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Modeling of Electrical Crosstalk in OEIC Modules
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A complete set of tools for the calculation of electrical crosstalk in optoelectronic
integrated circuits is presented. Typical chip architecture has been analyzed and rel-
ative results are obtained. The model can be easily applied to several wire-bonded
and flip-chip OEICs. Design guidelines are presented and discussed.
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Introduction

During recent years, the monolithic integration of photonic devices into a single chip has
attracted considerable interest from many research groups worldwide [1]. Different types
of integrated modules—known as photonic integrated circuits (PICs) or optoelectronic
integrated circuits (OEICs)—have been proposed with the potential of giving a con-
siderable boost to the performance of existing or proposed advanced photonic systems,
due to their attractive options for the monolithic integration of optical amplifiers and
wavelength converters on the chip [2–4]. In addition, optoelectronic VLSI (OE-VLSI)
technology provides close integration of photonic devices with VLSI electronics [5].

The goal is to design these modules at low cost together with high fabrication
yield while satisfying the required specifications, which are to supply multiple high-
performance optical inputs and outputs with aggregate data rates up to Tbps. However,
as these modules are miniaturized for reasons of cost reduction as well as improved
compactness and functionality, a significant increase in undesired interactions between
their individual building blocks and elements, and consequently between the transmission
and the receiving channels, is expected [6–12].

One of the most critical parameters in the module design and its functional optimiza-
tion is the crosstalk between the laser and the photodiode. It consists of contributions of
electrical origin (leakage and induction currents, parasitic capacitance and inductance)
as well as optical origin (scattered light, back reflections, etc.) [8, 9]. In most cases, the
distinction between these two different sources of crosstalk is difficult, and consequently,
one single figure is specified for the overall crosstalk.

Received 1 September 2002; accepted 1 March 2004.
Address correspondence to Dimitris Varoutas, Department of Informatics and Telecommunica-

tions, University of Athens, Panepistimiopolis, Ilissia, Athens, 15784, Greece. E-mail: D.Varoutas@
di.uoa.gr

91



92 D. Varoutas et al.

This article describes the electrical crosstalk problem in OEIC modules and intro-
duces convenient lumped models for its estimation of the electrical crosstalk through
the analysis of different crosstalk sources and their contribution to the overall module
performance.

Electrical Crosstalk Problems in OEIC Modules

The importance of crosstalk can be revealed by considering the difference between the
laser diode drive current (order of 100 mA) and the photocurrent (order of 100 nA),
which is of 6 orders of magnitude. In addition, the optical power emitted from the laser
is of the order of 1 mW, whereas the power incident to the photodiode is of the order of
100 nW, implying a difference of 4 orders of magnitude.

For the design of the early transceiver modules, a hybrid approach was adopted
where the laser and the photodiode were physically separated. The advantages of this
approach were the elimination of the electrical crosstalk and the considerable reduction
in the design complexity. The disadvantage was the increased cost related to the module
assembly. In most cases the module was formed by hybridly combining two OEIC chips,
one for the laser and the wavelength duplexer and another for the photodiode.

Later approaches were focused on the monolithical integration of these subcompo-
nents into an OEIC [9–11]. The main challenge is the implementation of the complete
T x/Rx function within one chip attaining at the same time to sufficiently suppress both
the electrical and the optical crosstalk between the integrated laser and the photodiode.
Depending on the system applications, the optical crosstalk suppression ratio must be
from 28 dB up to more than 45 dB. Equivalent performance has to be achieved for the
electrical crosstalk suppression ratio on the whole module setup.

In order to achieve these requirements, different approaches can be adopted:

• Application of a dual stage optical filter principle;
• Adoption of absorber bars in order to absorb straylight coming from the integrated

laser transmitter;
• Maximization of the on-chip distance between the laser and the photodiodes in

order to eliminate capacitive coupling between pn-junctions and leakage currents;
• Utilization of the semi-insulating substrate and waveguide material to avoid leak-

age currents and parasitic capacitances within the chip.

By adopting these techniques the optical crosstalk can be significantly suppressed
(a typical value is about −40 dB) while the electrical crosstalk, being very sensitive
to the specific design characteristics of the module, can reach values up to −10 dB at
high bit rates, raising additional limitations for high-speed systems. Recent developments
on hybrid flip-chip bonded optoelectronic technology have shown many advantages in
comparison to standard wire-bonded optoelectronic packaging due to minimization of
electrical parasitics (bondwire inductance, pads capacitance, etc.) [5, 12].

