to partially control the drifts, if
the optical carrier is chirped or varied over a wide range of
wavelengths, the bias offsets vary with optical wavelength [4]
and are not easily controllable. These bias offsets introduce

significant second-order distortions that are not corrected by the
differential operation described in the previous section. If the
Mach–Zehnder modulator is biased at the quadrature point with
a small slowly time-varying bias offset δ(t), the two outputs
I+ and I− after the RF modulation by signal x(t), but without
dispersion, can be written as
I+ (t) = IEnv (t) [1 + sin {m · x(t) + δ(t)}]

(3)

I− (t) = IEnv (t) [1 − sin {m · x(t) + δ(t)}] .

(4)

These signals have third- and higher order distortions due to the
sine function and a second-order nonlinearity caused by δ(t).
The input RF signal can be recovered from the detector outputs
by performing the following operation [5]:


I+ − I−
Iout (t) = sin−1
= m · x(t) + δ(t).
(5)
I+ + I−
As discussed earlier, the differential operation removes
the dispersion-induced second-order distortion. Division by
I+ + I− works as an averaging operation, scaling the output
to make it independent of input intensity. It also helps in the
rejection of optical intensity noise or any other multiplicative
noise [8], [9].
The arcsine operation plays a crucial role in removing the
third-order harmonic and intermodulation distortion components. High-pass filtering Iout (t) also removes the slowly varying bias offset δ(t) to give back the original RF signal x(t).
Fig. 2 shows the second-order distortion due to a bias error of
1◦ (even with differential operation) as well as the third-order
distortion tones due to the Mach–Zehnder transfer function.
These tones are suppressed by the arcsine operation. It should
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Fig. 4. Amplitude as a function of frequency for a 4.5-GHz RF input tone.
The second harmonic at 9 GHz is suppressed by the differential operation.
Note that the frequency scale corresponds to the original (prestretch) RF-signal
frequency.
Fig. 2. Spectra for a two-tone test for an analog optical link with 3- and 5-GHz
RF input frequencies. (a) Output amplitude as a function of frequency showing
second- and third-order distortion tones caused by the Mach–Zehnder bias error
and transfer characteristics. (b) Output spectrum with the distortions suppressed
by the arcsine operation.

As in an analog optical link, the dispersion-induced nonlinear distortion can severely limit the dynamic range in the
TS-ADC [3]. In particular, dispersion causes a rapid rise in
the second-order distortion with an RF-signal frequency—a
phenomenon that can restrict the operation of the ADC to
suboctave bandwidths.
The inherent sinusoidal transfer function of the Mach–
Zehnder modulator causes third- and higher order distortions.
Bias fluctuations, which may be wavelength-dependent, are
a second source of harmonic distortion. In the next section,
we experimentally demonstrate that the differential operation
followed by an arcsine correction can reduce the level of such
distortions.

Fig. 3. TS-ADC with differential operation (SC = supercontinuum source).

be noted that (2) also shows the dispersion-induced third-order
distortions, and for this reason, the arcsine operation is not able
to provide a complete cancellation of the third-order distortions,
which is in agreement with the simulations.
III. T IME -S TRETCH A NALOG - TO -D IGITAL C ONVERSION
The TS-ADC reduces the effective bandwidth of RF signals
prior to digitization [10], [11]. To do this, the RF signal is
modulated on a linearly chirped optical pulse. The propagation
of a chirped waveform through a dispersive fiber stretches
the pulse in the time domain and delivers a lower bandwidth
signal to the electronic digitizer. Fig. 3 shows a realization
of the TS-ADC system that uses the push–pull modulation
and differential outputs. This system is used to experimentally
demonstrate the distortion-suppression techniques, which are
previously described in the context of conventional analog
links. To simplify the hardware, the modulated optical pulses
from the two Mach–Zehnder outputs are time-interleaved and
combined on a single fiber. These pulses are then stretched in a
dispersive fiber and converted to RF by a single photodetector.

