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Abstract: Optical modulators are key components to realize photonic circuits, and Mach-Zehnder
modulators (MZM) are often used for high speed short reach interconnects. In order to maximize the
tolerable path loss of a transmission link at a given bitrate, the MZM needs to be optimized. However,
the optimization can be complex since the overall link performance depends on various parameters,
and, for the MZM in particular, implies several trade-offs between efficiency, losses, and bandwidth.
In this work, we propose a general and rigorous method to optimize silicon MZM. We first describe
the optical link, and the numerical method used for this study. Then we present the results associated
to the active region for 1310 nm applications. An analytical model is generated, and allows us to
quickly optimize the p-n junction depending of the targeted performances for the MZM. Taking into
account the required optical link parameters, the maximum tolerable path losses for different length
of MZM is determined. By applying this method, simulations show that the optimum MZM length
for 25 Gbps applications is 4 mm with an efficiency of 1.87 V-cm, 0.52 dB/mm of losses. A tolerable
path loss of more than 25 dB is obtained.

Keywords: silicon photonics; Mach-Zehnder Modulators; optical communictions; short reach
Interconnects

1. Introduction

Silicon photonics is known as a promising platform for high speed applications, and in recent
years, the maturity of the technology has allowed the proposal of photonic chips with the necessary
components [1-4]. Even if several investigations are still ongoing [5], silicon Photonics is now
a proven technology for high speed short reach optical interconnects with several companies
proposing 100GBASE compatible products [6-8]. As data rates increase from 10 G to 25 G to
100 G per wavelength [9], the design of these optical links relies on a careful balance between
several parameters such as for instance the receiver sensitivity, the modulator efficiency or the laser
power. This balance depends upon many system level parameters (e.g., tolerable link loss) but also
technological parameters (e.g., doping levels of the active regions) and external constraints (e.g., power
consumption). In this paper, we focus on the Mach-Zehnder Modulator (MZM) used in such links,
operating at 1310 nm, and propose a method to optimize its technological and physical parameters
independently of the other system building blocks.

Based upon the plasma dispersion electro-optical effect, the active region of the modulator creates
a phase shift, which is then converted into an intensity modulation by using an interferometric
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structure. In order to obtain the best specifications for a targeted application, a compromise between
insertion loss, modulation bandwidth and efficiency must be found. This optimal point is difficult
to obtain without a proper method or compact model, because it depends on various parameters.
In a previous work, we bypassed this issue by developing a compact model for the conception of a ring
modulator in order to find the optimal point in the most general case [10]. This paper completes this
discussion by detailing a similar method to obtain the best parameters for the MZM, which we apply
to short reach interconnects, with 25 Gbps On-Off Keying (OOK) modulation at 1310 nm. The objective
of this study is thus to determine the configuration of the MZM which leads to the largest tolerable
path loss for the overall link, and see the reachable performances for the modulator.

The article is divided into three sections. The notations and the main elements referred to in the
optimization procedure are explained in the first part. In the second part, after having determined the
required power for the receiver, the electro-optical performance parameters of the active region of the
MZM are extracted, including bandwidth simulations. The compact model for the optimal parameters
of the junction is also presented. Last, the third part details the optimization method through one
example, and combines all the previous data to optimize the MZM in a more general case.

2. Notations and Methodology

2.1. Presentation of a Typical High Speed Short Reach Interconnect

The structure of a high speed short reach interconnect is presented schematically in Figure 1. It is
made of a laser source hybridized to a Silicon Photonic circuit with a fiber coupled to the output port.
In a Space Division Multiplexing (SDM) configuration, usually, a single laser source is split onto parallel
MZM based transmit circuits, each is coupled to an individual output single polarization grating
coupler (SPGC). On the receiver side, individual input Polarization Splitting Grating Coupler (PSGC)
are directly connected to parallel receiver circuits. In a dual fiber configuration using Wavelength
Division Multiplexing (WDM), the transmitter silicon photonic circuit consists of a number of MZM
connected to individual laser sources on one side and, on the other side, to a wavelength multiplexer
followed by a SPGC. The corresponding receiver consists of an input PSGC followed by a wavelength
de-multiplexer and parallel receiver circuits.

