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Artificial Composite Materials Consisting of
Nonlinearly Loaded Electrically Small Antennas:
Operational-Amplifier-Based Circuits
with Applications to Smart Skins

Fabrice Auzanneau and Richard W. Ziolkowskellow, IEEE

Abstract—Several new artificial nonlinear composite materials electrically small antennas connected to specified passive
are introduced in this paper. They consist of electric molecules |inear electronic loads. By varying the loads, we have

constructed with nonlinearly loaded electrically small dipole an- demonstrated that the properties of these materials can be
tennas. Their behaviors are studied with an augmented finite-

difference time-domain (FDTD) simulator. The loads are based designed for a variety of applications. Traditional material

upon the use of multiple diodes and ideal operational amplifiers. behaviors, the Debye and Lorentz models, as well as their
The resulting composite materials are shown to have nonlinear generalizations to include more inclusive polarization and
g'e‘?trodma%”ef“ﬁ properties L”C'”gri]”g the. ab;"ty to C.reatf any magnetization excitations, the time-derivative Debye, time-
esired set of harmonics and subharmonics from an input wave o . N

having a single fixed frequency. Curve shaping circpuits are derivative Loren.tz, twp t|m§—der|vat|ve Lorent;, etc.., modgls,

introduced, simulated, and used to design materials that produce have been realized in this manner. Numerical simulations
output signals of specified forms. Because the operating points have demonstrated their efficacy individually as electrically or

of these curve shapers are adjustable, they could be modified magnetically lossy dispersive materials as well as in matched

in real time. The res.ultlng smart materials cguld be designed combinations to form nonreflective absorbers.
in the microwave region to produce any specified response to a With the i f . ili7i . |
recognized input signal. ith the Increase of activity In utilizing active elements

) o ) in many RF systems [9]-[17], we have been led to the idea
Index Terms—Electromagnetic propagation in nonlinear me-

) ) . . , of incorporating nonlinear components into the loads which
dia, electromagnetic scattering by nonlinear media, nonhomoge- . .
neous media. form these artificial molecules. The degrees of freedom in

the variations in the behaviors of the individual molecules
increase dramatically. The use of passive nonlinear loads
based upon diodes has been considered in detail elsewhere
HERE are many potential applications of artificial di{18] and is extended here by introducing loads consisting of
electric and magnetic materials to microwave wave engnultiple diodes to achieve specific frequency and time-domain
neering. Engineers in their unending quest to improve devioatputs. Using multiple diodes, one can encode different signal
and system performances are beginning to utilize a variety information on the positive and negative portions of the input
complex materials to increase the degrees of freedom availalv@veform.
to them in the design and fabrication processes. Artificial We begin Section Il with a brief summary of our concepts of
materials are a potent source for designable and controllatie electric molecules; i.e., the loaded electrically small dipole
electric and magnetic properties. Artificial chiral materialantennas and their modelizations. We then use the passive
[1]-[3] have been studied extensively in recent years in thigultiple diode configuration to provide a rudimentary, but
context in an attempt to realize more efficient radar absorbifiteresting case with which we explain the procedure for de-
coatings. Metallic helixes embedded in dielectric substrat@s|oping the equation system which represents the augmented
have led to bianisotropic materials with interesting electrignjte-difference time-domain (FDTD) simulator. Furthermore,
and magnetic properties. this passive nonlinear load example nicely demonstrates the
We have introduced elsewhere [4]-[8] the concept @ict that the scattered field response can mimic the load
constructing electric and magnetic artificial materials usingsponse. Since all of the circuit behavior predictions from
“molecules,” the term we introduce to denote the constituefe augmented FDTD simulator are first checked against the
corresponding SPICE calculations, this example also illustrates
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take advantage of the flexibility of the FDTD method. We
were interested in large amplitude, large frequency bandwidth — =
results which were readily accessible through the augmented
FDTD simulator.

In Section lll, we further extend the classes of nonlinear load
loads through the use of active nonlinear devices based upon
the introduction of operational amplifiers (op amps) into 0
the load circuits. The op amp circuits are introduced and
our analysis is extended to the resulting nonlinearly loaded
antennas to achieve an accurate assessment of their behaViérsl: Basic description of the electrically small loaded dipole antenna.
The necessary augmentations to the FDTD simulator created
fo.r.these mvestlgatlons.are emphaS|zeq. We Qemonstrate the antenna]_' load
utility of the approach using an op amp differentiator molecule.
We show that a composite active material consisting of these

molecules will produce multiple and even half (i.e., sub) i
harmonics when it is driven with an incident narrow bandwidth
pulsed plane wave. Fig. 2. Thevenin's equivalent circuit for an electric molecule.

