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Metamaterial transmission lines are able to control the phase response in the circuit, 

thereby making it possible to achieve multi-band characteristic in guided structures and full 

beam scanning ability in leaky-wave antenna applications. Isolation circuits use multi-band trait 

of a metamaterial transmission line for having infinite impedance at multiple frequencies. With 

isolation circuits, it is possible to connect microwave filters for having unique property, so called 

multiplexing functionality. This new approach provides unique advantageous features beneficial 

to system designer.  For instance, there is no need to modify the components (filters and 

multiplexers) used in the system. Also, the design process is straightforward. 

Substrate integrated waveguide (SIW) is a novel guided-wave structure developed in recent 

years in microwave and millimeter wave areas. It can be synthesized on a planar substrate with 

linear periodic arrays of metallic vias by planar circuit processes. SIW has significant advantages 
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such as low insertion loss, low cost and strong integration ability with other planar circuits. 

Based on the SIW technique and the metamaterial transmission line concept, circular polarized 

SIW leaky-wave antennas are designed and presented. The proposed frequency scanning 

antennas provide circular polarized fields using a single radiating transmission line, which can 

avoid the complexity of conventional approach. 
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Introduction 

A metamaterial transmission line has been used in various microwave applications. One of 

major traits of a metamaterial transmission line is that its phase response is non-linear and can be 

engineered. On the contrary, a conventional transmission line has linear phase response and it 

does not have phase flexibility. Therefore metamaterial transmission lines are proper for multi-

band applications because they can provide freedom to choose arbitrary phase responses at 

multiple frequencies. Various multi-band components, such as dual-band, tri-band couplers, and 

dual-band matching circuits have been realized by metamaterial transmission lines. In antenna 

applications, metamaterial transmission line concept has accelerated the study of leaky-wave 

antennas. Metamaterial transmission line can be systematically designed to have both positive 

and negative phase velocity that allows leaky-wave antennas to steer the beam not only toward 

forward direction but also toward backward direction. Moreover, it even supports broadside 

radiation under the balanced condition. Conventional transmission line structures are inherently 

difficult to design a leaky-wave antenna equipped full-beam scanning capability including 

broadside radiation.  

In this dissertation, metamaterial transmission lines are adopted for more advanced 

multiplexers. Conventional multiplexer methodologies require modification of filters used in 

multiplexers. Moreover, because of design complexity, conventional methods do not provide 

analytical design process. Rather they require complex optimization for design parameters. In 

chapter 1, multiplexers based on metamaterial transmission lines are proposed. The design 

process is straightforward and it does not demand optimization process. In addition, filters used 

in the multiplexers have not been modified thereby making possible to use commercial filters. 
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The basic design block is an isolation circuit which consists of a metamaterial transmission line 

and a filter. Its operation concept and design process are introduced. Based on connection 

methods of isolation circuits, multiplexers based on metamaterial transmission lines can be 

categorized by star-junction type and manifold junction type. Triplexers and quadruplexers based 

on both junction types are designed and verified. 

In chapter 2, an isolation circuit concept is further expanded to a metamaterial transmission 

line connected with a multiplexer instead of a filter. This approach opens the possibility to 

combine two multiplexers thereby increasing channel numbers efficiently. Based on the 

combining method of two filtering circuits (CMTC), the triplexer, the quadruplexer, and the five-

channel multiplexer are designed and fabricated. The detailed explanation of the methodology 

and the design procedure are provided. 

Combining method of two filtering circuits (CMTC) presented in chapter 3 is efficient method 

of designing a contiguous channel triplexer. As explained in chapter 1, a triplexer can be realized 

by an isolation circuit with either star-junction or manifold-junction. However, both ways are not 

proper for a contiguous channel triplexer because it is difficult that all isolation circuits used in a 

triplexer satisfy conditions for a contiguous channel multiplexing. In a conventional triplexer 

design, the contiguous channel configuration is also difficult because of a strong coupling 

between channels. In this chapter, the reason of why the CMTC is effective way of realizing a 

contiguous channel triplexer is presented. The design procedure is also explained. 

After advent of metamaterial transmission lines, many leaky-wave antennas based on these 

new structures have been investigated. There were several approaches for a circular polarized 

substrate integrated waveguide metamaterial based leaky-wave antenna, but all they have used 

dual radiators and a broadband quadrature coupler. In chapter 4, the novel method for a single 
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radiator circular polarized substrate integrated waveguide leaky-wave antenna based on a 

metamaterial transmission line is proposed. The working principle and the investigation of the 

unit-cell structure are also provided. 

In chapter 5, the single radiator circular polarized leaky-wave antenna is further improved by 

using a microctrip line instead of a substrate integrated waveguide for a phase delay. The 

modified unit-cell structure has more compact size than the unit-cell introduced in chapter 4. 

Therefore, in a same size, the antenna introduced in this chapter has more radiating elements and 

it brings increased radiation efficiency.  
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 Isolation Circuits Based on Metamaterial Transmission Lines for Chapter 1

Multiplexers 

1.1 Introduction 

Many modern communication systems are required to handle multiple frequency bands. If a 

base station for a mobile phone can deal with two or three communication standards, the price of 

its construction will be lowered with concomitant benefits for customers. Multiband is already 

intrinsic to cell phone designs for handling cellular, GPS, and WiFi bands. In order to support 

such multiband systems, a multiplexer is necessary if one antenna covers all the designated 

spectra and thus becomes an essential component. For multiplexers, many design concepts have 

been investigated and categorized by star junction type and manifold junction type [1]-[3]. The 

first star junction type multiplexer is based on synthesizing singly terminated channel filters [4].  

After one decade, another method to synthesize doubly terminated filters for star junction type 

multiplexers was proposed [5]. In the recent approach [6], a general polynomial model is used 

for filters, and filters are connected with a complex load. The rapid development of manifold 

junction type multiplexers was caused by the advent of satellite communication systems [7]. In 

the initial stage, the analytic approach to design the filters, having proper interaction with other 

filters on the same manifold, was investigated [8]. However, recent manifold junction type 

multiplexers are mostly designed with optimization methods with the increased computer power 

[9]. In both star junction and manifold junction type multiplexers, modification of filters and a 

complex optimization process are generally required. However, the use of a commercial filter 

without modification, and a simple multiplexer design method are occasionally necessary for a 

system designer. The simplest multiplexer satisfying such demand is shown in Figure 1(a). The 

diplexer is made of two isolation circuits, and each isolation circuit consists of a conventional 
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right-handed (RH) transmission line (TL) connected to a filter. An isolation circuit isolates itself 

from the input port at the center frequency of the other channel. Hence the signal passes through 

one isolation circuit while it is rejected by the other. This procedure cannot be extended simply 

to a multiplexer containing three or more channels. Since a conventional TL can provide one 

phase response at a target frequency, an isolation circuit can be designed to have the isolation 

characteristic at only one frequency. 

   If a TL can have a multiple phase property, it can realize a multiband isolation circuit and 

result in a channel extension of the multiplexer based on isolation circuits. This characteristic has 

been found in a metamaterial TL. A composite right/left-handed (CRLH) metamaterial TL has a 

dual-band characteristic [10]. A double-Lorentz (DL) TL has six parameters, and it satisfies six 

conditions for a tri-band characteristic [11].   

   In this chapter, two types of multiplexers based on isolation circuits are presented. One 

consists of isolation circuits using same type of TLs, and it can be categorized as the star junction 

type. On the other hand, the other type uses both RH TLs and multiband TLs for making 

isolation circuits, and its junction shape is similar to a manifold junction. First, the concepts of 

multiplexers are explained, and the theory for designing an isolation circuit is investigated. The 

simulated and measured results of the proposed multiplexers are also provided. 

1.2 Concept of Proposed Multiplexer 

The diplexer shown in Fig. 1 (a) is the starting point for a multiplexer based on isolation 

circuits. If it is necessary to increase one more channel, an additional isolation circuit can be 

connected to the junction point like shown in Fig. 1 (b), and each circuit should have open-circuit 

input impedance at the passing frequencies of other circuits [12]. For satisfying this condition, a 

CRLH TL having dual band characteristic is necessary. In a similar manner, a four-channel 
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multiplexer or a quadruplexer can be realized by connecting four tri-band isolation circuits 

composed of DL TLs having tri-band characteristic [13]. 

 

(a)       (b) 

 

(c) 

Figure 1. Diagrams and operation concepts of multiplexers based on isolation circuit. (a) Diplexer. (b) 

Star-junction multiplexer. (c) Manifold-junction multiplexer. 

 



 
 

7 
 

   In the concept of a star junction multiplexer, all isolation circuits are composed with same 

type of TL. For example, a star junction triplexer is composed with three CRLH TLs followed by 

three filters. The multiplexer shown in Fig. 1 (c) also consists of multiband TLs and filters for 

multiband isolation circuits. However, one special isolation circuit composed with RH TLs 

connecting with a filter exists in this type of multiplexers [14], [15]. This special isolation circuit 

also has multiband characteristic. The mechanism is as follows: 1) at frequency f1, the first 

isolation circuit consisting of the f1 filter allows signal path. Meanwhile, other isolation circuits 

composed with multiband TLs are disconnected from junctions, and the combined phase 

response of RH TLs (from TL1 to TLN-1) is already determined for the isolation circuits 

consisting of RH TLs (from TL1 to TLN) and the fN filter having infinite input impedance. 2) At 

frequency fN-1, except the isolation circuit having the fN-1 filter, all isolation circuits consisting of 

multiband TLs have infinite input impedance. Also the isolation circuit consisting of the RH 

TLN-1 and the fN filter is isolated from the junction. 3) At frequency fN, all isolation circuits 

composed with multiband TLs are isolated from junctions, and the fN filter is directly connected 

             

      (a)                                                                    (b) 

Figure 2. (a) Circuit diagram of a CRLH TL unit cell. (b) Phase response of a CRLH TL in the balanced 

case. 
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with the input through RH TLs allowing signal path. In the diagrams of Fig. 1, the frequencies 

from f1 to fN do not need to be in ascending order. 

1.3 Metamaterial TLs for Mutiband Applications 

The circuit parameters of a conventional RH TL are series inductance and shunt capacitance. 

This structure has a linear phase response, and only a RH phase shift or phase delay exists. 

However, the dual structure of a RH TL or LH TL, of which the circuit parameters are series 

capacitance and shunt inductance, has a nonlinear phase response, and only a left-handed phase 

response or phase advance is supported. Because of a parasitic RH TL, a pure LH TL does not 

exist in the real world, and a combination of a RH TL and a LH TL, a CRLH TL, has been 

actively investigated [16]. Figure 2 shows the circuit model and phase response of a CRLH TL. 

