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Chapter 1: Introduction 

1.1. Motivation 

Advancement in communication technologies and increasing adaptability of wireless devices in 

commercial wireless and electronic warfare (EW) systems have enabled a greater use of electromagnetic 

spectrum and thus with the ever-increasing needs of consumers its congestion. The rising demand for 

spectrum has also resulted in the reallocation of certain tactical bands for consumers, such as Advanced 

Wireless Services-3 (AWS-3) bands [1]. The AWS-3 cover frequency bands 1.69-1.71 GHz, 1.75-1.78 

GHz, and 2.15-2.18GHz [2]. Further, reallocation of the spectrum has also affected the available 

bandwidth for tactical radio systems. As a consequence, efficient utilization of frequency spectrum is 

increasingly desired. While conventional radios use either time or frequency duplexing for simultaneous 

transmit and receive (STAR), STAR wireless system without frequency or time duplexing enables 

theoretically doubled system throughput and thus the efficient use of spectrum [3]. EW systems with full 

duplex capability can continuously, without any interruptions, perform an electronic attack and electronic 

support missions using the same antenna system. To allow full STAR functionality, self-interference 

between TX and RX channels must be suppressed below the receiver sensitivity, which is extremely 

challenging. Generally, the required TX-to-RX isolation for STAR system is on the order of >110dB [4]-

[6]. The higher the TX power and the lower the RX sensitivity, the higher isolation is required. Such a 

high level of isolation cannot be achieved in a single domain, rather, multiple cancelations at multiple 

domains (antenna (propagation), analog, and digital domains) are performed to achieve the desired self-

interference cancellation [7]. In this program, the research effort is focused on achieving high isolation in 

the antenna domain, so that the additional isolation required from analog and digital domains can be 

reduced and the risk of overloading the receiver’s analog and digital subsystems is minimized.  

1.2. Background 

Different antenna-based cancelation techniques for improving the TX-to-RX isolation have been 

considered in the open literature. Bistatic antenna configuration relies on the separation between TX and 

RX antennas. In addition to increasing separation, recessing in an absorber, use of high impedance 

surface, and use of polarization or beam-squint diversity are often considered to further reduce the 

coupling [8]-[10]. The main drawback of bistatic configuration is the large separation (often multiple 

wavelengths) required to achieve high isolation level, which is impractical for many applications. 

Moreover, it is generally believed that the benefit of STAR over multiple input multiple output (MIMO) 

systems is lost with bistatic configuration. The use of polarization diversity, while acceptable for many 
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commercial applications, is not acceptable for many military applications, such as electronic attack (EA) 

and electronic support (ES). When a bi-static configuration is permissible, placing the null in the TX 

antenna radiation pattern along the direction of the RX antenna has also been considered with realizable 

isolation >35dB. However, the operation bandwidth is usually narrow [11]. A similar approach based on 

canceling the near-fields of the TX antennas at the location of the RX antenna has also been proposed 

where high isolation over the utilized antennas operating bandwidth has been demonstrated [12]-[13]. The 

main issues include the complexity of the beamforming network (BFN), which increases as the number of 

TX elements increases, the sensitivity to the feeding network errors, size, and the dissimilarity between 

the TX and RX radiation patterns which is undesired for some applications. 

Over the past years, the ARG researchers have developed or initiated the development of about a 

dozen different STAR antenna configurations [14] for diverse narrow and wide instantaneous bandwidth 

applications. Several examples of the proposed and developed topologies and concepts are shown in Fig. 

1. Monostatic and bi-static antenna STAR topologies, as well as combinations thereof, have been 

considered in stand-alone or integrated on a specific platform (such as Coyote UAV as shown in the 

figure below). Isolation bandwidths of several octaves were achieved with some configurations. Some 

studies related to the impact of obstacles and asymmetries have also been conducted. These research 

efforts, funded by the Office of Naval Research, Naval Research Laboratory, and Lockheed Martin has 

resulted in multiple publications [15-24] and was the starting point for the full-duplex antenna study 

proposed to be executed here. 

 

Fig. 1.1: Illustration of several STAR antenna systems developed by the ARG over the past years. 



W911NF-17-1-0228: Full Duplex Antenna Study 

 

 

 

 
 7 

1.3. Objectives 

One of the most difficult challenges for RF electronics is achieving a co-channel isolation 

>100dB for STAR from a single aperture without any time, frequency, polarization, or beam-multiplexing 

(gold-STAR). For narrow bandwidth channels and transmitted powers in hundreds of watts, the isolation 

must be > 140 dB. To achieve gold-STAR capability, the new front-end topologies that combine multiple 

layers of analog isolation and digital back-end processing are needed. A carefully designed passive 

antenna sub-system can provide 20–80dB of gold-STAR isolation, thus significantly aiding the actual 

implementation of full duplex RF systems. 

The objective of this program is to conduct a detailed study of antenna configurations that may 

yield high gold-STAR self-interference cancellation for a general set of applications of interest for the US 

Army. To allow some degree of practical relevance for the conducted research, we considered 

applications such as high-gain point-to-point microwave links, handheld radios, and UAS 

communications. This report presents the fundamental and practical challenges, paths for mitigation 

thereof, tradeoffs, and most importantly, antenna configurations that maximize self-interference 

cancellation with little to no degradation in their performance.  

 

1.3.1. Objective 1: Line-of-Sight Microwave Dish Antenna System 

The first objective is to research electrically and mechanically robust passive gold-STAR antenna 

approaches and candidates for applications such as the line-of-sight (LOS) microwave relays illustrated in 

Fig. 1.2 [25]. This and similar applications rely on quickly deployable high gain reflector antennas and 

 

Fig. 1.2: Illustration of the considered application and photo of the antenna in use [25]. 
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radios, which employs either time or frequency division duplex (TDD/FDD) for simultaneous 

transmission and reception, thus, not efficiently utilizing the available or assigned electromagnetic 

spectrum. For easier prototyping and experimental verifications, the antenna system developed herein 

works over 4–8 GHz band. However, the system can be scaled to operate over other frequency bands. 

Based on a currently existing systems [26], the goal is to achieve realized gain > 20dBi, front-to-back 

ratio (FBR) > 25dB, VSWR < 2, and continuous wave (CW) power handling > 150W. Furthermore, the 

main objective is to maximize the isolation between TX and RX, while preserving same polarization and 

similar radiation patterns between TX and RX. Specifically, the TX to RX isolation should be at 

minimum 15dB above that can be obtained by the state-of-the-art commercial-off-the-shelf (COTS) 

circulators operating in the considered frequency band.  

1.3.2. Objective 2: Handheld Radio Antenna System 

Tactical handheld radios shall operate over multiple bands and enable simultaneous transmission 

and reception of voice, data, video, etc. over narrowband and wideband channels nested within the much 

wider instantaneous bandwidths across VHF through S-band spectrum (and perhaps beyond). For 

example, THALES AN/PRC C-148B MBITR2 handheld radio, shown in Fig. 1.3, has wideband channels 

operating over 225-400 MHz, 1250-1390 MHz, and 1750-1850 MHz bands [27]. This radio is chosen as a 

demonstration platform for our study since single or multiple antenna systems will be needed to enable 

full-duplex communications. 

 

The main objective is to research antenna technologies that may have a greater chance to be 

successfully implemented on handheld radio platforms and facilitate easier practical realization of a true 

gold-STAR system. The frequency range of interest coincides with the 1750–1850 MHz band. Impact of 

 

Fig. 1.3: Illustration of the handheld radio. 



W911NF-17-1-0228: Full Duplex Antenna Study 

 

 

 

 
 9 

nearby scatterers including soldiers and ground plane is also investigated. Non-circulator based antenna 

front-end configurations are considered.  

1.3.3. Objective 3: STAR Antenna System for UAS-Raven 

Full duplex capability for UASs is of great interest for many reasons including: 

 A number of army missions relying on UASs will keep increasing, CONOPS will diversify and 

perhaps even change while the platform is in the theater. 

 They will need to function in highly contested electromagnetic spectrum (EMS) environments. 

 When operating in swarms, they will need to share scarce bandwidth resources. 

Moreover, size-weight-and-power efficient (SWAP) and low-cost solutions must be sought for. 

Shown in Fig. 1.4 is an example of a specific UAS platform that is utilized for our study. This platform is 

chosen for its small physical size which will ensure that the STAR antenna research maintains its focus on 

highly challenging configurations associated with electrically tight spaces and volumes. The goal is to 

investigate monostatic antenna configurations operating in 1750–1850MHz band keeping in mind SWAP 

constraints. Full duplex capability with minimally invasive STAR antenna candidates is researched. 

 

1.4. Report Organization      

 Chapter 2 presents the design and implementation of highly directive reflector based STAR 

antenna. First, the approach involving beam forming network and circulators is used to realize 

monostatic STAR. Next, a quasi-monostatic approach is proposed, which is circulator-less, and 

less sensitive to imbalances and asymmetries. Further, the design, fabrication, and measurement 

 

Fig. 1.4: Launch of UAS RQ-11 Raven [28]. 
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results of the coaxial cavity (used as feed), the axis-symmetric reflector antenna, and measured 

isolation of both the STAR configurations are presented.  

 Chapter 3 demonstrates the mode multiplexed STAR antenna system for a handheld radio 

platform. A circular array of four dipoles is the basis for the antenna system, and the mode 

multiplexing is achieved by BFN. While isolation is theoretically infinite, >30dB isolation is 

measured over 1750–1850 MHz with the fabricated prototype. Sensitivity analysis is performed on 

the imbalances of BFN and nearby object, such as soldier’s hand and head. Other, possible 

applications of the proposed system are also discussed. 

 Chapter 4 investigates three approaches to implement STAR antenna system on a UAS-Raven 

platform. First, a balanced circulator BFN with a single dual-pol patch element on Raven’s belly is 

shown to achieve > 20 dB isolation over 1750–1850 MHz. Further, a sequential rotation array 

(SRA) of four dual-polarized patch elements on Raven’s tail fed by two Butler matrix BFNs with 

expected system isolation > 38 dB over 1750–1850 MHz is considered. It is also demonstrated 

that the body of Raven can be used as the radiating element based on characteristic mode analysis 

(CMA). Exciting two orthogonal modes on Raven’s body can be used to realize a STAR antenna 

system, however, no STAR antenna systems are designed. 

 Chapter 5 summarizes the contributions of the report. 
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Chapter 2: Line-of-Sight STAR System 

2.1. Introduction 

Point-to-point links rely on high gain antennas for long range and directional communication, 

often the desired high gain is achieved with reflector antennas. Therefore, a STAR capable reflector 

antenna can alleviate the challenges imposed by spectrum reallocation in AWS-3 for tactical radio relay. 