We further extend in Section IV the classes of nonlinear
loads developed from the op-amp-based load circuits to in- . . . .
clude negative impedance transformers and phase shiftersw ere K. is a constant which depends on the dimensions

composite active material, which has a small refractive indi he antenna and polarization coupling factors describing

and an adjustable loss tangent at any frequency, is desig Fi% relative orientation of the electric field components and

and its behavior is characterized. We then introduce tha- a}ntenr?a. For the eIgctncaIIy small d'.pOk.a antenna under
onsideration here, the input impedance is given by

curve shaping molecules in Section V. Utilizing curve shapin%
circuits obtained with more complex op-amp-based loads, we 7 1
design molecules that lead to active materials that, given a T jwCy
specified input signal, respond with a specific predetermine . .

output signal. The design of the output waveform is discuss@’g]ere. the constantty = mcolo/In(4.0l0/ay) is the equivalent
and scattered field results are obtained to illustrate the potenﬁapacnance of the d|.pole antenna. . . :
merits of such a composite material. Because the operatjn e also have obtained the corresponding time-domain be-
points of these curve shapers are adjustable, we emphasiz or_of these molecules. We have demonsirated [4}-{7], [1.8]
fact that these “smart molecules” could be modified in re{ﬂat with single antenna mo!ecules construct_ed _from passive
time. The resulting active smart molecule material could ha\)%]ear loads, one can obtain composite artificial materials

a number of potentially interesting applications. We finaliz&"0S€ glectromagne'uc response is described by trad|t|ongl
our discussions and give our conclusions in Section VI. polarization models such as the Debye and Lorentz forms; their

We recognize that the ability to fabricate the types &eneralizations, e.g., the time-derivative Debye material (TD-

molecules we are suggesting is limited today to the |OW8’M)’ the_ t|me-der|vat|ve Lorer_wtz material (TD-LM), the two
microwave region, e.g., 500 MHz to 10 GHz. This is due tBme—derlvatlve Lorentz material (2TD-LM), etc., to include
the frequency response of the components (e.g., the op am re inclusive polarization behaviors; and even bianisotropic
Nonetheless, we feel that with the anticipated improvements Tifeials when multiple antenna molecules are considered [8].
fabrication technologies and the desires for components WithBecause it is based upon an indirect frequency-domain

ever increasing frequency responses, the nonlinear moleci‘g?lys's’ our previous approach is no longer effective if the

(@)

under consideration here may be extended to the hig ?ds_are nonIinear._We now need to derive directly i_n the time
microwave and even to the millimeter regime in the future. omain the expressions for the currents at the terminals of the
antennas and then determine the electromagnetic field radiated

by those currents. We have shown [18] that the computation

II. NONLINEARLY LOADED ANTENNAS of the currents is now possible by solving a set of nonlinear

ordinary differential equations describing the behavior of the

We consider here electrically small loaded dipole antenn S’tal circuit, including the antenna and the load. In the case of
as shown in Fig. 1. The dipole antenna has the half-leigth ' g )

and wire diametet,;. We denote the dipole antenna connecte:age r?alsgﬁisntt(?]nenglsgt?i(I:tsrr:g?edclljltsbmggeéllejiit\l/zllqelr?tqrbrtzl\?:rﬁntz
to its load (electronic circuit) as an “electric molecule.” In =pre 9 A y q
circuit as shown in Fig. 2.

