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Existence and design of trans-vacuum-speed metamaterials
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The existence of passive metamaterials, in which the speed of light is greater than its speed in vacuum, is
proposed. Analysis and numerical simulations demonstrate these trans-vacuun®p8edgroperties. A
transmission line realization of a TVS medium is established. Excellent agreement between the results of the
theoretical constructs and the corresponding transmission line models are demonstrated. A practical transmis-
sion line TVS metamaterial design is proposed and validated numerically, which could be used to confirm these
results experimentally.
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I. INTRODUCTION signal speed exceeding or the vacuum acting unstably,
hence, acting as an amplifier. In contrast, it will be shown
The issue of Einstein causality has been scrutinized exterbelow that the 2TDLM MTM under consideration is passive
sively in recent years. The concepts of phase, group, energgnd there is simply no alternative to the fact that the wave
and front speeds have been analyzed and tested in a variggpeed exceeds in this medium. To achieve this end, the
of different ways(for instance, Refd.1-24]. Many of these relationship between the light front speed and wave causality
issues have been reviewed recently by Milonni in R2&]  will be revisited to establish a common framework from
and discussed at length at the 2002 Quantum Optics Work¥hich to claim that théfront) speed of light in a specifically
shop at the Kavli Institute for Theoretical Phys[&§]. designed 2TDLM MTM can causally exceed its value in
In Ref.[27], it was shown numerically that the propaga- vacuum. We will call this unusual causal medium a trans-
tion of a pulsed plane wave through a two-time-derivativevacuum-speedTVS) MTM to distinguish it from superlumi-
Lorentz materia(2TDLM) slab allowed, in practice, the pos- Nnal propagation effects, i.e., the speed of light in such a TVS
sibility of superluminal transmission of information without MTM is simply greater than its speed in vacuum. The propa-
a violation of causality. The 2TDLM model arose from the gation effects in the TVS MTM are examined analytically
study of artificial molecule§28—35 and absorbing bound- and numerically. It is shown that the ideal 2TDLM MTM
ary conditions for the finite difference time domaFDTD)  supports front speeds greater that is also shown that the
numerical solutions of Maxwell's equatiofi28,36—41]. behavior at infinity can be suppressed using low-pass filters
A possible realization of the 2TDLM slab could be and that the essence of the transmission of information
achieved through the use of metamaterMdMs), i.e., ar-  propagating at speeds greater tiaoan be preserved. We
tificially constructed materials with electromagnetic proper-then demonstrate that analogous to the DNG MTM results
ties not generally found in natufd2—63. New physics is- reported in Refs[59-62, a transmission line configuration
sues and engineering opportunities associated with thean be introduced, which yields the TVS MTM behavior. Its
MTMs are being explored. Metamaterial realizations, for in-analytical and numerical solutions are also obtained to con-
stance, of Double Negati'®NG) media, i.e., media having firm the unorthodox TVS behavior in a physically realizable
both permittivity and permeability less than zero, have beegonfiguration. Because a commercial design tool is used for
designed and tested. A number of applications have beethese numerical simulations and because it is a trusted algo-
suggested, which include subwavelength imagdi4g] and  rithm validated against a large variety of experiments, we
efficient electrically small antennfg4]. feel strongly that the results presented here are verifiable in
The need to revisit the propagation of electromagnetidractice. An experimental composite transmission line vali-
waves in a 2TDLM medium stems from the fact that thedation of the TVS MTM concept is proposed.
2TDLM model itself suggests the unorthodox position that
the index of refraction at infinite angular frequency satisfies: Il. CAUSAL MEDIA
n(e)<1. As will be discussed, this implies a violation of the
principle that there is no medium in which light travels faster ~Causality is often associated with the constitutive rela-
than its free-space value Such a situation has been dis- tionship between the displacemeéntagnetic inductionpfield
cussed previously, in regards to light propagation in a Caand the electri¢magneti¢ field [71]:
simir effect configuration in the presence of zero-point fluc-
tuations of the vacuunp65—70. In Ref. [70], a choice of *
explanations for the results was posed between either the true Dy(z)=eoéx(z, 1)+ meg( 7)&(zt=7)dT,

1 (= )
*FAX: (520 621-8076; Dy(z,t)=eg&(2Z,t +—f w)E (z,w)et 1 dw, (1
email address: ziolkowski@ece.arizona.edu (2.t o&x(2.b) 2 fooX( JEz.0) - @
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where the response of susceptibility Note, however, that the requirement for having a remov-
able singularity at infinity signifies that if the susceptibility is

G(t) = ﬂf @)etiotde 2 @ rational function inw, then it must have the form
Cw .
is causal, i.e.g(t)=0 for t<0. The latter will occur if sus- {ZO ao'
ceptibility x(w) is analytic in the lower half plane. For the x(w)=—3 , (7)
sake of simplicity, spatially varying medium effects are ig- 2 ¢
nored. If, in addition(as is required for the pulse propagation “=o Bew

experiments discussed belgvihe initial condition on the

electric field,£(0,t) =f(t) =0 for t<0, is imposed, the con- where the maximum indices must satigfy<q and the con-

stitutive relation becomes stant ratio of the leading coefficients must be finidg/ 3,
<o,

t
Dyzt) = sof(2.0) + f GNE(Zt-Ddr. (3
0 I1l. TWO-TIME DERIVATIVE LORENTZ MEDIA

It is generally assumed, because of causality and hence, The 2TDLM model has been us¢@7] to study superlu-
satisfaction of the Kramers-Knig relations, that the suscep- minal transmission of information. It is revisited here to
tibility must go to zero as the angular frequency goes tomake the stronger claim that it can be used to establish that
infinity, i.e., lim__ _x(w)—0. However, this is not required the front speed of light can exceed its vacuum value. We will

: . : base our arguments on the propagation of a one dimensional,
Lor integral (2) to yield a caqsal result. In faCt’_'Mw” s plane wave in a matched 2TDLM medium. Let the direction

ounded as|w|—c and lim {|x(w)|/|w|}=0, then . . o
= of propagation be along theaxis and let the electric field be
X(w) has a removable Singularity at |nf|nl[y2] Then, one linearly polarized along th& axis.
could rewrite Eq(3) as The 2TDLM model in this one-dimensional plane wave
case has the following time domain form:

t
D = ExCy\ 4, + 0 x\ & U y
2= eubdz) fodTg (N&(zt=7) PPU2) + T Puzt) + 0B P2)

1 [~ = Sowg,eXa,egx(Z:t) + 8pr,eXﬁ,eat5X(Z:t)
Dy(z,t)=e,.E(z,1) +Ef_ [x(w)

