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Periodically Loaded Transmission Line With
Effective Negative Refractive Index and
Negative Group Velocity

Omar F. Siddiqui, Mo MojahedMember, IEEEand George V. EleftheriadeSenior Member, IEEE

Abstract—\We present the design and implementation of a pe- and lossy. In the Toronto approach, artificial NRI materials have
riodically loaded transmission line, which simultaneously exhibits been synthesized by loading a cellular network of transmission
negative refractive index (NRI) and negative group delay (and, |ines with series capacitors and shunt inductors [7]-[11]. These
hence, negative group velocity). This is achieved by loading the .
transmission line in series with capacitors andRLC resonators and struct_ures are Completely planar and dq not explicitly rely on
in shunt with inductors. We discuss the dispersion characteristics €lectric and magnetic resonances to achieve a NRI band; hence
of such a medium and identify the frequency bands of NRI and are low loss and broadband [11]. Moreover, these are readily
negative group delay. The structures are theoretically studied scalable from RF and microwave to millimeter-wave frequen-
using S-parameters simulations on truncated loaded transmission cies bands (by choosing either chip or printed inductors and ca-
lines of different lengths, and the predicted results are compared - . . . .

pacitors), and are easily fabricated using planar processing and

to the measured scattering parameters of such lines printed on 20 e ; : . )
circuit boards using coplanar waveguide technology. monolithic integration, making them suitable for RF integrated

Index Terms—Anomalous dispersion, coplanar waveguide, circuit gpplications. .
negative group delay, negative group velocity, negative refractive N this paper, the work by the Toronto group is extended to de-
index (NRI). sign a medium for which in addition to negative phase and pos-

itive group velocities (backward-waves), the medium also ex-
| INTRODUCTION hipits negative phase_ z_;md negative group velocttis achieve _

) o . . ) this, aresonant circuit is embedded within each loaded transmis-
T HE theoretical possibility for a medium having simultagjon, jine (LTL) unit cell, in effect producing a region of anoma-

1 neous negative permittivity and permeability was first cong s dispersion for which the group delay is negative. Thus the
sidered by Veselgo in the late 1960s [1]. In these media, the signyhosed structure exhibits two important features: a NRI as
re_ver;al for both permittivity and permeability results in'a Negell as a negative group delay (a negative group velocity.)
ative index of refraction given by/e\/i..* Veselago predicted |t should be pointed out that starting with the original work
that media with a negative refractive index (NRI), here also rgy \ieselago in the late 1960s until the present time, there seems
ferred to as metamaterials, would exhibit many unusual propgi-pe 5 confusion regarding the existence and the meaning of
ties such as inverted Snell's law, Doppler shift, and Cherenk@ggative group velocity and hence of negative group delay [1],
radiation, in addition to unusual focusing properties [1], [2}3} 15 \while a general discussion of negative group delays and
However, until recently, these concepts were not verified €xpefagative group velocities, in slabs having a NRI or in structures
imentally since ma_t(_ar_|als WI'Fh a NRI do not oceur naturally. I'aonsisting of SRRs and SWis is provided elsewhere [12]-[14],
recent studies, artificial periodic structures having both negay jmportant theoretical conclusion is the fact that under appro-
tive permittivity and permeability, and hence a NRI, have beggiaiely designed circumstances these metamaterials can exhibit

constructed originally by a group in San Diego and later by fugative group velocities or group delays, the meaning of which
Toronto group [3]-[11]. Two different approaches have beeg jiscussed later.

used for synthesizing these periodic structures. In the San Dieggrp;g paper is organized as follows. In Section II, we briefly

approach, negative index materials have been constructedgyss the meaning of negative group velocity and group delay.
using one and two dimensional periodic structures made Upiction 111 describes the dispersion characteristics and the fre-
split-ring resonators (SRRs) and metallic rods or strip wirgg,ency domain simulations of our proposed LTL. In Section IV

(SWs) [3]-{6]. These bulky structures exhibit a NRI around thge present our frequency domain experimental results for a

