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Abstract—The lumped-element finite-difference time-domain a 150-300-GHz doubler [6]. A working doubler has been
method is used to analyze quasi-optical multipliers based on diode fapricated on silicon, however, the structure requires further
loaded slot antennas. The method is validated firstly for a passive optimization. This paper presents results for scaled frequency

microstrip-fed structure then for the diode loaded case in both . .
small- and large-signal regimes. The diode model is separately models operating below 20 GHz, which have been used to

validated using a series diode mounted on a microstrip line. Validate the method and further the understanding of important
Input return loss and radiation patterns show good agreement issues relating to LE-FDTD simulation of these types of

with measurements and the concept of effective conversion losscircuits.

is introduced and results show reasonable agreement between The quasi-optical multiplier being investigated is based on

measurement and simulation. A new diode arrangement is intro- Schottky barrier diod ted i lot ant Siot
duced where dual offset diodes are placed in the slot instead of the & SCNOUKY barrier diode mounted in a slot antenna. slot an-

conventional central diode. The diode position can then act as an t€nnas have been widely used in a number of quasi-optical com-
extra design parameter. The performance of the two structures ponents for over two decades; these include mixers [7], mul-
has been compared; currently best performance is still obtained tjpliers [8], and oscillators [9]. The slot antenna possesses a
for the central-diode structure. Finally, a fully quasi-optical —,\mher of features that lends itself to use in quasi-optical sys-
structure is simulated with plane-wave excitation. Central and . . . . .

dual-diode structures are again compared and the diode position tems. Its uniplanar nature facilitates simple mounting of active
and input plane-wave field strengths are optimized. Slot voltage devices without the need for ground via connections. Also, since

distributions, radiation patterns, and effective quasi-optical only one layer of metallization is required, the antenna can be

conversion losses are presented. mounted directly onto the surface of a dielectric lens [10], [11].
Index Terms—CAD, FDTD, multipliers, quasi-optics, slot an- This paper begins by presenting a comparison of measured
tennas. and simulated results for a passive microstrip-line-fed slot-
antenna structure, including input return loss and radiation
patterns.

|. INTRODUCTION . . . L ;
The following section describes the validation of the diode

UASI-OPTICAL circuits that embed active devicesmodel being used within the FDTD grid. The diode is a Hewlett-
within radiating structures are becoming increasing popackard HSMS-8202, which is a dual-diode package; however,
~ ular in the millimeter and sub-millimeter bands due t@nly one of the diodes is being used, the other is left open circuiit.
their advantages of free-space combining, reduced transmissi@ithe parasitics of the package are included and the model ele-
loss, and multifunctionality [1]. To realize optimum designs foments are tuned to account for nonideal behavior of the lumped
these circuits, it is essential to simulate the entire circuit, bofflements within the LE-EDTD implementation. The diode is
active and radiating parts concurrently. A promising methagmulated and measured connected in series with & Bai-
for achieving this is the lumped-element (LE) finite-differencgrostrip line.
time-domain (FDTD) method [2], [3]. This approach allows for The giode model is then combined with the passive slot an-
the incorporation of lumped element models including passienna structure and small-signal results are presented for input
active, and nonlinear devices directly into the traditional FDTRym 10ss and radiation patterns. The circuit used is unbiased
grid structure [4], [S]. This paper aims to validate this approacince although improved performance can be obtained for mul-
and illustrate that it is an accurate and flexible design tool fgjiers with the use of bias, it is felt in large-array environments,
quas!-optlcal .CII’CUI.IS. ' ] . the increase in design complexity would outweigh these advan-
This study is being carried as part of a consortium working es The flexibility of the LE-FDTD method is shown by al-
on sub-millimeter wave quasi-optical multipliers, in particulakering the conventional diode position: central in the slot to two
offset diodes placed near the ends of the slot. By introducing this
Manuscript received September 8, 1999. This work was supported by the Bxtra degree of freedom, it may be possible to obtain improved
ropean Commission under the Training and Mobility of Researcher Netwognversion efficiency over conventional multipliers.
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Fig. 1. (a)Microstrip-fed slotantenna, = 15.1 mm, W, = 0.4 mm, L., = 4.35 mm, L = 1.5 mm,h = 0.813 mm, L1, = 25 mm,W,,;, = 23.5 mm,
ande,. = 3.38. (b) Measured and simulates} ; .