IV. E XPERIMENTAL R ESULTS
In the first experiment, the optical pulse was modulated
with an RF signal at 4.5 GHz. The lengths of the dispersive
fibers labeled Dispersion 1 and Dispersion 2 in Fig. 3 (L1
and L2 ) are chosen such that the dispersion effects are similar
to the analog link simulated in Section II, and the stretch
factor 1 + L2 /L1 is equal to 7.5. The modulation index m
is set to the high value of about 0.85 to obtain a prominent
dispersion-induced second harmonic tone. To obtain the desired
differential operation, the two complementary pulses from the
time-stretch output are aligned in time and subtracted in the
digital domain. As can be seen in Fig. 4, the second harmonic
tone, which is evident in the single-ended operation, is absent
in the differential operation. In addition, a 3-dB improvement
in SNR is observed, which is attributed to the coherent addition
of the signal and the incoherent addition of noise [12]. The
Mach–Zehnder bias offset was carefully kept low, and the
second harmonic generated by it is below the noise floor of
the Tektronix TDS7404 digitizer.
In the second experiment, the Mach–Zehnder modulator
is intentionally biased with small offset from the quadrature
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Fig. 5. Amplitude as a function of frequency for a 2-GHz input tone in a
TS-ADC showing that the arcsine operation suppresses the second harmonic
due to the Mach–Zehnder bias error and the third harmonic due to its transfer
function. Note that the frequency scale corresponds to the original (prestretch)
RF-signal frequency.

point. The chirped optical carrier in the same time-stretch
system is modulated with a 2-GHz RF tone. The digitized
output spectrum shows harmonic tones at 4 and 6 GHz for the
differential output. As shown in Fig. 5, the arcsine operation on
the digitized output rejects harmonic tones to a level well below
the noise floor.
In both experiments, the extent of distortion suppression
that could be observed was limited by the noise floor of the
digitizing scope used as the backend of the TS-ADC. If the
noise floor of the backend digitizer can be significantly lowered,
our technique is ultimately limited by the amplitude and phase
errors in the differential outputs, which is analyzed in the next
section. These two experiments demonstrate the potential of
differential push–pull modulation to increase the dynamic range
of the TS-ADC. It is important to note that the dispersioninduced second-order distortion may not be corrected by
the commonly used distortion-cancellation techniques such as
pre- or postdistortion in the electronic domain [13] since its
behavior is frequency-dependent. In addition, as discussed earlier, the dispersion compensation is not possible in TS-ADCs,
which renders the present approach more valuable in such
systems.
V. D ISCUSSION
The TS-ADC is a favorable system for the implementation
of the signal processing required by the algorithm described
by (5) because the signal is already in the digital domain,
and the required processing speed is reduced by the stretch
factor. Since nonlinear distortions are reduced by this approach, the use of high modulation depths becomes possible—a
fortuitous outcome which improves the CNR. This becomes
crucial, particularly for wideband systems where the noise
bandwidth is high. Therefore, its impact in terms of higher
dynamic range is more significant in wideband multioctave
systems.
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Fig. 6. Amplitude as a function of frequency calculated for a two-tone
input with a 10-b electronic quantizer in a differential TS-ADC. Note
that the frequency scale corresponds to the original (prestretch) RF-signal
frequency.