the case of a linear load, we can derive [4]—-[8] the electric ) . o
susceptibility x. of the electric molecule by considering the For the dipole antenna the current at its terminassrelated

input impedance of the antenif, and the impedance of theto the local electric field” at the antenna through the relations

load Z;,. We have shown that “ QE: vk 313 3)
K ot ot
e 9 = l
e — ; 1 _ - — 20 o
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where P is the effective polarization of the dipole ardis .
the unit vector which represents its orientation. The condtant ~—
represents the effective volume associated with each molecule. i
We have taken the volume of the molecules to be a cubical —— Vtoad
volume surrounding each of them. To allow us to consider the
composite material in a Maxwell-Garnett sense [19], [20], the —
volume was specified for the cases discussed below, unless g dy
specified otherwise, to be 318 times as large as the cylindrical
volume of the antenna, i.e., Fig. 3. Electric molecule nonlinear load circuit consisting of two diodes in
parallel with opposite polarity and local impedances.
V =5.003
50 /200> ag\ 2 Thg response of this two-diode molecgle is analyzgd _by
= 130r < 0 ) X [W(—) (210)} considering the voltage and current equations for the circuit
—318.31 x [W(%)Q(Zlo)} () Vi = Ve + Vioad (7
2 Vioad = — V1 — Va1 = V2 + V2 (8)
ig =%+ 41 9)

which gives a 0.314% volume fill-factor for the material. Note

that _the source voltage f(_)r_ the circuit is aiven by the OPlhere the voltages across the diodes and the loads are labeled,
circuit voltage of the receiving antenna with no load

respectively, aw; and v.,; for j = 1, 2, and the voltage-
current relations for the diodes and the capacitor

v; = —loE - . (6)
iy = I(e* — 1) (10)
In a similar fashion, we can develop magnetic molecules iy = I,(c™" — 1) (11)
from electrically small loop antennas and their loads. Unfortu- 2T
. . . L . . dv, t
nately, as discussed in [18], nonlinear circuit devices available =, (12)
today are voltage-driven devices. For instance, there is no dual dt Gy

analog to a diode which is current driven. As a consequenge o considers the impedancés and Z to be linear, the

the magnetic molecules (which are current based) have Vggy,ing time domain relationships between the voltages and

weak responses when loaded with those voltage-based deVLFr?é'currents can be realized:

Thus, these nonlinear magnetic molecules are not pursued In

As with the linear passive loads, the specification of the Atk At
passive and active nonlinear loads for the electric and mag- .
netic molecules will determine the response of the resulting Z , Ay , @iz

. . : € O : o =Y ¢ loadZ,  (14)

composite materials. The modeling of the circuit behavior can . dt dt?
be accomplished readily with several numerical methods or
the SPICE circuit simulation package [9]-[17]. The modelSeveral cases are possible.
ing of the interactions of an electromagnetic field with the . pjode 1 Open, Diode 2 Closed@he currenti, = —I, so

this paper. dFv, dii
pap ST =N g% jeadzy (13)
¥ i

J

composite material can be accomplished with augmentations that; — —;; — 7, and one obtains
of a FDTD simulator to include the additional time-domain
ordinary differential equations that model the circuit voltages dv; i dvp  duy
and currents [18]. dt ~ Cy  dt dt
The simplest nonlinear circuits use diodes in the loads. We i 1 diy  dva
have reported results for diode clamping and diode bridge :Ed - aliy + 1) dt T dt (15)

molecules in an earlier work [18]. As an example of a

passive nonlinear load, consider the two-diode circuit shown thus

in Fig. 3. The capacitor represents the dipole antenna and has o p 1 di 4

the capacitanc€’;. The diodes are arranged in parallel with Vit _ — @ v (16)
opposite positive orientation so that they are on for opposite dt Ca i df dt

polarities of the driving signal; hence, the circuit loads which
produce the output signal are different for different signal
polarities. If one imagines the diodes as interruptors, one can

expect that this molecule will alternate its response between dv; 1 1 di  dv.e

the molecules dictated by the local load impedangesand Oy Twat T a 17
Z,. As observed in the diode-based molecules studied in [18],

the diodes will generate harmonics of the incident driving * Diode 1 and Diode 2 Closedthe currenti; = 2 = —1;
SignaL so that: = 0.

¢ Diode 1 Closed, Diode 2 Opef:he currenti; = I, so
thati = i, + I, and one obtains in the same manner
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1 . . ; . . . ; which gives
0.75 B . Vi Caw .
05 i= 1T (RCuw)? (RCyw sin wt — cos wt) (20)
0.25 and the associateBLC' circuit equation
0
d’i  Rdi % 1 dv;
} L _ = 21
= e
0.5 F i
2 diodes —— which gives the observed complex solution consisting of
-0.75 - RC circuit — | products of sinusoids at the angular frequenciesand
1 I\ | i | 1 1

0 05 1 15 2 25 3 35

Time (ns)

4

Case 1 : 2 diode and RC circuit currents (mA)

V/1/LCy4 — (R/2L)? and an attenuation factexp(—Rt/L).