The reallocated spectrum is centered around 1.6 GHz, which covers 3 narrowband channels as mentioned 

in the introduction (Chapter 1). In this program, an antenna system corresponding to a scaled NATO-III+ 

(1.35-2.7 GHz) band is fabricated, in order to reduce the size and facilitate the measurement with 

available resources. Design and analysis of the scaled prototype, which covers the full C-band from 4 

GHz to 8 GHz is the focus of this chapter.  

The chapter is organized as follows: Architecture and schematic of the monostatic-STAR are 

explained in Section 2.2. Section 2.3 discusses the operation, design, and performance of the coaxial 

cavity feed. Section 2.4 describes the design of reflector antenna, influence of struts on the radiation 

patterns, fabrication, and performance of the antenna. The implementation of proposed STAR 

configuration, ideal and measured system isolation and impact of imbalances and asymmetries on the 

system isolation are discussed in Section 2.5. A quasi-monostatic STAR configuration, coupling 

mechanism, simulated and measured system isolation are discussed in Section 2.6. Conclusions are 

outlined in Section 2.7. 

2.2. STAR Configuration 

In this approach, the BFN is arranged to cancel the coupled/leaked signal from the antenna and 

circulators, by creating 180° phase difference between the TX and RX reflected signals. The realized 

arrangement results in a theoretically infinite isolation between the TX and the RX [1]-[4]. The schematic 

and operation of the proposed configuration are further explained in the following paragraphs. 

First, the input signals (or the TX signals) are connected to the port 1 of the TX 90° hybrid, 

HYBD I. Then, the TX signals are split into two signals of equal magnitude and quadrature phase, 
𝑗

√2
𝑒𝑗𝜑 

and
1

√2
𝑒𝑗𝜑. Further, these signals are routed through Paths I and II, as illustrated in Fig. 2.1. The signals 

fed to the input of circulators I and II undergo attenuation due to the finite insertion loss (IL) of the 

circulators. The outputs of circulators are connected to the inputs of 180° hybrids. The 180° hybrids are 

used to generate two signals with equal magnitude and 180° out of phase, which are required to excite 
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Fig. 2.1: Signal flow diagram of the proposed monostatic STAR system, consisting of circularly polarized reflector antenna, 90° and 180° 

hybrids, and circulators. 
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TE11 mode in coaxial cavity antenna. Later, the output signals of these 180° hybrids are used to excite the 

four probes of the coaxial cavity antenna (feed of the reflector). The impedance mismatch of the antenna 

results in reflected signals (2.1) and (2.2), which travel back to the respective circulators through 180° 

hybrids, where,  21
 1 and  21

 2 are the S21 of circulators 1 and 2, respectively.  

These signals are further attenuated, due to IL from port 2 to port 3 of circulators, before reaching 

RX 90° hybrid, HYBD 2. At the HYBD 2, the signals from Path I undergo another 90° phase shift 

resulting in (2.3), whereas the signals from Path II go through the hybrid without any phase shift (2.4); 

similarly, the signals from circulators leakage. Thereby, these two signals are combined 180° out of phase 

at the RX port resulting in theoretically infinite isolation when | 1|  | 2|,  21
 1    21

 2,   2
 1    2

 2, and 

the leakage from circulators 1 and 2 are the same (2.5). However, any asymmetry in the BFN and the 

antenna geometry will create imbalances in amplitude and phase which results in finite isolation of the 

system. The signals combined in-phase at the port 4 of HYBD 2 are terminated in a matched load. 

The effect of imbalances, asymmetries and practical implementation of the proposed approach is 

explained in detail in Section 2.5 

 
| 1|

𝑗

√ 
𝑒𝑗𝜑 ∙  21

 1 
(2.1) 

 
| 2|

1

√ 
𝑒𝑗𝜑 ∙  21

 2 
(2.2) 

 
| 1|

 1

 
𝑒𝑗𝜑 ∙  21

 1 ∙   2
 1 

(2.3) 
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| 2|

1

 
𝑒𝑗𝜑 ∙  21

 2 ∙   2
 2 (2.4) 

 
| 1|

 1

 
𝑒𝑗𝜑 ∙  21

 1 ∙   2
 1  | 2|

1

 
𝑒𝑗𝜑 ∙  21

 2 ∙   2
 2    (2.5) 

2.3. Feed Design 

 The wide use of reflector antennas for long range, satellite communications and radars has 

resulted in extensive research on the feeds. Various types of antennas are used as feeds for the reflector. 

Feeds include wide and narrowband horn antennas, circularly polarized antennas such as a helix, cavity-

backed sinuous antenna, cross-dipole, and etc. [5]-[8]. Horn antennas can handle high power and can be 

used to achieve circular polarization (CP) [9]. However, the variation of phase center with frequency can 

be significant, and the patterns in E and H plane are asymmetric [10]. These two limitations can impact 

the reflector performance by reducing the directivity and increasing the side lobe level (SLL) [11]. Dual-

pol wideband CP antennas such as cavity backed sinuous can have symmetrical radiation patterns. 

However, the radiation loss of the antenna and power handling can be of concern in high power 

applications. Coaxial cavity antennas or nested coaxial antennas are the other categories of the antennas 

that are used as feeds for the reflector antennas, because of their stable phase center, symmetric E and H-

plane patterns and low axial ratio [10]. However, the VSWR of the antennas discussed in the literature is 

often high [12], [13], which is not desired for high power applications, such as the one proposed in this 

project. Therefore, by performing a parametric study and simple geometrical modifications, the 

impedance match of the antenna is improved to VSWR < 2 over an octave bandwidth. The design details 

of the feed are explained in the following sections. 

2.3.1. Principle of Operation 

The operation principle of the coaxial cavity antenna is analogous to that of an open-ended 

circular waveguide. The fundamental mode of a circular waveguide is TE11, whereas that of a coaxial 

waveguide is TEM. The radiation from TEM mode results in null at the boresight, as shown in Fig. 2.2(a), 

which is not desired for a reflector feed. Hence, the antenna is operated in its first higher order mode, 

TE11. Radiation from TE11 mode results in maximum directivity at the boresight, as shown in the Fig. 

2.2(b). The corresponding E-field distribution of TE11 at the aperture is shown in Fig. 2.3(a). In the 

proposed antenna, the TE11 mode is realized by exciting two opposite probes with 180° phase shift, as 

shown in Fig. 2.3(b). Dual polarization, vertical and horizontal can be achieved by using four probes with 
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the excitation illustrated in Fig. 2.4(a). Further, these ports can be excited with ±90° phase progressions to 

achieve the desired CP operation (RHCP or LHCP), as shown in Fig. 2.4(b).  

                     

             (a)                                                            (b) 

Fig. 2.2: Simulated Co (black) and cross-pol (red) of coaxial cavity for: (a) TEM mode (b) TE11 mode, at 

6 GHz. 

                        

(a) (b) 

Fig. 2.3: (a) E-field at the aperture for TE11 mode (b) excitation for TE11 mode. 

      

       (a)       (b) 

Fig. 2.4: Probe excitation for: (a) vertical and horizontal polarization (b) circular polarization. 

2.3.2. Impedance Match 

The impedance seen at the input ports of the antenna, P1, P2, P3, and P4 is primarily dependent 

on inner to outer conductor diameter ratio, the coupling between the probes, and reactance of the probes. 

Therefore, first, a parametric study on the ratio of the inner conductor, b, to outer conductor diameter, a, 

of an open-ended coaxial waveguide is carried out to achieve reflection coefficient, |S11| < -10 dB. The 
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analysis is carried out in FEM (Ansys HFSS) simulation where the open-ended coaxial waveguide is 

excited by a wave port with the TE11 mode. The resulting reflection coefficient of the antenna is shown in 

Fig. 2.5. The higher b/a ratio deteriorates the impedance match at higher frequencies, and the lower b/a 

ratio at the lower frequencies, as it can be noticed from the Fig. 2.5. It is found that these results are in 

accordance with the similar study conducted in [14], [15]. Additionally, the E and H patterns symmetry of 

the antenna is a function of b/a as mentioned in [14] and observed through our simulations. The symmetry 

is important for achieving uniform illumination of the reflector surface (in ϕ) and low cross-polarization 

level, which is an important parameter for the proposed design. Hence, as a compromise between 

impedance match and pattern symmetry of the feed, b/a =0.23 is selected for the designed antenna.  

 

Fig. 2.5: Reflection coefficient of the coaxial cavity antenna for different inner and outer conductor 

diameter ratios (b/a). 

In addition to the cross-section of the aperture/waveguide, the shape and physical dimensions of 

the exciting probes are critical for impedance match of the antenna. Hence, in step two, the exciting 

probes are shaped as mono-cones to achieve |S11| < -10 dB for an octave bandwidth. Through parametric 

analysis, it is found that height of the probes from the bottom of the cavity, hprobe, length, lprobe, and shape 

of the probes are critical. Specifically, as shown in Fig. 2.6 a straight probe (probe II) with the diameter of 

0.127 cm and length of 1.64 cm has the narrower bandwidth (|S11| < -10 dB) in comparison to the mono-

cone shaped probe (probe I). The reduction in the reactance of the input impedance seen by the mono-

cone shaped probe is the main reason for this behavior, as illustrated in the Smith charts in Fig. 2.7. Thus, 

through the above studies, it is found that with proper selection of b/a ratio and probes dimensions, an 

octave of bandwidth (|S11| < -10 dB) can be achieved from a coaxial cavity antenna. The fabricated 

antenna has b = 1 cm, a = 4.62 cm and height, ha = 5.06 cm, shown in Fig. 2.8. 
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Fig. 2.6: Active reflection coefficient of the coaxial cavity antenna for different probe shapes with 

dimensions of the considered probes. 

 

Fig. 2.7: Smith chart showing impedance of coaxial cavity with probe I and probe II. 

 

Fig. 2.8: Fabricated coaxial cavity antenna and its dimensions. 

The fabricated antenna has measured |S11| < -10 dB over an octave bandwidth as shown in Fig. 

2.9. The impedance match of the fabricated and simulated antenna at the antenna ports, and at the inputs 

of 180° and 90° hybrids are shown in Fig. 2.9(a), (b) and (c), respectively. The 90° hybrids in conjunction 
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with 180° hybrids are used to realize CP, as described in Fig. 2.1. Reflection coefficient at the input of 

90° hybrids is < -20 dB since all the reflected signals from the antenna and the 180° hybrids are routed to 

the unused port of the hybrids, which are terminated in a matched load. It should be noted that all the 

terminated signals account for the system total loss, and hence it is important to minimize their level. 

 

(a)                                                                   (b) 

 

     (c) 

Fig. 2.9: Simulated (grey-circles) and measured (black) active reflection coefficient of the coaxial cavity 

antenna at inputs of: (a) antenna, (b) 180° hybrids, and (c) 90° hybrids. 

