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Abstract — The analytical characterization of coupled Telegrapher’s equations for a continuous transmissian lin
composite righ/left-handed ladder networks is presentecroblem.
Relying on closed-form polynomials, the two-port repre- As long as the spatial period of loading lumped
sentation of the composite right/left-handed ladder netelements is electrically short, the resulting structure ca
work is obtained in a rational form, leading to identify its be regarded as a finite periodic half-T ladder network
poles and residues and, thus, the state-space macromo@dTLN) which is the best candidate to model composite
of the network. The proposed macromodel is successfullyight/left handed structures.
validated by comparing the numerical results with those  HTLNs have been widely used in transmission lines
obtained using conventional frequency domain techniquesiodeling [6] under the hypothesis that electrically small
of finite periodic structures. sections of lengthA/ are assumedX/ < A4, A\, being
the guided wavelength [3]). In the case of artificial CRLH
Keywords:Metamaterials, composite righ/left-handed lad-structures obtained by periodically loading transmission
der networks, transient analysis, rational macromodelindines or by cascading lumped elements, half-T ladder
networks represent their exact model [7, 8].

While a great attention has been devoted to
frequency-domain analysis of composite right/left handed
structures [3, 9], their time-domain analysis is a reldyive

Over 30 years ago Veselago [1] theoretically investi-new issue. The fact that transient analysis provides infor-
gated materials with simultaneously negative permitivit mation about the system response over many frequencies,
and permeability, or left-handed (LH) materials. Recentlymakes it attractive to investigate metamaterials progerti
a transmission line approach of left-handed (LH) materialsn a fast and efficient way. In addition, non-linear termi-
has been presented in [2, 3] where an equivalent circuit fofations call for time-domain macromodels.

a left-handed transmission line (LH-TL) is proposed. Such  Time-domain transmission line matrix (TLM) mod-
equivalent circuit has been also extended to compositgling of metamaterials with negative refractive index
right/left handed (CRLH) metamaterials in [4]. has been derived in [10]. A composite right/left-handed

The low insertion loss and broad bandwidth of theequivalent circuit FDTD method is presented in [11]
LH-TL make it an efficient candidate for microwave and applied to investigate several transient and refractiv
frequencies. Due to their negative propagation constanhhenomena occurring at the interface between a CRLH
LH-TLs exhibit phase advance instead of a phase delaynetamaterial and a purely right-handed (PRH) structure.
as the conventional right-handed transmission lines. Thisore recently, a stability analysis of 1-D double negative
characteristic leads to new designs for many microwaveransmission lines is presented in [5] where a method of
circuits, antennas and couplers. moments (MOM) [12] approach is employed to perform

Artificial CRLH structures are periodic networks time-domain computations.
whose unit cell consists of a conventional transmission  In [13] a systematic approach to composite righ/left-
line which is electrically short and loaded with series andhanded ladder networks (CRLH-LNs) has been presented.
shunt elements such that it exhibits a CRLH behaviorThe aim of this work is to extend such a methodology
Typically the transmission line is loaded by longitudinalto coupled composite righ/left-handed ladder networks.
(interdigital) capacitances and transverse (short-stub) Metamaterial coupled-line couplers have the advantage
ductances. As a consequence, the analysis of such type of providing arbitrary coupling level in addition to the
structures requires modeling either the continuous natureroad bandwidth of conventional coupled-line couplers.
of the transmission line or the discrete behavior of lumped\ comprehensive frequency-domain analysis of this type
elements. In [5] this task is carried out by solving theof structures is presented in [14] where mechanisms of

I. INTRODUCTION
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coupling are derived in the framework of generalizedCRLH structures is desirable and useful to designers. The
transmission lines. main difference with respect to the continuous transmis-
Based on the ladder structure of the system, a rigorsion line model relies on the fact that the half-T ladder
ous analysis of coupled CRLH-LNs is developed, whichnetwork is a periodic structure which is characterized
is based on closed-form polynomials, leading to a rationaby having any transfer function to be written as rational
macromodel of the transfer functions of the system. In thdunction. Obviously, standard multiport network theory
recent years new and effective techniques have been dean be used to analyze the ladder network in the frequency
veloped to generate macromodels from frequency-domaidomain [19] but such an approach is not suitable to
response of electromagnetic systems [15—-17]. CRLH-LNorovide a time-domain macromodel.
structures can be regarded as periodic and finite; as a
consequence, any electrical quantities of the CRLH-LNSs, R Lq C
such as voltages and currents, can always be expressed in ¢ app, Y YV ” o
a rational form due to the RLCG nature of the network.
This target is achieved by using closed-form polynomials |
depending on the cell matri¥{(s) = Y2(s)Z1(s) of R
the ladder network. Polynomial coefficients areriori
analytically computed and stored. The resulting rational o a
macromodel is the exact representation of the CRLH-

