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Abstract: A scheme to achieve a wideband linearized silicon Mach-
Zehnder (MZ) modulator is proposed. The modulator consists of a single
MZ interferometer with identical reverse-biased silicon diode phase shifters
in both arms, driven in a push-pull configuration. It is shown that the 3rd
order nonlinearity of the modulator can be eliminated by canceling the
nonlinearities from the silicon phase shifters and the MZ transfer function
against each other. The 2nd order nonlinearity is simultaneously eliminated
by differential detection or operation away from the quadrature point. As a
result, the linearity of the proposed silicon modulator greatly exceeds the
linearity of a conventional MZ modulator with ideal, linear (e.g. LiNbO3)
phase shifters. The simplicity and large optical and RF bandwidth of the
proposed modulator make it attractive for analog photonic applications.
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1. Introduction

Microwave photonics is an active research area with many applications, including antenna
remoting, high-definition cable TV, radio over fiber, and photonic analog-to-digital
conversion [1-7]. In microwave photonics, an analog radio-frequency (RF) signal is
converted into the optical domain with a modulator, processed in the optical domain using
photonic devices, and then converted back to the electrical domain. Silicon photonics is an
attractive platform for microwave signal processing because of potential low-cost
manufacturing and direct integration with CMOS electronics, and because many high-
performance devices, such as low-loss waveguides, filters, switches, modulators, and
photodetectors have already been demonstrated in the silicon platform [8-12].

In microwave photonics, the RF signal is converted into the optical domain with an
electro-optic modulator. This modulator needs to be high-speed, to accommodate the RF
bandwidth, and sensitive, to allow low driving voltages. The modulator also needs to be linear
because nonlinearities in the modulator create distortions, which often limit the performance
of a microwave photonic system. Many techniques to enhance the modulator linearity have
been proposed [1,2,13-30]. Most techniques can be characterized as either pre-distortion
linearization, feedback linearization, or optical transfer function linearization [1,2]. Pre-
distortion linearization methods [15-22] use a nonlinear circuit preceding the modulator to
distort the RF signal in such a way that the overall transfer function of the pre-distorter plus
the modulator is more linear than that of the modulator alone. Pre-distortion linearization is a
widely used approach, and has been successfully applied to linearize MZ modulators
[15,16,18-22], directional coupler modulators [16], and multiple quantum well
electroabsorption modulators [17]. However, to use pre-distortion successfully, the modulator
needs to be fast enough to respond to the harmonics of the fundamental signal created by the
pre-distorter. This constraint effectively reduces the RF bandwidth of the system by the order
of the nonlinearity that needs to be cancelled [1]. In the feedback linearization approach, some
fraction of the modulator output signal is detected and compared to the original RF signal; a
feedback loop then acts to bring the difference between them to zero, ensuring linear
operation. The challenges with this approach are the speed of the feedback loop (which must
be fast enough to track the RF signal), and the availability of broadband RF amplifiers with
sufficient gain [1]. In optical linearization approaches, two or more modulators are combined
to provide a transfer function which is more linear than that of the individual modulators
[13,14,23-27]. The modulators can be connected in parallel [23,24] or in series [25-27]. A
conceptually similar approach is to modulate signals of different wavelengths [28] or
polarizations [29,30] in a single modulator and combine them afterwards to improve the
system linearity. The parameters which need to be controlled to achieve linear operation can
be the optical power splitting ratio between the modulators, optical power splitting ratio
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between the arms of an individual MZ modulator, RF voltage splitting ratio between the
modulators, and the bias points of the modulators. The number of parameters to be controlled
is typically higher for wideband linearization (suppression of 2nd and 3rd harmonics) and
lower for sub-octave linearization (suppression of 3rd harmonic only). It is common for
optical linearization approaches to result in an optical power penalty because combining
modulator outputs to cancel the nonlinear harmonics usually cancels some part of the
fundamental as well.

Silicon modulators are a very active area of research [10,11], with multiple groups
demonstrating high-performance silicon modulators based on reverse-biased diodes [31-40],
forward-biased diodes [41-45], and MOS capacitors [46,47]. Recent work on silicon-
germanium structures using the quantum-confined Stark effect looks very promising [48-50].
Forward biased, ring modulators 2.5um in radius have achieved a peak-to-peak driving
voltage as small as 0.15V operating at 1 Gb/s [45]. In reverse-biased silicon diode modulators,
the RF bandwidth can extend up to about 30-35 GHz [34,35,40], and V,Ls as small as 1 VV-cm
have been achieved at speeds up to 10 Gb/s [37]. To date, most studies of silicon modulators
have been performed in the context of digital transmission systems, with the modulation
quality evaluated using an eye diagram and metrics such as extinction ratio. To our
knowledge, no study of the linearity of silicon modulation devices for analog applications has
been performed. In this work, we analyze the linearity of Mach-Zehnder (MZ) silicon
modulators and predict that, despite the highly nonlinear response intrinsic to silicon, it is
possible to make a modulator with linearity greatly exceeding that of a conventional MZ
LiNbO; modulator. The proposed modulator configuration is very simple and does not
compromise the responsivity, optical bandwidth, or RF bandwidth of the link. The concept is
applicable not only to reverse-biased silicon modulators, but also to other modulators with
sufficiently high nonlinearity in their phase shifters' response.

