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Mulero Hernández, Carlos A. (Ph.D., Electrical Engineering, Antenna Design)

Lens Based High Directivity Simultaneous Transmit and Receive Systems

Thesis directed by Prof. Dejan S. Filipović

Simultaneous transmit and receive (STAR) has the potential to theoretically double the ca-

pacity of wireless networks making it a highly desirable technology for modern wireless systems. Self

interference (SI) is the chief challenge and high Tx/Rx isolation (greater than 100 dB) is required

to mitigate this issue and realize STAR operation. The required isolation level is typically achieved

by using a multi-layer cancellation approach across the antenna, analog, and digital domains [1]. A

well-designed antenna or propagation layer can provide a significant portion of the SI cancellation

(SIC) enabling simplified and more practical transceiver realization. For typical wireless networks

and electronic warfare systems, monostatic or shared-aperture STAR antennas are often required

to maintain the aperture compactness. At millimeter waves, high directivity and beam steering

characteristics are highly desired; particularly for access point and backhaul antennas, to overcome

the path loss, achieve the required communication range, and improve the signal-to-noise ratio in

dynamic multi-user environments.

A co-polarized, co-channel STAR antenna system utilizing a two-layer, spherically stratified

lens with nominal directivity of 24.3 dBic is demonstrated in the 27 to 29 GHz frequency band.

The STAR operation is achieved with a WR28 waveguide-implemented balanced circulator beam

forming network (BC-BFN), which relies on two 90◦ hybrids and two circulators along with antenna

symmetry to cancel the circulator leakages and achieve theoretically infinite isolation between the

transmit and receive ports. The sensitivity of the BC-BFN to alignment and other imperfections

is studied. To comply with the BC-BFN’s symmetry requirements, a highly symmetric WR28

waveguide ortho-mode transducer (OMT) is developed. Tx/Rx isolation of 30 and 34 dB is mea-

sured with and without the lens, respectively, indicating acceptable impact of the lens on system

isolation. To demonstrate STAR with the beam steering in an equatorial field of view, the pro-
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posed configuration is modified into a mechanically rotated half spherical lens over a ground plane.

The experiments show that the isolation of the rotating half-lens system degrades compared to the

full-lens counterpart due to the break of the geometrical symmetry. However, respectable isolation

greater than 27 dB and high quality circularly polarized radiation patterns are still maintained over

the operational bandwidth.

Another co-polarized, co-channel, lens-based STAR system based of the same BC-BFN and

OMT subsystem but using a compact planar graded index (GRIN) lens is also introduced. The

compact lens achieves broadside directivity greater than 24 dBic in the band centered about 28 GHz.

The beams are steered by mechanically rotating the proposed compact lens, maintaining the focal

point on the antenna’s phase center. A maximum scan loss of 4.5 dB is seen in an 80◦ conic field

of view while preserving system isolation. The measured system maintains 30 dB of isolation with

at most 2 dB degradation in isolation at the more severe inclination angles.

Finally, closed-form expressions are derived for the component of the radar cross section

(RCS) due to the BFN in the context of retrodirective systems. The ability to accurately predict the

effect of feedback and infinite reflections is shown with numerical simulations. The derived equations

allow calculating the bounds for the maximum loop gain for the system before feedback leads its

response into the non-linear domain. The potential of using STAR to improve the performance

of retrodirective systems is evaluated with the spherical lens antenna and BC-BFN subsystem.

Improvements of 20 dB are obtained when data from the fabricated STAR system is used in the

equation and compared to passive lens reflectors.
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Chapter 1

Introduction

1.1 Simultaneous Transmit and Receive

Simultaneous transmit and receive (STAR), also known as in-band full-duplex(IBFD) oper-

ation, improves data rate and spectral efficiency of RF communications; both are important for

an effective use of the congested electromagnetic spectrum. These improvements come about from

STAR avoiding duplexing. In time domain duplexing, as shown in Fig. 1.1(a), each base station

would have to take turns between listening and transmitting. Frequency domain duplexing, rep-

resented in Fig. 1.1(b) would have both base-stations transmit at the same time but at different

frequencies, allowing only half the bandwidth for data transfer. STAR has both base stations si-

multaneously transmit and receive on the same frequencies, maximizing time and spectrum use.

The self-interference (SI) from higher power-transmitted (Tx) signal to the co-located receiver (Rx)

is what renders the STAR realization to be extremely challenging. Depending on the Tx power,

channel bandwidth, and system electronics the SI cancellation on the order of 100 to 150 dB is

required to fully suppress the coupled signals [1, 5]. To achieve this level of SI elimination, the

cancellation stages on antenna, analog, and digital domains are commonly considered [6, 7].

STAR antenna subsystems can be broadly divided into four categories: bistatic, quasi-

monostatic, monostatic, and hybrid. Bistatic systems utilize two spatially separated antennas

and generally rely on the path loss, surface treatment [8], and pattern shaping to achieve high SI

cancellation (SIC). In quasi-monostatic systems, the Tx and Rx apertures are co-located [9,10]; yet

one aperture is used for Tx and another for Rx. The monostatic systems use the same antenna for
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Figure 1.1: Conceptual depiction of (a) time domain duplexing (b) frequency domain duplexing
and (c) simultaneous transmit and receive (STAR).

Tx and Rx, leading to greater space savings when compared to their bistatic counterparts. Mono-

static STAR systems are the focus of this thesis and are discussed in more depth in the coming

section. Hybrid STAR systems allow achieving an extremely wideband STAR antenna subsystem,

where stand alone monostatic, bistatic, or quasi-monostatic are typically insufficient. Two or more

of the other subsystems are combined into a single, multi-port antenna topology. The individual

subystems must be designed to take advantage of synergistic SIC effects while avoiding antagonistic

interactions between the different parts. A hybrid IBFD antenna configuration with four differ-

ent subsystems, each operating over a distinct band, is designed to work from 0.5GHz to 45GHz

in [11, 12] and a hybrid IBFD antenna comprised of a monocone and two circular arrays is shown

in [13].

1.2 Monostatic STAR

As mentioned, monostatic STAR antenna subsystems share the aperture for both Tx and Rx.

This makes them attractive for space-constrained platforms. The conventional approach to achieve

monostatic IBFD is to use a single circulator as shown in Fig. 1.2. A caveat to this configuration

is the circulator’s port-to-port leakage which provides a direct path between the Tx and Rx. The

SI is further compounded by antenna reflections and environmental reflection path, as outlined in

Fig. 1.2, which are all routed towards the Rx port. Instead, by taking advantage of geometrical

and electrical symmetries of the antenna and signal routing within BFNs, it is possible to obtain

infinite isolation, in theory.
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Figure 1.2: Conventional approach to achieve STAR using a single circulator.

1.2.1 Polarization Diversity

Polarization multiplexing can take advantage of the orthogonality between polarizations to

achieve theoretically infinite SIC over the bandwidth. Generally, any well-designed dual-polarized

antenna may serve this purpose. For example, very high isolation is demonstrated in patches [14,15]

or in waveguide-fed antennas that utilize ortho-mode transducers (OMT) [2,3,9,16]. The achievable

level of SIC is typically subject to fabrication imperfections. The use of polarization multiplexing,

while space saving, is suboptimal. The advantages of using circular polarization (CP) to mitigate

environmental reflection path [17] is wasted if the Rx antenna is oppositely polarized from its Tx

counterpart.

1.2.2 Antiphase Spirals

Antiphase spirals are another type of STAR antenna. In [18], a four-arm spiral is reconfigured

into a monostatic STAR configuration by pairing the two sets of opposite arms into respective Tx

and Rx channel. The symmetry of the spiral and the 180° phase difference between both arms makes
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the signals cancel at the ports to the spiral arms, resulting in theoretically infinite SIC between

the Tx and Rx channels. The same principle is demonstrated with an 8-arm spiral where multiple

modes and different operational scenarios are also shown to be possible [19]. The drawback with the

antiphase spirals is reduced efficiency and radiation from the parasitic arms that distorts the antenna

polarization quality. Helical terminations are used in [18] to reduce the currents that are reflected

back whereas lens loading [19] can be used to improve both the axial ratio and efficiency of the

antenna. These antennas can also be used in arrays [20], [21], however, certain tradeoffs in terms of

scan/bandwidth/isolation/efficiency need to be considered. The cancellation mechanism discussed

above is not restricted to spirals only. In [22], an 8-element planar inverted F antenna (PIFA)

is seen to achieve monostatic operation using two 4-element circular arrays that are embedded

within each other, reminiscent of the 8-arm spiral in [19]. The cancellation mechanism in antiphase

spirals is independent of frequency and the imperfect SIC can be attributed to the configuration

asymmetries. Printed circuit board (PCB) manufacturing produces high accuracy layouts and the

tolerance errors are considered negligible in most cases. A more significant challenge is to remedy

the imbalance of the baluns and (if required) hybrids.

1.2.3 Sequentially Rotated Array Antennas

A sequentially rotated array comprised of 2x2 linearly-polarized (LP) elements when excited

with the same magnitude and a {0, ±90◦,180◦,±270◦} phase progression will generate CP radiation

[23–26]. By connecting each antenna port to a different BFN, it is possible to obtain an antenna

that can take the place of the circulator in Fig. 1.2. In [23] delay lines are used whereas two

Butler matrices are deployed in [24], both achieving true dual-polarized STAR operation. The

compromise with this configuration is the reduced aperture efficiency which for practical topologies

is theoretically limited to 50% [25]. This can be overcome by using CP radiating components.



5

1.2.4 Circular Arrays

Circular arrays with linearly polarized elements can be configured to achieve omni-directional

(i.e. dipole-like) STAR operation without polarization multiplexing. To do so, they are excited

with the modal phase progression through a Butler matrix-like feed where modal orthogonality and

symmetries are utilized to achieve high level of isolation over wide bandwidth [27–31]

1.2.5 Balanced Circulator Beam Forming Network

Especially relevant for the research in this thesis is the balanced circulator beam forming

network (BC-BFN). The BC-BFN consists of two hybrids and two circulators feeding a dual-

polarized antenna. The coupling due to antenna reflections can be obtained by tracing the signal

paths in Fig. 1.3 and expressed as (1.1) where |B| is the magnitude of the circulator’s leakage and

Γ is the reflection coefficient at the antenna [17].

STxRx = PathA+ PathB =
1

2
Γ
(
1− |B|2

)
− 1

2
Γ
(
1− |B|2

)
= 0 (1.1)

The reflections, and similarly the circulator leakage, add destructively at the Rx port and construc-

tively at the loaded port. A more detailed breakdown of the signal paths is provided in Chapter

2. The antenna used for this system must support two orthogonal linear polarizations that will be

excited with a 90° phase difference. The reflection coefficients of the antenna ports should ideally

be identical and the ports should be isolated from each other. If the antenna ports are not isolated

from each other, the port-to-port coupling shows up as a signal at the Rx port [32] and in Chapter

2 (1.1) will be expanded to describe non-isolated antennas. A system with dual polarized circular

patches [17] and a dual-pol reflector antenna [33] are two among many possible implementations.

In [34], a different variation of the balanced feed network is proposed where the 90° hybrids are

replaced with modified Butler matrices. This enables excitation of different spiral modes for the

4-arm spiral. Corresponding ports on the Rx side serve to receive the incoming signal from the

same mode. The balanced feed network provides theoretically infinite isolation as before while the

Butler matrix provides mode-to-mode isolation, allowing for simultaneous use of each spiral mode
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Tx
Dual-Pol
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90°

0° Rx

90°
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Path A
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Figure 1.3: Balanced circulator beam former identifying the two main signal paths.

as a different IBFD channel. The patterns are spatially diverse between the different modes as the

spiral mode 1 transmits at broadside while modes 2 and 3 have conical spatial distributions.

1.2.6 Table of Monostatic Systems

Table 1.2.6 summarizes the monostatic systems cited in the discussion so far. The measured

SIC is included along with a brief description of the method and style of antenna for a side by side

comparison between systems.