The problem of the electrical crosstalk in OEIC modules can be attributed mainly to
three major sources: the crosstalk between laser and photodiodes through the common
substrate, the bondwire coupling, and the coupling between microstrip lines. Therefore,
in order to analyze the whole crosstalk performance of an OEIC module, a procedure
that takes into account all crosstalk sources in a convenient and similar way must be
adopted.

In this article such a procedure based on lumped models is introduced. Equivalent
capacitance, resistance, and inductance lumped models for the three main contributions to
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the overall electrical crosstalk (due to microstrip, bondwire, and substrate coupling) are
represented. The appropriate equivalent circuits describing the laser and the photodiodes
have been introduced.

Several methods can be used to determine the element values of the basic elements of
any OEIC module. The methods used in this work can be summarized in the following:

• For the inductive coupling of the bondwires, the method used is based on the
calculation of mutual inductance of bondwires by solving the Newman potential
equation.

• For the capacitive coupling of the bondwires, the calculation of capacitive matrices
is based on the integral form of Laplace’s equations using Green functions. The
equations have been solved using the Methods of Moments.

• For the substrate resistive coupling, an electrostatic approach has been adopted
and the electrical crosstalk is estimated by a Finite Elements Method.

• For microstrips, analytical expressions for capacitances have been adopted.
• Finally, the equivalent circuits of laser and photodiode are integrated in the model,

providing a complete electrical crosstalk model.

These methods have been optimized or developed and the resulting electrical pa-
rameters of the equivalent circuit have been used for the analysis of the whole OEIC
module using an electrical simulation program, (i.e., SPICE) in order to calculate the
overall crosstalk performance.

Definition of Crosstalk

The calculated crosstalk refers to coupling of the modulated signal of the laser with the
current induced to the photodiode. This coupling is usually measured in decibels and it’s
given by:

CrosstalkdB = 20 log

(
Ic

IPD

)
(1)

where Ic is the current induced to the photodiode due to all kinds of parasitic coupling
and IPD is the photodiode current. Alternatively, the term “isolation” can be used, which
is given by:

IsolationdB = 20 log

(
Ic

ILD

)
(2)

where ILD is the laser drive current. In many cases, this feature can be easily extracted
from a simulation program, since it’s related to the AC analysis of the circuit.

In general, the crosstalk and the isolation are related by:

CrosstalkdB = IsolationdB + 20 log

(
ILD

R · PPD
)

(3)

where R is the photodiode’s responsivity and PPD is the incident power to the photodiode.
The module analyzed in this work includes a ridge waveguide DFB laser, a router

network (duplexer), and a “wavelength selective” photodetector (WSP) as basic building
blocks (Figure 1) [9]. The WSP is a key component for suppression of optical crosstalk
and, in combination with the router, guarantees the demanded performance. Light baffles
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Figure 1. Typical wire-bonded 1.3/1.5 OEIC module.

are used for not-guided laser straylight. Moreover, using a semi-insulating substrate,
waveguide material to avoid leakage currents, and parasitic capacities within the chip
and a sufficient on-chip LD/PD distance, the electrical crosstalk is minimized. Detailed
information concerning the analyzed OEIC module is presented in Table 1.

Thus, for ILD = 100 mA, photodiode’s responsivity R = 0.7 A/W, and power
incident PPD = 100 nW, the crosstalk and the isolation are related by:

CrosstalkdB = IsolationdB + 123 dB (4)

Electrical Analysis of Elements Used in the Crosstalk Model

Electrical Model of the Laser Diode

Several electrical circuit models for the laser operation have been proposed, based on
the transmission line method [16] and the lumped-element method [13–16]. The lumped-
element-based models 16 are “one-level” models since the rate equations used describe
only the interaction between the bound states of the QW and the photon population.
Several models [12, 16] are based on “two-level” rate equations for the representation
of the carrier dynamics within the laser. One equation describes the continuity of carrier
charge in the QW, while the other performs the same function for carriers in the separate-
confinement heterostructure (SCH). Carriers are considered able to exchange directly
between the continuum states of the SCH and the bound states of the QW.

The most recent “two-level” models [12, 16] incorporate in the description of carrier
interchange an exit flow of carriers from the SCH at the SCH/QW boundary. The phe-
nomenon of carrier transport within the SCH has a significant effect on the high-speed
properties of QW lasers.

