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Full-Wave Design and Optimization of mm-Wave
Diode-Based Circuits in Finline Technique

Werner Thiel and Wolfgang Menzegenior Member, IEEE

Abstract—This paper presents a full-wave design and opti-
mization of a quasi-planar frequency doubler and a balanced
subharmonic mixer in finline technique by applying the extended
finite-difference time-domain (FDTD) method. The structures are
based on the junction of a coplanar waveguide and a finline using
two Schottky diodes mounted across this junction. The diodes are
represented by their large-signal device circuit model. The specific
problem of embedding the lumped elements in the FDTD mesh
at millimeter-wave frequencies is discussed. A new method for
the inclusion of the device into the grid is developed, avoiding
nonphysical reactances. The frequency doubler is designed for
optimal conversion loss at 0-dBm input power in a frequency
band from 20 to 25 and 40 to 50 GHz, respectively. With
the subharmonic mixer, matching structures at both the local-
oscillator (LO) port and the radio-frequency (RF) port have
been employed so that a conversion loss of 14.8 dB could be
achieved with only 5-dBm LO power. The operation frequencies
are 18 GHz for the LO and 56 GHz for the RF. The simulation
results are validated by measurements.

Index Terms—FDTD methods, large-signal model, lumped el-
ements, mm-wave frequency converters.

Fig. 1. Basic structure for frequency multiplication and frequency conver-
sion.

I. INTRODUCTION

HE finite-difference time-domain (FDTD) method [1], [2]5 reliable analysis and optimization of the complete structure
1 is successfully applied to the design and optimization gfith such CAD tools becomes impossible. Without sufficient
linear structures. Also, in recent years, nonlinear structur@$ormation, a circuit design in such problems is accomplished
have been analyzed at microwave frequencies, and sev%@gﬂy in trial and error.
methods for incorporating nonlinear devices into FDTD or | this case, the extended FDTD method using equivalent-
modeling the device itself by finite-difference methods havg,rent source techniques is applied to model the complex
been proposed [3], [5], [7]. _ circuitry, including quasi-planar structures as well as the
With commercial computer-aided design (CAD) tools, thgjodes. The two diodes are described with their equivalent
design of active circuits is limited and only successful for loWi cuit and are embedded in the FDTD mesh in such a way
frequencies and, in the special case, where the circuit approgeht nonphysical parasitic effects are minimized. The influence

is valid. The advantage of the CAD tools is that they possegfthese effects in the millimeter-wave (mm-wave) range will
an extensive library for various microwave and semiconductgg discussed in Section V.

devices. Computation time is short because the elements
are cascaded with their scattering matrices one to another.
Typically, however, no higher order mode coupling and no [I. DESCRIPTION OF THECIRCUIT

parasitic coupling between adjacent circuit parts are mcluded.':Or broad-band operation, e.g., measurement systems, a

The I|m|tat|ons o_f standard CA_D procedures_are even MO |anced/unbalanced diode configuration has proven to be a
severe ,'f the semlgor)ductor.dewce. IS placed dlrectly_ N a majgLefy| concept for frequency multiplication of even order and
discontinuity and if it has, in addition, the same size as g, fraquency conversion [8], [11]. Such a structure can easily
junction. Also, as is shown later, the geometry and location gf, j\plemented in the junction of a coplanar waveguide and
the device plays an important role for the parasitic effects aﬁdrinline, as shown in Figs. 1 and 2. The coplanar waveguide

cannot be considered in a circuit approach. As a consequengeyjaced in a waveguide channel of reduced cross section to
reject the slot mode excited at the diodes. In the area of the

Manuscript received March 26, 1999; revised July 8, 1999. __junction of the coplanar line and the finline, a shielding with
The authors are with the Microwave Techniques Department, University o{ dard ide di . . d 6 hai .
Ulm, 89069 Ulm, Germany. standard waveguide dimensions is used. In [6], suc a junction
Publisher Item Identifier S 0018-9480(99)08442-2. was analyzed with the extended FDTD method. In this paper,
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l—» Multiplier: RF output reference planes reference plane
Mixer: RF input !
Multiplier: RF input Fig. 3. Coplanar test structuresv = 200pm, s = 100gm, and
Mixer: LO input and d = 300 pm.
IF output
Fig. 2. E-field orientation and port definition for both applications.
.71:}—*7
. L, R, |
an optimization of the complete circuit for a multiplier and G —— P T
harmonic mixer operation is presented. o(U) |Ip(U)