conversion loss is introduced and results are presented. The ptane-wave-excited fully quasi-optical results, it is not clear that
formance of the central diode and the dual offset diode structungrrent circuit simulators could accurately model the plane-wave
are compared. excitation. Thus, the LE-FDTD method can be seen as one of
Finally, a fully quasi-optical simulation is presented, withhe key components in the design and analysis of the rapidly ex-
plane-wave illumination of the structure simulated in the aboymnding field of quasi-optical circuits.
sections, but with the microstrip line removed. The effective
conversion-loss definition introduced in the previous section is
then modified to account for plane-wave illumination. This con-
version loss is then calculated over awide frequency range to den order to validate the method, a microstrip-fed single slot
termine the optimum operating frequencies for these two partanatenna was constructed and measured using in-house facili-
ular structures. The diode position for the dual-diode structuretiss. The method has been previously compared with analytic
then optimized and, finally, the input plane-wave field strengtinethods and good agreement has been obtained [13].
is optimized for both central and offset diode structures. At the In this paper, the slot antenna is formed in the ground plane of
optimum frequencies, slot voltage distributions and radiatidhe microstrip feeding line, the structure is shown in Fig. 1(a).
patterns at the fundamental and first harmonic frequencies aditge microstrip line extends over the slot by a quarter-wave-
then presented for both central and offset diode structures dexgth at the slot resonant frequency producing a short circuit
the effective conversion efficiencies of the structures are comt-the slot resulting in a good transition to the slot line. The feed
pared. is offset close to the 5 impedance point of the slot [14] re-
This paper shows how the LE-FDTD method can be usedsalting in good input return loss.
analyze quasi-optical multiplying structures. Normally, this ap- The slot measures 15 0.4 mn? and is discretized with
proach would be supplemented by an initial harmonic-balan2é cells along the slot and four cells across the slot. Variable
optimization procedure using a circuit simulator in order to detemeshing is used [15], [16] to obtain six cells across the mi-
mine the optimum inputimpedance atthe fundamental frequermystrip feed line. The substrate has a dielectric constant of
and load impedances atthe harmonic frequencies [12]. Aslotap- = 3.38 and a height of 0.813 mm and is discretized with
tenna with the appropriate impedances could then be desigrfedr cells. The overall substrate dimensions are 26.23.5
Standard multiplier theory requires that the input and output cimm? and these dimensions are reproduced exactly within the
cuits are isolated by frequency-selective networks to limit the ifRDTD simulation resulting in an overall grid size of 39115
teraction of the fundamental frequency signal in the load circuit 57. Perfectly matched layers [17] are used as absorbing
and the harmonic signals at the input. However, in this highly ilboundaries. The structure is enclosed by a field integration box
tegrated multiplier, no suchfiltering networks exist and, thus, thfer the calculation of radiation patterns using a near-to-far field
type of theory may not be directly applicable. Moreover, for thigansform [18].

Il. PASSIVE VALIDATION
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Fig. 2. (a) Radiation pattern definitions. (b)—(c) Radiation patterns for microstrip-fed passive slot antenna, me6Q#&dHz and simulated 7.15 GHz.

The structure is excited with a Gaussian pulse from two Fig. 2(a) shows the schematic of the structure with axes
lumped generators placed at the edges of the microstrip lislgowing the angular definitions for the radiation patterns.
in order to reduce the discontinuity caused by the lumpédg. 2(b) and (c) shows the measured and simulated radiation
elements. A typical simulation takes 8 h on a Pentium patterns (logarithmic scale) for the passive slot antenna. The
333 MHz with 512 MB of RAM under a Linux OS. This overall structure of the patterns agree with the literature for slot
results in completeS-parameter and radiation pattern data foantennas on finite substrates [19], i.e., omnidirectional in the
any frequency up to 25 GHz. Without the radiation patterH-plane and bidirectional with nulls at the metal surface in the
calculation, the simulation time is reduced to 3.5 h. The voltage-plane. The agreement between the measured and simulated
and current are calculated at the input to the microstrip limadiation patterns is good considering the connector and a
allowing the calculation ofs;;. The results are shown infeeding cable is also present only for the measured results.

