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MULTI-BAND FUNCTIONAL TUNABLE LH
IMPEDANCE TRANSFORMER

M. A. Abdalla and Z. Hu

MACS Group
School of EEE
University of Manchester
Manchester M60 1QD, UK

Abstract—This paper presents, for the first time, the analysis
and design performance of tunable left handed coplanar waveguide
transformer designed on a ferrite substrate. The proposed transformer
is studied analytically and verified numerically. Results show that
the proposed transformer has tunable dual band of operation with
frequency tuning range from 2.35 GHz to 3.85 GHz with return loss
from 10 dB to 25 dB. Such tunability can be achieved by changing the
DC magnetic bias. The advantages of the proposed transformer are
its tuning capability, its multi functionality operation, and its compact
size.

1. INTRODUCTION

Left handed (LH) metamaterials are artificially constructed materials
having electromagnetic properties that do not exist in nature. LH
metamaterials, which were originally investigated and named by
Veselago in 1967 [1], have simultaneously negative permittivity and
permeability.

The LH metamaterials have been realized either as a volume
version or a planar version based on the use of split ring resonators
(SRRs) with a wire array placed in space, or transmission line loaded
with complementary SRR (CSRR)/capacitive gap pairs [2, 3]. A
transmission line (TL) periodically loaded with series capacitors and
shunt inductors can also exhibit left handed properties [4, 5]. Planar
left handed metamaterials have been realized in different models of
left handed coplanar waveguide (CPW) [6, 7]. Many novel planar
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microwave components LH elements have been introduced making use
of the unique properties of the left handed structures [8, 9].

Ferrite medium has nonreciprocal and tunable properties [10] due
to its dispersive permeability. Therefore, a tunable and nonreciprocal
LH TL is expected using ferrite substrate. Such features have been
demonstrated by Tsutsumi [11, 12] using a microstrip TL over mixed
ferrite and dielectric substrate and Abdalla [13, 14] using CPW TL
on a pure ferrite substrate which can be applied in many microwave
applications [15].

In this paper, we propose a multi-band functional tunable and
compact quarter wavelength transformer implemented using a LH
TL on ferrite substrate in CPW geometry structure. The LH TL
is designed using loading series air gap capacitive load and shunt
meandered line inductive load. The proposed transformer has tunable
dual band of operation with frequency tuning range from 2.35 GHz
to 3.85 GHz. The proposed transformer is studied analytically and
its performance has been verified numerically. The proposed tunable
transformer has the advantages of its compact size and its multi band
functionality, in addition to its lower DC magnetic bias compared to
microstrip TL because of its smaller demagnetization factor.

2. THEORY

The electrical length of a conventional transmission line is linearly
proportional to the frequency. The conventional transformer is a
quarter wavelength transmission line, l = λ/4, such that it achieves
an electrical length of Φ = −π/2 at the operating frequency (f1).
The transmission line transformer can achieve an equivalent electrical
length of Φ = −n(π/2) where n is an odd integer positive number.
These electrical lengths are satisfied at frequencies represent the odd
harmonics of the first frequency (f1), i.e., fn = n ∗ f1.

Practical LH TL is a combination of both the left handedness due
to the effect of the loading elements and right handedness due to the
parasitic elements of the hosting transmission line. Thus it is called
composite right/left handed (CRLH) TL [8]. As a result, a CRLH TL
can achieve arbitrary designed positive and negative electrical lengths
according to the loaded LH elements and right handed (RH) parasitic
elements. Therefore a CRLH can achieve the same condition of the
π/2 phase shift or equivalent at arbitrary frequencies which is not a
condition to be the odd harmonics of the first resonant point. The
choice of theses arbitrary frequencies depends on the design of the cut
off frequencies of both LH and RH passbands such that any designed
frequency must fall within any passband.
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Novel LH transformer can be designed as a novel application of
the CRLH theory [8, 9]. In practice, it is implemented by cascading a
practical LH TL, CRLH TL, with a short RH TL section for feeding
purposes. The principles of operations of a multifunctional LH TL
transformer is based on making use of the nonlinear phase properties
of LH TL such that it has π/2 phase shift, or equivalent, at more
arbitrary operating frequencies which are in either LH or RH passband.
Along with phase shift condition satisfaction, the LH TL characteristic
impedance should be constant at these different frequencies. Such
characteristic impedance should be designed similar to conventional
quarter wavelength transformer as

Zol = ZCRLH
ZLoad + ZCRLH tan

(
βCRLH l

)
ZCRLH + ZLoad tan

(
βCRLH l

) (1)

where ZCRLH is the characteristic impedance of the CRLH TL,
βCRLH is the propagation constant of the CRLH TL, ZLoad is the
load impedance, and Zol is the line characteristic impedance.