2.3.3. Far-field Performance 

The proposed coaxial cavity antenna has an excellent far-field performance, which can be 

observed from the measured and simulated patterns shown in Fig. 2.10. Specifically, the antenna has a 

gain > 6 dBic, AR < 3 dB for θ = ±30°, over the operating frequencies, as shown in Fig. 2.11. The 

antenna has aperture efficiency 100 % @ 6 GHz and > 87% (@ 8 GHz) over the band. Good agreement 

between measurement and simulation can be observed from the presented results herein. The far-field of 

the antenna is measured in ARG’s anechoic chamber.  
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Fig. 2.10: Measured (solid) and simulated (dash) co (LHCP, dark color) and cross-polarized (RHCP, light 

color) radiation patterns of the proposed coaxial cavity antenna. 

 

(a)                                                                         (b) 

Fig. 2.11: (a) Meassured and simulated (with circles) broadside gain, and (b) axial ratio at θ = 0 and 30° 

of the designed coaxial cavity antenna. 

Additionally, the designed coaxial cavity antenna has phase center variation < 5% and < 15% for 

CP and linear polarization operations, respectively for the angular span of 106° in θ (the angle subtended 

by the designed reflector at the focus), as shown in Fig. 2.12. The reference coordinate system for the 

calculation of phase center is considered at the aperture of the antenna. The observed relatively stable 

phase center of the designed antenna makes it an excellent candidate for a reflector feed. The slope 

method explained in [16] is used in the calculation of the phase center of the antenna. 

4 GHz 5 GHz

8 GHz7 GHz
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Fig. 2.12: Normalized phase center (w.r.t. wavelength) of the designed coaxial cavity antenna for CP and 

linear polarization (in E and H planes). Phase center is calculated for the angular span θ = ±53°. 

2.4. Reflector Antenna Design 

A reflector antenna can be realized using various configurations, such as axis-symmetric, offset-

feed, and dual-reflector or folded optics configurations [1], [17]. Axis-symmetric reflector is a simple and 

basic configuration with symmetric radiation patterns and, lower cross-pol level. However, axis-

symmetric configuration results in higher aperture blockage and deterioration in the impedance match of 

the feed due to the reflected fields from the reflector [17], [18]. The later can be noticed from the |S11| 

response in Fig. 2.13, where the impact of the standing wave between the reflector and the feed is clearly 

seen. 

 

Fig. 2.13: Simulated reflection coefficient of the coaxial cavity feed with and without the 

axis-symmetric reflector.  

Contrarily, an offset-fed reflector can be designed to reduce the feed blockage and to improve the 

impedance match of the feed [17], [19]. For example, an offset-fed reflector with lower rim offset, H = 
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4.4 cm has less influence on the impedance match than an axis-symmetric reflector as shown in Fig. 2.14. 

The value of H is selected such that the topmost point of the feed clears the bottom most point of the 

reflector, and the corresponding feed orientation angle is calculated using equations in [17], [18]. 

Additionally, the projected diameter of the offset parabolic reflector is maintained equal to that of the 

symmetric parabolic reflector. However, the radiation patterns of the offset fed reflector are asymmetric 

and have higher cross-polarization in comparison to the symmetric reflector as shown in Fig. 2.15. 

Further, the asymmetry in the antenna geometry and radiation patterns deteriorates the isolation of the 

proposed system, as shown in Fig. 2.16. Hence, the axis-symmetric configuration is selected for the 

proposed STAR configuration.  

 

Fig. 2.14: Simulated reflection coefficient of the coaxial cavity feed (standalone) compared to 

that of symmetric and offset-fed reflector antenna. 

 

(a)                                                       (b) 

Fig. 2.15: Co and cross-polarized radiation patterns of (a) offset-fed, and (b) symmetric 

reflectors @ 4 GHz over several azimuthal cuts from  ϕ = 0° to 360°. 
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With Offset-Fed Reflector
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Fig. 2.16: Simulated isolation of the proposed system with symmetric self-supporting and 

offset-fed reflectors. 

2.4.1. Axis-symmetric Reflector 

The diameter and the focal length of the reflector are computed through a parametric study 

conducted in HFSS, to achieve gain > 20 dBi while maintaining low side lobe and cross-polarization 

level. The designed reflector antenna has the diameter, D = 40 cm, and F/D of 0.495 resulting in the 

subtended angle of 106° at the feed location or focal point. The CAD model of the system with its 

dimensions is shown in the Fig. 2.17.  

 

Fig. 2.17: CAD model of the proposed axis-symmetric reflector antenna. 

2.4.2. Influence of Reflections 

Reflections from the reflector can deteriorate impedance match of the feed, as shown in Fig. 2.13. 

Therefore, apex matching technique is applied to minimize these effects [20], [21]. In apex matching, a 

circular disk is placed at the apex of the reflector, and the dimension of the flat metallic plate is selected 

to create 180° phase difference between the reflected signal from the apex (with plate) and from the rest 

of the reflector surface at the focal point (or feed) such that they cancel each other. Thus, reducing the 

effect on the impedance match of the feed. The significance of apex matching can be clearly seen in Fig. 

42dB

50dB
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2.18. Further, a Gaussian shaped or cone shaped apex matching can be used to reduce the impact of 

reflections over wider bandwidth [22]. The flat disk is chosen in the proposed design to minimize the 

fabrication cost and complexity. Apex matching can have some effect on the far field of the antenna 

because of the modification in the parabolic surface [21], which is also noticed in the proposed 

configuration. The designed apex matching reduced the gain by 0.4 dB at 8 GHz. Nonetheless, the 

antenna has SLL < -16 dB and cross-pol level < -20 dB over the operating frequencies. However, the 

symmetry in antenna geometry and radiation patterns is maintained. 

 

Fig. 2.18: Simulated reflection coefficient of the coaxial cavity antenna with probe extended 

to support the feed, and reflection coefficient of the self-supporting reflector antenna with 

and without apex matching. 

2.4.3. Design of Struts 

The feed of a reflector is supported through struts. Typically, 3 or 4 struts are used in axis-

symmetry reflector configuration to hold the feed.  These struts increase aperture blockage. Also, the re-

radiated currents from the struts contaminate radiation patterns by increasing side lobe levels [23]. 

Therefore, to avoid the additional supporting struts, the inner conductor of the feed is extended till the 

apex of the reflector in the proposed antenna. The extended inner conductor improved the impedance 

match of the feed (standalone) at the mid-band, as shown in Fig. 2.18, which is in accordance with [15], 

without any noticeable deterioration in the far field performance. The self-supporting feed maintains the 

symmetry of the antenna structure while eliminating the need for complex struts. The fabricated self-

supporting reflector antenna with its dimensions is shown Fig. 2.19.  
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(a)                                                                     (b) 

Fig. 2.19: Picture of fabricated antenna with aperture matching. 

                                  

(a)                                                                (b) 

Fig. 2.20: Picture of fabricated feed: (a) top view, and (b) with feeding cables. 

2.4.4. Far-field Performance 

The axis-symmetric reflector antenna without any struts has a gain > 21 dBic over the band of 

operation with a maximum of 28 dBic at 8 GHz, as shown in the Fig. 2.21. Also, aperture efficiency 

above 60% over 87.5% of the bandwidth with a peak efficiency of 70% is achieved. The radiation 

patterns are directive and symmetric around ϕ (0° to 360°) as shown in Fig. 2.22, and the HPBW of the 

antenna is 6° at 8 GHz. Similarly, the radiation patterns of the self-supporting apex matched reflector are 

symmetric with cross-polarization level < -20 dB, SLL < -16 dB, and gain > 21 dBic over the operating 

bandwidth, refer Fig. 2.22 and Fig. 2.23.  

The observed deviation in the measured directivity with respect to the simulated directivity at 

higher frequencies (Fig. 2.23) is mainly due to defocusing the feed. Defocusing is caused by the slight 

variation in the focal and feed point of the fabricated antenna. Specifically, the focal length of the 

fabricated antenna is 1 cm shorter than the simulated, and the support of feed (or extended inner 

conductor) is tilted by 2.5°, approx., leading to feed offset of 0.33 cm, 0.83 cm (X, and Y axis, 

D = 40 cm

Apex Matching

(14 cm Circular 

Disk)
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respectively). A drop of 1.79 dB in directivity is also noticed in simulated results on incorporating the 

offsets in the simulation, as shown in Fig. 2.23. 

 

Fig. 2.21: Picture of fabricated feed: (a) top view, and (b) with feeding cables. 

 

Fig. 2.22: Measured (solid) and simulated (dash) co (LHCP, dark color) and cross-polarized 

(RHCP, light color) radiation patterns of the self-supporting reflector antenna with apex 

matching, at ϕ = 0°. 

 

Fig. 2.23: Measured and simulated broadside directivity of the proposed self-supporting 

reflector antenna. Also shown the simulated directivity with error in feed position. 

4 GHz 5 GHz
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2.5. STAR Realization 

The proposed monostatic STAR relies on rerouting the coupled/leaked signal through the BFN 

consisting of hybrids and circulators to achieve high isolation between TX and RX, as explained in the 

introduction, Section 2.2. System isolation of the proposed approach is dependent on the symmetries and 

imbalances in the antenna geometry and BFN, respectively. Therefore, in this section isolation of the 

system is computed using ideal case, with amplitude and phase imbalances, and asymmetries in the 

reflector geometry.  

2.5.1. Ideal Case 

The S-parameters of the simulated antennas, in HFSS, is combined with the ideal BFN 

components in AWR Microwave office to realize ideal case. Ideal components refer to the 90, 180 

hybrids and circulators without any imbalances in amplitude and phase. Hence, the only asymmetries that 

are present in this case are the asymmetries resulting from the numerical mesh. System isolation > 60 dB 

can be achieved from the proposed configuration, as shown in the Fig.2.24. The finite isolation is mainly 

due to the mesh as mentioned before.  

 

Fig. 2.24: Isolation of the proposed system with and without reflector using simulated 

antennas and ideal BFN. 

2.5.2. Impact of Imbalances 

The system isolation is impacted by the imbalances in amplitude and phase of the BFN since the 

imbalances negatively influence the cancelation process. That is, when frequency independent phase 

imbalance of ±6° and amplitude imbalance of ±0.4 dB are introduced into the system BFN in circuit 

simulator (AWR Microwave Office), the achievable system isolation dropped to 30 dB, as shown in Fig. 

2.25. It should be noted that though the system isolation is dropped due to the imbalances, the obtained 
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isolation is still higher than the circulator’s isolation (ideal circulator with 15 dB isolation is used in this 

analysis). Importantly, system isolation is less dependent on the isolation of the circulator itself. 

Therefore, a circulator with low isolation can still lead to high isolation when the imbalances are minimal. 

 

Fig. 2.25: Simulated isolation of the proposed axis-symmetric self-supporting reflector antenna with 

imbalances in BFN. 

