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Abstract 

 

Ultra-wideband (UWB) antennas and arrays are essential for high data rate 

communications and for addressing spectrum congestion.  Tightly coupled dipole arrays 

(TCDAs) are of particular interest due to their low-profile, bandwidth and scanning 

range. But existing UWB (>3:1 bandwidth) arrays still suffer from limited scanning, 

particularly at angles beyond 45° from broadside. Almost all previous wideband TCDAs 

have employed dielectric layers above the antenna aperture to improve scanning while 

maintaining impedance bandwidth. But even so, these UWB arrays have been limited to 

no more than 60° away from broadside.  

In this work, we propose to replace the dielectric superstrate with frequency selective 

surfaces (FSS). In effect, the FSS is used to create an effective dielectric layer placed 

over the antenna array. FSS also enables anisotropic responses and more design freedom 

than conventional isotropic dielectric substrates. Another important aspect of the FSS is 

its ease of fabrication and low weight, both critical for mobile platforms (e.g. unmanned 

air vehicles), especially at lower microwave frequencies. Specifically, it can be fabricated 

using standard printed circuit technology and integrated on a single board with active 

radiating elements and feed lines.  

In addition to the FSS superstrate, a modified version of the stripline-based folded 

Marchand balun is presented. As usual the balun serves to match the 50Ω coaxial cable to 

the high input impedance (~200Ω) at the terminals of array elements. Doing so, earlier 
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Wilkinson power dividers, which degrade efficiency during E-plane scanning, are 

eliminated. To verify the proposed array concept, 12x12 TCDA prototype was fabricated 

using the modified balun and the new FSS superstrate layer. The design and experimental 

data showed an impedance bandwidth of 6.1:1 with VSWR<3.2. The latter VSWR was 

achieved even when scanning down to ±60° in the H-plane, ±70° in the D-plane and ±75° 

in the E-plane. All array components, including the FSS, radiating dipoles and the feed 

lines are placed on the same PCB, vertically oriented over the array ground plane, 

resulting in a low-cost and light-weight structure. 

The effects of finite aperture sizes in presence of FSS or dielectric superstrates are also 

considered. Specifically, we compare the performance of finite TCDAs with FSS or 

dielectric loading. The performance metric is beam pointing accuracy for moderate array 

sizes (~30dBi gain) with various edge element terminations. It is shown that even 

terminating two unit cells at the array edges can provide effective suppression of edge-

born waves and achieve excellent beam accuracy. This is the case when both the FSS 

elements and radiating dipoles are resistively loaded in the unit-cells along the aperture 

edges.  
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Figure 3.6: Unit-cell geometry of a TCDA with FSS superstrate and Marchand 

balun. All of the elements are implemented on a 3-layer PCB, 

vertically placed over a ground plane. ........................................................... 52 

Figure 3.7: VSWR of the infinite array with and without the shorting pin. ..................... 54 
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Chapter 1 Introduction 

 

 

Future mobile and stationary communication platforms are expected to have multiple 

sensors to cover the desired frequency bands and/or scanning range. To address this 

issue, novel approaches like the Advanced Multifunction RF Concept (AMRFC) were 

proposed to reduce the number of antenna apertures and RF/digital hardware for 

communication, radar and electronic warfare [1]-[2]. Ideally, this concept requires a 

wideband phased array to provide single aperture for multiple operating frequencies and 

communication links in different directions (see Figure 1.1-a). In other words, a very 

wideband antenna array with large scan area is an essential component of such systems. 

Software Defined Radio (SDR), which has become more and more popular recently, is 

another system employing ultra-wideband (UWB), active apertures [3]. For SDR, the 

antenna aperture might need to operate over large scan angles with agile/adaptive beam-

forming in addition to UWB performance, implying the use of phased array antennas. 

Beam shaping and scanning capability can be particularly useful for hybrid ground 

terminals (with cognitive radio) communicating with both satellite and other terrestrial 

ground stations [5]. For these stations, frequency re-use can be possible to increase 

spectral efficiency but highly reconfigurable beam/patterns are needed to prevent 
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(a) 

 

 

(b) 

Figure 1.1: Multifunctional radars. (a) MF-STAR Naval Multi-mission Radar, [2]  (b) 

Agile-beam phased array radar for weather observations, [6]. 
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interference between satellite uplinks and ground-to-ground communication, implying a 

possible use of active, wide-scan antenna apertures. Other applications for wideband 

and/or wide-scan arrays include air traffic/weather surveillance [6]-[7], electronic warfare 

[8] and fire control [9].        

A major challenge when designing wideband arrays with large scan range is the trade-

off between the two goals. That is, for a given efficiency and overall array thickness; 

bandwidth and scan range of a well-designed array cannot be increased simultaneously 

[38]. As the scan area is increased, bandwidth is reduced, and vice versa. This is due to 

the mutual coupling between radiating elements, a phenomenon inherent to all ultra 

wideband (UWB) arrays with tightly coupled elements. Due to excessive inter-element 

coupling, scan impedance (also referred as active impedance: effective impedance seen 

by a single element when all array elements are excited) of each radiator depends on the 

phase & amplitude values of the neighboring elements. Therefore, as the element phases 

are changed during scanning, the scan impedance of each array element also changes. 

This implies the impedance of the feed-lines cannot be chosen to match to the input 

impedance of the radiators since their value is not constant during scanning (unless the 

feeding network is reconfigurable). The variation in scan impedance becomes greater as 

the range of scan angle increases, indicating that the original bandwidth for the non-

scanning array is not going to be maintained. As an example, Wheeler discussed this 

change using waveguide models to predict the radiation resistance of dipoles in infinite 

planar arrays [10]. The radiation resistance (Rrad) changes with cos(θ) and 1/cos(θ) during 

scanning in the E and H-plane respectively, where θ refers to the elevation angle from 
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aperture normal. If θmax = 70° and Rrad = 377Ω at broadside, then 129Ω ≤ Rrad ≤ 1100Ω 

across the entire scan range. Obviously, without any treatment of the array to compensate 

this variation, it is not possible to achieve simultaneous impedance matching at all scan 

angles of interest. 

Another major challenge in wide-angle scanning arrays is avoiding surface waves. 

When the array is scanning to specific elevation angles, the radiated energy can couple to 

longitudinal modes (surface waves) that can be guided along the aperture without 

radiation, except the diffraction from the aperture edges. This will cause scan blindness in 

that angle. In [11], Pozar and Schaubert demonstrated a typical example for printed 

dipoles on a dielectric substrate backed by a conductor. They also provided a simple 

approach based on coupling from Floquet modes to surface wave modes to predict the 

direction of scan blindness. As an example, a printed array with 0.5λ   0.5λ unit-cell size 

was considered. The radiating elements were dipoles of 0.39λ length placed on 

conductor-backed substrate with 0.19λ thickness and εr= 2.55. When scanned to θ=46° in 

the E-plane, this array excites a surface wave and the input reflection coefficient becomes 

unity. To increase the surface wave-free scan range, a lower contrast dielectric material 

with thinner profile over the ground plane is needed. 

1.1 Wide-Angle Scanning Antenna Arrays  

Although there is a common concern for surface wave problem in case of dielectric 

loading in substrate or superstrate layers of the array, scan blindness can occur for arrays 

without any dielectric material. Hannan and Litt [12] considered isolated element pattern 

of a magnetic dipole and noted that non-zero element gain near the end-fire direction in 
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the E-plane caused coupling to a transverse magnetic (TM) mode along the array 

structure. As a solution, a capacitively loaded ground plane was proposed using vertical 

pins of length T (λ/2 > T > λ/4) along the backing conductor (see Figure 1.2). Due to this 

capacitive ground plane, the TM surface-wave was suppressed [13] and maximum scan 

angle was increased from 40° to 50° (grating lobe angle) in the E-plane. The same 

approach was shown to achieve 70° maximum scan angle for an actual slot array in [14]. 

As mentioned before, a major difficulty for wide angle scanning is the variation in the 

scan impedance due to mutual coupling. Even if there is no surface wave to cause total 

scan blindness, the elements should still be impedance matched across the entire scan 

range to radiate efficiently. However, this is not a trivial problem since the variation in 

scan impedance can be so great that it may not be possible for elements to be matched 

 

                    (a)                                                         (b)  

Figure 1.2: Magnetic dipole array with capacitively loaded ground plane from [12];       

(a) top view of the magnetic dipole array and (b) side view of the magnetic dipole array, 

showing the metallic pins and backing reflector. 
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simultaneously for all the scan angles of interest.  Edelberg and Oliner [15] suggested 

vertical conducting baffles to isolate the array lattices along E-plane. This caused the 

electromagnetic field of substrate region to be confined under dipoles instead of coupling 

to neighboring elements during scanning along the E-plane. By using an equivalent 

circuit to optimize the array, the authors achieved 60° maximum scan angle with 

VSWR<2. 

Hannan et al. [16] proposed connecting circuits between feed lines of the radiating 

antennas, as depicted in Figure 1.3a. Instead of preventing coupling between neighboring 

radiators, authors created additional coupling paths between them so that the net port-to-

port leakage between each unit-cell element was less problematic. The equivalent circuit 

model of the proposed approach is shown in Figure 1.3b. These additional paths include 

reactive elements and have no effect during broadside radiation. This is due to the fact 

 

                  (a)                                                      (b)  

Figure 1.3: Circuit model of an array with connecting circuits from [16]. Actual 

connecting capacitors with susceptance jB are shown in (a). After calculating the currents 

Iu and Id based on the potentials V0, Vα and V2α; the equivalent model with non-connected 

capacitors (jBeq) is shown in (b).  
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that all radiators are in phase and there is no potential difference between feed lines and 

connecting circuits of neighboring elements. When the array scans, each element has 

different phase, resulting in a potential difference between the terminals of connecting 

circuits. As a result, these circuits draw current from the feed lines of radiators and 

modify the scan impedance.  Depending on the initial impedance of the unit cell elements 

across the scan range of interest, authors used capacitive or inductive components 

between neighboring feed lines to achieve 60° maximum scan angle with VSWR<1.7. 

Dielectric layers over the array aperture have been widely known to improve scanning. 

Magill and Wheeler proposed to use thin dielectric sheets (< λg /4) as wide-angle 

impedance matching layers [17]. These sheets were approximated as angle dependent 

shunt susceptance. By optimizing the location and thickness of an alumina sheet (εr = 9.5) 

above a waveguide array, the authors showed ±56° scanning with VSWR<1.8.  

Munk et al. [18] used stratified dielectric slabs, with relatively lower dielectric 

constant but thicker profile, to transform the radiation pattern of dipole and slot elements 

to vary as the cosine of the scan angle. A dipole array, sandwiched between two dielectric 

slabs and placed above a ground plane, was shown to have 80° maximum scan angle for 

VSWR<1.5. 

1.2 Wideband Arrays 

One of the simplest printed wideband arrays is formed by aperture coupled stacked 

patch antennas [19]. With multi-layer designs and impedance matching via the aperture 

coupling, these arrays can provide ±60° scan angle and ~2.5:1 impedance bandwidth 

[20]. Since they are typically of very low profile, it is also possible to implement them on 
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curved platforms in a conformal way by approximating the curved surface with small 

planar apertures [21]. However, in terms of very large bandwidth (>3:1), two classes of 

arrays have attracted strong interest in recent years: (1) Tapered slot antenna arrays and 

(2) Connected antenna arrays. In next sections we will discuss these UWB arrays.     

1.2.1 Tapered Slot Antenna Arrays 

A tapered slot array, also known as Vivaldi, is a popular wideband scanning antenna, 

which has been used for decades [22]. Different versions of this array focus on 

bandwidth, modularity, scanning or power handling [23], [24], [25]. Vivaldi arrays can 

achieve >10:1 impedance bandwidth at the expense of thickness [23]. Also scanning 

 

                      (a)                                                (b)  

Figure 1.4: UWB all-metal flared-notch array from [24], ©2010 IEEE. (a) The unit-cell 

model from side. (b) Fabricated dual-polarized prototype  
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down to ±60° has been reported [24]. However, they suffer from low polarization purity 

when scanning in the intercardinal plane, even for moderate elevation angles. Although 

correction algorithms have been proposed for dual-polarized arrays, they do not provide 

simultaneous coverage across the entire bandwidth and scan area [26].  

More recently, low profile versions of Vivaldi arrays have been proposed to address 

the cross-polarization issue [27], [28]. One particular example is the decade bandwidth 

Balanced Antipodal Vivaldi Antenna (BAVA) array [28], using an impedance matching 

approach similar to Vivaldi. The total height is less than half a wavelength at the highest 

frequency of operation, resulting in improved polarization purity. However, the BAVA 

array has poor impedance matching when scanning across the H-plane, limiting their 

typical scanning range to 45°.  

1.2.2 Connected Antenna Arrays 

Another class of wideband arrays is referred to as connected arrays. Unlike tapered 

slots, connected arrays are usually arranged in a planar geometry (see Figure 1.5). They 

can be formed by dipoles or slots. The connection (via capacitive or inductive coupling) 

between neighboring elements helps to maintain a constant current along the elements, 

resulting in frequency independent input impedance. Input impedance of these arrays has 

very low reactance and almost constant resistance at low frequencies, where the lattice 

size is much smaller than the wavelength [10], [29]. In fact, the radiation resistance of a 

planar connected dipole array in free space can be calculated by the shape of the unit-cell   

(assuming no grating lobes); 
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(1.1) 

Here,    and    refers to the lattice size of the array along E and H-plane. Z0 is 

characteristic impedance of free space and θ is the elevation angle from the aperture 

normal. We observe that, there is no frequency dependence on the radiation resistance of 

an over-sampled array, indicating wideband behavior. When the array periodicity is very 

small, evanescent higher order Floquet modes will not be strongly excited, resulting in 

very low reactance. Therefore, (1.1) implies no cut-off at the low end of the frequency 

band for infinitely long connected arrays. However, for practical arrays, dE and dH are 

chosen to be ~λhigh/2. Consequently, the exact value of the input impedance depends on 

both the fundamental and higher order Floquet modes. 

 

Figure 1.5: Top view of a connected array without backing conductor, excited with ideal 

gap sources. Dipoles are electrically connected along E-plane. 
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 Impedance behavior of infinitely long bi-directional slot arrays has been analyzed 

using Green’s function approach in [30] and [31]. When the array periodicity is less than 

0.4λ, input impedance is almost frequency independent with very small reactance. 

However, the bandwidth is reduced to less than 50% when the array is backed by a 

conducting plane. This is due to ground plane acting like a small shunt inductor, which 

shorts out the array at low frequencies.  

