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Abstract— Two substrate integrated waveguides (SIW) loaded by 
a new single metamaterial (MTM) cell are discussed theoretically 
and experimentally. The first MTM-loaded SIW shows a 
passband-like response with balanced backward- and forward-
wave passbands below and above the cutoff frequency of the host 
SIW, respectively. The MTM-SIW structure is then slightly 
manipulated and two varactor diodes are added to achieve 
frequency agility. The resulting varactor-loaded transmission line 
(TL) shows tunable transmission bands whose frequency 
characteristics can be controlled continuously by varying the 
reverse bias voltage applied to the varactors. The two MTM-SIW 
TLs are discussed based on the study of a Composite Right/Left 
Handed (CRLH) MTM-based SIW considering the dispersion 
diagrams and the equivalent circuits. Finally, prototypes of the 
former and the varactor-loaded MTM-SIW TL are fabricated 
and tested. The measured results are in good agreement with 
those obtained by the simulation and analysis. 

Keywords- Metamaterial (MTM), tunable transmission line 
(TL), Substrate Integrated Waveguide (SIW), varactor diode. 

I.  INTRODUCTION 
 Substrate Integrated Waveguide (SIW) is a planar guiding 

structure with two rows of metallic vias embedded in a 
dielectric substrate which connect two parallel metal planes. 
The structure preserves most of the advantages of both 
microstrip and waveguide technologies; e.g. high quality 
factor, high power handling capability, integration with planar 
circuits and etc., [1]. Over the past decade, increasing 
demands for miniaturized and multiband microwave devices 
have resulted in considerable interest by the electromagnetic 
research community in metamaterials (MTMs) [2]-[4]. Split 
ring resonators (SRRs) and complementary SRRs (CSRRs) are 
of the well-known MTM structures, [5]- [7]. 

Recently, MTM-based SIWs have attracted much attention 
in different fields of microwave systems and devices, [8]. On 
the other hand, the design of electronically tunable microwave 
components has been a subject of growing interest. Toward 
this end, many strategies and technologies have been 
considered, using varactor diodes, microelectromechanical 
systems (MEMS) and etc. In recent works, electrically small 
tunable MTM resonators such as SRRs and CSRRs have been 
applied to the design of tunable microwave transmission lines 
(TLs) [9, 10]. In [10], a Varactor-Loaded CSRR (VLCSRR) 
which used additional vias was first proposed to provide a 
continuous frequency control. This extra need for the vias was 
overcome in another study using open CSRRs (OCSRRs). 
However, the considered resonators are open and specific 
strategies are required for varactor polarization, [11]. All these 
complexities can be referred to the CSRR geometry which 
does not provide enough parameters controlling its frequency 
behavior. Therefore, these resonators are not suitable for 
applications where a high degree of control over the frequency 
characteristics is desired. This gives rise to new MTM 
resonators with more effective physical parameters.  

In this paper, a new MTM resonator is introduced. Using a 
complementary single cell of the proposed MTM etched on a 
typical SIW, a TL with a wideband response is obtained. In 
the next step, the MTM-SIW TL is loaded by two varactor 
diodes to control the frequency behavior of the circuit. In this 
case, three transmission bands are achieved with two 
frequency bands being tuned through the varactors while 
keeping the wideband behavior approximately unchanged. 

Finally, prototypes of the unloaded and the varactor-loaded 
MTM-based SIW TLs are fabricated and tested. The measured 
results are in good agreement with those obtained by 



simulation. It is worthwhile to point out here that the subject of 
single-cell MTM loading is not new and has been already 
studied in [3], [13].  

II. DESIGN CONSIDERATIONS 

A. The Proposed MTM Cell 
The geometry of the proposed MTM structure is depicted in 

Fig. 1. The structure consists of two symmetrical split-C-
shaped strips oriented back to back and coupled through a 
gap-and-strip combination. An important feature of the 
proposed MTM cell is that it offers more degrees of freedom 
compared to conventional MTM cells such as CSRRs [12]; i.e. 
there are more effective physical parameters controlling the 
frequency characteristics of the structure. 

Fig. 2(a) shows an MTM-based SIW transmission line (TL) 
where a single complementary cell of the proposed MTM is 
etched on a typical SIW. The substrate of Rogers RT/Duroid 
5870 with a thickness of 0.508mm and a relative permittivity 
of εr=2.33 is used in all of our designs. The metallic vias have 
a diameter of d=0.8 mm and a center to center spacing of 
s=1.48 mm. Also, the width of the SIW is chosen to be 
W=12.54mm to fix the cutoff frequency of the host SIW at 
about 8.8 GHz. 