1.3 Lens Antennas

Growing interest in millimeter wave applications necessitates the need for researching an-

tenna concepts with in-band full-duplex capability that can be readily realized with applicable

technologies for these frequencies. In this thesis, a monostatic highly directive STAR antenna sub-

system for operation within the Ka-band is proposed. Unlike [33], which uses reflectors to achieve

high directivity, this thesis discusses an inhomogeneous lens-based approach. The advantage of a

lens over a reflector is that the feed and associated guides feeding the antenna do not occlude the

reflected signal. Spherical lenses also provide the potential of theoretically identical beams when

scanning. This comes at a cost in efficiency due to losses in the dielectric.

While spherical electrically large lenses may be impractically size-wise at lower frequencies,
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like the 1.7 meter lenses used for cellular LTE communications in [36], at higher frequencies the

resulting system can be reasonably compact. For example, a 5 cm lens is designed for automotive

radar in [37] operating at 77 GHz. This opens up the possibility for these lenses to appear in more

diverse electronic warfare and commercial applications. For inhomogeneous spherical graded index

of refraction (GRIN) lenses the resulting permittivity profile is typically implemented as multiple

discrete layers with uniform permittivity [38–40]. Obtaining or manufacturing materials for the

different permitivites can be complicated. Metamaterials [41, 42] have been employed and, more

recently, 3D printing effective permittivities [43] have been used to achieve the permittivity profile.

If a planar profile is desired then planar cylindrical GRIN lenses are a viable choice. There

are multiple ways to manufacture these lenses, including composite materials [44], machined sub-

strates [45, 46], and 3D printing cylindrical GRIN structures using partially air-filled dielectrics in

millimeter wave applications [47–51]. As seen, the 3D printing leads to practical manufacturing of

lightweight lenses that provide high directivity while maintaining scanning operation. Some flat

GRIN lenses from the literature are shown in Fig. 4.1. References [44,45,51] present beam scanning

by switching between different antennas positioned off the optical axis. While fast, this technique

incurs a significant amount of scan loss since antennas are displaced from the focal point and the

rays are not properly collimated.

1.4 Retrodirective Systems

Retrodirective (RD) systems that provide enhanced radar cross section (RCS) have long

been of interest for airborne, satellite and naval communications as well as wide-angle and wide-

bandwidth radar targets. Commercial applications such as RF identification of vehicles and items

have been emerging in more recent times as well. RD arrays (RDA) use an array to enhance

the RCS in the direction of the received signal. In Van-Atta RDA (VA-RDA) [52–58], retrodirec-

tivity is achieved by interconnecting the array elements. Passive VA-RDAs can be implemented

with transmission lines of equal length to provide equal phase delay between pairs of elements

that mirror each other with respect to the center of the array. This phase delay self-steers the
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beam towards the direction of the incident wave. Heterodyne phase conjugators would also allow

achieving retrodirectivity [59] [56]. Recent work has demonstrated that STAR can improve the per-

formance of VA-RDA with quasi-monostatic spiral elements [10] that reduce the feedback, allowing

for potentially greater RCS enhancement.

Using completely passive components, Luneburg lens reflectors [60–62] provide simple ways

to achieve wide-angle and wide-bandwidth retrodirectivity. By placing reflective material on this

focal surface it is possible to create a passive reflector. An active RD system using a 2D Luneburg

lens was developed in [63] and reported 10dB measured improvement. The feedback in the system

creates a limit in how much amplification can be expected and in this work the BC-BFN is examined

to demonstrate a proof of concept for a co-polarized circularly polarized retrodirective system that

can greatly surpass the amplification of passive reflectors.

1.5 Thesis Objectives

This thesis presents various ways that lens based STAR systems can achieve highly directive

beam steerable full-duplex operation. To enable the demonstration of these systems a waveguide im-

plementation of the BC-BFN is developed and an ultra-low imbalance symmetric OMT is designed

to complement this STAR BFN. A high directivity monostatic STAR subsystem is demonstrated

using a spherical lens antenna along with investigations into the sensitivity of the BC-BFN to lens

positioning errors.

Beam steerable STAR using mechanical techniques is demonstrated using the half-lens in

Chapter 3 and the planar lens in Chapter 4. Though not as fast as electronic scanning means cited

from literature, these techniques show sustained in-band full duplex performance as the beam is

scanned and present viable candidates for systems that do not require the speed. The techniques

presented do not depend on complicated electro-mechanical joints. Instead, the waveguide com-

ponents are all static and motion of the lenses, which are not in direct contact with the feeds, is

used to move the beam. The novel mechanical scanning of the planar lens in Chapter 4 presents

advantages, when compared to its beam-switched counterpart, in the form of reduced scan loss in
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a larger field of view. Most importantly, this research shows that the impact of near-field imper-

fections (symmetry, structure, inhomogeneous materials, etc), while observable, is not detrimental

for the role of these antenna systems in STAR.

STAR’s capability to improve retrodirective systems is also introduced. A closed form expres-

sion for the RCS due to the BFN applicable to arrays or lens manifolds is developed and algebraic

solutions for the maximum loop gain in various retrodirective systems are presented to show the

limits of amplification that these systems could provide. This mathematical framework is combined

with measured data from the STAR subsystem discussed in Chapter 3 to demonstrate how STAR

subsystems could augment lens based retrodirective systems to surpass in performance passive lens

reflector systems.

1.6 Methodology

To accomplish the thesis objectives the following methodology is employed. The theory

regarding the different lenses is studied until understood and a suitable feed antenna is designed,

considering impedance and gain bandwidth. Full wave simulations in the appropiate solvers are used

to verify guiding theoretical principles. The numerical methods for these are: finite element method

using Ansys HFSS [64], method of moment in Altair’s FEKO [65], and finite integral time domain

in Dasault Systemes’ CST [66]. Data from both simulation and measurement is analyzed using

Python 2.7 [67] using the scipy stack [68] and scikit-rf [69] which enables manipulating touchstone

files. All designs are then fabricated and tested. The components for the BC-BFN in Chapter 2

are mostly purchased from different vendors. The hybrids and the OMT are first designed here and

then fabricated using split-block computer numericallly controlled (CNC) machining from third

party vendors. The spherical lens in Chapter 3 is purchased from Lun-Tech [70] and the half lens

was fabricated in-house. The lens in Chapter 4 is 3D printed using a Formlab’s Form 2 printer

using Tough RS-F2-TOTL-05 resin. S-parameters for the systems are measured with an Agilent

8719ES Vector Network Analyzer, and antenna patterns are characterized using an NSI 700S-30

combined spherical near-field and far-field chamber at the University of Colorado Boulder.
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1.7 Thesis Organization

The thesis is organized in Chapters as follows:

� Chapter 2 examines the coupling paths within a BC-BFN along with how different as-

sumptions are made about the antenna and components to arrive at the forms seen in

the literature. A term representing the coupling between imperfectly isolated ports in an

antenna is added. With this augmentation, the resulting equation is suitable to describe

the Tx/Rx coupling in a BC-BFN with a reciprocal dual-polarized antenna that is not

necessarily symmetric or has good port-to-port isolation.

To comply with the BC-BFN’s symmetry requirements, a highly symmetric WR28 waveg-

uide OMT is developed. This OMT not only maintains balance in the transmission co-

efficients between both polarizations but also in the reflection coefficients at each port.

In full wave simulations the new design is shown to provide isolation near the numerical

noise levels and the fabricated BC-BFN and OMT have a measured isolation better than

30 dB, significantly surpassing the single circulator configurations constructed with the

same components.

� Chapter 3 examines the design of a spherically stratified lens antenna for STAR. The

sensitivity of the BC-BFN to lens displacement is numerically studied and the system

is found to be resilient to this imperfection. Measurements are taken of the BC-BFN

configuration with and without the lens. For comparison, 2 configurations using the single

circulator are assembled using the same COTS components and tested with and without

the lens. The BC-BFN is shown to provide significant improvement in Tx/Rx isolation.

The design of a rotating half lens is discussed in the later sections as a way to include beam

scanning. The system is experimentally shown to maintain high Tx/Rx isolation while

generating consistent circularly polarized beams in a 360◦ equatorial FOV.

� Chapter 4 a flat GRIN lens is proposed as a viable alternative to achieve high-directivity
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beam-steerable monostatic-STAR system. The lens is designed so it can be 3D printed. Air-

filled spaces are left in the material to effectively lower the resulting permittivity and achieve

the necessary profile. The beams are steered by mechanically rotating the proposed compact

lens in an 80◦ conic field of view while preserving system isolation. Full wave analysis and

measurements are used to demonstrate the performance of the proposed system.

� In Chapter 5, closed-form expressions are derived for the component of the RCS due to

the BFN. The derived expression is studied in the context of the retrodirective systems.

The ability to accurately predict the effect of feedback and infinite reflections is shown

with numerical simulations. The derived equations are shown to allow calculating what the

maximum loop gain for the system before feedback would take its response into the non-

linear domain. The potential of using STAR to improve the performance of retrodirective

systems is evaluated with a spherical lens antenna. Improvements are shown when data

from the system discussed in Chapter 3 is compared to passive lens reflectors.

� Chapter 6 provides a summary of the work and the contributions to the scientific commu-

nity. Possible directions for future research are also outlined.



Chapter 2

OMTs for Balanced Circulator Beamforming Networks (BC-BFN)

When separating the Tx and Rx ports in a STAR antenna subsystem it makes intuitive sense

to use a circulator as their ideal behaviour readily translates into 3 ports; Tx port, antenna port,

and Rx port. Antennas, however well designed, often have mismatch reflections in the range of -10

to -15 dB. In a STAR system using the single circulator shown in Fig. 1.2, any signal from the Tx

port would be routed to the antenna and any signal coming from the antenna would be routed to

the Rx port. At the antenna, the Tx signal is reflected with the Γa reflection coefficient and fed

back into the Rx port. From the discussion above it is readily found that SRx,Tx = Γa. It should

be noted that this assumes a perfectly isolating circulator. If the coupling between the circulator’s

isolated ports (i.e. ports in the direction opposite the arrow in Fig. 1.2) is added as B then the

expression for the max usable loop gain becomes:

SRx,Tx = Γa +B (2.1)

where both, Γa and B are complex numbers. Having these two values cancel out is not the focus

within this writing but recent work such as [71] has devised ways to tune the antenna reflections and

circulator leakage to achieve a high level of self interference cancellation (SIC) in a narrow band.

This method would require designing the system such that B and Γa have comparable amplitudes

and are phased to interfere destructively. While it is possible to do so in a narrow band, a wider

bandwidth system will see these two interact in and out of phase at different frequencies, therefore

making this problem much more difficult.
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The balanced circulator beam forming network (BC-BFN) is designed to completely remove

both the antenna reflections and the circulator leakage. The following sections detail how this is

achieved for the main coupling paths.

This chapter is organized as follows:

� Section 2.1 breaks down the different coupling paths within the BC-BFN and combines

them into one concise expression.

� Section 2.2 shows the design of the highly symmetric orthomode transducer (OMT) which

complements the BC-BFN

� Section 2.3 covers the details behind the fabrication and testing of the BC-BFN and OMT.

� Section 2.4 provides a summary and conclusions on the results obtained in this chapter.

2.1 Coupling Expressions for the BC-BFN

There are 3 coupling paths of interest in this work. Diagrams representing these paths can

be seen in Fig. 2.1. Specifically:

� Path shown in Fig. 2.1(a) is the coupling path due to the antenna reflections (ARP).

� Path shown in Fig. 2.1(b) is the circulator leakage path (CLP).

� Path shown in Fig. 2.1(c) is the leakage due to the coupling through the antenna ports

(ACP).

The total coupling is the sum of these three components arising through all paths.

SRx,Tx = SARP + SCLP + SACP (2.2)

In an ideal system all three components are independently zero resulting in zero coupling between

the Rx and Tx ports. The conditions for this are discussed below for each. Fig. 2.2 labels the ports

and should be referenced when discussing the different coupling paths.
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Figure 2.1: Coupling paths from the Tx to the Rx port in a BC-BFN STAR system. (a) Path
due to antenna reflections (ARP). (b) Path due to circulator leakage (CLP). (c) Path due to the
antenna coupling (ACP)
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Figure 2.2: Port and device labels used when examining the coupling paths

2.1.1 Antenna Reflection Path

By tracing the signal through the green (upper) and red (lower) paths in Fig. 2.1(a) an

expression for the SARP is denoted in (2.3).

