IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000 2277

Rigorous Modeling of Packaged Schottky Diodes
by the Nonlinear Lumped Network
(NL2N)-FDTD Approach

Gianluca Emili, Federico AlimentiMember, IEEEPaolo Mezzanotte, Luca RoselMember, IEEEand
Roberto Sorrentina~ellow, IEEE

Abstract—Recently, a novel method has been proposed that al- edge. This means that the representation of any network is nec-
lows general linear lumped networks to be incorporated within fi-  essarily distributed over several grid cells, thus weakening the
nite-difference time-domain (FDTD) simulators. In this paper, this lumped-element assumption on which the method is based. As

method is extended in such a way as to represent two-terminal non- le let id istor of valiu ted ei
linear lumped networks in a single FDTD grid cell. In particular, an example, Iet us consider a resistor ot vailkepresented ei-

the extended method is applied to the rigorous modeling of pack- ther in a single cell or alongV cell edges connected in series,
aged Schottky diodes. The implementation is first validated in the each loaded with a resistor of val#i&//N. Although these two

case of a diode connected to a voltage source. The SPICE simulatormetworks are equivalent from the circuit point-of-view, they be-

has been used to provide reference results. The same structure hashave differently when inserted in the finite-difference time-do-
also been used to establish the accuracy of the method. It has been

demonstrated that such accuracy is significantly increased with re- main (FDTD) S'mUI"’_‘tor' . .
spect to that of the conventional lumped-element—FDTD approach.  Another problem is that a unique topology does not exist for
Finally, the technique has been validated against measured results, the distributed network. In the above example, different topolo-

showing a good agreement. gies can be obtained playing with the edge orientations within
Index Terms—FDTD method, packaging, Schottky diodes. the three-dimensional FDTD grid. Furthermore, figesistors
could be chosen of different valugg, with: =1, ..., N, the

only requirement beind" R; = R.

The inaccuracy associated with the distribution of the lumped
HE accurate design of millimeter-wave circuits andetwork over the FDTD grid increases with the number of cir-
guasi-optical structures requires the use of simulatotgit elements constituting the network (number of cells over

able to combine full-wave numerical methods with models avhich the network is distributed). This effect cannot easily be
electronic devices. The first ones allow the description of thwedicted because of the nonunique topology.
distributed (passive) part of the circuit, while the second onesTo solve the above problems, several strategies have been pro-
are suitable for the representation of active nonlinear elemeptssed. In [4], the device—wave interaction is modeled through
(diodes, transistors, etc.). equivalent current sources and state equations. Alternatively,
One of the most promising techniques developed to thisis possible to incorporate a general linear two-terminal net-
purpose is the lumped-element—finite-difference time-domaivork in a single FDTD cell. This can be done by the so called
(LE—-FDTD) method [1], [2]. It is based on the assumption th&@mped-network (LN)-FDTD method that has recently been de-
the device dimensions are much smaller than the wavelengtbloped [5].
From the geometrical point-of-view, the simulated structure is In this work, the LN-FDTD approach is extended in such a
represented on a three-dimensional grid (spatial discretizatiomgy as to represent a two-terminal network, composed by linear
while lumped elements can be included between adjacemtd nonlinear elements, in asingle FDTD cell. The new method,
grid nodes. Thanks to many authors, LE-FDTD compatibteferred to as the nonlinear lumped network N)-FDTD
models of the basic two-terminal devices (resistors, capacitomsgthod, has been developed and applied to the rigorous mod-
inductors, diodes, etc.) and three-terminal devices (transistabng of packaged Schottky diodes.
etc.) have been developed in the last years [3]. These circuilUsing a simple structure composed by a voltage source con-
elements can be used as building blocks to form lumpeected to the packaged diode, it has been demonstrated that the
networks or sub-circuits useful, for example, to describe teoposed method significantly increases the accuracy with re-
device-package interaction up to millimeter-wave frequenciespect to the conventional LE-FDTD technique.
The above approach has, however, the following drawback:
each two-terminal element must be placed across a different cell

. INTRODUCTION

II. METHOD

Manuscript received March 1, 2000; revised August 21, 2000. _ The NL2N-FDTD method will be described in the case of
The authors are with the Dipartimento di Ingegneria Elettronica ghe Schottky diode illustrated in Fig. 1(3)_ In this figure, the
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alimenti@diei.unipg.it). intrinsic Schottky junctionD is connected to other circuit el-
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TABLE |
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2 -3A+2RCAPP+4L,CAt| 3A# | -3AP+4L, CAt

