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Abstract. A new class of negative refractive index (NRI) transmission line is proposed. Differential opera-
tional amplifiers are used to form the required lumped elements, i.e., negative-impedance-converted (NIC)
inductors and capacitors. When the gain of the differential operational amplifiers in the NIC circuits is very
large over the entire frequency band, the equivalent material parameters are non-dispersive, and the phase
response of the new NRI transmission line can be complimentary to that of a conventional transmission
line over the entire frequency band. As an application example, a broadband 1:4 power divider based on

the proposed NRI transmission line is studied.

PACS. 41.20.-q Applied classical electromagnetism

1 Introduction

Negative refractive index (NRI) materials with simul-
taneous negative permittivity and negative permeability
were first investigated by Veselago in 1960 s [1] and have
gained much attention recently after the first experimen-
tal realization [2]. Eleftheriades et al have proposed an
inductor—capacitor (LC) (periodically) loaded transmis-
sion line (TL) to synthesize an isotropic material exhibit-
ing a negative refractive index [3].

In this paper we propose a new class of transmission
lines of negative refractive index by utilizing the opera-
tion of negative impedance converters (NICs) [6]. Unlike
the existing NRI TL [3], the equivalent material param-
eters of the proposed NRI TL are non-dispersive (under
an ideal condition), and thus can lead to many interesting
applications.

2 Theory
2.1 Distributed transmission lines of NRI

It is well known that dielectric properties like the per-
mittivity and permeability can be modeled with a dis-
tributed LC TL. In a TL of generic distributed series
impedances and parallel admittances, we can obtain the
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following equivalent material parameters by comparing
telegrapher’s equations for the TL with Maxwell’s equa-
tions for an equivalent material (the field components in
the material correspond to the voltages and currents in
the TL) [3]
jop=272=pu=27/jw (1)
jwe=Y =>e=Y/jw
where u, € are the permeability and permittivity of the
equivalent material, respectively, and Z, Y are the per-
unit-length series impedance and parallel admittance of
the TL, respectively.

To obtain an equivalent material of positive refractive
index (PRI), equation (1) implies a TL with L = (H/m)
and C' = ¢ (F/m) (in a distributed sense), where L and C
are positive per-unit-length series inductance and paral-
lel capacitance of the distributed TL, respectively, shown
in Figure la. To obtain an equivalent material of nega-
tive material parameters, the authors of [3] proposed a
transmission line of NRI with distributed series capaci-
tance (C') and parallel inductance (L"). However, in such
an approach the equivalent material parameters are highly
dispersive (though negative) as one has y = —1/w?C” and
e=—1/w?L’ [3].

In this paper, we propose another approach by using
negative-impedance-converted (NIC) [6] LC TL, as shown
in Figure 1b, that is,

jop =7 = —jwL” = p=—L"(H/m)

" 1 2
jwe=Y = —jwC =e=-C (F/m) @)
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Fig. 1. Unit cells in (a) a distributed PRI TL; (b) a distributed
NIC TL.
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Fig. 2. Unit cell in a transmission line loaded with NIC LC.

where (~L") and (-C")are the negative per-unit-length se-
ries inductance and parallel capacitance of the distributed
TL, respectively. Equation (2) shows that both the per-
meability and permittivity of the equivalent material are
negative and do not vary with frequency (such a prop-
erty can be used to design some novel broadband devices;
see Sect. 4) when the gain of the differential operational
amplifiers in the negative-impedance-converted circuits is
very large over the entire frequency band. Like an elec-
tromagnetic wave in a free space, the corresponding prop-
agation constant of the new NRI TL is proportional to
the frequency (instead of (1/w) for the conventional NRI
TL [3]), i.e.

B=—V=2Y =-wVL'C". (3)

2.2 Transmission line loaded with lumped NIC-LC

Here we consider a practical design of a host transmission
line (Zy, k) periodically loaded with discrete lumped el-
ements, i.e., NIC inductors and capacitors, as shown in
Figure 2, and p is the period.

By applying the periodic boundary conditions related
to the Bloch-Floquet theorem to the unit cell [5], we obtain
the following dispersion relation

" " "
2

k L 1
os? 7]3 +(w wC

sin kp
Zo Yo .

2

(4)
It is clear from equation (4) that when the period of
the structure is infinitesimally small, i.e. coskp = 1, and
sinkp = 0, the effects of the host transmission line dis-
appear. Furthermore, we can apply Taylor approximation
cos(f3p) =1 — (Bp)?/2 to equation (4) and obtain

Bp = —wVL'C” (5)

which implies that the phase response of the new trans-
mission line loaded with NIC LC can be complimentary

)
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Fig. 3. Differential operational amplifier and its equivalent
circuit.

Fig. 4. Negative series impedance converter and its equivalent
circuit.

to that of a conventional transmission line over the entire
frequency band.

3 Negative-impedance-converted L and C

Figure 3 shows an ideal differential operational ampli-
fier with differential input and differential output and its
equivalent circuit [6], where

Vout = Vi x Gain = (V| —V_) x Gain. (6)

By using the differential operational amplifier, we can
realize negative series impedance and negative parallel
impedance. Figure 4 shows the negative series impedance
converter and its equivalent circuit. From the equivalent
circuit, we can obtain the following relations between cur-
rents (I; and 1) and voltages (V7 and V3),

_ L =1
Il N I2 (24+Gain)
Vour = (V4 — V_) x Gain N Vi =Va+ G=Gam)
Vi=Vi=0LZ+Vou+V2 x1yZ
V. = out/2 -+ ‘/2 Gazg>>2 ‘/2 n 12(_2)

(7)

Equation (7) gives the ABCD matrix of the circuit and

also shows that the circuit is equivalent to a negative se-

ries impedance converter when Gain > 2, as shown in

Figure ba. Similarly, we can show that negative parallel

impedance can be realized by using the circuit shown in
Figure 5b.