The linearized silicon modulator proposed in this work is a push-pull MZ modulator with
identical, nonlinear silicon phase shifters in its two arms. Linearization is achieved by
canceling the nonlinearity of the silicon phase shifter response against the nonlinearity of the
sine-squared MZ transfer function [51]. In some respects, this modulator resembles the
optically linearized modulators mentioned above: the modulator is linear by itself, without the
help of external electrical circuits. However, this modulator is simpler than optically
linearized modulators, because it is just a single MZ structure and the only two parameters to
be controlled are the MZ bias phase and the diode bias voltage. In other respects, the proposed
modulator resembles pre-distortion linearized modulators: the nonlinearity of a silicon phase
shifter can be viewed as analogous to the nonlinearity of a pre-distorter circuit. However, in
our case, the pre-distortion function is internal to the phase shifters, which not only simplifies
the implementation, but also means that the modulator RF bandwidth is not compromised by
linearization. More specifically, in pre-distortion linearization, the modulator must be able to
respond at the harmonics of the applied RF signal, while in our case the optical signal
traveling through the silicon diodes automatically captures these harmonics and the increased
bandwidth requirement does not apply.

In this work, we first describe the proposed linearization concept, which is applicable to
any MZ modulator with sufficiently nonlinear phase shifters, mathematically. We then apply
this concept to a silicon carrier-depletion modulator and show that its linearization is possible.
We study the linearity of this modulator numerically and show that it significantly
outperforms a conventional MZ modulator with ideal linear phase shifters. Finally, we
examine the optical bandwidth over which the linear operation can be achieved.

2. Linearization concept

This section presents a mathematical analysis of the linearity of an MZ modulator with
nonlinear phase shifters. The modulator transfer function is derived, its Taylor series
expansion is analyzed, and it is shown that the 2nd and the 3rd expansion terms can be
eliminated with the proper choice of modulator parameters.
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A schematic of the MZ modulator considered in this work is shown in Fig. 1. The two
arms of the MZ structure have phase shifters which are identical and described by nonlinear
voltage-dependent phase ¢(v) and loss «(v). The same DC bias voltage v is applied to the

two arms. The RF signal v=v(t) is applied in a push-pull configuration, so that the total
voltage at the top and bottom phase shifters is v . +Vv and vy. —V, respectively. The optical
power at the top and the bottom outputs of the modulator can be shown to be:

] (058 e ) ol
el g (598 S 2] (2]

where ¢, =@(Vpe +V) and «a, = a(vy. +V) are the phase shift and loss in the top phase
shifter, ¢, =¢(Vpc —V) and o = a(vy. —V) are the phase shift and loss in bottom phase
shifter, and P, is the input power. The MZ modulator is assumed to be biased at quadrature,
so that the phase shift between the two armsat v=0 is z/2.

I_ 2vDC

P — _\9@’_ Pa, O V — PR
Pg, Og — P

L ’

0

Fig. 1. The configuration of the MZ modulator studied in this work. The two arms have
identical nonlinear phase shifters biased with DC bias voltage voc, driven in a push-pull mode
with the RF signal v(t). The 90° phase shifter biases the MZ modulator at quadrature; it will be
shown that biasing the modulator slightly away from the quadrature point is one of the ways to
improve the linearity.

To analyze the linearity of the MZ transfer function, let us expand the phase ¢ and loss
o into a Taylor series around the DC voltage v, :

P(Voe +V) = (¢DC +PV+ PV + PV +) L, (3)
a(VDC +V) = (aDC SCARAGET-A +) L, 4)

where L is the length of the phase shifters. Note that according to Egs. (1) and (2), the output
powers depend not on individual phases ¢, and ¢,, but rather on the phase difference

@, — @, . Using expansion (3), this phase difference is

¢A _¢B = ¢(VDC +V)_¢(VDC _V) = 2(¢1V+¢3V3 +) L. (5)