lll. SIMULATION OF THE NONLINEAR STRUCTURES L

Analyzing linear structures, a Gaussian pulse can be used for
the incident signal and, with one simulation, the scattering pa-
ram?ters for the whole frequer_lcy_band can l_)e calculated. Wll—li . 4. Equivalent circuit of the diode. Element valuds; = 0.1 nH,
nonlinear devices, a pulse excitation results in a rather compleX= 0.04 nH, C; = 30 fF, Cjo = 60 fF, R, = 10%2, andTp = 10 nA.
harmonic spectrum not relevant for multiplier and mixer local-
oscillator (LO) operation, thus a harmonic excitation has to
chosen. Consequently, for each frequency point and for e
power level, an extra simulation is necessary. To calculate
guasi-linear conversion loss of a mixer, however, a modulat
Gaussian pulse with a sufficiently small bandwidth can be us\%
as an RF signal as soon as a steady state has been achieve . . .
the harmonic LO excitation. The bandwidth of the pulse has & ements, the Schottky junction capacitaiég(L/), ar_ld th_e
be chosen in such a way that a single-sideband operation of ?Hérent sourceID(U): Goyerned by the Schottky Junction
mixer is guaranteed. With the mixer simulation, two sourcég()del’ the Schottky junction capacitance is expressed as
(LO and RF signal) have to be included in the structure. Since C;
the LO signal is not limited in time, a transparent source is U
required. For short feeding lines, as in this contribution, the 1- D,
natural field distribution is used for the excitation with the _ ) _ o
transparent source. As the LO signal has an amplitude 20 ¥8€re Co is the capacitance at 0 V, anB, is the built-in
higher than the RF signal, for an extraction of the scatteri&?tem'al' The current is described by the following equation:
parameters, two simulations of the mixer are necessary. In one In(U) =1, (e(qu/nkT) _ 1)
simulation, only the LO signal is used. Thus, the RF signal can

be calculated subtracting the signals of the two simulationghere, is the saturation current andthe ideality factor. In-
while the LO signal and its harmonics are cancelled. vestigations have shown that the nonlinear capacitance has an

In the mixer performance, sometimes sharp resonances g@hnegligible influence on the conversion loss and decreases
appear in the RF and IF signal, thus, for a reasonably accurgtgy up to 1 dB.

Fourier transformation, a large simulation time is necessary.
An alternative is to use the system identification (SI) method
described in [4]. In this way, the simulation effort can be

reduced dramatically.

ieﬁds so that a discontinuity between the coplanar line and
{ |8de can be avoided. Using a commercial circuit simulator,
gbe resulting scattering parameters were then fitted to a large-
|gnal equivalent circuit, according to Fig. 4. The element
yes are listed in Fig. 4. The circuit includes two nonlinear

Cp(l7) =

V. LUMPED ELEMENTS IN THE MM-WAVE RANGE

In the literature, several approaches for an inclusion of
lumped elements in the FDTD mesh can be found. In [3],
the elements are regarded as dimensionless devices and are
placed at the edge of a FDTD cell. In [5], the lumped element

As active devices, HP HSCH5330 silicon low-barrier Schots a one-dimensional device between both conductors so that
tky diodes are chosen. The diodes were characterized upthe device is distributed over several edges of the FDTD cells
40 GHz at different bias states in two coplanar test circuitescaded one by another. Dealing with low frequencies, (up to
(Fig. 3) using an on-wafer prober and a vector network ana® GHz), such a way of inclusion does not have a remarkable
lyzer. In Fig. 3, the reference planes for a thru-reflection linafluence on the electric behavior of the nonlinear microwave
(TRL) calibration are marked. The center conductor of theructure. In the mm-wave range, however, e.g., thband
coplanar line has approximately the same width as the diodeeven thel’-band, nonphysical parasitic effects due to such

IV. DEvICE CIRCUIT MODEL
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Fig. 5. Coplanar line—finline junction with the diodes in real size (dashed L4 ot
lines show the FDTD grid). (b)
: . . N ° ®
an incorporation of lumped elements will occur, resulting in L2 L
____________ 1 2

erroneous computation results. In this section, the parasitic____ ) " =
effects are characterized and validated by measurements. Fol=------gy 'y "~~~ G,
lowing this, a solution will be shown how to embed the devices ____ IR
without the generation of nonphysical reactances.