3| —At*+2RCAP -4L,CAt Af® —At? — 4L, CAt
TABLE I

d, COEFFICIENTS

d,

—RAP —2(L, + L)) AP —4RL,CAt—8L, L, C
—3RA® —2(L1+ L) A +4RLiCAt+24L, L, C
BRAP +2(L1 + L) AP +4RL,CAt —24L, L, C

—RAP F2(Li+ L) A “4RL,CAt+8L, L, C

(b)

Fig. 1. Schottky diode models. Parasitiés:= 6 €2, C = 0.08 pF, L,
1.3 nH, L, = 1.0 nH. SPICE parametergy = 46 nA, 74 = 0s,C g
0.18 pF,¢9 = 0.5V, m = 0.5, F, = 0.5.

[JUIN ] e Rend B

. . ) . L . To connect the circuit of Fig. 1(b) to the FDTD grid nodes,
chip resistancel; is the bonding wire inductancdy; is the 4 following relationships are considered:

lead inductance, and is the package capacitance. The typical . .
values of these parameters are quoted in the caption of Fig. 1. V' =E(rg, )Ax
To incorporate the packaged Schottky diode in a single FDTD ' =J.(rg, ) AyAz (5)

cell, the model of Fig. 1(a) is segmented in a linear tWo-POffherer,, denotes the spatial position at the Yee's cellf

network terminated with the intrinsic diodB, as shown in 4,4 the diode is assumed to be oriented along taeis: Using
Fig. 1(b). Following [5], the admittance matrix of the linear net(5) in (4), one obtains

work in the Laplace domain
P T g, YAgAs = BB (e, ) Aat eV 4 ol (e,

)= L LyCs® + RCs + 1 —1 I =G BN (rp, ) Az +c Vet + B (v, )
" D(s) -1 LiCs?*+1 (6)
D(s) =L1LyCs® + RLiCs* + (L1 + Lo)s+ R (1)  wherea?(rg, ) and 87 (rg, ) represent the memory of the cir-
cuit

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

3
an(rp,) =Y [HENT rp ) A 4 B2V

-
—

—d JTT (v, ) AyAz]

3
2
~ ~ N n _ 21 pn—r+1 22y n—r+1
L(z) = 3 Voa(2)Vi(2) @  AGm)=) (BT e ) A+ Y
q=1 r=1 »
—d, I3~ @)
where Inserting the first of (6) into the discretized Ampére—Maxwell
v equation R
—r t
Dz Exti(ep,) = BR(re,) + — [V x HIFO/2 (e
~ " €
Vo(z) = =0 —— ®) At
=" Jn-l—l Jn :| 8
1 —i—Zd,,z—” % |: Lz (re,) +Jin(re,)| (8)
r=0 and using the following definitions:
11
wherep, ¢ = 1, 2 are the port indexes. The coefficient¥ g =1 AzAtcy
andd,. are quoted in Tables | and II, respectively. Exploiting the 2eAynz
propertyz—"F(z) « F"~", the finite difference form of (2) is = 1 Ateg?
easily obtained as follows: ¥ Qr 2¢eAYyAz
" 1 At " " At
S et Y Ryt Y g e Celre) == | emyay e )~ Betrn) = =
R I CURARE S Sc L S . At
=0 =0 =1 AV ) HPYYD (e ) + 2—6']&(1“&)
3 3 3
ot = Z 2lyp=r+l ZCzQVQn—r-H _ Z d, I+, 9)
=0 =0 r=1 vy, = (ic +(1/2), js, ks) means that the diode is located between the

(4) nodes:P = (i¢, je, ke) andQ = (i¢ + 1, je, ky).
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a relationship between the electric field at the Yee’s cell and the Rs
voltage across the Schottky junction is obtained as follows: +
Vs V1
Eyti(rg,) = % Vet + 60 (re, ). (10) -
The latter quantity can be obtained from the termination CoRig. 2.  Structure used for the accuracy test of the proposed models. In the
dition Of port 2 on the nonlinear e|ement figure,P is the packaged SChOttky diodé, =5V, R, =50 Q,andf = 1.0
GHz.

" In+1 In "
e o2 o 2+ A e (11)
wherel, is the current flowing through the diode. Such a cur-
rent can be computed in terms of the diode voltdgeand of

its time derivative. After the temporal discretization, the diode
current can be written as

IX’I(I/Q) _ f (V2n+l7 V2n) (12)

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

I = —of (vt ve) — 13 (13)

Inserting (13) and (10) in the second equation of (6), a nonlinear
equation in the unknow#,;"** is obtained as follows:

2f (V2"+1, VQ") + [cglAa:’yw + c(QJQ] yytt
+|F Awdl(rs) + Bie,) + 1| = 0. (14)

Such an equation is solved numerically, at each time step, with
the Newton—Raphson algorithm [7, pp. 355-360]; the diode
voltageVy" ™ is then used in (10) to evaluate the electric field
Entl(rg, ) at the lumped-element cell.