The model proposed in [18] is based on the three-level rate equations and includes
characterization of charge dynamics and the role of gateway states at the QW. This model
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Table 1
Typical values for a wire-bonded OEIC

Chip thickness 350 µm
Chip size 2.0 µm × 0.5 µm
Substrate thickness 640 µm
Substrate dielectric constant εr ∼9.2
Substrate resistivity 107 Mohm × cm
Microstrip width 60 µm
Microstrip separation 2.54 mm
Bondwire diameter 40 µm
Bondwire separation 150 µm
Bondwire length ∼1300 µm
Pads dimensions 60 µm × 60 µm
Laser dimensions 100 µm × 300 µm
Laser threshold current (max) 25 mA
Laster operation current 100 mA
Laser operation current (max) 150 mA
Laser modulation current 1.5 mA
Photodiode dimensions 10 µm × 50 µm
Photodiode dark current <0.1 µA
Photodiode responsivity 0.7 A/W
Laser-photodiode distance 1000 µm

allows both small- and large-signal simulations and, therefore, both frequency response
of the OEIC and turn-on delay calculations can be performed.

Since the presented analysis is mainly focused on the influence of the electrical
crosstalk to the whole OEIC performance, a simplified model for the laser source has
been used based on [15]. A more improved model of the laser could be easily included
in this analysis since it is modular.

The following equations provide the LD electrical circuit elements used in this
analysis.

R = Rd Ith
I0

(5)

L = Rdτph[
Ith

I0
− 1

] (6)

C = τs

Rd
(7)

where Rd = 2kT /qId is the usual expression for the differential resistance of the diode,
k is the Boltzmann’s constant, T is the absolute temperature of the material, q is the
electron charge, τs is the spontaneous carrier lifetime, τph is the photon lifetime, Io is
the bias current of the laser diode, and Id is approximately equal to the laser current
below threshold and to the threshold current for currents above threshold.



96 D. Varoutas et al.

Figure 2. Equivalent circuit for a discrete p-i-n diode.

For the module analyzed in this work, from equations (5)–(7) the following typical
parameters have been calculated: R = 10 Ohms, C is between 1 and 5 pF, and L is of
order of pH.

Electrical Analysis of the Photodiode

The equivalent circuit of a photodiode [19–21] is shown in Figure 2. The diode contains
a photocurrent source Ip(t), a dark current source Id , a depletion capacitance Cj , a
series conductance 1/Rs , and a shunt conductance gd = 1/Rd . For a properly fabricated
receiver p-i-n the shunt conductance is negligible with respect to the external circuit
conductance.

The series resistance, usually less than 10 �, corresponds to the ohmic drop through
the undepleted epitaxial layer and the substrate. The junction capacitance is given by:

Cj = �εsA

W
(8)

where εs is the permittivity of the depleted semiconductor, A is the junction area, W is
the depletion depth, and � is a geometric factor slightly greater than one, which accounts
for the deviation of the junction from the parallel plate geometry.

For p-i-n photodiodes Rs has typical values of about 1 � and Cj is of the order of
tens of pF. Since the shunt resistance is between 107 and 1011 ohms, the resistive terms
can be neglected over a wide range of applications [20]. So only the junction capacitance
must be taken into account. A typical value is about 5–20 pF.

Resistive Coupling through the Substrate

The coupling estimation between laser and photodiode through the common substrate is
based on electrostatic analysis by using a finite elements method (FEM). Basically this
is a three-dimensional problem, since the relative orientation of the devices is important.
In a first approach, a two-dimensional analysis can be adopted and fairly reliable results
can be promptly available in a simple way.

The first step of the analysis is to find the electrical characteristics of the laser and
the photodiode, which provide the appropriate boundary conditions in the FEM analysis
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Figure 3. Crosstalk due to the coupling LD-PD as a function of distance between LD-PD.

of the OEIC and therefore the potential and electrical field distributions within the whole
structure are computed. This is carried out by applying a current to the laser (as a
current boundary condition) and taking into account the ground planes and the electrodes’
voltages (as a voltage boundary condition). The dark current of the photodiode can be
neglected.

In the second step, the current and voltage distributions in the laser and photodiode
bottom are used as boundary conditions for the calculation of the voltage and current
distributions within the substrate. In this way, the actual structure (laser and photodi-
ode layers, substrate) of the OEIC are taken into account and the equivalent coupling
resistance is calculated.