Impedance matching along the feed lines of the array might help increasing the 

bandwidth of slot arrays up to 4:1 [32]. Ferrite loaded substrates, as depicted in Figure 

1.6, can usually improve bandwidth even more. Due to the high characteristic impedance 

of these materials, the effect of ground plane can be significantly mitigated to achieve 

10:1 impedance bandwidth with 60° scan angle [33]. Although the bandwidth is 

impressive, ferrites are typically heavy/bulky and increasingly lossy for higher 

frequencies. 

Munk [34] proposed capacitively coupled dipoles instead of electrically connected 

radiators. The idea was to mitigate reactive (inductive) loading from the ground plane 

using capacitive coupling among neighboring elements. Dipoles are approximated as 

inductors and used together with the coupling capacitors as series L-C impedance 

matching stage [35].   Since the antenna elements are closely spaced and tightly coupled, 

the current on the dipoles is almost constant, realizing Wheeler’s current sheet [10].  

Munk’s concept could achieve up to 4.5:1 impedance bandwidth [38], viz significantly 

better than electrically connected arrays (<50% bandwidth) with no inter-element 

capacitance. Adding two dielectric slabs above the array aperture can increase the 
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bandwidth to 9:1 with scan angles up to 60° [37]. However, external wideband 180° 

hybrids were required to avoid common mode resonances along the feed lines of the 

dipoles. As a result, the feed was bulky and expensive. 

To avoid complex baluns, different approaches have been proposed. One approach is 

to place shorting pins between the dipole aperture and the ground plane to shift the 

common mode resonance out of the operational band [40], [41], [42], [43]. The planar 

ultrawideband modular array (PUMA), described in [41], provided 5:1 impedance 

bandwidth and ±45⁰ scanning using a single layer of dielectric superstrate and a single 

stage matching circuit. The latter is printed after the feed lines and below the ground 

plane.  When more impedance matching is used, the bandwidth can be increased to 6:1. 

The array is formed by multilayer printed structures, useful for frequency scalability. 

However, the radiating elements are embedded inside dielectric slabs having a relative 

dielectric constant of εr ≥ 1.96. The substrate and superstrate layers of the array combine 

to form a thick dielectric slab over the ground plane. This leads to surface waves, even 

 

Figure 1.6: Ferrite loaded slot array from [33], ©2008 IEEE. 
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for moderate scan angles [11]. To address this issue, perforations across the dielectric 

layers were proposed (similar to [44]) to reduce the effective dielectric constant  and push 

the onset of surface waves out of the intended scan range and frequency band. However, 

practical arrays are still limited to less than 60°, and therefore not suitable for wider 

angles. 

Another tightly coupled dipole array (TCDA) design with an integrated feed was 

reported in [45]. The array has less than 0.4λ periodicity and uses air substrate, resulting 

in surface-wave free operation beyond 70° scan angle. A printed balun on the ground 

plane differentially feeds two vertical pins to excite the dipole elements. However, the 

impedance bandwidth is only 1.6:1 because of the limited performance of the balun. Also 

due to the air substrate, accurate placement of the feeding pins is not a trivial task, 

making the fabrication process laborious. 

Munk’s coupled dipole concept was recently enhanced with an integrated feed (see 

Figure 1.7) [46]. Specifically, a PCB implementation of folded Marchand balun [47]  was 

used to excite the dipoles. The balun was in effect a 2-stage impedance matching circuit. 

It was optimized together with other array parameters to achieve an impressive 7.35:1 

impedance bandwidth. However, scanning was limited to 45°. A single layer of dielectric 

superstrate was used to compensate impedance variation while scanning.  It is important 

to note that the radiating elements in each unit cell were split into two small dipoles along 

the E-plane. This was done to reduce the input impedance for easier matching. The dipole 

pair was then fed by a Wilkinson power divider. However, this approach caused resistive 

loss while scanning in the E-plane. Although the reported resistive loss was less than 
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0.8dB up to 45°, it increases for larger elevation angles. Moulder et al. [48] used a similar 

feeding mechanism with a resistive FSS inside the substrate of the array. The bandwidth 

was 13.9:1 but increasing loss was again limiting wide angle scanning. To prevent losses 

due to the power divider, one can be tempted to use a fully reactive (lossless) power 

divider. However, these lossless splitters can cause resonances, particularly during E-

plane scanning, resulting in scan blindness for certain elevation angles [49]. This is due to 

the loss of symmetry of the 2-port “scattering matrix” of the radiator inside the unit-cell. 

Therefore, having a lossy power divider is actually essential to keep the arrays with 

“split” unit-cell (e.g. [46], [48]) functional, implying these arrays cannot efficiently 

radiate during wide-angle scanning across E-plane. 

Another type of connected arrays is referred as the “fragmented aperture” [50], [51]. 

These arrays can be considered as a hybrid of electrically connected and capacitively 

coupled arrays. A “pixelated” element is used instead of a simple dipole or slot radiator. 

 

Figure 1.7: Tightly coupled dipole array with integrated balun from [46] , ©2013 IEEE 
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The exact shape of the pixilated radiator is obtained by optimization algorithms. 

However, this approach can typically help array performance at the very high end of the 

bandwidth, rather than at the low end. This is because, for lower frequencies, the unit-cell 

size is significantly smaller than half-wavelength and the shape of the planar radiating 

element has minimal effect on input impedance, as mentioned before. Therefore, for 

wide-scan and/or wideband performance of connected arrays, approaches like resistively 

loaded ground plane and dielectric superstrate are far more significant. 

Spiral antennas, which are inherently wideband single element radiators, can also be 

used to design wideband arrays with circular polarization. One example is the Interwoven 

Spiral Array (ISPA) with 10:1 impedance bandwidth for broadside radiation [52]. The 

unit-cell spirals are tightly coupled to neighboring elements via interwoven arms, 

effectively making the antenna a connected array. However, the array does not have 

stable behavior during scanning, limiting its use to non-scanning applications. Another 

example of spiral elements used in phased array was reported in [53]. This particular 

example has an octave bandwidth and can scan up to ±45°. Impedance anomalies during 

scanning are suppressed by employing non-symmetric spiral arms that prevents the 

formation of high amplitude standing waves. Overall, the spiral array in [53] can be used 

as a wideband circularly polarized scanning antenna array. However, it is still 

outperformed by most of the linearly polarized connected arrays in the literature. 

Some of the wideband, wide-scan arrays discussed until now are summarized in Table 

1.1. As can be seen, tapered slot arrays (TSAs, e.g. Vivaldi) can achieve wide-scan 

performance across ~10:1 impedance bandwidth but they are not of low profile and have 
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cross-polarization issues. Modified versions of these arrays (e.g. BAVA) with lower 

heights can also have bandwidths up to 10:1 but their efficiency degrades when scanning. 

Connected arrays, particularly tightly coupled arrays, have better scan performance with 

superstrate loading (e.g. dielectric).  

Due to their superior scanning capability and large impedance bandwidths, this work 

focuses on tightly coupled dipole arrays (TCDA). Other than mitigating the variation in 

the input impedance during wide-angle scanning (which are required from all wide-angle 

arrays), the major challenges for TCDAs are as follows; 

 Wideband & efficient feeding: Widest bandwidth with ±60° scan angle for a 

TCDA was reported in [54]. The authors adopt split unit-cell approach and use a 

2-way power divider to feed dipole pairs in each unit-cell with a single port. 

Although the maximum scan angle was reported to be 60°, total efficiency goes 

down to almost -2.5dB at high end of the frequency band (unit-cell size is 

Table 1.1: Previously designed wideband, wide-scan antenna arrays 

Design VSWR Bandwidth 
Array 

Thickness 

Maximum 

Scan Angle 

Superstrate 

Type 

TCDA 

[46] 
2.65 7.35:1 0.095 λlow H-45° , E-45° Dielectric 

TCDA 

[45] 
2 1.6:1 0.3 λlow H-60° , E-70° Dielectric 

BAVA 

[28] 
4 10:1 0.05 λlow H-45° , E-45° - 

Flared 

Notch [24] 

2 

(2.6) 

9.5:1 

(7.6:1) 

0.37 λlow 

(0.43 λlow) 
H-45° , E-45° 

(H-60°, E-60°) 
- 

TCDA 

[41] 
2.9 5:1 0.092 λlow H-45° , E-45° Dielectric 
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~0.4λh). This is due to the lossy power divider. Therefore, it is necessary for a 

wide-angle array to have lossless feeding schemes for efficient radiation. 

 Impedance matching: It is well-known that any type of feed for these arrays 

should be suitable to be used as an impedance matching circuitry for best 

performance. Also, since they need to be lossless for wide-angle scanning, it is 

more challenging to suppress resonant common modes along these feed-lines.    

  Surface waves: Typically, TCDAs have good scanning performance if some 

type of superstrate loading (e.g. dielectric) is used. This might cause excitation of 

surface waves for large scan angles and when the unit-cell size becomes 

comparable to half-wavelength. Therefore, a novel superstrate design is needed 

to delay the onset of these surface waves as much as possible. 

 Bulky superstrate: The dielectric slab(s) used for superstrate loading also has 

practical problems. It will cause significant increase in array weight, which might 

be especially critical for lower microwave frequencies and mobile applications. 

We also note that, the required dielectric constant is typically very low (εr < 2). 

Since there are not many commercially available materials with this property, 

custom made materials might be needed, increasing the cost significantly.    

1.3 Contribution of Dissertation  

As mentioned before, this work focuses on TCDAs. The key contributions addressing 

the aforementioned challenges in previous section are as follows: 

1. FSS Loaded TCDA with ±70° Scan Angle (Chapter 3 - Chapter 4): Printed 

FSS elements are employed to design a wideband array (> 6:1) with very large 
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scan range (±70°). The FSS, radiating dipoles and the feed lines are designed and 

fabricated on the same vertically-placed PCB, resulting in a low-cost and light-

weight structure as opposed to other arrays with bulky dielectric slab(s). The 

approach is verified by fabricating & measuring a 12 12 prototype. 

2. Modified Marchand Balun for Wide-Angle Wideband TCDAs (Chapter 3): 

As mentioned before, excitation of the TCDAs without degrading their wideband 

performance is not a trivial task. To address this issue, we developed a folded 

Marchand balun with a modified implementation. The proposed design relaxes 

the stringent fabrication requirements on feeding lines, resulting in better 

matching, without employing split unit-cell geometries that were used in [46] and 

[48]. As a result, the proposed balun makes it possible to maintain the impedance 

bandwidth over wider scan ranges without excessive resistive loss. 

3. Dual-pol TCDA with Marchand Balun (Chapter 5): By employing the same 

modified balun, as mentioned above; a dual-pol TCDA with 4.5:1 bandwidth was 

designed. Maximum scan angle is 70° in the E-plane and 60° in H-plane.  

4. Scalable TCDA with Unbalanced Feeding (Chapter 6): TCDA designs are 

presented with ±70° scanning using different FSS superstrates. Instead of the 

Marchand balun, an unbalanced feed structure is employed to ease the fabrication 

and make the array scalable to higher frequencies (e.g. X & Ku-band).  
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The rest of the dissertation is organized as follows:  

Chapter 2 reviews analytical models for connected/coupled dipole arrays. We discuss 

the accuracy of these models for different cases and how/when to use them during the 

design process.  

Chapter 3 introduces the FSS loaded TCDA with the modified Marchand balun. The 

operational principals and design approach for the array and feed/transformer are 

provided. Chapter 4 presents a fabricated 12x12 prototype of the FSS-loaded array and its 

measured results.  

In Chapter 5, we discuss how to design a dual-polarized TCDA using the same balun 

introduced in Chapter 3. However, we also show that, the main limitation on the 

bandwidth of the dual-polarized array is actually a resonance along the feed-lines rather 

than performance of the superstrate. Therefore, we will show that using FSS or dielectric 

superstrate does not make significant difference in terms of achievable bandwidth for this 

specific type of feeding scheme.  

Chapter 6 studies the effect of finite array size on the main beam accuracy. To do this, 

we first modified the FSS unit-cells to have much better impedance matching during 

scanning (albeit with a fairly reduced bandwidth). Then we used this design in finite 

apertures to see the effect of using FSS or dielectric on the diffractions at the aperture 

edges and the resulting pattern degradations. In Chapter 7, we provide a summary of this 

work and discuss the opportunities for future work regarding wide-angle scanning arrays.  
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Chapter 2 Operational Principles and Analytical Models for 

Connected and Coupled Arrays 

 

 

In this chapter, we discuss capacitively coupled dipole arrays in more detail. We will 

briefly discuss the operational principles and then review an analytical model [39] 

approximating the behavior of these arrays. In Section 2.3, we will compare a more 

popular but approximate model from [35] to the one in [39]. Then we will discuss the 

effect of vertically placed feed-lines of these arrays, which are typically ignored in these 

models.   

2.1 Operational Principles 

The simplest version of a tightly coupled dipole array (TCDA) that has no material 

loading is formed by small capacitively coupled dipoles, placed over a conducting ground 

plane. The ground plane distance is around 0.1λ at lowest frequency of operation and the 

total bandwidth is approximately 4:1 without any external matching circuits. UWB 

performance is achieved by tuning the capacitive gaps between neighboring dipole tips. 

This makes it possible to support an almost uniform current along the coupled dipoles 

across a wide frequency range so that the radiation resistance stays constant [10]. The 



21 

 

capacitive loading also helps mitigating the reactive loading of ground plane. The 

distance of ground plane to dipole aperture is a very important parameter to have 

wideband operation. Reactive loading of a closely placed conducting ground plane is 

inductive. However, the capacitive coupling between dipoles can be tuned to an optimum 

value so that inductive effect of ground can be cancelled out. As the frequency goes 

higher, the distance from ground plane becomes more than quarter wavelength and its 

reactive loading to the dipoles becomes capacitive. Also, as the frequency increases, the 

self-inductance of small dipoles becomes dominant to the coupling capacitance. Thus, the 

self impedance of dipoles becomes inductive. This inductive impedance can again be 

 
        (a)                                                                         (b) 

Figure 2.1: A tightly coupled dipole array with a backing conductor. The capacitors are 

implemented in edge-couple geometry, but overlapping or interdigital capacitors can also 

be used. (a) Physical geometry of a finite array with two-layer dielectric slab as 

superstrate loading, (b) Approximate circuit model of unit-cell of an infinite array.   
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tuned to cancel out capacitive effect of ground plane at high frequencies. As a result, 

impedance matching can be achieved across the frequency range where ground plane 

distance changes from approximately 0.1λ to 0.4λ, which corresponds to 4:1 bandwidth. 