A CRLH TL shows interesting characteristics in the balanced condition, where the series 

resonant and shunt resonant frequencies are equal. In the balanced condition of a CRLH TL, the 

phase response and characteristic impedance are simply represented as 

                      
1

( ) C R R

L L

N L C
L C

  


 
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.                                             (1) 
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L

R

R
C

C

L

C

L
Z  .                                                 (2) 

where NC is the number of CRLH TL unit cells and  is the angular frequency. A CRLH TL has 

a dual-band characteristic: two desired phase responses, 1 and 2, can be obtained at two 

frequencies, 1 and 2, using a CRLH TL. Phase shift 1 at frequency 1 and phase shift 2 at 

frequency 2 bring two equations using (1). Because of the matching-to-termination impedance 

Z0, (2) makes two other equations. So, there are four equations with four unknowns: LR, CR, LL, 

and CL. These four circuit parameters are presented with closed forms in Appendix 1 [16]. 
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   A dual-CRLH (D-CRLH) TL has not only the dual characteristics of a CRLH TL but also 

has the dual structure of a CRLH TL, which has the parallel LC in series branch and series LC in 

shunt branch [17]. A double-Lorentz (DL) TL is a combination of a D-CRLH TL and a parasitic 

RH TL, of which circuit parameters are series inductance (Lp) and shunt capacitance (Cp). Figure 

3(a) shows a circuit diagram of a DL TL. The phase response of a DL TL, shown in Fig. 3(b), is 

similar to that of a D-CRLH TL, but the existence of a RH phase shift region at a higher 

frequency band is a significant difference. A DL TL appears as a RH TL at low frequencies 

because components LR, LP, CR, and Cp are dominant. On the contrary, if both impedance Z and 

admittance Y could have negative values at a certain frequency band, the DL TL would show 

CRLH-like behavior, because the effect of LR and CR in the structure is reduced at higher 

frequency. However, if both Z and Y do not support negative values in the frequency band, then 

the DL TL does not have a LH characteristic. 

   The phase response and characteristic impedance of a balanced DL transmission line are 

presented as (3) and (4), respectively [18]. 

                
2

( )
1

P R
D P P

P R L

C L
N L C

L L C


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

 
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 
.                                 (3) 

                        C .P L R
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where ND is the number of DL TL unit cells. Because a DL TL has a tri-band characteristic, three 

desired phase responses, 1, 2, and 3, can be obtained at three frequencies, 1, 2, and 3. This 

results in three equations using (3). Because of the matching-to-termination impedance Z0, (4) 

makes three other equations. Hence there are six equations with six unknowns, LP, CP, LR, CR, LL, 



 
 

10 
 

and CL. Solving these simultaneous equations gives circuit parameters of a DL TL satisfying tri-

band characteristic. 

1.4 Isolation Circuit Concept 

The method to determine a proper phase response of a TL for an isolation circuit is discussed 

in this section. Figure 4(a) represents an isolation circuit comprising a TL connected to a filter or 

a multiplexer. For simplicity, a case dealing with only one phase is considered. In Fig. 4(b) and 

(c), each triangle on the Smith chart shows an input impedance of a filter or a multiplexer at 

target frequency. In both cases, the real part of the impedance () is assumed zero. Figure 4(b) 

represents a positive imaginary impedance and Fig. 4(c) shows a negative imaginary impedance. 

Since the input impedance is not infinite, a TL is required to rotate the triangle to the open 

position, represented by a hollow circle on the Smith chart, for an isolation characteristic. Two 

rotations are possible in both cases. Clockwise rotation represents a RH phase response or a 

delay, 1, having a negative value. A left-handed (LH) phase response or a phase advance, 2, 

having a positive value, is represented as a counter-clockwise rotation on the Smith chart. If the 

             

      (a)                                                                    (b) 

Figure 3. (a) Circuit model of a DL TL unit cell. (b) Phase response of a DL TL in the balanced case. 
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real part of the input impedance of a filter or a multiplexer () is zero, the transmission line 

impedance equation can be used to solve the required phase response [19]. 

                       
0 1,2

0

0 1,2

tan(- )

tan(- )

L

in

L

Z jZ
Z Z

Z jZ









.                                              (5) 

Since the input impedance of the circuit Zin should be infinite, the denominator of (2) is zero, 

and the required phase response, 1,2, is 

  

(a) 

 

(b)                                                          (c) 

Figure 4. (a) An isolation circuit diagram. (b) An example of the input impedance ZL shown on the Smith 

chart (case 1: X > 0 and  = 0). (c) An example of the input impedance ZL shown on the Smith chart 

(Case 2: X < 0 and  = 0). 
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These equations can be simplified to a more general form: 

                 0arctan(Z /X)n     .                                             (6c) 

where n is the integer and Z0 is the characteristic impedance of the transmission line. Here,  is 

the adjusting constant as will be explained below. A more rigorous equation considering the term 

 is also represented as 

             
 2 2 2

0 0arg ( ) 2
.

2

X Z j Z X
n


  

  
                        (6d) 

Adjusting the constant   obtains reasonable circuit parameters. In the phase responses of a 

balanced CRLH TL and a DL TL, the absolute value of a phase shift at a higher frequency 

should be larger than that at a lower frequency on the right-handed (RH) region. However, it 

might be necessary that the absolute phase shift at the higher frequency is smaller than that at the 

lower frequency in certain conditions, like Fig. 5(a). A designer would want the two target points 

a’ (at frequency f1, lower than f2) and b’ (at frequency f2, higher than f1) on the Smith chart 

moving to an open position after combining the TL. Phase shifts ’1 (for a’) and ’2 (for b’) of 

the TL are necessary, and a CLRH TL and a DL TL cannot support this because the phase shift 

’1 at the lower frequency is larger than ’2. It is therefore necessary to use the adjusting 

constant   to satisfy the natural phase response of the TL [18]. Constants 1 and 2 in Fig. 5(b) 

are used for such a purpose. The final phase response 1 is smaller than 2. Even the two final 

points, a and b, are not located in an exact open position. If a and b are not far from an open 
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condition, this isolation circuit could be isolated enough albeit with some return loss cost. Figure 

6 shows the simple diagram of this case, and the reflection coefficient is 

                
2

0
1,2 2 2

0 1,24

Z

Z X
 


                                   (7) 

 

(a)                                                  (b) 

Figure 6. (a) An isolation circuit diagram. (b) An example of the input impedance ZL shown on the Smith 

chart (case 1: X > 0 and  = 0). (c) An example of the input impedance ZL shown on the Smith chart 

(Case 2: X < 0 and  = 0). 

 

 

Figure 5. Reflection coefficient of a multiplexer using the adjusting constant, 1 and 2, on Fig. 4(b). 
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where X1 and X2 are the reactance values of a and b on Fig. 5(b), respectively, and the exact 

matching of the other circuit is assumed. For reference, if the value of X equals ±1.5×Z0, 10 dB 

return loss is guaranteed, and if 20 dB return loss is required with that, then X is ±5.0×Z0. 

Adjusting constant  is also able to help determine the appropriate circuit parameters of a TL. 

Because a multiband TL is realized by lumped elements (inductors and capacitors) and a 

microstrip line, it operates in a restricted frequency range which is mainly affected by the values 

of the lumped elements. To adjust the operating frequency band, a designer might need to 

compromise between a design circuit parameter and the real value of a lumped element, and a 

constant  might help to choose the appropriate circuit parameters. 

1.5 Multiplexers with Conventional Junction Types 

In order to verify the design concepts, star junction type multiplexers and manifold junction 

   

(a)                                                          (b) 

Figure 7. Fabricated star-junction multiplexers based on isolation circuits. (a) Triplexer. (b) 

Quadruplexer. 
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type multiplexers are designed and fabricated. A RT/Duroid 5870 substrate (r = 2.33, height = 

0.787 mm) and commercial SAW filters are used for multiplexers. Four filters (having 881.5 

MHz, 942.5 MHz, 1575 MHz, and 1842.5 MHz center frequencies) are made by Panasonic while 

the manufacturers of other filters, with 2140 MHz and 2450 MHz center frequencies, are EPCOS 

and Murata, respectively. 

 Star Junction Type Multiplexers 1.5.1

The triplexer based on dual-band isolation circuits is shown in Fig. 7(a). Because of using 

commercial filters, this triplexer has smaller size than the previous work [12]. The center 

frequencies of commercial filters are 881.5 MHz, 1575 MHz, and 1842.5 MHz, and each 

isolation circuit allows signal path at the center frequency of its filter. However, it rejects signal 

at two operating frequencies of other isolation circuits. For designing CRLH TLs used on dual-

band isolation circuits, two target input impedances of each filter are necessary and they are 

represented in Table 1. After calculating required two phases from two input impedances with 

(6c) or (6d), the circuit parameters of each CRLH TL can be solved from (16)-(19) in Appendix 

1. The results are summarized in Table 1. For a CRLH TL, lumped elements and microstrip lines 

are used. A LH part of a CRLH TL was realized using lumped elements whereas a microstrip 

line was used for a RH TL part. Fig. 8 (a), (b), and (c) show the simulated and measured results 

of the triplexer. Fig. 8(a) shows the insertion losses, which are less than 2.2 dB. Fig. 8(b) shows 

the return losses better than 15.1 dB, and the isolation is greater than 33.5 dB in Fig. 8(c). 
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Fig. 7(b) shows the fabricated quadruplexer based on tri-band isolation circuits [13]. The 

center frequencies are 942.5 MHz, 1575 MHz, 2140 MHz, and 2450 MHz. In a manner similar 

to that of a dual-band isolation circuit, a DL TL for a tri-band isolation circuit can be designed by 

getting required phases from input impedances of a filter used on the isolation circuit. Then, 

circuit parameters of the DL TL are solved from (3) to (4) with the required phase responses and 

corresponding frequencies. Table 2 shows the input impedances of each filter, the required phase 

responses, and the circuit parameters of the DL TL satisfying isolation characteristic. 

 

 

   

(a)                                                          (b) 

 

(c) 

Figure 8. The star-junction triplexer results: (a) Insertion loss. (b) Matching at port 1. (c) Isolation. 
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Table 1. Design Summary of The Star Junction Triplexer 

 

Impedance of Filter () 
Required Phase 

Delay/Advance (deg.) 

Circuit Parameter of CRLH TL 

(L : nH, C : pF) 

LR CR LL CL 

881.5 MHz 

Isolation 

Circuit 

1575 MHz 1842.5 MHz 11 12 
5.5 2.2 25.3 10.1 

-j(25.25) -j(18.20) -101.80 -126.30 

1575 MHz 

Isolation 

Circuit 

881.5 MHz 1842.5 MHz 21 22 
6.67 2.67 8.27 3.31 

-j(58.65) -j(25.55) 40.45 -117.07 

1842.5 

MHz 

Isolation 

Circuit 

881.5 MHz 1575 MHz 31 32 

8.86 3.54 6.77 2.71 
-j(58.70) -j(23.75) 40.42 -115.41 

 

Table 2. Design Summary of The Star Junction Quadruplexer 

 

Impedance of Filter () 
Required Phase 

Delay/Advance (deg.) 

