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ABSTRACT OF THE THESIS 

 

Dual-band Composite Right/Left Hand Substrate Integrated Waveguide Leaky Wave Antenna 

Phased Array Design  

 

by 

 

Jordan Masao Tanabe 

Master of Science in Electrical Engineering 

University of California, Los Angeles, 2013 

Professor Tatsuo Itoh, Chair 

 

Today’s demand for advanced wireless communication technology is increasing and is 

creating a necessity to develop multiband technologies. This thesis will cover a dual-band 

composite right/left hand (CRLH) substrate integrated waveguide (SIW) leaky wave antenna 

(LWA) phased array design to operate at C-band and X-band frequencies. The proposed design 

has the capability of steering a pencil beam in 2 dimensions, electronically in elevation and by 

phase in azimuth. The design utilizes the unique properties of CRLH metamaterial designs in 

SIW technology to provide a single feed input antenna that is capable of producing back-fire 

radiation patterns at both frequency bands. The proposed design utilizes the radiating and 

guiding properties of CRLH transmission lines to enable antenna elements to be spaced λ/2 from 

each element, where λ is the wavelength of a designated design frequency. This allows the 

antenna to provide maximum scanning capability in the azimuth direction while also maintaining 
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the highest directivity possible. The antenna design works as expected at C-band frequencies but 

due to some fabrication issues the performance at X-band frequencies are not ideal. For both 

frequency bands the 2-D scanning capability is still observed.  

This thesis will cover the design steps and considerations during the design process, 

starting with the unit cell design, transforming it into a 1-D single band LWA, and placing the 1-

D antennas into an array to create the proposed dual-band antenna. Simulation and measured 

results are compared and shown where applicable and future works for follow on design work is 

covered in the last chapter. 
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CHAPTER 1 

Introduction 

Today’s demand for advanced wireless communication technology is increasing each day. 

This demand creates a need to develop multiband technologies for applications in wireless 

communication systems, radar systems, and possibly in the future, scientific instrumentation. 

Having an antenna system that can scan in two-dimensions (2D) is very advantageous in 

providing a highly directive beam that can scan in both azimuth and elevation. There are various 

methods for creating 2D scanning arrays but some can be more complicated than others using 

complicated feeding networks. An elegant method of 2D scanning has been proposed using leak-

wave antennas (LWA) in [1] and demonstrated in [2]. The LWA design provides electronic 

scanning in one dimension, based on the signal frequency, and phase shifting will allow scanning 

in the other. By utilizing the unique backward wave capability of composite right/left-handed 

(CRLH) transmission line metamaterials, a single-feed, back-fire planar antenna design can be 

realized. In this thesis, a planar, dual-band, CRLH substrate-integrated waveguide (SIW) leaky 

wave antenna (LWA) phased array design, with back-fire 2D scanning capabilities is proposed 

and evaluated. This chapter will go over the foundations of CRLH metamaterials, which enables 

the back-fire to end-fire properties of a CRLH leaky wave antenna, and concludes with the 

motivation behind the proposed antenna design.  
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1.1 HISTORY OF METAMATERIAL  

 In 1967, Victor Veslago was the first to postulate the realization of left-handed 

electromagnetic properties in materials with his paper, “The electrodynamics of substances with 

simultaneously negative values of ε and µ” [3]. His paper postulates a material that can produce a 

“left-handed triad”, also known as the “left-handed rule”, which he calls a “left-handed substance” 

[3]. The electromagnetic properties in materials can be classified graphically based on their 

permittivity and permeability which is seen in Figure 1.1. Note that the double positive (ε>0, µ>0) 

and double negative mediums (ε<0, µ<0) allow propagation of electromagnetic (EM) waves 

where single positive and single negative attenuate EM wave transmission [4]. Materials that lie 

at the intersection are classified as zero-index media. Double-negative materials (a.k.a. LH 

materials) exhibit “negative refractive indexes, antiparallel phase and group velocities and 

backward wave propagation” which contrasts double positive mediums (a.k.a. right-handed (RH) 

materials) [4]. 

 

 

 

 Figure 1.1: The permittivity-permeability diagram which depicts the different classification 
of materials. This figure is from [4], reproduced by permission of © [2012] 
IEEE 
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Since LH behavior is not normally seen in nature, electromagnetic metamaterials are 

developed which are effectively, “homogeneous artificial structures” designed to produce 

“electromagnetic properties not readily available in nature” [5]. This allowed the realization of 

many of Veslago’s postulated principles of double negative materials which was later 

demonstrated first by Pendry [6] and later by a group at UCSD [7]. The first LH metamaterial 

design was a split ring resonator (SRR) which was narrow band, bulky, and highly lossy unless it 

was operating near the resonant frequency of the SRR. Thus a more practical, non-resonant, 

approach to realizing left-handed characteristics is through a transmission line approach using a 

dual configuration of both LH and RH materials [5]. A purely LH transmission line cannot be 

realized due to unwanted, naturally occurring, RH parasitic effects which led to the 

generalization of a composite right/left handed (CRLH) materials model used to embrace the RH 

parasitic effects and utilize the combination to form a practical LH medium [5]. 

1.2 THEORY OF COMPOSITE RIGHT /LEFT-HANDED (CRLH)  
TRANSMISSION L INES 

1.2.1 Transmission line theory 

The transmission line (TL) approach to modeling CRLH metamaterial structures, is a 

powerful tool used for analysis and design [8], and begins with assuming a TL as lossless and 

periodic consisting of unit cells. By using TL LC models of purely left-handed (PLH) materials, 

developed by Brillouin and Pierce, and purely right-handed (PRH) materials from TL theory, a 

composite model of the two LC models can be realized which forms the basis LC model of 

CRLH TL metamaterials [5]. Since LH materials naturally have RH parasitic effects, the 

combination of the PLH and PRH provide a more generalized LC model of a LH material. This 
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is why a CRLH TL is considered a general model of a PLH transmission line while accounting 

for RH parasitic effects. From a conventional TL LC model, Figure 1.1a shows the equivalent 

homogeneous LC circuit per unit length of PRH material which provides the basis of the 

analogous equivalent LC circuit per unit length of a PLH material shown in Figure 1.1b. 

Combining the two models to create a CRLH TL is seen in Figure 1.1c. 

 

Figure 1.2: equivalent circuit model for (a) homogeneous RH TL. (b) homogeneous LH TL. (c) homogeneous 
CRLH TL This figure is from [8], reproduced by permission of © [2004] IEEE 

 
In Figure 1.1b, the LH series capacitance is denoted CL and the LH shunt inductance is 

denoted as LL.  From these TL models the propagation constant formula for a TL will provide 

the dispersion relations for a CRLH TL. 
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1.2.2 Balanced unit cells 

When analyzing the equivalent circuit of the CRLH TL model, the resonance frequencies 

of the series LC circuit(SEω ) and the shunt LC circuit(SHω ) are defined in equation (1.1) and 

equation (1.2) [5]. 

 

RL

SE
LC

1
=ω  

 
(1.1) 

 
 

 

LR

SH
LC

1
=ω  

 
(1.2) 

 

Generally, SEω  is different than SHω  in a CRLH TL unit cell and produces a stop-band in 

the dispersion diagram which can be seen in Figure 1.3c. This is defined as an unbalanced case. 

When these two resonance frequencies are equivalent, the transition between the LH and RH 

become seamless without the observation of a band gap in the dispersion diagram. 

 
SESHBALANCED ωωω ==  

 
(1.3) 

 
Having a balanced CRLH TL design is usually desired for it provides a broad bandwidth 

performance, however it is not a necessity in all designs. 

1.2.3 Dispersion diagrams 

The dispersion relation for a TL is derived from the propagation constant γ which is seen 

in equation (1.4) as: 

 
''YZj =+= βαγ  

 
(1.4) 

 
Z’ and Y’ are the per-unit length impedance and per unit length admittance seen in Figure 1.2. 