SRR resonant frequency and hence are inherently narrow-bagl|anar waveguide realization of the LTL. Section V contains

our final remarks and conclusions.
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becoming superluminal. However, in these cases, the grouprhe relation between the group velocity and the group delay
velocity, defined as the gradient of the dispersion relatiaa given by

[Vaw (ﬁ ] remains subluminal, thus preserving the require- I I
ments of causality and special relativity (Einstein’s causatity). Ye=_"% "5 (4)
9 Ow

Starting with Garret and McCumber’s pioneering work [15]
a large body of experimental and theoretical work has showrhere L is the physical thickness of the medium. From (4) it
that under appropriately designed circumstances the groupiclear that the sign of group velocity and group delay are the
even the energy velocity (defined as the ratio of Poynting vectssime. Moreover, in the case of a matched medium, i.e., when
to stored electromagnetic energy) can become superluminalrterface effects are negligible, the phase of the transfer function
negative [[16]-[18] and references therein]. Despite the unsép) and the propagation constartt)(are related according to
tling connotation associated with terms such as superluminalify= — L. Now, assuming the photon dispersion relatiérn
or negative group velocity, there is a simple physical meaning:.(w)/c], the group velocity can be written in its familiar form
associated with negative group delay or group velocity. It sSimpés

means that in a passive medium supporting such abnormal ve- I 1 c

locities, the peak of the transmitted pulse (though reduced in V9= 5 T8 T e (5)
magnitude) emerges prior to the peak of the incident pulse en- R R U CO e e e

tering the medium [15], [16], [19]-[21]. Notwithstanding this

abnormal behavior, there is no violation of relativistic causality . FREQUENCY DOMAIN ANALYSIS OF PERIODICALLY
since it has been shown that there are no causal connections be- LOADED TRANSMISSION LINES

tween the incident and transmitted peaks [22], [23]. The essence

of this unusual behavior can be described in terms of pulse! "€ Study of periodic filters with the help of dispersion di-

reshaping in which the medium produces a close copy of tA8rams is a subject well-examined in electromagnetism [27],
incident pulse (though reduced in magnitude) from éaely [28]. A transmission line, periodically loaded with lumped el-

partsof the input signal. As discussed in [16], [18], [21], [24]’ements, is a periodic structure that can be considered as an ef-

under no circumstances, taarliestpart of the transmitted pulse féctive medium provided that the dimensions of the unit cell
known as the “front,” precedes the “front” associated with small as compared to the excitation wavelength. Consider

input pulse. In short, from the first principle point of view, the? fransmission line loaded with a series impedaficeand a
front velocity# which is the velocity by which genuine informa-Shunt admittancé’;,. Using theABCD matrix technique [28],

tion propagates, remains luminal at all times. the complex propagation constam)df the periodic structure is

When discussing the problem of wave propagation in the fr8lven by
guency domain, it is more convenient to consider the concept _ (Zs + Y Z2) .
of group delay. This is the delay experienced by the peak ofcgshvd = cos[(a + jf)d] = coskd + j oy om kd
well-behaved wave packet as it travels in the medium. To discuss Yan ’
the subject of positive and negative group delays, consider the + o 98 kd. (6)
propagation of a narrowband, modulated Gaussian py(se
(bandwidth < carrier frequency w,.) through a medium char-
acterized by the transfer functidh(w) = |T (w)| e??. Using
the Fourier transform, the outpuf,{ and input ) are related
according to [25], [26]

Here,a andg are the attenuation and phase constants of the
periodically loaded medium, whereas,,, andd are the prop-
agation constant, the characteristic impedance, and the length
per unit cell of the unloaded line, respectively.

We can select the loading eleme#tsandYy;, in such a way
Folt) = Ag(t — 7,) cos(wet — w,T,) 1) that the resulting LTL exhibits a region of anomalous dispersion

and negative group delay in addition to having an effective NRI.

wherer, andr, are the phase and group delays given by ~ For this purpose, we load the transmission line in series with a
capacitorC, and aR, L,.C,. resonator, and in shunt with an in-

S $(w) @) ductor L. The unit cell of the proposed periodically LTL is
P w o=, shown in Fig. 1. The series impedancg ) and shunt admit-
0p(w) tance ;) of (6) are then given by
Tg = — 9 (3
w _ L |
w=we P Jwer @)

andA is a constant. When the quantityis positive, the peak of TjwCe w? - jupt —
the output pulse suffers a positive delay with respect to the input. 1 T
On the other hand, i, is negative, the peak of the output pulse Yn = ol (8)

emerges prior to the peak of the input pulse entering the medium

and the medium is said to exhibit a negative group delay. Note that the reso_nant frequency of the pardRkelC resonator
fo = 1/27/L,.C,. is also approximately the center frequency
SRecall that phase velocity is the velocity by which points of constant phagg the region of anomalous dispersion.