Circuit Parameter of DL TL 

(L : nH, C : pF) 

LR CR LL CL Lp Cp 

942.5 MHz 

Isolation 

Circuit 

1575 MHz 2140 MHz 2450MHz 11 12 13 

1.80 0.72 16.18 6.47 7.50 3.00 
-j(27.75) -j(13.75) -j(8.10) 60.90 -90.41 -114.19 

1575 MHz 

Isolation 

Circuit 

942.5 MHz 2140 MHz 2450 MHz 21 22 23 

2.75 1.10 20.43 8.17 7.31 2.92 
-j(54.25) -j(16.95) -j(11.30) -137.33 -98.82 -117.76 

2140 MHz 

Isolation 

Circuit 

942.5 MHz 1575 MHz 2450 MHz 31 32 33 

6.23 2.49 6.01 2.4 9.17 3.67 
-j(90.60) -j(45.15) -j(27.15) -151.12 47.89 -118.66 

2450 MHz 

Isolation 

Circuit 

942.5 MHz 1575 MHz 2140 MHz 
41 

-69.89 

42 

131.84 

43 

-2.88 
3.92 1.57 8.24 3.29 3.12 1.25 j(18.30) j(44.70) j(332.65) 

 

A D-CRLH part of a DL TL was realized using lumped elements while a microstrip line was 

used for a RH TL part. The simulated and measured results of the quadruplexer are shown in Fig. 

9(a), (b), and (c). The worst case of insertion losses shown in Fig. 9(a) is 4.07 dB. This result can 

be improved by further adjusting the reactance of lumped elements. Insertion losses of other 

output ports are less than 2.9 dB. Fig. 9(b) shows the return losses larger than 11.3 dB, and the 

isolation is larger than 27.5 dB in Fig. 9(c). 
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 Manifold Junction Type Multiplexers 1.5.2

Figure 10(a) shows the picture of the manifold junction triplexer based on dual-band isolation 

circuits [14]. Its center frequencies are 881.5 MHz, 1575 MHz, and 1842.5 MHz. The design 

process of a dual-band isolation circuit based on a CRLH TL is same with that of the star 

junction triplexer shown in previous section. However, the special isolation circuit based on RH 

TLs has different operation concept and design method. At 1575 MHz, the combined phase 

response of RH TL1 and RH TL2 should satisfy the condition that the input impedance of the 

special isolation circuit (consisting of two RH TLs and 881.5 MHz filter) is infinite. Similarly, 

   

(a)                                                          (b) 

 

(c) 

Figure 9. The star-junction quadruplexer results: (a) Insertion loss. (b) Matching at port 1. (c) Isolation. 
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the phase response of RH TL2 should be determined having open condition with the filter at 

1842.5 MHz. Table 3 shows the summary of designed isolation circuits. Fig. 11(a), (b), and (c) 

show the simulated and measured results of the triplexer. The insertion losses shown in Fig. 11(a) 

are less than 2.1 dB. Fig. 11(b) shows the return losses better than 14.3 dB, and the isolation is 

greater than 32.4 dB in Fig. 11(c). 

   The manifold junction quadruplexer based on tri-band isolation circuits is shown in Fig. 

10(b) [15]. The design process is similar with the triplexer case, except that the quadruplexer 

uses DL TLs and three RH TLs instead of two RH TLs. Table 4 shows the design summary of 

the quadruplexer. Fig. 12(a), (b), and (c) show the simulated and measured results of the 

quadruplexer, and simulation results are well matched with measured results. Fig. 12(a) shows 

the insertion losses, which are less than 4.1 dB. Fig. 12(b) shows that the return losses are better 

than 13.7 dB, and the isolation is greater than 27.1 dB as shown in Fig. 12(c). 

    

(a)                                                                   (b) 

Figure 10. Fabricated manifold-junction multiplexers based on isolation circuits. (a) Triplexer. (b) 

Quadruplexer. 
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1.6 Conclusion 

Multiplexers based on isolation circuits are presented. The concepts, theories, and design 

processes have been explained to help the reader design and fabricate proposed multiplexers. 

These multiplexers have significant advantages. A straightforward and easy design process and 

the freedom to choose any filters without modification are attractive to a system designer. In this 

chapter, two conventional junction types of triplexers and quadruplexers are designed and 

fabricated. Novel junction type, combining method of two filtering circuits (CMTC), will be 

explained in the following chapter. 

 

 

(a)                                                          (b) 

 

(c) 

Figure 11. The manifold-junction triplexer results: (a) Insertion loss. (b) Matching at port 1. (c) Isolation. 
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(a)                                                          (b) 

 

(c) 

Figure 12. The manifold-junction triplexer results: (a) Insertion loss. (b) Matching at port 1. (c) Isolation. 
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Table 3. Design Summary of The Manifold Junction Triplexer 

 

Impedance of Filter () 
Required Phase 

Delay/Advance (deg.) 

Circuit Parameter of CRLH TL 

(L : nH, C : pF) 

LR CR LL CL 

1575 MHz 

Isolation 

Circuit 

881.5 MHz 1842.5 MHz 21 22 
6.67 2.67 8.27 3.31 

-j(58.65) -j(25.55) 40.45 -117.07 

1842.5 MHz 

Isolation 

Circuit 

881.5 MHz 1575 MHz 31 32 
8.86 3.54 6.77 2.71 

-j(58.70) -j(23.75) 40.42 -115.41 

881.5 MHz 

Isolation 

Circuit 

1575 MHz 1842.5 MHz 11 12 
    

-j(25.25) -j(18.20) -116.79 -110.00 

 

 

Table 4. Design Summary of The Manifold Junction Quadruplexer 

 

Impedance of Filter () 
Required Phase 

Delay/Advance (deg.) 

Circuit Parameter of DL TL 

(L : nH, C : pF) 

LR CR LL CL Lp Cp 

942.5 MHz 

Isolation 

Circuit 

1575 MHz 2140 MHz 2450MHz 11 12 13 

1.80 0.72 16.18 6.47 7.50 3.00 
-j(27.75) -j(13.75) -j(8.10) 60.90 -90.41 -114.19 

2140 MHz 

Isolation 

Circuit 

942.5 MHz 1575 MHz 2450 MHz 31 32 33 

6.23 2.49 6.01 2.4 9.17 3.67 
-j(90.60) -j(45.15) -j(27.15) -151.12 47.89 -118.66 

2450 MHz 

Isolation 

Circuit 

942.5 MHz 1575 MHz 2140 MHz 41 42 43 

3.92 1.57 8.24 3.29 3.12 1.25 

j(18.30) j(44.70) j(332.65) 
-69.89 131.84 -2.88 

1575 MHz 

Isolation 

Circuit 

942.5 MHz 2140 MHz 2450 MHz 21 22 23 

      -j(54.25) -j(16.95) -j(11.30) 
-137.30 -108.80 -102.80 
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 Combining Method of Two Filtering Circuits Based on Isolation Chapter 2

Circuits 

2.1 Introduction 

In order to support multiband communication systems, a multiplexer is necessary if one 

antenna covers all the necessary spectra and has thus become an important component. The 

function of a multiplexer is: 1) to send a signal having a specific frequency to a target output, and 

vice versa, and 2) to prevent the signal from entering other channels. For this functionality, many 

design concepts are investigated and categorized by manifold type and star junction type. A 

traditional multiplexer design generally requires the modification of filters and a complex 

optimization process. However, the use of a commercial filter or a multiplexer without 

modification, and a simple multiplexer design method are occasionally necessary for a system 

designer. In the previous chapter, multiplexers based on isolation circuits are proposed and they 

satisfy such demands. 

 

Figure 13. Diagram and operation concept of a multiplexer based on CMTC. 
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In this chapter, an isolation circuit concept is further expanded by combining two multiplexers 

thereby increasing the number of channels. An isolation circuit is composed of a transmission 

line (TL) connected to a filter or a multiplexer, and the combination of two isolation circuits has 

multiplexer functionality. Figure 13 shows the schematic of the proposed method. On the 

contrary with the junction type shown in chapter 1, a multiplexer can be a component of an 

isolation circuit (not a single filter) and only two isolation circuits are necessary. Hence, a 

channel number for this type of multiplexer can easily be increased, and is simple to design and 

fabricate. Also, commercial filters or multiplexers can be used, because it is not necessary to 

modify filters or multiplexers used in this methodology. First, the concept of the multiplexer 

suggested in this chapter is explained. Then the general design process for the proposed 

multiplexer is shown. The simulated and measured results of the proposed multiplexers are also 

provided. 

2.2 Concept of Proposed Method 

The diplexer shown in Fig. 1 (in chapter 1) is the starting point for a multiplexer based on 

isolation circuits. In this case, single-band isolation circuits are used and the limitation, namely 

that it has an isolation characteristic at only one frequency, arises from a conventional TL. 

However, research of a multiband metamaterial TL makes a multiband isolation circuit possible, 

and brings increased multiplexer channels. The channel extension method of Fig. 13 uses two 

isolation circuits, as shown in the diplexer of Fig. 1. The difference between the diplexer and the 

proposed multiplexer is the use of a multiband TL and a multiplexer, instead of a conventional 

TL and a filter. The channel number of a this multiplexer can be increased by combining two 

multiplexers, or a filter and a multiplexer. The total number of channels, N, is 
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                21                                      (8) 

where N1 and N2 are the channel numbers of each multiplexer (if N1 or N2 is one, it is a filter), 

and four is the maximum value, because a TL having a five-band characteristic does not exist at 

this time. Hence the maximum value of N is eight. 

The operation concept is also represented in Fig. 13. The first isolation circuit, comprising an 

N2-band TL and an N1-channel multiplexer, is isolated from the input port at the center 

frequencies of another isolation circuit (from fN1+1 to fN1+N2). On the contrary, the second 

isolation circuit, consisting of an N1-band TL and an N2-channel multiplexer, has an isolation 

characteristic at frequencies from f1 to fN1. Therefore, one circuit allows a signal path while the 

other circuit prevents a signal flow. For example, a signal having an f1 frequency cannot enter the 

second isolation circuit, but the signal goes through the N2-band TL of the first isolation circuit. 

Thereafter the signal is only detected at output port 1 because of the frequency selective 

characteristic of the N1-channel multiplexer. For verification of the concept, a triplexer (N1 = 2 

 

Figure 14. Triplexer based on CMTC. 
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and N2 = 1), a quadruplexer (N1 = 2 and N2 = 2), and a five-channel multiplexer (N1=3 and N2= 2) 

are investigated. 

2.3 Design Process of Multiplexers Based on CMTC 

In this section, the design process of the multiplexer is presented. For clear explanation, this 

process is applied to the triplexer, shown in Fig. 14, using the diplexer, of which the center 

 

(a)                                                        (b) 

 

(c)                                                        (d) 

Figure 15. Performances of the diplexer and the filter for the triplexer. (a) Magnitude response of the 

diplexer. (b) Input impedance of the diplexer shown on the Smith chart. (c) Magnitude response of the 

filter. (d) Input impedance of the filter shown on the Smith chart. 
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frequencies are 942.5 MHz and 2450 MHz, and the 2140 MHz filter. For reference, the diplexer 

follows the design concept of Fig. 1. Figure 15 shows the measured magnitude characteristics 

and input impedances of the diplexer and the 2140 MHz Filter. 

1. Find the input impedances of each multiplexer or filter at operating frequencies of the 

other isolation circuit. In the triplexer case, it is necessary to find the input impedance of 

the diplexer at 2140 MHz (marker 1 in Fig. 15(b)) and the input impedances of the 2140 

MHz filter at 942. 5 MHz and 2450 MHz (markers 1 and 2 on Fig. 15(d)). 