We consider as variables only the input optical power feeding the MZM, P o5 and the parameters
defining the MZM that we aim to optimize. These are the insertion loss of the doped electrodes ILyzm,
the modulation efficiency measured as the half wave voltage V., and the electro-optic bandwidth
BWnzm. As we aim at maximizing the tolerable path loss, the laser relative intensity noise contribution
to the link performance is assumed to be negligible and thus the laser source is considered perfect.
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Figure 1. Simplified schematic of a high speed short reach link with the parameters used in the
simulation. MZM: Mach-Zehnder Modulator; PD: Photo-Detector.

At the MZM output, these parameters leads to a given average optical output power Prx and
extinction ratio ER or Optical Modulation Amplitude (OMA). Based on these output parameters and
on the link configuration (ILpatg, which is a sum of the multiplexing, fiber coupling and fiber losses),
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the average power reaching the photodetectors is denoted Prx. Note that the chromatic dispersion
of the link, which is assumed to be operated around 1.3 pum, is considered negligible. Different
photodetector parameters will lead to a given sensitivity i.e., the minimum power required, when the
input optical signal is “perfect”, to reach a Bit Error Rate (BER) better than 10~7. This parameter is
denoted Pspn. In our case, as the signal reaching the photo-receiver will not be ideal (for instance,
it may exhibit a low ER), the input power required to reach a BER < 102 will be larger than Psgn.
Let us denote this value Prgq.

We aim to identify the best choice of the MZM parameters [ ILvzv Ve BWazm ] that
maximizes the optical budget ILpaTy that the system can accommodate i.e., the difference between
Prx and Prgg. In order to be more realistic, this optimization will be made under the constraint that
the RF driving amplitude of the MZM is equal to Vy,;, = 2.4 V and that the MZM is driven either in
single drive or in dual drive configuration (with 1/2 x V,i, on each arm). With our simplified model,
the single ended and push-pull operation of the MZM are equivalent to one another.

2.2. Simulation of the Input Power Required Prgg

In a first step, we determine the input power required Prgg as a function of the MZM parameters
Vi BWnmzm } by using a split-step Fourier based simulator [11] running in Matlab® (R2015b,
Mathworks, Natick, MA, USA). At this stage we do not consider that there is a link between V
and BWyzy in order to map the complete parameter space even if, as a result, some simulated
MZM do not represent realistic situations. A transmission link at a data rate of 25 Gbps comprising
a perfect continuous laser source followed by a MZM with a given V,; and BWy\izy is modelled.
A variable optical attenuator is then used prior to the photo-receiver to vary the optical input
power Prx, simulating the passive optical losses ILpary. The photo-receiver (RX) itself consists
of a PIN photodiode with responsivity nog = 0.9 A/W, analogue bandwidth BWpp = 21 GHz,
a Trans-Impedance Amplifier (TIA) gain of 1 k() and a Noise Equivalent Power (NEP) of 8 pW/,/GHz.
These RX parameters are typical for 25 Gbps systems [12] and, as will be evident later, do not change
the generality of the results or of the proposed method. The transmission quality is evaluated by
means of the Q-factor with patterning effects of the two nearest neighboring bits being taken into
account in the calculation [13]. Note that a Q factor of 6 corresponds to a BER of 10-7.
With the parameters given above, we first find that Psgy is equal to —20.8 dBm at 25 Gbps.
Figure 2 shows the required power Prgg computed by simulation as a function of V;; and BWyz\ for
an absolute voltage Vg, 0f 2.4 V.
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Figure 2. Evolution of the required receiver input for 25 Gbps On-Off Keying (OOK) modulation
depending of the voltage and the electro-optic bandwidth of the Mach-Zehnder modulator (MZM).
The receiver parameters are defined in the text.
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For the smallest value of V; and the largest value of BWyz considered (2.4 V and 30 GHz
respectively), we find that PRpqg = Psgy = —20.8 dBm as may be expected as the transmitter emits
a “perfect” signal. When V; increases (thus decreasing the extinction ratio) or when BWy 7\ decreases
(thus closing the eye diagram), the value of Prgq increases. This graph allows us to consider the

different possible trade-offs between the three MZM key parameters | ILyyzv Ve BWamzwm | as
ILymzv directly impacts the RX input power.

