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Abstract—Recently, a novel method has been proposed that al-
lows general linear lumped networks to be incorporated within fi-
nite-difference time-domain (FDTD) simulators. In this paper, this
method is extended in such a way as to represent two-terminal non-
linear lumped networks in a single FDTD grid cell. In particular,
the extended method is applied to the rigorous modeling of pack-
aged Schottky diodes. The implementation is first validated in the
case of a diode connected to a voltage source. The SPICE simulator
has been used to provide reference results. The same structure has
also been used to establish the accuracy of the method. It has been
demonstrated that such accuracy is significantly increased with re-
spect to that of the conventional lumped-element–FDTD approach.
Finally, the technique has been validated against measured results,
showing a good agreement.

Index Terms—FDTD method, packaging, Schottky diodes.

I. INTRODUCTION

T HE accurate design of millimeter-wave circuits and
quasi-optical structures requires the use of simulators

able to combine full-wave numerical methods with models of
electronic devices. The first ones allow the description of the
distributed (passive) part of the circuit, while the second ones
are suitable for the representation of active nonlinear elements
(diodes, transistors, etc.).

One of the most promising techniques developed to this
purpose is the lumped-element–finite-difference time-domain
(LE–FDTD) method [1], [2]. It is based on the assumption that
the device dimensions are much smaller than the wavelength.
From the geometrical point-of-view, the simulated structure is
represented on a three-dimensional grid (spatial discretization),
while lumped elements can be included between adjacent
grid nodes. Thanks to many authors, LE–FDTD compatible
models of the basic two-terminal devices (resistors, capacitors,
inductors, diodes, etc.) and three-terminal devices (transistors,
etc.) have been developed in the last years [3]. These circuit
elements can be used as building blocks to form lumped
networks or sub-circuits useful, for example, to describe the
device-package interaction up to millimeter-wave frequencies.

The above approach has, however, the following drawback:
each two-terminal element must be placed across a different cell
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edge. This means that the representation of any network is nec-
essarily distributed over several grid cells, thus weakening the
lumped-element assumption on which the method is based. As
an example, let us consider a resistor of valuerepresented ei-
ther in a single cell or along cell edges connected in series,
each loaded with a resistor of value . Although these two
networks are equivalent from the circuit point-of-view, they be-
have differently when inserted in the finite-difference time-do-
main (FDTD) simulator.

Another problem is that a unique topology does not exist for
the distributed network. In the above example, different topolo-
gies can be obtained playing with the edge orientations within
the three-dimensional FDTD grid. Furthermore, theresistors
could be chosen of different values, with , the
only requirement being .

The inaccuracy associated with the distribution of the lumped
network over the FDTD grid increases with the number of cir-
cuit elements constituting the network (number of cells over
which the network is distributed). This effect cannot easily be
predicted because of the nonunique topology.

To solve the above problems, several strategies have been pro-
posed. In [4], the device–wave interaction is modeled through
equivalent current sources and state equations. Alternatively,
it is possible to incorporate a general linear two-terminal net-
work in a single FDTD cell. This can be done by the so called
lumped-network (LN)–FDTD method that has recently been de-
veloped [5].

In this work, the LN–FDTD approach is extended in such a
way as to represent a two-terminal network, composed by linear
and nonlinear elements, in a single FDTD cell. The new method,
referred to as the nonlinear lumped network (NLN)–FDTD
method, has been developed and applied to the rigorous mod-
eling of packaged Schottky diodes.

Using a simple structure composed by a voltage source con-
nected to the packaged diode, it has been demonstrated that the
proposed method significantly increases the accuracy with re-
spect to the conventional LE–FDTD technique.

II. M ETHOD

The NL N–FDTD method will be described in the case of
the Schottky diode illustrated in Fig. 1(a). In this figure, the
intrinsic Schottky junction is connected to other circuit el-
ements, modeling the package parasitics. In particular,is the
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(a)

(b)

Fig. 1. Schottky diode models. Parasitics:R = 6 
, C = 0:08 pF,L =
1:3 nH, L = 1:0 nH. SPICE parameters:I = 46 nA, � = 0 s,C =
0:18 pF,� = 0:5 V, m = 0:5, F = 0:5.

chip resistance, is the bonding wire inductance, is the
lead inductance, and is the package capacitance. The typical
values of these parameters are quoted in the caption of Fig. 1.