For PRH and PLH TL the dispersion relation becomes equation (1.5) and equation (1.6) 

respectively [5]: 
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RRRH LCωβ =  

(1.5) 
 

 

 

LL
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LCωβ 1−

=  (1.6) 
 

For a unit-length CRLH TL, the dispersion relation becomes: [8]: 
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(1.8) 
 

Plotting the dispersion relations (ω vs. β a.k.a. dispersion diagram) of a unit cell is sufficient for 

analyzing the group velocity and phase velocity of a metamaterial [8]. The dispersion relations 

also infer whether a CRLH unit cell is balanced when a smooth transition from the LH to RH is 

observed. Additionally, when compared to the airline, the dispersion diagram provides insight 

into the frequencies which produce fast-wave propagation within the structure. Figure 1.3 shows 

the dispersion diagrams for a PRH, PLH, and CRLH TL. The airline is plotted as –βc and +βc. 
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Figure 1.3: dispersion diagrams for (a) homogeneous RH TL (b) Homogeneous LH TL (c) homogeneous CRLH TL 
(unbalanced case) This figure is from [8], reproduced by permission of © [2004] IEEE 

 

The dispersion diagram is a powerful analysis method which will be used in following chapters 

for analyzing the design of the LWA unit cell. 

1.3 PROPOSED ANTENNA DESIGN 

1.3.1 Theory 

By cascading CRLH TL unit cells, which have a period length p, N times, a CRLH TL is 

created. There are several methods to create a physical realization of a CRLH TL, one is using 

lumped components with surface mount technology, another is by using distributed elements 
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using microstrip technologies such as interdigital capacitors and vias to ground which constitutes 

the lumped series LH capacitance CL and LH shunt inductance LL respectively [8]. One 

application which utilizes the unique properties of CRLH TL is incorporating them into a LWA 

with electronic scanning capabilities that can facilitate beam scanning from back-fire to end-fire. 

LWA are a class of traveling-wave antennas which is characterized by both the βx and αx which 

form the propagation factor kx seen in equation (1.9) [9, 8, 10]. In this case the wave propagates 

in the x-direction as seen in Figure 1.4 

 αβ jk xx −=  
 

(1.9) 
 

β is the phase constant and α is the attenuation constant in the direction along the waveguide. As 

a wave propagates through a LWA, some of the energy leaks out. The beam width is 

characterized by α where if α is small, the power leaks slowly along the length of the antenna 

creating a long aperture and consequently a narrow beam pattern, however if α is large, the 

power leaks strongly at the beginning of the antenna creating a short effective antenna aperture 

and consequently a wide beam pattern. For CRLH TL LWA the LWA is classified as a quasi-

uniform LWA [11]. Assuming only the fundamental or dominant mode is guided through the 

structure and βx>>αx so that kx ≈βx, then based on the relation of the free-space number split by 

its components, 

 
222

0 zx kk −= β  
 

(1.10) 
 

The only case where radiation occurs is when |βx| < k0 which is known as the fast-wave region. 

When |βx| > k0 the kz component will exponentially decay and the wave is generally guided 

through the LWA structure. This region of operation is known as the slow-wave region. The 

angle of radiation is controlled by β, and defined by equation (1.11) [8] 
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= −−

0
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1

0

1

2

sinsin
k

p

n

k
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(1.11) 
 

Here, θ is the beam angle from the broadside direction, n is the space harmonics and p is the 

periodic length. In this case we only consider the fundamental mode in which n = 0. 

 

Figure 1.4: LWA radiation concept, above diagram depicts a back-fire radiation pattern produced from CRLH TL 
when β is negative 

 

Figure 1.4 is a depiction of the leaky wave antenna back-fire concept where the source feeds into 

one end of the antenna, the other end is terminated and the propagation constant and angle is 

determined by whether the wave is in the fast or slow wave region. 

There are a few advantages CRLH LWA have over RH LWA structures. The first is that 

a CRLH LWA can operate at its fundamental mode to radiate from back-fire to end-fire rather 

than operating at higher order modes in order to radiate and subsequently removing the need for 

complex feeding structures to accommodate operating at the higher order modes [8]. Secondly, 

with a balanced CRLH TL design, a CRLH LWA can scan continuously from back-fire to end-

fire including at broadside which is not possible for RH LWA structures [8]. CRLH TL 

structures have powerful properties that allow a dual-band LWA design to be considered.  

θ 
-β 

kz 
Leakage power

Direction of Propagation

z

x

k0 
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1.3.2 Motivation of the design 

The motivation of the proposed antenna design is derived from the powerful 

characteristics of dominant-mode LWA using CRLH TL and its ability to selectively guide and 

radiate waves based on their frequency all within a planar structure design. There have been 

several developments in dual-band LWA using a band-gap structure [12] and even a CRLH TL 

structure [13], however not many dual-band antennas are used in linear arrays. There are several 

designs that incorporate single band antennas and interleave them into an array [14], or use large 

aperture antenna structures [15], but these designs still require complex feeding networks with n 

x n number of phase shifters (n = number of antenna elements) in order to provide 2D scanning. 

In addition, the interleaved antenna array cannot space the antenna elements at an optimal length 

of λ/2 to get the optimal directivity at each band. From phased array theory, assuming an ideal 

case where each element is uniformly excited, the maximum tilt angle is achieved when the 

distance (d) between elements is λ/2 which allows a beam tilt close to end-fire [16]. Essentially, 

if the spacing between elements is greater than λ/2 then the maximum scanning angle is reduced 

but the directivity will increase. In the opposite case, if the spacing is too close d< λ/2, the ability 

to scan is not hindered however the directivity degrades as seen in equation (1.12).  

 

λ
Nd

D 2≈  
 

(1.12) 
 

N is the number of elements in the array, d is the spacing between elements, D is the directivity 

and λ is the wave length of transmitted frequency. 

By utilizing the electronic scanning capability of a CRLH TL LWA, the complexity of 

feeding networks to do 2D scanning at a single frequency has been reduced from n x n to n. The 

design of a dual-band LWA array is similar to an interleaving single-band antenna array design 

in that we use two single-band LWA antenna designs but sourced from a single feed point. This 
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increases the number of required phase shifters to 2 x n to allow independent beam steering 

between bands. In other words, one frequency beam can be pointing in a different direction from 

another frequency beam in a different frequency band. The guided-wave property of LWAs 

allow two different single-band LWAs to be connected along the direction of wave propagation 

while allowing each LWA element within the array will be optimally spaced by λ/2 of their 

respective target frequency. 

 

Figure 1.5: Block Diagram of a Dual-Band LWA phased array concept. 
 

Figure 1.5 is a block diagram of the dual-band LWA phased array concept using two different 

single-band CRLH TL LWA designs, one that radiates at C-band, while the other is radiating at 

X-band, all fabricated on the same substrate. The proposed design concept connects two single-

band antenna arrays with rows of phase shifters for each antenna element. The lower-band LWA 
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will radiate at a target frequency within the fast-wave region (at C-band frequencies) and guide 

waves that is within the slow-wave region (at X-band frequencies) to the upper antenna array 

which will then radiate the waves at the higher frequencies. The key requirement for this concept 

is the lower frequency LWA must have a very wideband response across two-frequency bands. 

This wideband response eliminates using unit-cells that incorporate series interdigital capacitors 

because of the series resonances at higher frequencies [17]. Without creating a 3-D structure by 

wire bonding the interdigital capacitor fingers, the alternative unit cell design for the C-band 

antenna is a CRLH substrate-integrated-waveguide (SIW) as seen in several CRLH LWA 

designs [18, 19, 13]. These designs show a wide bandwidth of operation and the SIW structure 

provides a compact planar antenna design and allows the capability for all of the antenna system 

components (e.g. phase shifters, power splitters, feed lines, etc…) to be integrated all on the 

same substrate [4, 20].  