The main problem at higher frequencies is that the device
becomes as big as the passive discontinuity, thus, the size ©
plays an important role. The device, as shown in Fig. 5, covers ° °
more than one FDTD cell and also most of the area of the
junction. This has to be incorporated in the mesh structure. ____
Four possible ways of including a diode into the FDTD ----
mesh are indicated in Fig. 6, together with the corresponding -- --
equivalent circuits. Fig. 6(a), distributing the device linearly
over several edges of cells, results in an nonphysical increased
inductance twice as big as in reality, as the diode is included @
as an nonphysically very thin element only. In Fig. 6(b) angig. 6. Possibilities of incorporation of lumped elements; test structure:
(C), metal pads are used to better model the physical size of gﬁg—&? slotline With_ 300xm slot width andV'-band shielding (dashed line

. ] . . . . fepresents the grid 5¢m x 100 ym used for FDTD simulation). (a)
diodes. Typically, however, the equivalent circuit of the diodg, — .204 nH. (b) L; = 0.110 nH, L» = 0.034 nH, C; = 8.45 pF.
already includes the capacitance between the two diode leddsf1 = 0.110 nH, L, = 0.013 nH, ¢y = 8.45 pF. (d) L1 = 0.123 nH.

thus, this approach leads to an overestimation of capacitance.
Ideu
C,

The best solution, therefore, is a distribution of the diode
over the complete device area, i.e., Fig. 6(d). In this case,
however, an increased numerical effort would be necessary (L,1) (1,m)
N N
4 Ccell Itotal 4 cell
a compromise, therefore, constant potentials are assumed over l_'_:r

for evaluating the nonlinear circuits for every FDTD cell. As I
the contact areas of the diode—equivalent to a bigger mesh

L,/2 Device
® @

- L

JdobL 4L Jo
[ [ W iy S

Device

| | Lumped
size in the diode area, and the equivalent circuit is now placed | - |
between these areas. The nonlinearity can be handled equally ! ! Element
in all cells, or it equivalently can be placed again between
the contact areas as a single lumped element (Fig. 7). If there (1) (n,m)

7 o) I & C
is a complex lumped element or if the device is distributed “** celt fotal -, cell

over several cells in two dimension, it is advantageous to use
the equivalent sources principle for the Ampere’s Law so that
each cell can be described by

Fig. 7. The equivalent circuit governing the lumped element.

O‘Eehj) 5;11 +1' = It(olif and
with ST UL = Uaeviee:
m =1
Z I’ = Ljevice The circuit shown in Fig. 7 includes all FDTD cells and the
j=1 lumped element. This approach is valid for the mm-wave range
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Ly Ly G

Fig. 10. Matching circuit for the frequency doublefi; = 0.33 nH,
Lo = 0.83 nH, Cy = 1.8 pF.

Insertion loss, dB

the diode lead to different resonance frequencies (Fig. 8).

: : The insertion loss was measured -at0- and 6-dBm input

65 70 75 power. Between 40 and 50 GHz, a power level of 6 dBm
was not available. If the model according to Fig. 6(d) is used,

Fig. 8. Simulation of the test structure with four approaches fd§00d agreement between the measurements and simulation

lumped-element inclusion (see Fig. 6). is achieved (Fig. 9). Thus, the approach presented above is

sufficient for the mm-wave application.

55 60
RF Frequency, GHz

VI. OPTIMIZATION OF A FREQUENCY DOUBLER

For a better return loss, i.e., an improved conversion loss
of the multiplier, a matching network was designed. The
operation frequencies should be 20-25 and 40-50 GHz, re-
spectively. The input power of the frequency doubler is chosen
to O dBm.

With nonlinear structures in the large-signal operation, it
has to be taken into account that the diode impedance depends
v : strongly on the input power. The power directly at the diodes,
30,0 p 5‘0"" . ‘ ps : however, is correlated to the input reflection coefficient. There-

55 60 70 75 . . . . . . .
RF Frequency, GHz fore, the diode impedance will vary if a matching circuit

