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ABSTRACT OF THE THESIS 

A Power Efficient Active Integrated Antenna Using Zeroth Order Antenna 

 

by 

Joungyoung Lee 

Master of Science in Electrical Engineering 

University of California, Los Angeles, 2012 

Professor Tatsuo Itoh, Chair 

 

  A microwave oscillator is integrated with a zeroth order resonance (ZOR) antenna to build 

an active oscillating antenna using the coplanar waveguide (CPW) technology. In this thesis, 

the basic metamaterial concept is introduced to understand the ZOR antenna and negative 

resistance method is also introduced to explain the design procedure of the oscillator type 

active integrated antenna (AIA). The CPW technology is utilized to design the entire circuit. 

The CPW TL gives a lot of advantages such as fabrication simplicity and design freedom. 

The ZOR antenna is utilized due to its electrically small size and high Q-factor which results 

in good phase noise of -92.5dBc/Hz at 100kHz offset. The proposed AIA is designed to 

achieve high DC-RF power conversion efficiency by suppressing higher order harmonic 

power. As a result, the radiated power of 14.57dBm (28.64mW) and the effective isotropic 

radiated power of (EIRP) 16.11dBm (40.83mW) is obtained with high DC to RF efficiency 

(27.2%), which is much higher than other active oscillator type AIA designs. 
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Chapter 1 

 

Introduction 

 
 Active integrated antenna (AIA) has been received a growing attention in recent years, as 

we required new solution for high transmission-line loss, limited source power, and reduced 

antenna efficiency in modern millimeter-wave systems [1] [2]. The AIA is basically consisted 

of both an passive antenna and active circuitry. As an antenna designer's point of view, the 

AIA can be considered as an antenna that has built-in signal and wave processing capabilities 

such as mixing and amplification. However, As a microwave engineer's point of view, the 

AIA is an active microwave circuit that possesses the free space spatial input port and output 

port instead of a conventional 50Ohm transmission line. Also, at this point of view, the AIA is 

regarded as an element that provides many circuit functions such as radiating, resonating, 

diplexing, and filtering. 

 

  In the past, the AIA concept was used for designing of quasi optical mixers with an 

advantage of reducing the lossy and bulky interconnect between the device and antenna [3]. 

Also, by implementing the active devices in passive radiating elements, the AIA concept was 

employed with more advantages such as increasing the effective length of short antenna, 
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increasing antenna bandwidth, decreasing the mutual coupling between array elements, and 

improving the noise factor [4]. Recently, the AIA research has been focused on the area of 

efficient quasi-optical power combiners, also called spatial power combiner [5]. The Fig. 1.1 

shows the oscillating AIA array application for power-combining and beam-scanning. This 

technology was originally proposed in order to combine the output power from an array of 

many solid-state devices in free space. By doing so, the combiner can overcome power loss 

limitations, which are so important in millimeter-wave frequency system [6] [7]. 

 

 

Figure 1.1: Photograph of a ten-element power-combining and beam-scanning array using     

         coupled voltage controlled oscillator (VCO)’s 

 

  In past a few years, oscillator type AIA received much more attention than amplifier type 

AIA because of the requirement of compact, and high power sources for spatial power 

combiner application at millimeter wave frequencies [8] [9] [10]. Many innovative oscillator 
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type AIA design is proposed and successfully demonstrated for spatial power combiner 

application. As a source element of the AIA design, three terminal devices such as field-effect 

transistors (FETs) is commonly used over two terminal device because the FETs have higher 

efficiencies and lower noise figures than either Impatt or Gunn diodes. As a radiating element 

of the AIA design, patch antenna is typically used as shown in Fig 1.2. However, since the 

patch antenna is not satisfied the needs of the AIA such as compact size, high DC - radiated 

RF conversion efficiency, and good phase noise performance, the AIA research has been 

developed in order to satisfy those needs using different types of antennas and other 

techniques [11] [12] [13]. 

 

 

Figure 1.2: Illustration of the hybrid patch element with an integrated FET 

 

  Nowadays, One type of antenna structure that has been widely researched is the composite 

right/left-handed (CRLH) zeroth order resonance (ZOR) antenna. The ZOR antenna is 

realized by CRLH transmission lines (TLs) which can easily achieve unique metamaterial 

properties such as anti-parallel phase and group velocities, and a zero propagation constant 

[14] [15] [16] [17]. Especially, due to the zero propagation constant property in the left-

handed (LH) metamaterial the ZOR antenna have an infinite wavelength and its resonant 
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frequency becomes independent to size of the resonator. Therefore, the ZOR antenna offers 

interesting features such as smaller size than conventional resonant antenna, and narrow 

bandwidth owing to high Q-factor of resonator [18] [19] [20]. More details about 

metamaterial and the ZOR antenna will be discussed in Chapter 2.  

 

  In this thesis, a power efficient active integrated antenna is proposed. The whole circuit is 

designed using the CPW technology. A CPW structure gives a lot of design freedom, it 

provides the benefits of easy design to implement the desired circuit parameters and makes it 

possible for monolithic integration. Moreover, the via free structure and single layer process 

results in a simpler fabrication process compared with micro-strip line technology structure. 

In order to occur the oscillation, the input impedance of active source part of the AIA, which 

contains FET and matching circuit, is designed to have negative impedance. The negative 

technology will be more discussed in chapter 3. For both load and radiating element, the 

CPW-fed ZOR antenna is employed [21]. Since the ZOR antenna has electrically small size, 

we can reduce the antenna size which is the most bulky part in conventional AIA design. 