Of course, the actual available bandwidth depends on the required minimum mismatch 

efficiency of the array. For fundamental bandwidth limits, one can refer to [38]. To 

improve the bandwidth, dielectric slab(s) can be placed over the dipole aperture, reducing 

the radiation resistance such that the reactive loading due to ground plane can be 

mitigated (to some extent). A TCDA with two layers of dielectric superstrates are shown 

in Figure 2.1 with an approximate circuit model. More detail about operational principles 

and design approaches can be found in [35]. 

2.2 Analytical Model for Connected Dipole Arrays 

In [39], a 2D planar array of connected dipoles (see Figure 2.2) with one or multiple 

feeding points in a unit-cell was analyzed. Radiating elements and any possible dielectric 

layers are all assumed to be placed in a stratified manner, parallel to x-y plane so that 

planar boundary conditions can be used when solving the integral equations. This is a 

reasonable approximation except the feed lines, which are usually placed vertically along 

z-axis. Authors simply assumed that the feeding structure does not support common 

modes at all so that they are invisible to any of the Floquet modes (propagating or 

evanescent) inside the substrate region. For most of practical wideband arrays (e.g. 

PUMA arrays with shorting pins [41], TCDAs with Marchand balun [48] etc.), this is not 

true. There will be vertical conductors inside the substrate which will interact with any 

plane wave, even though they do not support a “resonant” common mode. However, for 
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now, we will briefly review the approach and results obtained in [39], [55] and discuss 

the problem with feed lines later. 

In [39], the integral equation related to Figure 2.2a & b, after enforcing the continuity 

of tangential component of electric field along x-axis (y = 0), was expressed as follows; 

 

     
                 

            

 

  

 

  

    
       (2.1) 

Here,    represents the current along the dipoles (                   ), which is 

assumed to have no y-component.    
  

 represents the spatial Green’s function (GF) 

related with the x-oriented electric field at z=0 due to x-oriented current at z=0. The 

 
Figure 2.2: Connected array from [39]. (a) Uniformly excited connected dipole array in 

free space. (b) Equivalent current distribution, js . (c) Dipole array with ground plane and 

double feed in each unit-cell.  
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impressed field is represented by   
       which is uniform at feeding gaps and zero 

elsewhere. In other words, it is an infinite sum of rectangular functions, centered at feed 

points;   

 

  
        

  
  
                

         

 

     

 (2.2) 

where                       due to the longitudinal excitation condition when the 

array is scanning to (     ). For the transverse direction during scanning to (     ), one 

would define                      . 

The function       ) is assumed to be separable such that                    where 

the transverse (y) component is chosen to satisfy the edge-singularity condition; 
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By using these assumptions above, the authors solve equation (2.1) in spectral domain 

to find the discrete current spectrum and then inverse Fourier transform of it to get the 

equivalent spatial current magnitude,     ). Then, they just express the input admittance 

(Yin) as the average current across the feed gap divided by the impressed voltage (V0). For 

a general case of multiple feeds per unit-cell,     ) is expressed as; 
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Here,                      
     

  
 and                      

     

  
  

represents the wave numbers for the Floquet mode (     ).       is 1-D Fourier 

transform of the impressed electric field,   
    , of a unit-cell, which can be assumed 

uniformly distributed along the feed gap(s). After taking the average of       across the 

feed gap and dividing it by the impressed voltage, the resulting input admittance 

becomes; 

 

        
 

        
  

            
      

   

          
           

 

     

 (2.7) 

 

where         represents the input admittance for the input port p in the unit-cell.    is the 

impressed voltage value and    is the location of the same port. To actually evaluate the 

input admittance, one needs to calculate    
           , which is Fourier transform of the 

spatial Green’s function    
  

 in equation (2.1). For a shunt (directed along x-axis) current 

at z = z’, it is given as; 
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 (2.8) 

Here    
 

 and     
 

 represents the impressed voltage due to the transverse magnetic 

(TM) and transverse electric (TE) waves in the direction of (kx , ky). These values depend 

on the actual geometry of the problem and cannot be written in a generic form. For the 

simplest case of a current element in free-space as shown in Figure 2.3, we have; 

 
    

                 
  
          

 
                 

 

    
                 

  
          

 
                

(2.9) 

 

 
 

  
    

 

  
    

    
  
 
    (2.10) 

 
Figure 2.3: Equivalent transmission line model for the TE and TM modes for a unit 

strength current element oriented along x-axis and placed at z=0.  
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where Z= Z0 /     is characteristic impedance of the medium. Similarly, k=k0    is the 

propagation constant of the medium. The propagation constant along z-axis is defined as 

               . It can be imaginary, indicating an evanescent wave. However    

should be chosen such that the wave exponentially decays as it propagates along the z-

axis, instead of blowing up. We note that z = z’ = 0 and the dielectric is air (εr=1), for our 

case (see Figure 2.2). 

2.2.1 Application to Coupled Dipole Arrays 

 Input impedance of a connected array can be evaluated using equation (2.7). For more 

detail on how it is actually derived and the dispersion analysis for any possible poles in 

the admittance, one can refer to [39]. Equation (2.7) can also be used to analyze 

capacitively coupled dipole arrays (which are the main focus of this work), as suggested 

by [59]. Specifically, (2.7) can be used to extract the 2 2 admittance matrix of a double-

feed connected dipole array. Then this matrix can be used to obtain the input admittance 

of a single feed, capacitively coupled dipole array.  

To calculate input impedance of a tightly couple dipole array, we fist consider a 

double feed connected array (see Figure 2.4). If we look at the unit-cell centered at x=0, it 

can be seen that this cell has two feeding points at x=∆/2 and x= -∆/2 with the excitation 

voltages of V1 and V2. If we assume ∆= dx /2, then by (2.6), 1-D Fourier transform of the 

incident electric field inside this unit-cell can be expressed as follows; 
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If we plug (2.11) into (2.7), we have the electrical currents           and           

flowing through port 1 and port 2 as follows; 

  

     
     

       
      

  
       

        
      

  
 

 

              
    

       
 

 

     

    

 

     
     

       
      

  
       

        
      

 
 
 

 

              
   

       
 

 

     

 

(2.12) 

 

As mentioned before, we can also assume that this 2-feed unit-cell is represented by a 

2 2 admittance matrix: Y= 
      
      

  (see Figure 2.5a & b). Then we have the following 

relation between   ,    and Y; 

 
Figure 2.4: Double-feed connected array on a ground plane in [39].  
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                                       (2.14) 

A quick inspection of (2.12) and (2.14) reveals the 2 2 admittance matrix as; 

             
      

      
  

 

 

              
 

 

     

  (2.15) 

 
 

 
Figure 2.5: Double feed connected dipole array with a ground plane, represented as a 

lossy two-port component. (a) unit-cell of actual array. (b) two-port model with both 

ports active  (c) port-1 is active and port-2 is terminated with capacitor (C).     
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(2.16) 

 

       
  
       

        
      

  
 

 

              
 

 

     

 (2.17) 

After evaluating (2.15) - (2.17), one gets the 2-port model of the unit-cell. This model 

can be used to design and optimize a tightly coupled dipole array. Specifically, one port 

of the model can be terminated with a capacitor (C), effectively turning the double-feed 

connected array into a single-feed capacitively coupled array. When port-1 is excited 

with V1 and port-2 is terminated with a capacitor having admittance of   C ( : angular 

frequency), we have the following relation; 

 

 
      
      

  
  

        
    

  
  
    (2.18) 

After solving (2.18) for   
        , we have; 

 

  
       

       
       

 (2.19) 

 

Equation (2.19) gives the input impedance of a tightly coupled dipole array with the 

coupling capacitor C. When designing an actual array, this expression can be used to do a 

quick optimization as a starting point without referring to full-wave simulations. 

Extending this model to multiple loads per unit-cell is quite straightforward. To obtain an 
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array with two capacitive loads per unit-cell, one can simply assume a 3-feed unit-cell for 

a connected array, find 3x3 admittance matrix in a similar way and then excite only one 

feed port while terminating the remaining two.  

 As verification, we simulated an infinite capacitively coupled dipole array using 

HFSS 15.0 [56] (which is based on vector finite element method [57]-[58]) and compared 

results with (2.19). The unit-cell is shown in Figure 2.6. Input impedance for different 

scan angles are plotted in Figure 2.7. As can be seen, the full-wave simulations (which, 

throughout this dissertation, refer to the results obtained by HFSS 15.0) and analytical 

results have excellent agreement for all scan angles. However, we note that the 

simulations assumed ideal gap sources and no feed lines, which will be discussed in 

Section 2.4. 

 

Figure 2.6: HFSS model of the unit-cell of a capacitively coupled dipole array with a 

dielectric superstrate. The simulation range is 0.2f0 – f0 (0.75-3.75GHz). Coupling 

capacitor (C) is 2.5pF and λ0 is wavelength at f0. One of the two feeds is terminated by 

C=2.5pF    
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2.3 Approximate Model of Capacitively Coupled Dipole Arrays 

In previous section, we reviewed an approach to analytically calculate the input 

impedance of a tightly coupled dipole array (TCDA). The results were accurate but the 

approaches provided in Section 2.2.1 or [59] do not give an explicit model like Figure 

2.1b with separate components related to different geometrical parameters of the array. 

Therefore, (2.19) does not present much intuitive information. 

 

 

Figure 2.7: Input impedance of analytical model of (2.19) and full-wave model of unit-

cell for the tightly coupled dipole array in Figure 2.6. The simulation range is 0.2f0 – f0.  
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Alternatively, we consider a more simplistic and popular model, proposed by Munk 

[35]. The dipoles are approximated as simple inductors. In the circuit model of the unit-

cell, this inductance is connected in series with a capacitor resulting from the coupling to 

neighboring cells. This series L-C circuit is then connected to transmission lines 

representing the loading due to ground plane and radiation resistance (see Figure 2.1b). 

We note that this model [35] is proposed for only design process of broadband 

wire/dipole arrays. The verification of the results obtained from the circuit model was 

done rigorously [18], [36] by using a mixture of plane wave expansion and mutual 

impedance approaches. For the scanning array shown in Figure 2.1a, this L-C 

approximation can be used when the unit-cell size is less than 0.4λ, assuming low ε1 and 

ε2 values (< 2) and moderate scan angles (< 45°). For higher frequencies and larger scan 

angles, the accuracy degrades since the operational band gets close to a surface wave 

frequency, at which the simple L-C model completely fails. The accuracy of this model 

can be improved by including a shunt capacitance at the active ports, in addition to series 

L-C. The shunt capacitance is caused by the feed gaps and especially critical for accuracy 

at high frequencies. 

The unit-cell of a tightly coupled dipole array with single layer of superstrate is 

depicted in Figure 2.8a, with no feeding lines. The capacitor (Ccouple) in the model is due 

to coupling between neighboring unit-cells. Zs and Yp are self-reactance (inductive) and 

self-susceptance (capacitive) of the dipole, resulting from higher order Floquet modes. 

Due to tight coupling between dipoles, we can assume the current along the aperture is 

almost uniform, making the array behave like a connected array, especially at high 
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frequencies. Therefore, the circuit model of an infinite TCDA should be the same with an 

electrically connected dipole array, except the coupling capacitor (Ccouple). In other words, 

we can use (2.7) to calculate reactive part of dipole’s input impedance. In fact, (2.7) can 

be used to extract Zs and Yp separately, following the procedure suggested by [39]. Zs is 

simply the self inductance of dipole due to its length/width and Yp is self capacitance due 

to the feed gap, which can be calculated as follows: 

                        (a)                                                                (b)        

 

(c) 

 

Figure 2.8: Approximate (L-C) model of a tightly coupled dipole array with dielectric 

superstrate and air substrate. (a) The full-wave model with lump capacitor loading and 

ideal gap source, (b) Circuit model   (c) Low frequency (dx , dy < 0.4λ ) approximations 

to dipole’s self reactance.  
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where         and    
  
           are calculated by (2.5) and (2.8). We note that (Yp + 

1/Zs) simply gives the part of (2.7) that is due to higher order modes. The remaining part 

of (2.7) is due to fundamental mode (mx = 0, my = 0), which is represented by the 

transmission lines (Zsub , Zsup) and the radiation resistance (Z0 ) in Figure 2.8b. 

The validity of the approximate circuit model in Figure 2.8b was tested for different 

coupling capacitors and dielectric superstrates (see Figure 2.9 and Figure 2.10). As can be 

seen, the full-wave (Figure 2.8a) and approximate L-C model (Figure 2.8b) give very 

similar results for large coupling capacitance values. This is expected since our initial 

assumption was strong coupling between dipole elements. For small Ccouple, this 

assumption obviously does not hold. The weak coupling between neighboring elements 

significantly alters the current distribution on dipoles such that it is not like the current 

profile along electrically connected dipoles. Then, using (2.20) and (2.21) for weakly 

coupled dipole arrays cannot provide accurate results since they give the reactance of 

electrically connected dipole arrays. However, weakly coupled dipoles are not in the 

scope of this work since they typically cannot achieve ultra-wideband performance. In 

other words, the approximate L-C model shown in Figure 2.8b is accurate enough for 

modeling the dipole elements of wideband arrays, considered in this work. 
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(a)     εr = 2.5,  hsup = 0.15λ,  Ccouple = 0.015 / 2π 

 

(b)     εr = 2.5,  hsup = 0.35λ,  Ccouple = 0.015 / 2π 

 

(c)     εr = 2.5,  hsup = 0.35λ,  Ccouple = 0.050 / 2π 

 

Figure 2.9: Input impedance of a capacitively coupled dipole array during (right) E and 

(left) H-plane scanning for εr = 2.5, across normalized frequency range, 0.2 – 1. The 

scan angle is 45°. Unit-cell parameters refers to Figure 2.8 and are:   dx = dy = 0.5λ, 

hsub= 0.35λ, wd = 0.05λ, δd = 0.05λ at highest frequency ( f = 1)    
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2.4 Effect of Feeding Lines 

The analytical models, discussed in previous sections, ignored the presence of feeding 

transmission lines inside the substrate region. Typically, these are vertically placed 

conductor pairs and can perturb the plane waves propagating around them, unless they 

are perfect differential pairs and seem invisible to common modes. Common mode 

suppressing solutions have been proposed to achieve differential feed [40], [45], [46], 

(a)     εr = 1.5,  hsup = 0.35λ,  Ccouple = 0.015 / 2π  

 

(b)     εr = 1.5,  hsup = 0.35λ,  Ccouple = 0.050 / 2π 

 

Figure 2.10: Input impedance of a capacitively coupled dipole array during (right) E and 

(left) H-plane scanning for εr = 1.5, across normalized frequency range, 0.2 – 1. The 

scan angle is 45°. Unit-cell parameters refers to Figure 2.8 and are:   dx = dy = 0.5λ, 

hsub= 0.35λ, wd = 0.05λ, δd = 0.05λ at highest frequency ( f = 1) 

 

 



38 

 

[60]. However, these approaches typically suppress the common mode “resonances” on 

the feed-lines but cannot make the conducting pairs (feed-lines) totally invisible to a 

propagating plane wave. As a result, the feed-lines will modify the response of the 

substrate region of the array and make the analytical approaches, presented in this 

chapter, inaccurate for a practical antenna array in some scanning cases.     