SARP = H1[21]C1[21]Γ1C1[32]H2[12] +H1[31]C2[21]Γ2C2[32]H2[13] (2.3)

The above expression uses the labeling of the ports as identified in Fig. 2.2. H1 and H2 are the

scattering matrices for the hybrid on the left and right side of the diagram. C1 and C2 are the

matrices for the upper and lower circulator respectively. The bracketed subscripts indicate which

ports the component being used corresponds to. Γ1 and Γ2 are the antenna reflection coeffients

at the indicated port. In order to simplify the above expression some supositions regarding the

components in the BC-BFN are used. First, both circulators and both hybrids are assumed to be

identical, meaning (2.4) for all valid ports p,q.

C1[pq] = C2[pq] and H1[pq] = H2[pq] (2.4)

Quadrature hybrids are reciprocal components so they satisfy H1[pq] = H1[qp] but for the BC-BFN

they must also be balanced, meaning that the signal is divided evenly between ports 2 and 3 with
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exactly 90◦ between them. This leads to the equation below.

H1[31] = jH1[21] (2.5)

Making all the substitutions one is left with

SARP = H1[21]C1[21]C1[32]Γ1H2[12] + jH1[21]C1[21]C1[32]Γ2jH2[12] (2.6)

which factors further to

SARP = H2
1[21]C1[21]C1[32](Γ1 − Γ2) (2.7)

This result is reminiscent of the result in [17]. Therein the added phase contribution in the hybrids

and circulators are reasonably discarded as their interests was the magnitude of (2.7). The hybrids

are assumed to be lossless, meaning

H1[21] =
1√
2

(2.8)

and the amplitude of the circulator’s transmissions is described in terms of the leakage B while

assuming the circulator is symmetrical from all three ports, meaning

|C1[21]| = |C1[32]| = |C1[13]| =
√

1− |B|2 (2.9)

and both of these assumptions then turn (2.7) into

SARP =
1

2

(
1− |B|2

)
(Γ1 − Γ2) (2.10)

which is the same result as [17]. Expression (2.7) shows that the only reasonable way for SARP = 0

is enforcing Γ1 = Γ2.

2.1.2 Circulator Leakage Path

In a similar fashion to the preceding discussion, the CLP depicted in Fig. 2.1(b) is expressed

by

SCLP = H1[21]C1[31]H2[12] +H1[31]C2[31]H2[13] (2.11)

which can be summarily reduced to zero with the condition that the circulators are equal, (2.4),

along with the reciprocity and balance of the hybrids, (2.5). Certainly ideal circulators with zero

leakage between their isolated ports (1 and 3 in the above) would also results in a SCLP = 0.
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2.1.3 Antenna Coupling Path

The final path to be discussed herein is the path through the antenna. This signal results

from the coupling between the antenna ports, A[1] and A[2]. This coupling will be expressed as S21

and since the antenna is assumed reciprocal, S21 = S12. The resulting equation from tracing the

path in Fig. 2.1(c) is

SACP = H1[21]C1[21]S21C1[32]Γ1H2[12] + jH1[21]C1[21]S12C1[32]Γ2jH2[12]. (2.12)

Applying the conditions from (2.4), (2.5), and the reciprocity of the hybrids reduces the expression

to

SACP = 2jH2
1[21]C1[21]C1[32]S21. (2.13)

This expression clearly shows that the coupling through the antenna does not cancel out and

that the leakage between the antenna ports should not be ignored. However, most dual polarized

antennas can be designed with very low coupling, S21.

2.1.4 All Paths Combined

Replacing the results from the previous 3 subsections into (2.2) allows writing a final expres-

sion

SRx,Tx = H2
1[21]C1[21]C1[32] (Γ1 − Γ2 + 2jS21) . (2.14)

The assumptions (2.8) and (2.9) can be applied to this equation as well to re-write it as

SRx,Tx =
1

2

(
1− |B|2

)
(Γ1 − Γ2 + 2jS21) . (2.15)

This expression summarizes how an arbitrary reciprocal dual polarized antenna’s network param-

eters affect the expected isolation of BC-BFN based STAR systems.

2.2 Ortho Mode Transducers

OMTs are 6-port devices that enable dual-polarized polarized performance of horn antennas.

To maximize the isolation of a BC-BFN, it is critical that the antenna ports are highly isolated (S21
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in (2.15)) and that the reflection coefficients (Γ1, Γ2) are symmetrical [17, 32,72]. Thus the design

and fabrication of OMT is critical, therefore requiring special attention. OMTs can be broadly

grouped in three classes [3].

� Class 1 OMTs consist of main and side arms, often orthogonal to each other [2, 73, 74],

creating large physical asymmetries that generally lead to different network parameters

along each path.

� Class 2 OMTs use side arms and a septum to separate polarizations [3, 75]. This kind of

junction is often called the Boiføt junction. Though the structure is symmetric, the path

that each polarization travels is different. This leads to asymmetries in between both ports.

� Class 3 OMTs use Turnstile junctions and allow for realization of symmetric polarization

paths [4, 9, 11,16,75,76] and will be the focus of the discussion moving forward.

(a)

(b)

(c)

Figure 2.3: Examples of different OMT types. (a) Type 1, showing orthogonal arms. [2] (b) Type
2, often called Boiføt junction OMTs, [3]. (c) Type 3, turnstile junction based OMT [4]

.

The use of a class 3 junction guarantees symmetry between the two polarizations at the
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junction but as it will be shortly discussed, the overall structure of the OMT must still be taken

into consideration.

Horn

Turnstile Junction

OMT

Dual Ridge 

Ports

E-Plane 

Bends

Bifurcations

Figure 2.4: Dual ridge waveguide based class 3 OMT used for preliminary testing

Figure 2.5: (a) Expected TxRx coupling using an ideal BFN network (balanced matched hybrids;
identical matched circulators with -15d dB leakage, as indicated in the figure) (b) HFSS simulated
S-paramters for the OMT shown in Fig. 2.4

Fig. 2.3(c) shows a good example of a common way to route the waveguides, focusing on

using the space bellow the junction to place the bifurcations and the ports. In order to test how

well this kind of OMT would perform with a BC-BFN a class 3 OMT [12] was used. An image of

the HFSS model is presented in Fig. 2.4. The performance with an ideal BC-BFN using measured
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and simulated data can be seen in Fig. 2.5(a). The ideal BC-BFN in this case is a BFN composed

of balanced 90◦ hybrids and identical circulators with a -15 dB leakage between isolated ports.

-15 dB is chosen as it is a nominal value that is readily available in commercial products. All

components in the BC-BFN are assumed to be lossless and matched to the system impedance Z0.

The about 20 dB of isolation in this initial system is not satisfactory when compared to the systems

in the literature (see Table 1.2.6). The simulated data is included for comparison and to asses the

possible impact of fabrication errors. While an improvement of 10 dB or better is seen at many

frequencies, even with simulated data the system is not yielding perfect isolation. After inspecting

the S-parameters for the simulated OMT, it can be seen that coupling between the polarizations

is very low, as expected of a numerical simulation, and does not account for the elevated coupling.

The difference then, is adjudicated to asymmetries in routing of the waveguides. The differing

E-plane bends and bifurcation heights are clearly observed in Fig. 2.4. These cause small but

sufficient discrepancies in the magnitude and phase of the reflection coefficients of both channels,

preventing the cancellation of the coupling in the BC-BFN.

Turnstile Junction

H-Plane BendsBifurcations
Crossovers

Delay Delay

Figure 2.6: CAD model of the WR28 turnstile junction based OMT with its constitutive parts
highlighted.
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(a) (b)

Figure 2.7: (a) Simulated reflection coefficients for the designed WR28 OMT shown in Fig. 2.6.
(b) Simulated TxRx coupling with an ideal balanced BC-BFN (as before, B = −15 dB and all
components identical).

To overcome asymmetries from the required interconnects used to join the two branches of

each polarization, the turnstile junction based OMT shown in Fig. 2.6 is developed. The symmetry

is achieved by carefully routing H-plane bends, crossovers, and delays; designing them such that

the equalization of phased delays in all four paths is emphasized. The key to maintaining equality

between Γ1 and Γ2 is ensuring a signal traveling on any path experiences the same number of

changes located at the same distances from each other. This keeps the reflection coefficients highly

similar in amplitude and phase which is crucial to keep the Γ1 − Γ2 term in (2.15) close to zero.

Using E-plane bends such as the OMTs in [4, 9, 11, 16, 75] it is possible to obtain phased-matched

transmission for both polarizations. However, the offsets in the height of the junctions and the

radii of the bends introduce small asymmetries between the reflection coefficients, leading to a

finite isolation when used with a BC-BFN [32,72]. The turnstile junction is symmetric, thus a high

isolation between the two channels is achieved, and the S21 term is kept small. To the author’s

knowledge the closest reference in the open literature is [77] where a highly symmetric OMT is

realized using TEM coaxial lines. The TE line OMT developed here achieves nearly identical

reflection coefficients shown in Fig. 2.7(a). The phase is omitted but it too is identical to within

the numerical precision. When tested with an ideal BC-BFN (as defined in the previous section) an

isolation better than 69 dB is obtained. This is a significant improvement over the previous result

obtained in Fig. 2.5. The results where obtained with stringent mesh parameters within HFSS. A

delta-s convergence bellow -40 dB(0.01) was used with at least 2 convergent passes. Curvilinear
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Crossover/Delay Turnstile Junction

Bifurcation H-Plane Bend

(a)

(b)

Figure 2.8: (a) CAD model of the 4 different components that make up the OMT. (b) Photo of the
fabricated OMT. The photo includes to horn which will be discussed in the next section

elements as well as a surface deviation of 7.5 degrees was used to improve the accuracy of all the

curved surfaces. The model was solved using second order basis functions.

2.3 Fabrication and Testing

The OMT is realized with a split-block approach where the potential leakage, particularly in

the H-plane cuts, is suppressed by the use of a pin wall [78]. 3D models and a photograph of the

fabricated OMT are shown in Fig. 2.8 whereas the measurements are given in Fig. 2.9(a). For the

measurements the OMT is terminated with a square aperture horn that will be further discussed

in the next chapter. For now, it suffices to indicate that this horn is matched to better than -20 dB

in the band. Due to the fabrication imperfections, the reflection coefficients, though similar, are

not identical and therefore limit the isolation through the Γ1 and Γ2 in (2.15). Other asymmetries

in the OMT, for example in the junction, contribute to a non-zero |S21| between the two ports.

The measurements show that this coupling between polarizations, sometimes the most important

parameter for these microwave devices, lies below the -50 dB range for most of the band of interest

between 27 and 29 GHz.

The BC-BFN is assembled from commercial off the shelf (COTS) circulators (JQL Technolo-
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Frequency [GHz]Frequency [GHz]

(a) Measured Network Parameters (b) TxRx Coupling with BC-BFN
Ideal BC-BFN

COTS BC-BFN

Measured Circulator

Figure 2.9: (a) Measured network parameters showing good port-to-port isolation in the OMT. (b)
Resulting isolation using an ideal and COTS BC-BFN.

90º Hybrids

CirculatorsE- Plane Bends

WR28 to 2.4mm Coax

(a) (b)

Figure 2.10: (a) WR28 BC-BFN and (b) fabricated OMT assembled with the BC-BFN.

gies JCWR28-21A-27K0T29K0), loads, adapters, and bends, as well as in-house CNC machined

90◦ hybrids. The circulators operate from 27 to 29 GHz with a nominal isolation of 21 dB (mea-

sured values shown in Fig. 2.9(b)). The 90◦ hybrids are designed to operate within the bandwidth

of the COTS circulators and have maximum amplitude and phase imbalances of 0.25 dB and 5◦,

respectively. Four E-plane bends connect the components as shown in Fig. 2.10(a). Loads matched

to better than -25 dB are used to terminate the hybrids.

Fig. 2.9(b) shows the resulting coupling using the simulated and fabricated BC-BFN. The

performance remains consistent when the COTS BC-BFN is used thus, the comparison with the
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ideal BC-BFN shows that the finite isolation is due to the fabrication imperfections in the OMT.

Compared to the circulator, there is an improvement of 13 dB on average (min 7.6, max 32.8 dB).