LN and can be used for both time and frequency-domaiﬁ:ig- 2. Elementary half-T cell for a composite right/left
analysis of coupled CRLH-LNs. handed ladder network (CRLH-LN).

The paper is organized as follows: Section Il presents
the polynomial model of CRLH ladder networks leading To the aim to develop the closed-form macromodel
to a rational multiport representations of coupled CRLH-of a CRLH-LN, is useful to define the unit cell impedance
LNs, described in Section I, which is suitable for an effi- and admittance in the Laplace domain,

cient computation of poles/residues and, thus, for a time- 1 s2LrCr + sRCp +1

domain macromodel. Section IV presents the computatio&1 (s) = R+ sLgr+ o -

of the dispersion diagram and a comparison with that of 1L 2L C+ LGL +1

CRLH-TLs. Numerical tests are carried out and reportedy, (s) = G+ sCgp+ — = LVR T S LL 7

in Section V. The conclusions are drawn in Section VI. sLr sLi (1a)
Il. POLYNOMIAL MODEL OF CRLH-LNS which are rational functions.

In [20] it is shown that, in the hypothesis of a

Composite right/left handed transmission lines can bgniform, linear and time invariant HTLN, the voltage

modeled as the cascade ofelementary identical half-T  at the generic nodes in the Laplace-domain can be
cells, as shown in Fig. 1, characterized by both longi-expressed as,

tudinal and transversal inductances and capacitances [4]. nep
_ BT (K ()

In addition, longitudinal resistances and transverse con- Vi (s) = e Vin (3) 2)
ductances are added to take the ever existing losses into y (K (s))
account. where the cell factoi (s) is,
K (s) =Ya(s) Z1 (s) ®3)
and
n—p_ .
Py (K () = Y bjn—pK (5) @
§=0
Fig. 1. Half-T ladder network. is a polyrjomial mK (s), of ordern — g with 0 < 8 < n.
Polynomial coefficientd are generated as [21],
. _— . i _(itg \_ ([ itJ
The resulting structure is high-passfilter mimick- bij = ( j—i ) = ( 2 ) ®)

ing a composite right/left handed transmission line. The
equivalent circuit shown in Fig. 2 represents a possibl
model of a cell although other topologies can be consid-

hich leads to the generation of the following triangle
nown as DFF triangle [20], shown in Table II.
The general expression of the longitudinal branch

ered [2]. rrentl, i
The transmission line model can still be adoptedCu entl (s) is,
under the hypothesis that the unit cell is electrically $mal 1 PP+ (K(s))

[2, 18], but a rigorous analysis of practical realizatiofis o Ior(s) = Z1(s) P (K(s)) Vin (5) ©
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Table 1. DFF triangle.
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where the corresponding roots are,
n B+ . T gGl L
PIOHK(s) = Y cinprn K (s) (D) Cri
j=0

& 0

is a polynomial inK (s) of ordern — 5 + 1 and the
coefficientsc are obtained as [21], Fig. 3. Elementary half-T cell for a coupled composite

o o right/left handed ladder network (CRLH-LN).
— 1+j+1 _ t+7+1 ®)
I j—i 2j +1

leading to the triangle known as DFFz triangle [20], ang capacitance matrices, respectively. These latter are

shown in Table II. diagonal matrices.