2.5.3. Impact of Asymmetries  

Reflectors, especially, that are physically large, can develop aberrations or roughness over the 

time. The roughness or aberrations in the reflector surface create phase errors, and its impact on 

directivity is well documented in [24]-[26]. In addition to decreasing directivity, asymmetric or random 

roughness can deteriorate the isolation of the proposed STAR antenna system. Random roughness can be 

modeled using various statistical models or distributions [25]. Herein, we use a Gaussian distribution with 

correlation interval comparable to wavelength and root mean square (RMS) height much less than the 

wavelength [24]. Specifically, the surface roughness with correlation length 10 cm (1.33 λ4GHz) and RMS 

height of 0.2 cm (0.026 λ4GHz), when projected on XY plane, is considered. The resulting random rough 

surface (RRS) is shown in Fig. 2.26(a) and (b). The directivity of the antenna with roughness is reduced 

to 24.9 dB from 25.6 dB and 26.9 dB from 28.2 dB, at 6 GHz and 8 GHz, respectively. Also, roughness 

has increased the SLL of the antenna by 8 dB, at 8 GHz. Additionally, the roughness in the order of 

magnitude considered herein can deteriorate isolation up to 14 dB as shown in Fig. 2.27. 

Isolation of circulators

50dB

27dB
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(a) 

 

(b) 

Fig. 2.26: (a) Generated Gaussian roughness with RMS height = 0.2 cm, (b) parabolic surface with 

Gaussian roughness. 

 

Fig. 2.27: Simulated systems isolation of the proposed system with and without roughness. 

36 dB

50 dB
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2.5.2. Measured Isolation 

System isolation > 30dB (refer Fig. 2.28) is achieved with the prototyped STAR system, where 

COTS hybrids with high amplitude and phase imbalances are used in the BFN. Specifically, the used 

180° hybrids have amplitude and phase imbalances of ±0.6 dB and ±10° [27], respectively. Similarly, 90° 

hybrids have amplitude and phase imbalances of ±0.5 dB and ±3°, respectively [28]. COTS circulators 

with 20 dB isolation, 0.35 dB IL and VSWR <1.25 are used [29]. Nonetheless, with the proposed 

approach, an average improvement of 15 dB in isolation is achieved in comparison to the conventional 

single circulator approach, as demonstrated in Fig. 2.28.  The impact of the reflector on isolation is 

minimal, as seen in measured isolation with and without reflector, which is because of the geometrical 

symmetry of the self- supporting reflector antenna.  

 

(a) 

 

(b)                                                                              (c) 

Fig. 2.28: (a) Schematic diagram of the conventional approach and mmeasured isolation of the 

coaxial cavity antenna: (a) without reflector, and (b) with reflector, using proposed monostatic approach 

and the isolation of the full-duplex system for the conventional approach. 
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2.6. Quasi-monostatic STAR 

 The monostatic approach discussed in the previous section can achieve theoretically infinite 

isolation. However, practically achievable isolation is limited by the imbalances of COTS components, as 

illustrated by measured results. Therefore, to overcome the high dependency of isolation on imbalances a 

novel reflector-based space and volume-independent bi-static STAR antenna is proposed. The proposed 

STAR antenna system is realized using the previously designed coaxial cavity feed and center-fed 

symmetric parabolic reflector antenna. However, an additional coaxial cavity antenna, operating in CP, is 

mounted behind the TX feed to function as a receiving antenna. The proposed configuration and its 

operation are shown in Fig. 2. 29. High isolation, i.e. > 70 dB, is achieved with ideal BFN components, 

which is due to the low back lobe and axial ratio of TX feed and RX antenna. In addition, the antennas are 

operated in opposite polarization due to the orientation. The presence of reflector ensures that TX and RX 

subsystems are co-polarized, that is, gold STAR. Thus, the proposed approach eliminates the need of 

circulators required in the configuration discussed in Section 2.5. Also, the configuration is less sensitive 

to the imbalances in BFN as demonstrated in the following sections. 

      

(a) (b) 

Fig. 2.29: (a) Operational principle of the proposed STAR reflector antenna system, and (a) BFN. 

2.6.1. Configuration 

The design along with physical dimensions of the proposed STAR antenna system is shown in 

Fig. 2.30. Two coaxial cavity antennas are mounted back-to-back, where one serves as the feed for the 

reflector and the other as the RX antenna. Further, each antenna is fed by a BFN consisting of two 180° 

and one 90° hybrids to excite the desired CP polarization, which is same as the coaxial cavity antenna in 
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Section 2.3. The feed for the reflector is operated in the left hand (LHCP) whereas the RX is operated in 

the right hand CP (RHCP), see Fig. 2.29. The reflector flips the polarization of the incident wave from 

LHCP to RHCP, achieving desired co-polarized STAR operation. The antennas are separated by 1.25 cm 

thick metal disk which is used to hold the struts. Four identical circular struts of 1 cm diameter are used to 

support the feed and RX. The struts are rotated by 45° in order to reduce the impact on radiation patterns 

in principal planes. 

 

Fig. 2.30: CAD model of the proposed STAR reflector antenna system with dimensions. 

2.6.2. Coupling Paths 

In the absence of reflector, the main path for coupling between the TX feed and RX antenna is 

through the back lobe. Therefore, the low back lobe of the proposed antenna results in coupling < -49 dB 

between the TX and RX probes. Further, when the antennas are excited with mode 1 phase progression 

(0°, 90°, 180°, and 270°), required for CP operation, the BFN provides additional isolation because of the 

polarization diversity. This leads to the system isolation > 70 dB between the TX and RX ports (Fig. 

2.31).  

 

Fig. 2.31: Isolation between TX feed and RX antenna without reflector for circular polarization 

and linear polarization. 
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In the presence of the reflector, the antennas couple through the cross polarization as well, 

thereby, influencing the isolation of the system. Therefore, antennas with high F/B and the low axial ratio 

(AR) as the utilized coaxial cavity will still maintain high TX/RX isolation. High isolation > 70 dB can be 

achieved with ideal BFN components as shown in the Fig. 2.32.  

 

Fig. 2.32: Isolation between TX feed and RX antenna with reflector for circular polarization and 

linear polarization. 

2.6.3. Fabrication and Measurement Results 

The designed coaxial cavity antenna has VSWR < 2, directivity > 9 dBic (Fig.2.33) with aperture 

efficiency > 87.45%, and low AR (< 3dB up to elevation angle of ±35°), which is same as the antenna 

discussed in Section 2.4. Similarly, the reflector antenna has good impedance match and directivity > 21.9 

dBic. In addition, the presence of RX antenna behind the feed and the struts have minimal impact on the 

directivity of the reflector antenna, as shown in Fig. 2.33. Hence, the proposed approach enables high 

isolation without influencing the electrical performance of the TX (reflector) and RX (coaxial cavity) 

antennas. 

        

(a) (b) 

Fig. 2.33: (a) Simulated directivity of TX and RX, and (b) directivity of TX with and without RX. 

The amplitude and phase imbalances in the actual 90° and 180° hybrids increase the cross-

polarized and back lobe levels, which degrade the system isolation. That is, when the COTS components 

TX-Port 1

RX-Port 1
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from section 2.5 are used in BFN, the isolation has dropped to > 46 dB as shown in Fig. 2.34. 

Nevertheless, the proposed approach is not crucially sensitive to the BFN’s imbalances and has average 

measured system isolation of 61 dB. Also, it is observed that lower the coupling between TX feed and 

RX, lower is the influence of imbalances on system isolation, which can be noticed from Fig. 2.34. 

    

(a)                                                                                      (b) 

Fig. 2.34: Simulated and measured TX/RX isolation: (a) without, and (b) with the reflector. 

The radiation patterns of the TX and RX subsystems are shown in Fig. 2.35. As expected, the TX 

and RX patterns are different due to the physical size of the aperture. However, for some applications, it 

is still beneficial to have simultaneously wide-beam antenna at RX side for a wide field of view sensing 

and high directivity and power handling TX antenna for long-range transmission or jamming operations. 

The aperture efficiency of the reflector antenna can be further improved by using a larger reflector with 

smaller edge taper (~ -12 dB) and reduced spillover.  

 

(a) 

 

(b) 

Fig. 2.35: Simulated and measured radiation patterns of (a) TX and (b) RX, at ϕ = 0°. 
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2.7. Conclusions  

 This chapter discussed two approaches to increase the isolation between the TX and RX 

channels of a high gain reflector antenna. In the first approach, high isolation in the introduced 

monostatic STAR approach is achieved by canceling the coupled/leaked signals using the BFN 

consisting of 90° and 180° hybrids and circulators. Theoretically, it is explained that infinite 

isolation can be achieved between the TX and RX, through the proposed method. However, it is 

shown that the asymmetry in the antenna geometry and the BFN can significantly deteriorate the 

achievable isolation which is demonstrated by considering an offset-fed reflector, surface 

roughness of the reflector and imbalances in BFN. Using COTS components with noticeable 

imbalances and more importantly variation between thereof, average isolation > 30 dB is 

achieved with the fabricated system, which is ~15 dB higher than the isolation achieved with the 

conventional circulator approach.  

 In the second approach, a quasi-monostatic high gain reflector based STAR antenna 

configuration is outlined. High isolation between TX feed and RX is achieved by using high F/B 

ratio and low cross-pol level coaxial cavity antennas.  System isolation > 70 dB is achieved with 

ideal BFN and average measured isolation of 61 dB is achieved with COTs BFN components. 

Further, it is shown that the quasi-monostatic approach proposed herein is less sensitive to 

imbalances and asymmetries in the BFN and antenna geometry, respectively. 
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Chapter 3: Handheld Radio Antenna System 

3.1. Introduction 

Simultaneous transmit and receive (STAR) concept attracts growing interest of researchers in the 

areas of wireless communications and electronic warfare. True STAR systems aim to enable full duplex 

operation without multiplexing in frequency, time, and polarization. Therefore, leading to the efficient use 

of frequency spectrum and theoretically doubled system throughput. For practical realization of a STAR 

system, isolation between transmitter (TX) and receiver (RX) ports in the order of more than 100 dB is 

desired. This is typically achieved by reducing the self-interferences between the TX and RX at the 

antenna, analog, and digital cancelation layers [1]-[3]. This work focuses mainly on the antenna system 

layer implemented on handheld radio platforms. 

Different antenna design techniques have been proposed to reduce the self-interference between 

TX and RX ports and thereby increase the isolation between them. Bistatic STAR configurations rely on 

using separate antennas for TX and RX, and often take advantages of spatial, polarization, or beam 

multiplexing [4]-[8] to further reduce the TX/RX coupling. The issue with this approach is the large 

distance required between TX and RX antennas to achieve an acceptable isolation level. A bistatic spatial 

filtering in [5] demonstrates an isolation of more than 30 dB over tunable narrowband channels for mobile 

handsets. In [6], a collocated bistatic TX/RX antennas with orthogonal linear polarizations achieve 50 dB 

isolation over 6.5% bandwidth. In [7], the coupling between closely-packed antennas is reduced to less 

than -40 dB, using defective ground structure placed between TX and RX antenna elements. A wideband 

dual-polarized bistatic STAR antenna system, given in [8], shows the isolation of more than 60 dB over 

3:1 bandwidth. Other bistatic STAR antennas rely on near-field cancellation of the TX (RX) antennas 

along the direction of the RX (TX) antennas [3], [9]-[15]. For example, an isolation of more than 50 dB, 

between an RX monocone and a TX ring array of eight TEM horns, is achieved in [15], over a decade 

bandwidth. The main issues of this approach include the complex beamforming network (BFN) required 

for the large number of TX (RX) elements, the sensitivity to BFN imbalances, and the dissimilarities 

between TX and RX radiation patterns. 