The second and higher-order even terms of the phase response expansion are automatically
cancelled in Eq. (5) thanks to the symmetry of the push-pull configuration. In the case of a
reverse-biased silicon diode, the second-order phase nonlinearity is the dominant nonlinear
term, and its cancellation due to the push-pull symmetry is critical for wideband linearization.
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Plugging Egs. (3)-(5) into Egs. (1) and (2) and performing a Taylor expansion, the
expressions that describe modulator linearity are finally obtained:

P, =P et B+(¢1L)v+(0¢fL2 —aZL)v2 +(—§¢13L3 +¢3L—2q51052L2jv3 +} (6)

P, =P e " B—(QL)V+(0512L2 —ozzL)v2 —(—%@35’ +¢3L—2¢10:2L2)v3 +} )

The above equations can be analyzed as follows. The third-order nonlinear coefficient is the
sum of three terms: (i) the term due to the cubic nonlinearity of the sine-squared MZ transfer
function, which is present even in the case of ideal linear phase shifters; (ii) the term due to
the cubic nonlinearity of the phase shifters; and (iii) the term due to the quadratic nonlinearity
of the loss in the phase shifters. If these terms can be made to cancel each other, the third
order nonlinear coefficient can be set to zero. Demanding such cancellation yields a quadratic
equation in L:

%@3L2+2¢1a2L—¢3 =0. 8

Linearization is possible only if this equation has real, positive solutions for the phase shifter
length, L. Additionally, L must be long enough for high modulation depth to be possible, but
short enough that the modulator does not take up too much chip area. Whether an acceptable
length is possible depends on the above coefficients, which are determined by the shapes of
the phase shifter response curves ¢(v) and «(v), as well as by the selected bias voltage v .

In the next section, it will be shown that a reverse-biased silicon diode phase shifter has
nonlinearity suitable for the cancellation of the cubic nonlinear term in the transfer function at
practical diode lengths.

The modulator transfer function also has second-order nonlinearity, see Egs. (6) and (7),
from the voltage-dependent loss. The quadratic nonlinearity is not a problem in systems with
sub-octave bandwidth. However, wideband systems, such as photonic analog-to-digital
converters, are affected by quadratic nonlinearity, and suppression of the second-order
nonlinear term is highly desirable. The two terms of the second-order nonlinear coefficient
can, in principle, cancel each other. However, this cancellation is of limited usefulness
because it occurs at a different phase-shifter length than the cancellation of the cubic
nonlinearity. There are two approaches to eliminating the quadratic nonlinearity without
compromising the cancellation of the cubic nonlinear term. The first approach is to use
differential detection: according to Eqgs. (6) and (7), the second order nonlinear terms in the
complimentary outputs are identical, so subtracting these outputs will eliminate the second
order nonlinearity (as well as all other even-order nonlinearities). Because the odd
nonlinearities have opposite signs in the two outputs, such subtraction will not eliminate the
desired, linear term. The second approach is to shift the operating point of the MZ modulator
away from quadrature to introduce a quadratic term in the sine-square MZ transfer function.
At the proper operating point, this quadratic term will cancel the quadratic term of Eq. (6) or
(7) and result in MZ modulator operation free of quadratic nonlinearity. A similar analysis to
the one above, where the operating point was allowed to change, shows that cancellation of
the 3rd order nonlinearity occurs at the same length regardless of operating point. Therefore,
the cancellation of the 3rd order nonlinearity is not affected when the operating point is
changed to cancel the 2nd order nonlinearity, and simultaneous cancellation of 2nd and 3rd
order nonlinearities is straightforward. Note that this approach can eliminate quadratic
nonlinearity only in one of the two modulator outputs, which is often sufficient because many
applications use only a single output.

#140083 - $15.00 USD Received 4 Jan 2011; accepted 15 Feb 2011; published 23 Feb 2011
(C)2011 OSA 28 February 2011/ Vol. 19, No. 5/ OPTICS EXPRESS 4490



Once the 3rd-order and all even order nonlinear terms of the modulator transfer function
are eliminated, as described above, the modulator linearity will be limited by the 5th and
higher-order odd nonlinear terms. Table 1 summarizes the results of this section.

Table 1. Different Nonlinear Terms and the Ways to Cancel Them as Described in
Section 2

Nonlinear term Source of nonlinearity Method of cancellation

2nd and other even-  quadratic and other even-order ~ Cancelled due to push-pull symmetry.
order terms nonlinearity of ¢(v)

2nd and other even- linear, quadratic, and other Cancelled by using differential detection.

order terms nonlinear terms of a(v)

2nd-order term linear and quadratic Cancelled (in one of the two outputs) by shifting the
terms of a(v) operating point away from quadrature.