One recognizes that the total current alternates between each
of these components, closely recovering the negative half-
cycle in the RC path and having a complicated oscillation
resulting from the positive portion of th&LC path. The
driving frequency is seen to underlie the overall response

T T T T T 1 I
0.75 _ for either half-cycle. However, the diodes act as resets on
05 each half-cycle so the attenuation factor of tR&EC arm is
) experienced only during each positive half of the cycle and
0.25 the RC decay of theRC arm on the negative half-cycle.
0 A From these results one could thus use this two-diode mol-
20.95 _u i ecule to encode different information on each half-cycle of
05 L i the output signal, hence, it could be used in multiplexing the
' 2 diodes — output signals. Another possibility is to have the loads selected
-0.75 RLC circuit — 7| to produce reflection coefficients of opposite sign on each half-
_1 | 1 Il 1 Il Il Il

cycle. This would lead to an null average, hence, the material
would look as if it were a matched material on average. A
third molecule and reflection coefficient may be necessary to
complete the null average if the time lag between the responses
(b) from the 7, andZ; arms is large enough to make the averaging
Fig. 4. 'Currer_lts on an eIe(_:tric mole_cule whc_)se nonlinear load circuit consigﬁghﬂy different from zero. One also could consider using this
o o diodes In arale wih opposte polarty and conneced localy © Fyo-ciode type of molecule as a two-bit curve shiaper where
compared to the corresponding RC circuit. (b) Current time history on tiBe current in each half-cycle takes a form specified by the
electric molecule compared to the corresponding RLC circuit. linear circuit. However, we will not pursue this molecule any
further.
The first case is realized if one finds > —I,; the second if ~ 1he Scattering response of the corresponding two-diode
iy > —I,. The third case is obtainediif < —I, andi, < —1,. molecule material is obtained in a straightforward manner.

To illustrate the effect of such two-diode molecules, corfds with any passive or active molecule, the circuit equations
sider the circuit in whichZ, is simply a resistor® and Zo governing the voltage and current response of the load are
is a resistorR and an inductotl in series. From our linear SOlved simultaneously with Maxwell's equations (3) and (4).
materials analyzes this gives a Debye material model in theSingle molecule is associated with each cell in the material;

7, path and a Lorentz model in th& path [5]. If the source thus, it is assumed that each molecule is much smaller than
is taken to be the sinusoidal driving signal the cell size and can be treated as a lumped element. The

resulting augmented FDTD simulator treats the field seen by
each molecule as the local field at that molecule. As the local
field interacts with a molecule, the resulting field scattered
with a driving frequency of 1.0 GHz, and the circuit consist8Y that molecule propagates to all neighboring mesh points,
of a resistor in the inductor arm witR; = 10 ©, an inductor hence, molecules through the FDTD scheme in a retarded
L = 10.0 nH, the capacitanc€ = 9.0 x 10~ **F = 0.09 pF, Green’s function sense. Thus, all mutual interactions between
and a resistor in the other arm with, = 10 €, the driving the fields and each molecule are taken into account in any
point current on the antenna of this molecule is shown gHgmented FDTD simulation. The response of the material
Fig. 4(a) and (b). The currents generated on the correspondpigdicted by the FDTD simulator, for instance, in the two-
RC- and RLC-only circuits are provided for comparison,diode molecule material, closely mimics that of the loaded
respectively, in Fig. 4(a) and (b). These comparison resuftgtenna treated as a circuit element. Deviations, of course,
were obtained by solving the associatgd' circuit equation occur because of the mutual interactions between all of the
molecules and the fields in the material. The magnitude of
(19) Fhese d_eviations depends intimately on the strength of those
interactions.

0 05 1 1.5 2 25 3 35 4
Time (ns)
Case 2 : 2 diode and RLC circuit currents (mA)

v; = Vi sin wit

(18)

i _1du
dt RC R dt
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Ry i Cu
i OAD
Vin o:"Cl — v+
O Vg Uy
V-
R

Fig. 6. Equivalent Thevenin’s circuit for the OAD connected to a dipole
Fig. 5. Operational amplifier differentiator (OAD) circuit. antenna.