+E0X .00t E(2Z1). )
_ +jot
X=]Ex(z,0)e" do, (4 Let the Fourier transform pair of the time B&(z,t), the
where frequency domain b®,(z, ), and polarization fields be de-
fined as
X-= lim x(), 1 (=
o Py(z,t)= EJ_WPX(Z,(O)EHM do,

e,=e0(1+ x0),

1 (= _ P (z,0)= wa(z,t)e‘i“’tdt. 9)
Qx(t)=Eﬁx[x(w)—xw]e*“‘”dw- ©) f—w

) . It is assumed that all the relevant time and frequency domain
The term[e(w)—¢..] is now analytic for all Imv<0 and  quantities here will share this transform pair representation.
G.(t), like G(t), is causal. The Kramers-Knig relations  Consequently, since one has the following well-known fre-

corresponding to this result follow immediately, as quency domain relation between the polarization field, the
electric field and the electric susceptibility:
(w)— zip\/J’OO dgsiLg(w)
reall @)™ &7 i E—w Py(z,w)=¢eqxe(w)Ey(Z,w), (10

the 2TDLM electric susceptibility has the frequency domain

1 (= e
Simag(w)z—;PVf dfw (6) form

_ ¢E—w

2 H 2
This form is found in a variety of textbooks, e.g., REf3], el @)= —@ X%eﬂwpvexﬁ,ea’”L“’p,eXwe_
and affirms the footnote given in Ref74]. It recovers the —0?+|Tew+ 0f,
usual form where .= &. Nonetheless, as just demonstrated,
mathematical causality itself does not prevent the case iitis further assumed, without loss of generality, that the mag-
which e, # . netic susceptibility has a similar 2TDLM form, i.e.,

11)
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My(Z,) = xm(@)Hy(Z,0), (12 As will be shown below, sincg,, can be selected to be less
than zero, this 2TDLM model allows for cases in which the
where y(w) is given by Eq.(11) with e—m. The electric  speed of light in the medium is greater than its value in free
permittivity and the magnetic permeability of this 2TDLM space.
medium then have the following frequency domain forms: We note that in all of the cases considered below, the
2TDLM MTM will be lossy. This property of the passive
_ 2TDLM MTM was exploited to achieve the Maxwellian per-
s(@)=edl 1t xe(w)], fectly matched layer, FDTD absorbing boundary conditions
(ABCs) considered in Refs[39—-41. There, the 2TDLM
(@)= pol1+ xm(w)]. (13  MTM parameters were selected to ensure a significant decay
o ) _ ) ) of a wave propagating in the ABC layers. Here, the reso-
To simplify the discussion further, we will consider a pance region, where the strong losses and the corresponding
matched medium, i.e., one in which the permittivity and per-strong dispersive effects occur, will be avoided in general by
meability satisfyye(w)=xm(w)=x(w), where a careful selection of the spectrum of the initial pulse, as well
as of the 2TDLM MTM parameters. Moreover, the presence
of loss in the 2TDLM model precludes a possible need to
introduce infinities to guarantee satisfaction of the general-
ized Kramers-Kraig relations Eqs(6).
so that the wave impedance in the 2TDLM medium matches

H 2
- w2X7+jprBw+ WpX o
—w2+ij+ w%

X(w)= : (14

the free-space value, i.e., so th&tw) = u(w)/e(w)=2Z, IV. PLANE WAVE PROPAGATION
= \/,LLO/80. . . . .
We note that the 2TDLM model14) satisfies y(— ) Now consider the propagation from the plarxe0 in this

= x* (w) to guarantee that the displacement field is real, as i TDI_‘M medium of an initial pulset,(z=0t) =1(t), where
the electric field. The poles of the 2TDLM model occur at | () =0 for t<0 andF(w) is its Fourier spectrum. From

. . . . Maxwell's equations, the electric field at a poi#tz in the
w.=—j(['12)* Jw3—T?4 and lie strictly in the lower half .
of the w plane. If y(w)=Re x(0)]—] IM[ x(w)], then the matched 2TDLM medium can be represented as

real and imaginary parts of susceptibility4) are 1 (=
Elz,t)= —f F(w)el@lt=n(@zcl g4 (19

w%—wz)(wﬁxa—wzxy)-szwpf)(ﬁ 2m) =

((1)(2)—(1)2)24-(I‘w)2

(
Re x(w)]=

Let us rewrite this electric field atz(t) as

wz[wp)(ﬁ—FX 1+ 02Ty —w%w X 1 (=
Im[ x(w)]=w P e pABL. Z_J jw(t—n..z/c)
[x(w)] (2= 0D+ (Ta)? &(z)=5_| Flw)e do
(15 L e
jo[t—n,z/
Clearly, the 2TDLM medium will be passive if for ai, + %ﬁwF(w)eJ [ton2cl
w’Lopxs—T X))+ 0fT Xo= 0Gwpxs>0.  (16) X {e leln(@) -nJze_ 114y, (20)

This passivity constraint can be met with a large variety ofrne first term is readily evaluated as
the free parameters of the 2TDLM model. We also note that
in this matched 2TDLM medium, the dispersion relation ob-

tained from Maxwell’s equations has the form F(w)el®t" =20 dpy=f(t—n,z/c). (21

217 )
w
k(w)= E”(‘”)’ Thus, if, in fact, the medium were designed to achieve only
the index value at infinity, then to maintain causality, this

\/s(\w) \/m representation clearly requires the following constrami:

N(w)= —=1+x(w). (17) >0 and hence, the constraint that the conspgjit —1 in
o Ko the 2TDLM model. If the second term were negligible, then

the front speed of the pulse would hg,,=c/n.,=c/(1

+ x,). This front speed is greater than the vacuum value for
—1<x,<0. For instance, ify,=—0.5, thenuve,=2c.

To simplify the notations yet further, let,=w,. Then, the
limiting behaviors of the 2TDLM susceptibilit{14) become

limn(w)=1+x,, Wr_]ile this is a narrow range of possiblle values fo, the

©—0 existence of a TVS MTM is clearly possible when the second
term is negligible.

lim n(w)=1+x,. (18 The second term in Eq20) contains all of the dispersion

0 and loss effects. It can be written in a convenient form as

026612-3



R. W. ZIOLKOWSKI AND C.-Y. CHENG PHYSICAL REVIEW E68, 026612 (2003

[

1 (= . . 501 _
Zf F(w)elelt=n=Zelfgmioln@)=ndze_q1qpy=> F(w)elt=n=Zl —jun(w)—n.]z/c}dw. (22

=127 | _

Thus, if [n(w)—n..]=0 over a major portion of the fre- To illustrate these behaviors explicitly, MATLAB code
guency spectrum of the input pulég w), then the second was constructed to calculate E4.9) and the various quan-
term in Eq.(20) is approximately zero and the pulse propa-tities associated with the pulse propagation. We will consider
gates in the 2TDLM MTM simply, according to the relation one of the passive 2TDLM cases given in RgX7], shifted
to a lower frequency. Lel,=1.0, xz=1.0<10"°, y.,=

&(zt)~t(t=n.zc). (23 05, w,=wg=2mf, and T=1.0x10 lwp, where fq
The obvious desired pulse design is to arrange the pulsg 1.0X10° Hz. Since y.=—0.5, the pulse front speed
spectrum to be nontrivial for frequencies above resonapce Ufront=2.0c. The real and imaginary parts of the index of
of the 2TDLM medium and trivial near and below it. If the refractionn, given by Eq.(17), in the frequency domain are
resonance of the 2TDLM medium occurs where the pulsghown in Fig. 1.
spectrum is large, large loss and dispersive effects will occur The input pulse is assumed to be a finite width, unit am-
and the pulse will become largely distorted as it propagateslitude pulse of time lengtff, which has the bipolar form

0 fort<O
3

t—T/2 t—T/2\?
|\ for O<t<T (24)

f(t)y=3 — Jﬂ)(?.O/e.(.;S(W

0 fort>T.