2.3. EO Performances of the Active Region of the MZM

Silicon MZM electro-optical performances such as loss and modulation efficiency are more often
referred to in terms of unit length: the loss o in (dB/mm), and the phase modulation efficiency between
0V and V, noted as A in (°/mm). The later parameter is linked to the product VL in (V-cm) with
the relation:

_ 360 x Al’leff i 180 x Vi

A = 1
® y VL. 1)

When the MZM electrode length Iz is set, we can write ILyzv = & X Ipmzm. Since the voltage
Vi represents the voltage needed for a given length Iyjz\y to obtain a shift of 7, for an estimated
efficiency of VL, we have also the relation V; = VLx/Imzm. Several phase shifting mechanisms
exist [14] and give different compromises between these two parameters. In our case, we choose
a doped p-n junction working in the depletion regime since it is currently the most common type
used for high speed silicon modulators. The junction is embedded in a rib waveguide of 400 nm
of width, 300 nm of height, and with a slab of 150 nm of height. In order to illustrate what may be
achieved in terms of VL, and « for this junction, a parametric study was performed depending on
the doping level of the N and P sides between (6.10'°-5.10'8) cm~3, which is the order of magnitude
of the doping levels using in the PN modulators. The doping levels impact the depletion width,
and thus the capacitance of the p-n junction (see Section 2.4). The doping regions are assumed to have
uniform doping densities and the junction is perfectly vertical. The performances of the modulator
at 1310 nm and at an absolute bias voltage of 2.4 V are obtained by electro-optical simulations using
Lumerical® software (2016a, Lumerical Solutions Inc., Vancouver, BC, Canada). The refractive indices
of the materials were ng; = 3.48, and ngjop = 1.44, and the Soref equations at 1310 nm were used [15].
Since the undoped propagation loss is mainly dominated by side wall roughness and thus is a
foundry parameter, it is not included in the simulations in order to keep a more general approach.

This variable is implicitly included in the tolerable path loss. The optimal position of the junction
inside the waveguide, noted dpy and represented Figure 3, ensuring the best efficiency for each couple
of doping N4 and Np is implicitly included in the simulation. This offset can be obtained numerically
by using a 1D model under the assumptions that: (1) the refractive index variations are induced by
an abrupt p-n junction (equivalent of two correlated rectangular functions), and (2) at half height of
the waveguide, the optical mode profile can be fitted by a center Gaussian profile with a beam’s width
o of 87 nm for a waveguide of 400 nm of width at 1310 nm. The optimal position corresponds to the
maximum of the convolution product between the two functions.

Figure 3 displays the possible couples of efficiency and loss of the active region for all the doping
levels simulated (purple region). The ideal MZM would have a small value of o« and large Ap, however
simulations show that it is not possible to decrease one without decreasing the other. The unavoidable
compromise between « and VL, expresses the intrinsic limitation of the junction itself. The best
compromises are represented on the blue dash line on the graph. This curve is crucial for the design of
optical modulator since it includes all the parameters of the p-n junction which allows us to obtain the
best compromise between the efficiency and the losses.
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Figure 3. Diagram of optical losses as a function of the phase shift for an absolute bias voltage of 2.4 V
at 1310 nm. The purple area includes all the simulated couples of doping level. The dash blue curve is
the best case described by the Equation (3).

We find that it is possible to fit the dash blue curve with polynomial functions, leading to simple
relationships between oniz1, A, dpn and the doping concentrations N4 and Np (Equations (2)—(5))
for the structures showing the best compromises between efficiency and losses for an efficiency up
to 20° /mm.

ozt [dB/mm] = 6.68 x 10 #A@? —2.51 x 10 'A¢ + 2.84 )
10log(Np {cm—ﬂ) — 289 x 10 4A@2 +5.37 x 10" 2A¢ + 16.43 3)
10log(N4 [cm—?’}) — 432 x 107 4A@2 +7.14 x 10~2A@ + 15.79 @)

Spn (nm) = —15.61 x 107 5A¢@* —29.18 x 1073A@> + 20.45 x 10~ 1A@? — 64.52 x A@ +800.88  (5)

Figure 4 provides a graphic interpretation of the fitted relations compared to the simulated points.
It allows a quick access of all parameters of the active region. The electro-refraction effect is more
important for holes than for electrons in this range of doping levels, and since the depletion variation is
always more important in the less doped region, a larger variation of concentration of holes is obtained
when N4 < Np. In order to place this variation close to the center of the waveguide (where the
maximum of the optical power is located), the position of the p-n junction is shift towards the n-doped
side, so we have dpy > 0. Finally, the magnitude of the electro-optical effect is directly correlated
with the amplitude of the carrier variations, high modulation efficiency implies high doping levels.
However the depletion width is then reduced, so the position of the p-n junction will be closer to the
center of the waveguide (dpy decrease).
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Junction shift towards n-side dpy, nm
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Figure 4. Evolution of the doping concentrations and the position of the p-n junction in function of the
targeted efficiency for the simulated active region. Symbols are the results of Lumerical simulations,
lines are polynomial fits.