1. OP AMP DIFFERENTIATING MOLECULES B. Integrating Circuit

By introducing operational amplifiers into the loads, active gwappingC; andR; in the circuit of Fig. 5 leads to the op

molecules can be designed to have a number of interestiig, integrating (OAI) circuit, characterized by the relation
signal transformation properties which are then transferred J
Vo

directly into the scattering response of the corresponding v = —R,Cy .

artificial material. Note that we have assumed ideal op-amps dt

in this study to simplify the analysis. More realistic op-ampA simple analysis of the equivalent Thevenin’s circuit of the

hence, molecular behaviors could be readily incorporated ir@Al dielectric molecule shows that a regular increase of the

the simulations through lookup tables if desired. This is ongirrent leads very quickly to saturation of the op amp, hence,

of the strengths of the augmented FDTD simulator. to poor performance of this molecule. Therefore, we did not
Because the op amp is a voltage driven device, it leagarsue this circuit and associated molecule any further.

naturally to nonlinear electric molecules, hence, to dielectric

composite materials. These basic nonlinear molecules apdFDTD Results

their FDTD simulations are treated in this section. More

complicated loads are dealt with in the following sections, . )
. ; y a slab of the dielectric OAD molecules was made by
Throughout, we assume anpolarized electromagnetic plane. . . . .
plementing (25) into our augmented one-dimensional (1-D)

wave is incident on the molecules and that they are align%%TD Maxwell solver. We used a lean froa scheme where:

along the positiver-axis. o N p frog '
* the electric field is labele®} = E,(nAt, kAz);

A. Differentiating Circuit * the magnetic field is IabeIeH::f//; = H,((n+1/2)At,

We introduce into the load the well known differentiating (k + 1/2)A?); ntl/2
circuit shown in Fig. 5. This operational amplifier differentia- ° the currentis labeled ay" " =il(n + 1/2)At, kAz).

tor (OAD) circuit leads to the following relation between thd hus, the electric and magnetic field points are staggered
input voltagev;, and the output voltage, in the usual FDTD sense in space and time and the dipole

currents are collocated spatially with the electric field points
(22) and temporally with the magnetic field points. Discretizing (3),

), and (25) leads to the following set of equations that must

- . (4
When it is connected to a dipole antenna and a load resm&g solved for the space—time evolution of the electromagnetic
R (plus a small resistor to prevent undesired noise), Wefig|q:

obtain the equivalent Thevenin’s circuit shown in Fig. 6. This

(27)

The computation of ther-polarized EM field scattered

Vo = —RlCl

At

. . . . n+1/2 _ yn—1/2 n n
molecule is thus described by the following: Hk+1/2 _Hk+1/2 - M(E’““ — Ek) (28)
dv;
v, = Ri RC p7 (23) ik+1/2 — 1/2 exp(—At/7) + ; )0 -
Vin =V — Vo — 11 = —loFE — v — 71t (24) regAz
x exp(—At/27) (29)
Then, plugging (24) into (23) and using (3) and (4), we find the N (H"+1/2 n ey g2 Hn_l/Q)
following differential equation for the current at the terminals k+1/2 k+1/2 k—1/2 k—1/2
of the dipole antenna: (30)
di R 1 B\i I oH, prtt —pp o A i A
i ma e v )=, @ B TE R TN,
dt RC, Cy; eV /)r reg Oz 0=~
_ .  (grty2 _ gntl/2 (31)
This current describes the response of the molecule to the local k+1/2 k—1/2 J°

electromagnetic field. In the case where the coefficient
1 1/1 12 R

The incident electric field was launched toward the artificial
oSy (26) material region from a total field/scattered field interface
T 1r\Cyq &V RiC located in a free-space region. The incident electric field was

is positive, this equation can be solved easily with the FDTBSSUMed to have the form
schemes introduced in [18]. We note that one must check for t—T/2 2
1 —
()

4
sin{wot) (32)

the saturation of each op amp at each time step when solving E'=
(25).
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Reflected Transmitted 0.15 - T T T T
field field :
01+ —
0.15
T T T T | T T 0.05 -
0.1 X I

T

0.05

. A\]M A /\SV/\[\/\VA _ °°Z 7 |
o ol

o1k ; - 3.4 3.6 3.8 4 4.2 44
: : Distance (m)

|

-0.15 ). { | | { | I
1 15 2 25 3 35 4 45 5 Fig. 8. The current (mA) at the terminals of the antennas inside the medium
Distance (m) at one simulation time step as a function of the distance (m) in the simulation
1stance tm region.

