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ABSTRACT: This article presents an overview of the generalized negative-refractive-index

transmission-line (G-NRI-TL) and summarizes the design equations that determine the fre-

quencies of each of its four passbands. Specific multiband devices to which G-NRI-TLs have

been applied are discussed: both a dual-band coupled-line coupler operating at 2.7 and 4.7

GHz and a printed single-ended all-pass cell with two pairs of right- and left-handed bands

are explained. The details of how each may be fabricated in a fully-printed layout are

provided and simulated and measured results are given. VC 2012 Wiley Periodicals, Inc. Int J

RF and Microwave CAE 22:459–468, 2012.

Keywords: all-pass network; artificial transmission line; coupler; generalized negative-refractive-

index transmission-line; impedance inverter; metamaterial

I. INTRODUCTION

Formed by loading a conventional transmission line with

a series capacitor and a shunt inductor, negative-refrac-

tive-index transmission lines (NRI-TLs) have found a

wide variety of uses in microwave components. Multiband

versions of these components are possible using the Gen-

eralized NRI-TL (G-NRI-TL), another type of artificial

transmission line which forms a one-dimensional (1D)

metamaterial. First reported in Ref. [1], the G-NRI-TL has

since been applied to leaky-wave antennas, filters, power

dividers, and couplers [2–4]; its important feature is two

pairs of right-handed (forward) and left-handed (back-

ward) propagating bands separated by a stopband. These

four bands give the unit cell a single electrical length at

four different frequencies, thus enabling multiband per-

formance. As was shown in Ref. [1], if the circuit compo-

nents comprising the G-NRI-TL cell satisfy certain condi-

tions, the stopbands that exist between the alternating

right- and left-handed bands can be closed just as in the

conventional NRI-TL case. Moreover, in a more recent

development in Refs. [5, 6] the stopband separating the

two pairs of bands themselves can be closed, thus allow-

ing for all-pass behavior, while still permitting a positive

or negative transmission phase shift to be specified. In all

cases, the fabrication of these devices is straightforward,

as the underlying topology is that of a microstrip line

loaded with the requisite printed components. In this arti-

cle, we review the theory of both the G-NRI-TL and its

all-pass version and also present some of the devices to

which they have been applied.

This article is organized as follows. Section II gives an

overview of the generalized NRI-TL cell and derives the

required design equations. Section III presents a multiband

coupled-line coupler based on the G-NRI-TL. The all-pass

cell is presented in Section IV, along with a discussion of

its promising applications. Conclusions and some final

remarks are made in Section V.

II. GENERALIZED NRI-TL UNIT CELL

Equivalent Circuit and Dispersion Properties
The topology of the G-NRI-TL and its typical dispersion

diagram are shown in Figures 1a and 1b, respectively.

The unit cell consists of four pairs of L-C resonators,

each tuned to the same resonant angular frequency of

x0. There are now two pairs of right- and left-handed

bands in the dispersion diagram separated by a stopband

centered at x0. Applying standard periodic analysis to

the unit cell yields the following dispersion Eq. (1):

cosðbdÞ ¼ 1þ ZBYB (1)
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where

ZB ¼ jxLHS
2

þ 1

jx2CHS

þ jxCHP

2
þ 1

jx2LHP

� ��1

YB ¼ jxCVP þ 1

jxLVP
þ jxLVS þ 1

jxCVS

� ��1

The stopbands at x1 and x2 may be closed under the

condition
LHSCHP ¼ 4LVSCVP (2)

Equation (2) results in the series and shunt branches

being short- and open-circuited simultaneously, leading to

propagation with a zero transmission phase (i.e., the bd ¼ 0

frequencies).

Bloch Impedance
In the limit bd�1, the Bloch impedance of the unit cell is

given by

ZBloch ¼
ffiffiffiffiffiffiffiffi
2ZB
YB

r
(3)

which, under the closed stopband condition of (2) simpli-

fies to

ZBloch ¼
ffiffiffiffiffiffiffiffi
LHS
CVP

r
(4)

Therefore, with the appropriate choices for the circuit

element values, the G-NRI-TL can be matched to any ar-

bitrary system impedance.

Design Principles
In Ref. [6], it was shown how a single phase shift per unit

cell (bd¼u) could be specified at four different angular fre-

quencies x1, x2, x3, and x4. The entire derivation is not

repeated here, but the final design equations are given below.