Also, the high Q-factor of the electrically small size ZOR antenna helps to lower the phase 

noise of the AIA. In the oscillator design, the high harmonics are suppressed so that radiation 

loss of the AIA is decreased. As a result, we achieved 27.2% of DC to RF power conversion 

efficiency in the proposed AIA design. The proposed AIA has high DC to RF power 

conversion efficiency and compact size. Therefore, the proposed AIA can be a good 

candidate for spatial power combining application. The AIA design procedure will be 

discussed in chapter 3 and the methods of fabrication and measurement results will be 

demonstrated in chapter 4. 
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Chapter 2 

Composite Right-/Left-Handed 

Metamaterials 

 

2.1  Introduction 

  Recently, metamaterial have attracted a lot of attention in the engineering and scientific 

fields. Normally, Metamaterials are artificial materials engineered to have properties that may 

not be found in nature. However, much of the recent research has been focused on 

"metamaterials" that exhibit the unique property of simultaneous negative permittivity (ε) and 

permeability (μ) and are sometimes called "double negative materials" in theoretical research 

papers and articles. In this metamaterial, the group velocity and the phase velocity are in the 

opposite direction or anti-parallel, which means the E-field, H-field and phase velocity form a 

triad in left-handed fashion. Therefore, they are also refered as "left-handed materials". In 

addition, due to the negative ε and μ, the refractive index of the material is also negative, 

resulting in the term "negative refractive index material". They have extraordinary 
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electromagnetic properties that are rarely found in the natural materials. Therefore, they 

provide another concept and method for advancement of various type of microwave circuits 

and its applications. This kind of metamaterials were firstly proposed by Veselago [22] in 

1967. he compared the properties of conventional substances characterized by positive 

permittivity and permeability, which can also be refered right-handed, or positive refractive 

with theoretical substances which can be considered negative permittivity and permeability. 

Pendry et al. used a periodic array of split ring resonators (SRR) to provide negative 

permeability [23]. A research team from University of California, San Diego (UCSD) 

combined the ring resonator and a metallic wire to develop a novel medium with 

simultaneously negative permeability and permittivity at microwave frequency [24]. 

Moreover, Smith et al. experimentally demonstrated the negative index of refraction that 

breaks the basic physic laws such as Doppler effect, Cherenkov radiation and Snell's law [25] 

[26]. However, those metamaterial which use the split ring resonator are lossy and it can only 

operate at resonant frequency. Thus, another methodology which employ transmission line 

approach is proposed by Itoh et al. and Eleftheriades et al. to realize the left-handed material  

[27] [28] [29].  

 

2.2  Metamaterial Concept 

  When we consider the plane waves traveling in both positive and negative indexed (right-

handed and left-handed) materials where 0
jk rE E e 
  

and 0
jk rH H e 
  

, we can utilize 

Maxwell's equations to determine [30] 

0 ( )

0 ( )

H if RH
k E B

H if LH

  


  

    
 


  

       (2.1) 
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0 ( )

0 ( )

E if RH
k H D

E if LH

  


  

     
 


  

       (2.2) 

 

 

Figure 2.1: Left-handed(LH) triad and rectangular wave guide filled with LH Metamaterial  

 

  where the time dependence j te  is assumed. In these equations k


 is the wave vector and 

indicates the direction that the plane of constant phase travels, or the orientation of the phase 

velocity ( s ). When ε, μ> 0, these equations represent that the triad formed by , ,E H
 

 and 

k


 will be right-handed, and when ε, μ < 0, the triad will be left-handed. Also, the Poynting 

vector, which can be expressed by S E H 
  

, will be right-handed in both types of 

materials. The Poynting vector indicates the power traveling direction, or the orientation of 

the group velocity ( g ), so in a material with ε, μ > 0 the phase velocity ( p ) and group 

velocity ( g ) are parallel on the other hand, in a material with ε, μ < 0 the phase velocity ( p ) 

and group velocity ( g ) are anti-parallel. The Fig. 2.1 shows an illustration for LH 

metamaterial. As shown in the figure, if left-handed material is excited in rectangular wave 
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guide, then power will propagate away from the source, but that the plane of constant phase 

will propagate toward the source.  

 

2.3  CRLH Transmission Lines 

2.3.1  Distributed Models 

  One way to realize the metamaterial is using transmission line theory. As we will discuss 

later, these structures exhibit both effective positive ε and, μ and effective negative ε and, μ 

depending on the frequency, which results in the term "Composite Right/Left-Handed 

Transmission Lines" or simply "CRLH-TLs". 

 

  Theoretically, the propagation constant (γ) of a lossless TL can be defined as, 

' 'j Z Y                                      (2.3) 

  where Z' and Y' are per-unit length impedance and admittance, respectively. For the typical 

purely right-handed (PRH) transmission line, it consists of series inductance LR and shunt 

capacitance CR, as shown in Fig. 2.2(a). 

 

  By substituting ' RZ j L  and ' RY j C , from Eq.(2.3) we can obtain 

PRH R RL C                                    (2.4) 

 As a result, we can obtain the dispersion diagram of PRH-TLs from Eq.(2.4) as shown in 

Fig. 2.2(b), which graphically represents the relationship between the phase constant β and 

the frequency ω. 