Using an FEM for a typical transceiver module (Figure 1), it was observed that
the potential has been already practically annihilated very close to the laser, while the
photodiode is 1 mm away (Figure 3). This means that for this specific structure, the
crosstalk attributed to the common substrate is negligible due to the semi-insulating
substrate.

Furthermore, it must be noted that the crosstalk due to capacitive coupling through
the common substrate is also negligible for the same reason [22].

Bondwire Coupling

Capacitive Coupling of Bondwires. The effect of parasitic bondwire coupling must be
included in the full circuit analysis of an OEIC chip in order to have a correct estimation
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of the electrical crosstalk [23]. The capacitance matrices of the bondwire layout can
describe this kind of coupling. Since the dimensions are much smaller than the wavelength
of operation, a static approximation is sufficiently correct and can be applied.

In order to calculate the capacitance matrix of a set of Nc bondwires of arbitrary
geometry and orientation in space, a method based on integral form of Laplace’s equation
using space domain Green’s function has been adopted. The equation is solved by the
Method of Moments [24] in order to calculate the charge density on the bondwires.

Since the bondwires’ radii are very small compared to their length, we assume that
the charge density distribution is directed along their axis and can be approximated by:

ρi(xi, yi, zi) = δ(xi)f (yi)δ(zi) i = 1, . . . , Nc, (9)

where (xi, yi, zi) are orthogonal coordinate systems adjoint to each bondwire with y-
axis colinear to their axis, f (y) is the charge distribution function, and δ(·) is the delta
function. In the above, all conductors are assumed to be perfect, so ohmic losses are not
included in our analysis. The evaluation of the elements of this matrix stems from the
static integral equation:

)(r) =
∫
V

G(r, r ′i )−i (r ′i )dr ′i i = 1, . . . , Nc (10)

The above equation relates the electrostatic potential)(r) to the charge density, ρ(r),
G(r, r ′) is the Green’s function of the problem, while the volume integral of equation (10)
includes all the charges. The capacitance matrix can be computed by solving equation
(10) with respect to the charge density with various settings of voltages on the conductors.

The Green’s function corresponds physically to the potential created by unit point
sources and depends only on the source–observer distance |r − r ′i |. In this problem, the
static Green’s function describes a dielectric layer over an ideal ground plane and the
conductor is assumed to be embedded in a single layer with dielectric constant εr .

G(r, r ′) = (1 − ε)
4πε0

[
1

R0
− (1 + ε)

∞∑
n=1

(−ε)n−1 1

Rn

]
(11)

where Rn =
√
(x − x′

i )
2 + (y − y′

i )
2 + (z− z′i )2 + 4n2h2, and ε = (εr − 1)/(εr + 1).

The series in equation (11) is the well-known partial image representation of the
static Green’s function. Since the potentials on the bondwires are given, equation (10)
has to be solved in order to compute the associated charge distribution. The Method of
Moments can do this efficiently.

In the following, each bondwire is described by a linearized wire model of three linear
segments (Figure 4). So, the initial system of Nc bondwires is equivalent to M = 3Nc
linear segments. Consequently, the Method of Moments is applied, by discretizing the
length of each linear segment with Ni equal subsections (cells) i = 1, . . . ,M , where i
specifies each linear segment of length li and subsection length Si . The subsection lengths
are not necessarily equal for all segments. Then, the unknown charge density can be
expanded in a linear basis of triangular functions of the form:

fk(y) =



Sk

Dk(y)
+ y

Dk(y)
−Sk < y < Sk

0 elsewhere

(12)
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Figure 4. Straight-line wire segment approximation of bondwire.

k = 1, . . . , NTOT, and NTOT = N1 + N2 + . . . , is the total number of cells. Dk =√
y − (lk − y), lk is the length of each linear segment, and Dk = Di for

∑i
i=1Ni−1 ≤

k <
∑i+1
i=1Ni−1, i = 1, . . . ,M , N0 = 1. The denominator has a singular behavior in the

neighborhood of the linear segment edges, in order to take into account the real behavior
of charges in the electron’s edges and depends on the reference bondwire. Consequently,
the unknown charge density along each linear segment can be expressed in its associated
orthogonal axis system as:

ρi(y) =
NTOT∑
k=1

qkfk(yk) i = 1, . . . ,M (13)

where qk are unknown coefficients. Then, by applying the point matching technique,
that is by enforcing equation (10) to be satisfied at each subsection center rj , j =
1, . . . , NTOT, the integral equation is discretized and translated into an NTOT × NTOT
square matrix form:

Vj =
NTOT∑
k=1

qk

∫ Sk

−Sk
G(rj − r ′k)fk(y′

k)dy
′
k (14)

Vj is the voltage difference between the j th linear segment where the cell j is belonging
and the ground plane and is defined by the initial conditions. Solving the NTOT ×NTOT
linear system (equation [13]) the unknown coefficients qk are determined. Once the charge
distribution on each bondwire is available, the corresponding total charge QTOT can be
computed since the capacitance matrix is associated to the total charge and the potential
of each bondwire through the well-known equation

QTOT
i =

Ni∑
j=1

CijVj i = 1, . . . , Nc, j = 1, . . . , Nc (15)

Each element Cij is evaluated by setting Vj = δji , where δji is the Kronecker’s sym-
bol. The so-calculated capacitance matrix of the bondwires system is a measure of the
expected crosstalk and is to be included to the equivalent circuit representation of the
OEIC module.
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Inductive Coupling of Bondwires. In order to calculate the inductive behavior of the
bondwires, a simple and accurate method valid up to several GHz has been incorporated
in the model.

The approach is based on magnetostatic analysis and the related formula for the
mutual inductance is given by:

M = µ

4π

∮
C2

∮
C1

dl2dl1
|r2 − r1| (16)

where µ is the permeability and ri is the distance of the ith segment of length dli from
the beginning of the axes (Figure 5).

For rectilinear wires, equation (15) can be written in the following form:

M = µ

4π

∫∫
ds1ds2

r12
(17)

where r12 denotes the distance between the two segments with ds1 and ds2 lengths. This
formula is also known as “Newman’s potential” and represents the portion of magnetic
energy arising from the interaction of the two circuits.

In this kind of analysis, the term “mutual inductance per unit length” cannot be
introduced, since mutual inductance is not proportional directly to the length l. The
reason is that two closed circuits are calculated rather than two circuit segments. This is
obvious in the case of two parallel wires of equal length, in which the above formula
leads to:

M = µ

2π
l

(
log

2l

α
− 1

)
(18)

where l is the length of the wires and α is the distance between the wires. But this formula
can be applied also in the case of linear parts in non-rectilinear circuits segments. In this
case, the total inductance will be the superposition of each part’s inductance. In Figure 4,
the straight-line wire segment approximation of bondwire used for the calculations is
illustrated.

In Figure 6, the exponential behavior of the mutual inductance as a function of the
electrode’s length is presented. The mutual inductance actually depends on the length of
the shorter electrode since this indicates the interaction “length” for the magnetic field.
For L1 = 1 mm and L2 > 1 mm, the mutual inductance varies very little with the second
electrode length.

Figure 5. General geometry for two arbitrarily oriented bondwires.
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Figure 6. Mutual inductance as a function of electrode length.

In the case of two pairs of bondwires, the total self-inductance of each pair of
bondwire can be calculated by the following formula:

Ls =
∑
Lii −

∑
i �=j
Lij i, j = 1, 2 (19)

where Lii is the self-inductance of ith bondwire and Lij is the mutual inductance of the
bondwires. The self-inductance of each bondwire is given by the following equation:

Lii = µ

2π
li

(
log

2li
bi

− 3

4

)
(20)

where li is the length of ith bondwire and bi is its radius.
Thus, a total self-inductance (or operating inductance) of each pair of bondwires can

be extracted. In the case of identical bondwires the above equation leads to:

Ls = 2(Lii −M) for i = 1, 2, or 3, 4 (21)

The mutual inductance between two pairs of bondwires must be calculated separately
and a total mutual inductance must be included in the equivalent circuit. If the feeding
electrodes are the electrodes 1 and 3 (or 2 and 4) then the mutual inductance is given by:

M = L13 + L24 − L23 − L14 (22)

With the above-described equations the equivalent circuit can be simplified and the
inductive coupling can be easily included in the calculations.
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Analysis of Crosstalk through Microstrip Lines

Due to the lumped approach of the whole model, a lumped model for coupled microstrip
lines and discontinuities has been incorporated. Although characteristics of uniform cou-
pled lines have been studied extensively [25], used widely, and are accurate enough for
crosstalk calculations, discontinuities and bends must be taken into account for a more
generic model.