Having two different single-band antenna designs allows the two antennas to be spaced at 

ideal λ/2 spacing for a designated design frequency within their respective frequency bands. The 

lower array has the antenna elements spaced by λ1/2, where λ1 is the designated design frequency 

in C-band, and the upper array is spaced λ2/2, where λ2 is the designated design frequency in X-

band. The phase shifters situated between each array feed allows for beam steering different 

pencil beams, within different frequency bands, in different directions and for phase correction 

of waves travelling between array elements. Figure 1.6 depicts the operation of proposed LWA 

array design where the C-band antenna array radiates the C-band signal (denoted as blue) while 

the X-band signal (denoted as green) is guided and radiated by the X-band antenna. In Figure 

1.6a, the second row of phase shifters (located between the C-band and X-band arrays) can 

correct the phase shift from the first row and steer the x-band beam in a direction independent of 
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the C-band beam. Figure 1.6b the C-band and X-band waves are color-coded to depict how the 

waves travel and radiate through their designated arrays while also having beams pointed in the 

back-fire direction. 
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(a)           (b) 

 

Figure 1.6: Dual-band beam steering of back-fire beams (a) frontal view of the C-band beam (blue) and the X-band 
beam (green) steered in two separate directions in azimuth. (b) A perpective view of the proposed 
antenna depicting the back-fire beam and the travel-path of the C-band and X-band signals. 

 

The proposed design can be used for cell phone base stations, which transfer data at low-

data rates on the C-band frequencies and at higher data rates on the X-band frequency with 2D 

scanning to provide a highly directive pencil beam. The back-fire radiation pattern allows for the 

beam to be pointed downwards towards cellphone receivers on the ground. With the proposed 
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dual-band design we can have a single planar antenna pointing in the same elevation angle but 

independent and different azimuth angles using the two sets of phase shifters.  
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CHAPTER 2                   

The Unit Cell Design 

The overall antenna system design utilizes the X-band SIW LWA designed by Dong in 

[19]. By recreating his design, a complimenting C-band antenna is developed with the same 

period length in order to minimize the chances of RH radiating region of the C-band LWA from 

overlapping the LH radiating region of Dong’s X-band antenna design. Generally CRLH unit 

cells are designed to be balanced to maintain a smooth transition from LH to RH scanning 

frequencies, but this ideal case is not necessary to achieve the performance objectives of the 

proposed design. The following sections will go over the general theory of a CRLH SIW unit 

cell, the design, analysis and results for a C-band (with a designed center frequency near 5GHz) 

and for a X-band (with a designed center frequency near 10GHz) SIW unit cell design. 

2.1 THEORY  

2.1.1 Lumped element realization in SIW 

The design of a CRLH transmission line LW antenna starts with a unit cell. In this 

proposed design the unit cell topology chosen is an SIW with an interdigital capacitor slot on the 

top-side. The interdigital slot acts as a LH series capacitor (CL) and the sidewalls of the SIW 

structure act as LH shunt inductance (LL) thus creating the necessary conditions to support 

CRLH TL properties. Its realized circuit model can be seen in Figure 2.1 [21]. 
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Figure 2.1: Equivalent circuit model of a CRLH SIW unit cell. This figure is from [21], reproduced by permission of 
© [2012] IEEE 

 

The RH series inductance and shunt capacitance are realized by the SIW structure. The 1/Rrad 

represents the radiation admittance represented by a resistor [21, 22] which is controlled by the 

dimensions of the interdigital slot. 

2.1.2 Dispersion Diagram 

The dispersion diagrams provide abundant information about the unit cell design which 

includes the radiating and guided regions, whether a design is balanced or unbalanced, and the 

radiation angle. For a CRLH SIW TL the dispersion relation can be found from the S parameters 

using the equation (2.1) [23] 

 





 +−= −
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(2.1) 

 

In equation (2.1), β is the propagation constant and p is the period length of the unit cell. To 

determine the radiating and guided region, the airline (equation (2.2)) for the periodic cell is 

compared to the dispersion relation of the unit cell. This provides a boundary line to outline the 

regions where |β|<k0 (fast wave) and |β|>k0 (slow wave) which provides information on which 

frequencies radiate and which are guided. 
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To determine the radiation angle, equation (1.11) is used based on the information provided by 

the dispersion diagram. 

2.1.3 Bloch impedance 

Determining the Bloch impedance is essential for determining whether a CRLH design 

can be matched to a 50Ω system. From an ideal CRLH TL, the characteristic impedance is 

defined as “the square root of the ratio of the imittances of an infinitesimal section of line” [5]. 

However, if the network is periodic then the ratio is constant at the terminals of each unit cell. 

This constant impedance is known as the Bloch impedance. Generally the Bloch impedance can 

be defined using ABCD parameters [5]: 

 ( ) ( )
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(2.3) 

 

Assuming a reciprocal unit cell and that the unit cell is symmetric, using a transformation 

between ABCD parameters and S-parameters the Bloch impedance can be calculated from S-

parameters using the following equation [23]: 

 
( )

( )( ) 12212211

0

11

sin2

SSSS

pjZ
Z B

−−−
=

β
 

 
(2.4) 

 
Here β is the propagation constant and p is the periodic length of the unit cell. 

In order to match the unit cell design to a 50Ω system, the average of the real part of ZB 

will need to be above 10Ω. The imaginary part of ZB can be matched by increasing the input 

transition length or even the unit cell length [21]. Matching will be covered more in depth in 

Chapter 3. 
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2.1.4 Balanced cell conditions 

It is preferred to have a balanced CRLH design however it is not necessary for the 

proposed design. The downward looking, or back-fire, radiation patterns occur in the LH 

radiation region and the focus of the design does not involve a broadside beam in elevation. Thus 

it is acceptable in this proposed LWA design to have a small band-gap at the transition between 

the LH and RH regions. 

2.2 FULL WAVE SIMULATION  

There are many full wave simulators available. For this design Ansys’s High-Frequency 

Structure Simulator (HFSS) software package is used to design and analyze the characteristics of 

the unit cell. HFSS is a full wave Finite-Element Method solver. There are two approaches to 

computing the characteristics of a unit cell, one is the Driven mode and the other is the Eigen-

mode. The aforementioned simulation methods provide comparable results, the Eigen-mode is 

slightly more accurate, but the Driven-mode requires less time to converge to a solution [19]. To 

save time simulating many different unit-cell designs, the driven mode is used. In this simulation 

the sidewalls of the SIW are ideal copper walls and the substrate used is Rogers 5880 with a 

thickness of 0.508mm which is the same substrate used in Dong’s SIW LWA design. The 

substrate is thin and has a low loss tangent of 0.001 and a permittivity of 2.2 making it an ideal 

choice for low-profile antenna applications. The copper walls are representative of vias that 

perform like a PEC wall. In the model the copper thickness, of 0.035mm, is representative of 1oz 

copper plating. By incorporating the copper thickness and using ideal walls, rather than vias, the 

non-ideal microstrip topology parasitics are modelled while minimizing the required simulation 

time that would be required to model the via structures. This allows for quick modelling and 
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optimization of different unit cell designs. The intention is to use a closed-form formula to 

design the equivalent width of the unit cell, which incorporates vias, later in the LWA design 

process.  

2.2.1 Design Approach 

Since the design objective is to design the unit cell so that the X-band signals are guided 

within the C-band LWA, it is important to design the periodic length of each C-band unit cell to 

have the same length as the X-band SIW antenna. If the periodic length for the C-band unit cell 

was longer, the RH radiating region would extend to higher frequencies and overlap with the LH 

radiating region of the X-band unit cell. This will limit the range of back-fire frequencies that the 

combined LWA array can operate at and consequently reduce the maximum scan angle, in 

elevation, for the overall antenna design.  

The interdigital capacitor at the top interface controls the radiation of the travelling wave. 