2. Find the proper phase shifts for each multiplexer or filter using Eq. (6c) or (6d) in order to 

obtain an open condition at target frequencies. In the triplexer case, the necessary phase 

 

(a)                                                          (b) 

 

(c) 

Figure 16. Frequency response of the triplexer. (a) Insertion loss. (b) Matching at port 1. (c) Isolation. 
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delay 11 for the diplexer is -43.50, and the required phase shifts 21 and 22 for the filter 

are 28.89 and -118.66, respectively. 

3. Obtain the circuit parameters of the TL satisfying the required phase shift at the target 

frequency. If there are two phase shifts at two target frequencies, a CRLH TL, having a 

dual-band characteristic, is necessary, and Eq. (16)-(19) in Appendix 1 can be used for the 

circuit parameters of the CRLH TL [1]. Equations (3) and (4) in chapter 1 are necessary 

for solving the circuit parameters of a DL TL and are used in cases where there are three 

phase shifts at three target frequencies [2]. In the triplexer case, the circuit parameters of 

the CRLH TL for the filter are solved by submitting (21, 22) = {0.50 rad. (28.89), -2.07 

rad. (-118.66)} and (21, 22) = (2××942.5 MHz, 2××2450 MHz) pair and N = 2 to Eq. 

(16)-(19) in Appendix1. The circuit parameters of the CRLH TL are LR = 4.37 nH, CR = 

1.73 pF,  LL = 11.06 nH, and CL = 4.42 pF. For the diplexer case, a conventional RH TL, 

having an electrical length of -43.5 at 2140 MHz is necessary. 

4. Combine the multiplexer or filter with the corresponding TL. In the triplexer case, the 

CRLH TL, designed in Step 3, and the filter make one dual-band isolation circuit, and the 

 

Figure 17. Quadruplexer based on CMTC. 
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combination of the diplexer and the conventional TL makes another isolation circuit. 

5. Connect two isolation circuits with an input port. 

2.4 Multiplexers Based on CMTC 

In order to verify the design concept, the triplexer, the quadruplexer, and the five-channel 

multiplexer are designed and fabricated. Some information regarding the triplexer is given in the 

previous section, and its operating frequencies are 942.5 MHz, 2140 MHz, and 2450 MHz. The 

 

(a)                                                        (b) 

 

(c)                                                        (d) 

Figure 18. Performances of the diplexers for the quadruplexer. (a) Magnitude response of the diplexer 1. 

(b) Input impedance of the diplexer 1 shown on the Smith chart. (c) Magnitude response of the diplexer 2. 

(d) Input impedance of the diplexer 2 shown on the Smith chart. 
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quadruplexer is a combination of two dual-band isolation circuits and operates at 942.5 MHz, 

1575 MHz, 2140 MHz, and 2450 MHz. The tri-band isolation circuit, comprising the diplexer 

and the DL TL, and the dual-band isolation circuit, consisting of the triplexer and the CRLH TL, 

together make the five-channel multiplexer. Its center frequencies are 942.5 MHz, 1575 MHz, 

1842.5 MHz, 2140 MHz, and 2450 MHz. A RT/Duroid 5870 substrate (r = 2.33, height = 0.787 

mm) and commercial SAW filters are used for multiplexers. Three filters (having 942.5 MHz, 

1575 MHz, and 1842.5 MHz center frequencies) are made by Panasonic and the manufacturers 

 

(a)                                                          (b) 

 

(c) 

Figure 19. Frequency response of the quadruplexer. (a) Insertion loss. (b) Matching at port 1. (c) 

Isolation. 
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of other filters, with 2140 MHz and 2450 MHz center frequencies, are from EPCOS and Murata, 

respectively.  

 Triplexer 2.4.1

In Section 2.3, the design process of the triplexer is investigated, and the derived data are 

summarized in Table 5. The triplexer is composed of the single band isolation circuit, a 

combination of the diplexer and the conventional TL, and the dual band isolation circuit, which 

consists of the filter and the CRLH TL. Figure 14 shows the fabricated triplexer. Lumped 

elements and microstrip lines comprise the CRLH TL. A LH TL part of the CRLH TL was 

realized using lumped elements, and a microstrip line was used for the RH TL part. For a single 

band isolation circuit, the microstrip line, having -43.50 phase delay at 2140 MHz, is used. 

Figure 16 shows the simulated and measured results of the triplexer. Figure 16(a) shows the 

insertion losses, which are less than 2.36 dB. The return losses, shown in Fig. 16(b), are larger 

than 17.48 dB. Figure 16(c) shows that the isolation is greater than 28.52 dB. 

 

Figure 20. Five-channel multiplexer based on CMTC. 
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 Quadruplexer 2.4.2

Figure 17 shows the fabricated quadruplexer. The quadruplexer is composed of two diplexers, 

diplexer 1 and diplexer 2, and two CRLH TLs: CRLH TL 1 and CRLH TL 2. Both diplexers 

follow the concept of Fig. 1. Each diplexer and its corresponding CRLH TL make a dual-band 

isolation circuit.  Figure 18 shows the measured magnitude characteristics and input impedances 

 

(a)                                                        (b) 

 

(c)                                                        (d) 

Figure 21. Performances of the triplexer and the diplexer for the five-channel multiplexer. (a) Magnitude 

response of the triplexer. (b) Input impedance of the triplexer shown on the Smith chart. (c) Magnitude 

response of the diplexer. (d) Input impedance of the diplexer shown on the Smith chart. 

 

 

 



 
 

35 
 

of diplexer 1 and diplexer 2. The diplexer 1 is the same diplexer used in the triplexer, but it 

should be isolated from the input port at two target frequencies, 1575 MHz and 2140 MHz, after 

combining the CRLH TL 1. The two input impedances, at 942.5 MHz and 2450 MHz, of 

diplexer 2 are represented in Fig. 18(d). From this information, the circuit parameters of CRLH 

TLs for the isolation circuits are solved by the process represented in Section IV. Table 6 shows 

the summary of the quadruplexer design.  

Simulated and measured results of the quadruplexer are shown in Fig. 19. The insertion losses 

are less than 3.04 dB and the return losses are larger than 12.64 dB. In addition, the isolation is 

 

(a)                                                          (b) 

 

(c) 

Figure 22. Frequency response of the five-channel multiplexer. (a) Insertion loss. (b) Matching at port 1. 

(c) Isolation. 
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larger than 27.53 dB.  

 Five-Channel Multiplexer 2.4.3

The five-channel multiplexer is composed of a dual-band isolation circuit and a tri-band 

isolation circuit. A dual-band isolation circuit consists of a CRLH TL and a triplexer. The 

triplexer is based on dual-band isolation circuits [3]. The center frequencies of the triplexer are 

942 MHz, 1575 MHz, and 1842.5 MHz. A tri-band isolation circuit is the combination of a DL 

TL [4] and a diplexer, which is designed by the concept of Fig. 1, and operates at 2140 MHz and 

2450 MHz. Figure 20 shows the fabricated five-channel multiplexer. The measured results of the 

triplexer and the diplexer are shown on Fig. 21. Markers 1 and 2 on Fig. 21(b) show the input 

impedances (represented on the Smith chart) of the triplexer at two target frequencies 2140 MHz 

and 2450 MHz.  Figure 21(d) shows the input impedances of the diplexer represented on the 

Smith chart. Markers 1, 2, and 3 represent three input impedances at center frequencies of the 

triplexer, 942.5 MHz, 1575 MHz, and 1842.5 MHz. The required circuit parameters of the 

CRLH TL and the DL TL are solved by the process represented in section 2.3. By the way, the 

required RH phase delays of markers 2 and 3 in Fig. 21(d) are -60.35 and -36.62, respectively. 

But a DL TL does not allow these phase responses because the frequency of marker 2 is smaller 

than that of marker 3. Hence, the adjusting constants 22 (+20) and 23 (-20) are used for the 

tri-band isolation circuit. The design summary of the five-channel multiplexer is shown in Table 

7. Figure 22 shows the simulated and measured results of the five-channel multiplexer. The 

worst case for the insertion loss is 3.42 dB at 942.5 MHz. In other pass bands, insertion losses 

are less than 2.66 dB. Figure 11(b) shows the return losses, and they are larger than 10.17 dB. 

Isolation is better than 23.61 dB. 
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2.5 Conclusion 

Combining method of two filtering circuits (CMTC) for multiplexers has been presented. The 

concept, theories, and design process have been explained to help the reader design and fabricate 

a proposed multiplexer. With this approach, the number of channels can easily be increased by 

the sum of channels of two multiplexers. The advantages of multiplexers introduced in chapter 1 

are still maintained. In this chapter, the triplexer, the quadruplexer, and the five-channel 

multiplexer are designed and fabricated. The measured results of each multiplexer show good 

agreement with the simulation results. 

 

Table 5. Summary of Triplexer Based on CMTC 

 Circuit 2 (CRLH TL + Filter) Circuit 1 (RH TL + Diplexer)  

Impedance of 

Filter or Diplexer () 

At 942.5 MHz 2.15 - j90.60 
At 2140 MHz 7.05 + j52.2 

At 2450 MHz 4.35 - j27.15 

Required Phase Response 

(deg.) 

21 28.89 
11 -43.50 

22 -118.66 

Circuit 

Parameters of 

CRLH TL 

(L : nH, C : pF) 

LR 4.32 

 
CR 1.73 

LL 11.06 

CL 4.42 

 

Table 6. Summary of Quadruplexer Based on CMTC 

 Circuit 1 (CRLH TL1 + Diplexer 1) Circuit 2 (CRLH TL2 + Diplexer 2)  

Impedance of 

Diplexer () 

At 1575 MHz 24.25 - j65.35 At 942.5 MHz 0.4 - j1.80 

At 2140 MHz 7.05 + j52.20 At 2450 MHz 3.45 - j6.35 

Required Phase Response 

(deg.) 

11 -144.93 21 87.94 

12 -223.50 22 -97.29 

Circuit 

Parameters of 

CRLH TL 

(L : nH, C : pF) 

LR 8.27 4.36 

CR 3.31 1.74 

LL 13.56 6.58 

CL 5.42 2.63 
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Table 7. Summary of Five-Channel Multiplexer Based on CMTC 

 Circuit 1 (CRLH TL + Triplexer) Circuit 2 (DL TL + Diplexer)  

Impedance of Triplexer or 

Diplexer () 

At 2140 MHZ 6.15 + j24.20 At 942.5 MHZ 3.40 - j24.55 

At 2450 MHZ 5.45 - j27.55 
At 1575 MHZ 1.65 + j28.45 

At 1842.5 MHZ 7.60 - j66.75 

Required Phase Response 

(deg.) 

11 -77.56 21 63.78 

12 -104.19 
22 -40.35 (22 = +20) 

23 -56.62 (23 = -20) 

Circuit Parameters of CRLH 

TL 

(L : nH, C : pF) 

LR 4.36 LR 6.43 

CR 1.74 CR 2.57 

LL 7.51 LL 15.80 

CL 3.01 

CL 6.32 

LP 5.72 

CP 2.29 
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 Contiguous Channel Triplexer Based on CMTC Chapter 3

3.1 Introduction 

The star-junction or the manifold-junction triplexer based on dual-band isolation circuits is 

introduced in chapter 1 [1]. Each isolation circuit isolates itself from the input port at two 

operating frequencies of other circuits. In this concept, a composite right/left handed (CRLH) TL 

having dual-band characteristic is essential [2][3], because the isolation circuits used for the 

triplexer should be designed to have the isolation characteristic at two frequencies. By the way, 

both junction types are less effective for a contiguous or narrow guard band triplexer than the 

novel junction concept, the combining method of two filtering circuits (CMTC) shown in Fig. 23. 