3rd order term cubic term of ¢(v) + cubic term of Eliminated with proper choice of phase shifter length. At
MZ transfer function + quadratic this length, different contributions to the cubic nonlinearity
term of a(v) cancel each other.

5th order term In general, cannot be cancelled simultaneously with the 3rd

order term. Limits the linearity of the linearized modulator.

3. Linearization of a reverse-biased silicon modulator

The theoretical analysis presented above shows that the transfer function of an MZ modulator
with nonlinear phase shifters can be linearized with the proper choice of modulator
parameters, provided that the phase shifters have a suitable nonlinear phase #(v) and loss

a(v) response. While the linearization is not necessarily achievable for arbitrary phase shifter

nonlinearity, this section shows that a reverse-biased silicon diode phase shifter has the right
amount of nonlinearity to enable linearization. The performance of such a linearized silicon
modulator is analyzed and compared to a conventional MZ modulator.

A reverse-biased silicon modulator uses the free carrier plasma dispersion effect to
modulate the optical signal. The RF voltage applied to a reverse-biased diode changes the
width of the depletion region and, thus, the free carrier concentration profile within the diode.
The optical mode traveling through the diode experiences a phase shift induced by these free
carriers. The MZ structure serves to turn this phase modulation into an amplitude modulation.
Free carriers induce not only a phase shift, but also undesired absorption, which needs to be
included in the linearity analysis.

Before proceeding to a rigorous treatment of silicon modulators, rough estimates can be
used to illustrate the possibility of canceling the cubic nonlinear term. The quadratic Eq. (8)
derived in the previous section can be simplified by neglecting the term related to the voltage-

induced loss. Equation (8) becomes §¢f L* —¢, =0. A positive solution for L is possible only

if the phase nonlinear coefficients, ¢ and ¢, , have the same sign. To verify that this is the

case for a reverse-biased silicon diode, we can use the Shockley diode model. In this mode,
the width of the depletion region is proportional to the square root of the applied voltage,

./vDC +Vv . The induced change in the effective index of the optical mode is approximately

proportional to the width of the depletion zone, therefore #(v) ~,/ch +Vv . Taylor series
expansion gives

2 3
1 v 1 v 1( v
V)~ Vo |1+ =—— = — | +—| — | +...|. 9
#(V) ~ WVoc 2V, S[VDCJ 16[VDCJ ©)

The nonlinear coefficients, ¢ and ¢,, indeed have the same sign. Therefore, this modulator
can be linearized, i.e. it is always possible to find a positive length L at which the cubic
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nonlinearity of the MZ transfer function ¢’L® cancels the cubic nonlinearity of the phase
shifters ¢,L .

Though a description based on Shockley's diode model gives a qualitative picture of
modulator linearization, it is not accurate enough for quantitative analysis. In this work,

rigorous numerical simulations were used to find the shapes of the ¢(v) and «(v) curves for

a reverse-biased silicon diode. Electrical simulations were performed in Synopsys's
Sentaurus® software suite [52] and determined the spatial carrier concentration distribution as
a function of applied voltage. The electrical model used to find the carrier distributions
included mobility, recombination, bandgap and breakdown effects. The carrier concentrations
were then converted into refractive index and absorption coefficient distributions [53].
Finally, the obtained index and absorption distributions were substituted into a vectorial mode
solver [54] to determine the effective index and attenuation coefficient of the optical mode.
The designs of a reverse-biased silicon diode can be different in terms of waveguide cross-
sections and doping profiles. To be specific, we selected the diode design shown in Fig. 2 [55]
and used it in the rest of this work. This design was optimized solely to maximize the diode
responsivity, without consideration to the diode nonlinear characteristics. The calculated
phase and loss response, ¢(v) and «(v), per unit length of the diode phase shifter are shown

in Fig. 3. Note that in Fig. 3, and throughout this work, positive voltages are voltages applied
in the reverse-bias direction. The wavelength of light is assumed to be fixed at 1.55um;
wavelength dependence of modulator linearity will be studied in Sec. 4.

50nm 50nm

5x10% p-type

10'8 p-type

Sio, 500nm

Fig. 2. Cross-section of the reverse-biased silicon diode phase shifter studied in this work. This
diode was designed to maximize the modulator sensitivity without regards to its linearity.
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Fig. 3. (a) Phase shift and (b) change in the modal loss per centimeter of a silicon diode phase
shifter length versus applied voltage. The diode cross-section is shown in Fig. 2. The circles
represent simulation data points, and the curves an 8th-order polynomial fit to these points.
1.55um light is assumed.