Fig. 2.10(b) shows how the OMT sits above the BC-BFN. Not visible are two 45◦ twists that

connect the circulators and the OMT’s bifurcations. The insertion loss of the BC-BFN and OMT

from the input of the hybrids to the output of the OMT was measured to be around 1 dB for both

the Tx and Rx channels.

2.4 Conclusion

The coupling paths in an ideal BC-BFN network have been presented and the term rep-

resenting imperfect port-to-port isolation in the antenna has been introduced in the study. The

derived expression will be used in the following chapters to evaluate how different lenses affect the

TxRx coupling. In order to achieve a dual pol waveguide based system, the class 3 OMT is chosen

to connect the antenna and the BC-BFN as its turnstile junction allows for maintaining symme-

try between both polarizations while providing high isolation. The importance of the routing of

the lines to the ports has been demonstrated to limit the isolation that can be expected of these

systems. A design that routes the lines in such a way that not only the transmitted, but also the

reflected signal maintains symmetry has been presented and shown to yield very high isolation in

simulation. The system was built and tested to demonstrate that this OMT provides a better iso-

lation when integrated with the BC-BFN. Average increase in isolation over the single circulator of

13 dB is obtained. More careful fabrication with tighter tolerances can further improve the system

performance



Chapter 3

Spherically Stratified Lens Based System

Highly directional antennas are indispensable for many applications, especially at millimeter

wave frequencies where high directivity is needed to compensate significant free space path loss.

Spherically stratified lens antennas support high directivity and high quality beam steering. The

Luneburg lens is a spherically symmetric graded index of refraction (GRIN) lens [79]. In general,

this lens will focus an incoming plane wave from any given direction onto a focal point on the

opposite side of the lens. The set of focal points creates a spherical focal surface in the shape of

a sphere, concentric to the lens. The radius of the focal surface can be greater than, equal to,

or less than the radius of the lens itself. By placing an antenna at this focal surface, the beam

is collimated and a higher directivity is achieved. Due to the symmetry of the lens, moving the

antenna or switching between copies along this focal surface results in consistent beams that, in

theory, see no beam squinting, beam broadening, or scan loss. In practice, some interaction between

the feeds, construction, and tolerances impact the consistency among the beams. The lens is single

or dual-pol capable and inherently broadband.

The following sections explore the sensitivity of the performance of a STAR antenna subsys-

tem utilizing the previously discussed BC-BFN to the presence of a spherical lens. The symmetry

of the lens is then used to develop a STAR antenna which maintains a high TxRx isolation while

beam steering.

This chapter is organized as follows:

� Section 3.1 covers the design of a spherical lens antenna. Sensitivity to the lens displacement
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on STAR performance is studied. The fabricated system’s isolation is compared across

various circulator configurations and far-field data is presented for the antenna as well.

� Section 3.2 presents the design and testing of a rotating spherical half lens to enable beam-

scanning while preserving STAR performance.

� Section 3.3 provides summary and conclusions on the results obtained in this chapter.

3.1 Dual-Pol Spherical Lens Antenna

3.1.1 Spherical Lens

Luneburg topology has a continuously varying index of refraction n which satisfies [79]

n = exp

[
1

π

∫ 1

nr

arcsin (k/f)√
k2 − (nr)2

dk

]
(3.1)

where r and f are the normalized radial position and normalized focal radius of the lens such that

r = R/RLens and f = F/RLens using the dimensions identified in Fig. 3.1. This expression has

algebraic solutions when the focal point is internal to the lens(f < 1) or when the focal point is on

the surface of the lens (f = 1) [79].

n =
1

f

√
1 + f2 − r2, f < 1 (3.2)

n =
√

2− r2, f = 1 (3.3)

A simple algebraic solution does not exist for the f > 1 case but [80] provides an iterative solution

for (3.1). Plots for the permittivity for all three cases are shown in Fig. 3.2. The resulting permit-

tivity profile is typically implemented as multiple discrete layers with uniform permittivity [38–40].

Obtaining or manufacturing materials for the different permitivites can be complicated. Meta-

materials [41, 42] have been employed and, more recently, 3D printing effective permittivities [43]

have been used to achieve the permittivity profile. Care must be taken with these techniques to

maintain the bandwidth as well as consistent properties for both polarizations since the resulting
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Collimated Beam

RLens

FFocal
Point

Lens

Figure 3.1: Diagram showing the basic concept behind the Luneburg lens. The rays from a source
placed at the focal point a distance F from the center of the lens are collimated onto a plane wave.

f = 0.8

f = 0.9

f = 1.0
f = 1.1

f = 1.2

Figure 3.2: Relative permittivity as a function of normalized lens radius r = R/RLens for 5 different
focal lengths f = F/RLens. The relative permittivity, εr, is obtained from (3.1), (3.2), and (3.3)
through the relationship n2 = εrµr with the assumption that the material is non-magnetic; i.e.
µr = 1

effective material is often anisotropic. 3D printing effective permittivity will be discussed further

in the next chapter.

An alternative technique to obtain a spherical lens with performance similar to a Luneburg
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Teflon

Rexolite

(a) (b)

R1

R2

Figure 3.3: Two layer spherical lens. The radius of the inner rexolite sphere is R1 =10.5 mm and
the layer of the outer PTFE sphere is R2 =36 mm.

lens is presented in [81]. By numerically tuning the ratio between two spheres of known material

parameters it is possible to obtain lens with comparable behavior that is much easier to machine

using conventional techniques like CNC. The lens used in this part of the thesis is a 72 mm diameter

configuration built by Lun’Tech in Perols, France. It is pictured in Fig. 3.3 and is built from 2 layers;

an outer PTFE(Teflon) shell, and an inner Rexolite core. The former has a relative permittivity

of 2.1 , whereas the latter has relative permittivity of 2.53. The focal point for this lens has been

determined to be 4.5 mm away from the lens’ surface [82].

3.1.2 Lens Feed

The feed is a dual-polarized square aperture horn, shown in Fig. 3.4, designed to achieve

directivity above 25 dBi from 27 to 29 GHz when integrated with the lens. The horn’s phase center

is aligned with the lens’s focal point throughout the band of interest with its phase center variation

(PCV) tuned by varying aperture width, haw, and axial length, hal. The resulting values for horn

parameters are shown in Table 3.1. The horn’s PCV, calculated by the slope method [82], is 0.6 mm

around a point 0.15 mm above the aperture. To maximize aperture efficiency of the antenna system,

lens’s illumination taper is 11 dB [83]. For easy assembly of the prototype, the section of straight

guide is increased to hsl = 8.25 mm. The horn’s interface to the common junction of the OMT is



30

haw

hal

hsl

aw

z

z

x

y

x

y

x
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Figure 3.4: (a) Perspective view of the feed horn, (b) Side view through the middle of the horn,
(c) top view of the horn and (d) picture of the 3D printed horn with a dime for scale. Values for
all parameters are listed in Table 3.1

Table 3.1: Square Aperture Horn Parameters

Parameter Value [mm] Description

hal 8 Axial Length
hsl 8.25 Straight Section
haw 11 Aperture Width
aw 6.6 Width Waveguide

square with aw of 6.6 mm. Unlike an ideal Luneburg lens, the two-layer stratified lens is not well

matched to free space, and thus affects the antenna return loss. The simulated reflection coefficients

of the feed horn with and without the lens are below -12 and -20 dB, respectively, as shown in Fig.

3.5. Differences between the two full-wave methods for the case with the lens is due to the impact

of meshing peculiarities between the finite element method as implemented in Ansys HFSS [64] and

the finite integral time domain method in CST [66].

3.1.3 Far-Field Performance

The measured circularly polarzied (CP) patterns with and without the lens are shown in

Fig. 3.6. CP is chosen since the BC-BFN enables dual-CP. As expected, over the band, the half

power beamwidth (HPBW) is consistent between 10.5◦ and 10◦, whereas the sidelobe levels (SLLs)

remain lower than -17.5 dB. Due to the PCV and imperfections of the horn pattern, the SLLs are

slightly higher than those obtained with the theoretical lens illumination. Similarly like with the
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Figure 3.5: Simulated reflection coefficients of the horn with and without the lens utilizing two
different computational methods (FEM-Ansys HFSS [64] and FIT-CST MST [66]).

patterns, the measured directivity aligns well with simulations (see Fig. 3.7) and ranges from 10.1

to 10.4 dBic for the horn without the lens and 24.5-24.1 dBic for the horn with the lens.

3.1.4 BC-BFN Sensitivity to Lens Displacement

The imperfect placement of the lens above the dual-polarized horn leads to electrical asymme-

try impacting the system isolation when integrated with a BC-BFN network. A sensitivity study to

positioning imperfections is carried out with Ansys HFSS [64]. Shown in Fig. 3.8(a) is the self inter-

ference (SI) based on (2.15) computed for different offsets of the lens from the feed axis. As clearly

seen, the effect of the lens positioning imperfections on the system’s coupling is not significant as

long as the misalignment errors remain small, that is practically feasible to realize. Specifically, the

highest coupling is -44 dB obtained when the lens is offset by 5.5mm which coincides with the edge

of the horn’s aperture. This extreme case should not happen in practice. Closer to the center of

the contour plot, the coupling is extremely low, below -70 dB for displacement values of less than

1 mm.

Deeper examination of the contributions of each part of (2.15) reveals some underlying fea-

tures that can be seen in Fig. 3.8(b) and (c). S21 is nearly zero along the axes while Γ2 − Γ1 is

nearly zero along the diagonals. Examining the symmetry at these points indicates the presence

of some theoretical zeros at different positions. These locations are identified in Fig. 3.9 and are
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41.15mm
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Figure 3.6: (a) Diagram showing a side view through the middle of the horn and the lens and (b)
simulated (HFSS) and measured normalized CP elevation cuts of the horn with and without the
lens.

Figure 3.7: Simulated and measured directivities with and without the lens

explained as follows:
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Figure 3.8: (a) Contour map of the Tx/Rx coupling at 28 GHz as the lens if offset from its center
position. The BC-BFN is ideal with identical hybrids and circulators. The small crosses are the
positions simulated. The model used circulators with a 30 dB isolation. (b) Magnitude of S21 at
the different positions. (c) Magnitude of the Γ2 − Γ1 term at the different positions.

(A) x = 0 and y = 0: Perfectly centered and ideal case. Would yield perfect isolation with a

perfect OMT and BFN. S21 = 0, Γ2 − Γ1 = 0.

(B) x 6= 0 xor y 6= 0: Offset along an axis, aligned with a mode. Possesses enough symmetry for

the coupling between polarizations to still be zero but yields unequal reflection coefficients.

S21 = 0, Γ2 − Γ1 6= 0.

(C) x = y 6= 0: Offset along the diagonal. This case is reflection symmetric but the coupling

between polarizations is generally non-zero S21 6= 0, Γ2 − Γ1 = 0.

(D) x 6= 0, y 6= 0, and x 6= y: General case. This case has no special symmetry and in general none

of the quantities critical for BC-BFN STAR will be zero. S21 6= 0, Γ2 − Γ1 6= 0.

Much as the SI will never be truly zero in simulation, these individual symmetries too will be

limited by the numerical noise floor.
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Figure 3.9: Identification of 4 different cases when examining sensitivity of the system to the lens’
displacement.

3.1.5 Isolation Measurements

The OMT discussed in Chapter 2 is designed to excite the antenna with dual polarized waves

and for corresponding operation. Fig. 3.10 shows the measured network parameters for the OMT

with and without the lens. As seen, the reflection coefficients at both ports are increased with the

lens, but the system’s match remains better than -10 dB. The port-to-port coupling is also increased

but remains below -50 dB for most frequencies. These measurements show that the mechanism by

which the lens can be expected to noticeably degrade SI cancellation is through modulation of the

reflection coefficients.

To experimentally assess and demonstrate the impact of the lens on the BFN, three circulator-

based STAR configurations, seen in Fig. 3.11, are assembled and tested. Shown in the same figure

are pictures of the assembled BFN’s. The single circulator configuration in Fig. 3.11(a) produces

dual-linear polarization and the system in Fig. 3.11(d) creates dual-circular operation, which is a

fairer comparison to the BC-BFN shown in Fig. 3.11(g) which also produces circular polarization.