Fig. 1(b) and good agreement can be seen. The fundamental
resonance of the antenna is seen to be near 7.0 GHz, and the
first harmonic resonance is observed near 15.0 GHz.

The radiation patterns of the structure were then measured’he key element to successfully modeling the quasi-optical
and simulated. The measurements were performed using a smmlltiplier is the diode model itself. The diode being used is
anechoic chamber constructed using Eccosorb VHP-8 matera@alHewlett—Packard HSMS-8202, dual in-series in a SOT-23
A PC-controlled rotating table allowed the measurements to package. Ideally a single diode package would have been used,
automated. The RF source was an HP 8720 vector network abat these were not readily available to the authors. The model
lyzer (VNA), and a Tektronix 492P spectrum analyzer was useded for the diode has been obtained from an HP application
as areceiver. The receiving antenna was either alength of WG1dte [20]. A detailed description of the LE-FDTD implementa-
waveguide for the 4—-6-GHz band or WG16 for the 8—-12-GHion of the large-signal diode model without parasitics is given
band. Lengths of waveguide were used as receivers insteadof3]. In this paper, the package parasitics are included and
horn antennas so as to minimize the far-field distance enablithgir values are tuned to match the measured performance of
this small chamber to give good results. a diode mounted in series in a microstrip line. This procedure

I1l. DI1ODE MODEL VALIDATION
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Fig. 3. (a) Schematic diagram of series diode measureiént 1.88 mm, L = 12 mm. (b) Schematic showing implementation of the diode model within the
FDTD gridD1 =1, = 4.6e —8,C;, = 0.18 pF, N = 1.09,V; = 0.5V, M = 0.5, FC = 0.5,C, = 0.13 pF,C. = 0.06 pF,R, = 6 2, L, = 0.05 nH,
Ly = Lz =0.8nH,dx = 0.2032 mm,dy = 0.1 mm,dz = 0.313333 mm andd¢ = 0.287 ps.

is required since it has been found that the lumped elemetied V; = 0.5V, grading coefficientd/ = 0.5, and coefficient
exhibit nonideal behavior against frequency, which it seemsfa forward bias depletion capacitang&€ = 0.5. The parasitic
caused by the discretization of the FDTD grid. model elements are the package capacitéice 0.13 pF, cou-

The microstrip line was constructed on a substrate with dding capacitanc€. = 0.06 pF, series resistandg, = 6 €2,
electric constant o, = 3.38 and height 0.81 mm. A 5@ bond-wire inductancé; = 0.8 nH, and lead frame inductance
linewidth of 1.88 mm and a line length of 12 mm were used, = 0.05 nH.
in both measurement and simulation. A schematic of the diodeThe final modeled and measurédparameters are shown in
mounted on the line is shown in Fig. 3(a). In the FDTD impleFig. 4. Reasonably good agreement is observed. Good agree-
mentation, the line is discretized with six cells across the limaent of the frequency of the first resonant is seen. These results
and four cells in the height of the dielectric. The grid is unifor,show the LE-FDTD can model the performance of a packaged
in both of thez-, and >-directions, with a grid size oAz = Schottky diode quite well and, thus, the model can be used to
0.20 mm in the height of the dielectric andd>z = 0.31 mm evaluate the performance of a diode multiplier.
across the line. In thg-direction, variable meshing is used in
order to replicate exactly the mesh in which the diode will be
placed for the slot antenna simulations. This is of utmost im-
portance since, in this way, the nonideal behavior will be exactly The packaged diode model was then added to the structure
replicated in the slot antenna simulations. Thivg,= 0.1 mm  of Section Il. A Gaussian modulated sine wave was again used.
is used across the region of the diode model. The maximum amplitude of the pulse was again 0.01 V. The