 

  In contrast, for the purely left-handed (PLH) transmission line, it consists of series 

capacitance CL and shunt inductance LL, as shown in Fig. 2.3(a). Once again using Eq.(2.3) 
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with 
1

'
L

Z
j C

  and 
1

'
L

Y
j L

 , the propagation constants for the PLH transmission line 

can be respectively defined as  

 

 

(a)                           (b) 

 

Figure 2.2: Purely right-handed transmission line: (a) Circuit model for the unit cell and (b) 

Dispersion diagram for the unit cell. 

 

1
LH

R RL C



                                    (2.5) 

  the dispersion diagram of PLH-TLs can be also obtained from the above equation as shown 

in Fig. 2.3(b). 

 

  From Fig. 2.2 and Fig. 2.3 , both group velocity ( g = 




) and phase velocity ( p  = 


) 

can be observed in these dispersion diagrams. In Fig. 2.2(b), it can be found that g  and p  

of a PRH-TL are parallel ( g p  > 0). From Fig. 2.3(b), g  and p  of a PLH-TL are anti-

parallel ( g p  < 0). Furthermore, the dispersion curve shows g tends towards infinity as 
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increases. Since this phenomenon violates Einstein's special theory of relativity, we can 

assume the PLH-TL does not exist, and therefore the RH parasitic effects are not avoidable. 

 

 

(a)                                  (b) 

Figure 2.3: Purely left-handed transmission line: (a) Circuit model for the unit cell and (b) 

Dispersion diagram for the unit cell. 

 

  In addition, for the PRH-TL, the propagation constant is proportional to the frequency and 

has positive value, which implies there is a phase delay along the purely right-handed 

transmission line. To the contrary, the PLH-TL propagation constant has negative value and 

it increases when the frequency decreases. Therefore, the phase velocity of the purely left-

handed transmission line is negative, which indicates the phase advanced phenomena should 

be observed. 

  The structure that is purely LH for all frequencies is impossible to realize due to inevitable 

parasitic effects therefore, the Fig. 2.4(a) shows a more generalized circuit model which is a 

combination of both LH and RH transmission lines. The structure consists of both series and 

shunt inductances and capacitances and the unit cell size is d. By using the equation Eq.(2.3) 
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with 
1

' R
L

Z j L
j C




  and
1

' R
L

Y j C
j L




   the dispersion relation of a CRLH TL can 

be calculated as 

 

2
2

1
( ) R R

CRLH R R
L L L L

L C
s L C

L C L C
  


 

    
 

                    (2.6) 

where 

2

1

1 1
1 min ,

( )
1 1

1 max ,

R L L R

R L L R

if
L C L C

s

if
L C L C

 



 

  
    
    

 
    

  

                   (2.7) 

 

 

(a)                          (b) 

 

 

Figure 2.4: Composite right/left-handed transmission line: (a) Circuit model for the unit cell 

and (b) Dispersion diagram for the unit cell. 

  The dispersion diagram for the CRLH-TL is shown in Fig. 2.4(b) and two different modes 

are observable. The upper mode has a positive group velocity and phase velocity and 
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represents RH in nature. The lower mode has a negative group velocity and phase velocity 

and represent LH in nature. Since the CRLH-TL has these two modes, the behavior of the 

structure depends on the operation frequency. Another things we can observe is that the 

dispersion curve, and thus the phase response of a CRLH-TL, is non-linear with respect to 

frequency. 

 

2.3.2  Finite unit-cells Models 

  The previous section briefly explains the basic concept about an ideal CRLH-TL which 

does not exist in nature, especially for the LH range. However, a CRLH-TL can be realized 

using a periodical structure of electrically small lumped unit cell over a certain frequency 

range. 

  The infinitesimal length of equivalent circuit model for CRLH-TL is shown in Fig. 2.5. 

The TL can be realized by cascading N unit cell with period of d. The total length of the 

transmission line is N times d as shown in Fig. 2.6. Each unit cell in this periodic structure 

includes the series inductance (LR), series capacitance (CL), shunt capacitance (CR) and shunt 

inductance (LL) in this model. 

  By using the Bloch-Floquet periodic boundary condition and applying ABCD matrix of 

one unit cell, the eigenvalues can be calculated [31]: 

 

11
( ) cos 1

2

ZY

p
      

 
                          (2.8) 

 

where 
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1
( ) R

L

Z j L
C

 


 
  

 
                              (2.9) 

1
( ) R

L

Y j C
L

 


 
  

 
 

  The dispersion curve for the CRLH-TL can be characterized by four frequency points that 

occur at the boundary of the RH and LH mode, where β= -π/d, 0, and π/d. 

 

 

 

(a)                             (b) 

 

 

Figure 2.5: The infinitesimal length of equivalent circuit model for CRLH-TL: (a) Circuit 

model for the unit cell of finite length d and (b) Dispersion diagram for the unit cell. 

  These points can be divided by the components in the equivalent circuit model as 

 

1
series

R LL C
                                     (2.10) 
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  The relationship between these two LH and RH impedances decides the relationship 

between  series and ωshunt and vice versa. For instance, if ZL < ZR, then  series < ωshunt and if 

ZL > ZR, then  series >  shunt. The zeroth order resonance (ZOR) can be expected within 

this stop band where β = 0. This ZOR will be discussed next section. On the other hand, 

under the certain condition that ZL = ZR,  series =  shunt and structure is considered as a 

balanced CRLH-TL. The stop-band or spectral gap between the RH and LH mode do not 

exist for the balanced case. 