The model used and proposed by this work has been introduced by [26] and is
a combination of two-dimensional planar and lumped-element networks. For coupling
between microstrips the capacitance and inductance matrices are given by:

[C] =
[
C11 C12
C21 C22

]
=



(Ce + Co)

2

(Ce − Co)
2

(Ce − Co)
2

(Ce + Co)
2


 (23)

and

[L] =
[
L11 L12
L21 L22

]
= µoεo[C]−1

[
Henry

m

]
(24)

where Ce and Co are even and odd capacitances, respectively, and, given by [27]:

C0 = ε0K(k′)/K(k) (25)

with k = s/d , k′ = √
1 − k2, s the distance between the inside edges of the conductors,

d the distance between the outside edges of conductors to the outside edge of the other
conductor, and K the complete elliptic integral of the first kind and:

Cε = ε0(εr + 1)K(k′1)/K(k1) (26)

where k1 = tanh(πs/4h)/ tanh(πd/4h), k′1 =
√

1 − k2
1, and h is the finite substrate

thickness (Figure 7).

 

Figure 7. Symmetrical double microstrip line with finite substrate thickness.
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For every planar segment the inductance per unit length is known and given by:

Lpl = µoh

We
(27)

where

We = Wem(f )+W
2

(28)

with W the physical width of the lines and Wem(f ), their effective width given by
Wem(F ) = ηoh

Zo(f )
√
εre(f )

; η0 the intrinsic wave impedance (120π �) of free space; and h

the height of the substrate.
From equation (27), the total inductance Lp and mutual inductance M can be cal-

culated as follows:

Lp =
L11 − (L

2
11 − L2

12)

Lpl

1 − 2L11/Lpl + (L
2
11 − L2

12)

L2
pl

;l (29)

and

M = L12

1 − 2L11/Lpl + (L
2
11 − L2

12)

L2
pl

;l (30)

The above formulation can be easily used for nonsymmetric lines with L11 �= L22,
which is the case for crosstalk modeling. The complete inductive part of the model is
given by a (2n+4) port network [26]. The admittance matrix may be written as follows:

[YL] = −j
ω(L2

p −M2)
[LG] (31)

The total lumped network required for the modeling is the superposition of capacitive
and inductive matrices given by:

[YG] = [YC] + [YL] = jω[CG] j

ω(L2
p −M2)

[LG] (32)

where

[YC] = jω[CG] = jω
[
Cf + Cg −Cg

−Cg Cf + Cg
]

(33)

with Cg = −C12;l and Cf = (Ce− ε0εreWe
h
);l, C12, Ce,We are given by equations (23),

(26), and (28), respectively.
For discontinuities and bends the method [28] can be applied by representing the

discontinuity with a lumped network (Figure 8). The discontinuity is analyzed into
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Figure 8. Segmentation of a discontinuity.

elementary segments connected together by a discrete number of interconnections. In
this case the above formulation must be used for all contacting segments (1 → 2, 2 → 3,
3 → 4, 2 → 4). Individual matrices are combined and the overall matrix is calculated.
In this way, every discontinuity and bend introducing crosstalk can be easily modeled
and calculated.

Table 2
Electrical parameters of a typical wire-bonded OEIC

Electrical
parameters Laser side Typical calculated values

I1 Laser current 100 mA
L4 Microstrip inductance 0.3 nH
R3 Microstrip resistance 1 ohm
C6 Microstrip capacitance 0.3 pF
L1 Bondwire self-inductance 982 pH
C3 Bondwire capacitance 1 fF
R1 Laser resistance 10 ohm
C2 Laser capacitance 3 nF
L3 Laser inductance 1 pF

Photodiode side

R2 Load resistance 10 K
L6 Microstrip inductance 0.3 nH
R4 Microstrip resistance 1 ohm
C6 Microstrip capacitance 0.3 pF
L2 Bondwire self-inductance 982 pH
C4 Bondwire capacitance 1 fF
C1 Photodiode capacitance 5 pF
R6 Photodiode resistance 10 ohm
I2 Photocurrent ∼70 nA

Coupling

C7 Coupling capacitance 0.04 pF
K Mutual inductance’s coupling coefficient <0.01
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It must be noted that the accuracy of this method is good for discontinuities with
lengths of each section on either side greater than twice the width of the lines [28]. This
happens in the majority of crosstalk studies in OEICs.