The reason for this comes from the intrinsic characteristic of a band-pass filter (BPF) and a phase 

response of a CRLH TL. In the following section, detailed investigation will be discussed. 

In this chapter, the contiguous channel triplexer based on CMTC is presented. The concept of 

the triplexer and the theory for an isolation circuit are explained. Also, the reason why the 

proposed method is attractive for a contiguous channel triplexer design is investigated. The 

design process and the measured results of the proposed triplexer are also provided. 

3.2 Theory 

The proposed contiguous channel triplexer is based on CMTC, and the diagram is shown in 

Fig. 23 [4][5]. The triplexer comprises two isolation circuits. One is composed with a CRLH TL 

and a filter. Another isolation circuit comprises a conventional TL connected with a diplexer. 

The diplexer shown in this chapter is also made by the use of CMTC, however any kind of a 

diplexer can be used in this methodology. In Fig. 24, the frequencies, in ascending order, are f1, 

f2, and f3, and the center frequency of the filter used on CRLH isolation circuit should be f2 for 

easier design of the CRLH TL, and this will be explained in the following paragraph. 
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The proposed triplexer consists of a RH TL connected with a diplexer and a CRLH TL 

connected with a band-pass filter (BPF). The appropriate phase response of the RH TL is 

determined by investigating the input impedance of the diplexer at the center frequency of the 

filter used in the CRLH isolation circuit. Adding proper phase delay of the RH TL, the isolation 

 

Figure 23. Diagram and operation concept of proposed triplexer based on CMTC.  

 

(a)                                                                    (b) 

Figure 24. Locus of input impedance of a BPF shown in the Smith chart. (a) Open rejection case. (b) 

Short rejection case. 
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circuit consisting of the diplexer can have open circuit input impedance which is not difficult to 

design with a RH TL. However, designing a CRLH TL for a contiguous channel triplexer is 

difficult or impractical in the circumstances that the filter connected with the CRLH TL has f1 or 

f3 center frequencies (f1 < f2 < f3). The reason for this comes from the intrinsic characteristic of a 

BPF and a phase response of a CRLH TL. Fig. 24 shows the locus of input impedance of a BPF 

shown in the Smith chart. An input impedance of a BPF having open rejection characteristics, in 

which the input impedance of the filter becomes closer to infinite impedance as the frequency 

moves away from the pass-band, is represented in Fig. 24(a) while Fig. 24(b) shows that of a 

BPF having short rejection characteristic (closer to zero impedance as far away from pass-band). 

In both cases, impedance follows locus with clockwise rotation as frequency is increasing 

because a general BPF always has a positive group delay. Detailed explanation of this is 

provided in Appendix 2. Fig. 25 shows the phase response of a CRLH TL, and both left-handed 

(LH) and right-handed (RH) phase responses exist. 

 

Figure 25. Dispersion diagram of a CRLH TL (: the propagation constant of a CRLH TL). 
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If a filter connected with a CRLH TL has f2 center frequency, the input impedances of the 

filter at f1 and f3 are located on the Smith charts as shown in Fig. 26. With proper phase response 

of the CRLH TL, two impedance points can be moved to open-circuit impedance. Fig. 26(a) 

shows the open rejection case, and the CRLH TL can be designed by selecting LH and RH phase 

 

(a)                                                               (b) 

Figure 26. Design of CRLH TL connected with f2 filter. (a) Open rejection case. (b) Short rejection case. 

 

Figure 27. Design of CRLH TL connected with f1 filter. (a) Open rejection case. (b) Short rejection case. 
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responses (phase advance and phase delay) at f1 and f3, respectively. In the short rejection case 

shown in Fig. 26(b), same strategy used in the open rejection case could be difficult for design of 

the CRLH TL because required absolute phase responses at both f1 and f3 are large.  Instead, only 

LH region of the CRLH TL can be used in this case. In the phase response of the CRLH TL 

shown in Fig. 26(b), both f1 and f3 belong to the LH region and the absolute phase response at f1 

has larger value than that at f3. With this CRLH TL connected to the filter having the short 

rejection, open-circuit impedance can be realized at two target frequencies. This procedure 

cannot be used simply to a BPF (used on CRLH isolation circuit) having f1 or f3 center frequency. 

Fig. 27 shows input impedance of the f1 filter represented on the Smith chart. In the open 

rejection case shown in Fig. 27(a), the impedance point at f3 requires smaller phase delay (RH 

phase response) than that at f2 for having open-circuit impedance. However, a phase delay at 

higher frequency is always larger than that at lower frequency in a CRLH TL. Hence, the CRLH 

TL cannot satisfy the requirement of the f1 filter connected with the CRLH TL having open-

 

(a)                                                          (b) 

Figure 28. Design of CRLH TL connected with f3 filter. (a) Open rejection case. (b) Short rejection case. 
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circuit impedance at both f2 and f3. With similar procedure of the open rejection case, it is 

difficult to design a CRLH TL for the short rejection f1 filter. In Fig. 27(b), the impedance point 

at f2 needs less phase advance (LH phase response) than that at f3. However, a CRLH TL cannot 

support such phase response in the LH region. In the case of the filter having f3 center frequency, 

it is still difficult to design a CRLH TL satisfying the required phase response for a dual-band 

isolation circuit. Figure 28(a) shows the case of the open rejection f3 filter. For open-circuit 

impedance at f1 and f2, less phase advance at f1 and more phase advance at f2 are necessary, 

however, it is difficult to satisfy such condition using a CRLH TL. Figure 28(b) shows the short 

rejection case, and more phase delay at f1 and less phase delay at f2 are necessary. The phase 

response of a CRLH TL does not support this. 

Considering Fig. 26 to 28, it is found that using a filter having f2 center frequency is easier for 

a CRLH isolation circuit of a contiguous channel triplexer. In addition, such case studies reveal 

that a star-junction or a manifold-junction triplexer, shown in chapter 1, is not appropriate for a 

contiguous channel triplexer because CRLH TLs should be designed for f1 or f3 filters. However, 

the star-junction or the manifold-junction triplexer concept is valid in non-contiguous channel 

 

Figure 29. Ideal frequency response of proposed triplexer on output ports. 



 
 

45 
 

triplexers because interaction between channels is not strong and the adjusting constant  of (6c) 

can be used. 

3.3 Design Process 

In this section, the design process of the proposed triplexer is presented. Fig. 29 shows the 

frequency response of the triplexer at output ports with ideal conditions. The combination of a 

diplexer shown in Fig. 30(a), whose center frequencies are 1 GHz and 1.25 GHz, and a 1.125 

GHz filter shown in Fig. 30(b) realizes the proposed triplexer. For compact size, hairpin-line 

filters are used for filtering circuits in the proposed triplexer [6]. The fractional bandwidths of the 

filters are around 10 %, and it could be difficult to design the proposed triplexer with use of a 

filter having wide bandwidth because of band limitation of an isolation circuit.  For reference, 

the diplexer is composed with two filters and it follows the simple design concept of Fig.1. Fig. 

 

(a)                (b) 

Figure 30. The layout of filtering circuits used for proposed triplexer. (a) Diplexer. (b) 1.125 GHz filter. 

(Parameters: l11 = 5.9, l12 = 28.55, l13 = 14.25, l14 = 37.45, l15 = 14.45, l21 = 6.8, l22 = 31.7, l23 = 16.2, l24 = 

41.6, l25 = 17.4, l31 = 8.1, l32 = 35.1, l33 = 20, l34 = 46.9, l35 = 19.8, w0 = 2.3, w1 = 1, w2 = 1.8, w3 = 2.) 
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31(a) and (b) show the measured magnitude characteristics and input impedance of the diplexer, 

respectively. The measured results of the 1.125 GHz filter are shown in Fig. 31(c) and (d). The 

frequency configuration of the triplexer is represented in Fig. 29, and its design procedure is as 

follows: 

1. Find an input impedance of a diplexer at the center frequency of a filter used on a CRLH 

isolation circuit, and check input impedances of the filter at operating frequencies of the 

diplexer used on the other isolation circuit. In the proposed triplexer, the input impedance 

of the diplexer at 1.125 GHz (marker 1 in Fig. 30(b)) and the input impedances of the 

1.125 GHz filter at 1 GHz and 1.25 GHz (markers 1 and 2 on Fig. 30(d)) are necessary for 

our design. 

2. Find the proper phase responses for each diplexer or filter using Eq. (6a) or (6b) in order 

to obtain open-circuit impedance at the target frequencies. In the proposed triplexer, the 

desired phase delay 11 for the diplexer is -33.80, and the required phase shifts 21 and 22 

for the filter are 93.33 and 61.99, respectively. 

3. Calculate circuit parameters of a CRLH TL and a length of a RH TL with solved phase 

responses in the procedure 2 above. In the proposed triplexer, the circuit parameters of the 

CRLH TL are solved by submitting (21, 22) = {1.63 rad. (93.33), 1.08 rad. (61.99)} 

and (21, 22) = (2××1 GHz, 2××1.125 GHz) pair and N = 2 to Eq. (16)-(19) in 

Appendix 1. The circuit parameters of the CRLH TL are LR = 1.96 nH, CR = 0.78 pF, LL = 

7.50 nH, and CL = 3.00 pF. For the diplexer, a conventional RH TL, having an electrical 

length of -33.80 at 1.125 GHz is necessary. 
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4. Combine a diplexer with a RH TL and connect a filter with a CRLH TL. In the proposed 

triplexer, the CRLH TL, designed in the procedure 3, and the 1.125 GHz filter make dual-

band isolation circuit, and the combination of the diplexer and the conventional RH TL 

makes single-band isolation circuit. 

5. Connect two isolation circuits with common input port. 

 

(a)                                                        (b) 

 

(c)                                                        (d) 

Figure 31. Performances of the diplexer and the filter used on proposed triplexer. (a) Magnitude response 

of the diplexer. (b) Input impedance of the diplexer shown on the Smith chart. (c) Magnitude response of 

the filter. (d) Input impedance of the filter shown on the Smith chart.   
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3.4 Contiguous Triplexer 

The proposed triplexer is composed of the single-band isolation circuit, a combination of the 

diplexer and the conventional TL, and the dual band isolation circuit, which consists of a filter 

and a CRLH TL. In order to verify the design concept, the proposed triplexer is designed and 

fabricated. In Section 3.3, the design process of the triplexer has been investigated, and the 

derived data are summarized in Table 8. In the fabricated triplexer picture shown in Fig. 32, the 

diplexer is located on the right side of the picture and the 1.125 GHz filter is on left side. A 

RT/Duroid 5870 substrate (r = 2.33, Height = 0.787 mm) is used for the triplexer and hairpin-

line BPFs are printed on the substrate for filtering circuits [5]. The lumped elements and the 

microstrip lines are used to form the CRLH TL. The LH part of the CRLH TL is realized by the 

lumped elements, and the microstrip lines are used for the RH part. For a single band isolation 

circuit, the microstrip line which has 33.80 phase delay at 1.125 GHz is used. 