The phase shift of a CRLH transmission line of length (l) can be
approximated as given in [8],

φCLRH = −βCRLH l =
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√
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The characteristic impedance of a CRLH transmission line is given
as [8]

ZoCLRH = ZL

√√√√ (ω/ωse)
2 − 1

(ω/ωsh)2 − 1
(3)

where ZL is the characteristic impedance of the ideal left handed
transmission line, ωse and ωsh represent the resonance frequency for
the series and shunt branches of the transmission line equivalent circuit
respectively. All these parameters can be expressed as follow
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1√

L′
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L

, ωsh =
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ZL =
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where L′
R, and C ′

R are the per unit length parasitic inductance and
capacitance, while L′L, and C ′L represent the product of the loading
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inductance and capacitance with the left handed section length. It
can be shown that at low frequencies, this characteristic impedance is
reduced to the left handed impedance (ZL).

The progressive phase shift and the characteristic impedance of a
CRLH transmission line of length (l) implemented on ferrite hosting
transmission line can be redefined in terms of its medium parameters,
the ferrite relative permittivity εf and the relative permeability µf , as
illustrated in [13, 14] to be as follow:

φf = ωl

√√√√(
µoµf − 1

ω2 C ′
L

) (
εoεf − 1

ω2L′
L

)
(6)

ZofCLRH = ZL

√
1 − ω2µoµfC ′

L

1 − ω2εoεfL′
L

(7)

The hosting ferrite TL has a dispersive permeability according to the
applied DC magnetic bias which causes its electrical parameters to
be dispersive. Thus, it is expected to achieve tunable performance of
the CRLH TL when implemented on the ferrite substrate by applying
different DC magnetic bias values.

3. STRUCTURE

The layout of the proposed LH CPW transformer on ferrite substrate
is shown in Figure 1(a) which shows that the transformer consists
of two unit CRLH cells implemented using a series air gap capacitor
and a shunt meandered line inductor. The detailed sketch for the
loading shunt meandered line inductor is shown in Figure 1(b). The
dimensions of the loading elements are chosen to satisfy the desired
impedance in the LH passband as explained later. The employed ferrite
substrate is the commercial Trans Tech G-113* with thickness 1 mm.
Its electric and magnetic material parameters are, dielectric constant
εf = 15, dielectric loss tangent <0.0002, saturation magnetization
4πMS = 1780 Gauss, and magnetic linewidth ∆H0 ≤ 25 Oe. An
internal DC magnetic field (H0) is applied to the ferrite substrate in
the direction shown in Figure 1(a), causing the ferrite substrate to
have the saturation magnetization in the same direction. The ferrite
dispersive relative permeability can be expressed as [13]

µf =
(µoγ)2H0(H0 + Ms) − ω2

(µoγH0)2 − ω2
(8)

where γ is the gyromagnetic ratio of the ferrite and µo is the free space
permeability.
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(a) (b)

Figure 1. (a) The layout geometry of the ferrite LH CPW transformer
a = 35 mm, L = 6.52 mm, W = 1.8 mm, t1 = 2 mm, ta = 0.5 mm,
l1 = 0.5 mm; (b) The detailed geometry of meandered line inductor
Wm = 0.05 mm, Ls = 0.45 mm, Lh = 0.95 mm, Lv = 0.5 mm.

The design of the proposed transformer is first done assuming a
very high DC magnetic bias is applied to the ferrite substrate. At that
bias, the dispersive properties of the ferrite substrate will be shifted to
high frequency which means that the ferrite substrate is characterized
by only its isotropic properties at the operating frequency band of
interest. At this condition, the proposed transformer is designed to
match perfectly a 150 Ω load to 50 Ω line at two arbitrary centre
frequencies selected to be 2.7 GHz and 3.8 GHz.