When a nonlinear device such as a diode is added to the straimall-signal results are a useful validation of the diode model
ture, a simple Gaussian pulse excitation can no longer be uségth nonlinear effects removed.
since this introduces a dc level. Thus, a Gaussian modulated sinds mentioned in Section I, the diode is unbiased to reduce
wave was used. The pulse has a peak value of 0.01 V, whichthe complexity of the circuit since it is being designed for array
equivalentto-36 dBm from a 50R source into 502 load. This applications. The diode was added to the center of the slot and
input power maintains the diode in the small-signal regime. #mall-signalS-parameters and radiation patterns were simulated
section through the LE-FDTD grid is shown in Fig. 3(b). Thend measured. These are shown in Fig. 5. The input return loss
intrinsic diodeD1 has the following SPICE parameters: saturashows very good agreement [see Fig. 5(a)]. The fundamental res-
tion currentl, = 4.6 x 10~ A, zero-bias junction capacitanceonance is now shifted down in frequency to 4.65 GHz due to the
C 70 = 0.18 pF, emission coefficierv = 1.09, junction poten- loading of the diode. The second resonance remains unchanged,

IV. SMALL -SIGNAL RESULTS
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Fig. 6. Dual-offset diode measured and simulated resultsS{a) (b) E-plane measured and simulated.35 GHz. (c) H-plane measured and simulated
—5.35 GHz.

as might be expected, since this will have a zero voltage at thelower than at the center and could be more suited to matching
center of the slot. The radiation patterns [see Fig. 5(b) and (§¢hottky barrier diodes used in quasi-optical multipliers. The
also show reasonably good agreement apartfromandlla€® diodes were positioned at 2.13 mm from the ends of the slot.
in the E-plane [see Fig. 5(b)], which the authors feel is due t®he simulated and measured results are shown in Fig. 6. The
scattering from the antenna rotating structure. input return loss now shows two low-frequency resonances [see
To investigate possible optimization of the structure, the cehig. 6(a)]. The fundamental mode is now measured to be at
tral diode was replaced with two offset diodes placed at eithed5 GHz, higher than when the diode is in the center due to the
end of the slot. The impedance at the end of the slot is foundreduced loading because of the offset diodes. The first harmonic
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Fig. 7. Measured and simulated large-sigfig] . (a) Central-mounted diode. (b) Dual-offset diode.

resonance is no longer observed and is probably damped by the
diode position. The higher frequency resonance, simulated at
6.95 GHz, appears to be a spurious radiating mode strongly de- __ /,
pendent on diode position possibly induced by self-resonanceZ %% T
within the diode package. The radiation patterns [see Fig. 6(b) % 03 /? NP - \
and (c)] are again similar to the passive case and show goodg °%7 /[~ T .
agreement between measurement and simulation. 2 oz //’ \ . 33‘[:03;"5
In Figs. 6(a) and 7, it is noted that the agreement between & 0154 SRR
measured and simulated return loss becomes less good at highe o1 -
frequencies. This is the result of two main factors. Firstly, FDTD 005
has an inherent frequency-dependent error (dispersion) due to o
the discretization. This error can be kept low by maintaining 8 4 85 & 7 8 8 10
grid cell sizes less than one-tenth of a wavelength. Secondly, Frequency (GHz)
the accuracy of the Iumped-element diode model will tend . 8. First harmonic slot voltage for central- and dual-offset diodes.
become worse at higher frequencies. Not only is this due to the
normal limitations of lumped-element models, but here there is
also the fact that the model is embedded within the FDTD grifigain, good agreement is observed. It is seen that reasonable
and this leads to further dispersion effects associated with fhgut return loss of 9 dB is maintained at 8.5 GHz. This should

LE-FDTD method. be the result of both less loading of the slot by the diodes and
that the low forward-bias diode resistance matches the slot
V. LARGE-SIGNAL RESULTS impedance more closely near the end of the slot.

| der to i tiat ol i it In order to determine the optimum large-signal operating
n order to investigate multiplier operation, 1t 1S r‘eces‘s"’“ﬁ‘fequency, the first harmonic slot voltage has been used as