 

Figure 32. Fabricated contiguous channel triplexer based on CMTC. 

 

 



 
 

49 
 

Fig. 33 shows the simulated and measured results of the contiguous triplexer. Figure 33(a) 

shows the insertion losses, which are less than 1.8 dB. The measured guard bandwidth is around 

25 MHz. The return losses, shown in Fig. 33(b), are larger than 10 dB, whereas Fig. 33(c) shows 

that the isolation is greater than 11.2 dB. 

 

 

(a)                                                          (b) 

 

(c) 

Figure 33. Simulated and measured results of proposed triplexer. (a) Insertion loss. (b) Matching at port 

1. (c) Isolation. 



 
 

50 
 

3.5 Conclusion 

A contiguous channel triplexer based on CMTC has been presented. The measured results of 

the proposed triplexer show good agreement with the simulation results. The concept, theories, 

and design process have been explained to help the reader design and fabricate this type of 

triplexer. It is usually difficult to design a contiguous or small guard band triplexer because of 

the strong interaction between the channels, and a designer is required to optimize filters or use a 

specific filter type. However, the proposed triplexer provides straightforward and simple design 

method. In addition, a system designer can choose any filter or diplexer without modification. 

Although a star-junction or a manifold-junction triplexer based on isolation circuits also has 

same advantages, it is difficult or nearly impossible to design CRLH TLs for a contiguous 

channel triplexer. Hence, the proposed triplexer is very attractive to a system designer. 

 

Table 8. Summary of Contiguous Channel Triplexer 

 Circuit 1 (RH TL + Diplexer) Circuit 2 (CRLH TL + Filter)  

Impedance of 

Filtering Circuits () 
At 1.125 GHZ 20.5 + j162.1 

At 1 GHZ 0.6 + j2.9 

At 1.25 GHZ 1 - j26.6 

Required Phase Response 

(deg.) 
11 -33.80 

21 93.33 

22 61.99 

Circuit Parameters 

of CRLH TL 

(L : nH, C : pF) 

LR  1.96 

CR  0.78 

LL  7.50 

CL  3.00 
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 Circularly Polarized Single Radiator CRLH SIW Leaky-Wave Chapter 4

Antenna 

4.1 Introduction 

In a real communication environment, maintaining precise alignment between the antennas 

may be improbable. Under these circumstances, circularly polarized antennas have been widely 

adapted over the linearly polarized antennas to minimize the polarization mismatch loss. A 

waveguide antenna with two inclined slots is popular way to make circular polarization [1]. 

However, it cannot be used in the applications demanding beam scanning ability. Recently, 

circular polarization capability has been integrated to CRLH based leaky wave antennas [2]-[4]. 

In doing so, circular polarization feature can be obtained in addition to the frequency scanning 

capability over broad operation bandwidth. However, [2] and [3] that are based on CRLH 

microstrip technology may suffer from the polarization purity of the radiated fields. Since the 

fields radiated not only from the series capacitors but also from the inductive stubs, overall 

radiated field pattern may be distorted. Also, inductive stubs generate undesired addition of loss 

and phase shift [2]-[3]. High-Q and high power handling advantages of substrate integrated 

waveguide (SIW) have been utilized in designing CRLH frequency scanning leaky-wave 

antennas.  CRLH SIW antennas are advantageous over the CRLH microstrip based antennas 

because the fields radiate only from the interdigital slots, thereby producing much purer linearly 

polarized waves. With these advantages, CP CRLH SIW LWA has been developed by 

orthogonally feeding the two linearly polarized CRLH SIW LWAs that are placed side-by-side 

[4].  

In this chapter, CP CRLH SIW LWA is further improved by eliminating the quadrature 

feeding network and the use of two linearly polarized CRLH SIW LWAs. Instead, the proposed 
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antenna is designed to produce circularly polarized field using a single radiator without the help 

of extra external circuits, while preserving all the advantages of the CRLH SIW LWAs. 

4.2 Antenna Structure and Operation Concept 

The proposed CP CRLH-inspired SIW LWA is shown in Fig. 34. The unit-cell shown in Fig. 

34(a) consists of four parts, which are two conventional CRLH unit-cells with the interdigital 

 

(a) 

 

(b) 

Figure 34. Proposed antenna configuration. (a) Unit-cell of the proposed CP LWA. (b) Whole structure of 

the proposed CP LWA. (Unit-cell parameters: p1 = 10 mm, p2 = 11 mm, l = 4.1 mm, w1 = 0.63 mm, w2 = 

0.4 mm, w3 = 12.24 mm.) 
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slot oriented to +45 and -45 degrees (orthogonal to each other) [4] and two right handed (RH) 

TLs. The phase delay between the centers of two interdigital slots are designed to provide 90 

phase shift at the center frequency fo. Therefore, circularly polarized wave is created from these 

two slots composing two orthogonal linear polarized waves and fed with 90 phase difference. 

Each RH TLs also provide 90
o
 phase delay, thereby providing additional 180 phase delay to the 

entire unit-cell. The total phase delay between the input and output ports of the unit cell is 0 (-

 

Figure 35. Equivalent circuit model of the unit-cell shown in Fig. 34(a). 

 

 

Figure 36. Dispersion diagram of the proposed circular polarized antenna unit-cell (p = 2×p1 + 2×p2). 
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360) at the center frequency. Strictly speaking, the proposed unit-cell cannot be consider as a 

unit-cell of CRLH TL because of the periodicity of the proposed unit-cell shown in Fig. 34(a) 

does not satisfy an effectively homogeneous condition (p < g/4, g: guided wavelength) [5]. 

However, the overall response shows CRLH like characteristic that supports both LH and RH 

propagations. The prototype of the proposed LWA shown in Fig. 34(b) has broadside beam 

direction at the center frequency f0.  

The equivalent circuit of the proposed CP antenna unit-cell (shown in Fig. 34(a)) is presented 

in Fig. 35. The equivalent circuit is comprised of 4 sections. Sections 2 and 3 are same as the 

equivalent circuit of a conventional CRLH SIW unit-cell [6]. The series capacitance CL is 

realized by the interdigital slot and vias provide the shunt inductance LL. The conductor surface 

and the ground contribute to the series inductance LR and the shunt capacitance CR. Sections 1 

and 4 (composed with Lp and Cp) are generated from the RH TLs, and are used for providing 

additional phase delays. The proposed unit-cell structure has multiband characteristic, and this is 

similar to that of a dual-band (DB) CRLH unit-cell [7]. However, the proposed CP antenna only 

uses one specific frequency band because the antenna does not support CP radiation in other 

frequency bands. 

Fig. 36 shows the dispersion diagram of the proposed unit-cell obtained from the 

simulated scattering parameters. As mentioned above, the proposed unit-cell has a dispersion 

diagram that shows three LH regions and three RH regions, however only in second band the 

proposed antenna radiates circular polarized beam. The center frequency of the structure is 4.54 

GHz and a balanced condition is achieved with respect to the unit-cell described here. The 

proposed structure can support CP radiation throughout the entire center band from 4.2 GHz to 

5.07 GHz. 
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4.3 Proposed CP Antenna 

To demonstrate the proposed antenna, 5 cell circularly polarized antenna is designed and 

fabricated. The proposed antenna is realized using RT/Duroid 6010 substrate (r = 10.2, h = 1.27 

mm) and via holes with the diameter of d = 0.8 mm. Conductive wall is created by placing the 

vias with the center-to-center spacing of s = 2.0 mm. Fig. 37 shows a photograph of the 

fabricated antenna. 

 

Figure 37. Fabricated novel CP CRLH SIW leaky-wave antenna. 

 

 

Figure 38. Measured and simulated S-parameters of the proposed CP LWA antenna. 
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The simulated and measured S-parameters of the proposed antenna are shown in Fig. 38. 

Slight frequency shift is observed due to fabrication errors. The measured S11 is below -10 dB in 

the whole operating band. 

The far field pattern and axial ratio (AR) of the proposed CP antenna are measured in a near 

field antenna chamber. The proposed antenna can support both left-handed circular polarization 

(LHCP) and right-handed circular polarization (RHCP). LHCP and RHCP are generated when 

the antenna is fed from port 1 and port 2 respectively. The normalized radiation patterns from 

backward direction to broadside (in x-z plane) are shown in Fig. 39(a). Fig. 39(b) shows the 

radiation patterns for forward direction. Because of the frequency shift of the fabricated antenna, 

simulated radiation patterns at slight higher frequencies are used to compare the measured results. 

The measured center frequency is 4.4 GHz. The simulated and measured AR (in x-z plane) is 

plotted in Fig. 40. The proposed antenna shows good axial ratio of less than 3 dB within the 

beam scanning range. 

 

(a)                                                          (b) 

Figure 39. Measured and simulated far field patterns of the proposed circularly polarized antenna in x-z 

plane. (a) From LH to broadside region. (b) RH region. 
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4.4 Conclusion 

A new method to realize novel circular polarized CRLH-inspired SIW leaky wave antenna 

(LWA) is explained. The proposed frequency scanning antenna provides CP fields using a single 

radiating transmission line, which can avoid the complexity of previous design [4]. LHCP and 

RHCP can be easily generated by feeding the antenna from either port 1 or 2. In addition, the 

proposed antenna has low profile and is fabricated with low cost PCB process. Hence the 

proposed antenna may serve as a good candidate for wireless applications requiring CP 

frequency scanning features. 

 

 

 

 

 

(a)                                                          (b) 

Figure 40. Measured and simulated axial ratio of the proposed circularly polarized antenna in x-z plane. 

(a) From LH to broadside region. (b) RH region. 
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 Single Radiator Circularly Polarized CRLH SIW Leaky-Wave Chapter 5

Antenna Equipped Compact Unit-Cell 

5.1 Introduction 

Leaky-wave antennas (LWAs) have attracted researchers for many years because of their 

unique frequency beam scanning capability and broad operational bandwidth [1]-[7]. Recent 

birth of metamaterial transmission line concept has even further accelerated the study of leaky-

wave antennas [8]-[12]. Composite right/left handed (CRLH) transmission line (TL) is a type of 

metamaterial TL that can be systematically designed to have both positive and negative phase 

velocity that allows the antennas to steer the beam not only toward endfire but also toward 

backfired directions. Moreover, a CRLH TL even supports broadside radiation under the 

balanced condition. With above mentioned advantages, microstrip line based single radiator 

circularly polarized (CP) CRLH LWAs have been proposed [13]-[15]. The inherent quadrature 

phase relation of a series and a shunt radiation component for a CP radiation is analyzed in [15]. 

Such CP LWAs are particularly aimed for wireless application under dynamic motion, requiring 

high signal throughput.  For example, satellites use CP antennas since it is difficult to align the 

antennas polarization in advance [16]. Likewise, devices receiving information from the 

satellites such as GPS are also equipped with CP antennas [17]. Nowadays, personal mobile 

devices such as WiFi modems and RFID systems have also started to use CP signal to enhance 

the wireless performance [18]. In general, for wireless devices that are under constant motion 

and operating in electromagnetically crude environments, CP antenna is the preferred choice. 