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

Ill. RESULTS ] ) ]
the various elements of the diode package must be placed at dif-

The N_LQN_F_DTD approach has been validated againft;entnodes of the FDTD mesh, as shown in Fig. 3, for three par-
SPICE simulations and experiments. In all the reported €xsar cases. Such a technique, besides not leading to a unique
amples, the same Schottky diode has been considereddfqiogy, destroys the lumped nature of the diode equivalent
particular, the HSMS8202 diode pair has been used. Sughit; thus leading to significant inaccuracies, as will be dis-
diodes are mounted in a series configuration and are encap§yssed later.
lated in an SOT23 package with thre_e leads. T_he Iarg_e-signaﬁ—he NL2N—FDTD method developed in Section Il is finally
and package parameters are quoted in the caption of Fig. 1. 5qopted to study the problem. It is important to underline that,

o with this approach, the packaged diode is incorporated into a
A. SPICE Validation single EDTD cell.

In order to provide a validation of the proposed approach andThe results of these simulations are illustrated in Fig. 4
to establish its level of accuracy, a very simple structure has beeimere the rectified voltag®; is represented versus the time.
considered and simulated. This structure is reported in Figlr particular, Fig. 4(a) shows the signal computed with the
and consists of a sinusoidal generator (internal resistéhge LE—FDTD (topology 3 in Fig. 3) approach, while in Fig. 4(b),
connected to the packaged Schottky dioBer(the figure). The the NL2N-FDTD data are reported. From the observation
voltage across the diod&( in the figure) has been evaluatedbf this figure, it is apparent that the RN-FDTD method
with three different approaches. is more accurate than the LE-FDTD one. Both LE-FDTD

First, the SPICE simulator has been applied to the probleand NL2N-FDTD analyses have been carried out using
for the computation o¥;. This result has been assumed astae same discretization grid and time step. The former is
reference since the circuit is treated as a purely lumped onedpmposed by cubic cells of sid&s while, for the latter, the
the simulator. stability limit value is used; these parameters are quoted in the

The second approach is based on the LE-FDTD method [&ption of Fig. 4. The simulated circuit is at the center of a
and requires a discretization of the circuit in Fig. 2. In this casé/, x N, x N, = 30 x 30 x 30 cells computational domain.
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: ; Fig. 5. Percentage error versus the number of cells per wavelength:
4l reference signal i comparison between LE-FDTD and proposed {NEFDTD) approaches.
G proposed approach The error is computed in terms of the rms diode voltage; the reference rms

value is obtained with SPICE.
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Fig. 4. Stationary voltage across the diode. Simulation parameters:
f = 1.0 GHz,As = 1.0 mm, A/As = 300, At = 1.9 ps. The reference 0

diode voltage [V]
o

signal has been been obtained with SPICE. ﬁ:;j XW7<*\
-5 ar \/

Such a domain is terminated with perfectly matched layer g /’//I \/

(PML) absorbing boundary conditions. S -10

The accuracy of NEN-FDTD and LE-FDTD diode models % f//

has been determined in terms of the rectified voltage rms value, g -15

assuming that obtained with SPICE as a reference (equal to g 20

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- & o5 experiment 7

length (parameteh/As). This error has been computed for &) proposed approach

both the proposed approach (RN—FDTD approach) and the 30 ;

LE-FDTD technique; the latter is applied using all the topolo- 0 4 8 12 16 20

gies of Fig. 3. From the analysis of Fig. 5 emerges that the con- frequency [GHZ]

vergence rate of the NIN-FDTD method is greater than that (b)

of the LE_F_DTD method. Moreover, ,the error associated ng‘?g. 6. Series-mounted Schottky diode. FDTD parametars:= 0.2 mm,
the conventional LE-FDTD models is strongly dependent oty,... = 0.1 mm, Az = 0.3 mm, At = 0.28 ps. Microstrip dimensions:
the particular topology; the maximum error is associated with= 0.8 mm,w = 1.8 mm, ¢, = 3.38.

topology 2, which is distributed over nine cell edges.