2.4  Zeroth Order Resonance 

   In the impedance matched transmission line, when the wave propagates from input port 

to impedance matched port, it becomes a traveling wave. However, when the end of TL 

becomes short or open, the incident wave is all-reflected at the end of the TL and becomes a 

standing wave, then this TL ends up with being a resonator. Not only for RH TL case but also 

the CRLH TL can be a resonator when it becomes short or open at the end of TL. However, 

unlike with RH TL, the CRLH TL shows specific characteristics which is known as ZOR.     

  2.4.1  The principle of ZOR 

  In RH resonance case, the resonant frequencies are decided by physical length of resonator. 

The resonant condition can be expressed as,  

2
l m


   or  

2

2m m

m
l m

   


                         (2.16)  

  where ml  is electrical length of resonator and m is defined as m = +1, +2, +3, .....+ . 

Therefore, the periodic PRH TL has infinity resonant frequencies which can be expressed as 

1m m   where the 1  is fundamental resonance frequency. 
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  The Fig. 2.7 illustrates the homogeneous balanced mode CRLH TL dispersion diagram and 

field distribution. Unlike PRH RL the CRLH TL can possess β=0 or negative integer, thus the 

electrical length ( l  ) can also be 0 or negative value. This can be defined as, 

2
l m


  or 

2

2m m

m
l m

   


                         (2.17) 

and m can be defined as 

 

m=0, ±1, ±2, ±3, ......, ±                          (2.18) 

 

(a) 
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(b) 

Figure 2.7: The balanced mode CRLH TL (a) the relationship between resonant frequency 

and phase constant. (b) the field distribution of resonance 

  Therefore, there are some observations for the specific characteristic of the CRLH TL 

comparing with RH TL. first, there are not only positive (m > 0) resonance frequencies but 

also, negative (m < 0) resonance frequencies in the CRLH TL. Second, as it is illustrated in 

Fig. 2.7(b), when the absolute value of resonance frequency is the same (that is, -m, +m), the 

field distribution of the resonance is the same except m=0 case. third, Since the nonlinearity 

feature of dispersion diagram of CRLH TL, the resonant frequencies is not linear. Especially, 

there is more nonlinearity curve in the LH region, the negative resonant frequencies are 

concentrated on lower frequency region as shown in Fig. 2.7(a). Last, the resonant mode for 

m=0 is specifically called zeroth order resonance and it shows a flat field distribution 

characteristic. Therefore, the CRLH TL shows resonant feature in this ZOR mode regardless 

of physical length of the resonance.     

2.4.2  The ZOR basic characteristics 

  The resonance is available when the TL is shorted or opened at the end so that there are 

only standing waves in the TL. For the open-ended case the input impedance in openZ   can be  

shorten as  

0

1
cot( ) |in open c cZ jZ l jZ

l
      

      
' 1 1 1 1 1

' ' '( )' '

Z
j

Y l Y l Y Np NYj Z Y

 
     

 
    (2.19) 
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  The Y is an admittance of unit cell which can be defined as [ 1/( )]R LY j C L   . Since 

the N is just integer number, the resonant frequency of total resonance is the same as resonant 

frequency of admittance Y. Therefore, there is only one resonant frequency which can be 

defined as 

1
r open sh

L RL C
                                   (2.20) 

  On the other hand, the short-ended input impedance can be shorten as 

0tan( ) |in short c cZ jZ l jZ l       

 '
' ' ' '( )

'

Z
j j Z Y l Z l Z Np NZ

Y
              (2.21) 

  The Z is an impedance of unit cell which can be defined as [ 1/( )]R LZ j L C   . Since 

the N is also integer number, the resonant frequency of total resonance is the same as 

resonant frequency of impedance Z. Therefore, there is only one resonant frequency which 

can be defined as 

1
r short se

R LL C
                            (2.22) 

  An important observations are that there is no se  resonance at the open-ended TL case, 

and also there is no sh  resonance at the short-ended TL case. However, for the balanced 

mode case, the resonant frequency sh  and se  is the same and both short-ended and open-

ended TL have the same ZOR frequency. 

  Another interesting ZOR feature is that resonance frequency is only depends on the 

/L RL C  or /R LL C  of unit-cell CRLH TL regardless of physical length of resonance. 

Therefore, the ZOR can be implemented within the size where enough inductance and 
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Figure 2.8: Input immitance of CRLH TL resonator (a) open-ended (b) short-ended. 

 

 The unloaded Q-factor of ZOR in open-ended case can be calculated as  

                      
1/ 1/

(1/ )u open
sh sh L

NG G
Q

NG L     

                             (1/ ) ( ) (1/ ) ( )sh R sh RNG NC G C      

                             
1 R

L

C

G L
                                 (2.23) 

  In this case, the loss only comes from conductance G regardless of series loss R. The series 

loss R is the model of parasitic resistance of series inductance or leakage resistance of series 

capacitance which is connected with LR and CL in series. In the open-ended case, since the 

field distribution is flat, there is no voltage difference between nodes. This results in no 

current flows through R and no loss generated in R. Therefore, the loss in this case is only 

generated by conductance G.  