Recently, CP LWA has been developed using CRLH SIW technologies [19], [20]. Fields 

radiated by the interdigital slots produce relatively pure polarization, thus CRLH SIW LWAs 

have recently attracted much attention. In [19], two CRLH LWAs with interdigital slots rotated 
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in an orthogonal direction with respect to each other are placed side-by-side. CP polarization is 

then generated by feeding the antennas with quadrature hybrid coupler. In the previous chapter, 

an improved CP CRLH-inspired SIW LWA has been developed in which an external quadrature 

feeding network is eliminated and a single radiating element is used instead of using two 

radiators. The unit-cells consist of four components, two conventional CRLH SIW cells with 45 

rotated interdigital slots and two 90 long conventional SIW structures. 

In this chapter, a single element CP CRLH-inspired SIW LWA [20] is further improved by 

replacing the conventional SIW delay sections with microstrip lines to reduce the unit-cell size. 

In a certain antenna size, a smaller unit-cell allows larger number of radiators thereby increasing 

an antenna efficiency. The modification not only enables miniaturization of the unit-cell but also 

adds intrinsic matching network within the antenna, thus eliminating the need of external 

matching circuits and improving CP purity. Furthermore, similar to [7], periodically integrated 

microstrip delay lines enable efficient broadside radiation. The chapter is organized as follows: 

The proposed antenna unit-cell structure and the operating concept are explained in section 5.2. 

Design procedures of a CRLH cell and a microctrip line are explained in detail in section 5.3. 

Lastly, the simulated and measured results of the proposed antenna are provided in section 5.4. 

5.2 Unit-Cell Structure and Operating Concept 

The unit-cell of the proposed CP CRLH-inspired SIW LWA consists of two conventional 

CRLH SIW cells with the interdigital slot rotated by +45 and -45 with respect to the wave 

propagation direction [19] and two microstrip lines shown in Fig. 41 (a). At the center frequency 

f0, two interdigital slots are separated by 90 phase delay. The two radiating slots etched on top 

of the SIW generate two orthogonal linearly polarized waves with quadrature phase difference, 
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thus radiating circularly polarized wave. The two microstrip lines sections attached on each side 

of the SIW structure also have 90 phase delay at f0, therefore adds additional 180 phase delay. 

 

(a) 

 

(b) 

Figure 41. (a) Unit-cell of the proposed single radiator CP LWA. (b) Whole structure of the proposed CP 

LWA. (Unit-cells parameters: lm = 5.1 mm, lC = 11 mm, l = 4.1 mm, w1 = 0.63 mm, w2 = 0.4 mm, w3 = 

12.54 mm, wm = 2.5 mm, s = 1.57 mm.) 
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This ensures the radiated fields from each SIW unit-cells to add constructively in the far-field. 

The unit-cell of the proposed antenna shown in Fig. 41(a) thus has 0 (360) phase delay 

response at the center frequency. Fig. 41(b) shows the prototype of the proposed five element 

LWA and the coordinate system. While maintaining the same operational concept, the unit-cell 

of the proposed structure can be realized with smaller overall dimension in comparison to the 

 

(a)                                                          (b) 

 

(c) 

Figure 42. Characteristics of the proposed CP antenna unit-cell. (a) Dispersion diagram (p = 2×lm + 2×lC). 

(b) Space harmonics reconstructed from the dispersion diagram of the proposed unit-cell (n is mode 

number). (c) Bloch Impedance. 
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unit-cell of the previously proposed single radiator CP CRLH-inspired antenna entirely based on 

SIW structure [20]. The dimensions of the unit-cells are also provided in Fig.41. 

Fig. 42(a) shows the dispersion diagram of the proposed unit-cell (from section1 to 4). In this 

graph, we notice that the proposed unit-cell structure has multiband characteristic. This is similar 

to that of a dual-band (DB) CRLH unit-cell [21]. The center frequency of the proposed unit-cell 

 

(a)                                                          (b) 

 

(c) 

Figure 43. Characteristics of the previous CP antenna unit-cell [19]. (a) Dispersion diagram (p = 2×lS + 

2×lC). (b) Space harmonics reconstructed from the dispersion diagram of the previous unit-cell (n is mode 

number). (c) Bloch Impedance. 
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is 4.67 GHz and broadside radiation occurs at this frequency. In order to rigorously analyze the 

radiation mechanism of the proposed antenna, space harmonics of the proposed unit-cell are 

shown in Fig. 42(b) [22], [23]. Fundamental space harmonic is redrawn from the dispersion 

diagram of the unit-cell. Note that the proposed unit-cell supports first radiation band (3.28 GHz 

~ 3.88GHz) in the fundamental space harmonic and the second radiation band (from 4.06 GHz) 

is supported by the n = -1 space harmonic. Conventional CRLH based leaky-wave antennas 

generally operate in the fundamental mode (n = 0). However, since the proposed CP antenna 

operates in n = -1 mode, it is periodic type rather than quasi-uniform type of LWA in the 

operating range [22]. The Bloch impedance of the proposed structure (shown in Fig. 42(c)) is 

maintained around 50 Ω throughout the n = -1 radiation band. Therefore exterior matching 

circuit is not necessary. Fig. 42(c) is plotted assuming the periodic structure is infinitely long. 

The abrupt change in impedance around each transition frequency (frequency at which LH 

dispersion becomes RH) is due to the destructive cancelation of the incident wave and infinite 

sum of the reverse propagation waves generated at the imperfect discontinuities between the 

unit-cells. But for finite periodic condition, summation of reverse propagated waves could be 

negligible and minimally degrade the impedance mismatch loss at the transition frequency. Fig. 

43(a) shows the dispersion diagram of the previous antenna unit-cell shown in Fig. 34(a). 

Compared with the dispersion diagram of the proposed antenna unit-cell shown in Fig. 42(a), the 

previous structure entirely based on SIW has band-gap between first band and second band.  Fig. 

43(a) also indicates that the previous unit-cell has faster phase change, reducing the operational 

bandwidth. Fig. 43(b) demonstrates space harmonics of the previous unit-cell.  Similar to the 

proposed structure, circularly polarized wave is radiated in the second band which is supported 

by n = -1 space harmonic. The Bloch impedance of the unit-cell solely based on SIW shown in 
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Fig. 43(c) however produces much broader impedance mismatch condition in comparison to the 

proposed case. 

5.3 Antenna Design 

The design procedure of the proposed antenna has two steps. First, a single CRLH cell is 

designed. Then, the dimensions of microstrip lines are determined. 

 

(a) 

 

(b)      (c) 

Figure 44. (a) CRLH SIW cell and its transmission line model. (b) Phase response of the CRLH cell. (c) 

Characteristic impedance of the CRLH cell. 
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 Single CRLH Cell 5.3.1

The single CRLH SIW cell (section 2 or 3 of Fig. 41(a)) is expressed as a transmission line 

section in Fig. 44(a). The phase response C and characteristic impedance ZC of the TL can be 

calculated from the ABCD matrix as follows [24]: 

                       arccos( ) arccos( )C A D   .                                      (9) 

                       
sin( )

.
sin( )

C

B j
Z

j C




  .                                         (10) 

In addition, at the center frequency of the proposed antenna (f0), the single CRLH cell 

provides 90 phase delay: 

                         
0( )

2
C f


   .                                          (11) 

The corresponding phase response of a single CRLH SIW cell is shown in Fig. 44(b). The 

simulated center frequency is at fo = 4.52 GHz. This slight down shift of center frequency is due 

to parasitic effects at the microstrip line and SIW discontinuity in the total unit-cell shown in Fig. 

41(a). If needed, additional tuning may be carried out to obtain the exact desired center 

frequency. The characteristic impedance of the single CRLH cell is shown in Fig. 44(c). This 

impedance value is used to determine the width of a microstrip line as will be shown in the 

following section. In the prototype antenna design, the ABCD matrix of the single CRLH cell is 

investigated based on the HFSS simulation. 

 Conventional Line 5.3.2

Conventional TL sections (section I and IV) not only provide additional phase delay, but also 

provide good matching at the center frequency. Thus the proposed antenna and the previous 

work [20] behave as efficient broadside radiators. The conventional SIW used in the previous 
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antenna [20] operates in TE10 mode in which the wave impedance is frequency dependent [24]. 

 

(a) 

 

(b)      (c) 

 

(d) 

Figure 45. (a) Transmission line model of the proposed CP LWA unit-cell. (b) Scattering parameters of 

the TL model (with all ideal TLs) changing the characteristic impedance of the microstrip line, Zm, with 

fixed ZC. (c) Zoom view of Fig. 4(b) around the center frequency. (d) S-parameters of the TL model using 

the ABCD matrix of the CRLH cell (ideal TLs are used for microstrip lines). 
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This frequency dependent impedance degrades the CP purity as the operating frequency is 

shifted away from the optimal point. However, microstrip lines used in the proposed antenna has 

constant line impedance for broader frequency range thereby providing high quality CP radiation 

for much wider beam scanning angle.  To design the width (wm) and the length (lm) of the 

microstrip line, the transmission line model of the proposed antenna unit-cell is investigated. Fig. 

45(a) shows the transmission line model consisting of three TL sections. The characteristic 

impedance ZC and the phase response C of the CRLH SIW cell is calculated in (9). Since two 

CRLH SIW cells are used in the proposed antenna unit-cell, the phase delay of the CRLH SIW 

section in Fig. 45(a) is  radian or 180 at the center frequency from (10). The phase response of 

each microstrip line is m = -90 at the center frequency. 

As shown in Fig. 45(a), the input impedance of a transmission line with an arbitrary load Zo is 

expressed as follows [24]: 

                       0
1

0

tan

tan

m m
m

m m

Z jZ
Z Z

Z jZ


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



.                                      (12) 

where Zm is the characteristic impedance of the microstrip line. For θm = -90, above equation 

reduces to  

                       
2

1 0

0

( ) mZ
Z f

Z
 .                                        (13) 

The input impedance value for each section is calculated in a similar manner. Then, we can 

express the input impedance looking to the right of the microstrip line 1 (Z2) and the input 

impedance of the unit-cell (Zin) as follows: 
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2 0 1 0
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( ) ( ) mZ
Z f Z f

Z
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                       0 0( )inZ f Z .                                          (15) 

When all microstrip sections are quarter wavelength long, regardless of the characteristic 

impedances ZC and Zm, the input impedance of the proposed antenna unit-cell will always be the 

same as the load impedance Z0 at the center frequency. Therefore the proposed antenna can 

provide good broadside radiation without the need of an external matching circuit (this works 

with any arbitrary load impedance values). Fig. 45(b) shows the scattering parameters of the TL 

model (with all ideal TLs) shown in Fig. 45(a). With different microstrip line impedances (Zm) 

values, we can observe various corresponding return loss responses [25]. Fig. 45(c) is the 

magnified view of Fig. 45(b). Fig. 45(d) shows the S-parameters of the TL model with the 

ABCD matrix of the CRLH cell simulated by HFSS and two ideal TLs. Considering both Fig. 

45(c) and (d), Zm is determined to be 0.668×Z0 or 33.4  in the proposed antenna thereby having 

high return loss in the operating range.  

The design process is summarized in the following steps. 