Fig. 9. Comparison of the simulated insertion loss Fig. 6(d) with measure> employed, and the ”_mUt powWer 1S unChanQ_Ed' _FOI’ the
ments at—10- and 6-dBm input power. extraction of the scattering parameters of the junction, the
power level has to be adjusted so that, at the diodes, the same
as long as the wavelength is much bigger than the width %?wer level as in the matched case is guarantgt_ed. In the case of
: S . c%mplex matching structures, where the condition for constant
the element. Otherwise, the device itself has to be simulate . : . ;
: power at the diodes cannot be fulfilled, several iterations for
by full-wave methods itself. . :
. A : the design of a matching structure may become necessary. In
Solving the circuit in Fig. 7, the following system of equa;, . - : .
. ) this contribution, however, no iterations were necessary.
tions results: o .
The characteristic impedances of the coplanar waveguide
99X = A(X)+ B and of the finline are 50 and 118 respectively. The first sim-
ot ulations showed that the smaller the characteristic impedance
where X is the state vector including all electric-field compoof the finline, the better the conversion loss. The value of
nents of the device ared.is derived from the circuit elements,110 2 is the lower limit due to the available technology.
and B represents terms of the sourcks;.;. Using centered For impedance matching, a Chebyshev-type filter is applied.
differences to achieve a truncation error of second order, thbe junction with the two diodes is the first element of the
system results in three-section filter. This leads to a bandwidth of 3.6 GHz with
X X X 4 X an equal ripple response of the return loss-&.4 dB. In a
% = A<%) + B+ O(A#?). CAD tool,! the filter circuit according to Fig. 10 is used for
t a preliminary design of the inductances and capacitance of
The nonlinear system can be solved employing the Newhe inverters, which then are used as starting values for the
ton—-Rhapson method. next optimization step. The inverters are realized in coplanar
A test structure was fabricated to measure the diode prdpehnique and are analyzed and optimized with FDTD using
erties and to validate this specific way of modeling of lumpeal gradient approach. The geometries of the coplanar invert-
elements. The diode is mounted across a finline slot ineas were varied in discrete steps according to the relatively
V-band waveguide. In Figs. 8 and 9, measurements of smdilie discretization until the desired transmission is achieved.
signal scattering parameters at 0-V bias are compared to fee scattering matrices of the inverters based on the full-
simulation results of the four approaches according to Fig. \®ave simulation are included in the CAD tool together with
At V-band the structure has a transmission minimum as ttiee nonlinear part. In that way, the resonator lengths can
parasmc' effects of the diode are in resonance. _The q‘verseMDS (Microwave and RF Design System), version 7.1, Hewlett-Packard
nonphysical reactances of the four ways for an inclusion gbmpany, Santa Rosa, CA.
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Return Loss, dB

L L, I Ly wy L3y wp

.15 | measurement BN ........
Fig. 11. Layout of the matching network for the frequency doubler. Di- FDTD Sslot ————— :

mensions:w.; = 1.2 mm, w.o = 145 mm (coplanar waveguide), \matCh? i : : [H :

ws = 0.05 mm (slotline), wp = 0.35 mm, Ly = 1.732 mm (first -20, '6 '8 2'0 2'2 "2'4 2'6 28
section),w, = 0.08 mm (capacitive inverter)L.o = 4.803 mm (resonator), L L L Input Frequency, GHz

lp = 1.2mm, w; = 0.1 mm (inductive inverter),L; = 5.961 mm !

(resonator)/; = 0.4 mm, w;; = 0.2 mm (inductive inverter). Fig. 12. Input return loss of the frequency doubler at 0-dBm input power.

quickly be optimized. If the optimized amplitude response of 60 ) g T T i T
the filter deviates from the theory, inverters with a slightlya‘g 55 [t : e T

. . . . . - : t e ]
different transmission can be inserted. The optimization of50 ) o e .

the resonators and modification of the inverters has to b 4s | it (not matched) AEREREREE .
repeated until the desired amplitude response is achieved. Ttg40 X’ R T S A e .
doubler, including the matching network as a whole, is theng ss |- N\ P P o) o .
analyzed by FDTD method, and the return loss is compared 30 : : ' ' '
to the expected one. In Fig. 11, the matching network and 25
its geometry are plotted. Comparing the measurement and 20 : w2, ;
simulation result (Fig. 12), the conversion and return losses 15 o L NG T T e =

show good agreement. The bandwidth is larger than predicted. 10, P " pr P p 50

The return loss is below-10 dB in a 5.5-GHz range. Com- Output Frequency, GHz

pared to_ the frequency dogbler without matching netwprk’ t%. 13. Conversion loss of the frequency doubler at 0-dBm input power.
conversion loss could be improved by about 3 dB (Fig. 13),
and the return loss by about 7 dB (Fig. 12). The optimized
doubler is relatively nonsensitive with respect to the input :
power. Decreasing the input power by 3 dB, the return loss o - -wiik
rises to—7 dB (Fig. 14). The simulation has shown that the®
bandwidth becomes smaller with increasing power. At 6-dBmg
input power, the bandwidth is reduced by about 1 GHz. TheZ -10
frequency shift in the measurement is caused, on one sidé,
by some fabrication tolerances of both the passive structurg
and diodes. A further reason is the low discretization of the -2
structure for the theoretical analysis. Otherwise, the simulation _5
time is too long for an reasonable optimization. For the FDTD i : i i i :
simulation, the doubler was divided into 350000 cells. For "% 16 18 20 22 24 26 28
an extraction of the scattering parameters from the harmonic Input Frequency, GHz

time signal, 16 000 time steps were required. On a Pentium#lg. 14. Input return loss of the frequency doubler-dBm input power.
100-min central processing unit (CPU) time was needed for

one frequency point.