  On the other hand, the admittance L, C, and G of short-ended case can be expressed as 

N·LR, CL/N, and N·R. Also, the unloaded Q-factor can be calculated as  

                              se RR
u short se

LNL
Q

NR R

      

                                     
1 1

/se L se LNR C N R C 
 

 
 

   

                                     
1 R

L

L

R C
                     (2.24) 
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   Similarly, in the short-ended case unloaded Q-factor loss is only existed on R. Since the 

field distribution is flat, the current does not flow through G.  

2.4.3  The ZOR radiation characteristic 

  Generally, the CRLH TL radiation characteristic is based on leaky wave. While incident 

wave travels through the TL structure, the traveling wave leaks the wave power to outside of 

structure to radiate waves. However, when the CRLH TL becomes open-ended or short-

ended, the standing wave is generated and due to the resonance characteristic the wave 

radiation is formed. Especially, Since ZOR have constant field distribution along the CRLH 

structure, the wave radiates toward broadside.  

  A specific resonant characteristic of ZOR is that the ZOR have infinitive wavelength. Also, 

since it has a constant field distribution, resonance frequency of ZOR only depends on 

reactance of unit cell regardless of its physical length. This ZOR feature has a lot of potential 

advantages for antenna application. One of the advantages is size reduction. Generally, in 

electrically small antenna case, the current distribution is concentrated on a small region due 

to the small size, therefore loss is increased in the antenna. However, the ZOR antenna has a 

constant field distribution and because of the constant field distribution, the current is not 

concentrated on a small region and results in reduced loss. Therefore, the radiation efficiency 

of ZOR is increased. Moreover, electrically small antenna has lower gain and directivity. 

However, we can increases the gain and directivity of ZOR antenna with many unit cell of 

ZOR.  

2.5  A CPW-fed ZOR Antenna 
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  A compact CPW-fed ZOR antenna is introduced in this section [21]. The antenna is 

modeled on a CPW single layer where vias are not needed. As it is explained previous section, 

the antenna size reduction is realized by ZOR phenomenon. The CRLH unit cell on a vialess 

single layer simplifies the fabrication process and design freedom. By taking advantage of the 

design freedom, bandwidth extension technique is proposed on the antenna design. As a 

result, three different ZOR antenna design is proposed. Each antenna have different 

characteristics that are size reduction, higher efficiency, easier manufacturing, and extended 

bandwidth. In this thesis, only a chip-loaded ZOR will be discussed and employed for use of 

AIA.  

  The chip loaded ZOR antenna are shown in Fig. 2.9. The proposed chip-loaded antenna is 

designed based on a CRLH TL. The antenna consists of two unit cells that each unit-cell has 

a metallic patch and two mounted chip inductors on both sides. The metallic patch size on 

center is decided to have less than fundamental frequency wavelength to satisfy a 

homogeneous condition and thus achieve a zero phase constant. In this antenna configuration 

the gaps between metallic patches acts as a series capacitance CL. A shunt capacitance CR is 

decided by the gap between the metallic patches on the top and another metallic patch on the 

bottom side of the substrate. Also, the gap between metallic patch on the top of the substrate 

and CPW ground affects the shunt capacitance CR. The metallic patch represents a series 

inductance LR. The shunt inductance LL is increased by employing the chip inductor between 

the patch and CPW ground. Since the proposed antenna has an open-ended termination, the 

ZOR frequency can be decided by shunt capacitance and inductance as it is discussed in 

previous section. Since the antenna can have a high shunt inductance due to the chip inductor, 

this antenna is applicable for low frequency applications. The chip-inductor ZOR antenna is 

realized with high frequency chip inductance of 8.2nH. Therefore, this antenna has a ZOR 

frequency at 2.32GHz. The antenna is also fabricated on a Rogers RT/Duroid 5880 substrate 
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with a permittivity of 2.2 and thickness of 1.6 mm. The size of the antenna is 18mm×23mm 

(0.13λ o×0.17λ o). 

 

Figure 2.9: A Prototype of Chip-Loaded ZOR Antenna 

  The measured reflection coefficient are shown in Fig. 2.10. The reflection coefficients is 

lower than -10dB near the ZOR frequency 2.32GHz with bandwidth of 8.9%. The Fig. 2. 11 

shows the measured radiation patterns on the E-plane (90º) and H-plane (0 º) at 2.32GHz. 

The cross-polarization is 8dB lower than co-polarization in E-plane and 20dB lower in H-

plane. The antenna has a gain of 1.54dBi at the ZOR frequency. 
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Figure 2.10: The measured reflection coefficient of the chip loaded ZOR antenna.  
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Chapter 3 

Oscillator Design for  

Active Integrated Antenna 

 

3.1  Introduction 

  Active integrated antenna (AIA) is divided by source and radiating part. The source part 

generates the oscillating signal and it is consisted of active device such as FET and radiating 

part is consisted of antenna, In this chapter, we will discuss about how to design the active 

part of AIA. At first, the condition of oscillators and negative-resistance oscillation method 

for design of AIA is discussed. Then, overall procedure of the proposed AIA will be 

demonstrated through this chapter.    