The element values are given by

CVP ¼ A

C1

LVP ¼ 1

xVP
2CVP

LVS ¼ 1

xVPVS
2CVP

CVS ¼ 1

xor
2LVP

LHS ¼ q2CVP

CHS ¼ 1

xVP
2LHS

CHP ¼ 4LVSCVP

LHS

LHP ¼ 1

xor
2CHP

(5)

where

ZBloch ¼
ffiffiffiffiffiffiffiffi
2ZB
YB

r
¼ q

A2 ¼ 1� cosð/Þ
2q2

xor
2 ¼ C3

C1

xVP
2 ¼ C0C1

C3

xVPVS
2 ¼ C2 � C0C3

C1

� C1

C3

� �

CVP ¼ A

C1

(6)

and

C0 ¼ x1x2x3x4

C1 ¼ x4 � x3 þ x2 � x1

C2 ¼ x1x2 � x1x3 þ x1x4 þ x2x3 � x2x4 þ x3x4

C3 ¼ �x1x2x3 þ x1x2x4 � x1x3x4 þ x2x3x4

(7)

The details of how the G-NRI-TL is constructed in

microstrip technology and how the required circuit values

are synthesized by printed components will be discussed for

each of the particular applications in the following sections.

Dual-Band Coupled-Line Coupler
A single-band coupled line coupler comprising a micro-

strip (MS) transmission line and a G-NRI-TL was first

reported in Ref. [4], and in further analysis in Ref. [7], it

was shown that such backward coupling occurs at the fre-

quency where the dispersion curves of the isolated

Figure 1 (a) Circuit diagram of G-NRI-TL unit cell and (b)

Sample dispersion diagram of G-NRI-TL cell with closed stop-

bands at x1 and x2. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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microstrip line and of the left-handed propagation band of

the NRI transmission line intersect. An interesting prop-

erty (variously reported in Ref. [7–9]) was the higher cou-

pling level possible in the MS/NRI-TL coupler compared

with traditional microstrip edge couplers of similar dimen-

sions. In Ref. [10], it was observed that one of the modes

in the stopband exhibits negative group velocity despite

the coupler being formed from an ideally lossless circuit;

the observed negative-group-delay allows the coupler to

offer inherent phase equalization attributes.

In this section, we show how the two left-handed

bands of the G-NRI-TL are exploited to create a dual-

band and fully-printed MS/G-NRI-TL edge coupler [11].

Previously, dual-band couplers were based on quadrature

or rat-race topologies (e.g., [12–14]) and usually relied on

NRI-TLs to synthesize 90� line lengths at two different

frequencies. As in Ref. [3], this concept could be

expanded to include generalized NRI-TLs, thereby yield-

ing four operating bands; however, this approach may

lead to a larger board area than that required by a

coupled-line coupler. An additional disadvantage of the

quadrature topology is its potentially higher loss: a multi-

band quadrature coupler requires at least four G-NRI-TL

cells, whereas the edge coupler designed here uses three.

It is desirable to limit the number of G-NRI-TL cells, as

they typically comprise many fine features that increase

the overall conductor losses. As will be seen, good per-

formance is obtained from this new design, as it either

meets or exceeds previously reported results.

Equivalent Circuit Design
The circuit diagram of the unit cell used in the G-NRI-TL

section of the coupler is shown in Figure 2. Derived from

the p-model of a single-band NRI-TL equivalent circuit, it

is a modification of the T-model cell presented in the pre-

ceding section but still possesses two pairs of right- and

left-handed propagation bands. The advantage of this lay-

out lies in its single CHP/LHP resonator, which reduces

fabrication complexity of its printed counterpart. Further-

more, a true p-model circuit would have the CHS/LHS res-

onators immediately on either side of the central element.

Here, they are moved to the cell terminations, as the

length of transmission line required to synthesize both the

CHP and CHS capacitances means they have to be spaced

relatively far apart; to reduce the overall cell length, the

shunt elements are incorporated into this space. The

desired circuit values for the coupler are given in Table I.