Table 2. DFFz triangle. In the muIt|<j|menS|onaI case, the cell factéf(s)
becomes a matrix and can be defined as,

gj 0 1 2 3 4 K (s) =Y (s) Z1 (s). (10)
1 1 1 The polynomialsP]* (K (s)) and P?*(K(s)) become
2 1 3 1 polynomial matrices,
3 |1 6 5 1 .
4 1 10 15 7 1 Pl (K(s)) = ijij (s) (11a)
......... =
It is worth noticing that polynomial#;*(K (s)) and PI'(K(s)) = Y cjnK' ™ (s).  (11b)
P"(K(s)) allow to describe any kind of finite periodic j=0
structure, provided the cell factoK(s) is given. In When general terminal conditions need to be consid-
particular it can be used to model CRLN-LNs. ered, the chain parameters [6] of the half-T ladder network

can be obtained as,
I1l. COUPLED CRLN-LNS

n—1
d = b:in1K7(s) =P 1 (K(s)),(12a
As stated before, no assumption is done either on 1(s) ; st B (5) b (K(s)).(122)
the cell factor K(s) as for the nature of longitudinal !
impedanceZ, (s) and transverse admittand&, (s) or its - - it .
dimension; hence, the extension to the multidimensional £12(8) = — chv"K ()] ¥ (s) (12b)
case is straightforward. To this aim, let us considér =0
. o n —1
coupled CRLH-LNs (Fig. 3 shows an example with= = —PI(K(s) Y5 (s),
2) and define the longitudinal impedance and transverse n _
admittance matrices as, ®oi(s) = - chmK”l(s) -Z7'(s) (12c)
1, =0
Zils) = RtsLpt 0y (%) — —PIK() Z7(9)
| n .
Yals) = GHsCrtli, OB @y(s) = b K/(s) = PP (K(s).  (12d)
where R and G are diagonal matrices containing the /=0
resistance and conductance of each half-T de}, and Polynomials P (K (s)) and P (K(s)) can be

Cr are the right-handed inductance and capacitanctactored into zero-pole pairs. Their factorization is ac-
matrices andL; and C'y are the left-handed inductance complished by using the poles given by the expressions
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presented in [21],

n—1

P (K () = [] (K(s) = ujn1Un)

j=1

(13a)

n—1

P (K(s) =[] (K(s) = vjn1Un) - K(s), (13b)

j=1

whereU y is the identity matrix of ordertV and poly-
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which can be rewritten as,

nl:[l det{K
j=1

5) — vj,n,luN} -deflY5(s)] =0. (18)

The poles of the CRLH-LN can be identified as,

1) the roots of polynomial,

detlY5 (s)]. (19)

nomial rootsu; ,, andv; , can be computed analytically 2) the roots of polynomials

as,
2i — 1 & detY2<S)Z1(S)—Uj7n_1UN , J=1--n—1.
Ujpn = —4 gin? |:((2'7 1)) §:| (143.) [ } (20)
T Residues of theé-th pole can be obtained as,
Vjm = —4 sin? { 5} (14b)
Ry = (21)
forj=1---n "
The knowledge of the chain parametdrsallows to H (K(s) = ujn1UN) - (s = pi)ls=p,
obtain the rational form of any other two port matrix J=1
representation. Th& (s) matrix entries can be evaluated s
in terms of P (K (s)) and P* (K (s)) polynomials as, adj | [] (K(s) = vjn-1Un) Ya(s) | /P(s)
_ i=1
Zu(s) = P (K(s): ( ( (s)) - 27'(s)] " (152) Ruy, =
Z12(s) = — (Pc” (K(s) (5)) (15b) |l
Zal) = ~(PPORG)-Z70) . (59 20 | L =m0y Y0 /P6)
j:
n— n -1
Zn(s) = B 1<K<s> (P (K () 215 R (5 = PO)lomprs (22)
(15d) Ry =
The previous expressions (15a)- (15d), taking into (et
account thatK (s) - Y, *(s) = Z, (s), can be factored in adj | | [ (K(s) = vjn1U) | Ya(s)| /P(s)
the following way, j=1
n (5 - pi)|s:pm (23)
Zu(s) = J[(E(s)=ujnaUn) Ry =
j=1 n—1
-1 [T (K (s) = wjn-1UN) - (5 = pi) o=,
(K (s) = vjn1Un) - Y2 (s) |(16a) =t
j=1 n—1
Zn(s) = Zi -adj [H (K(s) = vjm—1UN) Y2(s) | /P(s),(24)
1 7j=1
n—1
= — (K (s) —vjm_1) Yo (s)| (16b) fori=1.--Pz, beingPz the total number of poles of
=1 the Z matrix entries and adj indicates the adjugate oper-
n_1 ator. The reciprocity of the LN guarantees that matrices
Zxn(s) = ] (K (s)=um1Un) Rori = Razie
=1 A. Remarks

—1

|: ] (K(S)fvjn 1UN) ( ) (16C)