A. Effects of Electronic Digitizer
Simulations of the TS-ADC were performed with a 10-b
quantizer sampling the stretched RF signal at the Nyquist rate.
The input RF signal is assumed to occupy a bandwidth of 1 to
11 GHz. With two tones at 3.1 and 5.1 GHz and a modulation
index of 0.6, a signal-to-noise and distortion ratio (SINAD) of
about 57 dB is calculated (see Fig. 6), under the assumption that
the quantization errors limit the noise floor of the system. The
SINAD is limited primarily by the third-order Mach–Zehnder
modulator nonlinearity that is not perfectly cancelled by the
arcsine operation.
A 10-b quantizer, which normally has a quantization noise
floor of −61.7 dB with respect to a full-scale signal, now shows
a quantization noise floor of −64.7 dB: a 3-dB improvement
due to the differential operation. A practical electronic digitizer
also adds a significant second-order distortion to the sampled
RF signal.
The use of differential operation in the digital domain not
only improves the SNR by 3 dB but also rejects the secondorder distortion added by the electronic digitizer. As a result,
the dynamic range of the digitizer also significantly improves
by using the differential operation, which makes the use
of the differential approach more attractive. For the same
setup previously described, with an 8-b digitizer instead of
10-b digitizer, the simulation showed that 7.9 effective number
of bits were obtained for the whole TS-ADC system, even when
the detector output signal does not occupy the full scale of the
digitizer because the modulation depth is only 0.6.
B. Effects of Phase and Amplitude Mismatches
The effectiveness of the differential approach can be limited
by amplitude and phase mismatches between the two channels.
While mismatches can be greatly reduced by a calibration of
the system before the actual signal is sampled, it is important to
quantify the effect of these mismatches.
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Fig. 7. Contour plots for DRRs that can be achieved as a function of amplitude
and phase mismatches between the two differential channels.

For a sinusoidal signal with angular frequency ω, if the ratio
of the current amplitudes in two channels is ∆amp (in decibels),
and the phase difference between them is θ (in radians), then the
two channel outputs can be written as
Iout1 = A(1 + δ/2) cos(ωt + θ/2)

(6)

Iout2 = A(1 − δ/2) cos(ωt − θ/2)

(7)

where ∆amp = 20 log((1 + δ/2)/(1 − δ/2)) is the amplitude
mismatch in a decibel scale.
If we consider this sinusoidal signal as the second-order
distortion component, the distortion rejection ratio (DRR) can
be defined as


(Iout1 + Iout2 )2
DRR =
(Iout1 − Iout2 )2


[2 cos(θ/2) cos(ωt) − δ sin(θ/2) sin(ωt)]2

=
[δ cos(θ/2) cos(ωt) − 2 sin(θ/2) sin(ωt)]2
≈

4
,
δ 2 + θ2

(for δ, θ

1)

(8)

where . . . indicates the time-averaged value.
The DRR indicates how well the distortion component is
rejected by the differential operation. Fig. 7 shows contour
plots for different rejection ratios as a function of phase and
amplitude mismatch. It should be noted that the phase mismatch
here corresponds to the mismatch between the phases of the
stretched signals. In TS-ADC, the phase mismatch is reduced
by the stretch factor for a particular timing offset between
the two channels, since the signal frequency is lowered by
the stretch factor. As a result, with differential operation and
calibration, the dispersion-induced second-order distortion can
easily be rejected to a value below the noise floor of the system.
The arcsine operation is also affected by the amplitude and
phase mismatches between the two channels. Fig. 8 shows a

Fig. 8. Calculations of the dynamic range of the TS-ADC as a function
of timing offsets between the two channels for different amplitude mismatch
values.

plot of the dynamic range of the ADC in presence of the amplitude mismatches and timing offsets between the two channels,
as predicted by simulations, for the two-tone test shown in
Fig. 6. It should be noted that the x-axis in Fig. 8 is chosen to
be the time offset instead of phase offset because the definition
of the phase offset does not make much sense for a broadband
signal. These mismatches can reduce the effectiveness of the
approach to some extent, but one can expect very good results
after calibration, which can easily be carried out in the digital
domain.
VI. C ONCLUSION
In this paper, we have shown that a push–pull Mach–Zehnder
modulator with differential outputs can be used to cancel
dispersion-induced second-order distortion. The differential approach, which is followed by an arcsine operation in digital
domain, helps to obtain a high dynamic range for wideband
(multioctave) optical links. In particular, this approach is very
well suited to a multioctave operation of the TS-ADC system.
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