Printed Unit Cell
An illustration of the fully printed cell is given in Figure 3

with the corresponding circuit elements and dimensions la-

beled. It should be noted that LHS and CVP are distributed

elements forming the transmission line. The capacitances

CHS and CHP are synthesized by parallel plates which yield

a constant capacitance over a larger bandwidth than would

an interdigitated capacitor. As shown in the figure, these

parallel plates overlap on one side of the trace only; on the

other side, they are directly connected to the main line by

vias through the substrate. Therefore, this unit cell com-

prises three metallization layers (including the ground) and

two substrate layers; the LVP vias run from the top-most

layer to the ground. Each printed circuit component was

simulated individually in HFSS and its geometric parame-

ters were varied to match the frequency response to that of

the corresponding circuit; the components were then

assembled to form the complete unit cell. The final dimen-

sions of the printed cell are given in Table I.

Multiconductor Transmission Line Analysis
A single unit cell of this coupled-line coupler may be ana-

lyzed using multiconductor transmission line (MTL) anal-

ysis [15]. Figure 4 shows the equivalent circuit for the de-

vice where there are two lines representing the right-

handed microstrip line and generalized NRI-TL cell,

respectively. The coupling mechanism is accounted for by

mutual inductances Lm on both signal lines and by a mu-

tual capacitance Cm between the lines [16].

The propagation properties for the overall cell can be

determined from its ABCD matrix. For the 4-port network

illustrated in Figure 4, this ABCD matrix takes the form

V11

V21

I11
I21

2
664

3
775 ¼ TUnitCell

V12

V22

I12
I22

2
664

3
775 (8)

where TUnitCell is found by cascading ABCD matrices of

each of the individual elements; these expressions are not

given here, but may be found in Ref. [11].

Figure 2 Equivalent circuit for a modified G-NRI-TL unit cell.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

TABLE I Summary of Circuit Parameters and Printed
Cell Dimensions

Circuit Values Printed Cell Dimensions

CHS 0.682 pF CHS Overlap 0.8 mm

LHS 3.64 nH CHP Overlap 0.4 mm

CHP 0.928 pF LHP Gap 1.4 mm

LHP 2.23 nH LHP Trace Width 0.2 mm

CVS 0.45 pF CVS Width/Length 3 mm/3.5 mm

LVS 4.64 nH LVP Length 2.3 mm

CVP 0.72 pF LVP Width 0.3 mm

LVP 2.27 nH LVS Length 4.8 mm

LVS Width 0.3 mm

Trace Width 5.2 mm

Layer 1 Height 1.524 mm

Layer 2 Height 0.127 mm

Substrate er 2.2

Microstrip line width 4.8 mm

MS/G-NRI-TL Separation 0.4 mm

Generalized Negative-Refractive-Index Transmission Lines 461
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From Figure 4, the overall cell ABCD matrix is

TCell ¼ TSeriesTYTCRTHPTLMTCMTCMTLMTHPTCRTYTSeries

TCell ¼
AF BF

CF DF

� �
ð9Þ

As described in Ref. [17], the dispersion equation for

this lossless, reciprocal, and symmetric unit cell is found

from

detðAF � coshðcdÞIÞ ¼ 0 (10)

where c is the propagation constant through the unit cell

of length d. The resulting expression for the propagation

constant takes the form

cd ¼ a6jb (11)

where the plus sign is associated with the so-called cC
mode which carries power forward on the microstrip line

and backward on the G-NRI-TL; the reverse holds true

for the minus sign and the cp mode.

Using Eq. (10), the dispersion diagram for the coupler

was plotted and is shown in Figure 5. The circuit elements

of the microstrip line, LR ¼ 2.72 nH and CR ¼ 1.1 pF,

were chosen to fit both the dispersion curve and character-

istic impedance of the line found from full-wave simula-

tions. In Figure 5a, there is no coupling between the MS

and G-NRI-TL lines to identify more easily the dispersion

curves of the isolated components; in Figure 5b, coupling

is accounted for and the dispersion results calculated from

Ansoft HFSS’ Eigenmode solver [18] are superimposed

on the figure. The circuit component values are as speci-

fied in Table I, whereas the mutual inductance and capaci-

tance values were determined to fit the curves, yielding

values of Lm ¼ 1.5 nH and Cm ¼ 0.15 pF. It is seen that

good agreement between the two methods is obtained.