(e.g., nodes) of a monochromatic wave travel, whereas group velocity is the. . . . . .
velocity of the peak (envelope) of a smoothly varying wave packet (pulse) with Fig. 2 (SOIId Curve) shows the dlspersmn dlagram of the pro

relatively narrow bandwidth. posed periodic structure. The component values used to produce
4Mathematically fronts are points of nonanalyticity. the curves are indicated in Fig. 1. The characteristic impedance
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C,=5pF in the next section, and again it is seen that branch-I correctly
[ describes the wave propagation in the LTL discussed here. Fi-

Com1pF |f '2 _'7 H nally, we should note that within the second pass-band (f5),
a2 5 r= &/ 1 dn2 the dispersive behavior depicted by the branch-IV properly de-

' YN — — scribes the wave propagation for our LTL.

R,= 300 Q | At this point, a few remarks regarding the relative signs of the
Z,=150Q —/ NNV \N— % Ly=11nH phase and group velocity are in order. As Fig. 2 shows, within
|

the first passband for branch-1 and for frequendiesc f < fo

the phase and group velocities are antiparallel (have opposite

signs). This traditionally describes backward-wave propagation
Fig. 1. Unit cell of the proposed loaded transmission line which exhibits NITQQ] and is the regime under which the theoretical and exper-
as well as negative group delay. Typical component values are also shown. . . .

imental work in [3], [6]-[8] were carried out. The frequency

rangef, < f < fs of branch-I corresponds to the region of

3.5 7 anomalous dispersion for which the phase and group velocities
: are parallel and both are negative. This frequency interval des-
3.0 1 o ) £ v ignates a band for which the term negative group velocity can
L v, <0 v,<0 ) : ¥,>0,9,>0 be correctly used in connection with NRI metamaterials. The
25+ Ny f;  frequency rangd; < f < f4 is once again the region of back-
= i ward-wave propagation, whereas fbr> f5 in branch-IV, the
% 2.0 1 periodically LTL behaves as a normal medium with parallel and
£ E £, positive phase and group velocities.
;5; 15| 2hve? ‘i 7270750 ¢ So far we have only considered an infinitely long periodically
E L0y I S I a0 a4 ; LTL. Inthe following, the S-parameterwiill be used to describe
1.0 1 ”P<0’j1)l/ N”\")‘fd) * the response of a finite length periodically LTL, a unit cell of
[ S Sl | yvhich was ;howq in Fig. 1. The number of unit ce!ls (stages)
0.5 1 — — — Dispersion without resonator is monotonically mcrease(_d from one to four, and m_or_der to
r ——  Dispersion with resonator closely emulate the experimental results the transmission line
0.0 — : ey is terminated with a 5@ impedance.
-4.0 2 2.0 4.0 Fig. 3(a) and (b) show th8,; (transmission function) mag-

0 0.0
Bd per unit cell (radians) nitude and phase for the periodically LTL as the number of

_ , o , ~unit cells is increased. The frequency bands corresponding to
Fig. 2. Dispersion diagram (solid curve) of the proposed transmission '“fﬁe first and second passbands and stopbands along with the re-
S

medium exhibiting simultaneous NRI and negative group velocity in the first. . . )
passband. Dotted curve shows the dispersion of the periodic medium with@i@n of anomalous dispersion are also displayed. As expected,

the RLCresonators. within the region of anomalous dispersiofs (< f < f3), the
transmission magnitude reaches a minimum value [Fig. 3(a)],

of the unloaded line used in the simulation is 180and the and it is within this frequency band that the negative group
length of the unit cell{) is 2 cm. The first passband extends$lelay is to be observed [30]. Fig. 3(b) shows the unwrapped
from frequencyf; to f, which also spans the region of anomatransmission phase for the same range of frequencies. From the
lous dispersionf, < f < f3). The second stop-bangy( < figure itis clear that within the region of anomalous dispersion
f < f5) and second pass-banfl & f), along with the appro- (f2 < f < f3) the derivative of the phase functiog)(reverses
priate signs for the phase and group velocities in each brarthsign, hence implying the existence of a negative group delay
are also shown. and group velocity.