Monostatic STAR configurations aim to use same antennas for both TX and RX, therefore 

reducing the size of the antenna system which is critical for space-constrained platforms. However, its 

implementation is quite challenging given the impact of the internal self-leakage of the actual circuit 

components. Monostatic STAR techniques rely mainly on circulators [16]-[22] or antennas with internal 

isolation capability [23]-[25]. Isolation of the former approach is limited not only by the circulator 
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internal isolation but also with the reflected signal from the antenna due to mismatch or interactions with 

nearby scatterers. The later approach includes several configurations, mainly based on system symmetry 

to provide high isolation levels. In [23], a bi-directional single antenna achieves high isolation of more 

than 40 dB using a balanced feed network based on quadrature hybrids and circulators. An ultra-wideband 

monostatic STAR antenna system, presented in [24], demonstrates an isolation of more than 39.5 dB, 

based on the multi-arm frequency-independent antenna and feed cancelation technique. In [25], an 

antenna system, composed of a sequential rotation array of four dual-polarized patch antennas and two 

modified Butler-matrix BFN, achieves isolation higher than 47 dB. 

This work presents a monostatic full-duplex antenna system, designed for a typical handheld 

radio platform, based on a mode multiplexing technique. The antenna structure is a circular array of four 

identical dipole elements, which are fed in two orthogonal phase modes for TX and RX using BFN. This 

mode orthogonality can, theoretically, achieve an infinite isolation between TX and RX, provided that the 

symmetry between antenna elements is maintained. The main challenges associated with the proposed 

platforms are the asymmetric shape of the handheld device and the impact of nearby objects represented 

mainly by a soldier holding the radio. Two BFNs are proposed, demonstrating an isolation level of more 

than 65 dB, assuming ideal BFN components while considering the asymmetric shape of the handheld 

radio. To illustrate the practical realization of the antenna structure, sensitivity analyses on the impacts of 

imbalances in realistic BFN, as well as nearby soldier are carefully executed. These analyses demonstrate 

high isolation level of more than 24 dB over the dedicated frequency band (i.e., 1.75-1.85 GHz). To 

validate the proposed antenna configuration, a system prototype is fabricated and tested using BFN 

components. The measurement results show the isolation of more than 30 dB between TX and RX ports. 

Further improvement in the isolation level, (more than 60 dB), is obtained at narrow bandwidth channels, 

using the feedback cancellation technique. 

3.2. Full-Duplex Antenna System Design 

3.2.1. Antenna System Configuration 

The proposed antenna structure is a circular array of four symmetrical half-wavelength dipoles 

placed around a cylindrical metallic mast, as shown in Fig. 3.1. The mast is used to reduce coupling 

between dipoles and route the BFN. Four microstrip baluns are designed to provide balanced feed for the 

dipoles. Plastic parts, fabricated using 3D-printing, are used to mechanically support the antenna 

elements. A BFN feeds the dipoles in two orthogonal phases modes, which ensures high isolation 

between TX and RX. 
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This antenna configuration is applicable for different types of handheld radios. Specifically, 

handheld radio THALES AN/PRC-148B MBITR2 [26] is used as an example of a realistic platform 

implementation of the proposed design. This radio has dimensions of 8.5ʺ x 2.65ʺ x 1.75ʺ (215.9 x 67.3 x 

44.5 mm3) and it operates over three frequency bands, 225-450 MHz, 1250-1390 MHz, and 1750–1850 

MHz. The proposed antenna system is designed to cover the upper frequency band of 1750–1850 MHz. 

The spacing between the dipoles is deliberately selected as 36 mm to fit within the handheld width as 

shown in Fig. 3.1. The length of the metallic mast is equal to the height of the dipoles, and its diameter is 

equal to 20 mm, which is tuned for low coupling between the dipoles. The length and diameter of the 

dipole elements are equal to 64 mm and 1 mm, respectively. A Taconic RF-30 substrate is used for the 

design of the microstrip baluns.  

A full-wave simulation for the whole system is carried out using the commercial software 

ANSYS HFSS [27]. The S-parameters of one dipole, where the other dipoles are symmetric, are shown in 

 

Fig. 3.1: Proposed antenna system for handheld radios. 
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Fig. 3.2. The simulation results demonstrate good antenna matching and low coupling of less than -16 dB 

between the dipoles. 

 

3.2.2. Beamforming Network (BFN) 

A BFN, shown in Fig. 3.3 (a), is used to feed the dipoles in two orthogonal phase modes. Mode 1 

(M1), i.e., quadrature phase shift between dipoles, is used for TX path, and mode 0 (M0), i.e., no spatial 

phase shift between dipoles, is used for RX path. The BFN has a 90° hybrid, two 180° hybrids, and a 

splitter. This mode multiplexing ideally achieves an infinite isolation and high radiation pattern 

correlation between TX and RX, in case of maintained symmetry between antenna elements [28]. 

Nevertheless, the asymmetric shape of the handheld radio, as well as the internal self-leakage of the actual 

components of BFN may reduce the system isolation. The BFN analysis is performed using the 

commercial NI AWR [29] software [29], considering both ideal BFN and actual COTS components 

available in our lab. To determine the impact of the asymmetry in COTS BFN, we studied the case of two 

identical 180° hybrids and the case where these hybrids are different.  

The simulation results, shown in Fig. 3.3 (b) and (c), demonstrate good impedance match and 

high isolation between TX and RX ports. Isolation greater than 68 dB is achieved over the entire band 

with the ideal BFN, and greater than 30 dB when actual COTS BFN is considered. The utilized 90° and 

180° hybrids are from Werlatone, Inc. with model numbers QH7903 and H7942, respectively, and the 

splitter, model RFLT2W08025, is from RF-Lambda. M1–M0 topology is less-sensitive to BFN 

asymmetry, so that only 1.5 dB improvement in isolation is achieved when considering identical 180° 

hybrids, as shown in Fig. 3.3 (c). Moreover, this enables omnidirectional radiation patterns for both TX 

and RX, as shown in Fig. 3.4 (a) and (b). As seen, there is a small discrepancy in the radiation pattern of 

M1 due to the small size of the nearby ground plane, which is represented by the top surface of the 

 

Fig. 3.2: S-parameters of the antenna system. 
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handheld radio. However, the radiation pattern maintains the close similarities between TX and RX 

patterns, demonstrating an envelope correlation coefficient (ECC) larger than 61 % over the entire 

frequency band, as shown in Fig. 3.4(c). ECC is an indication of how dependent/independent radiation 

patterns of two antennas are, considering both polarization and pattern shapes [30].  

 
(a) 

 
 (b) 

 
    (c) 

Fig. 3.3: Phase modulation “Mode 1 – Mode 0”; (a) BFN, (b) reflection coefficients, and (c) isolation 

between TX and RX. 
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Further improvement in the isolation between TX and RX ports is achieved by replacing the 90° 

hybrid of Fig. 3.3 (a) by a 180° hybrid, as shown in Fig. 3.5 (a) and (b). Consequently, the TX signal that 

flows through the 180° hybrid is divided into two signals equal in magnitude and opposite in phase. This, 

in turn, makes the self-leakage of the other two 180° hybrids to be opposite in phase, resulting in 

cancelation at the RX port, and thereby increasing the isolation. This topology feeds the antenna elements 

in a mixed mode (MM) with phase shifting between the dipoles of either 0°, 0°, 180°, 180° (MM1 in Fig. 

3.5 (a)) or 0°, 180°, 180°, 0° (MM2 in Fig. 3.5 (b)). The simulation results of MM–M0 topology 

demonstrate improvements in isolation, which is > 58 dB when considering identical 180° hybrids and > 

43 dB with non-identical hybrids, as shown in Fig. 3.5 (c).  The difference between results of MM1 and 

MM2 is due to the asymmetric shape of the handheld radio. As seen, MM-M0 topology shows high 

sensitivity to the asymmetry of BFN. Besides, the radiation patterns of the mixed modes are not 

omnidirectional, demonstrating ECC of around 50 % with mode 0, as shown in Fig. 3.6. Therefore, 

switching between MM1 and MM2 is needed to compensate for the low pattern correlation with M0. 

   
   (a)                                                 (b)  

 
         (c) 

Fig. 3.4: (a) Gain pattern of mode 0, (b) gain pattern of mode 1, and (c) envelope correlation coefficient 

between the two patterns. 
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Based on these results, the proposed mode multiplexing techniques, i.e., M1-M0 and MM-M0, 

demonstrate high isolation between TX and RX ports over the dedicated frequency band. 

 

 

          
                                                        (a)                                                                    (b) 

 
(c) 

Fig. 3.5: (a) BFN MM1-M0, (b) BFN MM2-M0, and (c) isolation between TX and RX. 

    
                                                     (a)                                          (b)  

 
(c) 

Fig. 3.6: (a) Gain pattern of Mixed Mode 1, (b) Gain pattern of Mixed Mode 2, and (c) envelope 

correlation coefficient between mixed modes and mode 0. 
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3.2.3. Impact of Amplitude and Phase Imbalances of BFN 

As seen from the previous analysis, the isolation between TX and RX ports is limited by the 

asymmetries in the COTS BFN. Therefore, we have studied the influence of amplitude and phase 

imbalances on the system isolation. The imbalances used are chosen to be within the actual amplitude and 

phase variations of the COTS hybrids, which are 0-0.5 dB and ±5°, respectively. The results, shown in 

Fig. 3.7, illustrate that the M1-M0 BFN is less-sensitive to imbalances in comparison with MM-M0 BFN. 

However, the later maintains higher isolation levels greater than 32 dB, and the former achieves isolation 

of more than 26.5 dB over the operational bandwidth. As seen in Fig. 3.7, the isolation values obtained in 

simulations using the COTS components available in our lab are within the range obtained from this 

analysis. Based on this analysis, it is seen that the two proposed structures achieve high isolation values 

while considering amplitude and phase variations of realistic BFN components. 

 
(a) 

 
(b) 

Fig. 3.7: Impact of BFN imbalances on isolation; (a) M1-M0, (b) MM-M0. 
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3.3. Fabrication and Measurements 

To validate the performance of the proposed antenna system, a prototype of the antenna structure 

is fabricated and mounted on the top of a dummy handheld radio to be tested, as shown in Fig. 3.8 (a). 