To study the nonlinear characteristics of the modulator, the modulator transfer functions
(1-2) were generalized to allow for MZ bias values different from quadrature. The phase ¢(v)
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and loss a(v) were determined by an 8-th order polynomial fit to the simulation data points

(shown in Fig. 3). The polynomial fitting provided a way to calculate the phase and loss for
arbitrary voltage values. As one has to expect, it was observed that suppression of the
harmonics to a level of 60dBc and below is very sensitive to noise in the numerical data, as
well as the exact fitting function used, and the exact implementation of the algorithm.
Fortunately, while choice of fit creates some shift in the output graphs, all qualitative results
remain the same. Moreover, despite the obvious differences in curve values with fitting
choice, the quantitative differences were not so great as to exclude using bias-point tuning to
achieve the desired linearity, as discussed below. To study the modulator linearity, we
generated a single-tone sinusoidal input signal, v(t), applied to it the MZ transfer function

with ¢(v) and «(v) given by the polynomial fits, and analyzed the harmonic distortions of

the obtained output signal.

The extent to which the silicon modulator can be linearized, and the phase shifter length at
which linear operation is achieved, can now be found. The nonlinearity of the silicon diode
phase shifters depends on the bias voltage. To start, the bias voltage is chosen to be 4V;
arbitrary values of the bias voltage will be considered later. Numerical simulations show that
the cubic nonlinearity is completely eliminated for L = 263pum. The harmonic distortions as a
function of modulation depth for this phase shifter length are shown in Fig. 4(a). The
modulation depth is defined as Al /Al , where Al is the intensity swing at the output of the

modulator for given RF amplitude, and Al __, is the maximum possible intensity swing

corresponding to full modulation. The powers of the harmonic distortions are specified
relative to the power of the fundamental. The 3rd harmonic distortion in the linearized
modulator (“HD3 lin. MZM” curve) is significantly reduced compared to a conventional MZ
modulator with ideal linear phase shifters (“HD3, conv. MZM” curve), especially at small
modulation depths. Note that in the absence of cubic nonlinearity, HD3 originates from the
5th order nonlinearity, as confirmed by the slope of the curve. The second harmonic (“loss-
induced HD2” curve) will not be present in the proposed modulator. This curve corresponds
to the second harmonic originating from the voltage-dependent loss «(v) if the modulator

were biased at quadrature. As explained in the previous section, HD2 can be completely
eliminated by biasing the modulator away from the quadrature point or by using differential
detection.
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Fig. 4. Harmonic distortions in the linearized silicon modulator and a conventional MZ
modulator as a function of modulation depth. The curves “HD3, lin MZM” and “HDS5, lin
MZM?” represent the 3rd and 5th harmonic distortions in the linearized silicon modulator, and
the curve “HD3, conv. MZM” is the 3rd harmonic distortion in a conventional MZ modulator
with ideal, linear phase shifters. The curve “loss-induced HD2” illustrates the amount of the
2nd harmonic distortion due to voltage-dependent loss, which can be completely eliminated by
shifting the MZ bias away from quadrature or by using differential detection. The length is
selected (a) to completely eliminate the cubic nonlinearity, (b) to achieve the largest
modulation depth while keeping HD3 below the —80dBc level; (c) to achieve the largest
modulation depth while keeping HD3 below the —60dBc level (see Table 2). The silicon diode
reverse bias voltage was 4V; see Fig. 6 for the performance at arbitrary reverse bias voltages.

The performance of the modulator with no cubic nonlinearity (Fig. 4(2)) is limited by the
5th order nonlinearity, which quickly increases with modulation depth and limits the benefit
of linearization at high modulation depths. To achieve better linearity at high modulation
depths, some amount of cubic nonlinearity can be allowed. The idea is to let the contributions
of the cubic and the 5th order nonlinearity to the HD3 cancel at some signal power, thus,
yielding a more linear performance at this power. Figure 4(b) illustrates this concept. Here,
the phase shifter length (L = 280um) is optimized in order to keep the HD3 below the —80dBc
level up to highest possible modulation depth. The modulation depth at which the HD3 first
crosses the —80dBc level is increased from 18% (Fig. 4(a)) to 30%, i.e. the HD3 stays below
—80dBc for all modulation depths lower than 30%. This increase comes at the expense of
higher distortion at lower modulations depths. However, since distortions are small at low
modulations depths, generally, their increase is not problematic. In Fig. 4(c), the length, L =
312um, was optimized to achieve the highest possible modulation depth where the HD3 was
suppressed below —60dBc. Compared to the fully cancelled cubic nonlinearity (Fig. 4(a)), the
acceptable modulation depth increased from 32% to 68%. A conventional MZ modulator
allows only 15% modulation with HD3 below —60dBc. We will continue to consider these
three linearization criteria; for convenience, they are summarized in Table 2.