By increasing the length of the interdigital capacitor slots, the CL increases and lowers the center 

frequency of the unit-cell [19]. CL decreases when the slot opening is widened, while increasing 

the number of interdigital fingers, essentially lengthening the slot, increased it. Radiation 

efficiency is improved by tuning these parameters and a balanced unit cell is maintained for a 

range of interdigital finger lengths. The unit cell center frequency would shift up or down by 

simply changing the interdigital capacitor finger lengths. 

The unit cells used for C-band and X-band are shown in Figure 2.2 and Figure 2.3. The 

parameters for the slot widths, topside width, thickness and periodic length are shown in Table 

2.1. The X-band unit cell parameters are derived from Dong’s design [19], where the C-band unit 

cell is a modification of Dong’s design to operate around 5GHz using the same periodic length, 
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substrate material, and thickness. This will allow the C-band SIW LWA to be built on the same 

substrate as the X-band SIW LWA. 

 
 

(a) (b) 
Figure 2.2: C-band unit cell design (a) shows the labels for the dimensions of the interdigital slot on the top (b) is a 

perspective view of the unit cell. 

 
 

(a) (b) 
Figure 2.3: X-band unit cell design (a) shows the labels for the dimensions of the interdigital slot on the top (b) is a 

perspective view of the unit cell 
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Table 2.1: List of parameters and dimensions for the unit cells 

 

2.3 SIMULATION RESULTS  

From the S-parameters computed from the 3-D model of the unit cell, the dispersion and 

Bloch diagrams are computed. The S-parameters by themselves are not useful for analyzing the 

unit cell properties as a TL, so they are not shown in this section. The following sections show 

the computed dispersion relations and Bloch impedances from the simulation S-parameters. 

From the dispersion relation the radiation angle is also calculated. 

2.3.1 Dispersion Diagrams 

Figure 2.4 is the calculated dispersion diagram from the S-parameters of the ideal C-band 

SIW unit cell seen in Figure 2.2. The unit cell appears to be balanced with a center frequency of 

5.7GHz. The airline, seen as the blue line, distinguishes the frequencies that lie in the fast-wave 

region in which radiation will occur. The LH radiating region starts at 4.78GHz while the RH 

radiating region stops at 7.72GHz. 



22 
 

 

Figure 2.4: Dispersion Diagram of C-Band SIW unit cell 
 

Figure 2.5 is the calculated dispersion diagram of the ideal X-band SIW unit cell seen in 

Figure 2.3. The unit cell appears to be balanced, with a different group delay (vg) seen in the LH 

radiating region than in the RH radiating region. The LH radiating region starts at 8.07GHz and 

the RH radiating region ends at 13.5GHz. The one thing to note is the first stop-band that ends at 

7.25GHz. This alludes to the order in which the antennas must be placed in. The C-band antenna 

must receive the signals before the X-band antenna due to the presence of the low-frequency 

stop-band that ends at 7.25GHz. 

 β
ω

d

d
vg =  

 
(2.5) 
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Figure 2.5: Dispersion Diagram of X-band SIW unit cell 
 

When overlaying the RH guided region of the C-band unit cell, which goes from 7.72 

GHz to 9.81GHz, to the LH radiating region of the X-band unit cell, which goes from 8.07Ghz to 

9.89GHz, most of the RH guided region is encompassed by the LH radiating region allowing a 

range of back-fire beams to choose from to guide through the C-band LWA and radiate from the 

X-band LWA. From these results it can be further argued that a balanced case is not needed for 

the X-band unit cell since the RH guided region is not wide enough to cover both radiating 

regions of the X-band unit-cell. 

2.3.2 Radiation angle 

Radiation angle of a dominant mode CRLH is determined by analyzing the dispersion 

diagram and using equation (1.11) (for the dominant mode n = 0). Figure 2.6 and Figure 2.7 
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show the calculated radiation angle of the C-band and X-band unit cell respectively. The 

calculated angles are computed from the dispersion relations derived from the S-parameters. 

 

 

Figure 2.6: Radiation Angle vs. Frequency of C-band unit cell 
 

 

Figure 2.7: Radiation Angle vs Frequency of X-band unit cell 
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2.3.3 Bloch Impedance 

The Bloch impedance is computed using equation (2.4) and is shown in Figure 2.8 for the 

C-Band unit cell and in Figure 2.9 for the X-band unit cell. The absolute value of the real part of 

ZB, shown in blue, has an average value for the C-Band SIW unit cell is around 20Ω and around 

25Ω for the X-band SIW unit cell. The negative imaginary part of ZB indicates a capacitive input 

in the LH region and zero in the RH region [21] as seen in red in both Figure 2.8 and Figure 2.9. 

One observation to note is the slight gap in the Bloch impedance calculations for both the C-band 

and X-band unit cells near the center frequency which indicates a slight unbalanced case for both 

designs. This was not seen in the dispersion diagram but appears highlighted by the Bloch 

impedance. Luckily, balanced cases are not necessary for the proposed antenna design 

 

Figure 2.8: Bloch impedance of C-Band SIW unit cell 
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Figure 2.9: Bloch impedance of X-Band SIW unit cell 

2.4 CONCLUSION  

The proposed design objectives appear to be met based on the results from the simulated 

characterization of the dispersion diagram and Bloch impedances. The dispersion diagram shows 

that the C-band unit cell will radiate a back-fire beam as well as guide X-band signals that have 

the ability to generate back-fire beams when exciting the X-band unit cell. The average Bloch 

impedance values for both unit cell designs are reasonable to match to. The ideal C-band and X-

band unit cell design shown in Figure 2.2 and Figure 2.3 are a starting point for the 1-D LWA 

design.  
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CHAPTER 3 

1-D Leaky Wave Antenna (LWA) design 

LWAs have been around since the 1940s and have been gained a lot of interest with 

recent applications using metamaterials. The next design step when going from the unit cell 

design to a LWA is to create the input and output ports in addition to converting the ideal walls 

into rows of equally spaced vias. The following sections will cover the design considerations 

when transitioning from the unit cell to a quasi-uniform unidirectional LWA structure [11] and 

show measurements of the final 1-D C-band and X-band LWA design. 

3.1 TRANSITION FROM THE UNIT CELL DESIGN TO A 1-D 
LWA 

3.1.1 Design considerations 

The first design consideration is incorporating the vias based on the width of the ideal 

unit cell design. Dong’s design utilized 0.8mm diameter vias with center-to-center spacing of 

1.45mm which is less than the twice the diameter of the vias thus ensuring that energy leaking 

between consecutive vias is negligible [24]. In order to ensure the leakage is negligible, the C-

band LWA will use the same via spacing as Dong’s X-band LWA.  

By incorporating the vias into the unit cell design, the effective width of the SIW (Weff) 

has changed, thus equation (3.1) is used to compute the effective width of an SIW using vias 

compared to the ideal PEC walls [25]. In equation (3.1), d is the diameter of the vias used and S 

is the distance between adjacent vias lined up in a row. Figure 3.1 is a plot showing the effective 
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width for a range of width dimensions which is measured from center-to-center of the vias (this 

is the same dimension as V seen in Figure 3.2).  
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Figure 3.1: Weff vs. W for SIW using d=0.8mm S=1.45mm 
 

Based on the closed form equation the effective widths from the ideal case were 

interpolated from the closed form formula for Weff to find the distance W to place the distance of 

the vias. W for the C-band SIW unit cell is 11.5mm and 9.7mm for the X-band SIW unit cell. 

These are starting points for optimization once all the other design considerations are integrated. 