All three use the same COTS components and hybrids that were used in the BC-BFN described

in Chapter 2. The WR28 OMT fed horn with and without the lens is used as the dual-polarized
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Figure 3.10: Measured S-parameters for the OMT/antenna system with (solid) and without (dot-
ted) the spherical lens in place.

antenna.

The dual-linearly polarized system has comparable performance for both channels, with Fig.

3.11(c) showing the results for Γ1(from Fig. 3.10). The effect of the lens is clear as it raises the

reflection, which are directed to the Rx port; thus increasing the coupling. The couplings in the

dual-CP system with and without the lens are shown in Fig. 3.11(f). As seen, the effect of the lens

is barely noticeable because the lens’ reflections have the opposite CP handedness. In both cases,

the isolation is worse than that of the circulator itself. The results for the fully assembled BC-BFN

with the antenna, with and without lens, are shown in Fig. 3.11(i). As expected, the BC-BFN has

a better performance than the two conventional circulator configurations. Also seen is that the lens

increases the system’s worst case coupling from -34 to -30 dB, a result adjudicated to the imperfect

two-layer configuration of the lens. Specifically, the increased reflection coefficients with the lens

observed in Fig. 3.10 combined with other imbalances in the BC-BFN, lead to increased coupling

between the Tx and Rx ports. Overall, compared with the two single circulator topologies, the

BC-BFN has about 19 and 15 dB on average better isolation than the dual-circular and dual-linear

single circulator based configurations, respectively. The measured isolation of the COTS circulators

used in the BC-BFN’s construction is surpassed by an average of 9.6 dB with the lens in place.
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Figure 3.11: (a) Schematic showing single circulator dual-linear based STAR. (b) Picture of real-
ized single circulator system (c) Measured Coupling between the Tx and Rx channels in the single
circulator system. (d) Schematic showing single circulator CP based STAR. (e) Picture of realized
single circulator CP system (f) Measured Coupling between the Tx and Rx channels in the single
circulator CP system. (g) Schematic showing BC-BFN. (h) Picture of realized BC-BFN with the
spherical lens (i) Measured Coupling between the Tx and Rx channels in the BC-BFN subsystem.
All realized systems use the same COTS components and hybrids. Individual circulator perfor-
mance used in the measurements is included for reference.

Finally, note the insertion loss of the BC-BFN from the input of the hybrids to the output of the

OMT was measured to be around 0.95 dB for both the Tx and Rx channel. The BC-BFN’s insertion

loss is almost identical to that of the single circulator with hybrid configuration since the difference

between these two configurations is an added H-plane bend in the signal path which contributes
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less than 0.1 dB to the measured loss. The average losses are 0.97 dB for the single circulator with

hybrid (Fig. 3.11(e)) and 0.70 dB for the single circulator (Fig. 3.11(b)). The latter has a small

insertion loss due to the lack of the hybrid and H-bends as pictured.

3.2 Spherical Half-Lens for Beam Scanning

To scan the beam with the previously discussed configuration one can either move the feed

along the focal arcs or switch between different antennas in a feed manifold. Whereas the former is

not practical due to the fixed waveguide plumbing, the latter is challenging due to the high cost and

practical realization. Instead, a mechanically moving half-lens with fixed feed [84, 85] is a viable

approach to achieve scanning. By placing a ground plane through the equator of a spherical lens,

as shown in Fig. 3.12, we can obtain the same increase in directivity as with the full spherical lens.

The angle of the reflected beam will follow Snell’s law; therefore, scanning is achieved by changing

the angle of incidence [86]. By judiciously truncating the size of the ground plane and mounting

the lens and plane in such a way that the plane and the lens rotate about the center of the lens

as shown in Fig. 3.13, it is possible to scan the beam [84–86]. Rotations of the type shown in Fig.

3.13(a) will modify the elevation angle and those of the type in Fig. 3.13(b) will modify the azimuth.

Generally speaking, the antenna is aimed in new directions by combining both. Theoretically, the

resulting beams are identical with the resolution of the angles that can be scanned limited by the

employed control system. Details of how the mechanical motion is achieved are omitted since they

are beyond the scope of this work, however, [84] presents a possible implementation that allows

moving the lens with the required degrees of freedom. To the author’s knowledge, these antenna

systems have not been evaluated for in-band full-duplex operation. The chief challenge for isolation

is the asymmetry of the scattering environment beyond the horn. As discussed in Chapter 2, this

affects the performance of the BC-BFN system which relies on a symmetric environment to achieve

high Tx/Rx isolation. Chapter 4 discusses a system with a planar lens which achieves mechanical

steering over a conical path around broadside. The STAR configuration introduced here is able to

span full 360◦ azimuth and wide off-horizon angular coverage.
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Figure 3.12: Gimbal lens schematic (a) top and (b) side views. Identified with roman numerals are:
(I) Half lens version of the lens in Fig. 3.3; (II) lens shadow area whose size is determined from the
geometry of the lens; and (III) expanded ground area needed to reduce edge-diffraction effects. All
dimensions are for 27 GHz which is the lowest frequency considered here.

(a)

(b)

Figure 3.13: Diagram showing (a) how the lens rotates to change the elevation of the beam and
(b) how the lens rotates to change the azimuth of the beam.

3.2.1 Rotating Half-Lens Design

A rotating half-lens as shown in Fig. 3.12 has three distinguishable areas, denoted by roman

numerals:

I Ground backed half-lens version of the spherical lens.
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Figure 3.14: Simulated beam directivity at 28 GHz as a function of the expanded ground size.
Extending the ground over 2λ has minimal impact on directivity. The angle of the selected beam
is 60◦.

II Lens shadow area whose size is determined from the geometry of the lens. In a geometrical

optics derivation, the rays from an ideal Luneburg lens would impact this area.

III Expanded ground for reducing edge-diffraction effects which size is found by ensuring the

convergence of a desired far-field parameter (directivity in our case, see Fig. 3.14). Its size

coincides with that reported in the open literature [85].

The half lens was fabricated using a computer numerical control (CNC) machine to create the

rexolite half sphere and the PTFE outer shell. The outer shell is affixed to the aluminum GND

plane using nylon screws. No adhesives or screws are used on the rexolite. Rather, the outer shell

presses it against the plane.

3.2.2 Half-Lens Coupling Measurements

The addition of the ground plane introduces a highly reflective surface near the horn in a

manner that creates an asymmetric scattering environment between orthogonal linear polarizations

of the system. As seen in Fig. 3.15, the effect of these imperfections results in a 2.5 dB increase in

coupling when comparing to the spherical configuration.
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Figure 3.15: Tx/Rx coupling in the presence of the gimbal lens. The degrees indicate the direction
of two of the beams whose isolation was tested. The markers indicate the peak SI for each curve.
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Figure 3.16: Measured CP patterns for the rotating half-lens. The scan range measured extends
from 68◦ to 128◦. Coordinate system shown in Fig. 3.12.

3.2.3 Half-Lens Far Field Performance

The measured patterns for three different beams are shown in Fig. 3.16. As seen, the co-

polarized main beams suffer little to no change between the considered scan angles. The difference

in cross-polarization levels is expected due to the asymmetry. In-band directivity remains similar for

all three angles; varying across frequency from 25.1 to 25.4 dBic for the 60◦ beam, 24.6 to 25.2 dBic

for the 90◦ beam, and 24.8 to 24.5 dBic for the 120◦ beam. These values are consistent with the

24.5-25.1 dBic range obtained for the full spherical lens. The pattern parameters at 28 GHz have

been summarized in Table 3.2 for a side by side comparison. It is clear that the beam scanning

does not result in noticeable degradation of the pattern through scan loss or other changes.
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Table 3.2: Rotating Half Lens Pattern Properties

Spherical Lens 60◦ Beam 90◦ Beam 120◦ Beam

HPBW 10◦ 8.7◦ 9.1◦ 9.1◦

Directivity [dBi] 24.6 25.5 25.0 25.1
SLL [dB down] 18.0 18.8 17.5 18.1

3.3 Conclusion

A waveguide-implemented BC-BFN is used to achieve dual-polarized, high directivity full-

duplex STAR with a spherical and rotating spherical half-lens. The sensitivity of the full spherical

lens based system to alignment imperfections is found to be small. SI cancellations of 30 and 34 dB

are achieved with and without the lens in the assembled system; a considerable improvement over

the single circulators configurations that achieved -10 dB without the hybrid and -15 dB with the

hybrid in place. To overcome the limitations of the fixed beam and demonstrate scanning around

the horizon, the rotating half-lens configuration is designed and tested. Acceptable isolation with

consistent scanned patterns comparable to those of the full-spherical lens are measured demonstrat-

ing a full beam scanning capable STAR system. The results presented in this chapter show that care

needs to be taken when designing spherical lenses for STAR performance. The asymmetries and

imperfections impact the isolation and its performance, however, viable solutions that work well in

full-duplex environment and as antenna are still possible. Impact of these scatterers in the vicinity

of the BC-BFN is characterized and shown to be acceptable. This chapter clearly demonstrates

that highly directive steerable STAR systems are possible at millimeter wave frequencies.



Chapter 4

Flat GRIN Lens STAR Subsystem

In this chapter, a flat graded index (GRIN) lens is proposed as a viable alternative to the

Luneburg lens from the previous chapter to achieve a high-directivity beam-steerable monostatic-

STAR system. There are multiple ways to manufacture these lenses, including composite materi-

als [44], machined substrates [45, 46], and 3D printing cylindrical GRIN structures using partially

air-filled dielectrics in millimeter wave applications [47–51]. As seen, the 3D printing leads to prac-

tical manufacturing of lightweight lenses that provide high directivity while maintaining scanning

operation. Some flat GRIN lenses from the literature are shown in Fig. 4.1.

References [44, 45, 51] present beam scanning by switching between different antennas posi-

tioned off the optical axis. While fast, this technique incurs a significant amount of scan loss since

antennas are displaced from the focal point and the rays are not properly colimated. The work

herein presents simulated and measured results for a novel way to mechanically scan the cylindrical

GRIN lenses. At the cost of speed, this method will be shown to produce beams that maintain

higher directivity over a broader range of scan angles. The viability of beam steerable STAR using

the BC-BFN is demonstrated. The lenses discussed herein should not be confused with the planar

lenses discussed by [87, 88]. In the former, parallel plates are used to create the delays whereas in

the later a 2D cut of a conformally mapped luneburg lens is used to create a focal surface along a

straight line.

This chapter is organized as follows:

� Section 4.1 covers the design of a planar GRIN lens antenna.
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Figure 4.1: Selection of GRIN lenses built with different techniques. (a) Lens from [44], fabricated
by molding resin shells mixed with ceramics to achieve the desired permittivity profile. (b) Lenses
from [45] fabricated by drilling holes in low temperature co-fired ceramics to achieve the needed
gradient. (c) 3D printed lens from [47] fabricated out of polylactic acid (PLA) using fused deposition
modeling (FDM). (d) Selective Laser Sintering (SLS) manufactured lens from [48].

� Section 4.2 presents the proposed scanning method and contrasts it with beam switching

techniques from the open literature.

� Section 4.3 discusses the process to design the effective dielectric materials needed to recre-

ate the permittivity distribution of the lens.

� Section 4.4 shows the data obtained from far field measurements and contrasts it to the

full-wave simulations.

� Section 4.5 provides summary and conclusions on the results obtained in this chapter.

4.1 Planar GRIN Lens Design

4.1.1 General Design Equations

The design of the lens is based on the field transformation method described in [47]. This is

not the only way to obtain the flat GRIN lenses. [44] uses transformation optics to conformally map
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Figure 4.2: Side view of the lens-antenna subsystem with the labeled variables

the spherical Luneburg solution to a disk. The mapping results in a lens that has index gradations

along both the radial and height dimensions. Using the field transformation method in [47] results

in a lens with uniform permittivity along the height of the lens.

The lens herein presented uses a set of concentric rings, each with a different index of re-

fraction. The index of refraction is varied radially such that a plane wave incident on one face of

the lens exits the opposite face with a phase delay that closely approximates a spherical wavefront.