The dipoles are made of 1 mm diameter brass rods. Polylactic plastic is 3D printed to mechanically 

support the dipoles, and nylon screws are used to secure the balun substrate and auxiliary plastic parts. To 

enable measurements, long coaxial cables are used with extended lengths through the metallic mast and 

the dummy radio. The outer conductors of the four cables are grounded by connecting them to the 

metallic mast to choke the surface currents. In the actual system, these cables are not needed, and the 

antenna elements will be connected directly to the BFN inside the metallic mast. 

3.3.1. Measurements of Scattering Parameters 

Scattering parameters of the four dipoles are measured inside an anechoic chamber, using a 

vector network analyzer (VNA), to eliminate reflections from the surroundings. As seen from Fig. 3.8 (b), 

the four dipoles are well matched over the operational bandwidth, and the coupling between dipole 

elements is less than -14 dB. One cable (i.e., port 2) shows a small notch out of the dedicated band in S22 

and the corresponding couplings (i.e., S21, S32, and S42), which is due to soldering errors. Since the 

antenna symmetry is an important factor to achieve high isolation, we have checked the reflection 

coefficient phases of the four ports, as shown in Fig. 3.8 (c). As seen, there are some discrepancies in the 

phases, which are mainly due to an error in cutting equal lengths for the four cables, as well as tolerance 

in the antenna fabrication and assembly. Differences in reflection coefficient phases correspond to twice 

the actual phase errors between input ports. Considering the smallest phase value as a reference, the phase 

errors of the four ports at 1.8 GHz are 0°, 2.1°, 6.6°, and 9.7°, respectively. 

3.3.2. Isolation Measurements 

As previously discussed, the internal self-leakage and magnitude and phase imbalances of COTS 

BFN components impact the isolation between TX and RX ports. Therefore, we have measured the 

system isolation using several COTS components available in our lab, and using different combinations 

of hybrids. All measurements were conducted in the anechoic chamber to avoid reflections from 

surroundings. Reflection coefficients of all BFN combinations, shown in Fig. 3.9 (a) and (b), demonstrate 

good impedance match over the required frequency band. For M1-M0 configuration, measurements of all 

BFN iterations show system isolation of more than 24 dB over the entire frequency band, as shown in 

Fig. 3.9 (c).  The best iteration achieves an isolation of more than 29.5 dB over the operational bandwidth, 

which is very close to the simulation results (i.e., > 30 dB) despite the asymmetry in the system prototype.  
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To illustrate the effect of the tolerances in fabrication and assembly, the measured S-parameters are 

imported to the NI AWR software and are connected to an ideal BFN. This study shows a reduction in the 

 
(a) 

 
(b) 

 
(c) 

Fig. 3.8: (a) System prototype, (b) measured magnitudes of S-parameters, and (c) measured phases of 

reflection coefficients. 
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theoretical isolation from 68 dB (see Fig. 3.3(c)) to 36 dB (see Fig. 3.9(c)). Moreover, we studied to 

impact of the long cables by correcting the associated phase errors at 1.8 GHz using NI’s AWR. The 

result shows some improvement in the isolation at narrow band of frequency, as shown in Fig. 3.9(c). 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3.9: Measurement results; (a) reflection coefficients of M1-M0, (b) reflection coefficients of MM-

M0, (c) isolations of M1-M0, and (d) isolations of MM-M0. 
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For MM-M0 configuration, the measured isolations are close to that obtained with M1-M0. All 

BFN iterations demonstrate isolations more than 23 dB, and the best of them achieve isolations more than 

30 dB over the operational bandwidth, as shown in Fig. 3.9(d). The reason for the limited improvement in 

isolation, compared with the simulation results of Fig. 3.5(c), is illustrated when applying the ideal BFN. 

As seen, the asymmetry in the prototype reduces the ideal isolation from 65 dB to 32 dB, which is 

increased to 45 dB by correcting the phase error caused by the long cables. This analysis demonstrates 

that MM-M0 structure is more sensitive to the asymmetry in the antenna system compared with M1-M0. 

In summary, the measurement results illustrate the validity of the proposed antenna configuration 

to achieve system isolation of more than 30 dB. Further improvements in isolation can be achieved using 

MM-M0 structure, through high-precision fabrication and system integration. 

3.3.3. Measurements of Radiation Patterns 

Radiation pattern measurements of the system prototype were conducted in the anechoic 

chamber, as shown in Fig. 3.10(a), where the pattern of each antenna element is individually measured. A 

post-processing analysis is then performed to obtain the radiation pattern of each phase mode, by applying 

the necessary phase shifting between the dipoles. Measurement and simulation results of the four phase 

modes, i.e., M0, M1, MM1, and MM2, are shown in Fig. 3.10(b)-(e), respectively. As seen, good 

agreements between simulation and measurement patterns are obtained. Small discrepancies in E-plane 

patterns are mainly due to the asymmetry in the system prototype. 

M0 demonstrates a pure omnidirectional pattern with the cross-polarized level of less than -17 

dB. M1 is sensitive to the small size of the nearby ground plane, which is clear from the appearance of the 

back lobe in E-plane pattern and the high cross-polarization. In this prototype, the distance between the 

dipoles bottom edge and the ground plane (i.e., the top surface of the handheld radio) is 2 mm. Further 

reduction in the cross-polarization level of M1 can be obtained by increasing the height of the dipoles 

and/or increasing the size of the ground plane. The two mixed modes, i.e., MM1 and MM2, show two 

complementary omnidirectional patterns by switching between the two modes when needed. The 

difference between the E-plane patterns of MM1 and MM2 is due to the asymmetric shape of the 

handheld radio (i.e., the ground plane is a rectangle). Based on these results, the measurements validate 

the design performance of the proposed phase operational modes. 
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                                                    (a)                                                           (b) 

 

 

 
(c) 

 

 
(d) 

 

 
(e) 

Fig. 3.10: Measured and simulated far-field radiation patterns; (a) prototype setup in the anechoic 

chamber, (b) M0, (c) M1, (d) MM1, and (e) MM2. 
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3.4. Impact of Nearby Objects 

As discussed earlier, the system configuration aims to maintain symmetry between the antenna 

elements, therefore ensuring high isolation between the TX and RX ports. Objects close to the handheld 

radio can lead to strong scattering toward the antenna elements, which may affect the symmetry and 

reduce the isolation level. Handheld radios are used by soldiers, therefore, we have studied the impacts of 

the nearby human body (i.e., hand and head) and the metal helmet on the system isolation. Three common 

ways of handling the handheld radio close to the human hand and head are shown in Fig. 3.11(a). For 

each case, we conducted a parametric study on ANSYS HFSS by changing the position of the head 

relative to fixed locations of the handheld radio and the hand. Specifically, the position of the head 

changes in the three directions; (1) towards and away, (2) right and left, and (3) top and bottom, with 

respect to the handheld radio. Total of 64 different positions for the human head are considered in each 

case of these studies, (i.e., four step increments in each direction).  

The simulation results are then imported in the NI AWR software, so when connected to the 

proposed BFNs (i.e., M1-M0 BFN and MM-M0 BFN) the isolation can be calculated. The results of these 

sensitivity analysis shown in Fig. 3.11(b)-(d), demonstrate high isolation levels for all the three cases 

under consideration. The worst-case scenario is when the handheld antenna system is very close to the 

head (e.g., case III), which still maintains isolation level of more than 24 dB, as shown in Fig. 3.11(d). 

Moreover, these results illustrate an agreement with the earlier conclusion that MM-M0 BFN is more 

sensitive to system asymmetry compared to M1-M0 BFN. Nevertheless, the average isolation levels 

confirm that MM-M0 methodology can achieve higher isolation. 

Further analysis of the effect of nearby scatterers has been performed by studying the impact of 

soldier’s metal helmet on the antenna system, as shown in Fig. 3.12(a). Nearby conductive objects can 

lead to strong electrical interactions with the antenna system, thereby reducing the isolation level. For a 

worst-case scenario, the helmet material is selected to be a perfect electrical conductor (PEC). 

Comparison between isolation levels, while considering soldier’s head with and without a metal helmet, 

were performed for the three head orientations of Fig. 3.12(a). The results, shown in Fig. 3.12(b) and (c), 

illustrate that there is no significant change in isolation levels when the handheld radio is not directly 

close to the helmet (i.e., cases I and II). But in case III, the antenna system is very close to the helmet, 

resulting in some reduction in the isolation (> 24 dB). Based on these analyses, the proposed antenna 

structure illustrates high system stability to nearby objects, maintaining a high level of isolation over the 

operational bandwidth. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3.11: Impact of nearby human body on system isolation; (a) Three ways of handling the radio, (b) 

case I, (c) case II, and (d) case III. 
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3.5. Feedback Cancellation for Isolation Improvements 

Further improvements in the system isolation can be achieved with the feedback cancelation 

approach shown in Fig. 3.13(a). This method benefits from the leakage in the actual COTS 90° hybrid to 

cancel the coupled signal (Scoupled) at RX port. This leaked signal passes through an attenuator and a phase 

shifter, which are tuned so that the signal Sleaked has the same magnitude and opposite in phase with the 

coupled signal Scoupled. Consequently, these two signals are canceled at the RX port thereby increasing the 

system isolation. This technique is more effective in narrowband channels where the compensation of 

 
(a) 

 
(b) 

 
(c) 

Fig. 3.12: Comparison between isolation levels with and without metal helmet; (a) Three ways of 

handling the radio, (b) M1-M0, and (c) MM-M0. 
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phase imbalances can be achieved relatively easily. Theoretically, this approach can achieve an infinite 

isolation at a single frequency. 

Accordingly, a tunable attenuator and a tunable phase shifter can achieve high isolations at some 

discrete channels, as shown in Fig. 3.12(b). As seen, isolation of more than 60 dB is achieved at discrete 

channels of more than 5 MHz bandwidth, which is the RF channel bandwidth of the handheld radio under 

consideration [26]. This methodology is also very effective when using a dynamically tuned attenuator 

and phase shifter to overcome the impact of nearby scatterers. 

 

3.6. Discussion 

This section discusses other ideas that can be implemented using the proposed dipole array 

antenna system. 

3.6.1. Direction Finding  

The proposed antenna system that composed of a circular array of four dipoles can also be used 

for direction finding based on M1-M0 BFN. In this case, both ports of the BFN (M1 and M0 ports) 

 
(a) 

 
(b) 

Fig. 3.13: Feedback cancelation technique, (a) M1-M0 BFN, and (b) Isolation. 
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operate in the receive mode. Fig. 3.14(a) shows the phase variation of the received signal with the change 

of the azimuth angle (ϕ) for both M1 and M0. As seen, the phase of M0 is almost constant, while the 

phase of M1 changes linearly with ϕ. As a result, computing the difference in phase between received 

signals of M1 and M0 can indicate the azimuth direction ϕ of the received signal, as shown in Fig. 