The second design consideration is the length of the 1-D LWA. This design consideration 

only applies to the C-band LWA design since it has 2 functions, the first is to radiate the C-band 

signals, and the second is to guide the X-band signals to the X-band LWA. The general rule of 
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thumb in a LWA design is to radiate 90% of its power which corresponds to an electrical length 

calculated from equation (3.2) [5, 26]. Given a typical value of α/k0 = 0.02, this would require 

that the length of the antenna to be 47.3cm for the center frequency of 5.7GHz. However, for the 

guided signals, the longer length would increase the insertion loss. So for this design, the 

insertion loss was set to be less than 3dB. The design approach was to simulate 5, 10, 15 and 

then 18 unit cells. Based on the initial results the final design length was set to 15 to be less than 

3dB for the X-band signals while still maintaining decent radiation as determined from the S-

parameters.  
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The third design consideration is the input and output transitions for the LWA design. 

There are 3 styles of transitions for SIWs Microstrip-to-SIW, Coplanar-to-SIW using a current 

probe, Coplanar-to-SIW based on a 90degree bend [27]. Dong’s X-band SIW LWA design uses 

a microstrip transition approach which is easy to design and fabricate so for consistency both 

SIW LWA designs used the microstrip transition approach. The tapered microstrip transition 

transforms the quasi-TEM mode of the microstrip line to the dominant TE10 mode with the SIW 

structure [28].  There is a closed form equation developed by Deslandes which used the ratio of 

the effective permittivity and the dielectric permittivity equated to a curve fit function to find the 

width ratios between the SIW width to the input microstrip width shown in equation (3.3) [28]. 
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In equation (3.3), ae and we are the widths of the SIW input and the microstrip transition 

respectively (this is the same dimensions that are labelled L and w6 in Figure 3.2 respectively). 

The effective permittivity is found using the standard equations for a microstrip structure. The 
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taper (seen as t1 in Figure 3.2) between the input of the SIW microstrip transition and the 

microstrip input is lengthened and are generally set to a quarter of a wavelength in order to 

minimize the return loss. 

3.1.2 Simulation setup 

All of the design formulas in the previous sections provide starting points for the 1-D 

design but equations (3.1) and (3.3) are closed form solutions of SIW TL and not for CRLH SIW 

TL, therefore after combining the input transitions, vias, and unit cells to create a 1-D LWA the 

overall design is parameterized and optimized in CST using the Finite Difference Time Domain 

solver. 

There are several EM full-wave software numerical solvers available. The unit cell was 

solved using an FEM solver, but FEM takes a long time for larger structures with circular 

features over a broad frequency range. Therefore the 1-D LWA design was simulated using CST 

Microwave Studio’s Transient Time solver which employs a FDTD algorithm which is ideal for 

larger structures over a wide range of frequencies. The FDTD solver can cover all of the 

frequencies within one pass, as opposed to the FEM solver which converges to a solution for 

each frequency point chosen, which reduces the required time to reach convergence and the 

results are close to measured results. 

During the optimization process the main design requirements were to have an input 

return loss < -10dB, have an insertion at X-band frequencies >-3dB, an insertion loss <-10dB at 

C-band frequencies, and to have a radiation efficiency >-1.5dB. Some of these requirements 

were met others had to be traded for others. 
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Figure 3.2 shows the two microstrip taper line inputs for the 1-D C-band LWA (a) and 

for the 1-D X-band LWA (b). Table 3.1 describes the design parameter values for the parameters 

depicted in Figure 3.2. 
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(a) (b) 
Figure 3.2: Dimensions and input transition of 1-D LWA with vias (a) C-band SIW antenna (b) X-band SIW 

antenna 
 

Table 3.1: Table of Design Parameter dimensions for SIW input microstrip transition 

unit cell 
parameter 

C-Band SIW  X-Band SIW 

length [mm] length [mm] 

w5 1.52 1.55 

w6 7.3 3.4 

t1 6.5 6 

L 13.44 11.6 

V 11.7 9.2 

3.2 FABRICATED ANTENNA  

The Fabricated 1-D LWA are seen in Figure 3.3. The 1-D X-band LWA is seen at the top 

while the 1-D C-Band LWA is seen at the bottom closest to the quarter, which is there to provide 

a reference to size. Fabrication was done using a ferric chloride solution to etch the copper off 

the substrates. During the fabrication process, several antennas were made to ensure repeatability 
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during the fabrication of the array. Overall both antennas showed good agreement between S-

parameter responses. The via holes and vias were drilled and installed by hand to ensure the 

interdigital slots were not damaged since the substrate was 0.508mm thin and very flexible.  

 

Figure 3.3: Photo of fabricated 1-D X-band (top) and C-band (bottom) LWA 

3.2.1 S-Parameters 

Figure 3.4 and Figure 3.5 below show the S-parameters of the measured and simulated 1-

D LWA. Based on the simulation results, the 1-D LWA for both C-band and X-band LWA have 

a slight band-gap which is indicative of the high insertion loss seen at the center frequencies for 

both LWA designs. 

Here you can see a frequency shift between the simulation results which is a result of 

fabrication error. There is also a higher insertion loss in the measured results in the C-band 

frequencies seen due to radiation of the signal. The slightly higher insertion losses for the X-band 

frequencies are due to the parasitic losses from the soldered connections between the SMA 

output connector and the antenna input port which causes ≈0.5-1dB depending on the frequency. 

The S11 measurement seen in Figure 3.4 (b) is very close to the simulation performance, but the 

S11 measurement seen in Figure 3.5 (b) seems to have gotten worse than predicted by simulation 

but still acceptable since the targeted X-band frequencies are <-10dB. The frequency shift has 
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widened the band-gap created by the un-balanced case, but there is still a wide range of 

frequencies within the LH radiating region of both 1-D LWA designs. 

  

(a) (b) 
Figure 3.4: S-parameters for C-Band SIW 1D LWA: Simulation vs. Measured (a) S21 (b) S11 
 

   

(a) (b) 
Figure 3.5: S-parameters for X-band SIW 1D LWA Simulation vs. Measured (a) S21 (b) S11 
 

Table 3.2 shows the radiation efficiencies for each frequency for the 1-D C-band and X-band 

LWA designs. The C-Band LWA also has X-band frequency values to show that it has poor 

radiation efficiency to validate the theory that the X-band frequencies are guided through the 
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LWA design. All other target frequencies have radiation efficiency values within the design 

parameter range. 

Table 3.2: Simulated Radiation Efficiencies for 1-D LWA Design 

Radiation Efficiency [dB] 

Freq 
[Ghz] 

C-Band SIW  
  

Freq 
[Ghz] 

X-Band SIW 

4.7 -1.11 
 

8.8 -0.976 

4.8 -0.8143 
 

8.9 -0.8099 

4.9 -0.7584 
 

9 -0.7227 

5 -0.8538 
 

9.1 -0.7022 

5.1 -1.064 
 

9.2 -0.697 

5.2 -1.211 
 

9.3 -0.6934 

5.3 -1.429 
 

9.5 -0.7789 

8.9 -9.661 
 

9 -11.5 

9.1 -10.94 

9.2 -13.51 

9.3 -11.82 

 

3.2.2 E-Plane Far-field Radiation Patterns 

Figure 3.6 depicts the orientation of the LWA during the far-field E-plane measurements 

of the C-band and X-band 1-D LWA. Broadside is at θ = 90º, end-fire and back-fire beams are 

located towards θ = 0 and θ = 180º respectively. The signal source comes from θ = 180º and the 

other end of the LWA is terminated with a 50Ω load. 
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Figure 3.6: Antenna orientation for Far-field E-plane measurements 
 

Figure 3.7 shows the far-field E-plane 1-D C-band LWA frequency scanning capability. 