The graph shows the expected band splitting where the

microstrip mode dispersion curve intersects the left-

handed bands of the G-NRI-TL cell, and therefore, back-

ward-wave coupling is anticipated at � 2.5 and 4.4 GHz.

Simulated Coupler Performance
HFSS was used to analyze the three-cell coupler. As a

large number of parametric sweeps were conducted during

the optimization process, perfect conductors were assumed

to reduce the computational load. However, substrate

dielectric losses (tan d ¼ 0:0009) were included in the

simulation. All ports were terminated with 50 X loads.

Figures 6 and 7 show the simulated S-parameters as well

as the insertion loss (IL) calculated from

IL ¼ �10 log S11j j2 þ S21j j2 þ S31j j2 þ S41j j2
� �

(12)

The coupling frequencies are well predicted by the an-

alytical and eigenmode solution methods. The peak cou-

pling magnitude at the lower and upper bands is �3.5 and

�2.2 dB, respectively, whereas the return loss (S11) and

isolation (S41) reach � 20 dB. The insertion loss is less

Figure 3 Implementation of a generalized NRI-TL circuit as a

fully-printed unit cell for an edge coupler. (a) Top view where

dotted lines show areas of overlap for the parallel-plate capacitors

and solid black areas denote underlying parallel plates. (b) Side

profile view showing CHS and LVP elements with dimensions

exaggerated. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 4 (a) MTL schematic with ports and voltage and current

conventions labeled. (b) Equivalent circuit for MTL coupler unit

cell. For clarity, only half the unit cell is shown; it is symmetric

about the right-most vertical axis. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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than 0.2 dB over the lower coupling band and less than

0.5 dB over the upper band.

Measured Results
The fabricated coupler is shown in Figure 8. It is manu-

factured on a Rogers RT/Duroid 5880 substrate (er ¼ 2.2,

tan d ¼ 0:0009) with a 0.127 mm top layer and a 1.524

mm bottom layer. Measured results are given in Figures 9

and 10 and the coupler shows good agreement with the

theoretical performance simulated in HFSS. Peak coupling

levels of �3.5 and �4.4 dB are observed at 2.7 and 4.7

GHz, respectively. The return loss is better than 20 dB

and the isolation over the two coupling bands is also bet-

ter than 20 dB; both these parameters either meet or

exceed those obtained in Refs. [16, 3], and a significant

improvement in the isolation is obtained over that reported

in Ref. [19]. The directivity of this coupler is found to be

� 20 and 17 dB at the lower and upper bands and is very

similar to the results of Ref. [13].

The insertion loss calculated from measurements for this

coupler over the lower band (a 62 dB amplitude balance

bandwidth of 2.6–2.8 GHz) is usually below 1 dB although

reaches 1.4 dB at the band edge; over the upper band from

4.65 to 4.8 GHz, the maximum loss is 1.9 dB but is also

typically around 1 dB. These results compare favorably

with previous coupler designs: in Ref. [12], a dual-band

NRI-TL rat-race coupler had similar losses of 0.9 dB,

whereas in Ref. [3], a multiband hybrid coupler based on

another version of generalized NRI-TLs suffered insertion

losses ranging from 1.6 to 4.7 dB; finally, a dual-band

branch-line coupler using only right-handed transmission

lines had a maximum insertion losses of 1.3 dB in Ref. [13].

The upward shift in coupling band frequencies can be

attributed to errors introduced during the complex fabrica-

tion process. The drop in coupling magnitude of 2.2 dB at

the upper band may be a result of air gaps between the top

Figure 5 Dispersion diagrams for (a) isolated microstrip TL

and G-NRI-TL and (b) dispersion diagram for coupled MS/G-

NRI-TL showing analytical solution (solid line) and HFSS full-

wave simulation (dots). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6 Simulated S-parameters for 3-cell edge coupler show-

ing magnitude for coupled ( ), through ( ), and calculated

insertion loss ( ). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 7 Simulated S-parameters for 3-cell edge coupler show-

ing magnitude for reflection ( ) and isolation ( ). [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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and bottom layers which could not be completely eliminated

and were not accounted for in the simulation. Furthermore,

the length of the shorted stubs was slightly increased as the

vias were soldered in place, thus contributing small errors to

the final fabricated version; similar difficulties afflicted the

connecting vias that were part of the CHS and CHP elements.