to operate under large-signal conditions; the nonlinearity 8 guide to conversion efficiency. Ideally, the first harmonic
the junction resistance will then cause multiplying to occur. Hﬂr-field power density should be used. However, this requires
is necessary to excite the structure with pure sinusoids siquge amounts of computing time and memory and, as might
multiple frequency excitation will produce many mixing prodyq expected, from antenna theory [19], the maximum far-field
ucts making the performance difficult to determine. The inpiecric-field strength is directly proportional to the maximum
voltage amplitude is now 2.0 V, this is equivalent#d0 dBm  gjot yoltage in the case of a uniform voltage distribution. Thus,
into a 5042 load. The large-signab-parameter results for thejy thjs case, where we are interested in comparing measured
center mounted diode are shown in Fig. 7(a). The large-sigR@ld simulated performance and not in determining the op-
scattering parameters have been measured by increasingtifhi@m, the slot voltage is sufficient to indicate a frequency that
HP8720 output power te-10 dBm. The simulation points arewill be close to that of maximum conversion efficiency. The
obtained by running sinusoidal simulations at each individugbltage is calculated by taking a line integral across the slot
frequency point. As can be seen, very good agreementidseach cell along the slot. This then is Fourier transformed at
obtained. The low-frequency resonance is no longer presehk first harmonic frequency giving the voltage distribution in
most probably because the diode will be strongly forwanthe slot. These distributions can be evaluated at a number of
biased by the large-signal input and the diode resistance vfitquencies across the operating bandwidth of the multiplier
be quite low and is “shorting out” the slot resonance. Fig. 7(land the maximum value determined to give the optimum oper-
shows the performance of the slot antenna with offset diodeding frequency. The results are shown in Fig. 8. An optimum
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Fig. 9. Measured and simulated large-signal radiation patterns for central-mounted diode at 6 and 12 GHz. (a) Furfdgoieer@alb) Fundamental -plane.
(c) First harmonicE-plane. (d) First harmoniéf -plane.

frequency of 6 GHz is found for the central diode and 5 GHormula [19], which relates received to transmitted power in a
for the offset diodes. antenna system
The radiation patterns for the center mounted diodes are
shown in Fig. 9. Fig. 9(a) and (b) shows the fundamental A\
frequency patterns at 6 GHz. It is noted that the patterns are b= GGy <4 ) . @)
now biased toward the dielectric side by 5—6 dB, and this effect
is predicted reasonably well by the LE-FDTD method. Fig. 9(dig. 11 describes the quantities in the Friis formufa.is the
and (d) shows the first harmonic patterns at 12 GHz and, agaieceived powerp, is the transmitted powe€,. is the receiver
reasonably good agreement is observed. gain, G, is the transmitter gair is the free-space wavelength,
The radiation patterns for the dual-offset diodes are showndr is the distance between the transmitter and receiver. For
in Fig. 10. Fig. 10(a) and (b) shows the fundamental frequenttye measured results, we defiReas the power transmitted by
patterns at 5 GHz. Fig. 10(c) and (d) shows the first harmortice slot antenna at the first harmonic frequency éhds the
patterns at 10 GHz. All patterns show reasonably good agrggin of the slot antenna at the first harmonic frequency. Thus,
ment. in order to calculate the power radiated at the first harmonic,
Having observed the first harmonic patterns, it is importamte need to know the gain of the active slot antenna at the first
to discuss the absolute power level of the first harmonic relatib@rmonic. This is not an easy task since the slot is loaded with
the fundamental since this will define the conversion loss. tiode, thus the concept of effective isotropic radiated power
the case of the microstrip-fed structures, the input power is wellIRP, P.;.) has been introduced [1]. The EIRP is defined as
defined ast-10 dBm. However, the output is in free space. Frorthe product ofF; andG,, thus, it is the power that would have
FDTD, we obtain a field strength at a particular distance, and be radiated by an isotropic antenna in order to produce the
from measurement, we obtain power received by a horn anters@ane received power. Thus, to measure EIRP, nefther G,
at a particular distance. We can relate the two using the Frigsrequired to be known, only the product, which can be easily
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Fig. 11. Schematic diagram showing measurement of received power from the diode loaded slot antenna.

deduced from the Friis formula. Thus, in this paper, we will ussalculate the EIRP from the FDTD field strength data, we can
this measure to compare the performances of antennas andge the relationship between the EIRP and power defsity
produce a quantity defined as effective conversion loss. The ef-

fective conversion losé.. is defined as Puy = 4nr?S. ®3)

ph S being related to the field amplitude y= |E|? /no with g =
= ﬁ (2 120 for free space. Equation (3) shows that, for an isotropic
ot radiator, the total power radiated is simply the power density
which is the ratio of input power at the fundamental frequen@t a particular distance multiplied by the area of the sphere,
fo to the EIRP at the first harmonic frequengy. In order to radiusr, enclosing the radiator.