2.4. Modulation Bandwidth

The modulation bandwidth is also a figure of merit that must be taken into account in the
conception of the MZM. Indeed, the longer the MZM electrode is, the higher its direct current (DC)
modulation efficiency is but the smaller its radio-frequency (RF) bandwidth is. Figure 5 shows
a simulation of the 3 dB RF bandwidth for an absolute bias voltage of 2.4 V of the electrical S21
parameter of the electrode itself as a function of its length for typical implantation and metallization
conditions (detailed later). For these simulations we use an analytical equivalent circuit model for
the traveling wave electrode which drives the carrier depletion silicon MZM. The model is composed
of an elementary lossy dispersive transmission line (LDTL) model of length ol which is cascaded to
fully represent the length of the electrode lyzp. The elementary LDTL model, depicted on Figure 6,
includes frequency dependent resistors, capacitors and inductors. This model addresses two of the
three factors that determine the operation speed of a traveling wave electrode MZM: (i) the microwave
attenuation; (ii) the impedance matching; but do not take into account the velocity matching between
the RF and the optical waves. However Hui Yu et al. proves that velocity mismatching does not limit
the electrode bandwidth for electrode of reasonable length compared to the RF loss and the impedance
mismatching effects [16]. The series resistor and inductor Ryeta) and Liyeta1 are frequency dependent
and their formulas are given in [17]. All the other elements except the PN junction capacitance
(Gjunction) and the access resistor (Raccess) are computed similarly as in [16]. The junction capacitance is
computed as in [18] and takes into account the fringing field effect. The access resistor is extracted
from measurements on our fabrication platform.

The simulation results depicted on Figure 5 have been obtained using a SPICE simulator
(AMS 16.1, MENTOR Graphics, Wilsonville, OR, USA). We took a coplanar line with 200 pm-width
grounds, 10 um-width signal and 22.5 pm-space between them. The substrate, the buried oxide and the
optical guide (ribbon) heights are respectively 800 pm, 2 um and 300 nm. The metallization thickness
is 1.3 um. Doping concentrations for p and n part of the junction are both 2.5 x 1017 cm~3. As we
expected, the shorter the length of the electrode is, the higher the bandwidth is. This is mainly due
to the decrease of the RF loss. Ultimately the bandwidth will be limited by the doped-silicon access
resistor and the junction capacitance. For very short electrode lengths, under 500 pm, we can expect
very high bandwidths up to 50 GHz. These results illustrate from another viewpoint the possible
tradeoff between MZM parameters.
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Figure 5. MZM electrical modulation bandwidth vs. electrode length. Symbols are simulation results

and the line is a polynomial fit to those results.
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Figure 6. MZM Transmission line equivalent circuit model.

3. MZM Parameter Optimization

The optimization of the MZM parameters [ ILvzv Ve BWuvzm } is equivalent to the

optimization of [ ovizm A©  Ivizm ] due to the relationship between these parameters as described
in the section above. In order for a MZM with given parameters to be compliant with the transmission
performance required, it must satisfy the condition Prx > Prrq, where (in dB scale):

Prx = Pras — amzm X Imzm — 3 — ILpaTH (6)

The 3 dB term accounts for the fact that the MZM is biased in quadrature. The target value of
Prgq is determined form Figure 2 with Vi = (VxLx) /Imzm, and the bandwidth value BWyizy is
taken from Figure 5.

In order to illustrate the optimization process, we arbitrarily set the value of P as = +10 dBm

and the MZM length I\izyv = 1 mm. Figure 7 shows the limiting curves in the [ ovzM VrLn ]
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space. The upper limit (blue curve) is linked to the requirement described above i.e., the highest MZM
insertion loss that satisfies Prx > Prpq when ILpaty = 0:

avzm < (Pras — 3 — Preq) / Ivzm )

where Prgg is also a function of V;; and BW)y1z\ or, in other terms, of ayzyv and Vi L. The thick blue
curve is extracted directly from the numerical results of Figure 2 while the dashed thin blue line is
an analytical extrapolation of these results for large V;;. When V; increases, the eye diagram closes
and a power penalty related to the degraded extinction ration is subtracted to the tolerable link budget,
thus reducing the allowed MZM insertion loss. The thick black line shows the lower limit with the best
performing MZM (Figure 3) based on our simulated waveguide and junction geometry. All the MZM
within those two limits offer sufficient performances for a 25 Gbps link to operate with a BER < 107°.
However, the MZM whose parameters are situated on the upper limit (blue dashed line) have the
maximum allowable insertion loss and thus do not permit additional losses to be inserted between the
TX and RX (i.e., Prx = Prgq for those parameters).