One typical example to feed dipole arrays is using folded version of Marchand balun 

[47]. It basically has two sections of transmission line stubs: Open stub in series and 

shunt stub in parallel to the input of the antenna. The open stub can usually be 

implemented as a stripline inside the balun structure, shielded from the substrate region. 

Shorted stub, on the other hand, is placed vertically beneath the dipoles, therefore 

exposed to and interacting with the fields in this region. 

 

Figure 2.11: Side view of a dipole array with Marchand baluns as feeds. The shorted stub 

disrupts the uniformity of the substrate, making the analytical models for this region 

inaccurate during E-plane scanning      
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A generic dipole array with this kind of balun is shown in Figure 2.11 and the 

simulation results for analytical and full-wave models are plotted in Figure 2.12. For the 

analytical model, a shorted stub was added in shunt to the input admittance obtained by 

equation (2.7). As it can be seen, the analytic and full-wave simulations agree fairly well 

for broadside and H-plane scanning. Only exception is that the actual full-wave model 

supports a very narrowband common mode along its feed-lines around f=0.8, which we 

do not include in the plots for simplicity since these modes can be suppressed with 

shorting pins (as will be discussed in the next chapter). For E and D-planes, the results do 

not match across the entire frequency range, hence exposing the drawbacks of the 

analytical models for a practical array. 

The reason for the mismatch between analytic model and the full-wave simulations 

can be seen in Figure 2.13. For E-plane scanning, the electric field vectors are fairly 

uniform along superstrate region and above. For substrate region, there is strong 

interaction between the balun structure and the propagating fields, resulting in 

modification of the input impedance of the dipoles. 

In summary, one cannot blindly use the analytical models (unless the feed lines are 

rigorously included in the analysis) to make accurate predictions about impedance 

response of connected arrays. For an initial prediction, these models can be used to 

characterize scan conditions that involve TE or TEM modes (H-plane or broadside 

scanning), for which typical feed lines are almost invisible. For TM modes (E and D-

plane) only crude approximations can be acquired. Therefore, a few full-wave 

simulations should be performed to extract the effects of interaction between feed-lines 
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Figure 2.12: Comparison of analytical model and full-wave simulations (HFSS) for the 

infinite connected dipole array, shown in Figure 2.11. For simplicity, open stub is 

excluded. Array parameters; dx = dy = 0.5λhigh, hsub = 0.35λhigh, hsup = 0.25λhigh, 

wd=0.05λhigh,  Lshort = 0.23λhigh, Zshort = 330Ω 
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and TM modes for the antenna geometry of interest. After these initial full-wave 

simulations, a better estimation of impedance behavior due to feed-lines can be acquired 

and inserted into the circuit models for optimization.  

2.5 Summary 

In this chapter, tightly coupled dipole arrays were discussed in detail. Recent 

analytical models from the literature were reviewed and compared for different design 

considerations. Since these models do not consider vertically placed feed-lines inside 

unit-cell volumes of the arrays, we also did full-wave simulations to check their accuracy 

for more realistic cases. Based on these simulations, we verified that, feed-lines have 

minimum effect when the fundamental Floquet mode does not have electric fields with 

vertical components. In other words, the analytical models can be used with high 

 

Figure 2.13: Electric field vectors for 45° scan angle in E-plane. Uniform plane wave 

propagation is clearly visible in superstrate region and above. For substrate region, feed 

lines disturb the propagating fields. This is not accounted for in the analytical models. 
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accuracy for TE and TEM modes (H-pane and broadside scanning) but not for TM modes 

(E and D-plane scanning). This is due to the fact that, vertically placed feed-lines in the 

substrate region interact with vertical components of the electric field, which is only the 

case if the propagating plane wave has a TM component (unless the wave is pure TEM, 

indicating broadside radiation). 
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Chapter 3 Frequency Selective Surfaces (FSS) as Superstrate for 

Tightly Coupled Dipole Arrays (TCDA) 

 

 

In Chapter 1, we discussed some of the challenges and solution approaches for 

designing wideband, wide-angle connected/coupled arrays and mentioned that a typical 

dipole array employs dielectric layer(s) above aperture for wide-angle impedance 

matching. In this chapter, we discuss how printed parasitic elements, instead of dielectric 

materials, can be used as superstrates. Throughout this dissertation, we will refer to these 

elements as frequency selective surfaces (FSS), even though the ones considered here are 

working below their cut-off frequency and has capacitive response.  

This chapter is organized as follows: First we will provide a few examples of 

different FSS geometries. In Section 3.2, we will investigate one of these structures 

together with a dipole array over a ground plane. Then, in Section 3.3, we will discuss 

how to design a fully operational TCDA with FSS loading and integrated feed. In Section 

3.4, we will propose a modification to the well-known folded Marchand balun to improve 

its matching efficiency when used in a practical dipole array. In Section 3.5, we will 

present simulated performance of the optimized FSS-loaded array with integrated balun. 

Our conclusions are given in Section 3.6 
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3.1 Dipole Arrays with FSS 

Distributed, metallic structures with electrically small periodicities have been used as 

artificial dielectrics in various applications. They were employed to design delay lines 

and obtain light-weight lenses as early as 1940s [68]. Simple operational principle can be 

understood if one considers small metallic particles as distributed shunt capacitive loads 

for a propagating wave. The equivalent response can be modeled by a medium with 

equivalent dielectric constant, which is higher than the case where there is no metallic 

particles [68]-[69]. 

Recently, printed versions of these structures have been used to improve antenna 

gain/pattern [70] or to suppress surface waves [72] in connected arrays (e.g. long slot 

antennas). Accurate analytical models have also been proposed [71]-[72] to represent 

these structures with equivalent anisotropic dielectric mediums. This can be helpful 

during preliminary antenna design process. However, these models assume extremely 

small lattice size for the periodic elements (as small as 0.01λ), which may not be practical 

to implement for many antenna arrays. Therefore, we will not consider these layers with 

small lattice sizes. Instead, we will focus on FSS structures with only a few layers. 

Furthermore, we will study the cases where antennas (dipoles) and the FSS layers are 

integrated together, rather than analyzing them separately.  

In Figure 3.1, a connected dipole array is shown together with various superstrate 

layers. Some of the interesting features of these geometries are as follows: The ones in 

Figure 3.1-(b) and (c) are light-weight structures due to the lack of a thick dielectric slab. 

FSS layer of Figure 3.1-(b) is simplest to fabricate since it can be placed on the same 
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printed circuit board (PCB) with the dipole and balun. We also note that Figure 3.1-(c) 

and (d) are the same geometries discussed in [71], only with larger lattice sizes for 

superstrate layers. These structures are anisotropic and have different response to TE and 

TM waves, providing more freedom when designing the antenna to be simultaneously 

impedance matched for E and H-plane scanning. 

 

Figure 3.1: Unit-cell of a dipole array with different superstrate layers (a) isotropic 

dielectric slab, (b) Vertical metallic patches located on the same PCB with the dipoles,  

(c) Conformal metallic patch layers with air gap, (d) Metallic patches embedded in a 

dielectric medium. 
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3.2 Vertical Patches as FSS superstrate 

In this section, we further investigate the tightly coupled antenna-FSS pair (see Figure 

3.1-b) using HFSS 15.0, and compare its performance with the reference case of Figure 

3.1-(a). For simplicity, we did not include the feed lines and just studied coupled dipoles 

with the superstrate layers, assuming PEC for the conducting surfaces. We note that using 

copper instead of PEC for the FSS causes ~0.1dB extra ohmic loss, indicating minimal 

efficiency degradation. This is due to the fact that FSS layer is always operating below its 

resonance frequency implying that there is no strong resonant currents along its surface. 

We also note that if FSS is going to be used instead of the dielectric superstrate in an 

antenna array, then it needs to have at least similar (if not better) frequency/angular 

response in the array environment. 

During parametric full-wave simulations, only the superstrate layers were modified. 

Ground plane height and dipole dimensions were all the same and kept constant for both 

arrays. Some of these constants are as follows: 0.9GHz < f < 3.75GHz, dx=dy=4cm 

hsub=3.5cm and wd =4mm (see Figure 3.2 - Figure 3.5). Note that dx, dy are half-

wavelength at the highest frequency, which is typical for a wideband phased array. The 

changing parameters were εd and h1 for dielectric slab and gFSS for FSS layer. 

The simulation results for the input impedance response of both arrays are depicted in 

Figure 3.2 - Figure 3.5. Comparison of the two sets of plots reveals that impedance locus 

of the FSS array is more confined compared to the dielectric-loaded array, implying 

better efficiency during scanning. More detailed inspection shows the main difference is 

at the higher end of the band. As the frequency increases, dielectric-loaded arrays detune 
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Figure 3.2: Impedance response of the dielectric loaded TCDA is shown for different 

dielectric constant and slab thickness when scan angle is less than 45º. Frequency range 

is 0.9-3.75GHz for all four cases. 
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Figure 3.3: Impedance response of the dielectric loaded TCDA is shown for different 

dielectric constant and slab thickness when scan angle is 60º. Frequency range is 0.9-

3.75GHz for all four cases. 

 

 

 



49 

 

 

 

 

Figure 3.4: Impedance response of the FSS loaded TCDA is shown for different gFSS 

values when scan angle is less than 45º. The height of the FSS layer, hFSS, is 2cm and 

frequency range is 0.9-3.75GHz for all three cases. 
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Figure 3.5: Impedance response of the FSS loaded TCDA is shown for different gFSS 

values when scan angle is 60º. The height of the FSS layer, hFSS, is 2cm and frequency 

range is 0.9-3.75GHz for all three cases. 
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since higher order modes start to dominate. Detuning is more obvious at larger scan 

angles (60º), particularly for higher contrast dielectric (εr =2.2), as the reflection 

coefficient becomes unity at higher end of the band. This is expected since it is easier for 

any higher order mode to couple to a guided surface wave mode when the substrate or 

superstrate material is thicker or has higher dielectric constant [11]. This results in no 

radiation and total impedance mismatch.  

3.3 TCDA with Integrated Marchand Balun and FSS 

Based on the results from previous section, the FSS shown in Figure 3.1-(b) can 

provide better scanning performance than a conventional isotropic dielectric slab. In this 

chapter we will present a fully operational array, including feed lines integrated with the 

dipoles (active) and FSS (parasitic) elements. 

A major challenge in designing a wideband phased array is implementing practical 

differential feed structure in limited space. Typically, these are vertical conductors that 

are required to fit inside the substrate region, under the radiating elements. One of the 

recent approaches is using folded Marchand balun, as suggested in [46] and [48]. 

However, the unit-cell of these TCDAs usually has two small dipoles (split unit-cell), 

hence two baluns, which are fed by a 2-way power divider. As discussed before in 

Chapter 1, this will cause resistive losses during E-plane scanning. Therefore we will use 

single dipole/balun in each unit-cell to avoid these ohmic losses.  

Unit-cell of the proposed TCDA with FSS superstrate is depicted in Figure 3.6. It is a 

single-pol array, implemented using three-layer PCB technology. Three copper layers are 

hosted by two RT/duroid
®
 5880 (20mil, εr = 2.2) substrates. These layers are bonded 
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using a 4mil polyflon material, resulting in 44mil overall thickness. The open stub of 

Marchand balun is implemented as a stripline, shielded inside the shorted stub. The FSS 

superstrate and the shorting pins are printed on the middle copper layer. The dipoles are 

on the outer layers, overlapping along the top side of shorting pin to achieve capacitive 

coupling to each other and to the shorting pin. Below are the summary of the function of 

each unit-cell element; 

 
Figure 3.6: Unit-cell geometry of a TCDA with FSS superstrate and Marchand balun. All 

of the elements are implemented on a 3-layer PCB, vertically placed over a ground plane.   
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 FSS Superstrate: Used for wide-angle and wideband impedance matching, 

similar to a dielectric slab, by providing capacitive loading (depending on the gap 

between vertical conductors forming the FSS) to the dipoles. It reduces the 

variation in scan impedance seen by the dipole aperture and mitigates the effect of 

ground plane. 

 Marchand Balun: Provides balanced excitation to the dipoles. It also serves as a 

2-stage impedance matching circuit. The parameters (Zsh , Lsh , Zop , Lop) of the 

shorted and open stub can be tuned together with other elements to improve 

impedance bandwidth. 

 Shorting Pins: These are used to suppress common mode resonances at the 

higher end of the frequency band, as discussed in [42] and [43]. Even though the 

balun provides differential excitation for most of the bandwidth, there can still be 

resonating common modes if the separation between neighboring baluns/feed-

lines is big enough. These shorting pins are basically used to “crowd” the ground 

plane so that the distance between vertical conductors along the ground plane is 

smaller. This way the resonance frequency can be pushed to higher values, out of 

the band of interest. 

Before discussing the design of the impedance transformer, we further elaborate on the 

function of shorting pins. To show its effect, the infinite array is simulated with/without 

the pins and the resulting VSWR is depicted in Figure 3.7. We observe that the absence 

of shorting pins causes a very sharp peak in VSWR when the unit-cell size is about 0.4λ. 

The reason for this is that the feed lines support a strong non-radiating common mode 
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Figure 3.8: The field distribution in the unit-cell without shorting pin, at resonance 

frequency. (a) Current distribution along the conductors. (b) Electric field inside the unit-

cell volume 

 

 

 

Figure 3.7: VSWR of the infinite array with and without the shorting pin.  
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along them, causing the impedance to be purely reactive. The resulting electric field 

distribution in the unit-cell is shown in Figure 3.8. It can be seen that there is no radiation 

and the electric-field is mostly confined to the substrate region. 

As mentioned before, the shorting pins are placed in the middle layer of the PCB, 

without any contact to the dipoles. Instead of electrical connection, they are capacitively 

coupled to the dipole arms on outer layers, similar to [43]. This helps the performance of 

the dipoles on lower end of the bandwidth: When the shorting pins are electrically 

connected to the dipole arms, they create resonant loops with the balun and ground plane 

at low frequencies, as discussed in [41]. However, when placed on the middle layer, they 

are practically along the virtual ground of differentially excited neighboring dipole arms. 

Therefore, coupling to pins is minimal and has not as much effect on impedance behavior 

of the dipoles. The reduced bandwidth due to the loading from electrically connected 

 

Figure 3.9: VSWR of the infinite array during scanning in E-plane and H-plane when the 

shorting pins are capacitively “coupled” or electrically “connected” to the dipoles. 
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shorting pins is shown in Figure 3.9. Capacitively coupled pins move the lowest 

frequency from 0.9GHz to 0.5GHz, hence extending the available bandwidth. 