The value of this pulse and at least its first two derivativesatz=6.0 m for the TVS MTM, free-space, and DPS medium
are all zero at=0. This input pulse and the magnitude of its cases are shown in Fig. 7. Clearly, the entire signal propa-
Fourier spectrum whel=10.0 ns are shown in Fig. 2. Note gates faster than in free space in the TVS case. Moreover, by
that the spectrum of this pulse is centered at 100 MHz andonsidering the pulse propagation within the same medium
has no dc component. everywhere, there are no pulse reshaping effects to confuse
Consider now the propagation of this pulse in the specithe issues involved, particularly such as those that occurred
fied 2TDLM MTM when T=0.5 us. The magnitude of the in Ref.[27] when the pulse entered the 2TDLM slab from
pulse spectrum normalized to its maximum value and thdree space and left it.
un-normalized magnitude of the index of refraction of the
2TDLM MTM are shown together in Fig. 3. A considerable
overlap of these spectra is observed. The initial pulse and the

pulse measured @=60.0 m are shown in Fig. 4. The ex-  As pointed out in Ref[27], one would not expect to be
pected pulse distortion from the medium losses and dispegple to maintain the perfect 2TDLM properties at high fre-
sion are evident. The extended observation distance was Sggencies in any practical realization. Consequently, one has
lected to extenuate these issues. In contrast, consider t ask: “will the absence of the infinite frequency properties
propagation of the input pulse in the specified 2TDLM MTM yin the TVS MTM propagation results?”
whenT=10.0 ns. The magnitude of the pulse spectrum nor- o force the permittivity and permeability, and hence the
malized to its maximum value and the un-normalized magindex of refraction, to have free-space behaviors at high fre-
nitude of the index of refraction of the 2TDLM MTM areé qguencies, we introduce a low-pass filter into the 2TDLM
shown together in Fig. 5. The initial pulse and the pulseresponse. In particular, if the low-pass filter is represented by
measured ar=6.0 m are plotted in Fig. 6. Because of the
careful crafting of the pulse spectrum to avoid any overlap
with the resonance region, i.e., to avoid any significant loss
or dispersion, almost no distortion is seen in the propagated Alw)=———,
1+ (w/wg)

pulse.

Now consider theT=10.0 ns pulse propagating in free
space and in a normal double positif@PS matched me- wherew.=27f, defines the half amplitude point in its spec-
dium with £,=2.0 andu,=2.0. The front speeds will be, trum, we then create the modified loss-pass 2TDLM MTM
respectivelyp ¢;ont=C andv¢,ont=C¢/2. The measured pulses by setting

V. PROPAGATION IN NONPERFECT TVS MEDIUM

(25
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FIG. 1. (Color online The 2TDLM MTM under consideration . X
Input pulse.(b) Normalized input pulse spectrum.

has an index of refraction whose resonance occurs at 1.0 KHz.

Real part of the index of refractioh) Imaginary part of the index
of refraction. magnitude of the spectrum, this index valueniso(wp).
Following the arguments leading from Eq4.9)—(23), one

N p(w)=1.0+A(w)x(o). (26)  then finds from Eq.27) that the pulse propagated in the
modified loss-pass 2TDLM MTM should have the form

The resulting propagation integral becomes simply

1 [o _ E(zt)y~f(t—n_p(wp)zZ/C). (28
Ex(z,t):ZfimF(w)er[t*an(w)zlcl dw. (27)

Since by desigrfp=100 MHz andn, p(wp)=0.5, the input
Its behavior is evaluated numerically, as in the previous ideapulse should propagate with little distortion at the speed
case. C/an(wp)ZZ.('b.

In particular, consider the results obtained by settipg The pulse predicted at the observation paint6.0 m, by
=10 GHz. An overlay of the magnitudes of the input pulsecalculating Eq.(27) numerically, is compared to the input
spectrum normalized to its maximum value and the un-pulse and the free-space propagated pulse in Fig. 9. Clearly,
normalized magnitude of the index of refraction of the low-the modified medium has maintained the TVS properties;
pass 2TDLM MTM, n p(w), is given in Fig. 8. Note that and Eq.(28) is a very good approximation of the propagated
because the resonance region is located well below the filtggulse. We reemphasize that the reason that the results are
cutoff valuef,, losses are still present in the MTM. From essentially identical to the ideal case is that the angular fre-
Fig. 8 one observes that the index of refraction is approxiquency behavior of the 2TDLM index of refraction away
mately constant over the bandwidth of the input pulse, asrom the resonance is basically constant. By designing the
desired. Iffp=wp/27 is the frequency of the peak of the pulse and its spectrum to lie in the region below the low-pass

026612-5



R. W. ZIOLKOWSKI AND C.-Y. CHENG PHYSICAL REVIEW E68, 026612 (2003

T
= Input
= = MTM response = Input

= = MTM response B

d 09F

Magnitude
Magnitude

T
1
1
1
1
1
1
1
]
1
1
1
1
1
1
0.5 1
1
1
1
1
1
1
1
]
1
]
1
]

L
100.0 1000.0 0.1 10 100 100.0 1000.0

10.0 N
Frequency (MHz) Frequency (MHz)

FIG. 3. (Color onlin@ The magnitude of the spectrum FIG. 5. (Color onling The magnitude of the spectrum of the
of the 500.0us input pulse normalized to its peak value 10.0 nsinput pulse and of the magnitude of the unnormalized spec-
(2.1051x10°7) at 2.0 MHz and the magnitude of the un- trum of the unfiltered 2TDLM MTM index of refraction show a
normalized spectrum of the 2TDLM MTM show a significant over- Very minor overlap of the resonance region. Most of the pulse spec-
lap near the resonance region. trum occurs in the frequency region where-1+ y,=0.5.

filter's cutoff frequencyf., yet well above the resonance jor of the two-port network that represents a transmission
frequencyfy, one is able to achieve a nearly distortion-freejine configuration is widely used in microwave engineering

TVS pulse propagation. applications. Once elementary two-péBCD matrices for
Given the fact that the low-pass 2TDLM MTM still ex-  the various transmission line elements in a more complicated
hibited the TVS properties, an experimental realization waswo-port network are constructed, the entire network can be
designed. easily modeled by simply cascading the connections, i.e., by
simply multiplying the individualABCD matrices together.