If we consider two identical coupled HTLNs some
observations can be addressed when computing poles of
equation (20). In fact, in this case, the diagonal elements

The poles of the open-ended CRLH-LN are obtaineddf all matrices are identical and exists a unique nonsingu-

as the zeros of the following equation,

n—1

P(s) = det {H (K (s) —vjn1Un)- Y3 (s)

=1

(17)

lar transformation which diagonalizes both matrideg
and C'r. As stated before, matriceR, G,C, and L,
are already diagonal. The transformation is,

T_%“ _11] (25)
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Hence, multiplying the original matri¥'s (s) Z; (s)  whose residues significantly impact the frequency re-
in equation (20) on the left by ! and on the right by,  sponse are retained. This two-step process leads to gen-
the determinant remains the same sifités nonsingular erate a reduced order model of the CRLH-LN.
and can be written as, The poles-residues representation of the impedance

1 B matrix Z allows to generate a macromodel in the state-
det{T Y5 (s) Z1(s) T = vjnaUs] = (26) space form, leading to a set of first order differential

det{ <R+ T LT + ECL1> 27) equations which reads,
S
d
—x(t) = Ax(t)+Bu(t
. <G+TlcRT+ ELLI) *’Uj_’nflUQ:I. dtx( ) X( ) u( )
s y(t) = Cx(t)+Du(t), (30)

From equation (26), it is worth noticing that poles of D o o axa
equation (20) can be computed as the roots of two quarti?hereA € R”%, B R"4, C ¢ R”F, D € R™, pis

equations, the number of states andis the number of ports. Since
the impedance matrix representation is used, the input and
det [Zlcff% - ’Uj7n—1:| =0 (28a)  the output vectorss () andy (¢) respectively, correspond
.. to port currents (¢) and voltage (t), respectively. The
det [ZldYM - Uj,n—l} = 0 (28b)  set of first order differential equations (30) are completed
Where with the terminal conditions and solved numerically.
) 1 It is to be remarked that the proposed macromodeling
Zie = R+s(Lr+Ly)+ —CL‘l, (29a) methodology can be used for longitudinal impedance
. ‘i Z1(s) and transverse admittan®,(s) different from
Yoo = G+s(Cr+Cun)+ ngl, (29b)  the series ones of equations (9a) and (9b) (e.g. see [2]).
. 1,
Zu = B+slr—Lu)+ 0, (290) IV. DISPERSION RELATION OF THE
Vou = G+S(CR_CM)+§L217 (29d) PERIODIC CRLH-LN

and Lr, Ly represents the self and mutual inductance  The dispersion relation of a CRLH-LN is obtained

of the lines, Cr,Cy represents the self and mutual by applying periodic boundary conditions to the unit cell

capacitance of the lines, respectively. represented by itsABC'D matrix. As a consequence,
Hence, the poles of the coupled CRLH-LN can bethe output voltages and currents are related to the input

computed by solving two quartic algebraic equations corvoltages and currents by the propagation territ’, being

responding to two separate CRLH-LNs, characterized by the length of each cell. Hence, in the multidimensional

common and differential mode right-handed parameterssase, according to the Bloch-Floquet theorem, the follow-

The quartic equations (28) can be analytically solvedng relations hold,

using the method described in [22]. Since the system

is physically stable, the exact solution of equations (28) { A B } . { Vin ] — [ Vin } (31)

ensures the stability of both the decoupled and coupled ¢ D Iin Iin

CRLH-LNs because the transformation (25) is purely real. = . ) . o
Itis also to be pointed out that the proposed method jgvhich is an elgensystem with eigenvalugs = e™"".

general as far as the topology and nature of impedahce For a half-T unit cel, ABCD parameters are,

and admittanc& , which can be eventually dispersive.