Wideband impedance performance was achieved by co-designing and tuning 

capacitively coupled dipoles, ground plane height, printed FSS layer and the Marchand 

balun. We note that the FSS superstrate was chosen to operate well below its resonance 

frequency. This is necessary as it is intended to provide shunt capacitance for a plane 

wave propagating along (or close to) the z-axis. This reduces the characteristic 

impedance of the medium, in the same manner as a dielectric superstrate does. Added 

capacitance mitigates the inductive loading due to the ground plane.  

The array is excited by a gap source at this point; no realistic feed-lines for connection 

to a standard 50Ω source are included. Optimum value of input impedance for the gap 

source, shown as Zin in Figure 3.6, is around 150Ω. So the balun, dipoles and FSS are 

 

Figure 3.10: VSWR of the optimized infinite array excited by ideal gap source. The 

source impedance is around 150Ω. 
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tuned to maximize the bandwidth for this impedance value. The resulting VSWR data for 

different scan angles are shown in Figure 3.10. As it can be seen, the bandwidth is more 

than 6:1 when scanning 60° from broadside. Instead of the gap source, a tapered strip-line 

can be employed to transform 150Ω down to standard 50Ω, which will be discussed in 

next sections. 

3.4 Modified Marchand Balun for Improved Impedance Matching 

In the previous section, the optimum value for Zin was found to be around 150Ω. This 

value should be tapered down to 50Ω by a stripline, going through the Marchand balun 

and below the ground plane. However, 150Ω is too high for a practical stripline. 

Typically the highest characteristic impedance (Z0) values are around 100Ω. To address 

this problem, we placed rectangular perforations (see Figure 3.11) on the two ground 

layers of a stripline to increase the achievable characteristic impedance (Z0). 

Corresponding Z0 values for different perforation dimensions are shown in Figure 3.12. 

As it can be seen, the maximum characteristic impedance can be easily increased from 

110Ω to more than 160Ω for the same fabrication tolerances.  

A possible drawback of the perforated stripline is the lack of shielding for the inner 

conductor. This may cause coupling to the substrate region and excitation of a resonant 

common mode. To examine this, we simulated the TCDA using a perforated balun for 

multiple scan angles. The resulting electric field distribution inside the signal line of the 

balun and the substrate region is depicted in Figure 3.13. This plot refers to the case of 

60° scan angle in the E-plane with 0.4λ unit-cell size, which was around the common 

mode frequency (Figure 3.7) in case of no shorting pins. As shown, the electric field of 
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Figure 3.12: Characteristic impedance of the stripline with perforated outer conductor. 

The PCB board has 44mil total thickness, 3mm total width and a substrate with dielectric 

constant of 2.2. 

 

 

 

Figure 3.11: The outer conductor of the stripline (going through the balun) is perforated 

to increase the characteristic impedance.   
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the incoming stripline is well confined inside the balun. This indicates that perforating the 

balun may not be an issue. However, resonances can still exist if the separation between 

feed lines of neighboring unit-cells is large enough to support a common mode. To 

address this, we used shorting pins at the boundaries of the neighboring unit cells (as 

mentioned before), in an effort to suppress possible resonant common modes. 

3.5 Optimized Antenna: Geometry and Simulated Performance 

In previous sections, the optimum input impedance for the tuned array was found to be 

around 150Ω. To match this array to 50Ω, we designed an 18-section stepped transformer 

as part of the stripline feed. The electrical length of each section was 18° at 1GHz, 

making them 1cm each for the PCB substrate (εr =2.2). This 18cm-long transformer 

included the meandered line below the ground and the perforated stripline on one side of 

 

Figure 3.13: Electric field distribution of unit-cell when scanning 60° in E-plane. The 

unit-cell size is 0.4λ 
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Figure 3.15: Physical dimensions of the fully optimized unit-cell. 

 

 

 

Figure 3.14: Impedance profile of 18 sections of stepped transformer that matches 

TCDA input to 50Ω. 
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the balun (Figure 3.11). The impedance profile of the transformer is plotted in Figure 

3.14. As shown, the optimized curve resembles an exponential function, indicating that a 

continuous, exponentially tapered line could also be used. The physical dimensions of the 

fully optimized array are shown in Figure 3.15. We note that the TCDA array and the 

transformer were designed separately. Because of this, there is a small decrease in 

efficiency as compared to the case when the TCDA is excited by a gap source. This is 

because the meandered feed line is not an ideal transition between 50Ω and 150Ω. We 

also note that the meandered line is much longer than it would have been if it was 

designed synergistically with the other elements (dipole, FSS etc.) of the unit-cell. 

Therefore, the performance of the array in terms of overall height and efficiency can be 

further improved. However, the scope of this work is not miniaturizing the array 

thickness and the achieved bandwidth/efficiency performance is sufficient to demonstrate 

the potential of the proposed FSS superstrate. 

The simulated mismatch efficiency of the TCDA with the FSS, balun and transformer 

is given in Figure 3.16. We observe that for scan angles of θ ≤ 45°, the bandwidth is 6.5:1 

(0.5-3.25GHz) with VSWR< 3.2 (1.4dB mismatch loss). For θ ≤ 60°, the bandwidth 

reduces to 6.4:1 assuming the same efficiency level. When scanning beyond 60°, we 

observe some additional mismatch losses, up to 2.5dB for the H-plane. Concurrently, E & 

D-plane mismatch efficiency is still better than -1dB for most of the bandwidth.  

The normalized cross-polarized gain in the D-plane was calculated using Ludwig’s 

third definition [61] and is shown in Figure 3.17. As seen, the normalized cross-pol gain 

is around -14dB at 45° and -9dB at 60° scans except at the very high end of the 0.5-
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Figure 3.16: Mismatch efficiency of optimized TCDA for various scan angles along 

principal and intercardinal plane. 
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3.25GHz band. These values are close to the ideal linearly polarized dipole apertures 

where the cross-pol levels are -15dB and -10dB, at 45° and 60° respectively. Degradation 

of 1dB is due to the vertically oriented conducting sheets in the FSS layer. However, 

reduced polarization purity above 2.7GHz is caused by the feed structure starting to 

support common modes due to a resonance around 3.5GHz (out of the intended band). As 

already noted, this issue can be addressed by small reduction in the distance between the 

shorting pins and the balun legs, and re-tuning the unit-cell parameters for the same 

bandwidth. However, for the scope of this chapter, the cross-pol level below -9dB for 

scan range θ   60° was acceptable and no further attempts for improvement were made. 

3.6 Summary 

A novel tightly coupled dipole array with integrated feed and FSS superstrate was 

presented. The feed structure was the widely used folded Marchand balun, but modified 

to facilitate wideband matching at large scan angles. The impedance bandwidth was 

 
Figure 3.17: Normalized X-pol radiation based on Ludwig’s 3

rd
 definition [61]. 
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found to be more than 6:1 when scanning 75° in E-plane and 60° in H-plane. The FSS 

consisted of one conducting layer, which can be placed on the same PCB as the radiating 

elements and the feed lines. No dielectric slab was used for scan impedance 

compensation, implying a simple, light-weight and low-cost array structure. We note that, 

additional circuitry for T/R modules or phase shifters can be placed on the same PCB 

extending below the ground plane, providing an extremely compact/integrated scanning 

array.  

To our knowledge, the proposed TCDA is the first low-profile design to achieve more 

than 6:1 bandwidth with such wide scan angles (75° in E-plane and 60° in H-plane). This 

capability was achieved without using a bulky dielectric material over the aperture, 

making the proposed approach more attractive, especially at lower microwave 

frequencies and for mobile applications (e.g. UAVs). 
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Chapter 4 Fabricated Prototype and Measured Results 

 

 

In this chapter, we present measured results for the wideband array with FSS 

introduced in Chapter 3, experimentally validating the large scan range and impedance 

bandwidth. The fabrication process of the prototype is discussed in Section 4.1. Then the 

measurement setup and the array performance are presented in Section 4.2. It is shown 

that the 12 12 prototype array is operational across ~6.5:1 bandwidth for broadside 

radiation. The prototype can scan ±50° for most of the bandwidth. The scan angle goes 

up to 70° at the higher end of the frequency band, where the aperture size becomes large 

enough to approximate the infinite array performance [62].  

4.1 Fabrication of the Prototype 

As mentioned in previous chapter, the array elements are designed using RT/duroid
®
 

5880 (εr = 2.2) with 3-layer copper. Two dielectric layers between the conductors are 

20mil each. Together with the bonding material (4mil), total thickness of the printed 

circuit boards (PCBs) is 44mil. All 12 elements along E-plane are fabricated on the same 

PCB. Since the prototype is 12 12, we fabricated 12 pieces of PCBs (each 48cm-long). 

These boards are placed vertically on a ground plane to form the full array. Below, we 
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summarize the fabrication/assembly process of the prototype array: 

a. PCB board fabrication: 12 pieces of PCB boards including FSS, dipole, balun, 

tapered lines are fabricated. 50Ω edge-mount SMA connectors are also placed at the 

edges of the PCBs for connection to standard coaxial cables (see Figure 4.1a). 

b. Aluminum rods and sheets: 60cm long aluminum rods and 4cm x 60cm aluminum 

sheets are prepared to align the PCBs and form a ground plane (see Figure 4.1b). 

c. Assembly of the PCBs, Rods and Sheets: The aluminum rods are placed through 

the holes in the PCBs for accurate alignment and stabilization of the boards. The 

aluminum sheets are placed between neighboring PCBs and on the metal frame formed 

by aluminum rods such that they form the ground plane for the array (Figure 4.1c). 

 

Figure 4.1: The fabrication steps of the 12x12 prototype.  
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Figure 4.2: Final version of the 12x12 prototype array (top) and the unit-cell elements 

(bottom) are shown. 
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Copper tapes are also used to ensure electrical connection between aluminum sheets and 

outer conductors of the PCBs.  

d. Ground plane extension around the aperture: After the metal frames between 

PCBs are fully covered with metal sheets, 15cm wide aluminum plates are used as 

ground plane extensions to reduce back-lobe and isolate back-end components (power 

divider, feed cables etc.) from the active array aperture.  

4.2 Measurement of the Prototype 

The Ohio State University anechoic chamber was used for pattern measurements (see 

Figure 4.3). The active part of the aperture was chosen to be 8x12 with the longer side 

aligning in the scanning plane (see Figure 4.4a & b). The measured realized gain at 

broadside is depicted in Figure 4.5. As can be seen, the simulated and measured data 

agree well for most of the bandwidth. At lower frequencies, the measured gain exceeds 

the active aperture area limit and reaches up to total area (12 12) directivity. This was 

expected since prototype antenna is electrically small at the lower end of the frequency 

band. Therefore, even if the edge elements are not excited, they still contribute to the 

array radiation due to coupling from active elements. The ground plane can also cause 

unintended radiation since it extends only a quarter wavelength (at 500MHz) away from 

the aperture and has no edge- treatment. The predicted normalized cross-polarization (X-

pol) isolation was 34dB, but measured data was only 26dB. This was due to the feed 

antenna (ETS Lindgren Dual Polarized Horn 3164-03 [63]) used during the 

measurements. The polarization purity of this horn antenna is reported to be 26dB, 

limiting the X-pol measurement. Nevertheless, the bottleneck for the X-pol performance 
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Figure 4.3: Far-field measurement setup in The Ohio State University anechoic 

chamber. 
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Figure 4.4: Active elements of the 12x12 prototype during E, H and D-plane 

measurements are shown with dark color. For D-pane, only one row is used to acquire 

active element pattern, instead of radiation pattern of the full array. 

 



71 

 

is the D-plane. Our simulated values for the normalized X-pol radiation during D-plane 

scanning (θ ≤ 60°) were approximately -10dB. This indicates that 26dB cross-

polarization isolation for the feed antenna was sufficient. 

The measured scanning patterns of the array in E and H-plane were obtained using 

unit-excitation active element pattern (UEAEP) method [67]. For this method, UEAEP of 

each radiating element should be measured and combined during post-processing. 

UEAEP of an element is the complex valued, g(θ,  ), electric field pattern when only that 

element is excited and all other input ports of the array is terminated. Then, the fully 

excited array pattern can be obtained by vector summing UEAEP of each element as 

shown below; 

 
Figure 4.5: Broadside gain of the prototype. Measured values agree well with the 

simulations (generated from infinite array simulations) at high frequencies. At low 

frequencies, realized gain exceeds the active aperture limit. 
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 (4.1) 

where,          represents the total electric field vector when all of the elements are 

activated for a specific scan angle.    is the required phase/amplitude coefficient for the 

elements and N is the total number of active elements.  

As mentioned before, this method requires measuring each element’s active pattern so 

that one can obtain the pattern of the fully excited array for any scan angle. However, 

when only specific scanning-planes are of interest (e.g. principal planes: E and H), then 

some of the elements can be measured together with a power divider, rather than 

separately. This is due to the fact that, some elements of uniform arrays have same 

excitation constant (An) with each other for all elevation angles in certain scanning 

planes. Therefore they can be excited together during the measurement process, rather 

than in post-processing.  

For our 8x12 rectangular array, we consider E and H planes as the scan planes of 

interest. We note that an 8-element dipole row on a single PCB is basically a linear array 

with its elements aligned along an axis that is orthogonal to H-plane (see Figure 4.6). 

Therefore, during H-plane scanning, all radiators on this 8-element row will always have 

equal magnitude and phase, assuming uniform array excitation. In other words, their 

active element patterns do not have to be measured separately. Instead, they can be 

excited by an in-phase, equal amplitude power splitter and the measured pattern can be 

directly inserted into (4.1) as if it is a single element. This way, the measurement time 

required for a single scan-plane can be significantly reduced. For E-plane, a similar 
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approach can be employed, but this time the equal amplitude/phase rows are the ones that 

are orthogonal to the E-plane (see Figure 4.7). 

Based on the aforementioned analysis, the measurement process for E and H-planes 

are performed as following: Active part of the aperture was chosen to be 8 12 where 

longer side of the active array aligns in the scanning plane and the shorter side is in the 

orthogonal plane (as shown in Figure 4.6 and Figure 4.7). An 8-way power divider (Mini-

 

Figure 4.6: Schematic of 12x12 dipole array. Equal amplitude/phase element rows (1-to- 

12) for H-plane are shown with rectangles. Outer 2-elements on each row are terminated.  
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Circuits ZN8PD1-53+ [64]) was used to measure 8-elements at a time. Since the active 

array is formed by twelve of these 8-element rows, 12 measurements for each scanning 

plane (E and H) and polarization were performed. After the measured data were 

collected, field pattern of each 8-element row was inserted into (4.1) to calculate full 

array pattern. We note that feeding the array with a complete 1 144 power divider 

network was not considered due to the associated cost. 