Fig. 7. The electric field&,. (V/m) as a function of the distance (m) in the
simulation region.

which is an unit amplitude pulse modulated by a sinusoidal
wave with a total time record length & s. The frequency
of the incident field isfo = 1.0 GHz, the pulse length is
T = 80/fo = 80 ns or I = 2.4 m, the half-length of
the dipole isly = 3.0 cm, the diameter of the dipole is
aqg = lp/10 = 3.0 mm. The volume associated with the
molecule was defined by (5).

The circuit resistances werB = 100 2 andr = 20 Q; ) o o
the resistance and capacitance of the OAD were, respectivéf§; o Negatve impedance converter (NIC) circuit
Ry = 30kQ and C; = 1071% F = 0.001 pF. A snapshot o _ _
in time of the electric field (in V/m) reflected from andlf we suppose that the op amp is in its linear region, the input
transmitted into the slab is given in Fig. 7. The dash verticihPedance is given by the expression
lines represent the boundaries of the OAD-molecule medium. Vin Ry

We can see that both the amplitude of the reflected and Zeq = I ZRQ' (33)

the transmitted fields are reduced in magnitude, impIyiqg we assume that the resisto;, = R,, then this NIC

absorption in the medium. The shape is also different frogy. . jivs impedance is equivalent to the opposite of the load
that of the incident field. Fourier analysis of the reflected f'elﬂwpedanceZ. This circuit can be used to cancel the input

yields a spectrum which contains the input angular frequengyoeqance of the antenna in a linearly loaded molecule by
wo, its low order odd harmonic&n + 1)wg, and even the half having Z., = — Z:,. Note that because the op amp is used as

subharmonic at the frequenay,/2. Thus, the OAD molecule , jinear complex component, we could also use it with a loop
medium has produced signals with a rich frequency contelftianna to obtain dual materials

from a narrow bandwidth incident waveform. This pecular \ye consider the equivalent circuits for the electric molecules
subharmonic frequency behavior appears to be caused by 346, in Fig. 10. The dipole’s load is composed of a given
saturation of the Op amps. Fig. 8 shows a snapsho_t O_f edanceZ; in series with the NIC circuit loaded with the
current at the terminals of each antenna after the incideqiyajent capacitance of the antenna. We obtain the electric

field has entered the medium. One clearly can see that at %@éceptibility with (1) by assuming, = Z — Z,. This leads
one time the current across several op amps molecules hf’cYeche expression "

reached their saturation values

K.
— (34)

Xe =
IV. OpP AMP LOADED LINEAR MOLECULES

o . or example, in the case of a resistive load, the corresponding
The op-amp-based circuits can also be used to tailor t Sative permittivity becomes

electromagnetic characteristics of the “linear” synthetic mate-
rials. We will illustrate these possibilities with two examples: =1+ Ke ) (35)
the negative impedance convertor and the phase shifter. Rw

The electromagnetic behavior of this dielectric NIC material
A. Negative Impedance Converter is thus governed by the following differential equation:

The negative impedance converter (NIC) changes the sign OF, K. - _ 104, (36)
of a given load. It is the op-amp-based circuit shown in Fig. 9. gt Reg € Oz
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Ca
—{ s ]

NIC

Fig. 12. Phase-shifter circuit in an electric molecule.
Fig. 10. NIC circuits: Equivalent Thevenin’s circuit for the dielectric mol-
ecule.
4 T 1 T T
R 35 no PS : real part —
1 3 no PS : imag part - - - |
v+ ] + PS : real part ——
i Lout 2.5 + PS : imag part - - - -
R, + S g P
Uin ——— Vo
g :
Vv
L5 o Nl
R, 1 ey T e
L 0.5
Fig. 11. Phase shifter circuit. 2
-0.5 1 1 I 1