In [8] an equivalent circuit is used to model double- A = INn+2Z,Y; (32a)
negative metamaterial lenses; recursive relations are pro B = Z, (32b)
vided giving the node voltages and branch currents and C =Y, (32¢)
the link with the Fibonacci problem is pointed out. D = Iy. (32d)

The proposed method completely exploits the polynomial

nature of the problem, leading to closed-form models  The computation of the eigenvalues, leads to

of CRLH-LNs. The polynomial coefficients reduce to determine the dispersion relations. The eigensystem (31)
Fibonacci's numbers whei,(s) = Y(s)~' so that can be rewritten as a homogeneous linear system which
K(s) = I [20]. must have a zero determinant to provide non trivial
solution [3]. For coupled CRLH-LNSs, the eigenvalugs

o ) are computed as the solution of the following equation,
The explicit knowledge of poles and residues allow

to select the dominant poles according to the frequency det A—1, B
range of interest; among the selected poles, only those € C D -4,

B. Rational macromodel

=0. (33)
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From its solutionsp,,, the propagation constants are

obtained as, 10
1
Yn = — Z log u)n (34a)
o, = Re(m), (34b)
Bn = Im(yy). (34c) - 10}
K
For a single CRLH-LN with a half-T unit cell, it is 3
trivial finding, Bloch-Floquet
- = = Bloch-Floquet approximated
1 Z1Ys AL 2 k- Homogeneous
= —-1 1 + 1 -1
Y 7 0g + 9 ( + 5 > .
N
35 - : : .
(35) 10" 10° 10" 10°
B [rad/m]

where/ is the length of each section.

In [4] it is shown that CRLH-LN is equivalent ©0 Fjg 4.  Dispersion diagram. The solid line refers to
the homogenous CRLH-TL for small electrical lengthSthe Bloch-Floquet theorem, the dashed line refers to the
and the dispersion relation obtained applying periodigapproximation under the hypothesis of electrically small

boundary conditions reduces to the homogenous dispefetwork, the dashdot line refers to the homogeneous
sion relation. Since such a condition holds only within acrLN-TL (example V-A).

limited frequency range, the transmission line model can-
not be used for accurate broadband time-domain analysis

of CRLH-LN structures. In fact, due to the left-handed 10
lumped elements’;, and Ly, for a fixed length?, the
imaginary part of the propagation constant greatly differs 10°]
at low frequencies, from that of the transmission line, as
confirmed by the numerical results in the next section. Wl
V. NUMERICAL RESULTS 9 6
- 10 //
A. Dispersion diagram analysis : ,/’
10 ’

To the aim of investigating the difference between /./‘

the continuous and the periodic structures, the CRLH-LN = | +* Bloch-Floguet 4 |
. . . . : = = = Bloch-Floquet approximated

described in [4] has been considered. It is characterize / _____ Homogeneous
by global parameter® = 1073 Q, Ly = 2.45 nH, C, = 10° ‘ ‘ ‘ ‘
0.68 pF,G =102 S,Cr = 0.5 pF andLy = 3.38 nH; 107%° 10° 10° 10° 10" 10"
10 unit cells have been considered of length 6.1 mm. v, [m/s]

Figure 4 shows the dispersion diagram of the CRLH-_. . _ -
LN described in ( [4], page 41) using the BIoch-FquuetF'g' 5. Phase velocity diagram. The sol|d_ line refers
theorem [3], the approximated one under the hypothesiﬁ the BIoc_h-FIqquet theorem, the dash_ed line ref_ers to
of electrically small sections and that of a homogeneou € appr0.><|mat|0n under the hypothesis of electrically
CRLH-TL. It is seen that the hypothesis of electrically small sections, the dashdot line refers to the homogeneous
small network leads to significantly different results from CRLN-TL (example V-A).
the Bloch-Floquet theorem in the gigahertz range.

This result is expected since the wavelength is in-
versely proportional to the phase constantAt frequen- CRLH-LN models. A significant difference is observed
cies below 1 GHz the phase constant of the CRLN-LNup to few gigahertz.
is larger than that of the CRLH-TL, leading to smaller The previous results point out that the homogeneous
wavelengths. Figure 5 shows the phase velocity diagranCRLH-TL may be not accurate at low frequencies and
Again, a significant difference is observed, below 1 GHzmay generate inaccuracies when adopted for broadband
between the result of the Bloch-Floguet theorem and thosmacromodeling of CRLH-LN structures.
obtained assuming the hypothesis of electrically small  Figure 7 shows the poles in the complex plane. A
sections. large number of poles is clustered close to zero and de-

Figure 6 shows the attenuation constant as evalutermine the left handed low frequency oscillatory behavior
ated using the homogeneous CRLH-TL and the discretef the response.The selection of dominant poles may be a
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difficult task due to the presence of many clustered polesising the equivalent CRLH-TL model via IFFT, the half-
which leads to ill-conditioning. T ladder network via IFFT and the proposed time-domain
macromodel.
J Bloch-Floquet 10° . .
- = =Homogeneous ——— CRLH-TL
- = = CRLH-LN
10%} ] o CRLH-LN-poly| {

o [rad/s]