A comparison of the measured and simulated results is

given in Table II. Given both the fabrication complexity

and the limits of printed components operating over two

widely spaced frequency bands, the correspondence between

theoretical and measured results is good.

III. All-Pass G-NRI-TL

The quad-band G-NRI-TL cell discussed previously [and

shown again in Figure 11a for reference] has been seen to

have a stopband at x0 separating the two pairs of right- and

left-handed bands. Converting this single-ended circuit to a

differential lattice topology [6] eliminates this stopband and

creates an all-pass response with low group delay, while

preserving the multiband phase characteristics. The draw-

back of such an approach is that it is difficult to implement

as a printed structure due to the small dimensions of the

underlying differential transmission line. Moreover, for most

applications a single-ended, rather than differential, topology

is preferred. Although a lattice arrangement of the standard

NRI-TL using CPS lines was reported in Ref. [20], extend-

ing this to the generalized version would be difficult for the

reasons outlined above. We solve these fabrication

Figure 8 Photograph of fabricated edge coupler with port conventions labeled. The NRI-TL line is 5.2 mm wide, the microstrip line is

4.8 mm wide and the line spacing is 0.4 mm. Including the feed lines, the overall dimensions are width ¼ 30 mm, length ¼ 90 mm.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9 Measured S-parameters for 3-cell edge coupler show-

ing magnitude for coupled ( ), through ( ), and calculated

insertion loss ( ). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 10 Measured S-parameters for three-cell edge coupler

showing magnitude for reflection ( ) and isolation ( ).

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

TABLE II Summary of Measured and Simulated Results

Parameter Simulated Measured

Coupling Bands (GHz) 2.4–2.7/4.4–4.7 2.6–2.8/4.65–4.8

Maximum Coupling (dB) �3.5/�2.2 �3.5/�4.4

Maximum Return Loss (dB) 25.17/19.6 21.9/30.6

Maximum Isolation (dB) 27.9/24.3 23.2/21.6

Maximum Directivity (dB) 22.9/19.1 19.7/17.1

Typical Insertion Loss (dB) 0.2/0.5 1.0/1.0
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difficulties using a bridged-T circuit to create a microstrip

all-pass single-ended G-NRI-TL.

Lattice to Bridged-T Transformation
As was demonstrated in Ref. [6], if the stopbands of the origi-

nal cell were closed (i.e., those at x1 and x2 of Fig. 1), it

could be converted into an all-pass type using the lattice to-

pology of Figure 11b. Figure 11c shows the dual version of

this lattice, which is necessary to complete the transform as

described below. To make this last all-pass circuit suitable for

fabrication using microstrip technology, a transform was

applied in which the lattice network (Fig. 11d) becomes the

bridged-T circuit of Figure 11e [21]. The final circuit diagram

is shown in Figure 11f. Note that this transform requires par-

allel impedances in the series lattice branch, which only

appear in the dual lattice of Figure 11c and not in the lattice

layout of Ref. [6]. To create this all-pass single-ended circuit,

the element values have to meet two conditions: first, the

stopband of the original cell must be closed, and second, the

values must be chosen so that the impedances of the lattice’s

series and shunt branches take the form given in Figure 11d.

For the circuit of Figure 11a, the closed-stopband condition is

LVSCVP ¼ LHSCHP (13)

The required series and shunt impedance equality is

jxLHS þ 1

jxCHS

¼ jxLVS þ 1

jxCVS

(14)

So, assigning LVS ¼ LHS and CVS ¼ CHS to satisfy

(14), the closed-stopband condition then requires CVP ¼
CHP. For simplicity, all capacitances in the circuit were set

to 0.6 pF and all inductances were set to 1.3 nH, thus

ensuring all conditions are met. Figure 12a shows the cal-

culated dispersion diagrams for the standard G-NRI-TL, for

its lattice equivalent, and for the bridged-T all-pass net-

work; Figure 12b shows the S11 and S21 parameters for all

three circuits, although the magnitude of the S-parameters

is identical for the lattice and its bridged-T equivalent, and

so those curves overlap. It is observed that while the origi-

nal G-NRI-TL cell has a transmission zero at 5.8 GHz, the

bridged-T circuit displays all-pass behavior. Furthermore,

as the dual of the original lattice has been used in its deri-

vation, the progression of the bands is reversed compared

with the original T-network (i.e., as frequency increases a

forward-wave band is now followed by a backward-wave

band). The characteristics of the dual lattice are identical to

that of the bridged-T cell and are not shown on the graphs.