 

Figure 4.7: Schematic of 12x12 dipole array. Equal amplitude/phase element rows (1-to-

12) for E-plane are shown with rectangles. Outer 2-elements on each row are terminated. 
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Measured and simulated H and E-plane patterns of the prototype are depicted in 

Figure 4.8 and Figure 4.9 respectively. At each frequency, the 2D patterns are normalized 

to the broadside gain. Beam-widths and gain levels of the measured and simulated 

patterns are in very good agreement. As expected, when the array aperture is electrically 

small, the antenna can only scan up to moderate angles. However, the prototype can scan 

up to 70° at higher frequencies. We observe that side-lobes are at -13dB for angles close 

 

Figure 4.8:  H-plane patterns at different frequencies, normalized to broadside level. Up 

to 70° scan angle is verified by good agreement with simulated patterns. 
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to broadside as expected for a uniformly excited aperture but increases for larger angles. 

We also note that the main beam broadens more than one might expect in the E-plane at 

70°. We believe that these degradations are due to the surface waves being stronger at 

larger scan angles. These surface waves are not guided waves and only exist in finite 

arrays due to reflections from the aperture edges [73], [74], [75]. They can interfere with 

 

Figure 4.9:  E-plane patterns at different frequencies, normalized to broadside level. Up 

to 70° scan angle is verified by good agreement with simulated patterns. 
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the fundamental Floquet mode currents and cause standing wave-like distribution along 

the aperture, causing efficiency/pattern degradation. It is possible to mitigate them by 

terminating a few elements from the edges with appropriate resistors as proposed in [73]. 

But since our array was already very small at the lower end of the frequency band, we did 

not employ such edge termination. 

Since we already verified the pattern and maximum scan angles for E and H-plane, we 

only measured one central row for D-plane scanning. The resulting pattern should be the 

same as active element pattern of a single unit-cell, along the diagonal plane. It is 

compared with the element pattern of a unit-cell in an infinite array (see Figure 4.10). 

Excellent agreement is observed for Co-pol gain values, verifying the infinite array 

simulations for D-plane scanning. However, measured X-pol is higher than predicted at 

lower end of the band, for large scan angles. In fact X-pol values approach Co-pol gain 

for θ > 60° and f < 2GHz. We believe this is due to small ground plane which can be 

radiating itself at lower frequencies, causing X-pol radiation due to currents flowing 

along its edges. At higher frequencies, the measured X-pol levels align with the simulated 

values, since the excited fields along the array surface die out before they reach the end 

of the aperture and the ground plane. Measured data for the entire frequency bandwidth 

and scan area is provided in Figure 4.11. 

4.3 Summary 

In this chapter, a prototype of a TCDA with FSS superstrate was fabricated, tested and 

compared to the simulations. The fabrication procedure of a 12x12 prototype was 

described. Then the measurement setup/approach was discussed and the measured results 
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were presented. Excellent agreement between simulations and measurements were 

observed. The 3dB (compared to aperture directivity limit) gain bandwidth of the 

prototype was 6.9:1 for broadside radiation. Maximum scan angle was limited to about 

50° due to electrically small size of the prototype at the lower end of the frequency band. 

At higher frequencies, the ±70° scanning capability was verified for the two principal 

planes and the diagonal plane. 

 

Figure 4.10:  Simulated and measured 2D active element patterns along D-plane. These 

were obtained by measuring single 6-element row along diagonal of the aperture, as 

shown in Figure 4.4c 
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Figure 4.11:  Measured element gain (normalized) and cross-pol radiation along the D-

plane, for all scan angles across full frequency bandwidth (0.5-3.2 GHz). These were 

obtained by measuring single 6-element row along diagonal of the aperture, as shown in 

Figure 4.4c  
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Chapter 5 Dual-Polarized TCDA with Marchand Balun 

 

 

In this chapter, we discuss the design of a dual-polarized TCDA using the balun 

introduced in Chapter 3. The focus will be on additional challenges in realizing the dual-

polarized array and achieving performance similar to the single-pol geometry. As will be 

shown, the major challenge is the coupling between dual-polarized elements, especially 

at lower frequencies. This causes a low frequency loop resonance, similar to the one 

described in [41]-[42], limiting the frequency bandwidth from the lower end. We will 

show that using dielectric or FSS as superstrate over the active aperture does not make a 

significant difference in terms of overall bandwidth. 

The chapter is organized as follows: First we will describe the geometry of the dual-

pol array with integrated balun and a dielectric superstrate. Then, in Section 5.2, we will 

discuss the resonance problems due to coupling between orthogonally polarized dipoles. 

In Section 5.3, we will present the achievable bandwidth after considering the effect of 

these resonances. In Section 5.4, we will describe the procedure to design the impedance 

transformer for matching dipole input impedance down to 50Ω. In section 5.5, we will 

present a very similar dual-pol TCDA with FSS superstrate, achieving almost the same 

impedance bandwidth. Our conclusions will be given in Section 5.6.  
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5.1 Antenna Geometry with Dielectric Superstrate 

The unit-cell of dual-polarized TCDA is shown in Figure 5.1. Unlike the FSS array in 

Chapter 3, the dipoles for both polarizations are placed on a PCB at the top of the baluns 

and on a plane parallel to the ground. The Marchand baluns are implemented in vertically 

oriented PCBs and make a connection to the dipoles in the top PCB from below. As 

superstrate, a low-contrast dielectric slab was used.  

 

 

 
Figure 5.1:  Unit-cell of dual-polarized TCDA with integrated Marchand balun.  
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The design parameters are the substrate and superstrate height (hsub , hsup), reactive 

loading due to the balun (Wsh , Lsh , Hsh , Wop , Lop) and the capacitive coupling (Hcouple) 

between adjacent dipoles. Dipole width (Wd) was not considered for optimizations. 

Typically, wider dipoles provide better bandwidth but degrade polarization purity, 

especially when scanning. Therefore, we set Wd to 0.15dx and tuned other parameters to 

improve impedance matching. We also note that the dielectric constant of the superstrate 

was fixed. Typically, a low-contrast (εr < 2) material is needed to avoid surface waves 

when scanning wide angles. However, there are not many commercially available 

materials with this property. Therefore we chose “ECCOSTOCK
®

LoK” (εr < 1.7), which 

has low loss and stable dielectric constant up to 10 GHz [65]. Although we will not 

present a fabricated prototype of the array, these choices ensure the array can be easily 

fabricated with commercially available components. 

Both dipoles are excited by ideal gap sources with impedance, Zin (see Figure 5.1). 

After a quick optimization, ~5:1 impedance bandwidth (BW) with 45º scan angle can be 

achieved, as shown in Figure 5.2 . However, the reason for the bandwidth to be relatively 

low (compared to 6.5:1 BW of the FSS-loaded TCDA in Chapter 3) is not due to using a 

dielectric superstrate (instead of an FSS). In fact, the main limiting factor is a low 

frequency resonance, which causes an anomaly in the impedance response of the array 

around 0.85 GHz. The anomaly is especially obvious for E and D-plane scanning. This is 

discussed in more detail in the next section.   
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5.2 Low Frequency Loop Resonance: Bandwidth Limitation  

The magnitude of the electrical current on the conductors of the unit-cell is shown in 

Figure 5.3. The current distribution at the resonance frequency (fres = 0.804 GHz) is 

compared to a non-resonant case (0.83GHz). As can be seen, at fres, we observe high 

magnitude of current flowing through both active and terminated dipoles and baluns. For 

the non-resonant structure, the electrical current (much weaker as compared to the 

resonant case) is mostly confined to the active element. Therefore, we conclude that the 

reason for the impedance anomaly (see Figure 5.2) is coupling between cross-polarized 

elements.  

The current vectors inside the unit-cell, at resonance, are shown in Figure 5.4. 

Marchand baluns that are intended to provide differential currents to the dipoles mostly 

 

Figure 5.2:  VSWR of the array in Figure 5.1, after a quick optimization. The impedance 

anomalies can be observed around 0.85GHz, limiting the impedance bandwidth.  
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Figure 5.4:  Current vectors inside the unit-cell in the presence of the resonance: (a) along 

dipoles and baluns, (b) on the ground plane. 

 

 

Figure 5.3:  Current magnitude along the dipoles and baluns in the presence of the 

resonance (left) as compared to normal radiation in the absence of resonance (right). 
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carry common modes. We observe that the currents on the active and passive baluns are 

flowing in opposite directions (Figure 5.4-a), indicating the two orthogonally polarized 

dipoles with the baluns form a resonating loop. This is also supported by the current 

vectors on the ground plane (Figure 5.4-b), where the active – passive baluns seem like a 

source – sink pair. 

To examine the parameters that affect fres, we observed the change in port-to-port 

coupling (S12) between orthogonal dipoles versus different geometrical parameters (Hsh, 

Lsh, hsub) from Figure 5.1. Since the superstrate and the PCB substrates can modify the 

electrical length of the dipole and balun, we removed these dielectric materials during 

parametric simulations. The resulting S12 plots are provided in Figure 5.5. In this figure, 

Hcouple=4mm, Lsh = 2.5cm, hsub = 3.5cm, Hsh = 0.7cm and dx = dy = 3.45cm, unless stated 

otherwise. As can be seen, decreasing the balun width (Hsh) and increasing the ground 

plane height (hsub) lowers fres. We also note that shorted stub length (Lsh) does not have a 

significant effect. This further verifies that the resonating currents flow on the dipoles and 

through the outer edges of the baluns to form a loop, rather than passing through the 

shorted stub. Although the coupling seems to be still acceptable at this resonance, the real 

problem is in the radiated fields. The cross-polarization purity (at 45° in the D-plane) 

goes down to 0dB at f = fres (see Figure 5.5d), since the effective radiating element is now 

a resonant loop formed by orthogonal dipoles rather than a single linear dipole.  

A similar resonance was reported in [42] for the case of unbalanced feeding of the 

cross-pol dipoles with via pins. It is interesting to note that even a balanced feed 

(Marchand balun) cannot avoid this resonance. This indicates that the dominating factor 
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Figure 5.5:  Variation of low frequency resonance, as indicated by S12, versus a) balun 

width, b) ground plane height and c) shorted stub length is shown by S12 plots.  Cross-

polarized radiation for a typical case is shown in d). The array is excited to scan to 45º in 

diagonal plane.   
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in causing excitation of this type of common mode is the geometry and size of the whole 

unit-cell rather than the quality of the differential feeding elements. Similar to [42], we 

can estimate the resonance frequency (fres) as follows; 

 

      
 

                         
 (5.1) 

Here, εeff represents the effective dielectric constant for the resonant path, which is 

unity for Figure 5.5 since there is no dielectric material loading. We also assumed a 

square unit-cell (dx = dy). The estimated value of fres and its actual value obtained from 

full-wave simulations are listed in Table 5.1 for different parameters. The estimation 

error is less than 7% for all the six cases considered.  

 

Table 5.1: Comparison of estimated and actual resonance frequency for different 

geometrical parameters. dx and dy is assumed to be 3.45cm for all cases. 

Hsh Lsh hsub fres (estimated) fres (actual) 

0.4cm 2.5cm 3.5cm 0.73 GHz 0.72 GHz 

0.7cm 2.5cm 3.5cm 0.74 GHz 0.77 GHz 

1.0cm 2.5cm 3.5cm 0.75 GHz 0.82 GHz 

0.7cm 2.5cm 3.0cm 0.82 GHz 0.83 GHz 

0.7cm 2.5cm 4.0cm 0.68 GHz 0.73 GHz 

0.7cm 3.4cm 3.5cm 0.74 GHz 0.76 GHz 
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Although (5.1) gives good estimation of fres, it does not include any dependence on the 

capacitive coupling (depends on Hcouple) between dipoles. But we note that if Hcouple gets 

smaller, fres will go up and vice versa. To demonstrate this, we simulated two cases where 

Hcouple is 2mm and 4mm. The resulting S12 plots are given in Figure 5.6, after 

normalization with S11. As can be seen, decreasing capacitance moves the resonance 

frequency from 0.81GHz to 0.96GHz. Therefore, (5.1) should include an additional term 

to account for the capacitive coupling to provide more accurate estimations of fres, as 

suggested by [42]. However, the predicted values are still good as an initial estimation 

and therefore no further effort will be spent on modification of (5.1).   

 

 

 

Figure 5.6:  Variation of resonance frequency with coupling between dipoles. 
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5.3 Optimized Array with Limited Bandwidth 

From the results presented in the previous section, we can estimate the available 

impedance bandwidth for the dual-pol array of Figure 5.1. The upper limit can be 

selected as the frequency where the unit-cell size is 0.5λ. Assuming dx = dy = 3.45cm as 

before, this indicates fhigh = 4.35GHz. At this frequency, the ground plane height (hsub) 

should be less than 0.5λ (e.g. 0.45λhigh or 3.1cm). If we choose the balun width (Hsh) as 

0.7cm; then, from (5.1), the low frequency limit becomes ~0.8GHz. As a result, the 

available impedance bandwidth is ~5.4:1. Therefore, the focus of this section will be on 

achieving as much of this available bandwidth as possible, while scanning at least ±60º in 

all planes. 

The simplified circuit model of the unit-cell for a single polarization is depicted in 

Figure 5.7. By using this simple representation of each polarization and full-wave 

simulations together, the input impedance (Zin) is matched to 200Ω. The simulated 

VSWR values for different scan angles are depicted in Figure 5.8. The array can scan 

±60° in H-plane, ±70° in E and D-plane. The impedance bandwidth is 4.4:1 for 

VSWR<3. The available bandwidth is not fully achieved due to the detuning of the array 

during scanning at higher end of the bandwidth. Specifically, the array starts to detune 

after f >4GHz, rather than efficiently radiating up to the grating lobe frequency, 4.35GHz 

(where dx = dy = 0.5λ). This is due to wide scan angles causing the higher order modes to 

be excited strongly when the unit-cell size becomes electrically larger. However, the 

square unit-cell side length is ~0.46λhigh and therefore the array can still be used for 

practical applications. 
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Figure 5.8:  VSWR values for the optimized infinite array in Figure 5.1, for Zin=200Ω. 

Unit-cell dimensions; dx = dy = 0.5λ at f = 4.35GHz 

 

 

Figure 5.7:  Approximate circuit model of the array in Figure 5.1. Marchand balun is 

modeled as a 2-stage transmission line with short and open stubs 
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5.4 Design of Matching Network: Stepped Impedance Transformer 

After optimizing the array with an ideal gap source excitation, we designed an 

impedance transformer to match the 200Ω input impedance of the balun down to 50Ω. To 

do this, we employed a 5-stage transmission line matching network. Note that, this is a 

much simpler transformer compared to the one used in Chapter 3, which had 18-stages. 