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 second structure considered consist of a Schottky didtie FDTD mesh. The location of this capacitor is shown in
mounted across a microstrip gap. The three-dimensional FDHY. 6(a) and its value i§’. = 0.06 pF. The results are shown
method has been adopted for the analysis of this structure; geFig. 6(b); both calculations and measurements are obtained
ometrical and discretization parameters are reported in the capthe small signal (zero biasing) condition. The agreement
tion of Fig. 6. between simulation and experiment is good.

B. Experimental Validation
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IV. CONCLUSIONS

In this paper, a new method has been proposed that allows thEl
incorporation of general lumped networks, composed by linear
and nonlinear elements, in a single FDTD grid cell. The method,
referred to as the NIN-FDTD method, has been applied to the [2]
particular case of the large-signal model of a packaged Schottky
diode. For the validation of the NIN-FDTD method, a simple  [3]
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 comp]
mercial simulator. It has been demonstrated that not only the
proposed method leads to a significant accuracy increasing withs
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 6]
Finally, the proposed method has been applied to the computa-
tion of the scattering parameters of a Schottky diode in seried”]

2281

REFERENCES

W. Sui, D. Christensen, and C. Durney, “Extending the two-dimensional
FD-TD method to hybrid electromagnetic systems with active and pas-
sive lumped elements|EEE Trans. Microwave Theory Teclvol. 40,

pp. 724-730, Apr. 1992.

M. Piket-May, A. Taflove, and J. Baron, “FD-TD modeling of digital
signal propagation in 3-D circuits with passive and active loal<EE
Trans. Microwave Theory Techvol. 42, pp. 1514-1523, Aug. 1994.

P. Ciampolini, P. Mezzanotte, L. Roselli, and R. Sorrentino, “Accurate
and efficient circuit simulation with lumped-element FDTD technique,”
IEEE Trans. Microwave Theory Techiol. 44, pp. 2207-2215, Dec.
1996.

C.-N. Kuo, B. Houshmand, and T. Itoh, “Full-wave analysis of packaged
microwave circuits with active nonlinear devices: an FDTD approach,”
IEEE Trans. Microwave Theory Techol. 45, pp. 819-826, May 1997.

J. A. Pereda, F. Alimenti, P. Mezzanotte, L. Roselli, and R. Sorrentino,
“A new algorithm for the incorporation of arbitrary linear lumped net-
works into FDTD simulators,IEEE Trans. Microwave Theory Tech.
vol. 47, pp. 943-949, June 1999.

A. V. Oppenheim and R. W. SchafeBDiscrete Time Signal Pro-
cessing Englewood Cliffs, NJ: Prentice-Hall, 1975.

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannbity,

to a microstrip line. It is shown that the results provided by the ~ Merical Recipes Cambridge, U.K.: Cambridge Univ. Press, 1992.

NL2N-FDTD method are in good agreement with the measure-
ments.

APPENDIX Gianluca Emili was born in Foligno, Italy, in 1974. He received the Laurea

o . degree ¢um laudg in electronic engineering from the University of Perugia,
The I-V characteristic of the Schottky diode has been aserugia, Italy, in 1999, and is currently working toward the Ph.D. degree at the

sumed equal to that of the p-n diode. The diode has been deﬁ{efSiW of P;(U?iav Ptefugiaf 'ta'lé-h elusion of théNiinto the FOTD
eled as in [3] with the transition time = 0. The diode current _ > [€S€arch Nterests concern the inciusion o o e

method.
is given by Mr. Emili is a member of the Associazione Dottori de Ricerca Italiani (ADI),

the Italian Ph.D. students Association.

dva
— 15
pn (15)

whereV; is the diode applied voltagé; is the inverse saturation
. X . S . o
purrent,n is the junction emission coefficienky ~ 25 mV Federico Alimenti (S’91-A97-M’'93) was born in Foligno, Italy, in 1968. He
is the _thermal V0|t§ge af. = 29:_5K, a'nd Cy represents the received the Laurea degresufn laudg and the Ph.D. degree from the Univer-
capacitance associated with the junction. The latter is due oriy of Perugia, Perugia, Italy, in 1993 and 1997 respectively, both in electronic

to the width modulation of the junction space—charge regiGfgineering. _ _
. J P 9 9 In 1993, under a scholarship from Daimler-Benz Aerospace, Ulm, Germany,
(r = 0) and is expressed by he was with the Microwave and Millimeter-Wave Department. In 1996 he a

Guest Scientist at the Lehrstuhl fur Hochfrequenztechnik, Technical Univer-

Iy = I [/ —1] 1 €y (Vi)

Vs -m sity of Miinchen, Munich, Germany. In 1997, he visited the Technical Univer-
Cuo|1- (}ﬁ ’ Vo < Fe®g sity of Munchen, under the Vigoni Programme. Since 1993, he has been with

Cy (Vg) — 0 (16) the Department of Electronic and Information Engineering, University of Pe-
Cro mVs rugia. His research interests concern the FDTD simulation of microwave and

— | I3 , Vo > F. 9. millimeter-wave devices, the study of monolithic-microwave integrated-circuit
I3 ) (MMIC) interconnection and packaging technologies and the design, realiza-

tion, and measurement of high-frequency circuits.