3.2  Theory of Oscillators 

  Generally, an oscillator is a nonlinear circuit which has function of converting DC powers 

to an AC waveform. Most RF oscillators serve sinusoidal outputs, which minimizes 

unwanted harmonics and noise sidebands. The basic operational concept of a sinusoidal 
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3.3  Negative-Resistance Oscillator  

3.3.1  Negative-resistance method 

  Another design approach for microwave frequency oscillators is the negative resistance 

method. If an amount of energy is supplied equal to the energy dissipated in a circuit, the 

circuit can sustain oscillations. The behavior of the active device can be expressed by a 

negative resistance in series with a reactance, as shown in Figure 3.2. The negative-resistance 

device is expressed by the amplitude and frequency dependent impedance as 

ZIN(A, ω) = RIN(A, ω) + jXIN(A, ω)                   (3.3) 

Where A is the amplitude of i(t) and RIN(A, ω) < 0. 

  The oscillator is built by combining the device to a passive impedance denoted by 

ZL(ω) = RL (ω) + jXL(ω)                        (3.4) 

  if  RL(ω) + RIN(A, ω) > 0, the total loop resistance in Figure 3.2 is positive and the 

oscillation will cease. The oscillation will be generated at the frequency (ωo ) and amplitude 

(Ao) where 

ZIN(Ao , ωo) + ZL(ωo) = 0                       (3.5) 

Substituting (3.3) and (3.4) into (3.5), the important oscillation conditions can be represented 

as 

RIN(Ao , ωo) + RL(ωo) = 0                       (3.6a) 

and 

XIN(Ao , ωo) + XL(ωo) = 0                      (3.6b) 



29 

  Since the load is passive, RL > 0 and thus, Eq. 3.6a indicates that Rin < 0. Therefore, While 

a positive resistance indicates energy dissipation, a negative resistance indicates an energy 

source. The frequency of oscillation can be controlled condition of Eq. 3.6b. The condition in 

(3.5), that ZL=-Zin for steady-state oscillation, indicates that the reflection coefficients L  

and in  are related as,  

0 0 0

0 0 0

1L in in
L

L in in in

Z Z Z Z Z Z

Z Z Z Z Z Z

   
    

    
                (3.7) 

If 

RL(ω) + RIN(A, ω) < 0                        (3.8) 

the oscillation becomes unstable and its amplitude will increase. From (3.8), we know that 

the circuit in Figure 3.2 becomes unstable if the net loop resistance is negative; that is, when 

 |RIN(A, ω) | > RL(ω)                         (3.9) 

  The start oscillation condition (3.9) is required in a well-designed oscillator. That is, when 

the amplitude A is small the oscillations will be generated. The start of oscillation condition 

in (3.9) is typically represented in the form of  

|RIN(0, ω) | > RL(ω)                         (3.10) 
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Figure 3.2: A negative-resistance model.  

  The oscillations will be generated as long as the loop resistance is negative. The amplitude 

of the current becomes a steady state value with the zero loop resistance and the condition of 

(3.6a) and (3.6b). In order to meet the start of oscillation condition in (3.10), the build-up of 

oscillations in (3.9), and the oscillation conditions in (3.6a) and (3.6b), the impedance ZIN 

(A,ω) should be amplitude and frequency dependent. A conventional negative-resistance 

variation generated by the active device is such that at the beginning of oscillations RIN(0,ω) 

has its maximum value and then, as the amplitude increases, RIN(0,ω) decreases linearly. 

When RIN reaches the value RIN(Ao, ω), the condition of (3.6a) and (3.6b) are approximately 

satisfied in the circuit and the circuit will generate the oscillation with amplitude Ao at ωo. 

Since ZIN(A, ω) is amplitude and frequency dependent, the oscillation frequency decided by 

the condition of (3.6a) and (3.6b) might not be stable. Therefore, it is required to find another 

condition which can makes sure a stable oscillation. If the variation of ZIN(A, ω) can be 

neglected for small variations around ωo, Kurokawa [33] has shown that a stable oscillation is 

achieved when (3.6a) and (3.6b) are satisfied, and the condition below is also satisfied: 
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( ) ( )( ) ( )
0

o oo o

IN INL L

A A A A

R A X AX R

A A   

 
   

  
 

         (3.11) 

 

  The derivation of (3.11) is given in [34]. 

  In many cases 

( )
0LdR

d




  

  (i.e., RL is a constant) and (3.11) simplifies accordingly. Also, when RL shows constant 

value the term RL(ωo) in (3.8) can be changed to the constant value RL. 

 It is approximately assumed that RIN(A, ω) and XIN(A, ω) are only a function of the 

amplitude of i(t) for frequencies around the oscillation frequency. That means, in some cases 

the variation for RIN(A, ω) can be approximately defined by 

( , ) ( ) (1 )IN IN o
M

A
R A R A R

A
                           (3.12) 

  where -R0 represents the value of RIN(A) at A = 0, and AM represents the maximum value 

of A. Putting it differently, the magnitude of the negative resistance shows a linearly 

decreasing function of A (see Figure 3.3). 
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Figure 3.3: Linear variation of the negative resistance as a function of the current amplitude. 

  Practically, the value of RL is selected for maximum oscillator power. In Figure 3.2, if RIN 

is given by (3.12), the power delivered to RL by RIN is 

2 21 1 1
Re( ) ( ) (1 )

2 2 2IN o
M

A
P VI I R A A R

A
     

Hence, the value of A that occurs maximum oscillation power is decided from 

21 3
(2 ) 0

2 o
M

dP A
R A

dA A
    

  which provides the desired value of A, represented by Ao,max, that maximizes the power. 