This is because the required bandwidth was larger and therefore more control on the 

impedance profile of the transformer was required for the FSS-loaded array. 

To design the impedance transformer, S-parameters of the unit-cell of the dual-pol 

array were imported from HFSS into a circuit simulator (ADS [66]). Then, five 

transmission line sections were connected between 50Ω sources and the inputs of the 

imported component (see Figure 5.9). An integrated genetic algorithm in ADS was used 

 

 

 

Figure 5.9:  The circuit, optimized in ADS for minimum S11. The optimization parameters 

are Zi and Ei, which are characteristic impedance and electrical length of each 

transmission line section. 
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to maximize the return loss of the 50Ω sources. The optimization parameters were Zi and 

Ei, characteristic impedance and electrical length of each transmission line section. 

After the tuning process in ADS, the transformer was implemented in the full-wave 

simulator (see Figure 5.10). Similar to FSS-loaded array design, first transmission line 

section (Z1 , E1) was implemented with a perforated balun due to the required high 

characteristic impedance (Z1), which is typically not practical for conventional stripline 

technology. The other four sections were implemented as regular strip-lines and 

meandered down the ground plane. The miniaturization of the array height is not in the 

scope of this work and as can be seen, the meandering of the transformer is not very tight. 

 

Figure 5.10:  The final geometry of the dual-pol array with the balun and impedance 

transformer. Transformer parameters (Zi , Ei) are obtained via optimizations in ADS 
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However, one can further optimize the shape and implementation of the balun-

transformer pair to minimize the extension (0.9cm) of the array below the ground plane.  

Assuming a 50Ω source at the end of the transformer, the mismatch efficiency for 

different scan angles is plotted in Figure 5.11. As can be seen, the array can scan to 70° in 

E and D-planes and 60° in H-plane with less than 1.5dB mismatch loss. The overall 

impedance bandwidth is 4.5:1 (0.89-4GHz). As mentioned before, the lower frequency 

limit is determined by the loop resonance. The upper limit is due to the increasing 

electrical size of the unit-cell and getting close to grating lobe frequency. 

In D-plane, the cross-polarized radiation and port-to-port coupling (S12) between 

orthogonally polarized elements increase with scan angle. These are shown in Figure 

5.12. There is a sharp increase in coupling and cross-polarization at the lower end of the 

band, due to the resonance. When, one of the dipoles is excited, a significant amount of 

current is coupling to the orthogonal dipole at fres. This leads to a strong cross-pol 

radiation and leakage into the non-excited dipole input. Except for this region, S12 is less 

than -17dB and -10dB for 45° and 60° scanning in D-plane, respectively. The cross-pol 

radiation follows a similar pattern. It is around -20dB at 45° and -17dB at 60° scanning. 

These values are lower than the cross-pol radiation of the FSS-loaded array. There are 

two main reasons for this. One is that the number of vertically placed baluns on the 

ground plane is doubled as compared to a single-pol array. Therefore, the separation 

between the adjacent vertical feed-lines is cut by half, suppressing the common modes 

along these conductors and reducing the cross-pol radiation due to these undesired 

modes. This is the main reason why dual-pol TCDAs typically perform better than single-
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pol versions in terms of cross-pol radiation. Second reason is that some portion of the 

undesired cross-pol field is absorbed by the orthogonally polarized elements (non-zero 

S12), reducing the cross-polarized electromagnetic field strength in the far-field. 

However, this is not actually an improvement over single-pol arrays. It is merely a split 

of unwanted fields into two components; coupled power to the orthogonal port and cross-

pol radiation.  

The final design parameters of the optimized geometry are summarized in Table 5.2.  

It is obvious that the impedance transformer does not look like a tapered transmission line 

(TL). For optimum matching, it needs to have TL sections of changing length and 

characteristic impedance. The overall response is similar to a filter (rather than a 

monotonically tapered TL) to complement the response of the array/balun structure.  

 

Table 5.2: Optimized values of the design parameters for the inifinite, dual-polarized 

array in Figure 5.10  

Parameter  Parameter  Parameter  

hsup 15mm Lop 15mm Z4 92 Ω 

hsub 30mm Wop 0.25mm Z5 58 Ω 

εr 1.7 Wd 5.1mm E1 (elec. len.) 38° (at 1GHz) 

Lsh 23mm Hcouple 2mm E2 39° 

Wsh 2mm Z1 140 Ω E3 9.4° 

Hsh 9mm Z2 98 Ω E4 9.9° 

dx , dy 35mm Z3 64 Ω E5 40° 
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Figure 5.11:  Mismatch efficiency of the dual-pol array with integrated balun and 

impedance transformer, for different scan angles. 
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Figure 5.12:  Coupling (top) between input ports of the orthogonally polarized dipoles 

and the cross-pol radiation (bottom) from each polarization, during D-plane scanning.   
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5.5 Dual-Polarized TCDA with FSS Superstrate 

As we mentioned before, the main limitation in terms of impedance bandwidth for the 

dual-polarized TCDA comes from a low frequency resonance (see Figure 5.5). The 

available bandwidth is significantly lower than the potential of a TCDA with FSS or 

dielectric loading. In previous sections, we optimized the dual-pol array with dielectric 

superstrate and achieved ~4.5:1 bandwidth when θmax ≤ 60º for H-plane and θmax ≤ 70º for 

E and D-plane. To show that there will not be a significant difference (unless the feeding 

is modified) when the dielectric is replaced by any other well-designed printed 

superstrate, we simulated an infinite dual-pol TCDA with the same FSS introduced in 

Chapter 3. 

The geometry of the antenna is depicted in Figure 5.13. The feeding is almost the 

same with the array in Figure 5.1. The difference is that the dipoles on the top PCB was 

moved onto the vertical PCBs and the dielectric slab (εr=1.7) was replaced by the FSS. 

Instead of the impedance transformer, we used ideal gap sources (200Ω) at the balun 

inputs for the sake of simplicity. The PCB material, number of copper layers and board 

thickness are all the same with dielectric loaded dual-pol array. 

The mismatch efficiency of the dual-pol TCDA with FSS is shown in Figure 5.13. As 

can be seen the impedance bandwidth (0.85-4 GHz) is about the same as before. The 

mismatch loss is below 0.8dB when maximum scan angle is 60º for H-plane and 70º for 

E and D-plane. The reason for better efficiency is exciting the array with ideal gap 

sources with perfect 200Ω impedance, rather than 5-stage transformer connected to a 50Ω 

source. The cross-pol radiation and port-to port coupling (S12) values are depicted in 
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Figure 5.13:  Dual-polarized TCDA (top) with FSS superstrate and the mismatch 

efficiency (bottom) for different scan planes. The unit-cell is excited by a 200Ω gap 

source. 3-layer PCB (RT/duroid 5880, 29mil thick) was used for implementation. Outer 

copper layers are shown with red color and middle layer is shown with black. The 

geometry is the same as Figure 5.1, except that the dipole elements on the top PCB are 

moved onto the vertical PCBs and the dielectric superstrate is replaced by FSS. 
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Figure 5.14:  Port coupling and X-pol radiation for the infinite array in Figure 5.13.  
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Figure 5.14. As can be seen, they are about 1dB worse than the cross-pol and S12 of the 

dielectric loaded array. This is due to the vertical patches of the FSS-layer contributing to 

the X-pol radiation, as already mentioned in Chapter 3.  

5.6 Summary 

In this chapter, a dual-polarized TCDA using the perforated Marchand balun as 

wideband feed was presented. An impedance anomaly due to a low-frequency resonance, 

similar to the one described in [41], was identified. We note that this resonance occurs 

despite the balanced excitation of the array by the Marchand balun and leads to a smaller 

bandwidth compared to single-pol version of the same type of arrays. The overall 

bandwidth for broadside radiation when a dielectric superstrate is used is ~5:1. During 

scanning to ±60°, the impedance bandwidth decreases to 4.5:1. The maximum scan 

angles are 60° for H-plane and 70° for E and D-plane (for VSWR < 3). We also showed 

that using an FSS superstrate instead of the dielectric results in almost the same 

impedance bandwidth, due to the low frequency resonance of the feed lines.    

For improved bandwidth at the lower end, a feeding structure/balun with a smaller 

footprint (Hsh) might be used, as suggested by Figure 5.5a. Another option is to use 

dielectric loading in substrate layer of the array. This can increase the electrical length of 

resonant path and decrease the common mode frequency, resulting in wider available 

bandwidth. However, this would also result in a thick dielectric slab (hsub + hsup) backed 

by the ground plane, causing earlier onset of surface waves and limiting the scan range at 

the higher end of the frequency band. 
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Chapter 6 Scanning Performance of Finite TCDAs with FSS and 

Dielectric Superstrate 

 

 

So far, we focused on infinite array designs. The measured prototype in Chapter 4 was 

simply fabricated by repeating the unit cell in a 12x12 form. However, practical scanning 

arrays with specific performance requirements (e.g. max. side lobe, pointing accuracy 

etc.) typically have resistively terminated edge elements around the active aperture area. 

This is done to mitigate the edge-born waves [39], [73] and improve the directional 

accuracy of the main beam. Moreover, these dummy elements may not be identical to 

other unit-cells. They can have different terminal resistances to suppress the edge-born 

waves more effectively [73]. We note that these waves only exist in finite arrays (also 

referred as surface waves in [73]) due to diffraction at the aperture edges and are different 

than more well-known surface waves [11] that can also be observed in infinite arrays. 

In this part of the dissertation, we will consider realistic aperture sizes for TCDAs and 

study the effect of dielectric or FSS superstrate for these finite arrays. While doing so, we 

will consider a smaller bandwidth (< 2:1) where the unit-cell size is quarter wavelength 

or more. This is because, for very large bandwidths (e.g. 6:1), the unit-cell size of the 

array is very small (< 0.1λ) at the lower end of the band, resulting in an extremely dense 
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aperture. In this case, the finite array behavior of a connected array is mostly determined 

by the electrical size of the total aperture, regardless of the unit-cell design. This is not 

true for arrays with lattice size of ~0.5λ. A finite connected dipole array of 10λ   10λ can 

support strong edge-born waves along its entire aperture, assuming 0.5λ periodicity for 

the feeding points [76]. These waves cause fluctuations in the current amplitude along the 

array aperture, causing every unit-cell element to “see” different input impedance. As a 

result, the active reflection coefficient from each unit-cell is different, causing 

degradation in overall efficiency and radiation pattern. This problem is relatively small 

when the lattice size is less than 0.25λ for the same aperture size. Therefore, we will only 

study finite TCDAs with > 0.25λ unit-cell size (< 2:1 bandwidth).  

In Chapter 4, we showed radiation patterns for a 12x12 prototype. In these pattern 

plots, we observed that the scanning patterns were much worse for the E-plane as 

compared to the H-plane, for large scan angles. Therefore, the focus of this part of the 

dissertation will be on E-plane scanning of the finite arrays. 

The chapter is organized as follows. We first show a modified version of the FSS 

integrated TCDA, presented in Chapter 3. This version of the array has slightly larger 

unit-cell and reduced bandwidth (~2:1) but much superior mismatch efficiency. In 

Section 6.2, we describe the geometry for the finite array simulations. The results of full-

wave simulations for FSS and dielectric loaded TCDAs are provided in Section 6.3. In 

Section 6.4, we propose a different FSS geometry with resistive terminations at the 

aperture edges, particularly useful to suppress diffractions and improve pointing 

accuracy. Our conclusions will be presented in Section 6.5. 
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6.1 FSS Integrated TCDA with Modified Feed 

The unit-cell of the infinite antenna array is depicted in Figure 6.1. This is simply a 

TCDA using the same FSS from Section 3.2, but with different feed. Specifically, an 

unbalanced pair of coplanar striplines is used to feed the antenna, instead of a Marchand 

balun, similar to [40]. However, the shorted and open stubs are kept for impedance 

matching. The square unit-cell aperture is 0.45λh   0.45λh (at 2.5 GHz), chosen smaller 

than 0.5λh for better impedance matching across the large scan range of interest (±70° 

from broadside). The PCB material is RO4725JXR (εr = 2.64), with 3 copper layers. 

Minimum feature size is ~20 mil, (due to stripline), as shown in Figure 6.1. This indicates 

that, the design can be scaled up to ~15GHz by replacing the PCB material with R/T 

duroid 5880 (εr = 2.2) and minimal change in design parameters. By using perforations 

along the outer conductors of the stripline, the array can easily be scaled up to cover the 

entire Ku band (12-18GHz). 

  

 
Figure 6.1:  Geometry and the modified TCDA with FSS. Marchand balun was removed 

from the design in Chapter 3. Instead, an unbalanced pair of coplanar striplines was used 

to feed the dipole, similar to [40]. 3-layer of copper was used on a 68mil PCB (εr = 2.64)   
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Figure 6.2:  Mismatch efficiency of the array in Figure 6.1 during E and H-plane 

scanning.  
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The impedance matching of the infinite array at different scan angles (θ) is shown in 

Figure 6.2. The mismatch loss is less than 1.5dB for θ ≤ 70° across 1.5-2.5GHz. 

Although the bandwidth is significantly smaller than the one in Chapter 3, the impedance 

matching is much better. This makes sure that any issues related to the pattern of a finite 

aperture employing this design is due to the edge effects and not due to impedance 

mismatch of each unit-cell. The matching can still be improved by introducing a longer 

stripline transformer, but the performance is good enough for the scope of Section 6.3.  

6.2 Finite Array: Simulation Setup  

To determine the size of the array, we assumed a square aperture with 30dBi gain at 

broadside and at the highest frequency (2.5GHz) of operation. This corresponds to a 9λ x 

9λ aperture, indicating a 20   20 array for our design in Figure 6.1, since its unit-cell size 

is 0.45λhigh. We chose 19x19 active aperture, instead of 20x20, to have a true central 

element. However, this geometry is too large and it would take a very long time to do 

full-wave simulations. Instead, we simulated a semi-infinite array (infinite x19) to 

approximate the finite array’s performance along a single scan plane. 

The semi-infinite array geometry, used for E-plane scanning, is shown in Figure 6.3a. 