To meet these design requirements, first, the CPW TL is designed
to achieve 90◦ phase shift along its output terminal at both 2.7 GHz
and 3.8 GHz. This was achieved by the proper selection of the
loading elements and parasitic elements such that their contribution
in (2) introduces π/2 phase shift, or equivalent, at the aforementioned
two operating frequencies. Second, the CPW LH TL characteristic
impedance was calculated to be 86 Ω at the two operating frequencies,
calculated from (1) to match 150 Ω load to a 50 Ω line with π/2
phase shift. This also was fulfilled by the aid of the loading and
parasitic elements such that their contributions again in (3), simplified
in (5) at lower operating frequencies as explained before, satisfy the
desired characteristic impedance. Next, a numerical optimization was
applied for the sake of the exact simultaneous satisfaction of the
phase condition and the characteristic impedance condition at the two
different operating frequencies.
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4. NUMERICAL RESULTS

To verify these analytical results, the proposed transformer has
been analyzed using full wave simulation. The commercial software
ANSOFT-HFSS is employed. For simplicity, the applied DC magnetic
field is assumed to be uniform in all studied cases.

The phase shift of the transmission scattering parameter (S21) of
the proposed ferrite LH TL for H0 = 50000 Oe is shown in Figure 2
using the right vertical axis. As shown in the figure, that the TL has
a −90◦ phase shift, equivalent to 270◦, between 2.65 GHz and 2.7 GHz
and it has +90◦ phase shift between 3.8 GHz and 3.85 GHz.

Figure 2. The full wave scattering parameters (magnitude and phase)
of the dual band ferrite transformer for H0 = 50, 000 Oe.

Then transmission scattering parameters of proposed LH
transformer connecting a 50 Ω line to a terminating load of 150 Ω
for the same DC magnetic bias are shown in the same figure using
the left vertical axis. It is obvious that the proposed transformer
matches the load to the line with minimum return loss better than
16 dB at 3.8 GHz, the primary operating frequency, and better than
10 dB close to 2.7 GHz, the secondary operating frequency. It is
clear that these two frequencies are identical to those frequencies
around which the used LH TL illustrates 90◦ phase shift at its output
terminals. In both cases, the transmission coefficient is close to 0 dB.
The proposed transformer illustrates dual operating bands around its
primary and secondary center operating frequencies. The primary
band has reasonable bandwidth that extends approximately from
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3.25 GHz to 4.75 GHz. On the other hand, the secondary band has a
narrow bandwidth due to the fast variation of the phase of (S21) in the
right hand axis around the secondary operating frequency. A narrow
overlap between the two separated bands that results on a narrow non
perfect matching bandwidth between 3 GHz and 3.25 GHz.

The tuning capability of the proposed left handed transformer
can be illustrated numerically for different lower DC magnetic bias
values of 1500 and 2000 Oe as shown in Figure 3. It can be seen
that the proposed transformer still have dual band operation. The
secondary frequency is tuned from 2.4 GHz to 2.85 GHz while the
primary operating frequency is tuned from 3.3 GHz to 3.85 GHz for
H0 = 2000 Oe and 1500 Oe respectively.

For further studied cases of the applied DC bias from 1000 Oe to
5000 Oe, the two perfect matching frequencies illustrate a non linear
variation with the applied DC magnetic bias as shown in Figure 4.
It can be seen that both of them increase by increasing H0 from
1000 Oe until 1500 Oe then they are almost constant by increasing H0

to 1750 Oe before they decrease by more increasing of H0 till 2000 Oe.
Then, by further increasing of H0, both frequencies start to increase
slightly and approach the designed values assuming high DC magnetic
bias is applied shown in Figure 2.

Figure 3. The full wave scattering parameters magnitude of the
proposed transformer for H0 = 1500 and 2000 Oe.
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Figure 4. The change of the primary and secondary matching
frequencies against the applied DC magnetic Bias.

5. CONCLUSIONS

A compact and tunable LH quarter wave transformer has been
presented. The proposed transformer has been designed in CPW
configuration on ferrite substrate. The proposed transformer has
tunable performance with two operating bands over the frequency
bandwidth from 2.35 GHz to 3.85 GHz and with return loss close to
20 dB. The transformer has been studied analytically and verified
numerically. The numerical results confirm the tuning capability of
the proposed transformer by changing the applied DC magnetic bias.
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