ec



CRYAN et al. SIMULATION AND MEASUREMENT OF QUASI-OPTICAL MULTIPLIERS

459

TABLE |
MEASURED AND SIMULATED EFFECTIVE CONVERSIONLOSS
Measured FDTD
Received Simulated
Power [dBm] | EIRP [dBm] | L., [dB] || E-field [V/m] | EIRP [dBm] | L.. [dB]
Central diode -38.29 -2.18 12.18 0.1173 0.14 9.86
Dual diodes -42.19 -6.33 16.33 0.0816 -3.01 13.01
Dielectric .
P Wav .
. \ Orientation ——__,_ w‘
Metallization
X Y Direction of
Plane Wave
Propagation

E-Plane

H-Plane

Fig. 12. Schematic diagram of quasi-optical simulation of diode slot multiplier, showing plane-wave orientation.

We can now calculate the measured and simulated effectivd=rom these results, it would seem that the central-diode con-
conversion losses. Fig. 11 shows the measurement setup. figperation is better than dual diode. However, it must be remem-
radiated power is measured from the slot antenna at the first Haered that these structures have not been optimized, either for
monic frequency at a distance of 266 mm using a WG16 trangiput and output impedances seen by the diode or input power
tion as a horn antenna. Table | shows the results. The measuesel, an important parameter when a zero bias design is being
received power results show that more power is obtained in theed. Thus, a definitive statement as to the best structure cannot
central-diode case, which agrees with the slot voltage resufs made without further investigation.
of Fig. 8, thus confirming their validity. The EIRP is approxi- This section has shown that the LE-FDTD method can pre-
mately 36 dB greater than the received power, which is madiet reasonably well the performance of quasi-optical circuits,
up of the free-space loss and the gain of the WG16 transitianterms of large-signal input impedance, radiation patterns, and
From the EIRP, the effective conversion loss is calculated, thenlinear parameters such as conversion loss. This would allow
central diode has a figure of 12.2 dB, about 4 dB higher than tttés type of circuit to be optimized to achieve minimum con-
dual-diode case. The simulated results show an effective conwegrsion loss. A number of parameters could be investigated, in-
sion loss of 9.9 dB for the central diode and 13 dB for the duealuding substrate height, important for the suppression of sur-
diode. While these are somewhat different in absolute level frdiace wave modes [6], input power level, slot width, and for the
the measured results, they show a similar factor of improvaual-diode case, diode position. In the following section, sim-
ment for the central diode over the dual diode, which is aboulated results for structure optimization are shown for the fully
3 dB simulated and 4 dB measured. The differences in absolqgteasi-optical case with plane-wave input and radiated output.
level can be accounted for by three main factors. Firstly, here,
FDTD assumes lossless conductors and dielectrics, resulting in
better simulated conversion losses than measured. Secondly, the
diode model being used does not include variable series resisHaving looked at microstrip-fed quasi-optical circuits, we can
tance and reverse breakdown effects, again improving the simow use the LE-FDTD method to investigate the performance of
lated results. Thirdly, the experimental results are quite difficyllane-wave excited structures. Fig. 12 shows a schematic of the
to obtain, and any misalignment between the slot multiplier apdane-wave simulation. The slot antenna has the same dimen-
the receiving horn will increase the measured conversion losgons as that of Fig. 1 with the microstrip line removed. How-
Overall, however, the behavior is predicted reasonably well. ever, in order to prevent diffraction from ground plane edges

VI. PLANE-WAVE RESULTS
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Fig. 13. Quasi-optical effective conversion lass.. as a function of frequency with input field strength of 100 V/m for: (a) central-mounted diode and (b)
dual-offset diodes.