-15

then is—4.8 dB. The geometry of the LO matching structure
is shown in Fig. 15. The quarter-wave transformer consists
of a transmission line with ground metallization for a low
In the V-band, a subharmonic mixer with both a matchecdharacteristic impedance. The resulting return loss of the LO
LO and RF port was designed. The incorporation of the diodpert is shown in Fig. 16. A return loss 6f15 dB could be
in this frequency band is much more delicate than with thechieved over a 3-GHz bandwidth.
doubler in theB-band. An accurate large-signal device circuit Before describing the RF matching network, a few proper-
and the elimination of nonphysical reactances is important foes of the mixer have to be discussed. Since the diodes are
a successful full-wave analysis. In this application, a goadounted in series with regard to the finline, the RF signal
conversion loss had to be obtained even with a low LO powgenerates a slot mode on the LO coplanar line of the mixer.
level (available LO power: 5 dBm in this case). Thereford herefore, the LO matching network is not only a quarter-wave
an LO and RF matching network is mandatory. Without wansformer for the LO signal, but also a linear complex load
matched LO port, the conversion loss achieves its minimuior the slot mode of the RF signal. In this way, the RF return
at 9-dBm LO power. At 5-dBm input power, the LO return los$oss is affected by the LO matching network. Furthermore, the

VII. DESIGN OF A V-BAND SUBHARMONIC MIXER
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@ [N Y S measurement
i S O AR -=+=== without 7
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1 Rl B R ]
= v :
95 e PR P R e
Wia I L. wp L Liny ‘..' .
Wy backside ; 4 ; ; X
o -30 "
metallization 50 55 60 65 70 75
Fig. 15. Layout of the central part of the harmonic mixer matched at RF frequency, GHz
both ports. Dimensionsw;; = 0.7, qo1 = 0.5 (coplanar waveguide).

. R Fig. 17. RF return loss of the harmonic mixer-a6-dBm input power and
wi2 = 1.3 mmuwg2 = 1.5 mm (coplanar waveguide invertef); = 1.8 mm, 5-dBm LO power.fio = 18 GHz
L. = 0.5 mm, g. = 0.2 mm (coplanar inverterke, = 0.1 mm (slotline). /Lo '

wy = 0.3 mm, Ly = 0.9 mm, wipy = 0.7 mm, Ljy, = 1 mm (slot
inverter).

30 Tr
-4 T T T | p—— m ,"
: : : < 25 ’
_6 T I L T T I Py TR %" '5
8 g
T A S SO IO p
o] .S 20
—:F BT TR N LT 4 §
w0
O 1o b N A 8
g © s
E _14 ......................................................................
Q . N N .
~ 16—“""""": ___________ with | : : : : : :
B : : ; matched LO 10 i i i i i i i i i
gl N A L..{ -—-.  without 1 1 1.5 2 2.5 3 35 4 4.5 5 5.5 6
| | : matched LO IF frequency, GHz
_20 1 I 1
14 16 IBLO frequ2e(ilcy GHz22 n B Fig. 18. Conversion loss of the harmonic mixerdi-dBm input power and

5-dBm LO power.f,o = 18 GHz. frr = 55-60 GHz.
Fig. 16. Return loss of the matched LO input at 5-dBm input power and of

the unmatched LO at 7-dBm input power.
inductance. For an example, if the width of the diodes is
] ) . reduces by 50um in the FDTD simulation, the optimal
slot-mode propagating on the coplanar line has to be rejec

s neial i ration frequency is shifted by 4-52 GHz. Also, if the
so that the cross section of the shielding is reduced behind

g > St ) : between slotline and coplanar waveguide is reduced to
LO matching circuit. In this part of the coplanar waveguideygg um, the lower inductance causes a frequency shift of

resonances may occur by the slot mode. They are causedstgiz. This shows that the modeling of the diode and a good

the LO circuit and the position of the reduced shielding. Th@echanical accuracy are critical points in this frequency range.
effect of such resonances is that the IF signal nearly disappears.