Fig. 2 indicates that within the first pass-barfd € f < f4) The fact that our periodically LTL, within the frequency
there are two branches that can describe the wave propagali@Adsfi < f < fi, exhibits an equivalent negative index
in our periodically LTL. These branches are marked with syn@f refraction can also be verified from Fig. 3(b). Assuming
bols | and II. A question can then be asked: which of the twa unbounded medium, i.e., neglecting the mismatehibe
branches correctly describes the wave propagation through @iféerence between the insertion phases of two LTLs of lengths
structure? To answer this we may consider the following. First; andds is given by
the dashed curve in Fig. 2 shows the dispersion relation for a
transmission linevithout the RLC resonant circuit. In [7], [8] Ap =g — ¢ =—
such a transmission line was shown to exhibit an equivalent neg-
ative index of refraction, i.e., a negative value f&, which Note that ford, > d; and normal median{ > 0), the dif-
designates branch-I as the appropriate choice. We may now cfgtence in the insertion phase calculated from (9) is negative
sider the presence of tfitLCresonator as a perturbation of thg A¢ < 0), whereas from Fig. 3(b), in the frequency bafjd<
previously studied case, and as such we once again must choose _ _
branch-I as our dispersion curve. Second, the difference in I'[Q%Tﬂ)eols'parameters were calculated ushuglentADS S-parameter simula-
insertion phase for two transmission lines with different length 8including effects of the boundaries (mismatches) only complicates the cal-
can be used to deduce the proper branch. This point is discusseadions but will not change the final conclusions.

wn(w)

(dy —dy). )
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@ Fig. 4. Calculated group delay for the periodically loaded transmission line
£ of Fig. 1 with one, two, three, and four stages. Figure only shows the region of
10.0 — f2 f3 f:i f5 anomalous dispersion and its vicinity.
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Fig. 3. (a) Calculated>; magnitude for the periodically loaded transmission
line of Fig. 1 with different number of stages. (b) Calculated unwrappgd
phase for the periodically loaded transmission line of Fig. 1 with differe
number of stages.

Fig. 5. Photograph of the 4-stage periodically loaded transmission line
connected to a vector network.

f < fa, A¢ is positive indicating an equivalent NRI. Interest-

ingly, as Fig. 3(b) implies, for the second passbafid( f5) (negative delays) as compared to shorter lines, however, at the
A¢ is negative implying a normal transmission line operatioRost of reducing the transmitted signal amplitude. In the next

Finally, Fig. 3(a) and (b) signify the fact that as the number @fection a frequency domain setup is used to verify our theoret-
stages increases, the finite length LTL more closely approxéy| predictions.

mates the dispersion characteristics of infinitely long LTL de-
picted in Fig. 2.

Fig. 4 shows the calculated group delay [(3)] for our periodi-
cally LTL with one, two, three, and four unit cells. In accordance To verify our theoretical predictions a coplanar waveguide
with the results for an infinitely long periodically LTL depicted(CPW), printed on Rogers 5880 substrate with dielectric con-
in Fig. 2, itis seen that for a finite length LTL, the group delagtant of 2.2 and thickness of 15 mil, was designed. The CPW
is negative within the frequency band < f < fs, and is line was periodically loaded with surface-mounted chips of size
positive away from the anomalous dispersion region. It must B mm by 0.5 mm, such that one unit cell was approximately 2
noted that as the length of the finite LTL is increased the amouwtm long. To perform the experiment, LTLs with one, two, three,
of negative delay (in absolute value) is also increased. In otrard four unit cells were fabricated. Fig. 5 shows a periodically
words, longer transmission lines produce more time advandd3. with four stages connected to a vector network analyzer

IV. EXPERIMENTAL RESULTS
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@ Fig. 7. Measured group delay for the periodically loaded transmission line
with one, two, three, and four unit cells. Larger negative delays are measured
for longer transmission lines.