Dr. Alimenti has been a reviewer for the IEEEI®ROWAVE AND GUIDED
WAaVE LETTERSSINnce 1997. He was the recipient of the 1996 Young Scientist
Award presented by the URSI

In (16),m is a coefficient related to the doping profile(= 0.5
for abrupt junctions)@y is the junction built-in voltage;;q is
the zero-bias junction capacitance, dnds a suitable constant.
F, and F3 can be detrmined as follows:

F2 — [1 _ Fc]l-l—rn
Fy=1- [1 + m] Fe. (17) Paolo Mezzanottewas born in Perugia, Italy, in 1965. He received the Laurea

) o ) ) degree in electronic engineering from the University of Ancona, Ancona, Italy,
The temporal discretization of the diode current equation (1i)1991 for his thesis on FDTD analysis of the gigahertz transverse electromag-
netic (GTEM) cell and the Ph.D. degree from the University of Perugia, in 1997.

gives Since 1992, he has been involved with FDTD analysis of microwave struc-
. § yntl +vn tures in cooperation with the Department of Electronic and Information Engi-
J - Iy [G(VZ”* +V5' /2mVr) _ 1} +Cy (-2 2 neering, University of Perugia. In November 1999, he became a Research As-
NL 2 sistant in the same department. His main field of interest is the application of

numerical methods to the study of components and structures for microwave
and millimeter-wave circuits.

Dr. Mezzanotte is a reviewer for the IEEE Id®OWAVE AND GUIDED
WAVE LETTERS and the IEEE RANSACTIONS ON MICROWAVE THEORY AND
TECHNIQUES

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

(18)



2282 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000

Luca Roselli (M'93) was born in Florence, Italy, in 1962. He received theRoberto Sorrentino (M'77-SM'84—F'90) received the Doctor degree in elec-
Laurea degree in electronic engineering from the University of Florence, Fliwonic engineering from the University of Rome “La Sapienza,” Rome, Italy, in
rence, Italy, in 1988. 1971.

From 1988 to 1991, he was with the University of Florence, where he was in-In 1971, he joined the Department of Electronics, University of Rome “La
volved with surface acoustic wave (SAW) devices. In November 1991, he join&dpienza,” where he became an Assistant Professor in 1974. He was also “Pro-
the Department of Electronic and Information Engineering, University of Péessore Incaricato” at the University of Catania (1975-1976), the University of
rugia, Perugia, Italy, as a Research Assistant, where, since 1994, he has tafigbbna (1976-1977), and the University of Rome “La Sapienza” (1977-1982),
the “Electronic Devices” course. His research interests include the design avitere he then was an Associate Professor (1982-1986). In 1983 and 1986, he
development of microwave and millimeter-wave active and passive circuits yas a Research Fellow at The University of Texas at Austin. From 1986 to
numerical techniques. 1990, he was a Professor at the Second University of Rome “Tor Vergata.” Since

Dr. Roselli has been a reviewer for the IEEEI®owWAVE AND GUIDED WAVE ~ November 1990, he has been a Professor at the University of Perugia, Perugia,
LETTERS(Since 1996) and the IEEERENSACTIONS ONMICROWAVE THEORY  Italy, where he was the Chairman of the Electronic Institute, Director of the
AND TECHNIQUES (since 1998). In 1998, he became a Technical Committ€@omputing Center, and is currently the Dean of the Faculty of Engineering. His
member of the Electrosoft Conference, European Microwave Conference, aeskearch activities have been concerned with electromagnetic-wave propagation
the IEEE Microwave Theory and Techniques Symposium. in anisotropic media, interaction with biological tissues, and mainly with the

analysis and design of microwave and millimeter-wave passive circuits. He has
contributed to the planar-circuit approach for the analysis of microstrip circuits
and to the development of numerical techniques for the modeling of components
in planar and quasi-planar configurations. He is an Editorial Board member for
thelInternational Journal of Numerical Modelirand thelnternational Journal
of Microwave and Millimeter-Wave Computer-Aided Engineering

Dr. Sorrentino is currently an Editorial Board member for the IEEE
TRANSACTIONS ONMICROWAVE THEORY AND TECHNIQUES