Table 2. Three Criteria for Modulator Linearization Considered in Section 3

No. Criterion Explanation
1 Fully cancelled The cubic nonlinear term of the modulator transfer function is completely
cubic nonlinearity  eliminated. (Fig. 4(a))
2 —80dBc level The modulator is optimized to maximize the modulation depth up to which the
optimization third harmonic distortion, HD3, stays below the —80dBc level. (Fig. 4(b))
3 —60dBc level Same as above but with the HD3 below the —60dBc level. (Fig. 4(c))
optimization

The above discussion assumed a diode bias of 4V; the analysis will now be extended to
arbitrary bias voltages. The three linearization criteria listed in Table 2 are again considered.
The lengths of the phase shifters which yield the most linear performance as a function of bias
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voltage are shown in Fig. 5. The length values needed for linearization are in the range of
hundreds of microns, and correspond to values that are typically used in MZ silicon
modulators.

An important consequence of the relationship between bias voltage and optimum length
(Fig. 5) is that, for a modulator of a given length, linear operation can be achieved by
adjusting the bias voltage. This is important because the phase shifter length in a fabricated
modulator can differ from the design value due to fabrication variations. An equivalent
argument applies to other types of fabrication variations (e.g. in diode dimensions, doping
profiles, etc.); these variations will change the bias vs. length curve, which means that for a
given length, linearization is achieved at a different bias value.

1200 T T - , r - .
.»—;‘
1: full cancellation of cubic NL / N
E 10004 | 5. _godBc level optimization ) 7
= 1 | 3: -60dBc level optimization / 1
S 800 .
3 | /
®
E 6004 .
a
IS) |
400 + 1 B
] /‘L{-—??:isg‘-n . ‘3_
200 | Kl . .
0 2 4 6 8 10

Bias voltage, V

Fig. 5. The length of the silicon diodes optimized for the three cases of Table 2: (1) full
cancellation of cubic nonlinearity, (2) —80dBc level optimization, and (3) —60dBc level
optimization.

Contour plots of the HD3 as a function of bias voltage and modulation depth for the three
cases of Table 2 are shown in Fig. 6. In these plots, the phase shifter length was optimized at
each bias voltage (see Fig. 5). As in Fig. 4, the HD3 grows monotonically with modulation
depth when the cubic nonlinearity is canceled (Fig. 6(a)), and has an oscillation when the third
harmonic is instead held below the —80 or —60dBc levels (Fig. 6(b) and 6(c) respectively).
The white areas in Fig. 6 represent modulation depths not achievable at the given bias voltage
and diode length. The modulation depth is limited because, at every time, the voltage applied
must not turn on the diode and because breakdown effects need to be avoided. In this work,
voltage values were limited to the [0,13] V range. This meant that the RF amplitude could not

exceed both v,. and (13-v, ), giving rise to the white areas in Fig. 6.

For comparison, Fig. 7 shows the HD3 of a conventional MZ modulator with ideal, linear
phase shifters. It is clear that the proposed linearization scheme significantly extends the
range of modulation depths which can be achieved with low harmonic distortion. At two
values of the bias voltage, approximately 2.5V and 5V, the linearity is especially good: 70%
modulation depth can be reached with the third harmonic distortion staying below the —80dBc
level (Fig. 7(b)). The reason for this enhanced linearity is that at certain bias voltages not only
the cubic but also the 5-th order nonlinearity of the modulator is minimized. In practice,
however, it might be difficult to achieve such high linearity because of fabrication variations.
For cubic nonlinearity cancellation, there is one degree of freedom — the bias voltage — which
can be used to compensate for fabrication variations. However, if both the cubic and the 5th
order nonlinearities need to be cancelled simultaneously, there is no such freedom, and
fabrication variations cannot be compensated by adjusting the bias voltage.
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Fig. 6. Third harmonic distortion, HD3, in dBc, as a function of the silicon diode bias voltage
and modulation depth. At each bias voltage, the length of the silicon diode was optimized
(shown in Fig. 5). Three criteria of length optimization have been used (see Table 2): (a) full
cancellation of the cubic nonlinearity, (b) maximization of the modulation depth with HD3
below the —80dBc level, (c) maximization of the modulation depth with HD3 below the
—60dBc level. The white areas in the plots correspond to modulation depths not achievable at
given phase shifter length and bias voltage. For comparison, a plot of the HD3 in a
conventional MZ modulator with ideal, linear phase shifters is shown in Fig. 7 (see also the
curves labeled “HD3, conv. MZM” in Fig. 4). Note that the minus sign in front of the HD3
values has been omitted; in reality, the HD3 is, of course, negative.
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Fig. 7. Third harmonic distortion, HD3, in dBc, present in a conventional MZ modulator with
ideal linear (e.g. LiNbOs3) phase shifters. The minus sign in front of the HD3 values has been
omitted.