1. Design a single CRLH cell with 45 rotated interdigital slot. The center frequency of an 

antenna (f0) is a design parameter of the CRLH cell as shown in (10). Using (9), the phase 

response and characteristic impedance of the cell can be calculated. 

2. Adjust the characteristic impedance of a microstrip line (Zm) based on the characteristic 

impedance at the center frequency and the ABCD matrix of the CRLH cell. 

3. Determine the physical width wm and the length lm of the microstrip line. The microstrip 

line has the characteristic impedance Zm as function of the width wm.  The length lm is 

designed to provide: m(f0) = -90. 

4. Construct the unit-cell of the proposed antenna combining two CRLH cells (from step 1) 

and two microstrip lines (from step 3). Then, perform full-wave analysis and investigate 
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the characteristics of the proposed antenna unit-cell as shown in Fig. 42. In this stage, 

some tuning may be necessary to compensate parasitic effects at the discontinuity between 

the single CRLH SIW cell and the microstrip line. 

5. Determine the number of unit-cells to meet the targeted radiated efficiency of the antenna. 

Longer antennas will produce higher efficiency and directivity. 

5.4 Proposed Circular Polarized Antennas 

Based on the procedure shown in section III, a compact five-cell circularly polarized antenna 

is designed and fabricated using RT/Duroid 6010 substrate (r = 10.2, h = 1.27 mm). Via holes 

 

Figure 46. Fabricated novel CP CRLH-inspired SIW leaky-wave antenna. 

 

Figure 47. Comparison between the proposed CP antenna and the previous CP antenna having single 

radiator. 
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with the diameter of d = 0.8 mm are placed on each sides of the SIW structure with the via 

center-to-center spacing of s = 1.57 mm to emulate side wall effects of the SIW. Fig. 46 shows a 

photograph of the fabricated antenna. A photograph of the proposed antenna and the previous CP 

antenna with five-cells is also shown in Fig. 47 [20]. Comparing to the previous five-cell CP 

antenna, the proposed antenna shows 24.4 % size reduction. 

The simulated and measured S-parameters of the proposed antenna are shown in Fig. 48. 

Slight frequency discrepancy between the simulated and measured results are due to fabrication 

errors. The measured S11 is below -14 dB throughout the entire operating frequency band 

including at the center frequency. 

The proposed antenna supports both left-handed circular polarization (LHCP) and right-

handed circular polarization (RHCP) depending on the port of excitation. LHCP and RHCP are 

generated when the antenna is fed from port 1 and port 2, respectively. In this chapter, the 

antenna is fed at port 1 to produce LHCP. Fig. 49 shows the simulated gain patterns of the 

proposed antenna. The full-space beam-steering by frequency scanning is observed. For higher 

 

Figure 48. Measured and simulated S-parameters of the proposed CP LWA antenna.  
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efficiency and realized gain, the proposed antenna can simply be elongated by cascading more 

unite cells. 

The far field pattern and AR of the proposed CP antenna are measured in the near-field 

chamber. The normalized measured radiation patterns for backward direction (in x-z plane) are 

shown in Fig. 50(a). Fig. 50(b) and (c) show the radiation patterns for broadside and forward 

 

(a)                                                          (b) 

 

(c) 

Figure 49. Simulated realized gain patterns of the proposed circularly polarized antenna in x-z plane. (a) 

LH region. (b) Broadside. (c) RH region. 
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direction, respectively. The cross-polarization (RHCP) patterns are also plotted. Simulated cross-

pol level is 24 dB lower and measured cross-pol level is 15 dB lower than co-polarization 

patterns in the simulated measured results, respectively. The simulated and measured AR (in x-z 

plane) is plotted in Fig. 51. Because of the frequency shift of the fabricated antenna, simulated 

axial ratio at slight higher frequencies are used to compare the measured results. The proposed 

antenna shows good axial ratio of less than 3 dB within the beam scanning range. The 

discrepancy of simulate and measured AR at 4.85 GHz (measured frequency) is due to the self-

resonance of interdigital slots. Table 8 compares the simulated axial ratio (AR) levels of the 

proposed antenna and the previous antenna with same scanning angles (). As we expected, the 

quality of CP radiation of the proposed antenna is better than the previous work. Overall, the 

experimental results are consistent with the simulation results. 

5.5 Conclusion 

This chapter presents an improved single radiator circular polarized CRLH-inspired SIW 

leaky-wave antenna. The antenna provides CP frequency scanning with only a single radiator, 

thereby eliminating complex feeding network [18]. The size of the proposed unit-cell is much 

smaller than the previously designed structure [20]. The measured and simulated results show 

consistency and we have found that the proposed antenna provides high-quality CP beams with 

full-space scanning capability including broadside direction. Hence the proposed antenna may 

serve as a good candidate for wireless applications requiring CP frequency scanning features. 
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(a)                                                          (b) 

 

(c) 

Figure 50. Measured radiation patterns of the proposed circularly polarized antenna in x-z plane. (a) LH 

region. (b) Broadside. (c) RH region 

 



 
 

76 
 

Table 9. Simulated Axial Ratio Comparison 

Scan Angle  (deg.) -29 -18 -10 0 12 18 24 

Axial 

Ratio 

(dB) 

Proposed 

Antenna 
2.8 0.6 0.1 1.8 0.8 0.9 1.4 

Previous 

Antenna [20] 
3.2 0.2 0.6 2.7 1.5 2.5 3.3 

 

 

 

(a)                                                          (b) 

 

(c) 

Figure 51. Measured and simulated axial ratio of the proposed circularly polarized antenna in x-z plane. 

(a) LH region. (b) Broadside. (b) RH region. 
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Appendix 1 

An Circuit parameters of a CRLH TL with a dual-band characteristic can be determined by 

only two desired phase responses (1 and 2), two target frequencies (1 and 2), and termination 

impedance (Z0) as follows: 
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where NC is the number of CRLH TL unit cells.  
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Appendix 2 

A second-order BPF has the transfer function of reflection coefficient of following 

mathematical form: 

 

(a)                                                          (b) 

 

(c)               (d) 

Figure 52. Pole-zero plots of the transfer function of reflection coefficient at (a) ω = 0, (b) ω = ω1, (c) ω = 

ω0, and (d) ω = ω2. 
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where 𝑠 = 𝜎 + 𝑗𝜔, which is the complex frequency, 𝜔0 is the center frequency of the BPF, and 

Q stands for the quality factor. In addition, the constant A accounts for the rejection type at DC 

and infinite frequency (𝜔 → ∞). If the stop band input impedance is infinite (open), A is equal to 

1, whereas if the input impedance is zero (short) then A becomes -1. The above equation can be 

further expressed with the factored form in terms of poles (pi) and zeros (zi).  

It is found useful that the frequency response of reflection coefficient S11 can be visualized 

through the use of pole-zero plots. As an illustrative example shown in Fig. 52, four different 

frequencies from low to high (ω = 0, ω = ω1, ω = ω0, and ω = ω2) are picked in order to examine 

the frequency response of the transfer function.  

We can then construct frequency responses of the amplitude and phase from Fig. 52. By 

denoting the magnitude and phase of the pole vectors to be mi, φi, and those of the zero vectors to 

be Mi, θi, where i= 1, 2, we can plot the amplitude response of the transfer function (M1M2/m1m2) 

 

(a)                                                          (b) 

Figure 53. (a) Amplitude and (b) phase response of the reflection coefficient of a BPF. 
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and its phase response (θ1+ θ2 - φ1 - φ2) as depicted in Fig. 53. One can observe that the reflection 

zero occurs at ω0, and at this frequency the phase experiences an abrupt change from -90 degrees 

to +90 degrees. Overall, the phase is decreasing with respect to the frequency, which implies the 

transfer function of reflection coefficient has a positive group delay.  As a result, the overall 

phase of the transfer function will be decreasing. Furthermore, if we plot the response on Smith 

charts, such characteristics will result in a clockwise rotation of S11 with frequency increasing. 

Fig. 24 plots the corresponding responses of S11 or input impedance of the filter when the 

rejection is open (A = 1) and short (A = -1), and they both rotate clockwise on the Smith charts. 

Although the case discussed here is for a second order BPF, any high order BPFs’ transfer 

functions can be decomposed to a multiplication of second order BPFs. Therefore, the same 

analysis can be used and will still result in the same conclusion for the sense of phase rotation. 
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Conclusion 

The growth of wireless communication systems has brought challenges to a multiplexer and 

an antenna area such as multiple functionalities, size reduction, and analytical design process. 

Metamaterial transmission lines show potential for these challenges. The main objective of this 

dissertation is to demonstrate high performance multiplexers and antennas based on metamaterial 

transmission lines. 

In the multiplexer design, an isolation circuit concept has realized to use filters without 

modification and to provide straightforward design process without an optimization. The 

isolation circuit consists of a transmission line connected with a filter. The presence of a 

metamaterial transmission line allows the isolation circuit operating at multiple frequencies. In 

addition to an isolation circuit, various junction types add more flexibility of designing 

multiplexers based on metamaterial transmission lines. A star-junction is simplest one and all 

isolation circuits use same type of a transmission line. In a manifold-junction concept, one 

isolation circuit uses multiple conventional transmission lines, but others have same 

configuration with an isolation circuit used in a star-junction type. Since one isolation circuit is 

composed with conventional lines, manifold-junction multiplexers based on metamaterial 

transmission lines have less complexity and more flexibility in a layout. With the approach 

connecting a metamaterial transmission line with a multiplexer instead of a filter, a channel 

number of a multiplexer is effectively increased. This novel junction method names the 

combining method of two filtering circuits (CMTC). Based on the CMTC, the triplexer, the 

quadruplexer, and the five-channel multiplexer are designed and fabricated. Comparing with the 

triplexer and the quadruplexer based on a star-junction or a manifold-junction, multiplexers 

based on CMTC show less complexity in terms of design process. Combining method of two 
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filtering circuits (CMTC) is also efficient method of designing a contiguous channel triplexer. A 

triplexer based on either a star-junction or a manifold-junction is not adequate for a contiguous 

channel configuration. In a conventional triplexer design, realizing a contiguous channel is also 

difficult because of strong coupling. However, the design of a triplexer based on CMTC is 

inherently easy to have contiguous channels configuration. The reason of this and the design 

procedure have been explained. 

Many researchers have tried to design circular polarized SIW leaky-wave antennas based on 

metamaterial transmission lines. Most of approaches have used dual radiators and a broadband 

quadrature coupler. However, the novel approach proposed in this dissertation has provided the 

improved circular polarized SIW leaky-wave antenna with a single radiator thereby realizing a 

compact antenna system and reducing complexity. The unit-cell of the proposed leaky-wave 

antenna consists of two conventional CRLH SIW cells with the interdigital slot rotated by +45 

and -45 with respect to the wave propagation direction and two conventional SIW lines. This 

approach is further improved by using a microctrip line instead of a SIW line for a phase delay. 

The modified unit-cell structure has more compact size than the original unit-cell. Therefore, in a 

same size, the antenna introduced in the last chapter has more radiating elements and it brings 

increased radiation efficiency.  

To sum up, original contributions in two microwave areas have made: 1) the multiplexers 

based on metamaterial transmission lines with various junction types; 2) the single radiator 

circular polarized SIW leaky-wave antennas based on novel metamaterial line unit-cell. 