0 2 4 6 8 10
This artificial material acts as a lossy dielectric whose conduc- Frequency (GHz)
tvity, h.ence’ loss tangenj[ IS adjustabl_e by the _magm_tUde |9|f. 13. Phase shifter circuit is inserted into a dielectric Lorentz model.
the resistor. However, unlike a conductive material, which h@sgmparison of the relative permittivity, with and without the PS circuit
high loss at low frequencies and low loss at high frequencieshancement.
this artificial dielectric could be designed to have small or
large losses at either low or high frequencies. Vin

Z.nut
o— RA —_ — Vo
—O

B. Phase Shifter Circuit
The circuit shown in Fig. 11 is a phase shifter (PS) which

R
is characterized by the voltage magnitude and phase responses f
Yo| _| G 1) Ry
Vin N ‘ _jRQCIUJ +1 ‘ =1 (37)
¢ = arg(vo /Vin) [ !
=180 — 2 arctan(RyCiw). (38) _J__ ll Iz \3 |n

This means the output and input voltages have the same o N .
. . I9. 14. Curve-shaper circuit. Approximation bylinear segments.
amplitude but a different phase.

If we insert this device into a dielectric molecule, we obtain ) ]
the equivalent circuit shown in Fig. 12 which leads to thB'0ré complex frequency behavior leading to large losses over

voltage expression a large bandwidth.

Vi = ve + (Vin = Vo) + Ziouw = v + Zegt (39) V. CURVE SHAPERS
where the output voltage TOWARD SMART MOLECULES
h The curve shaper (CS) circuit is designed to approximate
Vo = Uin€’®. (40)

a given function with several linear segments. This circuit

The equivalent total impedance of the molecule loZePS) CcOMbines an op amp with a set of Zener diodessAsegment

is CS circuit is shown in Fig. 14.
7 ' The op amp is used acrossdifferent voltage regions. In
Leg = —i¢ (41) each region the slope of the segment is the CS gain. These

T ~ €

1-jkCw regions are bounded by the avalanche voltdgesf the Zener

and can be plugged into (1) to obtain the equivalent suscefledes. For instance, i¥; < v, < Vi;1, the gain of theith

tibility of this molecule. region is
Fig. 13 shows the real and imaginary parts of the relative

. . Vo Rp R+ Ry
permittivity ¢, for an artificial Lorentz material (series RLC — = A = R+ R I (42)
load [4]) and a PS-enhanced artificial Lorentz material, ( Vin AT B I
is in series with the RLC load). We can see from Fig. 18nd the output current i&,,; = —RBz‘/R”, where i is the

that the resonant characteristic of the Lorentz material is Idstal parallel resistance obtained from the individual resistors
when the PS is present. The relative permittivity now hasf, to R;.
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Thus, if this CS circuit is used to approximate the function 0.004
v, = f(vin) and we insert it into the load of a dielectric Debye

T T T
0.003 - 5 segments —

molecule (in series with the resistét), we obtain the input initial function - - - -
voltage vy, = v; — v. and the output voltage 0.002 =3 segments —
R 0.001
Vo = Riout = _R_f ((RA + RB)f/(Uin) - RB)Z (43) 0
. ) -0.001 ~
where A(vin) = f'(vin). This result leads to the following 0.002 i
differential equation for the voltage across the dipole antenna ’
-0.003 =
dve _ Ry [ — Uc)/ C (aa) oooa 1 Lo
dt  RCq Rp — (Ra+ Rp)f'(vi —ve) 5 4 3 2 1 0 1 2 3 4 5

The implementation of this CS circuit in the FDTD code is Vin (mV)

accomplished by solving a system of two differential equationsy. 15. The output voltage function, = f(vin) (MV) and its five- and
composed of (44) and the electric field update equation  three-segment approximations as a function of the input voltage (mV).