3.14(b). 

 

3.6.2. Antenna Rotation Technique 

As previously discussed, MM-M0 BFN topology ensures high isolation between TX and RX 

ports. However, one of the main limitations of this BFN configuration is the nulls located in the radiation 

patterns, as shown in Fig. 3.6(a) and (b). We mentioned earlier that switching between MM1-M0 and 

MM2-M0 can overcome this limitation. Another possibility to address this issue is to allow mechanical 

rotation of the four dipoles around the metallic mast, as shown in Fig. 3.15(a). Therefore, the directive 

beams of M1-M0 topology can be freely directed to any azimuth angle ϕ, as shown in Fig. 3.15(b), based 

 
(a) 

 
(b) 

Fig. 3.14: Direction finding (a) received signal phase for M1 and M0 versus azimuth direction angle, and 

(b) differential phase of M1-M0. 
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on the direction of communication. Due to the asymmetric shape of the handheld radio, we calculated the 

isolation level for MM-M0 at all azimuth angles ϕ, as shown in Fig. 3.15(c), which demonstrate high 

isolation of > 43 dB, with considered actual COTS BFN.  

 

 
(a) 

 
(b) 

 
(c) 

Fig. 3.15: Antenna rotation technique, (a) antenna array mechanical rotation, (b) corresponding 3D gain 

patterns, and (c) isolation levels. 
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3.6.3. Tuning Antenna to Lower Frequencies 

As mentioned in Section 3.2.1, the handheld radio under consideration [26] operates over three 

frequency bands, 225-450 MHz, 1250-1390 MHz, and 1750-1850 MHz. We designed the antenna system 

to cover the highest band (i.e., 1750-1850 MHz) due to the limited space on the top of the handheld radio. 

Nevertheless, we studied the possibility of tuning the same antenna configuration to cover lower 

frequency bands while monitoring isolation levels. A matching circuit composed of four identical paths; 

each path has an inductor and a capacitor, is connected to the four dipole antennas. The matching circuit 

is tuned to a single frequency at the center of the middle frequency band (i.e., 1.32 GHz) of the handheld 

radio. A feedback cancelation section is added to ensure high isolation levels for both M1-M0 and MM-

M0 configurations, as shown in Fig. 3.16(a) and (b), where a transmission line is used as a phase shifter. 

The simulation results, shown in Fig. 3.16(c) and (d), demonstrate good antenna matching and high 

isolation levels at the dedicated frequency for both BFN topologies. This, in turn, validates the proposed 

methodology for tuning the antenna system to operate at lower frequency bands. 

 

3.7. Handheld Antenna System without BFN 

This section presents another antenna system that can be implemented on the handheld radio 

platform. Two orthogonal and symmetric bifilar helix antennas, shown in Fig. 3.17(a), exhibit high 

isolation between the two input ports (i.e., > 45 dB) over the operational bandwidth (see Fig. 3.17(b)). 

    
(a)                               (b) 

   
   (c)               (d) 

Fig. 3.16: Tuning antenna system to lower frequency band, (a) M1-M0 configuration, (b) MM-M0 

configuration, (c) M1-M0 S-parameters, and (d) MM-M0 S-parameters. 
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Fig. 3.17(c) shows the gain patterns of the antenna system, which illustrates circularly-polarized 

bidirectional radiation along the axial plane. This antenna configuration has several advantages such as, 

no need of a BFN, the ease of fabrication, and the availability of circularly polarized radiation patterns. 

For practical reasons, the handheld radio is included in the full-wave simulation to consider the impact of 

its asymmetric shape, as shown in Fig. 3.18(a). As seen in Fig. 3.18(b), the system isolation > 31.5 dB is 

maintained over the entire band in spite of reduction in isolation. The antenna gain patterns show some 

changes in the back lobe due to the shape of the handheld radio, as shown in Fig. 3.18(c). Further study 

on the impact of the soldier’s body and the metal helmet is performed, as shown in Fig. 3.19, and the 

results demonstrate high isolation level >  26 dB over the operational bandwidth. Based on this study, the 

proposed quadrifilar helix antenna is a good candidate to be implemented on handheld radio platforms to 

enable a full-duplex operation. 

 

    
(a) 

   
(b) 

 
(c) 

Fig. 3.17: (a) Two orthogonal bifilar helix antenna (quadrifilar helix antenna), (b) S-parameters, and (c) 

gain patterns. 
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(a)                  (b) 

   
(c) 

Fig. 3.18: (a) Quadrifilar helix antenna implemented on a handheld radio, (b) S-parameters, and (c) gain 

patterns. 

            
                    (a)                            (b) 

  Fig. 3.19: Impact of nearby soldier’s body and metal helmet (a) simulation model, and (b) S-parameters. 
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3.8. Conclusion 

This chapter discussed a monostatic STAR antenna system, designed for typical handheld radios. 

The antenna structure is composed of four identical half-wavelength dipole antennas, arranged in a 

circular array, and placed on the top of the handheld device. BFN is used to feed the dipoles in two 

orthogonal phase modes, thereby ensuring high isolation between TX and RX ports. The proposed 

antenna configuration is designed for narrowband (i.e., 1.75–1.85 GHz) radio systems. To validate the 

design, a system prototype is fabricated and tested using COTS BFN components. The measurement 

results demonstrate an isolation level of more than 30 dB, between TX and RX ports, over the operational 

bandwidth. Measured radiation patterns are in good agreements with the simulation results. Moreover, the 

impact of system imbalances, due to magnitude and phase errors in realistic BFN components and effect 

of nearby soldiers, are carefully studied. The sensitivity analysis shows the maintenance of high isolation 

levels of more than 24 dB over the entire frequency band. Further improvement in system isolation i.e., 

more than 60 dB, is achieved over narrow band channels, using feedback cancellation technique. Further 

studies on the dipole array antenna were carried out, demonstrating the antenna operation for direction 

finding, and the possibility of tuning the antenna to cover lower frequency bands. Furthermore, another 

antenna configuration, based on a quadrifilar helix antenna, can be implemented on a handheld radio 

platform, to achieve high isolation levels without the need for a BFN. 
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Chapter 4: STAR Antenna Systems for UAV-Raven     

4.1. Introduction 

   Unmanned aerial vehicles (UAVs) are used to perform tactical missions. To establish a 

communication link between a UAV and ground, various antennas on UAV platforms were recently 

proposed [1-5]. This chapter presents three configurations to implement STAR antenna system on a low-

cost UAV (i.e., UAS RQ-11 Raven) platform shown in Fig. 4.1. The first configuration is a single dual-

polarized patch antenna with balanced circulator feed. When a circulator is used on a monostatic antenna 

to isolate TX and RX channel, it is well known that the isolation is limited by the return loss of the 

antenna element. To overcome this, balanced circulator configuration is proposed in [6, 7]. The balanced 

circulator can achieve improved isolation by canceling the reflected signal from antenna port while 

radiation patterns of TX and RX are identical. Also, both left-handed circular polarization (LHCP) and 

right-handed CP (RHCP) are supported (dual-polarized). This approach is applied with a dual-polarized 

patch antenna element, and its flush-mounted integration on the belly of UAV is presented as the first 

method. The second approach is the use of a sequential rotation array (SRA) of dual-polarized antennas 

and two Butler matrix beamforming networks (BFN) [8]. The second approach also offers co-polarized 

TX and RX, dual-CP, and theoretically infinite isolation. This method is applied with the same dual-pol 

patch element, and its conformal integration on the tail of UAV is presented. The third considered 

approach is exciting two orthogonal modes on the UAV body based on the characteristics mode analysis 

(CMA) [9]. One characteristic mode operates for transmitting and the other mode for receiving. Due to 

the orthogonality of characteristic modes, high isolation between TX and RX is expected. 

 

 
  Fig. 4.1: Model of UAS RQ-11 Raven. 
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4.2. Balanced Circulator  

   Fig. 4.2 shows the balanced circulator BFN. The composed of two circulators and two 90° 

hybrids. Two output ports of the BFN is connected to two orthogonal ports of the antenna. With this 

configuration, the reflected signals from V- and H-pol ports are canceled at the RX port due to the 90° 

hybrids, resulting in high isolation. When load1 is used as TX port and load2 is used as RX port, the 

polarization is changed to the other sense. Detailed analysis of the balanced circulator is provided in 

Chapter 2.  

 

 

A dual-polarized microstrip patch antenna is designed on Rogers TMM-4 dielectric (εr = 4.5, tanδ 

= 0.002) and is flush-mounted on the belly of UAV raven as shown in Fig. 4.3. The size of the dielectric 

 
  Fig. 4.2: Configuration of the balanced circulator.  
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  Fig. 4.3: Dual-polarized microstrip patch flush-mounted on the Raven’s Belly. 
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board is 50 mm × 50 mm × 1.524 mm and that of the patch is 36.5 mm × 36.5 mm. As seen, the antenna 

system can be integrated with UAV Raven without causing any air drag. The isolation and return loss of 

the proposed STAR antenna system on UAV platform are shown in Fig. 4.4(a). Isolation higher than 20 

dB is achieved over 1750–1850 MHz. Note that the isolation is limited by the coupling between V- and 

H-pol ports of the patch. Fig. 4.4(b) shows the radiation pattern of the antenna on the UAV. As seen, 

symmetric CP patterns are achieved with cross-pol rejection better than 20 dB at the boresight.  

 

 

4.3. Sequential Rotation Array (SRA) of Dual-Pol Patch Elements 

   Fig. 4.5 shows the configuration of the proposed STAR SRA antenna system. The system 

consists of SRA of four dual-polarized antenna elements and two modified Butler matrix BFNs. Each 

antenna has orthogonal TX and RX ports. Each set of TX and RX ports is excited with 90° phase 

progression by using two BFNs, one for the TX and the other for the RX channel. Since the phase 

  
(a)       (b) 

  Fig. 4.4: Performance of the STAR antenna system (patch with balanced circulator) on the Raven’s 

belly. (a) Isolation and return loss. (b) Radiation pattern. 
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  Fig. 4.5: Configuration of the proposed SRA STAR antenna system composed of four dual-polarized 

patch antennas and two Butler matrix BFNs.  

0

0

1

2

0

3

0

5

0

6

0

4

1
o

TX

0

3
o

TX

180

2
o

TX

90

4
o

TX

270

1
o

RX

0

3
o

RX

180

2
o

RX

90

4
o

RX

270



W911NF-17-1-0228: Full Duplex Antenna Study 

 

 

 

 
 63 

progression along TX and RX SRAs are the same, the patterns of TX and RX antennas are co-polarized. 