4. Optical bandwidth of the linearized, silicon modulator

Until now, the optimization and analysis of the modulator linearity was performed for a single
optical wavelength. However, in many applications, modulators must be able to operate over
a wide wavelength range. For example, in an optical ADC, the optical bandwidth of the pulse
train input to the modulator can be 20nm or more. This section addresses the wavelength
dependence of the modulator linearity.

In Sec. 2, it was established that the cubic nonlinearity of the modulator is fully cancelled
when the length of its phase shifter sections satisfies Eq. (8). However, the optical phase shift
depends on wavelength, which means that the optimum length also depends on wavelength.
The cubic nonlinearity in a given modulator can be zero only at a single wavelength; it will
increase as the wavelength differs from this wavelength. This is illustrated in Fig. 8, which
shows the third harmonic distortion, HD3, as a function of wavelength for a modulator
optimized at 1.55um. The HD3 shown is the maximum HD3 over modulation depths ranging
from 0 to 20% (rather just the HD3 at 20% depth). The bias voltage was 2V and the length
was 348um. One can see that HD3 grows rather quickly with distance from 1.55pum: HD3
increases by about 10dB just 3nm away from 1.55um. However, there is still bandwidth over
which HD3 remains low. For example, HD3 remains below —100dBc within a 9nm
bandwidth, and below —90dB within a 29nm bandwidth around 1.55um, as indicated in Fig. 8.
The bandwidth can therefore be plotted as a function of the HD3 level, as it is done in Fig. 9.

L L L L A AL B B B
bias = 2V

Third harmonic distortion HD3, dBc

15

1T 1 1T 1 1 1 1 1 T
1.50 1.51 1.52 1.53 1.54 1.55 1.56 1.57 1.58 1.59 1.60
Wavelength, pm

Fig. 8. Maximum third harmonic distortion, HD3, with up to 20% modulation depth as a
function of optical wavelength. The length was L = 348um, selected to minimize HD3 at
1.55um. The bias voltage was 2V. For comparison, HD3 in a modulator with ideally linear
phase shifters at 20% modulation depth is -55dBc.

Figure 9 shows how much suppression of nonlinear distortions can be achieved over a
given bandwidth. The Y-axis is the bandwidth over which the HD3 stays below the level
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shown along the X-axis. The curves correspond to different modulation depths. As in Fig. 8,
the HD3 values here are the maximum HD3 seen over modulation depths ranging from zero
to the given modulation depth. Plots (a)—(d) correspond to reverse biases of 2V, 3V, 4V, and
5V. The length was optimized independently at each bias voltage and modulation depth. Each
curve was extracted from a plot similar to the one shown in Fig. 8; the 20% curve in Fig. 9(a)
corresponds to the plot of Fig. 8. As expected, for wide optical bandwidth, the modulator
cannot sustain the same high level of linearity it can for narrowband signals. Another
observation is that the better the linearity is, the faster it deteriorates as the optical bandwidth
increases. For example, among the four biases considered in Figs. 9(a)-9(d), the 5V bias
enables the lowest HD3 at low optical bandwidths; however, the HD3 quickly increases with
bandwidth and, at high bandwidth values, the HD3 levels are roughly the same for all four
biases. Importantly, in all cases, the performance of the linearized modulator is superior to
that of a conventional MZ modulator with ideal linear phase shifters (Fig. 9(e)), even for
optical bandwidths as high as 100nm.
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Fig. 9. The optical bandwidth over which the third harmonic distortion, HD3, is below the level
shown along the x-axis. For each curve, the modulation depth is fixed and is indicated next to
the curve. The silicon diode is reverse biased at (a) 2V, (b) 3V, (c) 4V, (d) 5V. The length was
optimized for each bias voltage and modulation depth to achieve the smallest HD3 at 1.55um.
The length values, from the smallest to the largest modulation depths, were (a) 349, 349, 348,
344, 336, (b) 293, 294, 297, 305, 312, (c) 263, 265, 272, 291, 308, (d) 348, 348, 349, 351, 354,
and 353 microns. For comparison, the HD3 in a modulator with ideal, linear phase shifters is
plotted in (e).
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Note that the analysis in this section assumes that the only source of wavelength
dependence in a silicon MZ modulator is the wavelength dependence of the phase and loss in
the silicon diode phase shifters. However, other parameters of the MZ structure can also be
wavelength-dependent and, thus, can affect modulator linearity for wideband optical inputs.
In particular, the coupling ratio of the directional couplers and the bias phase of the modulator
can vary with wavelength. The impact of these variations was not considered because they are
not fundamental to the proposed linearization method and will affect the performance of any
MZ-based modulator.