To incorporate the packaged Schottky diode in a single FDTD
cell, the model of Fig. 1(a) is segmented in a linear two-port
network terminated with the intrinsic diode, as shown in
Fig. 1(b). Following [5], the admittance matrix of the linear net-
work in the Laplace domain

(1)

is converted into the -domain using the bilinear transformation
[6, p. 415]. The resulting admittance matrix representation in the

-domain is given by

(2)

where

(3)

where are the port indexes. The coefficients
and are quoted in Tables I and II, respectively. Exploiting the
property , the finite difference form of (2) is
easily obtained as follows:

(4)

TABLE I
c COEFFICIENTS

TABLE II
d COEFFICIENTS

To connect the circuit of Fig. 1(b) to the FDTD grid nodes,
the following relationships are considered:

(5)

where denotes the spatial position at the Yee’s cell of
and the diode is assumed to be oriented along the-axis.1 Using
(5) in (4), one obtains

(6)

where and represent the memory of the cir-
cuit

(7)

Inserting the first of (6) into the discretized Ampère–Maxwell
equation

(8)

and using the following definitions:

(9)

1
r = (i + (1=2); j ; k ) means that the diode is located between the

nodes:P � (i ; j ; k ) andQ � (i + 1; j ; k ).
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a relationship between the electric field at the Yee’s cell and the
voltage across the Schottky junction is obtained as follows:

(10)

The latter quantity can be obtained from the termination con-
dition of port 2 on the nonlinear element

(11)

where is the current flowing through the diode. Such a cur-
rent can be computed in terms of the diode voltageand of
its time derivative. After the temporal discretization, the diode
current can be written as

(12)

where is a nonlinear function (see the Appendix). This func-
tion allows the termination condition (11) to be expressed by

(13)

Inserting (13) and (10) in the second equation of (6), a nonlinear
equation in the unknown is obtained as follows:

(14)

Such an equation is solved numerically, at each time step, with
the Newton–Raphson algorithm [7, pp. 355–360]; the diode
voltage is then used in (10) to evaluate the electric field

at the lumped-element cell.

III. RESULTS

The NL N–FDTD approach has been validated against
SPICE simulations and experiments. In all the reported ex-
amples, the same Schottky diode has been considered. In
particular, the HSMS8202 diode pair has been used. Such
diodes are mounted in a series configuration and are encapsu-
lated in an SOT23 package with three leads. The large-signal
and package parameters are quoted in the caption of Fig. 1.

A. SPICE Validation

In order to provide a validation of the proposed approach and
to establish its level of accuracy, a very simple structure has been
considered and simulated. This structure is reported in Fig. 2
and consists of a sinusoidal generator (internal resistance)
connected to the packaged Schottky diode (in the figure). The
voltage across the diode ( in the figure) has been evaluated
with three different approaches.

First, the SPICE simulator has been applied to the problem
for the computation of . This result has been assumed as a
reference since the circuit is treated as a purely lumped one by
the simulator.

The second approach is based on the LE–FDTD method [3]
and requires a discretization of the circuit in Fig. 2. In this case,

Fig. 2. Structure used for the accuracy test of the proposed models. In the
figure,P is the packaged Schottky diode,V = 5 V, R = 50 
, andf = 1:0

GHz.

(a)

(b)

(c)

Fig. 3. LE–FDTD models of the packaged Schottky diode.

the various elements of the diode package must be placed at dif-
ferent nodes of the FDTD mesh, as shown in Fig. 3, for three par-
ticular cases. Such a technique, besides not leading to a unique
topology, destroys the lumped nature of the diode equivalent
circuit; thus leading to significant inaccuracies, as will be dis-
cussed later.

The NL N–FDTD method developed in Section II is finally
adopted to study the problem. It is important to underline that,
with this approach, the packaged diode is incorporated into a
single FDTD cell.