10" ¢

Magnitude of <D1

10° }

10* 10° 10" 107 ‘ ‘ ‘ ‘
o [rad/m] 0 0.1 0.2 0.3 0.4 05
Frequency [GHz]

Fig. 6. Attenuation constant (example V-A).
Fig. 8. Chain parameteb,;. The solid line refers to

the equivalent CRLH-TL, the dashed line refers to the
result obtained by inversion of the global transmission

12

15X10 : , , matrix, the dashdot line refers to the proposed polynomial
] approach (example V-A).
1l
0.5¢
g 4 ' ' CRLHTL
—_— o — -
2 o ° ° °c = 0.03f - = = CRLH-LN
2 ° '= = CRLH-LN-poly
E 0.02} 1
-0.5
s 0.01f
_17 P
g o
I S
3 -15 -1 -05 0 -0.01}
Real(poles) x 10"
-0.02}
Fig. 7. Location of poles in the complex plane (example
V-A). -0.03}
0 5 10 15 20
Time [ns]

The chain parameters of the CRLH-LN of order
10 have been computed using the proposed ponnomi@i 9. Output voltage. The solid line refers to the

method and compared with those obtained by inverSio'%qu.ivalent CRLH-TL via IFFT, the dashed line refers to

of the global transmission matrix computed as cascade Qf,o result obtained by inversion of the CRLH-LN model
ten identical sections and those of the equivalent CRLHyi, \EET the dashdot line refers to the proposed time-

TL. Figure 8 shows the magnitude spectrumiaf upto 4,1 12in macromodel (example V-A).
0.5 GHz. It is clearly seen that the polynomial approach

is in a very good agreement with the result of the CRLH-

LN while, again, the equivalent CRLH-TL exhibits a As before, the polynomial-based macromodeling ap-

significant difference. proach is in perfect agreement with the analysis of the
The CRLH-LN has been excited by a pulse with global ladder network while the equivalent CRLH-TL

100 ps rise and fall times and width 5 ns. The input isexhibits a significant difference. In particular, the CRLH-

terminated on 50 resistance, the output port is left open. LN is characterized by a larger attenuation than the

Figure 9 shows a sample of the output voltage as evaluatddRLH-TL, as expected from Fig. 6. Furthermore, the use

51



52

of the IFFT, combined with a underestimated attenuation x 10"
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causes a not accuratle value of the CRLH-TL results.

B. Two coupled CRLH-LNs 5f

In the second example a coupled CRLH-LN is con-
sidered. It is constituted by 40 half-T cells with param-
etersLry = Lros = 1.938 nH, Cr1 = Cpry = 0.841
pF, LLl = LL2 = 0.749 nH, CLl = CLQ = 0.416 pF,
Ly =0.361 nH, Cj; = —0.189 pF, Ry = Ry = 10 m¢,

Gy = G2 = 1 mQ. The coupled ladder networks are
terminated on 5002 resistances at the input ports and
1.5 pF capacitances at the output ports. The ratione 1;5

w »
T T

N
T

Magnitude of residues

macromodel has been generated leading to 316 pole

® ®,
i
& 8 ®
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O
o
o
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e e % o
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o o
o
5 ©
@8 0o
o
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: @%%4

among them only 172 have been selected as domina 0
in the 0-20 GHz range. Figure 10 shows the location of -1
poles in the complex plane: the circles refer to the sed

of poles of the CRLH-LN, the stars to those selected agjg. 11.
dominant.

12

-0.5 0 0.5 1 15

o [rad/s] X 102

Magnitude of residues of impedanégs
(example V-B).