In the same manner, flip-chip circuits can be analyzed and modeled in terms of
crosstalk.

The Complete Equivalent Circuit of the OEIC

Using the equivalent circuits of the laser and the photodiode as well as the electrical
parameters of each element and their circuitry, the whole OEIC structure can be described
by an equivalent circuit. The parameters of this circuit can be calculated using the above-
described methods. Such a circuit is useful for the analysis of the module’s electrical
properties and, in our case, for the estimation of the crosstalk. In Table 2, the electrical
parameters used are summarized, and in Figure 9 such circuits for wire-bonded and
flip-chip OEICs are presented.

With the above-described equivalent circuit, different cases of placement of the laser
and the photodiode can be evaluated in terms of electrical crosstalk behavior. Furthermore,
the contribution of each crosstalk source as well as the overall performance of the module
can be analyzed and estimated. Besides that, different design aspects can be evaluated
and taken into account in the module’s design.

Figure 9a. Simplified network of a wire-bonded VLSI circuit driving an OE device.

Figure 9b. Simplified network of a flip-chip VLSI circuit driving an OE device.
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Figure 10. The effect of bondwires’ mutual inductance to the frequency response of the module.

Results

Inductive vs. Capacitive Coupling

In Figure 10, the contribution of the mutual inductance between the bondwires is pre-
sented. The dashed curve is not including the calculation of mutual inductance. In the
solid curve this effect has been taken into account and therefore the inductive coupling
can be observed. As can be seen, the mutual inductance contributes to the overall crosstalk
with up to 40 dB (for parallel bondwires). This effect is crucial for the design of the
modules, especially for thin bondwires and high currents. It must be noted that a first
resonance frequency at 2.5 GHz (originated from microstrip coupling) is present when
inductive coupling has not been taken into account or when bondwires are orthogonally
oriented.

Crosstalk Based on Bondwire Orientation

The appropriate design of bondwire orientation can significantly suppress the crosstalk
between the laser and the photodiode. In Figure 11, the isolation for different bondwires’
orientation is presented. Each pair has two parallel bondwires and the angles represent
the orientation of each pair to another. Orthogonally oriented bondwires are in favor of
crosstalk suppression. Furthermore, the orientation of bondwires can improve the isolation
for more that 30 dBs.

Influence of Amplifier to the Total Crosstalk

In Figure 12, the effect of the load resistance (R2) is presented. The solid curve corre-
sponds to a standard voltage amplifier with 100 k� load resistance and the dashed curve
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Figure 11. Isolation for different bondwires’ angle.

to a transimpedance amplifier with 1 M�. It seems that a higher resistance can suppress
the effect of the crosstalk or shift it outside the useful bandwidth with appropriate design
of the receiver filter. In addition, ringing effects can be suppressed significantly due to
appropriate design of the amplifier’s resistance (Figure 13).

Figure 12. Crosstalk suppression for differenent types of amplifiers.
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Figure 13. Ringing effects for different inductive crosstalk (1 and 1.2 nH) for high-impedance
driver.

Figure 14. Influence of bondwires’ orientation to the current induced at the photodiode.
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Transient Analysis

The influence of electrical crosstalk in the time domain is illustrated in Figure 14. Each
pair has two parallel bondwires and angles represent the orientation of each pair to
another. The parasitic current due to all sources of crosstalk will be added to the current
of the photodiode. The orientation of the bondwires, and therefore the inductive crosstalk,
is critical for the performance of the module.

Conclusions

In this article, an electrical crosstalk model has been presented taking into account all
electrical crosstalk sources. This model allows calculations of the contributions of each
crosstalk source. The above-described approach and the results obtained can be summa-
rized in the following conclusions and design tips:

• The crosstalk increases proportionally to the frequency f , especially due to ca-
pacitive coupling;

• The inductive crosstalk actually dominates at frequencies above 100 MHz. This
is due to the inductive coupling between the bondwires. Thin bondwires should
therefore be avoided, especially for high currents, or should be oriented at right
angles;

• The appropriate selection of the amplifier’s input impedance can significantly
suppress the crosstalk;

• Appropriate design of frequency resonance can shift the crosstalk outside the
bandwidth of the system.

Moreover, the model can be applied to several OEIC configurations and architectures
by calculating the values of electrical parameters and using them in an electrical simulator
(e.g., SPICE).
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