VI. ANALYTICAL TRANSMISSION LINE MODEL A section of an ideal lossless transmission line can be

OF THE TVS MTM represented g<5]
To design a practical realization of the TVS 2TDLM
MTM, it was decided to mimic the transmission line realiza- A B cog () iZosin(Be)
tion of a DNG metamaterial introduced by Eleftheriades ( ) :( } . , (29
[59-62. An ABCD matrix approach to modeling the behav- cC D JYosin(Bt)  cogBl)

15 T T T T
= = Input pulse | 3 = =
: ; : . B

Amplitude
Amplitude

3 4 5 6 _1’%.0 1(;.0 20.0 30.0 40.0 51;.0 60.0
Time (pus) Time (ns)
FIG. 4. (Color online The 0.5us input pulse =0 m) and the FIG. 6. (Color onling The 10.0 ns input pulse&0 m) and the

pulse received at=60 m after propagation through the 2TDLM pulse received az=6 m after propagation through the 2TDLM
MTM are compared. Significant distortion of the input pulse is MTM are compared. No apparent distortion of the input pulse is
present in the propagated result due to the overlap of the spectraesent in the propagated result. This is due to the minor overlap of
shown in Fig. 3. the spectra shown in Fig. 5.
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FIG. 7. (Color online The input pulse and the pulses resulting  FIG. 9. (Color onling The 10.0 ns input pulsez&0 m), the
from propagation in free space with,,n;=C, in the TVS 2TDLM pulse received az=6 m after propagation through the low-pass
MTM with v,o,=2cC, and in @ homogenous DPS medium with filtered 2TDLM MTM, and the pulse received a=6 m after
€=2.0 and u,=2.0 so thatv,,,=C/2, are compared. The propagation through free space are compared. No apparent distor-
2TDLM MTM pulse propagation clearly exhibits the predicted, un- tion of the input pulse is present in the 2TDLM MTM propagated
orthodox TVS behavior. result and the TVS effect is still clearly present.

where the propagation constafit- 2r/\, the length of the ~ This is due to the approximations ce6=1-[(8)72]=1
transmission ig, and the characteristic impedance and ad-and sing¢=g¢.

mittance of the transmission line aZg andY,, respectively. It is also well known that a transmission line can be rep-
This expression is valid for any length of the transmissionresented by distributed lumped elemefiT$]. A classical
line. per-unit-length resistance-inductance-capacitance-

If, however, the length of the lossless transmission line isonductancéRLCG) representation of a segment of length
small, i.e., if¢/\<1, then theABCD parameters in Eq29) Az of lossless transmission line is shown in Fig. 10. We will

can be approximated as call this segment a unit cell of the lumped element transmis-
sion line. The effective capacitance and inductance of the
A B 1 iZoB¢ impedance and admittance elements for unit cell are simply
( ) = ( . 0 ) (30) Less=LAZz andC.;=CAz, respectively, where andC are,
C D/ \jYoBt 1 respectively, the per-unit-length values of the inductance and
capacitance. \oltage¥; and V, are related asv,=V;
13 i ' ' ' —jwLAzIly; currents |, and |, are related asl;=I,
: = = Filtered MTM response +jwCAzV,. These equations can be written in the matrix
: form as
i 1 —jwLAZ\[V, 1 0\(V,
i : oo ] = . (3D
1 /’ O 1 I 1 J U)CAZ 1 I 2
2 " /
'E,, . // This matrix equation is readily solved to give
= e /
of e . L,
. L I
1 ” Y I —f
‘! —
{ + +
0 : : - : : v =l
0.10 1.0 10.0 100.0 1000 10000 100000 1000000 1 Ve N V
Frequency (MHz) Eﬂ‘. 2
FIG. 8. (Color online The magnitude of the spectrum of the 1 >
10.0 ns input pulse and of the magnitude of the unnormalized SPEC o hz >~

trum of the unfiltered 2TDLM MTM show very minor overlap. The
effect of the low-pass filter that returns the index of refractionto 1.0 FIG. 10. Circuit model representation of a free-space transmis-
at high frequencies is clearly shown. sion line.
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NE

from which the equivalenABCD matrix is then readily ex- (A B) (1 Zeff) ( 1 O)

pedance.; and admittance’.¢; as a product of thé BCD
, (32 matrices for the independent impedance segment and the ad-

1— 0?LettCets jw'—eff)(vz
mittance segment:

jwCety 1

2

o 1+ ZetYert Lot

c o/ lo 1/"%\vy 1 Yori 1
A B 1- 0?LetiCeft Jwlets (36)
(C D):( joCef 1 ) 33

tracted:

With Z.si=jwless and Yei=j @Ceqys this result clearly re-
covers Eq(33).

If it is assumed that the medium associated with the loss- A TVS 2TDLM MTM lumped element transmission line
less transmission line is free space, theandC are equal to  is constructed immediately as follows. Using the 2TDLM
the free-space permeability and permittivity, respectivelyfrequency-domain susceptibility given in E(L4), one can
i.e., L=uo and C=gq. Thus, the characteristic impedance introduce the following effective impedance and admittance
and the propagation constant of the corresponding lumpegdiements:
element model are equal to the free-space wave values:

Zesi=jopo[ 1+ x(w)]AzZ, (37)

_ /ijeff_\F_ [mo _
7= NjwCe; VC Ng, T Yerr=]jweo[1+ x(w)]Az. (38)

B Therefore, theABCD matrix is given by Eq(36) with these
B=woVLC=w\eomo=Po- (34) parameters and the impedance and wave number of the TVS

) ) 2TDLM transmission line unit cell become
Consequently, propagation along this lumped element trans-

mission line model mimics propagation in free space. Other \/m \/M\o

media could be represented by otkerand . assignments. n(w)=\/——=\/—=10, (39
Note that if Az/\<1, then the term % w?LopCorr=1 &(w) €0
—(wlc)?(Az)?=1—-47?(Az/\)%~1 and theABCD matrix