=——— HTLN-pol
- = =HTLN-RP

x 10
2 T T
O HTLN poles 10°
15+ * HTLN dominant poles| |
1k
0.5F
E 0 8 e o=
-0.5
_1 -
-1.5
_2 L
-10 -8 -6 -4 -2 0 102
Re x 10° 0

Fig. 10. Location of poles in the complex plane (example

10 15 20
Frequency [GHZz]

V-B). 2 ,
—— HTLN-pol
15 o B - = =HTLN-RP[
Figure 11 reports the magnitude of the corresponding 1
residues: circles refer to the set of poles computed b' _
equations (19) and (20), stars indicate those selected (8 os
dominant in the frequency range of interest. N
A sample of the magnitude and phase spectra 0% 0
the impedancesZ;; and Z, is presented in Figs. 12 8 _os
and 13. For the sake of comparison impedances ar
computed using both the polynomial (HTLN-pol) and 1
the pole/residue (HTLN-RP) forms; as seen, a perfec _;5 |
agreement is obtained.
The knowledge of poles and residues of the HTLN 2, 10 15 20

has allowed to generate a rational macromodel in a state

space form. Figure 14 shows the transient voltage at

the input port of the second line as evaluated by usindig. 12.
the standard frequency-domain model combined with th&/-B).
IFFT to obtain the time-domain results and the proposed
reduced macromodel; as seen, no significant difference is
observed.

Frequency [GHz]

Magnitude and phase spectraZf (example
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Fig. 13. Magnitude and phase spectraff, (example
V-B).
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Fig. 14. Port voltagd’, (example V-B).

C. Four coupled CRLH-LNs

5.8 - 107 S/m) on a alumina substrate,(= 9.8). The
cross section of the CRLH-LN structure is sketched in
Fig. 15. The width of the strips i®w = 241 um, the
spacing iss = 800 um, the thickness of the dielectric and
conductors aré, = 254 andt = 34.8 um, respectively,
the shoulderd = 2021.6 ym. The computation of the
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per-unit-length parameters has been performed using the

method of moments [23], yielding,

0.3982  0.01369 0.00387  0.00203
L. — 0.01369  0.3979  0.01357  0.00387 H/m
T 0.00387  0.01357 0 —3979 0.01369 #
0.002037 0.00387  0.01369  0.3982

(36a)
172 —0.5501 —0.1206 —0.0616
C. - —0.5501 172 —0.5462 —0.1206 pF/m
" —0.1206 —0.5462 172 —0.5501
—0.0616 —0.1206 —0.5501 172
) (36b)

[ 80.83  2.399  0.7926 0.4507
2.399  80.80 2.381 0.7926
07926 2381 80.80 2.399 | ¥/m, (36c)
04507 0.7926 2.399  80.83

0 0 0 O
0 0 0 O
G=1|49 0 0 0| Sm (36d)
0 0 0 O
d w S

h
t

Fig. 15. Coplanar microstrips cross section (example
V-C).

The microstrips are loaded with 15 longitudinal ca-
pacitancesCy, = 0.15 nF and transverse inductances
LL =0.2 /LH.

The presence of the longitudinal capacitangeand
the transverse inductande, causes a complex resonant
behavior even at low frequency. Figure 16 shows an ex-
ample of the magnitude spectrum of the input impedance
Z 1, evaluated using both the polynomial approach and
the residue-pole form. The spectrum exhibits several
resonances from 0 to 500 MHz while the inductive nature
dominates at higher frequencies.

This fact is confirmed by the location of the poles
in the complex plane, shown in Fig. 17. It is easy to
recognize four families of poles, corresponding to four
decoupled CRLH-LN and a cluster of poles close to
zero determining the highly oscillating behavior at low

In the third test the CRLH-LN is obtained using frequency.

four equally spaced coplanar microstrigs= 0.1m, o =
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Fig. 18. Transient voltages at the output port of the first
(top) and forth (bottom) CRLH-LNs (example V-C).
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Fig. 17. Location of poles in the complex plane (exampleand currents along the network. The rational form of the

V-C). impedance matrixZ allows an easy identification of the
true poles and the corresponding residues of the CRLH-
LN and, thus, the generation of a rigorous state-space

The rational macromodel has been generated in thE'acromodel which is proved to be accurate frdmto
state-space form. The four CRLH-LNs are terminated orflaylight. Hence, the proposed method is well suited to
50 Q at the input ports and 2 pF capacitances at théepresentN-coupled CRLH-LNs with general topology
output ports. Figure 18 shows the transient voltages at th@f longitudinal impedanceZ; and transverse admittance
output of the first and fourth CRLH-LN as evaluated usingY 2- The presented numerical results have validated the
the frequency-domain approach via inverse fast Fouriefethod and confirmed its accuracy when compared with
transform (HTLN-IFFT) and the proposed macromodelStandard frequency-domain techniques.

(HTLN-macromodel). Again, a very good agreement is
obtained. REFERENCES
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