the E-plane, substrate dimension has to be less théhat the square of the input and output field strengths multiplied by
the highest frequency [19]. Thus, the length of the substrdtee free-space loss from the antenna to the point where the field
has been reduced from 25 to 8.8 mm, allowing operation upitsampled, which will be used as a figure-of-merit to compare
17 GHz. The structure is excited with a plane wave at the fundhe following simulated results.
mental frequency and power is scattered by the structure at bothn order to find the optimum conversion-loss frequency, si-
the fundamental and first harmonic frequencies. As well asnasoidal simulations have been performed at frequencies from
radiation integration box, which is used in the near- to far-field to 10 GHz in 1-GHz steps. The results for both single- and
transformation, a second box is now required for plane-wave alial-diode structures are shown in Fig. 13(a) and (b), respec-
citation. The total-field/scattered-field formulation [21] is usedjvely. In the dual-diode case, a number of different diode posi-
and this requires the region of total fields to be defined. A plartiens have been investigated. The results for the central diode
wave with a field strength of 100 V/m is incident on the strucshow a minimum effective conversion loss of 5 dB at 6 and
ture, this delivers approximatel5 dBm to the slot antenna. 10 GHz. This seems an unrealistically low figure, but it has to
A different definition of effective conversion loss is requirede remembered this is an effective conversion loss, which in-
here since the input is defined in terms of field strength or poweludes the focusing effect of the slot antenna, both at the input
density. In a similar way to the coaxial fed results, we can taked output. These figures are useful for comparing different sim-
the ratio of input power density; to EIRP P,;,, this quantity is ulated structures. Fig. 13(b) shows the results for the dual-diode

denotedL’. case for three different diode positions two cells (1.1 mm), four
I = Si ) (4) cells (2.47 mm), and six cells (3.83 mm) from the ends of the
“ P slot. It is seen that the minimum effective conversion loss is ob-

If this quantity is inverted, it has units of area and can be thougf{ned at six cells from the end of the slots and at 6 GHz. The

of as an effective area for the antenfia Using (3) to express minimum value is 7.9 dB somewhat higher than for the single
P.;. in terms of power density, we obtain diode structure as in the microstrip-fed case shown above.

) As mentioned previously, this is a zero-biased design in order

A, = SOM_T (5) to reduce the overall circuit complexity. Thus, the input power
' Si produces a self-biasing effect in the diode and, thus, the input

wheres, is the output power density at the doubled frequencgower level is a critical parameter in this design. Simulations
Using the well-known relationship between effective apertuteve, therefore, been performed at different power levels in an
and the gain of an antenna [19] and expressing the power datiempt to obtain optimum performance. Fig. 14 shows the re-
sities in terms of field strengths, we can thus obtain an effectisalts of the simulations for the central-diode case and the six

quasi-optical conversion gain for the anterff@. cell offset diode case. The simulations have been performed at
B2 [ 4mr 2 50V/m, a onver power level, two higher power levels (2_0_0 and
Goee = _02 <_> (6) 400 V/m). Fig. 14(a) shows the central-diode case and it is seen
|Eil A that best performance is obtained at an input field strength of
and, thus, effective quasi-optical conversion los€ig. = 200 V/mand at 8.0 GHz witlh,. = 4.47 dB. Fig. 14(b) shows

1/Gqec- In the expression aboveE;| is the input plane-wave the offset diode case with diodes six cells from the end of the
field strength at the fundamental frequen(¥,| is the max- slot and it is seen that best performance is again obtained at an
imum field strength at the first harmonic frequengyjs the inputfield strength of 200 V/m at 6.0 GHz wiity,.. = 5.36 dB.
free-space wavelength at the first harmonic frequencyydad  These are examples of the type of optimization that could be
the distance from the antenna to the far-field point whétg performed using the LE-FDTD method. One of the main limi-

is sampled. The quantit{.. is seen to be simply the ratio oftations, however, is computing time, with each frequency point
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(a), (c) Voltage distributions and (b), (d) radiation patterns with sinusoidal plane-wave excitation for a single slot antenna withdéoderitathe

fundamental resonant frequency (8 GHz) and its first harmonic (16 GHz) with input field strength of 200 V/m.