Figure 2(b) shows an MTM-loaded SIW unit cell. An 
additional de-embedded 5.4mm length of SIW with the same 
width is added to each side of the unit cell for port excitation, 
[16]. The unit cell is then simulated with HFSS software to 
study the frequency characteristics of the MTM-SIW TL. 

B. Model Analysis and Dispersion Diagrams 
A Composite Right/Left Handed Transmission Line (CRLH 

TL) is an artificial TL structure constituted by the repetition of 
series capacitance and shunt inductance into a host 
conventional TL medium exhibiting a left-handed (LH) band 
at low frequencies and a right-handed (RH) band at higher 
frequencies.  

The equivalent circuit model of the MTM-loaded SIW unit 
cell of Fig. 2(b) is shown in Fig. 3(a). In this circuit, the top 
metal surface and the ground are modeled as a two-wire TL 
with distributed series inductance (L) and shunt capacitance 
(C). The vias of the SIW serve as the shunt inductance (Lvia). 
Furthermore, similar to double negative (DNG) [14] and 
epsilon negative (ENG) [15] MTMs, the proposed MTM cell 
can be modeled as a parallel resonant LC circuit (LMTM, CMTM). 
The equivalent circuit of Fig. 3(a) can be more simplified to 
the circuit shown in Fig. 3(b). The MTM is introduced into the 
model as CL, and LL represents the inductance generated by 
the vias. They make the LH contribution. The RH contribution 
is attributed to the distributed shunt capacitance CR and the 
distributed series inductance LR. 

The dispersion diagrams for the MTM-SIW unit cell, Fig. 
2(b), and the CRLH equivalent circuit model, Fig. 3 (b), are 
investigated in detail. The dispersion diagram can be directly 
obtained from the de-embedded S parameters of the MTM-
SIW unit cell, Fig. 2(b), using a full wave simulation with 
HFSS software and then applying [16], 
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Where β is the propagation constant and p is the length of 

the unit cell. 
In addition, the analytical dispersion equation of the 

simplified CRLH equivalent circuit, Fig. 3(b), can be 
calculated by using Bloch-Floquet’s theorem [17], 
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Fig. 2.Configuration of the MTM-SIW TL (a) Geometry of the TL with 
d=0.8, s=1.48,wt=1.53, lt=5.04, lr=1, l=7, W=12.54 and Ld=1.4 all in mm, (b) 
MTM-SIW unit cell, the SIW section to be de-embedded is e=5.4mm. 
 

 
Fig. 1.Schematic of the proposed MTM structure and its design parameters:
La=6mm, Lb=5mm, Lc=4mm, Ld=1.4mm, w1=0.15mm, w2=1mm, 
w3=0.2mm, g1=0.2mm. 
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Fig. 4 represents the dispersion diagrams of the MTM-SIW 

unit cell, Fig. 2 (b) with Eq. (1), and the CRLH equivalent 
circuit, Fig. 3(b) with Eq.(2). The resulting dispersion 
diagrams show that the MTM- loaded SIW unit cell can 
support a backward-wave passband below the cutoff 
frequency of the host SIW (fc=8.8GHz), shown as the left-
handed (LH) region, and a forward-wave passband above the 
cutoff; right-handed (RH) region in Fig. 4. In addition, Fig. 4 
indicates that the design is balanced. This happens when the 
series resonance frequency, fse, and shunt resonance frequency, 
fsh, are equal or 
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Under this condition the dispersion relation splits into 

additive positive linear RH and negative hyperbolic LH terms 
[17], 
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This expression exhibits a null at 
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Which f0 is the transition frequency shown in Fig. 4. The 

above equation along with Eq. (3) show that in the balanced 
case f0 = fse = fsh≈8.7GHz which is almost the cutoff frequency 
of the host SIW (fc=8.8GHz).  

The S-parameter results for the MTM- SIW TL of Fig. 2 (a) 
are shown in Fig. 5. As can be seen, a wideband frequency 
response is achieved and the results follow a similar behavior 
as the dispersion diagrams of Fig. 4; i.e. a backward-wave 
passband below fc is balanced joint to a forward-wave passband 
above  fc.

 

 

 

III. COMPACT TUNABLE TRANSMISSION LINE 
In this section, a tunable TL will be discussed. The 

proposed structure is achieved by slightly modifying the 
MTM- SIW TL of Fig. 2(a). Toward this end, Ld is optimized 
to 0.4mm and the two vertical metal strips are replaced by two 
varactor diodes. Fig. 6 shows the geometry of the varactor-
loaded MTM-SIW TL and the bias network required for the 
varactors. Here, C1 and C2 are two identical SMV2019 
varactors from Skyworks Corp. The varactors’ capacitance 
varies from 2.2 to 0.3 pF as the bias voltage is increased from 
0 to 20V. 
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Fig. 6 Schematic configuration of the MTM-SIW TL loaded by two varactors
(SMV2019 varactors from Skyworks Corp.). The typical capacitance versus
bias voltage of the varactors is also on the bottom right. 
 