Eq. (33 for the free-space, lumped element transmission line k=w\e(0)u(0) = oeouo 1+ ()], (40
model becomes

where y is given b5y Eqg.(14) with the TVS valuesy,
: =1.0, x5=1.0x10 >, x,=—0.5, w,=we=27wfy and I
( ! Jouohz _ @35 =10x 18’%0, Wherefol 1.0 10° Hz.
jowegoAz 1 To uncover the analytical behavior of the TVS 2TDLM
transmission lingTL) unit cell, amMATLAB code was devel-
Cascading many of these unit cells together would produce aped, which was used to implement E(36)—(38). The im-
free-space transmission line of any specified length. Appedance equatiof87) and admittance equatiaf38) of the
proximate equivalence between the exact and the resultinfvVS 2TDLM TL can be decomposed, respectively, into an
cascaded lumped element tofeB CD matrix rests solely on effective capacitanc€q¢¢ and its effective conductance or
the closeness of the approximation of E83) by the unit equivalent resistanc®Yqs;, and an effective inductance
cell result Eqg.(35), and this clearly depends on the electro-L.¢s and its effective resistand®.¢;. These are the lumped
magnetic size of the unit cell. element quantities associated with the 2TDLM TL unit cell.
While this argument reveals a fundamental theoreticallheir behavior as a function of frequency are shown in Figs.
limitation of the lumped element model, it also reveals all(a) and 11b). The relative valued ,=Ls/ug and C,
practical advantage. For practical design and fabrication pur=Cg;/eg are plotted in Fig. 1¢a). Because their relative val-
poses, the unit cell size must be selected large enough fares have been designed to be the same, these curves are
ease of construction. We know that the exact solution is reidentical. The resistance values are plotted in FigblMWe
covered whemAz—0. Thus, if a reasonable sized lumped note from Figs. 1(a,b thatL.¢; andCg¢; switch from posi-
parameter transmission line model of a TVS medium is detive to negative values at the 1.0 MHz resonance frequency
veloped and if its wave propagation characteristics mimioof the TVS 2TDLM MTM and then switch back to positive
those of the exact medium, there is a high probability that avalues at 2.0 MHz. We note in Fig. @) that the resistances
realistic experimental verification of those properties can ocare always positive, hence, the unit cell is strictly passive.
cur. Such an approach is typical and very effective in the Since the 2TDLM MTM is lossy and dispersive near the
design of microwave circuits; it is the one used below. Thusyesonance and has unusual properties at higher frequencies, it
if we can determine a lumped parameter model of thds useful to further understand the propagation characteristics
2TDLM medium and if it predicts the TVS behavior, then for the proposed TVS 2TDLM TL unit cell. Withk(w)
basically an experiment could be fielded to demonstrate the a(w)+jB(w), its w— B dispersion diagram is given in
TVS effects. Fig. 12 for the frequencies near the resonance. Furthermore,
To this end, we note that th&B CD matrix corresponding to understand better the speeds associated with the TVS
to Fig. 10 can also be derived in terms of the effective im-2TDLM TL unit cell, Fig. 13 compares the phase and group

(AB

C D)FS—TL
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FIG. 11. (Color online The behavior ofa) the effective induc-
tance and capacitance afly) associated effective resistances that
define the 2TDLM TL unit cell are shown as functions of the fre-

guency.
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1000
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T ok Vpin 2TDLM MTM i
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£
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1F Vp in free space B
= = Free space TL
) | 1 1
0 1 4 5

2
‘Wave number (1/m)
FIG. 13. (Color onling The phase and group speeds of the TVS
2TDLM TL unit cell are compared to those of free space. The TVS
behavior is very apparent.

speeds of free space with those for the unit cell. These speeds
are obtained from their definitions and from the dispersion

relations(Fig. 12:

1
freespace. ® _ =c (41)
P B VM0oEQ
2ToLm_ @ c (42

p

"B {1+Rdx(0)]}

Similarly, the group speed in both mediums can be obtained
from

freespace_
p

(43

freespace_
g9

v v c,

2TDLM _ 1 c (44)

9 " dplde 1+Rdx]+wiRdx]}

The curves in Fig. 13 show that both the phase and group
speeds along the 2TDLM TL are significantly greater than
those in free space at 100 MHz. Therefore, if a pulse has a
majority of its spectrum centered near 100 MHz, it will

15

Frequency (MHz)

propagate along the TVS 2TDLM TL unit cell with speeds in
excess of its speed in vacuum, as it did in the plane wave

case.
To correlate both Figs. 12 and 13, the dispersion diagram

in Fig. 12 is divided into several frequency bands and the

0.5

= 2TDLM TL
= = Free space TL

phase and group speed characteristics in these bands are
summarized in Table I. Clearly, in regions | and V, both the
phase and group speeds are positive. However, in regions |l

L
0.15

and 1V, the phase speed and the group speed have opposite
signs. In region lll, the phase velocity, group velociy, u,

0.2

L L
0 0.05 0.1

‘Wave number (1/m)

0 L ! i
=02 -0.15 -0.1 -0.05

FIG. 12. (Color online The w-B diagram of the TVS 2TDLM

TL unit cell explains many of its dispersion properties.

and the index of refraction are all negative. These behaviors
recover many of the LH(high-pasg transmission line
(“backward wave”) characteristics reported in Refb9—
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TABLE I. The propagation characteristics of the 2TDLM MTM latory as the wavelength decreases for the fixed length of the

transmission line near the 2TDLM resonance. unit cell. Note that there is zero phase shift right at the reso-
: nance since the 2TDLM MTM matches free space there.
. Phase  Group Refractive  With these results, one would expect no amplitude decay for
Region  velocity ~ velocity — eandu index a pulse that propagates along the TVS 2TDLM TL. One may,
| ~0 ~0 e>0, u>0 n>0 however,_have some concerns that the observe_d p_hase varia-
tions at different frequencies may have a negative impact on
Il <0 >0 e<0, u<O0 n<0 ! .
" -0 -0 <0 u<0 n<0 the overall pulse propagation along it. Note, however, that
M one should not expect that the free space and TVS 2TDLM
v =0 <0 >0, u=0 n=0 TLs will have the same phase properties, since the propaga-
\% >0 >0 €>0, u>0 n>0 P prop . propag

tion characteristics in these two cases will remain different.
Moreover, the change in phase with frequency should be
62. Note that these figures imply that one could tailor the@rger for the faster speed TVS 2TDLM TL, as in Fig.(G4
operating points of a 2TDLM MTM TL for a variety of The MATLAB generated results in Figs. 14 and 15 acted as a
applications. baseline comparison case for the HP-ADS results.