If we replace the impedance Z in Figure 5a or 5b with

a capacitor (C), an inductor (L) or a resistance (R), we

can obtain the corresponding negative capacitor, negative

32609-p2



X. Hu and S. He:

[ 1
| —
7z
- =
B (a)
6 oz )
9
(b) )

Fig. 5. Negative impedance converters and the equivalent cir-
cuits for (a) series impedance and (b) parallel impedance.

Fig. 6. Unit cell of transmission line loaded with NIC LC.

inductor or negative resistance. By periodically connecting
the negative series inductor (replacing Z in Fig. 5a with
L) and negative parallel capacitor (replacing Z in Fig. 5b
with C), we can realize a transmission line loaded with
active NIC LC as shown in Figure 6.

4 A broadband power divider

The authors of [7] have proposed a broadband 1:4 series
power divider using zero-degree transmission lines. Each
zero-degree transmission line consists of a conventional
NRI structure and a conventional transmission line sec-
tion (see Fig. 7a). As an application example of our NIC
TLs, we replace the conventional NRI structure with our
NIC TL (see Fig. 7b) to obtain a much broader band per-
formance (due to the non-dispersive characteristic of the
NIC TL).

The dividers are implemented on a substrate with
e, = 2.2 and height h = 0.787 mm at a design fre-
quency fo = 1.92 GHz. All our simulations are carried
out with the Agilent-ADS microwave simulator using the

transmission lines of negative-impedance-converted inductors and capacitors
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Fig. 7. Schematic diagram of a series power divider based on
(a) conventional NRI TLs and (b) our NIC TLs.

models of lumped elements and non-ideal microstrip lines.
The series divider employs four nonradiating 0° phase-
shifting lines, each of which consists of a conventional TL
section (with length of 9.77 mm, locating at the end of
each phase-shifting line) and two unit cells of TL sec-
tion (with a characteristic impedance of 70.71 2, width
1.39 mm and length 4.48 mm) loaded with NRI LC (to
cancel the phase of the conventional TL section). To trans-
form from the required load impedance of 200 2 to test
equipment impedance 50 (2, one can use a broadband
impedance transformer (BIT) consisting of two quarter-
wavelength TLs with parameters [7]: Zp1 = 79.06 €,
Wrrr = 0.21 mm, drp; = 29.92 mm, and Zps = 158.11 €2,
Wrpe = 1.16 mm, and dpre = 29.07 mm.

The only difference between the conventional-NRI TL
series power divider and our NIC TL series power divider
are the loading elements. In the conventional one, capac-
itors Cyp = 2.2 pF and inductors Ly = 11 nH were em-
ployed, while in the proposed one we use NIC-inductors
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Fig. 8. Simulated return losses of the dividers based on the
conventional NRI TL (dashed line) and NIC TL (solid line).

and NIC-capacitors instead and the values of the ca-
pacitors and inductors used in the NIC-capacitors and
NIC-inductors are L = 1/(27f9)?Co = 3.125 nH and
C = 1/(2nfo)?Lo = 0.625 pF. The gain of the differen-
tial operational amplifiers applied in the NIC-capacitors
and NIC-inductors is 30 dB.

Due to the lack of such a high speed (>2 GHz) differ-
ential operational amplifier, only the simulated results are
given. The return losses of the two different power dividers
are shown in Figure 8, where we can see that the NIC TL
divider exhibits a 10 dB return loss bandwidth of 1.7 GHz
from 1.1-2.8 GHz, while the conventional NRI TL divider
has a of 0.8 GHz from 1.6-2.4 GHz, which corresponds
to a 110% increase in bandwidth. Figure 9 shows there
is approximately equal power split to all the four output
ports (p2, p3, p4, and p5) at fo = 1.92 GHz for both the
conventional and proposed dividers. Moreover, the NIC
TL power delivered to each of the four output ports re-
mains nearly constant over a much larger bandwidth in
the proposed divider as compared with the conventional
NRI TL divider. Such a significant improvement is mainly
due to the non-dispersive characteristic of our NIC TL (cf.
Eq. (2)). Figure 10 demonstrates the phase difference be-
tween the four output ports of the NIC TL divider.

5 Discussion and conclusion

In [8,9], a negative series capacitor, in which the negative
series impedance converter circuit is different from Fig-
ure 4, is applied in the active inclusion to realize a single
negative material (i.e. negative permittivity). In our ap-
proach, an equivalent double-negative material is realized
where negative series inductors are used to be equivalent
to negative permeability and negative parallel capacitors
equivalent to negative permittivity. Due to the inherent
conditional stability of the NIC, the proposed design of
NRI transmission line can be only conditionally stable,
which is in agreement with [9].
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Fig. 9. Simulated performances at the 4 output ports of the
dividers based on the conventional NRI TL (dashed line) and
NIC TL (solid line).
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Fig. 10. Simulated phase differences between four output
ports of the dividers based on NIC TL.

In this letter we have proposed a new class of neg-
ative refractive index (NRI) transmission lines. Differen-
tial operational amplifiers have been applied to form the
negative-impedance- converted (NIC) inductors and ca-
pacitors (lumped elements). Unlike the existing NRI TL,
the proposed NRI TL has non-dispersive equivalent ma-
terial parameters theoretically. The phase response of the
new NRI TL is complimentary to that of a conventional
transmission line of positive refractive index. As an ap-
plication example, a broadband 1:4 power divider based
on the new NRI transmission line has been studied. The
present NIC TL can be extended to a two-dimensional
case, and can lead to more interesting applications.
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