Figure 3.8 through Figure 3.12 show the comparison between normalized gain E-plane patterns 

from simulation to measured results. The normalized gain measured results have very good 

agreement with simulated results. The main beam pointing angle is close to simulated pointing 

angles as seen in Figure 3.13. 
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Figure 3.7: Normalized gain Far-field E-plane patterns exhibiting back-fire to broadside frequency scanning 
 

 

Figure 3.8: Normalized Gain Far-field E-Plane pattern of C-band 1-D LWA at frequency = 4.8GHz, simulation vs. 
measured 
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Figure 3.9: Normalized Gain Far-field E-Plane pattern of C-band 1-D LWA at frequency = 4.9GHz, simulation vs. 
measured 

 

 

Figure 3.10: Normalized Gain Far-field E-Plane pattern of C-band 1-D LWA at frequency = 5.0GHz, simulation vs. 
measured 



38 
 

 

Figure 3.11: Normalized Gain Far-field E-Plane pattern of C-band 1-D LWA at frequency = 5.1GHz, simulation vs. 
measured 

 

 

Figure 3.12: Normalized Gain Far-field E-Plane pattern of C-band 1-D LWA at frequency = 5.2GHz, simulation vs. 
measured 
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Figure 3.13: Radiation angle vs. Frequency for C-band 1-D LWA, measured vs. simulation values 
 

 

Figure 3.14: Normalized Gain comparison of Far-field E-Plane pattern of C-band LWA normalized to frequency = 
4.8GHz 

Figure 3.14 shows the normalized gain of the far-field pattern of the C-band 1-D LWA at X-band 

Frequencies 8.9, 9.1 and 9.3GHz. Each of the X-band frequencies are normalized to the gain at 

4.8GHz to show that at all three frequencies the gain is <-20dB lower than the peak gain of the 

far-field pattern at f= 4.8GHz. This measurement shows that most of the signal power at the X-
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band frequencies is guided through the C-band 1-D LWA structure and that the leakage power at 

these frequencies is minimal. 

The 1-D X-band LWA E-plane frequency scanning from end-fire to broadside is shown 

in Figure 3.15. Figure 3.16 through Figure 3.19 show E-plane comparisons between measured 

and simulated result for X-band frequencies 8.9, 9.1, 9.3 and 9.5GHz. The beam width is slightly 

wider than the simulation values which is due to the test setup. The far-field chamber 

measurement probe is not quite in the far-field of the antenna (using the 2D2/λ rule). However, 

this measurement provides a reasonable agreement with simulation results in terms of the overall 

beam shape and having good agreement with the radiation angle as seen in Figure 3.20. 

 

Figure 3.15: Normalized Gain Far-field E-plane radiation patterns of X-band 1D LWA exhibiting back-fire to 
broadside frequency scanning 

 



41 
 

 

Figure 3.16: Normalized Gain Far-field E-Plane radiation pattern of X-band 1-D LWA at frequency = 8.9GHz, 
simulation vs. measured 

 

 

Figure 3.17: Normalized Gain Far-field E-Plane radiation pattern of X-band 1-D LWA at frequency = 9.1GHz, 
simulation vs. measured 
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Figure 3.18: Normalized Gain Far-field E-Plane radiation pattern of X-band 1-D LWA at frequency = 9.3GHz, 
simulation vs. measured 

 

 

Figure 3.19: Normalized Gain Far-field E-Plane radiation pattern of X-band 1-D LWA at frequency = 9.5GHz, 
simulation vs. measured 

 



43 
 

 

Figure 3.20: Radiation Angle vs. Frequency for X-band 1-D LWA, measured vs. simulation values 
 

3.3 SELECTION OF ARRAY FREQUENCIES 

Based on the performance of the 1-D LWAs the proposed array design needs a target 

design frequency to space the antenna elements. Since the motivation for the antenna array 

design is a dual-band back-fire beam, the 4.8GHz and 8.9GHz frequencies have the same and 

furthest back-fire beam pointing angle with reasonable return loss values of -10dB or better. It 

should be noted that for this design 4.8GHz and 8.9GHz are arbitrarily chosen target frequencies. 

For practical purposes, the element spacing should be λ/2 between elements where λ is the 

wavelength of the highest operating frequency of the antenna to achieve the widest range of scan 

angles in azimuth. 
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CHAPTER 4 

Dual-Band LWA Design 

In this chapter, the 1-D LWA designs are created into a final array design to build a 

planar antenna based on Figure 1.5. For fabrication purposes the proposed antenna design is 

broken down into sub-assemblies. The different assemblies consist of the power splitter 

assembly, phase shifter assemblies, C-band antenna array, and X-band antenna array. The power 

splitter and phase shifters are commercial components to reduce fabrication time. By splitting up 

the proposed antenna design into sub-assemblies, fabrication and troubleshooting can be 

simplified since each assembly can be characterized individually before being integrated as a 

complete system. 

4.1 FABRICATED ANTENNA  

4.1.1 Antenna element spacing 

The spacing between antenna elements is assuming the center of a 1-D LWA is the phase 

center of the antenna. From the antenna element spacing, each single-band 1-D LWA was spaced 

λ/2 by their respective target frequencies, 4.8GHz for the C-band LWA array and 8.9GHz for the 

X-band LWA array, based on the 1-D LWA results seen in Chapter 3. 

4.1.2 Photos 

Figure 4.1 and Figure 4.2 show the photographs of the fabricated C-band and X-band 

LWA arrays respectively. During the fabrication process some of the vias in the X-band antenna 
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array were not ideal connections so they were reinforced with solder on both the front and the 

backside. Each antenna element is assigned an antenna number starting from 1 through 4. The 

numbering goes from 1 to 4 starting with antenna 1 seen at the top of each photograph (seen in 

Figure 4.1 and Figure 4.2) and counting down in consecutive order with antenna 4 at the bottom 

of the photograph. When the two arrays are assembled for test, antenna 1 of the C-band array 

connected to antenna 1 of the X-band array to make it easier to document and troubleshoot. 

 

Figure 4.1: Photograph of fabricated C-Band LWA array designed for 4.8GHz 
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Figure 4.2: Photograph of fabricated X-band LWA array designed for 8.9GHz 

4.1.3 S-parameter measurements 

The S-parameter response was measured on each individual antenna element within each 

array while all untested antennas were terminated with 50Ω loads. Figure 4.3a and Figure 4.3b 

compare the measured S21 and S11 response of each antenna element, in the C-band LWA array, 

to the corresponding S-parameter response of the simulation results for the 1-D C-band LWA 

(seen as the red dashed line) and the measured results of the fabricated 1-D C-band LWA 

reference design (seen as the cyan dashed line). The antennas in the array show a frequency shift 

as seen in the 1-D LWA reference case, but the overall response shape is in good agreement with 

the simulation results. 

For the S21 measured response, within the C-band frequency ranges antennas 1 and 2 and 

the 1-D LWA reference were within 1dB while antennas 3 and 4 were within 1dB of each other, 

but both pairs had a ≈5dB separation from each other. At the X-band frequencies each element 

was within 0.6dB of each other measuring between -2.1dB to -2.7dB at 8.9GHz which indicates 

close to uniform excitation for the X-band LWA array. The S21 parameter indicates that the 

pencil beam created by the C-band LWA array may exhibit different sidelobes than expected 
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since they will act like a non-uniformly excited but equally spaced linear arrays [29]. 