The BFNs are modified Butler matrix type consisting of a 90° hybrid and two 180° hybrids 

interconnected to produce 90° phase progression across four output ports. When alternative TX and RX 

ports, denoted as load1 and load4, respectively, are excited, the phase progression is reversed and 

polarization becomes RHCP. In the proposed STAR antenna system, couplings from TX to RX ports are 

canceled with each other owing to the geometric symmetry of the SRA and phase progression of BFNs; 

thus, infinite isolation is achieved theoretically. In practice, the isolation is limited by asymmetry of SRA 

and imbalances of BFN. 

 

 

Fig. 4.6 shows the proposed STAR SRA antenna system flush-mounted on the tail of UAV 

Raven. Due to the larger size of antenna system compared to the single patch with the balanced circulator, 

the tail is considered for antenna platform instead of belly. The spacing between patch elements is a 

 
  Fig. 4.6: STAR SRA flush-mounted on the tail of UAV Raven. 
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  Fig. 4.7: (a) Isolation and (b) loss in BFN loads for various spacing between patch elements. 
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critical design parameter for the proposed STAR antenna system. Fig. 4.7(a) shows the isolation for 

various spacing. As the spacing increases, the isolation is degraded since the geometrical symmetry is 

disturbed by the UAV. However, the increased spacing leads to less power loss in the BFN loads as 

shown in Fig. 4.7(b) due to the reduced coupling. Note the coupled power is dissipated at BFN loads. To 

achieve less loss and moderate isolation, the spacing is chosen to be 50 mm. The gain and radiation 

pattern of the STAR antenna on the tail of Raven are shown in Fig. 4.8(a) and (b), respectively. Gain 

higher than 7dBic is achieved over 1750–1850 MHz with symmetric CP patterns. 

 

 

4.4. Characteristic Mode Analysis (CMA) Based Approach 

Characteristic mode analysis (CMA) is carried out using FEKO software. Model significance 

results, shown in Fig. 4.9, indicate that the modes “mode 1 – mode 3” at 180 MHz and “mode 1 – mode 

 
(a)      (b) 

  Fig. 4.8: (a) Gain and (b) radiation pattern of the STAR antenna on Raven with S = 50mm. 
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Fig. 4.9: Modal significance of UAV-Raven. 
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5” at 270 MHz are orthogonal. If we successively excite any of these orthogonal modes for TX and RX, 

high isolation could be achieved. The surface current distributions and radiation patterns, based on CMA, 

of modes 1 and 3 at 180 MHz are plotted in Fig. 4.10. The objective is to excite these modes using 

antenna elements.  This is an interesting theoretical approach; however, more studies are needed to assess 

its practical significance. 

 

4.4.1. Mode 1 Excitation 

Based on CMA results of Fig. 4.10(a), mode 1 can be generated using two dipole antennas 

parallel to the front and back edges of the UAV wings, as shown in Fig. 4.11(a). Surface current 

distributions and radiation patterns obtained by the proposed antenna design using ANSYS HFSS, as 

   
(a) 

 
(b) 

Fig. 4.10: Mode 1 based on CMA, (a) current distribution, and (b) 3D radiation pattern. 
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shown in Fig. 4.11, demonstrate good agreements with those obtained by CMA in Fig. 4.10. Based on 

these results, mode 1 is successfully generated.  

 

4.4.2. Mode 3 Excitation 

Excitation of mode 3 is considerably more challenging, as shown in the surface current 

distribution and radiation patterns of Fig. 4.12(a). To generate the required surface currents on the wings, 

we aim to use the same antenna elements that generate mode 1, but for different locations of the ports. 

 
(a) 

 
(b) 

Fig. 4.11: Mode 1 excitation using two dipole antennas, (a) current distribution, and (b) 3D radiation 

pattern. 
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The surface current distribution and radiation patterns obtained from this design are still unsatisfactory, 

and further effort is still required.     

 

4.5. Summary 

Three approaches to realize STAR antenna system on the UAV Raven are considered. Balanced 

circulator BFN with a single patch antenna can be installed on the belly of Raven conformal. The 

achieved isolation is higher than 20 dB over 1750–1850 MHz bandwidth and dual-CP performance can be 

obtained. Further improvement can be obtained with a patch antenna designed for higher cross-polarized 

isolation. The SRA of four patch antennas integrated on the body of the UAV is also proposed. Two 

Butler matrix BFNs are used to produce 90° phase progression and therefore achieve high isolation of > 

38 dB between the TX and RX channels, whilst identical radiation patterns and polarization are obtained 

 
(a) 

 
(b) 

Fig. 4.12: Mode 3 based on CMA, (a) current distribution, and (b) 3D radiation pattern. 
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for both channels. Lastly, the CMA of UAV body is conducted and two orthogonal modes are excited by 

dipole elements. High isolation can be achieved due to the modal orthogonality.  
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Chapter 5: Conclusion 

5.1. Summary 

In-band full duplex or simultaneous transmit and receive (STAR) antenna systems for selected 

tactical platforms are studied on this program. The proposed antenna systems demonstrate high isolation 

between TX and RX channels without space, frequency, time, or polarization multiplexing; therefore, 

they may facilitate the future realization of US Army’s wireless systems with STAR capability. Three 

different platforms are considered in this study: line-of-sight (LOS) microwave relay dish antenna, 

handheld radio, and unmanned aerial vehicle (UAV). For each platform, several approaches to implement 

STAR antenna are proposed. Most of the considered approaches are experimentally verified with the 

relevant mockup models. 

5.1.1. Line-of-Sight STAR System 

 A wideband monostatic high gain, high isolation reflector based STAR approach is 

proposed for a point-to-point microwave link. The configuration relies on a balanced circulator 

beamforming network (BFN) to achieve high isolation between TX and RX. Using commercial-

off-the-shelf (COTS) components with noticeable imbalances in amplitude and phase, average 

isolation of >30 dB is demonstrated with the fabricated system. Additionally, it is shown that the 

asymmetry in the antenna geometry and the BFN can significantly influence the isolation of the 

system. To minimize the dependency of system isolation on imbalances and asymmetries, a 

novel quasi-monostatic high gain reflector based STAR antenna configuration is proposed. High 

isolation between TX feed and RX is achieved by using high front-to-back ratio (FBR), low 

cross-pol level coaxial cavity antennas, and by operating the feeds in circularly polarization 

(CP).  System isolation >70 dB is achieved with ideal BFN and average measured isolation of 61 

dB is achieved with COTS BFN components. Moreover, it is shown that the quasi-monostatic 

approach described herein is more robust to imbalances and asymmetries in the BFN and antenna 

geometry, respectively. 

5.1.2. Handheld Radio Antenna System 

A monostatic STAR antenna system is proposed for handheld radio platforms. The radiating 

element is a circular array of four dipole antennas on top of the radio device. The BFN is designed to 

provide two orthogonal phase modes for TX and RX, therefore ensuring high (theoretically infinite) 
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isolation. The BFN is composed of one 90° hybrid, two 180° hybrids, and one power divider. Mode 1 

(M1) used for TX has quadrature phase progression along the dipoles, whereas Mode 0 (M0) used for RX 

has an in-phase feed for all dipole elements. Both modes have omnidirectional, vertically polarized 

radiation patterns. A prototype is fabricated and tested to validate the theory. The measured isolation is 

higher than 30dB over 1750–1850 MHz range. The isolation is limited by imbalances in the BFN and 

imperfect symmetry due to nearby objects. A sensitivity study is performed to understand the impact of 

these imperfections including soldier’s presence. To compensate for the imperfections, feedback 

cancelation layer can be added. It is demonstrated that the feedback cancelation layer can improve 

isolation to >60dB over a narrow instantaneous bandwidth. Other possible applications of the proposed 

antenna system are discussed including direction finding. Finally, a simple and novel configuration 

without BFN based on quadrifilar helix antenna is also considered. 

5.1.3. STAR Antenna Systems for UAV Raven 

Three STAR antenna systems for UAV Raven platform are also researched. Balanced circulator 

BFN used for LOS STAR reflector antenna system in Chapter 2 is used here to feed a dual-polarized 

patch antenna element, and the conformal antenna system is integrated on the belly of the Raven. The 

isolation >20dB is achieved from 1750 MHz to 1850 MHz. TX and RX have the same polarization, which 

can be either left-handed CP (LHCP) or right-handed CP (RHCP) depending on which input port is used. 

To achieve higher isolation with wider beamwidth, sequential rotation array (SRA) of four dual-polarized 

patch elements is installed on the tail of Raven, and two Butler matrix BFNs are used to feed the antenna 

system. Each BFN is composed of a 90° hybrid and two 180° hybrids to provide 90° phase shift along the 

clockwise or counterclockwise direction, therefore supporting both, LHCP, and RHCP. The four patch 

SRA configuration can achieve >38dB of isolation and gain >7dBic from 1750 MHz to 1850 MHz. 

Characteristic mode analysis (CMA) technique is also considered to design a STAR antenna system on a 

UAV. Based the CMA, orthogonal mode currents are excited on the UAV body using dipole elements, 

one for TX and one for RX. Due to the orthogonality, high isolation can be theoretically achieved. 

5.2. Research Accomplishments 

In this research, different design approaches for achieving monostatic STAR antenna 

functionality on platforms of interest for US Army are investigated. Theoretical and computational studies 

are conducted to bridge the gap between the proposed technical approaches and the fundamental antenna 

theory. Based on the herein developed systematic antenna/array design approach, several antenna and 

array prototypes are built and theoretical findings are fully validated with experiments. This research 
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project has clearly demonstrated that the fundamental research on STAR antenna systems is now ready to 

move into the next step, specifically, practical demonstration of a fully-integrated full-duplex system. The 

main accomplishments of this work can be summarized as follows: 

 Monostatic STAR antenna system with a highly directive reflector antennas of interest for 

microwave links is demonstrated for the first time. Some specific technical contributions include:  

• A coaxial cavity antenna is designed to have an octave bandwidth with VSWR < 2, which 

is higher than the bandwidth reported in the open literature.  

• The influence of geometry, configuration, and roughness of the reflector on the system’s 

gold STAR isolation are demonstrated.  

• New quasi-monostatic configuration for reflector based STAR is proposed in which 

system isolation is less sensitive to the imbalances and asymmetries and much wider 

instantaneous bandwidth is achievable.  

• Average measured system isolation of 61 dB is achieved with quasi-monostatic STAR 

configuration, using COTS BFN components. 

 Gold STAR antenna system for handheld device platform is proposed. Some selected technical 

contributions include: 

• Prototype of handheld radio antenna system is fabricated and tested. Isolation of more 

than 30 dB is measured.  

• Omnidirectional patterns with highly correlated beams are measured for M0 and M1.  

• Extensive sensitivity study that takes into account impact of the soldier’s head and the 

helmet is performed.  

• Simple feedback cancelation layer is seen to achieve even high isolation over a narrow 

channel bandwidth. 

 Gold STAR antenna systems on a UAV are studied, which includes: 

• Balanced circulator BFN with dual-polarized patch antenna. 

• SRA of four dual-polarized patch elements with two Butler matrix BFNs. 
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