As a consequence, by proper design of the position of the
waveguide section with the reduced dimensions, the resonance VIIl. CONCLUSION

has to be shifted out of the operation band. The resonance inn this paper, an optimization of mm-wave diode-based
RF return loss is visible in the FDTD simulation, but not in th@ircuits is presented_ For h|gher frequenciesl e.g., iher

measurements due to losses. With this mixer, the resonampge€pands, a Concept for the incorporation of |umped elements
is at 58.5 GHz. (A return loss greater than 0 dBm at aboyi the FDTD mesh without generating nonphysical reactances
58 GHz is an artifact of the SI method only.) Measurement am@s been presented. As an example, a frequency doubler was
simulation, however, show that the conversion loss increastissigned for optimal conversion loss at 0-dBm input power.
accordingly at 4.5-GHz IF frequency. Without any matchingurthermore, a subharmonic mixer with 18-GHz LO frequency
networks for both ports, at 5-dBm LO power, a conversion lostd 56-GHz RF frequency was optimized with respect to a
of 19 dB can be obtained. Using an RF matching structure, lasv conversion loss for low LO power. The FDTD method
shown in Fig. 15, the constant return loss-62.8 dB could has proven to be a useful tool for the design of nonlinear
be improved to—10 dB in a bandwidth of 3 GHz (Fig. 17). components even in the mm-wave range.

Fig. 18 shows the conversion loss of the optimized mixer.
The conversion loss could be reduced to 14.8 dB at 2-GHz
IF frequency.

. - . . 1] K. S. Yee, “Numerical solution of initial boundary value problems
Investigations show that the return loss of the mixer is ver ] Y P

o > ) o . ) involving maxwell's equation in isotropic medidEEE Trans. Antennas
sensitive to deviations in parasitic effects like the feeding Propagat.,vol. AP-14, pp. 302-307, May 1966.

REFERENCES



2466 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 47, NO. 12, DECEMBER 1999

[2] F. Jiayuan, “Absorbing boundary conditions applied to model wavfll] W. Menzel, “Integrated fin-line components for communication, radar,
propagation in microwave integrated circuit$£EE Trans. Microwave and radiometer applications,” imfrared and Millimeter Waves Vol. 13.
Theory Tech.yol. 42, pp. 1506-1513, Aug. 1994. New York: Academic, 1985, pp. 77-121.

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

[4] W. Kuempel and I. Wolf, “Digital signal processing of time domain
field simulation results using the system identification methd8EE Werner Thiel was born in Albtting, Germany, in
Trans. Microwave Theory Techol. 42, pp. 667-671, Apr. 1994. 1970. He received the Dipl.Ing. degree from the

[5] C. H. D_urney, W. SUI_, D. A. Chnstensen,'and J. Zhu! A genera University of Ulm, Ulm, Germany, in 1995, and
formulation for connecting sources and passive lumped-circuit elemeil is currently working toward the Ph.D. degree in
across multiple 3-D FDTD cells,[EEE Microwave Guided Wave Lett., microwave technigues.

vol. 6, pp. 85-87, Feb. 1996. Since 1995, he has been with the Microwave
[6] W. Thiel and W. Menzel, “FDTD analysis of quasi-planar mm-wave Techniques Department, University of Ulm. His

frequency-doubler,” inEEE MTT-S Microwave Symp. Digl997, pp. research activities and interests include the finite-

881-884. ; ; .
- - . . . difference techniques in general, development of
[7] P. Ciampolini, P. Mezzanotte, L. Roselli, D. Sereni, R. Sorrentino, ar. FDTD software, and the design and optimization

P. Torti, “Simulation of HF circuits with FDTD technique including } ) e
nonideal lumped elements,” itEEE MTT-S Microwave Symp. Dig., applying the FDTD me:)r:‘ogonlmear components in the milimeter wave
1995, pp. 361-364. '
[8] J. Koehler and B. Schiek, “Broadband microwave frequency doublers,”
Radio Electron. Eng.yol. 48, pp. 29-32, Jan./Feb. 1978.
[9] W. Menzel and H. Callson, “Ultrabroadband balanced fin-line mixer,”
Electron. Lett.,vol. 18, pp. 724-725, 1982.
, “94 GHz balanced fin-line mixer,Electron. Lett.,vol. 18, pp. Wolfgang Menzel (M’'89—-SM'90), for photograph and biography, see this
5-6, 1982. issue, p. 2241.

[10]