The focal length, F in Fig. 4.2, is the distance to the focal point where the rays from this spherical

wave add constructively. By reciprocity, the rays of an antenna with its radiation phase center at

this focal point will be collimated into a plane wave on the opposite side, resulting in increased

directivity. Using the geometry in Fig. 4.2, the equations to design the lens are:

k0li + kit = k0ln + knt (4.1)

ln =

√
F 2 +R2

(
1 + 2(n− 1)

2N

)2

(4.2)
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li + t
√
εr(ri) = ln + t

√
εr(rn) (4.3)

t =
lN − l1√

εr,max −
√
εr,min

(4.4)

Equation (4.1) relates the electrical length of two from an incident plane wave as they reach the

focal point, at a distance F from the surface of the lens. One ray goes through the i-th ring with

wavenumber ki while the other goes through the n-th ring having wavenumber kn. The indices i

and n are integers ranging from 1 to N , N being the number of rings used. ln are the physical

lengths of the paths between the focal point and the mid-radii of each ring, as shown in Fig. 4.2.

Through geometry, (4.2) can be determined which relates the path lengths, ln, to the focal length,

F ; lens radius, R; and number of rings, N . Dividing (4.1) by the free space wavenumber, k0, results

in (4.3). If the relative permittivities of the rings, εr(ri), are constant enough with frequency then

(4.3) is a frequency independent design equation for this kind of lens. Solving (4.3) for the thickness,

t, using the first and last rings yields (4.4). The substitutions εr,max = εr(r1) and εr,min = εr(rN )

have been made to emphasize that this relates the range of permittivities that can be printed. From

(4.4) it can be seen that a larger range in the achievable permittivity will lead to thinner lenses.

Conversely, if the fabrication process is limited to a narrow range of permittivities, the lens will

have to be thicker to compensate for the proper phase delays. The distance through the center of

the lens is shorter than the distance through the edge of the lens so the maximum permittivity is

found at the center and tapers off towards the edge.

4.1.2 Design of the Lens Antenna

The initial lens design was to use the full range of permittivities available in the 3D printer’s

resin. More details on material measurement and design are provided in the following sections

but initially it suffices to know that solid sample of Formlab’s Tough RS-F2-TOTL-05 resin was

measured to have a permittivity of 2.9 and this was used as the upper bound in the initial designs.
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Figure 4.3: Comparison of the two permittivity ranges. (a) Side view of the lenses enclosed in
colored squares that correspond to the plots in (b) which shows the E-Plane cut of the directivity
at 28 GHz. An increase in peak directivity of 3.2 dB is observed with the smaller permittivity
profile.

The lower bound was selected to be 1.07 as this is the permittivity of Rohacel 31 HF. As in [51], this

would be a viable replacement for the 3D printed material for the outer ring, where manufacturing

limitations would restrict the lowest obtainable permittivity. The resulting lens had unexpectedly

low directivity and it was found that by reducing the range of permittivities a significant increase in

directivity was obtained. The comparison between a lens with the first range, 2.9-1.07, and a second

lens with the permittivity range of 2.0-1.07 is seen in Fig. 4.3. The improvement is adjudicated to

the improved match between air and the lens layers when a lower permittivity is used.

Another parameter to tune is the subtended angle, α, identified in Fig. 4.4(a). This parameter

controls how the antenna illuminates the lens and is related to the radius, R and focal length F by

expression (4.5).

tan
(α

2

)
=

R

2F
(4.5)

Constraining F to 40 mm and generating the requisite 10 layer lenses with a permittivity range

of 2 to 1.07 allowed doing a sweep in subtended angle. This implies a change in the radius of the
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(a) (b) (c)

Figure 4.4: (a) Side view identifying the subtended angle, α. (b) Aperture efficiency as the value
of α is varied. (c) Peak directivity as the value of α is varied.

different lenses. Circled in Fig. 4.4(b) and (c) are the aperture efficiency and directivity for α = 90◦

which yielded the best result among the values sampled. This α corresponds to R = 80 mm.

With the goal of reducing the complexity of the design, the effect of the number of rings was

studied. The model shown in Fig. 4.5(a) was chosen. It has 4 rings, contrasted to the 10 rings being

used in the previous models. Using between 10 and 4 rings had little effect on the directivity but

Fig. 4.5(b) shows how with 3 and 2 rings the directivity drops off sharply. The dimensions of the

final design are summarized in Table 4.1. The feed antenna is the square aperture horn discussed in

Chapter 2. The simulated and measured far-field performance will be discussed in a later Section

4.4.

4.2 Scanning with the Planar GRIN Lens

4.2.1 Rotating the Lens

When offsetting the lens from the focal length as shown in Fig. 4.6(a) to scan the beam it is

seen that the beam quality quickly degrades. The blue curves in Fig. 4.6(c) show the directivity for

β = 10◦, 20◦, 30◦, 40◦. The beam at broadside (β = 0◦) is shown in black. Not only is directivity

reduced but there does not seem to be a simple relation between β and the angle of the far-field
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Figure 4.5: (a) Side view of the final lens with 4 rings. Key geometrical dimensions are indicated.
(b) E-Plane directivity at 28 GHz as the number of rings, N , is varied from 10 to 2. 10-4 rings are
indistinguishable but at 3 and 2 rings there is significant degradation.

Table 4.1: Cylindrical GRIN Lens Parameters

Parameter Value Description

F 40 mm Focal Length
R 40 mm Lens Radius
α 90◦ Subtended Angle
t 35.14 mm Lens thickness
N 4 Number of rings

εr(r1) 2.00 Relative permittivity at the center (εr,max)
εr(r2) 1.81 Relative permittivity at the second ring
εr(r3) 1.49 Relative permittivity at the third ring
εr(r4) 1.07 Relative permittivity at the outer ring (εr,min)

beam. To mitigate the scan loss a new method of scanning is proposed, as schematically shown

in Fig. 4.6(b). The approach is to keep the horn static while moving the lens in an arc such that

the focal point always remains at the antenna’s phase center. The resulting beams for inclinations

of θ = 10◦, 20◦, 30◦, 40◦ are seen in red in Fig. 4.6(c). They are seen to outperform the blue

curves, allowing for a wider scan angle with lower scan loss, and the angle θ accurately predicts

the direction of the resulting beam. When contrasted with the array element switching discussed

in [45, 51], this method sacrifices the switching speed for better far-field performance. Another

positive when compared to the array-element switching method is that the resulting beams are
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(a) (b) (c)

Figure 4.6: (a) Scanning by offsetting the antenna from the focal point. Implemented by switching
between array elements in [45,51]. (b) Scanning by rotating the lens while keeping the focal point
at the antenna’s phase center. (c) Directivity for both plots. The blue is for the configuration in
(a) and the red for the configuration in (b). The black pattern is the broadside pattern which is
common for both cases.

not limited to discrete positions. Instead the full conical area is potentially available, subject to

the accuracy of the mechanical control system. This method allows for the lens to be swept in

inclination and azimuth while keeping the focal point on the antenna.

Fig. 4.7 shows the result form beam scanning with more detail. As mentioned before, within

the angles tested, the correspondence between the lens’ inclination and the beam direction is exact;

meaning if the lens is inclined at 20◦, the beam is directed at θ = 20◦. The scan loss up to 40◦ of

inclination is less than 4.6 dB along both planes of symmetry of the CP horn. In both planes, it

can be seen that as the lens moves further away from zenith, the spillover radiation from the feed

becomes more pronounced. In Fig. 4.7 this effect is visible as the directivity increases at θ = −15◦.

which is still 10 dB down from the main beam at an inclination of 40◦. This increased spillover

as well as non-optimal illumination of the lens at lower angles leads to the scan loss visible in the

results. The axial ratio is predicted to degrade as the beam is scanned but in simulation the worst

case is at θ = 40◦ where the AR at the peak of the beam degrades to 1.4 dB. Due to the electrical

symmetry of the problem, these results can be extended for all azimuth angles on an 80◦ cone (i.e.

from θ = −40◦ to θ = 40◦)
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Figure 4.7: (a) Simulated scanning at φ = 0◦. (b) Simulated scanning at φ = 45◦. The inclination
is θ = 0◦, 10◦, 20◦, 30◦, 40◦. All patterns are CP. Cross-pol is too low to be shown on this scale.

4.2.2 Effect on STAR Subsystem Performance

Similar to the analysis performed for the spherical lens in the previous chapter, the S-

parameters are used to evaluate how this mechanical beam steering with the planar lens affects

the expected Tx/Rx isolation. Fig. 4.8 summarizes the results. The use of three different azimuth

angles is to illustrate sensitivity across the different symmetry cases as identified in Fig. 3.9. φ = 0◦

corresponds to case B, 45◦ corresponds to C, and 22.5◦ corresponds to case D. Case A happens

when the inclination, θ, is zero in all the plots.

Fig. 4.8 shows that both S21 and Γ2 − Γ1 are elevated when the lens is offset in this asym-

metrical way. The isolation results shown in Fig. 4.8(g)-(i) for 3 frequencies in the band indicate

that an isolation better than 43 dB is achievable at least in simulation. This value is practical when

compared to other STAR systems in the literature (see Table 1.2.6).
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Expression

Figure 4.8: Simulated performance with an ideal BC-BFN as the lens is inclined. 3 Different
azimuth angles are chosen for each plot to show how the special cases outlined in Fig. 3.9 behave.
Plots that should be ideally zero are identified to indicate that they are numerical noise. (a), (b),
and (c) are the magnitude of S21 at 27, 28, and 29 GHz respectively. (d), (e), and (f) are the
magnitude of Γ2 − Γ1 at 27, 28, and 29 GHz respectively. (g), (h), and (i) are the Tx/Rx isolation
as obtained from (2.15).

4.3 Designing Effective Permittivity for Flat GRIN Lens

4.3.1 Designing Effective Permittivity

In order to fabricate the lens a triangular unit cell such as the one in [45,51,89] and pictured

in Fig. 4.9 is deployed. S is the separation between hole centers and as a rule of thumb, kept below

λ/3 at the highest frequency (29 GHz in this case). This size consideration keeps the cell electrically

small and the material is effectively uniform. The permittivity is varied by modifying the radius,

r, of the holes. More material means a higher permittivity and less a lower permittivity.

The relationship between the achieved permittivity and the physical dimensions is not linear
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S
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Figure 4.9: Top side of the unit cell. S is the separation between hole centers and as a rule of
thumb, kept bellow λ/3 at the highest frequency (29 GHz in this case). The permittivity is varied
by modifying the radius, r, of the holes.

and so a design curve is developed by simulating different unit cells and extracting the resulting

parameter. Fig. 4.10(a) shows the simulation setup to extract material parameters. By printing

a solid piece of resin, the relative permittivity of Formlab’s Tough RS-F2-TOTL-05 resin was

experimentally determined to be 2.9. This is obtained by fitting the sample in a flange as shown in

Fig. 4.10(b) and measuring the network parameters. To convert these measurements to material

parameters, the following equations from [90] are used.

χ =
S2

11 − S2
21 + 1

2S11
(4.6)

Γ = χ±
√
χ2 − 1 (4.7)

P =
S11 + S21 − Γ

1− (S11 + S21)Γ
(4.8)

εrµr =

(
λ

λc

)2

−
[
λ

2πl
ln

1

P

]2

(4.9)

µ2
r =

(
1 + Γ

1− Γ

)2

(
εrµr
λ2
− 1

λc

)
(

1
λ2
− 1

λc

) (4.10)
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Figure 4.10: (a) Full wave model to simulate the unit cell within a WR28 waveguide. (b) 3D printed
samples for measuring.

In the above expressions, λ is the wavelength, λc is the wavelength of the guide’s cutoff frequency,

and l is the length of the sample. The parameters combined with the measured S-parameters

(S11 and S21) allow determining the relative permittivity, εr, and permeability, µr. A known

limitation of these expressions to extract material parameters comes about due to an ambiguity

introduced by the complex logarithm calculated in (4.9). This creates a tradeoff between the

length of the sample and the highest permittivity that can be unambiguously determined. Fig.