Unfortunately the two LWA pairs are not symmetric of each other in terms of location. The S11 

response of all 4 antennas are in good agreement with the 1-D LWA reference and the target 

operational frequencies are <-10dB. 
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Figure 4.3: S-parameters of individual antenna elements in the C-band LWA array compared to simulation and 1-D 
LWA results, (a) S21 (b) S11  

  

 

 

 

 (a)  
   

 

 

 

 (b)  
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Figure 4.4a and Figure 4.4b compare the measured S21 and S11 response of each antenna 

element, in the X-band LWA array, to the S-parameter response of the simulation results for the 

1-D X-band LWA (seen as the red dashed line) and the measured results of the fabricated 1-D X-

band LWA reference design (seen as the cyan dashed line). After troubleshooting the LWA 

antenna elements using solder on the front and backside to reinforce the via electrical 

connectivity on the top and bottom copper faces, the S-parameters show consistent performance 

between elements within the array all within 2.5dB (ranging from -14.9 to 17.5dB). There is still 

a frequency shift observed as seen with the 1-D LWA reference, but the overall response shape is 

similar to the reference and simulation. The S11 response is slightly greater than -10dB which 

leads to 8.9GHz being a non-ideal operating frequency. Based on the S11 response, 9.1GHz is a 

more optimal operating frequency. The S21 response shows lower insertion loss values for the 

array elements indicating less energy is radiating from the antennas since their S11 response is 

similar to the reference antenna. There is almost a 10dB difference between the 1-D LWA 

fabricated reference and the array LWAs at 9.1GHz. This significant difference is due to 

fabrication errors during the etching and via installation process. In future assemblies, 

electroplating vias may be a better option to avoid workmanship problems with the antenna at X-

band frequencies.  
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 (b)  
Figure 4.4: S-parameter of individual antenna elements in the X-band LWA array compared with simulation and 1-

D LWA results, (a) S21 (b) S11 
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4.1.4 Phase calculations 

In order to calculate the phase shift between each element Equation (4.1) was used [16]. 

Here α is the phase between each element, k is the free space wave number, d is the spacing 

between elements and θ is the angle from broadside in which the beam will point.  

 ( )θα sinkd=   
(4.1) 

 
For the proposed test, the beam angle is ±20° from broadside to check symmetry and that both 

pencil beams show similar patterns in both directions. For ± 20°, α is ±61.6°. This means that the 

phase difference between each element needs to be +61.6° for +20° pencil beam from broadside 

or -61.6° for a -20° pencil beam from broadside. 

4.2 ANTENNA PATTERN SIMULATION AND MEASUREMENTS  

4.2.1 Test setup 

The antenna array was measured in a near field range which only allows a single 

frequency to be measured during a single measurement sweep. This permitted the use of only 1 

set of phase-shifters to be used to steer the pencil beam. Figure 4.5 shows the block diagram of 

the test setup. For integration purposes equal-length coax cables are used to interconnect the 

different sub-assemblies together. The antenna structure is excited from a single point and 

distributed to each antenna element using a 1-to-4 power splitter before going through the coax 

phase shifters. 
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Figure 4.5: Block diagram of near-field range antenna test fixture 
 

Figure 4.6 and Figure 4.7 seen below is the combined antenna array in its near-field 

chamber test fixture. The copper tape was used to create a finite ground to simulate the entire 

planar antenna layout and to reduce interactions between the antenna and with the metal 

mounting structure that was attached on the backside. The copper tape covering over the coax 

cables is there to extend the ground plane over the cutout which was installed to provide 

clearance for the coax cables. The tape was installed to prevent interactions from the opening for 

the coax cables with the test fixture mount. 
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Figure 4.6: Photograph of front side of Antenna test setup, the X-band Antenna array is on the left side, the C-band 
Antenna array is on the right side 

 

      

Figure 4.7: Photograph of the backside of the antenna test fixture. The power splitter is seen highlighted in red, the 
phase shifters are seen in the center highlighted in yellow. 
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The orientation of the antenna array is shown in Figure 4.8. The patterns are oriented in 

theta-phi directions. The antennas are excited where φ = 0 and θ = -90. Back-fire pencil beams 

will be seen where θ < 0 while broadside is when θ = 0. The steered pencil beam will be seen 

moving in the ±φ direction. In this test setup the pencil beam will steer from φ = -20° to φ = +20°. 

 

Figure 4.8: Antenna orientation for far-field measurements 

4.2.2 Broadside pointing (φ = 0°) 

CST is capable of computing the far-field antenna pattern using array factor theory 

plotting in both 2D and 3D. For this antenna design it is not possible to simulate both antennas at 

their designated antenna spacing using the CST array factor calculation tool. Thus the simulation 

of 1-D single-band antennas are shown, after applying an ideal case and in the following figures 

and compared to their respective measurements. 
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(a) (b) (c)  
Figure 4.9: Simulated 3-D plot of normalized gain of C-band Antenna Array at Frequency = 4.8GHz with pencil 

beam pointing in (a) φ = -20°, (b) φ = 0°, and (c) φ= +20° 
  

Figure 4.9 shows the top view of the 3-D plot of the realized gain of a 1-D C-band antenna 

pattern. The color bar is showing the calculated realized gain with respect to Theta and Phi. The 

red and blue lines are the theta and phi axes. Figure 4.9 provides a spatial reference of how the 2-

D normalized gain plots would look as if they were reconstructed as a 3-D pencil beam. This is 

to show how the pencil beam created by the LWA array would be oriented relative to the antenna 

structure and provide a perspective on the pencil beam shape relative to the 2-D plots.  

The simulated and measured normalized gain 2D plots for the combined antenna 

assembly are shown in Figure 4.10 through Figure 4.16. The C-band frequencies are seen in 
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Figure 4.10 through Figure 4.13, while the X-band frequencies are seen in Figure 4.14 through 

Figure 4.16.  

For the C-band frequencies, the measured 2D normalized gain patterns agree well with 

the simulation results with the exception of an additional lobe seen at end-fire (θ ≈ 80°), 

observed in the opposite direction of where the pencil beam is located. This sidelobe is created 

by the residual power, reflected by the X-band LWAs, that remains after the propagating wave 

has travelled through the C-band LWAs. This is expected since the antennas were not designed 

to radiate 90% of its power. There are several solutions to this problem discussed in Chapter 5. 

For the X-band frequencies, the measured 2D normalized gain patterns have a few 

discrepancies that are caused by problems with fabrication in the X-band LWAs and leakage 

from the C-band LWAs. Based on the S-parameter response of the individual X-band LWAs, the 

radiation efficiency is less than the 1-D LWA reference which is observed by the higher S21 

response while still maintaining a similar S11 response. This discrepancy in the S-parameters is 

due to fabrication errors with the vias. Any signal that reaches the LWAs is radiating less energy 

(than compared to the 1-D reference) from the X-band antennas which means lower directivity 

and realized gain. Because of the lower power radiating from the X-band LWAs, the leaked 

power from the C-band LWAs is near the same gain levels as the X-band LWAs. The radiation 

pattern from the combined antenna creates a beam pattern that is a combination of the leaked 

power from the C-band antenna and the radiated power from the X-band antenna as seen in 

Figure 4.17. The high sidelobes are the same shape and close to the same pointing location as 

those seen by the leaked 1-D C-band LWA when excited at 8.9GHz.   
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 (b)  
Figure 4.10: 2-D Normalized Gain Far-field pattern plot at Frequency = 4.8GHz φ= 0° (a) Simulated C-band 

Antenna Array (b) Measured Combined Antenna Array 
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 (a)  
   

 

 

 

 (b)  
Figure 4.11: 2-D Normalized Gain Far-field pattern plot at Frequency = 4.9GHz phase φ= 0° (a) Simulated C-band 

Antenna Array (b) Measured Combined Antenna Array 
 



59 
 

 

 

 

 (a)  
   

 

 

 

 (b)  
Figure 4.12: 2-D Normalized Gain Far-field pattern plot at Frequency = 5.1GHz phase φ= 0° (a) Simulated C-band 

Antenna Array (b) Measured Combined Antenna Array 
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 (a)  
   

 

 

 

 (b)  
Figure 4.13: 2-D Normalized Gain Far-field pattern plot at Frequency = 5.2GHz phase φ= 0° (a) Simulated C-band 

Antenna Array (b) Measured Combined Antenna Array 
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 (a)  
   

 

 

 

 (b)  
Figure 4.14: 2-D Normalized Gain Far-field pattern plot at Frequency = 8.9GHz, φ= 0° (a) Simulated X-band 

Antenna Array (b) Measured Combined Antenna Array 
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 (b)  
Figure 4.15: 2-D Normalized Gain Far-field pattern plot at Frequency = 9.1GHz, φ= 0° (a) Simulated X-band 

Antenna Array (b) Measured Combined Antenna Array 
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 (a)  
   

 

 

 

 (b)  
Figure 4.16: 2-D Normalized Gain Far-field pattern plot at Frequency = 9.3GHz, φ= 0° (a) Simulated X-band 

Antenna Array (b) Measured Combined Antenna Array 
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Figure 4.17: Comparison of 1-D C-band LWA leakage radiation pattern vs. 1-D X-Band radiation pattern and 
Combined LWA array radiation pattern at 8.9GHz 
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4.2.3 Directivity Measurements at broadside (φ = 0°) 

Figure 4.18 and Figure 4.19 show the directivity measurements of the combined LWA 

antenna for the C-band frequencies and the X-band frequencies respectively. At the C-band 

frequencies the measured values show good agreement with the simulated values. At the X-band 

frequencies, the directivity is ultimately affected by the ≈ 9dB discrepancy observed between the 

simulated and measured values, which are due to the lower radiated power from the X-band 

antennas. 