The array is finite along the E-plane (scanning) and infinite along the H-plane (non-

scnaning). For our case, the number of active and terminated elements are N=19 and 

M=3, respectively. The terminated elements have no feed-lines and are loaded by varying 

termination resistors. For comparison, we also simulated the same TCDA with a 

dielectric superstrate with εr =1.7 (see Figure 6.3b).   
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Figure 6.3:  Semi-infinite array geometry for the E-plane scanning with (a) FSS 

superstrate and (b) dielectric superstrate. The array is finite along E-plane (scanning) and 

infinite along the H-plane (non-scanning).  
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6.3 Simulation Results for Pointing Accuracy: FSS vs Dielectric 

The semi-infinite arrays (TCDA with FSS or dielectric) in Figure 6.3 were excited to 

scan to different elevation angles up to 70°. However, the actual beam direction was 

slightly different than the intended one for both arrays. This pointing error (or beam 

squint) increased for larger elevation angles, as expected. We defined this error as 

follows:  

 
                                 (6.1) 

Based on (6.1), the pointing error of both arrays for θintended ≤ 70° across 1.5-2.5 GHz 

is shown in Figure 6.4. It can be seen that there is not much difference between the two 

arrays. We observe approximately the same performance from the FSS and dielectric 

loaded arrays for θ < 50° across the entire frequency range. However, the dielectric-

loaded array performs better at higher scan angles, especially for θ > 60° and for f > 

2.3GHz. Based on these results, it seems that the low-contrast dielectric superstrate 

creates less diffraction at the array edges for very large scan angles, resulting in a smaller 

pointing error. We note that this may not be an important issue for a well-calibrated radar 

antenna: If the amount of beam squint is known, then the radiating elements can be 

phased accordingly to radiate to the exact desired direction. However, the presence of 

strong edge diffractions (and resulting surface waves) on finite apertures can also cause 

an increased scattering in the backscatter and bistatic directions [77], which may not be 

acceptable for certain applications. Therefore, it might be necessary to further 

suppress/reduce these edge-born waves along the FSS/dipoles, which will be discussed 

next. 
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(a)  Dielectric Superstrate 

 

               

(b)  FSS Superstrate 

 

Figure 6.4:  Magnitude of the beam pointing error is plotted for semi-infinite TCDAs 

with (a) dielectric superstrate and (b) FSS superstrate. These plots are obtained for N=19 

and M=3 (see Figure 6.3)   
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6.4 Modified FSS with Resistive Terminations for Surface Wave 

Suppression 

In the previous section, it was shown that at the very high end of the frequency band, 

the dielectric superstrate performed better for scan angles beyond 50° in terms of beam 

accuracy. In this section, we introduce a new FSS geometry to address this issue. 

Specifically, we replace the FSS of Figure 6.1 with a new one that can be resistively 

loaded at the aperture edges. This way, excessive diffraction introduced by the FSS can 

be suppressed more effectively and the beam accuracy can be improved. 

The unit-cell geometry is shown in Figure 6.5. The only difference between Figure 6.1 

and Figure 6.5 is the superstrate layer. The FSS with vertical stubs was replaced by FSS 

formed by two layers of small parasitic dipoles. From now on, this modified FSS will be 

 

 

 

Figure 6.5:  Unit cell of the TCDA with FSS-v2 This design is only different than the 

previous one shown in Figure 6.1 in terms of superstrate.  
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Figure 6.6:  Efficiency of the array from Figure 6.5 during E and H-plane scanning.  
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referred to as FSS-v2. The unit-cell size and other design parameters are very similar to 

the previous FSS-array. The efficiency values up to 70° scan angle are depicted in Figure 

6.6. As can be seen, the mismatch loss is less than 1.5dB for the frequency band of 

interest. We also note that FSS-v2 is formed by small dipoles that are suitable to be 

loaded with lumped resistors (e.g. surface mount or thin film). This can help to suppress 

the diffracted waves from the superstrate edges.  

The semi-infinite array for the TCDA with FSS-v2 is shown in Figure 6.7. The active 

and terminated portions of the aperture are again 19 and 3 unit-cell long (N=19, M=3), 

respectively. The FSS-v2 is extended about 2 unit-cells after the active part of the 

aperture and terminated resistively in a tapered manner. We note that the parasitic dipoles 

forming FSS-v2 should be printed on the outer layers, rather than middle layer of the 

PCB. This facilitates the termination with surface mount resistors.  

The plot for beam accuracy of the TCDA with FSS-v2 is shown in Figure 6.8, together 

with the dielectric superstrate as a comparison. It can be seen that the array with FSS-v2 

has lower beam pointing error for θ ≤ 50° across the lower half of the frequency band and 

for θ ≤ 60° across the upper half of the frequency band. The dielectric superstrate still 

seems to be better for θ > 60°. However, we note that the FSS-v2 superstrate only 

extends 2 unit-cells from the active aperture. If the termination length of the FSS-v2 is 

increased, the scan area of improved performance can be also increased. The drawback 

for this is mostly practical. There are 6 parasitic dipoles in every unit cell, indicating 6 

additional lumped resistors are required to terminate FSS-v2 of each unit-cell. Another 

concern might be additional loss due to the resistive loading of the FSS-v2. Fortunately, 
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we found that the ohmic losses due to the loaded FSS-v2 in Figure 6.7 are less than 

0.3dB, which occurs at 1.5GHz and θ = 70°. The average value across the whole 

bandwidth and scan area is less than 0.2dB, indicating that the resistively loaded portion 

of the FSS can be further increased without excessive loss. As noted before, the only 

issues are cost and size. Therefore, a trade-off between cost and performance should be 

made to determine how many terminated elements are acceptable. 

 

Figure 6.7:  Semi-infinite array geometry of TCDA with FSS-v2. The active and parasitic 

dipoles at the array edges are loaded with resistors.  
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(a) FSS-v2 Superstrate 

 

 

b)  Dielectric (εr = 1.7) Superstrate 

 

 

Figure 6.8:  Beam pointing error for the semi-infinite array of TCDA with (a) FSS-v2 and 

(b) dielectric superstrate. The error values are plotted for N=19 and M=3 (see Figure 6.7) 
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The scanning patterns of the semi-infinite array with FSS-v2 are depicted in Figure 

6.9, across 1.5-2.5GHz for θ ≤ 60°. The array is uniformly excited with resistive 

terminations as described before (see Figure 6.7). The side lobe levels are less than -12dB 

across the whole scan area and frequency bandwidth. For smaller scan angles, side lobes 

are actually around -14dB. Excellent beam accuracy is observed for the whole scan range 

of θ ≤ 60°. 

6.5 Summary 

In this chapter, finite arrays of moderate sizes (e.g. 30dBi gain) were studied. TCDAs 

using dielectric-loading were compared with TCDAs having different FSS superstrates. It 

was found that the FSS structure introduced in Chapter 3.2 were slightly outperformed by 

a dielectric superstrate in terms of beam pointing accuracy at scan angles beyond 50°.  

To address the beam accuracy issue for large angles, another printed superstrate (FSS-

v2) was introduced. FSS-v2 was formed by two layers of small parasitic dipoles, oriented 

horizontally across the array aperture. These were particularly suited for resistive 

termination and were shown to improve beam pointing accuracy for θ ≤ 60° with two 

dummy unit-cells at the aperture edges. The resistive loss due to these terminations were 

minimal (~0.2dB), indicating additional terminated elements can be used without any 

excessive ohmic losses. 
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Figure 6.9:  E-plane scanning patterns of the array of Figure 6.7 for θ ≤ 60° 
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Chapter 7 Conclusions and Future Work 

 

 

7.1 Summary of This Work 

In the first chapter of this work, we discussed the motivation and challenges for 

wideband and wide-angle scanning antenna arrays. The two major problems were 

reviewed; surface wave and varying scan impedance. Narrow band and wideband antenna 

designs addressing these problems were studied. Connected arrays, tightly coupled arrays 

(TCA) in particular, were found to be most effective in designing apertures with low 

profile, large bandwidth and wide scan area. 

In Chapter 2 we discussed tightly coupled dipole arrays (TCDA) in more detail.  We 

reviewed a recently proposed analytical model [39]. We also compared this model to a 

more popular approximate (L-C) model [35] and verified that for tight coupling between 

neighboring elements, there are no significant differences. As noted before, these 

analytical approaches ignore vertically placed feed-lines inside the array volume. This is 

in fact the main limiting factor for such models. We compared full-wave simulations with 

the analytical model of an array with a realistic feed geometry. The effect of feed-lines 

for different scanning conditions was studied. We verified that the analytical model’s 

accuracy starts to degrade when the electric field of the fundamental Floquet mode has 
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component parallel to the aperture normal (TM modes). In other words, the analytical 

approaches can be used for arrays with feed-lines but only for broadside or H-plane 

scanning (not for E-plane), unless vertical feed-lines are also accounted for in such 

models, which is not a trivial problem. 

In Chapter 3, we discussed the potential of frequency selective surfaces in wide-scan 

antenna array designs. As mentioned in Chapter 1, most arrays use simple isotropic 

dielectric slabs above the array aperture for wide angle impedance matching. We 

introduced a simple, yet effective printed FSS geometry to replace the dielectric 

superstrates. The proposed FSS can be fabricated on the same PCB with the dipole and 

feed-lines, resulting in a low-cost, light weight design. To feed the array efficiently, we 

also introduced a modified Marchand balun with perforated ground planes. Overall, the 

proposed FSS loaded array with the new balun achieved more than >6:1 impedance 

bandwidth for VSWR<3.2. The maximum scan angles (θ) were: 75° in E-plane, 70° in D-

plane and 60° in H-plane.  

Chapter 4 presented the fabrication and measurement procedure of a 12x12 prototype, 

based on the design from Chapter 3. Extensive gain and pattern measurements verified 

the simulated performance of the FSS loaded TCDA. 

In Chapter 5, we presented a dual-polarized TCDA that utilized the modified 

Marchand balun. Our focus was on the challenges due to the coupling between cross-

polarized elements, which was the main problem when designing dual-polarized arrays. It 

was found that a low-frequency resonance (like the one in [42] ) was the limiting factor 

for the impedance bandwidth, even when balanced feed-lines were used. Based on this 
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limitation, we estimated ~5.5:1 maximum bandwidth. We actually achieved 4.5:1 when 

scanning to θ ≤ 60° in H-plane and θ ≤ 70° in E and D-plane. We also showed that this 

bandwidth did not change significantly when the dielectric slab was replaced by the FSS 

superstrate introduced in Chapter 3, since the feed geometry was the main limitation. 

In Chapter 6, we studied finite arrays with moderate sizes (e.g. 30dBi gain). Via full-

wave simulations, we compared the different FSS superstrates to a low contrast (εr = 1.7) 

dielectric superstrate. The performance metric was the beam pointing accuracy of the 

finite array. The FSS, introduced in Section 3.2, performed similar to dielectric for θ ≤ 

50°. However, the dielectric superstrate outperformed the FSS for larger scan angles, 

especially at the higher end of the band. To address the beam accuracy problem of the 

FSS, we proposed a new superstrate design, formed by small parasitic dipoles (FSS-v2). 

The latter had a suitable geometry for resistive termination. We applied a tapered 

resistive loading along the FSS-v2 for two unit-cells at the array edges. As a result, the 

FSS loaded array outperformed the dielectric for θ ≤ 50° at the lower half and θ ≤ 60° at 

the upper half of the frequency bandwidth. This indicates that using 3 or 4 dummy 

elements at the edges can give enough termination length for the resistively loaded FSS 

to outperform the dielectric across the whole bandwidth within the ± 60° scan area. 

7.2 Future Work 

In this work, we showed the potential of FSS superstrates for improving scan range of 

tightly coupled dipole arrays (TCDA). Practical implementations of feeding geometries 

were also provided. However, there is still a wide range of opportunities for future 

research, regarding similar wide-angle arrays. Some of them are listed as following; 
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7.2.1 Fast Optimization of TCDAs 

The proposed arrays in this work were designed and initially optimized in the full-

wave domain. Then the feed-lines were designed using circuit simulators. Since the 

circuit simulations are much faster, the bulk of the overall optimization time is due to 

full-wave simulations. Therefore, moving any part of the design process into circuit 

simulations is highly desirable. One approach to achieve this is described in Figure 7.1. 

Almost all capacitively coupled parts of the full-wave model can be loaded with gap 

sources to extract the multi-port representation of the array into a circuit simulator. Then, 

the dipole coupling, FSS loading, open stub etc. can be tuned in circuit simulators, 

instead of full-wave domain, resulting in a much faster optimization.  

7.2.2 Increasing Impedance Bandwidth of Dual-Polarized Dipole 

Arrays 

As we noted earlier, a dual polarized TCDA with a practical, lossless feed (e.g. 

Marchand balun) has a potential of ~5.5:1 bandwidth due to a low frequency resonance, 

when the substrate region is air (εr = 1). For arrays with dielectric loading in the substrate, 

this limit can be pushed to 6:1 [43]. However, dielectric loading in this region is usually a 

limiting factor for large scan angles and should be avoided if possible. Therefore, a novel 

feeding scheme is needed for dual-polarized TCDAs to achieve >6:1 impedance 

bandwidth and >60º scan angle. 
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Figure 7.1:  Suggested design process for faster optimization of TCDAs. (a) Initial full-

wave model, loaded with lump ports (b) Extracted S-parameters of the full-wave model 

(c) Tuning of the array by capacitive or inductive terminations, except the input, using a 

circuit simulator. (d) Implementation & validation of the optimized design via full-wave 

simulations. For simplicity, we excluded feed-lines from (a), (b) and (c) 
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7.2.3 FSS Designs for mm-Wave 

The arrays shown in Chapter 3 and Chapter 5 are suitable for working below 10 GHz. 

The FSS loaded array in Section 6.1 can be scaled to higher frequencies (~20 GHz) due 

to the modified feed. For even higher frequencies, both feed lines and FSS should be 

changed since fully planar/conformal PCB layers are typically the most practical 

implementations for mm-Wave applications. Therefore, both the feed-lines and the 

vertical FSS should be implemented using embedded vias. Additional challenges due to 

dielectric loading, limited number of printed layers and fabrication tolerances should also 

be addressed. 

7.2.4 Reducing Aperture Density 

It is well-known that most wideband arrays have unit-cell sizes of <0.5λ at the highest 

frequency of operation. This implies extremely dense arrays at lower end of the band. As 

an example, consider an array of 7:1 bandwidth with unit-cell size of 0.45λh. Due to the 

large bandwidth, the unit-cell size becomes 0.065λ at the lowest frequency. A non-

uniform distribution of unit-cell sizes along the aperture can help to minimize the number 

of feeding points (T/R modules). However, this type of array thinning can be quite 

challenging for wideband, wide scan arrays since increasing element spacing and 

improving bandwidth are typically opposing phenomena. Another option might be an 

adaptive feed network to dynamically switch some of the elements ON/OFF depending 

on the frequency and scan angle of operation, potentially reducing the total number of 

active elements at a time.  
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