taking approximately 8 h of CPU time on a Pentium Il 333 MHthe FDTD method by taking the line integral of tiefield

with 512 MB of RAM under Linux OS. However, with ever in-across the slot at each cell position along the slot. The Fourier

creasing processor speed in the near future, structure optimizansform of this then gives the voltage distribution, in both

tion using the LE-FDTD method may be feasible.
The radiation pattern results can now be shown for the tvlthis has been found useful for understanding the behavior of

structures at the two optimum frequencies. As well as radiatitime slot antenna. Fig. 15 shows the voltage distributions and

patterns, another useful type of result can be obtained frdield patterns for the central-diode case with 200-V/m input

magnitude and phase, along the slot at a particular frequency.
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Fig. 16. (a), (c) Voltage distributions and (b), (d) radiation patterns with sinusoidal plane-wave excitation for a single-slot antenna wihbttdioadts at the

fundamental resonant frequency (6 GHz) and its first harmonic (12 GHz) with input field strength of 200 V/m.

field strength. Fig. 15(a) shows the fundamental frequen&yg. 16(c) is now no longer double sinusoidal since the position
voltage distribution at 8 GHz and, as might be expected, df the diodes do not allow this mode to exist. Fig. 16(d) shows
is basically half-sinusoidal with a discontinuity at the diodéhe first harmonic radiation patterns they are again similar to
position. The phase is seen to be relatively constant acrdlse passive case, and it can be seen that the gain is higher in the
the slot. The fundamental frequency patterns are shownfirst harmonic case, as in case of a full-wave dipole [19].
Fig. 15(b), unlike the microstrip-fed case, they are now sym- Thus, we have seen that LE-FDTD method can be used to
metrical since the structure is also symmetrical, thus only hahalyze and optimize fully quasi-optical structures. An effec-
the patterns are shown. They are again similar to the pasdive quasi-optical conversion loss has been defined and used to
slot antenna patterns. This is mainly due to the correct choicempare the different structures. Diode position has been used
of ground-plane dimension, with larger ground planes, lobes a new design parameter by using a dual-diode structure. The
due to diffraction from ground plane edges can form. Fig. 15(dual-diode structure shows a conversion loss 0.89 dB worse than
shows the first harmonic voltage distribution at 16 GHz and, &sr a central-diode structure.
might be expected, a double sinusoid distribution is observed
with a large discontinuity at the diode. The phase associated
with each half-sinusoid is approximately equal, as expected, for
a one-wavelength-long slot antenna excited by a even mode, aithis paper has presented a detailed validation of the
example of which is a plane wave [19]. If the excitation is oddE-FDTD method using a quasi-optical slot multiplier as an
mode or unsymmetrical, then antiphase phase distributions arample circuit. Firstly, results for a passive structure were
observed. presented, then a diode model was validated and added to the
Fig. 16 shows the voltage distributions and radiation patterat antenna. Both small- and large-signal results were then
for the dual-diode case with six cell offset and 200-V/npresented showing that LE-FDTD method can predict with a
input field strength. The fundamental voltage distribution ireasonable degree of accuracy the performance of this type
Fig. 16(a) is again basically half sinusoidal with discontinuitiesf quasi-optical circuit. Finally, a fully quasi-optical multi-
at the diodes and the radiation patterns are similar to thker was simulated and both structure and input power level
central-diode case. The first harmonic voltage distribution wptimizations were performed, highlighting the power of this

VII. CONCLUSIONS
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approach to produce optimally designed quasi-optical circuitg11]
Some important points should be noted. Firstly, this is only a
single-slot antenna, these circuits are envisaged in large arra)%?]
To simulate a whole array would be unfeasible. However, by
using Floquet boundary conditions and a unit cell approach13]
it should be possible to produce results for infinite arrays.
Secondly, the effect of the diode package itself on the radiation
is not currently being accounted for since the package consist&!
of a plastic case that is placed in the radiating slot. By obtaininng]
the dielectric constant of the package, a dielectric block could
be included to give further improvements in accuracy.

The final goal of this paper is to optimize millimeter and
sub-millimeter wave multipliers. In order to carry out simula-
tions at these frequencies, two important issues must be a#-!
dressed. Firstly, metal and dielectric losses will be significant
and must be included in the simulations. The problem of fre{18]
quency-dependent loss across the large bandwidth ffpto
2f, mustalso be addressed. The second issue is that of the diogs,
model. At 300 GHz, a number of new effects are observed sucho]
as current saturation and electron inertia [22], and these wi}lﬂl
have to accounted for by using a more complex diode model.
Measurements of the diode will have to be carried out in both22]
small- and large-signal regimes so that a good diode model can
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