4.11 illustrates this tradeoff. To generate the plots, the S-parameters for an analytical section of

WR28 are synthesized. Each section is designed to be filled with a different permittivity. The

relative permittivity is varied from 1 to 6. The material in the synthesized sample is calculated

at different frequencies, selected to represent 1.0001fc, 1.25fc, 1.5fc, 1.75fc, and 2fc; fc being

the waveguide cutoff frequency. If there were no ambiguity, all the plots in Fig. 4.11(a) would

lie on the x = y diagonal line. The calculated values however deviate from this expected result.

Higher frequencies (i.e. when sample is electrically longer) are only able to measure lower ranges of

permittivity. Observing this behavior, a sample length of 3 mm was chosen as the measurements

could unambiguously determine relative permittivity values below 3 for frequencies under 31 GHz.

Fig. 4.11(b) shows that the permeability measurement is similarly affected by the ambiguity. µr is

maintained at 1 in all the samples synthesized.
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(a) (b)

Figure 4.11: Calculated relative permittivity and permeability to illustrate ambiguity. (a) Calcu-
lated relative permittivity as the permittivity of the sample is increased. (b) Calculated relative
permeability as the permittivity of the sample is increased. S-parameters for the samples are an-
alytically generated for a section of WR28. Input µr is maintained at 1 and the sample length is
3 mm

4.3.2 Lens Design and Fabrication

The final design curve is obtained by varying the radius of the holes in Fig. 4.10(a) and is

shown in Fig. 4.12. The spacing is kept at λ/3 at 29 GHz and the length of the sample at 3 mm.

The radius of the unit cells for the different rings in the lens are determined by identifying where

the values in Table 4.1 are on this design curve. The first three permittivites have dimensions that

can be fabricated. However, outlined with a vertical dotted line, is the region beyond which the

radius would create walls in the unit cell that are smaller than 0.25 mm. These are beyond what

can be reliably printed in the Formlab’s Form 2 printer. Rohacel 31 HF is instead used for the last

layer.

Three samples of each of the materials to be 3D printed are fabricated and tested. Their

resulting permittivity as well as a summary of their average is shown in Fig. 4.13. Air is included

as a sanity check for the measured values. The plots which show how all 3 samples overlay with

each other indicate good repeatability of the process and close agreement with the expected relative

permittivity is obtained. With confidence in the fabrication process established the lens shown in

Fig. 4.14 is fabricated.
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0.82mm

0.92mm

1.08mm

1.26mm (non-realizable)

1.81

2.00

1.07

1.49

Realizeable Radius 

Limit

Figure 4.12: Design curve obtained through full wave simulation. Identified are the permittivities
from Table 4.1 and the corresponding radius for the holes in their unit cells. The vertical line
denotes where the wall thickness would go bellow the 0.25 mm that can be reasonably realized.

Material Measured Expected

Air 0.99 1

0.82mm 2.1 2

0.92mm 1.92 1.81

1.08mm 1.55 1.49

Figure 4.13: Measured material parameters of different samples, identified by the radius of their
holes.

4.4 Measured Performance

4.4.1 Far-Field

The measurements of the scanned CP patterns agree very well with the simulation and the

results are seen in Fig. 4.15(a). The resulting directivities are a little lower than expected but the
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RohacelResin

(a) (b)

Figure 4.14: (a) CAD model of the lens identifying in blue the parts to be 3D printed with the
Tough RS-F2-TOTL-05 Resin and in white the ring to be constructed in Rohacel 31 HF. (b) Picture
of the fabricated lens.

CP pattern with Ideal Delays

24.5dBic
24.3dBic

23.3dBic
21.7dBic

20.2dBic

Normalized Scan Loss

(a)
(b)

Figure 4.15: (a) Comparison of the measured (colored) and simulated (black) CP directivity pat-
terns. (b) Comparison of the simulated and measured scan loss at the different angles.

scan loss shown in Fig. 4.15(b) tracks very closely with the simulated data. In these patterns the

rise in the spillover beam as the lens is inclined is properly captured in both, measurement, and

simulation.

There is however an increased cross-polarized component that rises significantly to -15 dB

once the beam moves off broadside. This increase in cross polarization is not present in the sim-

ulated plots and is attributed to the small anisotropicity of the effective material that is used to
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(a)

(b)

(d)

(c)

(e)

Figure 4.16: Comparison of the measured (colored) and simulated (black) normalized patterns.
Cross polarized patterns included with dotted lines. The inclinations shown are (a) 0◦, (b) 10◦, (c)
20◦, (d) 30◦, (e) 40◦.

fabricated the lens. It is not captured in simulation since all lens simulations are made with fully

homogeneous materials. Accurately simulating the perforated lens was found to be impractical due

to the memory requirements meshing each perforation would require. As an alternative, with the

interest of demonstrating increased cross-polarization of circularly polarized waves when traveling

in these materials a quick proof of concept simulation is employed. Using a doubly periodic bound-

ary a unit cell of the material is constructed to simulate an infinite slab as seen in Fig. 4.17(a).

No significant difference is observed when looking at the linear components in Fig. 4.17(b) as the

rays through the solid and perforated sample behave the same. The effective permittivity of the
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(a) (b) (c)

Figure 4.17: (a) Doubly periodic model simulating an infinite slab. The height of the material
matches the thickness of the lens, 33.8 mm. (b) Amplitude of the parallel and perpendicular wave
components as the incident angle of the wave is modified. (c) Converting the linear components to
circular polarization to show that the perforated slab has a higher cross polarization.

perforated sample is the same as the solid sample chosen and it is chosen to be 2. When these com-

ponents are converted to CP then a difference arises as seen in Fig. 4.17(c). The two co-polarized

lines are on top of each other at 0 dB however the cross pols do not agree. The cross polarized com-

ponent of the perforated slab yields an average of 16.6 dB increase in polarization, demonstrating

how the anisotropicity of the material can lead to increased circular cross-polarization.

4.4.2 BC-BFN STAR

To experimentally validate that this scanning has little effect on the Tx/Rx isolation the lens

is integrated with the BC-BFN and OMT described in Chapter 2 and is seen in Fig. 4.18(a). In

Fig. 4.18(b) the peak coupling is seen to go from -33.6 dB without the lens to -31.7 dB with the

lens inclined at 40◦. This shows a great insensitivity to the lens’s position allowing beam-scanning

without degrading the STAR performance. The power dissipated at the BC-BFN’s auxiliary load

is investigated to ensure that the resilience of the isolation did not come at the cost of efficiency.

The power consumed therein remained similarly unaffected at around -14 dB.
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(a) (b)

Figure 4.18: (a) Picture of the assembled BC-BFN lens antenna subsystem using the system de-
scribed in Chapter 2 and (b) measured Tx/Rx coupling at different inclinations

4.5 Conclusions

Beam steering by moving the planar lens on a sphere of constant radius is demonstrated

computationally with a scan loss of 4.5 dB at 40◦ elevation. High system isolation, greater than

43 dB, is maintained in computational models. The system is fabricated using consumer grade 3D

printing hardware and tested to demonstrate beam-steerable STAR performance with satisfactory

far-field performance. This demonstrates that in cases where the speed of electrical beam switching

is less critical, mechanically steering the lens allows for a system with improved far field parameters.

Little detriment is measured on the Tx/Rx isolation of the fabricated system from using the lens

to mechanically beam steer, specifically, the isolation is degraded by less than 2 dB at the most

severe angle. The results in this chapter clearly indicate that mechanically steerable lenses with

artificial dielectrics can be used in STAR systems. Impact of intrinsic material inhomogenities on

isolation is not significant.



Chapter 5

STAR for Lens Based Retrodirective Systems

5.1 Introduction

Retrodirective (RD) systems that provide enhanced radar cross section (RCS) have long

been of interest for airborne, satellite and naval communications as well as wide-angle and wide-

bandwidth radar targets. Commercial applications such as RF identification of vehicles and items

have been emerging in more recent times as well. RD arrays (RDA) use an array to enhance the

RCS in the direction of the received signal. In Van-Atta RDA (VA-RDA) [52–58], retrodirectivity

is achieved by interconnecting the elements as shown in Fig. 5.1(a). Passive VA-RDAs can be

implemented with transmission lines of equal length to provide equal phase delay between pairs of

elements that mirror each other with respect to the center of the array. It is possible to increase

the RCS of a VA-RDA further by introducing amplification in the interconnect between elements.

Modulation of the singal also allows encoding a response. In that case the RD properties of

the array act as self steering for the VA-RDA. Replacing the RD-BFN in Fig. 5.1 for heterodine

phase conjugators would also allow achieving retrodirectivity [59] [56]. Due to the non-linear

characteristics of their RD-BFN, they are not a focus of the work herein.

Use of completely passive components, such as Luneburg lens reflectors [60–62] provides a

simple way to achieve wide-angle and wide-bandwidth retrodirectivity. The Luneberg lens is a

spherically symmetric graded index (GRIN) of refraction lens [79]. In general, this lens focuses an

incoming plane wave from any given direction onto a focal point on the opposite side of the lens.

The set of focal points creates a focal surface in the shape of a sphere, concentric to the lens. The
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Retrodirective 
Beamforming Network 

(RD-BFN)

Array

(a) (b)

Figure 5.1: (a) 4-element linear Van-Atta RDA showing the interconnects between the array ele-
ments that make up the RD-BFN. The interconnects must provide the same phase delay between
pairs of elements. (b) Passive Luneburg lens reflector with focal points on its surface. One side of
the spherical Luneburg lens is coated with a conductor. The lens focuses the incoming plane waves
to this point and reflects all the energy back in the direction of incidence

radius of the focal surface can be greater than, equal to, or less than the radius of the lens itself.

By placing reflective material on this focal surface it is possible to create a passive reflector. The

schematic for a lens with the focal point at the surface is visible in Fig. 5.1(b). Retrodirectivity is

achieved by substituting the reflective materials with antennas having a RD-BFN that connects the

receiving antenna to itself. An active RD system using a 2D Luneburg lens was developed in [63]

and reported 10dB measured improvement in RCS. Recently [91] the Rotman lens was designed to

achieve an active RDA as well.

The effect on RCS due to the BFN (not retrodirective) for an array using series [92] and cor-

porate [93] feed networks has been extensively described. This work has been expanded by [94] who

added mutual coupling between antennas to the model by using the element’s embedded impedance.

The array elements in [94] were not necessarily equal, improving the general applicability of their

setup. The formulations in [92–94] provide equations that are explicitly functions of different BFN

dimensions but ignore higher order reflections within the BFN. In the case of corporate BFN a

suitable truncation depth must be selected for the reflections and coupling coefficients as the array

grows. This chapter presents a formulation for the BFN component of the RCS as a function of the
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measured S-parameters and the radiation properties of the individual elements, be they arranged

in an array, lens manifold, or other grouping of radiating ports. The formulation presented in

Section 5.3 includes all higher order reflections and their mutual coupling through the BFN and

the antennas.

RD systems endowed with active components that amplify the incoming signal [53–55,57,63,

91] are at risk of entering a positive feedback loop. Feedback loops can be formed from element

reflections and element to element coupling, generally simultaneously. [53] makes an estimate for

the maximum usable loop gain to be about 20dB for dipole arrays with between -14.7 to -27.8 dB

of mutual coupling. [91] reports empirically determining 9dB of amplification before the Rotman

configuration, loaded with several reflect-amplifiers, would become unstable. To allow designing

systems that work at their utmost, the research herein uses the convergencce criteria of the infinite

series of higher order reflections and element couplings to obtain a stability condition and shows

algebraic solutions to the maximum usable amplifier gain for various common RD-BFN’s.

Antenna reflections are often in the -10 dB to -15 dB range but STAR achieves measured

couplings in the -30 dB range or better (see Table 1.2.6). This means that a higher level of ampli-

fication can be used, a level that is not available with current bi-directional amplifiers. Utilizing

STAR allows using more conventional directional amplifiers with COTS options spanning large

bandwidths. A dual-polarized lens feed, such as a horn antenna, integrated with the balanced cir-

culator BFN (BC-BFN) discussed in Chapter 2 receives and transmits using the same polarization,

frequency, and aperture. By interconnecting the Tx and Rx ports with a directional amplifier, it

is possible then to receive the incoming signal, amplify it, and re-broadcast the same or altered

amplified waveform.

This chapter is organized as follows:

� Section 5.2 discusses the RCS formulations from various sources in the literature as they

apply to arrays and lens based reflectors.