This unit cell was also modeled with Hewlett-Packard's 10 represent the TVS 2TDLM TL in HP-ADS, a two-port
advanced design systefdP-ADS) software tools. The HP- element had to be created, which had the same frequency
ADS software is commercially available and has been valicharacteristics. This was achieved by normalizing the
dated extensively against experiment. One of the main daf{AT-AB calculated impedance and tSeparameter values to
outputs from HP-ADS s the effective scattering parameterdn€ characteristic wave |mped§nc§ of free space, 8¥6.7
of the circuit. The relationships between th&parameters according to the following relations:
and the elements of th&BCD matrix for any two-port net-
work are given by the following expressiofigs]:

Z=\Zo(1-8) T+ Z,, (46)
A+B/Zy,—CZy—D 2(AD-BC)
(511 Slz) A+B/Zy+CZ,+D A+B/Zy,+CZy+D
Sy Sy 2 —A+B/Zy—CZy+D .
A+BIZo+CZy+D A+BIZo+CZo+D So=\Va(2= 20)(2F 20) W Za, (47)

(49)

A comparison of thewaTLAB predictedS,, results for the whereSis annXxn generalizedS matrix, | is annXxn iden-
TVS 2TDLM TL and the free space TL unit cells of length tity matrix, Z; is a diagonal matrix having the characteristic
Az=0.01 m are shown in Fig. 14. In Fig. (8} the magni- impedance of each porg is the element’'s unique imped-
tude of S,; is shown; the phase is shown in Fig.(i4 As  ance matrix, an&, and)/, are both diagonal matrices hav-
one can see, the TVS 2TDLM TL is relatively lossy near theing the desired impedance and admittance as their values
resonance, 1.0 MHz; but it is extremely low loss away fromrespectively. One then uses the normalized vem.AB data
there, as expected. The percent difference in these magnitute generate aoucHsToNEformatted data file that represents
values for the free space and the 2TDLM TL unit cells is lesshe desired element. The Touchstone data file is an ASCII
than 0.0001% from 2 MHz to 200 MHz. Thus, there is verytext file in which the properties of the element appear line by
little difference between the magnitudes 8, for the line for each frequency value. The HP-ADS software reads
2TDLM TL and the free space TL unit cells in the region of the ToucHSTONEdata file and treats it as a user defined de-
interest. vice. Consequently, this acts like a lookup table of values for
Note that the magnitude @&,, for the 2TDLM TL at the the TVS 2TDLM properties. Excellent agreement
resonance frequency 1.0 MHz is2.69 dB. This represents (<0.001% difference in magnitude and phabetween the
the major difference in magnitude between the 2TDLM TLMmATLAB and the HP-ADS results for the TVS 2TDLM TL
and the free space TL unit cells; it is due to the loss near thevo-port element were obtained.
resonance associated with the TVS 2TDLM MTM. It was The simulated, long-length transmission line was de-
expected that this loss near the 1.0 MHz resonance frequensygned in HP-ADS as a cascaded set of these basic elements.
would become increasingly greater as the number of unifwo different configurations were considered, each consist-
cells that are cascaded together increases. Similarly, the eig of two basic elements. These configurations are both rep-
tremely low loss near 100 MHz would be maintained andresented in HP-ADS by the schematic diagram shown in Fig.
possibly even lowered. These magnitude variations and th&6. These two basic elements are labefednd B; their
corresponding phase variations are shown, respectively, icombination was assumed to have the total length
Figs. 15a) and 1%b) for 2TDLM TLs consisting of 1, 30, =0.02 m. In the first case, termed the TVS-only unit cell,
and 300 unit cells. As shown, there is insignificant change irelementsA andB were identical TVS 2TDLM TL elements,
the magnitude ofS,; away from the 2TDLM MTM reso- each having lengtihz=0.01 m. In the second case, termed
nance. On the other hand, we find that the phase variatiorthe TL-TVS unit cell, elemenf was one free-space TL ele-
are large near the resonance and, as expected, become osgient and elemer® was one TVS 2TDLM TL element, each
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© ¢ | == 2TDLM TL
© ¢ |= = Freespace TL | :
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A ¢ EEL Rl i mEill:
= : 10 = 1000 FIG. 14. (Color online The 2TDLM and free
space TL unit cells show very similar character-
istics except near the resonance of the 2TDLM
MTM at 1.0 MHz. (a) Magnitude of S,;. (b)

Phase ofS,; .

Frequency (MHz)

: ¢ i| == 2TDLM TL :
= Free space TL

Phase (Degrees)

i ik ik 1 § 0§ TdrEnoy § 08 fatEng IR RERILL
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having lengthAz=0.01 m. Since the cost of fabricating each and phase. Similarly, the1ATLAB results for the TL-TVS

TVS 2TDLM TL element may be high, the TL-TVS unit cell unit cell were generated using the cascad@&{C D matrices:

design halves the total difficultyand possibly cogtof its

construction. Additionally, this type of unit cell was used (A B) _( cogBoAz)  |Z, sin(,BOAz))

successfully in Refg59—-62 to model the LH TL configu- C D iYosin(BoAz)  coqBoAz)

ration studied there. However, this design does impact the

realized speed of any pulse propagating along it, since half 1+ ZettYett Zet

the elements produce free-space speeds. These two configu- Yets 1)

rations were considered as the unit cells for the cascaded TL

designs. A free-space TL unit cell was also used for compariwhere the effective impedancgqs;=jwug[l+ x(w)]Az

son purposes; it was obtained with both elemehtandB  and the effective admittanc¥.;;=jwe[1+ x(w)]Az are

being free-space TL elements of lengtlz=0.01 m. those associated with the unit cell of the TVS 2TDLM TL.
The HP-ADS results for the TVS-only unit cell agreed Excellent agreement<(0.005% difference in both magni-

with the MATLAB generated results for two cascaded ele-tude and phagebetween thevatLAB and the HP-ADS re-

ments as well as for a single element with twice the lengttsults for the TL-TVS unit cell were also obtained. A sum-

with errors that were less than 0.001% in both magnitudenary of the HP-ADS predicte® parameters for the TVS-

(48)
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only, the TL-TVS, and the free-space unit cell transmissiorlength of 6.0 m. This extended length of TL was achieved by
lines is summarized in Table Il for 1.0 MHz and 100.0 MHz. cascading 300 of the TL unit cells together. Both the TVS-
To study the behavior of a pulse as it propagates along anly and the TL-TVS unit cell TL's were considered along
TVS 2TDLM TL, a TL of sufficient length had to be real- with the corresponding free-space TL. The HP-ADS pre-
ized. We choose to model a transmission line having a totadjicted values for the magnitude and phas&gfand for the

B Vout

Term 1

pulse

@ Input
L

Term 2

impedance of the TVS-only 2TDLM TL are shown in Fig.
17. A summary of the HP-ADS predictesi parameters for
the TVS-only, the TL-TVS, and the free-space 6.0 m trans-
mission lines is given in Table Ill for 1.0 MHz and 100.0
MHz. Excellent magnitude, phase, and impedance behaviors
were obtained in each case near 100.0 MHz. Thus, we felt
that any of these designs would produce reliable results in
the time domain as well.

Because of the available pulse shapes in HP-ADS, we
used a 10 ns single cycle unit amplitude pulse with a 10.0 ns

FIG. 16. Schematic diagram of the basic cascaded two-elemeripolar width and 0.5 ns rise and fall times, which is defined

TL models used in the HP-ADS simulations.

explicitly as
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TABLE II. Selected HP-ADS predicted, frequency dom8&in values for the 0.02 m long unit sections of
the 2TDLM MTM transmission lines.