Printed All Pass Unit Cell
The bridged-T network was designed in HFSS using a

Rogers R3003 substrate (er ¼ 3, tan d ¼ 0:0013) and is

shown in Figure 13. To make fabrication possible, the

bridge section is printed on a thin layer of the same sub-

strate and suspended above the main line by a foam layer.

The circuit components LHS and CVP are synthesized by

the underlying transmission line. The figure shows the

correspondence between the printed components and each

of the remaining circuit elements. Each element was simu-

lated in isolation in HFSS to find the dimensions that best

matched the desired circuit response; the overall struc-

ture’s geometry was then optimized around these values.

Figure 14 plots the magnitude and phase of the

S-parameters obtained from full-wave simulation in HFSS.

Figure 11 Steps and intermediate circuits necessary for the transformation of a quad-band single-ended cell into an all-pass bridged-T

circuit: (a) original quad-band cell; (b) all-pass quad-band lattice; (c) dual version of lattice necessary for transform; (d) and (e) required

transform between lattice and bridged-T circuit; (f) final all-pass quad-band bridged-T network. The dashed lines in the lattice networks

indicate series and shunt impedances identical to those shown explicitly in the respective circuits.
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To accommodate an anticipated fabricated version, the cell

is longer than that actually required by the circuit-based

approach and so the bands are shifted lower in frequency

as compared with those in Figure 12. There are two 180�

points and one 0� point at approximately the frequencies

predicted by the circuit model; note that the response

begins to degrade at higher frequencies due to the limited

bandwidth of the printed components. Nevertheless,

all-pass behavior is achieved over a very wide bandwidth.

Quad-Band Impedance Inverter
One potential application for the all-pass quad-band unit

cell is as a quad-band impedance inverter. Here, a 100 X
load is transformed to a 25 X resistance at the input at

four different frequencies, corresponding to the points,

where the electrical length of the cell is 90�. Figure 15

plots the S11 response from full-wave simulation where

Port 1 has been renormalized to an impedance of 25 X. It
is seen that the impedance is indeed matched at the fre-

quencies expected from Figure 14.

Figure 12 (a)Dispersion curves and (b) S-parameter magni-

tudes for G-NRI-TL T-circuit ( ), its lattice equivalent ( ),

and for Bridged-T circuit ( ). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 13 Schematic of printed all-pass cell. For clarity, the

substrate layers are not shown and the height of the air gap is

exaggerated: w ¼ 4 mm, h ¼ 0.381 mm, CHS ¼ 2.25 mm, LHP ¼
2.2 mm, CHP ¼ 1 mm, LVP radius ¼ 0.4 mm, finger gap ¼ 0.1

mm, cell length ¼ 14 mm. The bottom layer has a thickness of

1.524 mm and the top layer of 0.127 mm. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 14 Simulated S11 magnitude ( ), S21 magnitude

( ) and S21 phase ( ). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 15 Simulated reflection coefficient (S11) for the quad-

band impedance inverter. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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IV. CONCLUSIONS

Generalized negative-refractive-index transmission lines

have shown their value in creating multiband microwave

components. A dual-band coupler has been fabricated

which operates at 2.7 and 4.7 GHz, and an all-pass cell

with a simulated pass-band from 1 to 12 GHz has been pre-

sented, leading to a quad-band impedance inverter. This

single-ended all-pass version of the G-NRI-TL is a particu-

larly interesting development and we are currently explor-

ing several methods of fabrication to exploit its advantages.

Implemented in printed microstrip topology, G-NRI-

TLs reduce the cost of a device and simplify its fabrica-

tion process as compared with one produced with multiple

lumped elements. Although a challenging aspect in their

use is the design of printed structures that can operate

over large bandwidths, the devices we have created have

displayed good agreement with theoretically predicted

behavior. The demand for greater data rates in mobile

devices, the opening of new frequencies in the RF spec-

trum, and the ubiquity of potential applications mean that

these G-NRI-TLs are well-suited to become indispensable

components in microwave transceiver systems.
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