The results of these simulations are illustrated in Fig. 4
where the rectified voltage is represented versus the time.
In particular, Fig. 4(a) shows the signal computed with the
LE–FDTD (topology 3 in Fig. 3) approach, while in Fig. 4(b),
the NL N–FDTD data are reported. From the observation
of this figure, it is apparent that the NLN–FDTD method
is more accurate than the LE–FDTD one. Both LE–FDTD
and NL N–FDTD analyses have been carried out using
the same discretization grid and time step. The former is
composed by cubic cells of side while, for the latter, the
stability limit value is used; these parameters are quoted in the
caption of Fig. 4. The simulated circuit is at the center of a

cells computational domain.
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(a)

(b)

Fig. 4. Stationary voltage across the diode. Simulation parameters:
f = 1:0 GHz,�s = 1:0 mm,�=�s = 300, �t = 1:9 ps. The reference
signal has been been obtained with SPICE.

Such a domain is terminated with perfectly matched layer
(PML) absorbing boundary conditions.

The accuracy of NLN–FDTD and LE–FDTD diode models
has been determined in terms of the rectified voltage rms value,
assuming that obtained with SPICE as a reference (equal to
2.598 V). The percentage error with respect to such a param-
eter is reported in Fig. 5 versus the number of cells per wave-
length (parameter ). This error has been computed for
both the proposed approach (NLN–FDTD approach) and the
LE–FDTD technique; the latter is applied using all the topolo-
gies of Fig. 3. From the analysis of Fig. 5 emerges that the con-
vergence rate of the NLN–FDTD method is greater than that
of the LE–FDTD method. Moreover, the error associated with
the conventional LE–FDTD models is strongly dependent on
the particular topology; the maximum error is associated with
topology 2, which is distributed over nine cell edges.

B. Experimental Validation

The second structure considered consist of a Schottky diode
mounted across a microstrip gap. The three-dimensional FDTD
method has been adopted for the analysis of this structure; ge-
ometrical and discretization parameters are reported in the cap-
tion of Fig. 6.

Fig. 5. Percentage error versus the number of cells per wavelength:
comparison between LE–FDTD and proposed (NLN–FDTD) approaches.
The error is computed in terms of the rms diode voltage; the reference rms
value is obtained with SPICE.

(a)

(b)

Fig. 6. Series-mounted Schottky diode. FDTD parameters:�x = 0:2 mm,
�y = 0:1 mm,�z = 0:3 mm,�t = 0:28 ps. Microstrip dimensions:
h = 0:8 mm,w = 1:8 mm, � = 3:38.

The experimental results have been carried out connecting
only one of the two diodes available in the package. The
coupling between this diode and the remaining one has been
modeled by an additional lumped capacitor incorporated in
the FDTD mesh. The location of this capacitor is shown in
Fig. 6(a) and its value is pF. The results are shown
in Fig. 6(b); both calculations and measurements are obtained
in the small signal (zero biasing) condition. The agreement
between simulation and experiment is good.
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IV. CONCLUSIONS

In this paper, a new method has been proposed that allows the
incorporation of general lumped networks, composed by linear
and nonlinear elements, in a single FDTD grid cell. The method,
referred to as the NLN–FDTD method, has been applied to the
particular case of the large-signal model of a packaged Schottky
diode. For the validation of the NLN–FDTD method, a simple
structure composed by a voltage source connected to the pack-
aged diode has been considered and simulated. The reference
time-domain results have been obtained using the SPICE com-
mercial simulator. It has been demonstrated that not only the
proposed method leads to a significant accuracy increasing with
respect to the conventional LE–FDTD technique, but also that
the accuracy of the latter is strongly dependent by the partic-
ular topology used to represent the package equivalent circuit.
Finally, the proposed method has been applied to the computa-
tion of the scattering parameters of a Schottky diode in series
to a microstrip line. It is shown that the results provided by the
NL N–FDTD method are in good agreement with the measure-
ments.

APPENDIX

The – characteristic of the Schottky diode has been as-
sumed equal to that of the p-n diode. The diode has been mod-
eled as in [3] with the transition time . The diode current
is given by

(15)

where is the diode applied voltage, is the inverse saturation
current, is the junction emission coefficient, mV
is the thermal voltage at K, and represents the
capacitance associated with the junction. The latter is due only
to the width modulation of the junction space–charge region
( ) and is expressed by

(16)

In (16), is a coefficient related to the doping profile (
for abrupt junctions), is the junction built-in voltage, is
the zero-bias junction capacitance, andis a suitable constant.

and can be detrmined as follows:

(17)

The temporal discretization of the diode current equation (15)
gives

(18)

and, thus, can be expressed as shown in Section II.
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