Frequency S,; magnitude S,; phase Impedance
TL class (MHz) (dB) (degrees (ohmg
TVS-TVS 1 —-5.401 —0.024 421.044
100 —1.914x10°8 —-1.202 376.917
TL-TVS 1 —2.695 —0.024 405.084
100 —9.429x 107 -1.801 376.958
TL-TL 1 1.929x10°1° —0.024 377
100 0 —2.402 377

(0 fort<0 ns

500 t/ty for 0 ns<t<0.5 ns
0 1 for 0.5 ns=<t<4.5 ns
g f(t)y={ 1—(t—ty)/ty fort;=4.5 ns<t<5.5 ns
-500
3 —1 for5.5 nss<t<9.5 ns
%-1000 —1+(t—ty)/ty for ,=9.5 ns<t<10.0 ns
= 4500 ( 0 fort>10.0= ns,
(49
-2000
105 106 107 108 10° wherety=0.5 ns. The center frequency of this trapezoidal
Frequency (Hz) pulse is located at 77.8 MHz, slightly below the 100 MHz
peak of the smooth bipolar pulse equati@d).
200 In the HP-ADS pulse simulation runs, the pulse equation

(49) was input to the TVS-only cascaded TL, the TL-TVS
cascaded TL, and the free-space cascaded TL. The transient
convolution analysis in HP-ADS was set to sweep from 0.0 s
to 30.0 ns with 0.1 ps time steps. Unfortunately, the causality
checks in HP-ADS’s convolution algorithm prevented it
N from completing in the TVS cases. We then resorted to using
100 AN the HP-ADS generate§i,; values in avATLAB code that was
created to mimic the convolution approach. The input pulse
was sampled with 3333334 points at the rapd=

100

Phase (Degrees)
o

200 - ] . ,  3.0x10 s from t=0 to t=10.0 us. The HP-ADSS
i 10 10 10 10 parameter data consisted of 10001 values equally spaced,
Frequency (Hz) from 0 Hz to 1 GHz. This data was zero padded out to
333.334 GHz. The input spectrum and tBg, data were
460 multiplied together and the combination was inverse fast
i 7 Fourier transformed back to the time domain.

The input pulse and the output pulses for the TVS-only
cascaded TL, for the TL-TVS cascaded TL, and for the free-
- space cascaded TL are shown simultaneously in Fig. 18. In
comparison to the input pulse shape, the distortions one ob-
serves in Fig. 18 in all of the propagated output pulse wave
TV forms result mainly from the truncation of t{83; data. Neg-

»
)
S

w

©

=
-]

Impedance (Q)
'S
8

360 ligible pulse energy is dissipated near the resonance. Analo-
g gous results are obtained using the corresponding.AB

40 generateds,; data. More frequency data points mitigate the

105 106 107 108 10° distortions; but the frequency truncation, such as one would
Frequency (Hz) expect in an experimental situation, adds more realism to the

simulated data.

FIG. 17. The values of thg,; magnitude(a) and phaséb), and The magnitudes of the pulse spectra of the input pulse and

the TL impedancéc) for the cascaded TVS 2TDLM TL were ob- the TVS-only output pulse are shown in Fig. 19. Very close
tained with the HP-ADS simulator. agreement between the input and output pulse spectra is
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TABLE Ill. Selected HP-ADS predicted, frequency domédy, values for the 6.0 m long cascaded
2TDLM MTM transmission lines.

Frequency S,1 magnitude S,, phase Impedance
TL class (MHz) (dB) (degrees (ohmg
TVS-only 1 —1631.616 —7.197 440.268
100 —1.0x10°3 —-0.139 376.965
TL-TVS 1 —815.782 —7.157 440.268
100 —2.786x10 4 179.683 376.993
Free space TL 1 —7.715x10° 15 —7.205 377
100 1.92% 10 1° —0.429 377

maintained except near the 2TDLM resonance at 1.0 MHzesign will have the best chance of being realized experi-
and after theS,; truncation frequency at 1.0 GHz. mentally.

Finally, to understand the sensitivity of the design, differ- From the above discussions, we know that the values of
ent values of the unit length and of the loss paramEtén Zots andYgys in the TVS 2TDLM TL are frequency depen-
the TVS 2TDLM MTM were studied. The total length of the dent. The first frequency-independent unit cell TL configura-
transmission line in all the cases was maintained at 6.0 ntion is shown in Fig. 20. It contained two identical combina-
The results are summarized in Table IV. We found that thedions of frequency-independent RLC elements; each
percentage errors in the magnitude and phasadbeganto combination reproduced th&,; results of the TVS-only
increase rapidly if the unit cell exceeded 10.0 cm. However2TDLM TL at 100 MHz. A second frequency-independent
the results were still reasonable even for the 10.0 cm unit cellinit cell TL configuration was obtained by replacing the first
case. The smaller length cells produced even better transmi$VS-only RLC-TL element in Fig. 20 with a frequency in-
sion characteristics. dependent free-space RLC-TL element. This second unit cell
reproduced thé&,, results of the TL-TVS 2TDLM TL at 100
MHz. In both the cases, each unit element had the same
length,Az=0.01 m and hence, the unit cells were edch

Because finding RF components that would have the de=0-02 m long. The values of the frequency-independent
signed frequency dependence associated with the Tviimped elements in both the cases were extracted from the
2TDLM TL may be extremely difficult, it was decided to €Xact values of the corresponding freggency-dependent
design a TL with lumped elements whose capacitance, induclements a_tg 100 MHz:Re(=4.0284<107° ), Legr=
tance, and resistance were frequency independent and whi@?81372<10"" H=6.281 nH, Gg¢=1/R Ye=1/(2.838 29

would still recover the TVS effects. We believe that this X 10 *° 9)23-51%3 25¢10"° mho=3.523 Gmho, andCef
=4.4256210 ** F=44.26 fF.

VII. PROPOSED TVS 2TDLM TL EXPERIMENT

s . . . . , . The magnitude of5,,, the phase 05,;, and the imped-
: - : : : e oy ance predicted by HP-ADS for the 300 unit element cas-
: =< FreeSpuce caded TVS-only RLC-TL are given in Figs. @l b, and &
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FIG. 18. (Color online The pulses received @&=6 m after 1.0 L . L
0.1 1.0 10.0 100.0 1000.0

propagation through the free-space {dashed-dot green lingthe
TVS-only TL (solid red ling, and the TL-TVS TL(blue dashed
line) are compared. The TVS effects are readily apparent. Very FIG. 19. (Color onling The spectra of the=6 m TVS-only
minor distortion of the input pulse is present in the propagatedransmission line output pulse and the input pulse show only small
results. variations between them.

Frequency (MHz)
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TABLE IV. Summary of the HP-ADSS,; simulation results for different unit cell lengths and 2TDLM loss paramiétér a fixed total

length 6.0 m TVS-only TL at 100 MHz.