While the overall agreement between the theoretical predic-
tions of Fig. 3(a) and (b) and the experimental results of Fig. 6(a)
and (b) is relatively good, in general, in comparing these curves
a shift of 50 to 80 MHz can be detected. For example, the experi-
mental value for the center frequency of the region of anomalous
dispersion is 1.29 GHz, whereas the theoretically predicated
value is approximately 1.37 GHz. Moreover, around the reso-
nances, more losses are predicted by the simulations as com-
pared to the experimental results.

These discrepancies can be taken into account by considering
[ P : H a few factors. First, in all our simulations we have used the

-4.0 ' = I ’ nominal values associated with the surface-mount lumped
0.5 1.0 15 2.0 25 3.0 3.5 elements provided in their data sheets. Our experience has
Frequency (GHz) shown that in many cases, in part due to the embedded
parasitics, the actual measured values can be different. Second,
(b) in our simulations the resistance and conductance associated
Fig. 6. (a) Measure8., magnitude of the periodically loaded transmissioVith the inductorL,. and the capacito€’, were ignored. The
lines with one, two, three, and four unit cells. (b) Measured unwragshed effect of this series resistance for the inductor and conductance
?ohuarsfnﬁfctglfsPer|0dlcalIy loaded transmission lines with one, two, three, af&ir the capacitor is to reduce the overall impedance of the
parallelRLCresonant circuit, hence reducing the theoretically
predicted insertion losses. Third, for the LTLs with more than
(HP-8722C). A full two-port calibration was performed and thgne stage, the resonant frequency for each stage is slightly
transmission function;) was measured. different from the others due to variations in the component

The magnitude and phase$f; are displayed in Fig. 6(a) andvalues. This nonhomogeneity was not taken into account in our
(b), respectively. The stop-, pass-, and the anomalous disperdiworetical model and in practice it broadens the anomalous
bands are also shown. Fig. 6(a) clearly indicates that, in accdispersion region, thus reducing the overall measured insertion
dance with the theoretical predictions of the previous section,lasses in addition to decreasing the slope of the phase within
the number of unit cells is increased, the magnitude of the inséris region.
tion loss also increases. Furthermore, as discussed earlier, in thEhe group delay for each truncated LTL is shown in Fig. 7.
frequency bandi < f < f4 of Fig. 6(b), the phase differenceThe frequency band of interest is the anomalous dispersion
between two LTL of different lengthd > d) is positive, im- region in which the group delay is more negative for longer
plying that the periodically LTL exhibits an effective NRI. Ontransmission lines. The measured maximum group delay for
the other hand, fof > f1, A¢ is negative, indicating a normal the four cell LTL is approximately-4 ns compared te-7 ns
transmission line behavior. Finally, in Fig. 6(b) the region ofbtained from the simulations. This difference is attributed to
anomalous dispersiornf{ < f < f3) can be identified by the the decrease in slope of the transmission phase as discussed
reversal of the curve’s slopes. above.

S21 Phase (radians)
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tions without excess resonatorf?EE Microwave Wireless Component

We present the design anq i_mplementation of a pgriodically Lett, vol. 13, pp. 5153, Feb. 2003.
LTL that simultaneously exhibits a NRI and a negative group12] M. Mojahedi, O. Siddiqui, J. Woodley, and G. V. Eleftheriades, “Pulse
velocity. The proposed transmission line structure is loaded propagation and negative group delay in metamaterials,” presented at the

Progress in Electromagnetics Research Symp., Cambridge, MA, 2002.

in Serie_s With capacitors anc_i resondRILC circuits and in ~ [13] M. Mojahedi, “Superluminal velocities in causal media,” presented at
shunt with inductors. The series-C and shunt-L configuration  the KITP Miniprogram on Quantum Optics, Santa Barbara, CA, 2002.
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