 
Fig. 5 Measured and simulated S parameters of the MTM-SIW TL. The 
fabricated circuit is shown in the inset. 
 

 
Fig. 4 Dispersion diagrams of the CRLH-MTM unit cell (solid line) and that 
of the equivalent circuit (dashed line).  
 

 
Fig. 3 (a) CRLH equivalent circuit model of the MTM-SIW unit cell (b) 
Simplified CRLH equivalent circuit model. The optimized circuit elements 
are LR=1.52nH, CR=1.52pF, LL=.22nH and CL=0.22pF. 
 



 
The dc bias voltage is isolated from the RF by cutting the 
ground plane around the varactors’ cathodes. Three large (DC 
block) capacitors are also used which connect the cathode path 
to the surrounding ground plane, Fig. 6. With this 
configuration, certain electronic control of the resonance 
frequency is possible thanks to the varactors whose variable 
capacitor dominates over the edge capacitance of the original 
MTM- SIW TL.  

To analyze the varactor-loaded structure, a similar 
procedure as the previous section can be adopted. In this 
regard, the MTM- SIW unit cell of Fig. 2 (b) will be modified 
accordingly. The unit cell will then be simulated by HFSS and 
the resulting S parameters are substituted in Eq. (1) to obtain 
the dispersion diagram.  

In addition, the CRLH-TL equivalent circuit is changed to 
that shown in Fig. 7 where the two varactor diodes are 
represented by their corresponding equivalent circuits (Rs, Ls 
and Ci). The dispersion relation for this circuit will have the 
following form: 
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Where Y and Z are the total admittance and impedance of 

the shunt and series arms, respectively 
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Here Rs, Ls and Ci account for the losses, inductance and the 
variable capacitance of the varactors, respectively. 

 

 
 
The dispersion diagrams obtained from the varactor-loaded 

MTM-SIW unit cell and its corresponding CRLH-TL 
equivalent circuit are compared for two different values of 
varactor capacitances (namely, reverse bias voltages of 20V 
and 13V), Fig. 8. The resulting dispersion diagrams show that 
the varactor diodes introduce two additional passbands to the 
previous wideband behavior. 

Moreover, the MTM- SIW TL of Fig. 2 (a) is modified and 
loaded by two varactor diodes. A fabricated prototype of the 
circuit with the bias scheme of Fig. 8 is depicted in Fig. 9 (a). 
The simulated and measured frequency response of the circuit 
is also shown in Fig. 9 (b) for several reverse bias voltages. 

As can be seen, two new passbands are introduced which 
can be tuned continuously by varying the reverse bias voltage 
applied to the varactors. The achieved tuning range is 1 and 1.7 
GHz for the first and second bands, respectively. It should also 
be noticed that the initial wideband behavior remains 
approximately unchanged. The in-band losses increase as the 
central frequency of the transmission band decreases. This is 
due to the decreasing Q-factor of the varactors as C'i increases 
(lower reverse voltages). The results of analysis and simulation 
are in good agreement with measured results. 

 

 
  

 

 
Fig. 8 Dispersion diagrams of the varactor-loaded MTM- SIW TL for two
bias voltages of (a) 20V, and (b) 13V. 
 

 
Fig. 7 Equivalent circuit model of the varactor-loaded MTM- SIW unit cell.
The circuit elements are L'R=0.75nH, C'R=4.5pF, L'L=0.125nH and 
C'L=0.4pF, Ls=0.7nH and R=0.5Ω. The equivalent capacitance values are 
C1= 0.6pF, C2= 0.95pF and C1= 0.8pF, C2= 1.2pF for reverse bias voltages of 
20 and 13V, respectively. 
 



 

IV. CONCLUSION 
In this paper, a class of tunable MTM-SIW TL has been 

presented. The MTM cell has been proposed as a new element 
for the design of tunable MTM TLs. Lumped element circuit 
models of the MTM-SIW unit cell have been obtained and 
validated through comparison to simulations and experiments. 
Significant tuning range is achieved with a much more 
simplified design. The results of this study facilitate the 
implementation of tunable notch filters, bandpass filters and 
resonators. 
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Fig. 9 Measured (solid lines) and simulated (dashed lines) S parameters of 
the tunable MTM- SIW TL with the bias scheme of Fig. 8. (a) Fabricated 
circuit (b) Transmission and reflection responses (S12 and S11). 
 