2TDLM Az=1.0m Az=10.0 cm Az=1.0cm Az=1.0 mm
r dB Degrees dB Degrees Degrees dB Degrees
1.0x10°? —7.9011 167.16  —2.743<10°? 179.44  —2.732x1072 179.68  —2.732x1072 179.69
1.0x10°3 —7.8824 167.03 —2.799<10 %  179.44  —2.786x10* 179.68  —2.786x10°4 179.69
1.0x10°5 —7.8822 167.03 —8.358<10°®  179.44  —8.194x10°°®  179.68 —8.193x10°°  179.69
The S parameters were swept from 0 Hz to 30.0018 GHz  o0.000
with 100 kHz steps. Table V contains explicit values for each - ]
of the RLC-TL cases at the 2TDLM resonance frequency 1.0z 4
MHz and at the center frequency 100.0 MHz of the smooth™ -0.004
bipolar pulse. Excellent agreemdetrors for both the mag- 'qg’ -0.006 |
nitude and phase were0.001%) between these results and = .
; . > .0.008
the corresponding frequency-dependent ones was obtained £ i
100 MHz. Large errors were realized at the resonance fre- -0.010
quency 1.0 MHz, but this was expected since the large fre- ., |
guency variations of the 2TDLM MTM occur only near the 105 106 107 108 ii®
resonance. Thus, either the lumped element TVS-only T
RLC-TL or the corresponding TL-TVS RLC-TL would be
quite satisfactory for propagation experiments for pulses 200
whose spectra are centered near 100 MHz. . \
The pulse propagation experiments for the TVS-only _ ]
RLC-TL and the TL-TVS RLC-TL were run completely with § 100
the time domain solver in HP-ADS. This was now possible '&i’, 1
because the elements were frequency independent and tl2 0 P
explicit time integration package in HP-ADS was applicable. 3 ] "\
The input and output pulses measured at 6.0 m are compar«—:ff“i -100 : AN
to those obtained from the free-space TL, in Fig. 22. The ] N
TVS effect is clearly maintained even with these frequency-  _sgp
independent based RLC-TLs. The corresponding magnitude 105 106 107 108 10°
of the spectra of the input and output wave forms for the F
. requency (Hz)
frequency-independent TVS-only and the TL-TVS TLs show
little distortion during the propagation of the input pulse 400
along those TLs. Note that it was found that the HP-ADS il
predicted peaks of the spectra appear to occur nearer to 10 3a0
MHz, slightly higher than the more exact 77.8 MHz value a .
obtained with thewAaTLAB code. This was a direct result of = 380 A \/V J
the fewer number of points used in the HP-ADS calculation 7 I
to achieve a timely conclusion of the calculations. % 370 ]
E‘ 360
350
Vout 105 106 107 108 10°
Frequency (Hz)

2 Term?2

!

Y Py, F -

FIG. 21. The frequency-independent TVS-only RLC-TL results

agree extremely well with the frequency-dependent TVS-only TL

FIG. 20. Schematic diagram of the frequency-independent TVSresults away from the 2TDLM resonance at 1.0 Mk&. Magni-

only RLC-TL unit cell used in the HP-ADS simulations.
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TABLE V. Selected HP-ADS predicted, frequency dom8&in values for the frequency-independent, 6.0
m long 2TDLM MTM transmission lines.

Frequency S,1 magnitude S,, phase Impedance
TL class (MHz) (dB) (degreep (ohmsg
TVS-only 1 —0.001 —1.0x10°3 376.995
100 —0.001 —1.0x10°3 376.941
TL-TVS 1 —2.786x10°4 —5.403 405.084
100 —2.786x10 4 179.683 376.958
Free space TL 1 —7.715x10° 15 —7.205 377
100 1.92% 10 1° —0.429 377

To check these calculations further, the pulse propagatiohminary simulations of the experiment have reproduced the
along the TL-TVS RLC-TL was also modeled with SPICE, apredicted TVS results.
well-known circuit simulator. Similar results were obtained.

From Fig. 22 we found that the HP-ADS predicted output
pulse front arrives at the observation point 20.03 ns after the VIIl. CONCLUSIONS
input pulse has been initiated on the free-space transmission . . .
line. It arrives 10.05 ns after the input pulse has been initi- The existence of passive trans-vacuum-speed metamateri-
ated on the TVS-only RLC-TL. It arrives 14.83 ns after theals‘ in which the speed of light is greater than its spe_ed n
input pulse has been initiated on the TL-TVS RLC-TL. The Vacuum has peen demons'trated. .The. TVS metamaterial was
expected theoretical delays and the simulated delays al%e&gned using -a two-tlmg-derlvatwe Lorentz materlal
summarized in Table VI. The measured front speeds wer@mdel' Analytlcal_and numerical results for the propagation
1.99%k, 1.53% (average spegdand 0.998, respectively, of _plane waves In a ZTD!‘M VS me(_jlu_m were US?d to
for the TVS-only, TL-TVS, and the free-space RLC-TLs. valldate_thesg TVS propert|es.Atra}nsm|SS|on Ime.reallzatlon
These results clearly indicate that the pulse travels at tran§)-f the dispersive 2TDLM TVS medium was establlsh_ed. Ex-
vacuum speeds through the passive, frequency—independe‘h‘?"ent agreement between the results Qf the theorgthal plgne
lumped element, 2TDLM MTM based transmission lines Wave constructs and the corresponding transmission line
without violating causality. Moreover, because these TLs arémOOIeIS was dem_on_strat_ed. A practical, . frequency-
lossy and dispersive and because the numerics imposes &dependent transmission I|r_1e TVS MTM design was ex-
own loss and dispersion characteristics, the fact that the spe acted and validated numerlcally. It suggests that the TVS
tral properties of the input pulses were basically maintaine L _results could be ﬁpnflrmed experlment_ally: Such an ﬁx'
during the entire propagation length suggests that these va%erlment_ based on this TVS MTM TL design is now in the
2TDLM RLC-TLs will be robust in their practical imple- inal design stages.
mentation. We have identified commercially available com-
ponents that could be used to carry out this experiment; pre-
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Time (ns) TABLE VI. Pulse propagation characteristics along the 6.0 m

) ) long, frequency-independent 2TDLM MTM transmission lines.
FIG. 22. (Color online The 10.0 ns input pulsez&0 m, dotted

black line and the pulses received at=6 m after propagation

Design case Time delayns Speed(m/s)
through the frequency independent TVS-oi$plid red ling and
TL-TVS TL (dashed blue lineare compared to the free-space TL TVS 10.05 1.99¢
result (dot-dashed green lineVery minor distortion of the input TL-TVS 14.83 1.538 (average
pulse is present in the propagated results. The TVS effect is clearly Free space TL 20.03 0.969

seen.
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