25

Vi x Lyizwvs Veem

051 \

0 . . .
0 5 10 15 20 25 30

“’MZM- dB/mm

Figure 7. MZM Parameter space limits: upper limit linked to insertion loss (blue); and lower limit due
to technology (black). Iyizyv = 1 mm.

On the contrary, the MZM whose parameters are situated on the black line offer the best
performance in terms of efficiency and insertion loss and lead to the availability of path loss margin.
Among all the possible parameters { ovmzM  VrLln } belonging to this lower limit, one particular
point maximizes the optical loss Lpaty that can be tolerated between the transmitter (TX) and receiver
(RX), this point is represented by a blue dot on Figure 7 at 1.7 dB/mm and 1.17 V-cm. Indeed, if we
draw a horizontal line from this optimal point to the upper limit curve, the intersect point is situated at
25.2 dB/mm and 1.17 V-cm. The loss that can be tolerated is thus (25.2 - 1.7) X Iyizm = 23.5 dB with
a MZM length of 1 mm. For clarity, we plot on Figure 8 the tolerable path loss as a function of VL,
directly computed from Figure 7 i.e., the difference along the x-axis between the black and dash-blue
curves of Figure 7 multiplied by the MZM length.

In summary, for a 1 mm long MZM, the optimal parameters are V,; = 11.7 V and ILyiz = 1.7 dB
which leads to an electrical bandwidth of BWyzy = 23.5 GHz and a system optical budget of
ILpaTh = 23.5 dB for an input laser power Pias = +10 dBm. If a MZM with higher modulation
efficiency was used (further to the right on the black line), the improvement in extinction ratio would
not be sufficient to compensate the inevitable higher insertion loss and thus, the tolerable path loss
would decrease. The reverse applies if we considered a MZM with lower insertion loss. It is important
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to underline that the optimal parameters found above are valid whatever the sensitivity of the receiver
or the laser power. Indeed, if the RX sensitivity is degraded or the laser power is lowered, the tolerable
path loss decreases (translation along the x-axis of the blue curve) but the optimal MZM parameters
do not change.

This optimization can be repeated for different values of I\izy in order to find the optimal
electrode length (Figure 9). We plot in Figure 10 the evolution of the maximum ILpaTy as a function of
Ivizm- The optimum MZM electrode length is found to be 4 mm, which leads to ovizv = 0.52 dB/mm
and a product V;Ly of 1.87 V-cm at —2.4 V (A¢ = 23°/mm) or, in other terms, V; = 4.6 V and

ILpmzm = 2.1 dB. For a laser power Pp a5 = +10 dBm and a receiver sensitivity Psgy = —20.8 dBm at
25 Gbps, we find a tolerable path loss ILpaty = 25.9 dB.
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Figure 8. Maximum tolerable path loss as a function of VIpzm for Iyvizv = 1 mm
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Figure 9. MZM optimal parameter search for different electrode lengths.
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Figure 10. Maximum tolerable path loss as a function of MZM electrode length.

4. Conclusions

In conclusion, we propose an optimization method for the design of MZMs maximizing the
tolerable path loss of the optical link for high speed short reach optical interconnects. This optimization
is based on the best compromise between the efficiency and the losses of the active region.
This compromise is independent from the laser power used and receiver sensitivity. A compact
model allows us to have an easy correspondence between the EO-performances and the parameters of
the p-n junction. In the case of 25 Gbps OOK modulation at 1310 nm, simulations show a MZM of
4 mm is optimal with an efficiency of 23.1°/mm at —2.4 V.

The next step is to validate this approach by an experimental characterization of MZM. For more
investigations, this method can be easily adapted for different types of active regions, by taking into
account the fabrication effects such as implantation conditions, or for more complex modulation
formats and other symbol rates.
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