That is, 

,max

2

3o MA A  

  At Ao,max the value of RIN(Ao,max) is 

,max( )
3

o
IN o

R
R A    

  Hence, a appropriate value of RL, which makes the maximum oscillator power, can be 

3
o

L

R
R                                    (3.13) 

  Observe that (3.13) is possible when the negative input resistance varies linearly with 

amplitude. In practice, the selection of RL, according to (3.13), shows good results. 

3.3.2  Two-port negative-resistance oscillators 

  Figure 3.4 illustrate that a two port network is connected with a source Es and source 

impedance Zs on the left side and a load ZL on the right side. Its S-parameter, which measured 
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in a Zo system, helps to characterize the two port network. The input and output reflection 

coefficients are shown as 

12 21 11
11

22 221 1
L L

IN
L L

S S S
S

S S

 
   

   
                  (3.14) 

and  

12 21 22
22

11 111 1
s s

OUT
s s

S S S
S

S S

 
   

   
                  (3.15) 

where 

11 22 21 12S S S S    

s o
s

s o

Z Z

Z Z


 


 

and  

L o
L

L o

Z Z

Z Z


 


 

 

 

Figure 3.4: A two-port network connected to a source and a load. 
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  The Figure 3.5 (a, b) shows general block diagrams for two-ports negative-resistance 

oscillators. Its S parameters help to characterize the transistor network, ZT represents the 

terminating network impedance, and ZL represents the load impedance. The notation used in 

Figure 3.5 (a, b) shows that in an oscillator the ports either side of the transistor can be used 

as the terminating port. One of the terminating ports is selected, the other port can be the 

input port. The load-matching network should be connected to the input port, showing 

agreement with the one port notation. 

  When the two-port is possibly unstable, an appropriate ZT allows the two port to be 

represented as a one-port negative-resistance device which has a input impedance ZIN, as 

shown in Figure 3.2. 

  When the input port is built to oscillate, the terminating port also generates oscillation. 

This oscillating phenomenon on both side ports can be proven as follows. The input port is 

oscillating when 

1IN L                                (3.16) 

and from (3.14) and (3.16), it follows that ( after replacing L with T ) 

22

11

11 T
L

IN T

S

S

 
  

 
 

or 

11

22

1 L
T

L

S

S

 
 


                         (3.17) 
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(a) 

 

(b) 

 

Figure 3.5: (a) Two-port oscillator models and (b) alternate representation. 

Also, from (3.15) 

22

111
T

OUT
T

S

S


 

 
                        (3.18) 

Hence, from (3.17) and (3.18) it shows that 

1OUT L    

which indicates that the terminating port is also oscillating. 
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  Based on the small-signal S parameters, a two port oscillator basic design procedure can be 

as follows [34]: 

1.  Use a potentially unstable transistor at the desired frequency of oscillation o  . 

2.  Design the terminating network to make | IN | > 1. Series or shunt feedback can be used  

    to increase | IN |. 

3.  Design the load network to resonate ZIN, and to satisfy the start of oscillation condition in  

    (3.10). That is, let 

( ) ( )L o IN oX X                               (3.19) 

and 

(0, )

3
IN

L

R
R


                              (3.20) 

 

  This design procedure shows high rate of success for generating the oscillation. However, 

Since the whole design procedure is based on the small-signal S parameters, it cannot be used 

to exactly characterize the oscillator performance. This is because the oscillation power 

increases until the absolute values of negative resistance is equal to the load resistance and 

XIN varies as a function of A which represents oscillation power. Therefore, the frequency of 

oscillation will shift somewhat from its designed value at o . In this design procedure the 

oscillator power cannot be predicted. Also, the harmonics cannot be calculated.  

 

3.4  Oscillator Design for AIA 

  In this section, the AIA design procedure is demonstrated using Advanced Design System 

(ADS) tools. Especially, the procedure of designing a power efficient AIA using ZOR 

antenna is introduced in details.  
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3.4.1  Co-planar waveguide technology 

  In this thesis, the whole circuit is designed using the co-planar waveguide (CPW) 

technology. A CPW transmission line (TL) is a structure that consists of a strip of thin 

metallic film deposited on the surface of a dielectric substrate with two ground electrodes 

running adjacent and parallel to the strip on the same surface [35]. A CPW structure provides 

a lot of design freedom, it gives the benefits of easy design to implement the desired circuit 

parameters and makes it possible for monolithic integration. Also, since the CPW structure 

has no via, a single layer CPW process results in a simpler fabrication process compared with 

micro-strip line technology structure. 

3.4.2  A power efficient AIA using ZOR antenna 

  The basic idea of designing a power efficient AIA is that since the ZOR antenna resonant 

frequencies are not periodic due to the nonlinearity of CRLH TL property, the oscillating 

harmonic frequencies from oscillator can be adjusted to be away from the antenna higher 

order mode frequencies. Therefore, we can design the AIA that almost only radiates the wave 

at fundamental operating frequency by suppressing waves at the other higher harmonic 

oscillating frequencies. By doing so, we can reduce radiation loss of higher order mode in the 

AIA. As a result, the DC-RF conversion power efficiency of the AIA can be increased.   

  The figure 3.6 shows the schematic of the power efficient AIA circuit. The simulation is 

performed using ADS. In order to design oscillator three terminal device is used and 

therefore, two port negative resistance oscillator is designed. The CPW-fed ZOR antenna 

which is introduced in Chapter 2 is used for its load network. To generate oscillation the 

impedance transformed from the measured S-parameter of the passive ZOR antenna is 

applied for this load network in this simulation.  
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Figure 3.6: The schematic of the proposed AIA circuit. 