 

Figure 4.18: Directivity vs. Frequency of combined antenna array (simulation values are from C-Band Antenna 
Array) 
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Figure 4.19: Directivity vs. Frequency of combined antenna array (simulation values are from X-band Antenna 
Array) 

4.2.4 Beam Steered to φ = +20°  

Figure 4.20 and Figure 4.21 show the measured vs. simulated results of the steered pencil 

beam pointing at φ = +20°. At 4.8GHz, the measured pattern is very similar to the simulation 

results with the sidelobe seen at θ ≈ 80° (Figure 4.20b). For the X-band frequency, because of the 

frequency shift, the rest of the beam steering measurements were made at 9.1GHz. This is not the 

target frequency, but grating lobes will not appear when the beam is steered to φ = +20°. Other 

than the sidelobes seen due to poor radiation performance from the X-band LWA, the main beam 

pattern shape is similar to that expected from the simulation (Figure 4.21b). 
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 (b)  
Figure 4.20: 2-D Normalized Gain Far-field pattern plot at Frequency = 4.8GHz φ= +20° (a) Simulated C-band 

Antenna Array (b) Measured Combined Antenna Array 
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 (a)  
   

 

 

 

 (b)  
Figure 4.21: 2-D Normalized Gain Far-field pattern plot at Frequency = 9.1 GHz φ= +20° (a) Simulated X-band 

Antenna Array (b) Measured Combined Antenna Array 
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4.2.5 Beam steered to φ = -20° 

Figure 4.22 and Figure 4.23 show the measured vs. simulated results of the steered pencil 

beam pointing at φ = -20°. At 4.8GHz, the measured pattern is very similar to the simulation 

results with the sidelobe seen at θ ≈ 80° (Figure 4.22b). For the X-band frequency, because of the 

frequency shift, the rest of the beam steering measurements were made at 9.1GHz. This is not the 

target frequency, but grating lobes will not appear when the beam is steered to -20°. Other than 

the sidelobes seen due to poor radiation performance from the X-band LWA, the main beam 

pattern shape is similar to that expected from the simulation (Figure 4.23b). 
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 (b)  
Figure 4.22: 2-D Normalized Gain Far-field pattern plot at Frequency = 4.8 GHz φ= -20° (a) Simulated C-band 

Antenna Array (b) Measured Combined Antenna Array 
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 (b)  
Figure 4.23: 2-D Normalized Gain Far-field pattern plot at Frequency = 9.1 GHz φ= -20° (a) Simulated X-band 

Antenna Array (b) Measured Combined Antenna Array 
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4.3 CONCLUSION  

Overall the general concept for the dual-band antenna design works as expected. The 

combined antenna array is able to point 2 pencil beams in different directions within two 

separate frequency bands. The final design can scan electrically in elevation and by phase in 

azimuth. The fabrication tolerances for the X-band antenna are much higher than expected which 

unfortunately resulted in unwanted sidelobes from the leaked signal from the C-band LWAs. The 

next chapter will go over some future work to mitigate some of the problems seen in the 

measured results. 
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CHAPTER 5 

Future Work 

The next few sections will briefly go over concepts for future work to continue the 

development of the Dual-band LWA phased array design. 

5.1 REDUCING THE REFLECTED WAVE FROM THE X -BAND 
ANTENNA  

5.1.1 Isolator 

To help aid in the reduction of the reflected beam seen near end-fire, a wideband isolator 

can help reduce the reflection of the low frequency signal from the X-band antenna. The isolator 

will prevent any reflected C-band signals from the X-band LWA from re-radiating through the 

C-band antenna. The other advantage is that the radiated power can be reduced to minimize the 

insertion loss of the X-band signals. 

The drawback with using an isolator is the implementation. The planar antenna design is 

now larger and can no longer be implemented on a single substrate with the use of magnetics. 

5.1.2 Diplexer 

Another possible aid to reduce the reflected beam seen near end-fire is by using a 

diplexer between the C-band and X-band antenna. The C-band signals can be directed toward a 

termination load while the X-band signals are directed towards X-band LWAs. Diplexers can be 

implemented on the same substrate allowing the overall antenna design to remain planar. 
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Another advantage is that the radiated power can be reduced to minimize the insertion loss of the 

X-band signals.  

The tradeoff is that the diplexer will introduce some insertion loss and complexity to the 

overall antenna design to build a diplexer with sufficient isolation and bandwidths for the target 

operating frequencies. 

5.2 USE OF DIGITALLY CONTROLLED PHASE SHIFTERS  

With current MMIC technology, there are few digitally controlled wide-band phase 

shifters available in small surface mount packages which can easily be integrated into a planar 

antenna design. One advantage digital phase shifters provide is quick beam steering response of 

digitally controlled phase shifters. A user could dial in different phase values to quickly point to 

a desired target. The tradeoff is building a digital interface to command the different phase 

values and the complexity of calibrating the 2nd row of phase shifters between the C-band LWAs 

and the X-band LWAs to account for the phase change that occurs through the C-band LWAs. 

5.3 CREATING A OPTIMALLY SPACED PHASED ARRAY  

This concept involves redesigning and increasing the periodic length of the unit cell to 

allow unit cells to be placed in designated sections along the leaky wave antenna. Sections of the 

leaky wave antenna will be angled inwards as steps so that each section is λ/2 for each target 

frequency of the leaky wave design. This concept would involve sections of the unit cell to 

operate in the RH region. Eventually it would appear as a stepping ladder. This concept would 

require a lot of re-design to the unit cell and more simulation power. With the stepped ladder 
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configuration, at least 2 1-D LWA will need to be simulated together to investigate the different 

characteristics. 

5.4 BACK -FIRE TO END-FIRE DUAL -BAND LWA  DESIGN 

This concept is to have the X-band antenna operate in a narrower bandwidth and both 

LWA unit cell need to be balanced. This would allow both the C-band and X-band frequencies to 

scan from end-fire to back-fire. In order to accomplish this, the bandwidth of the C-band LWA 

RH guided region will need to increase or the bandwidth of the X-band radiating region will 

need to reduce. One way to improve the bandwidth is by adding an additional reflection 

cancellation slot [18]. To reduce the radiating region of the X-band LWA, either reduce the 

period length of the unit cell or use a different unit cell topology that has a narrow band in which 

it radiates. Reducing the period length will shift the airline of the unit cell and reduce the 

radiating region, however doing so would also require that the RH guided region of the C-band 

LWA still overlaps the radiating regions of the X-band LWAs. Using a different topology would 

require additional research and simulation time. 

5.5 FABRICATION CONSIDERATIONS  

With all of the problems seen with the fabrication of the LWA arrays there will be some 

fabrication considerations for the next iteration of the LWA designs. The first is to plate the vias 

to improve the connection between the top metal layer and the bottom ground plane. The second 

is to consider having an outside vendor fabricate the entire planar array, to accommodate the 

fabrication tolerances at the higher frequencies.   
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