OE,  0H, 1,Cy dv,

ot T e TV @ (45) 04— T T T 1
This equation is discretized by finite differences to obtain g'z —iéﬁgﬁigﬁc%éld : 5 D et
ntl _ pn At n+1/2 n41/2 B : : / i
Ei _Ekl CCOAZ [Hkﬂ/? Hk*l/Q} 0'; Ev"\;’\u“v" 5 Ahh [\{\\,
o ) 46) o1l Y |
which can be used to computg using (6). This expression 021 ]
for v; is inserted in (44); the resulting equation can then be ~ 03| o ‘M di 3 Free space |
solved forv7+! with a simple Runge Kutta solver [21]. Thus, -0.4 L pace  Vedpm L P
to achieve a FDTD implementation of the CS molecule we 6 1 2 3 4 5 6 7 8
need to use a combined finite difference-differential equation Distance (m)
approach. Fig. 16. The electric fields (V/m) reflected from and transmitted through a
To test the behavior of a CS molecule, we used the Gfb of CS material composed of five-segment curve fitting molecules versus
circuit to approximate the functiom, = f(Uin) _ avi?)n the distance in the simulation region (m).
with five and three segments as shown in Fig. 15. Because
v; IS proportional toE,, this choice off should make the 0.6 — T T D T T
resulting composite material act as a Kerr medium; i.e., it -Interface 1 : : Transmitted
should produce odd-harmonics of the input signal. In the %4 —fEHeCted field : : field
five segment case both the positive and negative portions 4 | : : ﬂ _
of the voltage are recovered; in the three segment case only ; ; : A
the positive portion is modeled. The CS circuit required the 0 [P . -—;JA V’\
resistorsiy = 100.0 2, Rg = 10.0 ©, and Ry = 200 €2, and : : ‘ v V
the constanty = 30.0V~2. The values of the curve-fit points 02 ]
required in (44) were calculated directly from the function 04 - : : 4
f. The CS molecule was composed of a dipole antenna with " Free space " Medium Free space
half-lengthl, = 1.0 cm and diametet,; = 1/10 = 1.0 mm -0.6 L ! L . :
connected to a resistoR = 10.0 2 and it was assumed to 61 2 3 4 5 6 7 8

have an effective volum& = 5.03. Distance (m)

The electric fields reflected and transmitted from the GS8g. 17. The electric fields (V/m) reflected from and transmitted through a
material with five and three segments are given, respectivefib of CS material composed of three-segment curve fitting molecules versus
] ; ] . - . _the distance in the simulation region (m).
in Figs. 16 and 17. The differences in the approximations
result in obvious differences in the reflected fields. In the
five-segment case in Fig. 16, one can find only the odd low-The CS circuit can be used to approximate any kind of
order harmonics of the input frequency in the spectrum of tiienction f, even with negative slopes provided we can use
reflected field which corresponds to the expected Kerr mediuregative resistance devices. The latter are possible with the op
behavior. In the three-segment case in Fig. 17, every harmoaiop circuits. It would, therefore, be possible to design the
is present because the signal is now rectified. The reflect€8 circuit to obtain any kind of reflected field which has
field is rectified in the three-segment case because the respansis spectrum the harmonics of the input frequency. For
in the negative portion of the input voltage is approximatelystance, if one wanted a passive target recognition signal,
zero. one could design a CS molecule that would respond with a
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specified waveform to a predetermined input signal. A patethich nonlinear circuit should be investigated now depends
of this artificial material on a surface could then be interrogat@sh the one most appropriate for the intended application.
(if desired) to determine, for example, a friend-or-foe status. As with any artificial molecule that we have studied, issues
Furthermore, knowing that th&;, i = 1, ---, n resistors in about the availability of circuit components at the desired
the CS circuit are the knobs that can actually modify th&izes and frequencies arise. The op amp circuits further stress
function, it would be possible to design a microwave smatttese considerations because there is now a need to provide
material that could be adjusted to have a specified respossene external voltage sourcég¥ and V' ~) to the op amps.
to a given incident field, just by replacing those resistors byonetheless, we have found integrated circuit packages with
some commanded set of variable resistors. Feedback fromsizes corresponding to those needed in the low microwave
sensor that captures information about the incident field coulelgion. Higher frequencies may be attainable in the near
be used to adjust the resistor values in real time, thus, activélyure. The inverse problem of defining which curve-shaping
tuning the output of the material. Such a material could act escuit will produce a specific waveform from the composite
a “smart skin” coating on any scatterer. material has not been dealt with here. We simply selected a
simple functional form for the CS molecule and demonstrated
that it produces a particular response. Many other functional
VI. CONCLUSIONS forms are possible with such CS circuits and they need to

We have shown in previous papers that artificial materieﬂg investigated further. The pOSSIbI'Ity of designing artificial
composed of linearly loaded molecules (i.e., electrically smanaterials with specified active responses warrants further
antennas connected to linear electronic circuits) could leaddgvelopments in this area.
some well-known dispersive, lossy materials such as the Debye
and the Lorentz models and to their generalizations, which
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