5. Summary and discussion

This work describes a modulator linearization scheme based on cancellation between the
phase shifter and the MZ transfer function nonlinearities. This concept is applicable to any
modulator with nonlinear phase shifters, including the reverse-biased silicon diode phase
shifters studied in this work. The silicon phase shifters are intrinsically nonlinear, with both
phase and loss dependent on the applied voltage in a nonlinear way. That nonlinearity allows
overall linear operation to be achieved in the MZ structure at reasonable device operating
voltages and lengths. The linearized modulator yields superior linearity to a conventional MZ
modulator with ideal linear phase shifters, as illustrated by Figs. 4, 6, 7, and 9. For example, if
the third harmonic distortion HD3 needs to be below —80dBc, a conventional MZ modulator
is limited to 5% modulation depth, while the linearized silicon modulator considered in this
work enables 30% modulation at a 4V bias voltage and 57% modulation at a 5V bias voltage.
The linearity of the modulator depends on the optical wavelength, i.e. a modulator optimized
for one wavelength will not perform equally well at other wavelengths. In the above example,
if the HD3 is additionally required to be below —80dBc over 100nm of optical bandwidth, the
modulation depth in the linearized modulator is reduced to about 20% at both bias voltages,
which is still higher than in the conventional MZ case.

As mentioned in the Introduction, the proposed linearization method resembles the pre-
distortion linearization in the sense that the nonlinearity of the phase shifters is conceptually
similar to the nonlinearity introduced with a pre-distorter circuit. Unlike pre-distortion
linearization methods, the proposed scheme does not require the modulator to work at
harmonics of the applied RF signal, and, therefore, does not compromise the RF bandwidth of
the modulator. However, operation at high RF frequencies may still be degraded by possible
dynamic nonlinearity, i.e. the dependence of nonlinearity of the silicon phase shifter on the
RF frequency. This work does not address the question about the presence and impact of this
dynamic nonlinearity on the linearity of the modulator.

As with any linearization approach which relies on nonlinearity cancellation, an important
question is the tolerance of the proposed approach to device parameter variations.
Specifically, the diode parameters such as layer thicknesses, doping levels, and spatial doping
profiles can vary from one fabrication run to another and from diode to diode in the same
fabrication run, leading to variations in the nonlinearity in the phase shifters. Because the
phase shifter nonlinearity also depends on an adjustable parameter — the diode bias voltage —
some variations in phase shifter linearity can be compensated by simply adjusting this
voltage. This is particularly true if both arms are still balanced. Fabrication variations can also
lead to unbalanced arms, and while it is expected that the proximity of the two diodes on the
chip will keep these variations low, the question about their impact on the modulator
linearization remains open. Note that fabrication variations might be problematic if one’s goal
is to achieve the very high linearity associated with simultaneous suppression of the 3rd and
5th order nonlinear terms, which only happens at specific combinations of modulator
parameters and bias voltage.

Note that the modulator linearity was studied by analyzing the harmonic distortions
created when a single-frequency RF tone is applied to the modulator. A single-tone test was
selected for simplicity; a two-tone test could be used instead and intermodulation distortions
could be analyzed. The intermodulation distortion analysis would produce different absolute
values of distortions, but it would not change the relationship between the distortions in a
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linearized and a conventional modulator. Therefore, all conclusions of this work would stay
the same.

In this work, the modulator linearity is analyzed theoretically, using models and numerical
simulations. However, the theory might be different from the experiment for a number of
reasons. First, the parameters of a fabricated device might be different from the intended
values. Second, some of the diode parameters used in the models might not be very well
known; for example, the exact doping profiles. Third, although the authors used rigorous
models to find the carrier distributions at given voltages, these models are still approximate:
they assume there are no defects in the silicon, that the contacts are perfectly ohmic, use
standard, empirical models for physical parameters like temperature and carrier concentration
effects on the bandgap and on index of refraction and loss, etc. For these reasons, differences
between the real nonlinearity of the fabricated device and the nonlinearity predicted by the
model are unavoidable. Therefore, to make a linearized modulator in a given fabrication
process, one needs to establish the nonlinearity of the silicon phase shifters experimentally.
The simulation results, such as the results presented in the paper, should be viewed as a guide
to the performance expected of a properly linearized silicon modulator and an estimation of
the parameters necessary for linearization.
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