  The oscillation result of the proposed AIA design is shown in Fig. 3.7. It shows that the 

first harmonic oscillating frequency has 11.122dBm power at 2.34GHz, second harmonic 

frequency has -13dBm power at 4.679GHz, third harmonic frequency has 0.357dBm power 

at 7.019GHz, forth harmonic frequency has 0.357dBm power at 7.019GHz, and the other 

higher harmonic power is extremely small comparing with first harmonic.   

 

Figure 3.7: Oscillator results with oscillating harmonic frequencies and power. 
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Figure 3.8: The return loss (S11) of the passive ZOR antenna (markers indicate the oscillating 

harmonics from oscillator) 

  The figure 3.8 shows the return loss of the passive ZOR antenna. As it is indicated in the 

Fig. 3.8, the high order harmonic frequencies is not matched with higher mode frequencies of 

the passive ZOR antenna. From the simulation result, this AIA design is assumed to have 

reduced radiation loss and therefore, high DC-RF conversion efficiency. The verification of 

this simulation will be discussed next chapter.  
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Chapter 4 

Prototype and Measurement 

 

4.1  Prototype 

  The Figure 4.1 shows a prototype of power efficient oscillator type AIA. The proposed 

power efficient AIA is fabricated on a 1.6mm Rogers RT/Duroid 5880 substrate which has 

2.2 dielectric constant. The fabrication is conducted by lithography technology. A NEC super 

noise pseudomorphic Hetero-junction Field Effect Transistor(HJFET), model NE3210S01, is 

used for active device. The AIA is biased with VDS=3V and VGS=-0.2V at the end of quarter 

wavelength transmission line (TL). The quarter wavelength TL is designed to prevent the RF 

signal from flowing to the ground. As it is shown in the Fig 4.1, the source terminal of 

transistor is connected with TL, which plays a role of source inductance, in order to make the 

circuit more unstable. The 10pF capacitors mounted on the circuit used to short the RF signal 

and block the DC current. Therefore, the RF signal becomes shorted at the end of the quarter 

wave stub and the DC bias current is open to the ground. The short stubs on both side of the 

transistor and series CPW-TL are employed for matching circuits. In this AIA design, the chip 

inductor-loaded ZOR antenna is used and its size is 18mm×23mm (0.13λ o×0.17λ o).  
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   power from signal generator is 10dBm at fundamental mode operating frequency.) 

2.  Compare the radiated power from the passive CPW-fed ZOR antenna with one from the  

    AIA.  

3.  By doing the above comparison, we can also find the input power of the AIA, which can  

   be represented as the radiated power of AIA, by comparing with the input power of the  

   passive CPW-fed ZOR antenna. (In this case, the cable loss is taken into account to  

   calculated the input power of the AIA.) 

4.  Using the passive antenna gain, assume the EIRP of the AIA for the fundamental mode  

   frequency. 

5.  The second, third and fourth modes EIRP of the AIA are estimated using the same  

    procedure above.  

  From the above procedure, 14.57dBm (28.64mW) of radiated power of AIA is estimated at 

2.26GHz. Also, since the passive CPW-fed ZOR antenna gain is measured to be 1.54dBi, the 

EIRP of the AIA, is assumed 16.11dBm (40.83mW) at 2.26GHz. 

The EIRP is defined as, 

tEIRP P L G                          (4.2) 

 where Pt is transmitted power, L is cable loss, and G is antenna gain. 

 The second, and third and fourth modes EIRP of the AIA are estimated to be -11.93dBm at 

4.52GHz, -2.76dBm at 6.78GHz, and -17.03dBm at 9.04GHz, respectively. The experimental 

result shows that higher order harmonics are suppressed as it is expected in the simulation. 

The suppressed higher harmonic power decreases the radiation loss in the AIA. Therefore, 

the DC-RF power conversion efficiency is increased. Since the AIA is biased with VDS=3V 
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and the drain DC current is measured 35mA, the DC power loss is calculated as 105mW. 

Therefore, the DC-RF power conversion efficiency is calculated about 27.2%, which is 

higher than conventional oscillating AIA [11] [12].  
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Chapter 5 

Conclusion 

 In this thesis, we propose a power efficient active antenna that is integrated with an 

electrically small ZOR antenna using the CPW technology. The basic metamaterial concept is 

explained and then, ZOR antenna is introduced for the proposed AIA design. For oscillator 

design, the negative resistance method is introduced and employed to design the oscillator 

type AIA. The proposed AIA is designed using CPW technology which has many benefits 

such as design freedom and fabrication simplicity. The ZOR antenna is used to reduce 

antenna size and to obtain a good phase noise of -92.5dBc/Hz at 100kHz. A high DC-RF 

conversion efficiency (27.2%) is obtained by suppressing higher order harmonics and then 

reducing radiation loss in the AIA circuit. The proposed oscillator type AIA is electrically 

small and produces good radiated power 14.57dBm (28.64mW) with a high DC-RF 

conversion efficiency. The EIRP is calculated to be 16.11dBm (40.83mW). Therefore, the 

proposed AIA can be suggested as a good candidate for the spatial power combiner in array 

systems. 
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