� Section 5.3 develops a new mathematical framework to express the RCS due to the BFN
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network of a multiport system. The calculation of the max-usable loop gain for different

retrodirective networks from said equations is also discussed.

� Section 5.4 the equations derived from the previous section are compared to full-wave

simulations of the RCS of two dipoles establish their validity.

� Section 5.5 the BC-BFN is used as an exemplar to demonstrate how STAR might be used

to enhance the capabilities of an active lens reflector and its performance is compared to

passive lens reflectors.

� Section 5.6 provides summary and conclusions on the results obtained in this chapter.

5.2 Theory

5.2.1 Single Antenna RCS

RCS is defined as [95]:

σ = lim
r→∞

[
4πr2 Ps

Pinc

]
= lim

r→∞

[
4πr2 |Es|2

|Einc|2

]
= lim

r→∞

[
4πr2 |Hs|2

|H inc|2

]
(5.1)

where Pinc in the power of an incident plane wave and Ps is the power of the scattered plane

wave. The E and H vectors are the electric and magnetic fields with the corresponding subscripts.

Following [96,97] and using the nomenclature from [98] it is possible to separate the antenna RCS,

σ, into two components:

σ =
∣∣∣√σres +

√
σante

jφr
∣∣∣2 (5.2)

where σant is the RCS due to the antenna mode component which is dependent on how the antenna

is loaded and σres is the residual component, sometimes called the structural component, and it is

defined as what is missing from the antenna component to completely represent the RCS. As RCS

is a ratio of power incident to power scattered, it does not include phase information. The ejφr

term allows representing the phase needed to properly sum the two components. σres generally has

no simple solution but can be determined numerically or experimentally. σant however can be fully

described for a single antenna using the gain pattern and the load connected to the antenna port.
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In [96] Green begins from

Es(ZL) = Es(0)− I(0)

It

ZL
ZL + Za

Et (5.3)

which defines Es(ZL) as the electric field scattered by an antenna loaded with a load impedance

ZL. The other terms are: the field scattered by the antenna when it is shorted, Es(0); the short

circuit current produced at the antenna terminals due to an incident wave, I(0); the antenna input

impedance, Za; and Et which is the field radiated by the antenna when an input current It is

applied at the terminals. Green reworks (5.3) to obtain

Es(ZL) = Es(Z
∗
a)− I(Z∗a)

It
EtΓm (5.4)

which now expresses Es(ZL) in terms of the fields scattered by the antenna when it is conjugate

matched, Es(Z
∗
a), and the current generated by an incident wave at the antenna ports when the

antenna is conjugate matched, I(Z∗a). In (5.4) Γm is a modified reflection coefficient defined as

Γm =
ZL − Z∗a
ZL + Za

. (5.5)

Fig. 5.2 graphically identifies where this reflection coefficient is defined compared to the antenna

input reflection coefficient. From this expression Green defines the residual/structural RCS from

the first term, Es(Z
∗
a). This component would generally have to be experimentally determined.

The antenna component is defined from the second term in (5.4) as

σant,Green =
λ2

4π
GincGobs|Γm|2 (5.6)

where Ginc and Gobs are the antenna gain in the direction of incidence and observation. As seen,

the antenna component of RCS depends solely on the antenna’s radiation patterns as well as the

modified reflection coefficient. Tuning the load impedance can be used to modify the properties of

σant, sometimes to the purpose of canceling the σres component [98]. Circulators may be used in

conjunction with phase shifters, delay lines, or other components to control the properties of σant

and in [99–101] this approach is used to estimate σant and reduce overall RCS.
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Γm
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jXa

ZL Γa

Figure 5.2: Circuit diagram graphically identifying the definition of the antenna reflection coeffi-
cient, Γa, and Green’s modified reflection coefficient Γm. The antenna impedance is shown by its
real and imaginary parts such that Za = Ra + jXa.

Hansen [97] arrives at a similar but distinct set of equations. Using (5.3) as the starting

point, Hansen reworks it into

Es(ZL) = Es(0)− 1

2

I(0)

It
(1 + Γa)Et (5.7)

which bares similarities to (5.4) but using fields and currents with a shorted antenna rather than

the terms with a conjugate matched load. From (5.7) Hansen defines

σHansen =
∣∣∣√σres − (1 + Γa)

√
σante

jφr
∣∣∣2 (5.8)

which differs from Green’s definition in which the residual/structural component was based on the

fields scattered by a conjugate matched load. The second term separates the Γa from the σant but

together they allow for a tuning similar to Green’s σant term. These differences in definition are

found in various sources in the literature and care should be taken to understand which convention

is being cited. (5.9) is also derived in [97] and is a counterpart to (5.4) which does away with the

conjugate loads and instead uses a matched load. The expression also does away with Γm and uses

Γa instead. Equations (5.4) and (5.9) are equivalent when Za is real.

Es(ZL) = Es(Za)−
I(Za)

It
EtΓa (5.9)
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5.2.2 RCS of VA-RDA’s

In a VA-RDA, when the antenna elements are well matched to the retro-directive beam

forming network (RD-BFN) the expression for σant as a function of antenna parameters becomes

(5.10) [56,58]

σant,VA-RDA =
λ2

4π
GincNGampGobsAFobs (5.10)

where Ginc is the gain in the direction of wave incidence, Gobs is the gain in the direction of

observation, N is the number of array elements, Gamp is the amplification of the RD-BFN and AFobs

is the value of the array factor (AF) in the observed direction. It should be reiterated that this only

accounts for the σant in (5.2). σres for a VA-RDA should still be determined computationally or

experimentally to account for specular reflections or other forms of scattering from the array and

associated structure. This expression ignores any higher order reflections and coupling between

array elements. These contributions may be negligible for passive systems (Gamp ≤ 1) or systems

with very little amplification but, as is shown in a later section, the feedback and higher order

reflections become more significant with higher levels of amplification.

5.2.3 Series and Corporate Fed Arrays

References [92, 93] use Green’s expression as a starting point and present more detailed

expressions for the RCS of dipole arrays fed by series and parallel networks respectively. The

starting equation is

σmonostatic =
4πA2

e

λ2

∣∣∣∣∣
N∑
n=1

Γne
jk·dn

∣∣∣∣∣
2

|Fnorm|2 (5.11)

which relates monostatic RCS to the antenna effective area, Ae; the normalized element scattering

pattern, Fnorm; and the signal reflected from the BFN to each antenna port, Γn. The complex

exponential in the summation is used to account for the phase delay due to the element’s position

in the array, dn, and the wave-vector along which the observation is being made, k. Γn is further

defined for series and corporate feed networks in terms of the properties of the sub-components and

the entire formulation is subject to various assumptions:
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1) Devices of the same type are assumed to have identical electrical characteristics. All the radiating

elements have the same reflection and transmission coefficients.

2) The feed devices are well matched and therefore higher order reflections can be neglected.

3) Lossless devices in the BFN are assumed.

When defining the Γn for the corporate feed networks a truncation level must be selected beyond

which the reflections in the BFN are assumed negligible. Reference [94] relaxes the 1st requirement

and expands the definition of the Γn terms to include information about the embedded array

element. Specifically, the shape of the array elements is allowed to vary, modifying their impedance

and the effect of the active impedance is examined.

5.2.4 Luneburg Lens Reflectors

The monostatic RCS of an ideal passive Luneburg lens reflector is described fully as a function

of its radius, RLL [61, 62]

σmono,LL Reflector =
4π(πR2

LL)2

λ2
. (5.12)

which is the same expression as a round PEC plate. The lens reflector will maintain this performance

over the angle that is coated with the reflective surface. If the reflector is replaced by an antenna

manifold then an expression similar to (5.10) is obtained

σant,LL Antenna =
λ2

4π
GincGampGobs (5.13)

with N = 1. This is under the assumption that only one antenna is active which is good provided

teh entire manifold is well designed.

5.3 BFN Feedback Model

The common assumption of the hitherto discussed models is that feedback is negligible and

the BFN is assumed to provide simple amplification. [92,93] present expressions that include some

feedback within the BFN, however, their analysis is limited to series and corporate BFN for arrays.
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Figure 5.3: Schematic diagram showing (a) antenna and BFN and (b) replacing the RD-BFN for
the set of equivalent impressed sources b on infinite transmission lines of characteristic impedance
Z0

Furthermore a finite truncation level must be chosen. The analysis that follows herein will present

a framework for determining the σant with an arbitrary BFN.

The limits between the antenna and BFN can be delimited at any convenient set of ports.

This will result in two subsystems with scattering matrices [A] and [B] respectively as shown in

Fig. 5.3. Both matrices are assumed referenced to a real impedance Z0 at all ports. For the model

herein discussed, the portion labeled as the antenna should have radiated fields associated with

each port. The field scattered by the full system due to an incident wave, is described as

Es = Es(Z0) + Es(BFN). (5.14)

The terms to the right are more conceptual than strict functions and Es(Z0) represents the scattered

field when the antenna ports are loaded with the impedance Z0 and Es(BFN) represents the fields

generated by the presence of the BFN. The physical reasoning behind this separation can be

understood through Huygen’s equivalent wave sources [102] which allow replacing the BFN in Fig.

5.3(a) for infinite transmission lines and a set of impressed wave sources b. The resulting far-field

is then a superposition of the field generated by the impressed wave sources, Es(BFN), and the

field scattered by the antenna loaded by the semi-infinite lines, Es(Z0). Converting (5.14) to RCS
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while keeping the same labels yields

σ =
∣∣∣√σZ0 +

√
σBFNe

jφr
∣∣∣2 (5.15)

where σZ0 is the RCS of the system with all ports terminated with the reference impedance. If Z0

is chosen to be realizable, it is possible to obtain this value through empirical studies or numerical

simulations. σBFN is the component of the RCS due to the presence of the BFN. Both these

components are generally out of phase with each other by some unknown phase φr.

The following section describes a closed form solution for σBFN in terms of radiation patterns

and scattering parameter matrices. The formulation herein described makes no assumptions as

to their spatial orientation or about how they are connected, if they are connected, within their

respective BFN’s. Specific BFN’s relevant to RD systems are discussed in the later subsections to

illustrate how the model indicates the limit of the system’s RCS enhancement.

5.3.1 BFN RCS Component

The power received by a single antenna can be described by the equation

P (n)
rec = Pinc

λ2

4π
G

(n)
inc (5.16)

where P
(n)
rec is the power received by the n-th antenna with gain G

(n)
inc in the direction of incidence

[103] and from which a wave amplitude vector [104] a0 can be defined with elements

a
(n)
0 =

√
G

(n)
inc

E
(n)
inc

|E(n)
inc |

= g
(n)
inc (5.17)

where a
(n)
0 represents the excitation from an incoming wave at port n. Compared to the usual

definition of a wave vector, a
(n)
0 is normalized by a

√
Pinc

λ2

4π factor such that∣∣∣∣∣
√
Pinc

λ2

4π
a

(n)
0

∣∣∣∣∣
2

= P (n)
rec = Pinc

λ2

4π
G

(n)
inc (5.18)

The definition of g
(n)
inc in (5.17) allows succinctly accounting for the phase of the electric field pattern

in the direction of incidence, Einc. This phase information is necessary for the proper combination
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of the radiation from all ports. The BFN’s response to the a0 excitation is found as b0 = [B]a0.

This b0 in turn excites the antenna. A well designed antenna would radiate most of the energy but

there will generally be some level of reflection and mutual coupling between the antennas. This

creates a new set of wave vectors coming from the antenna, a1 = [A]b0. The cycle then repeats

itself and the recursive relationship

bi = [B]ai (5.19a)

ai+1 = [A]bi (5.19b)

is defined which uses a0 as the initial case. b, identified in Fig. 5.3, is defined as the sum of all

the wave vectors incident on the antenna ports. The infinite series has a well known algebraic

expression [105] that allows writing b as a function of a0. The derivation is as follows:

b =
∞∑
i=0

bi

= b0 + b1 + b2 + ...

= [B]a0 + [B]a1 + [B]a2 + ...

= [B]a0 + [B][A]b0 + [B][A]b1 + ...

= [B]a0 + [B][A][B]a0 + [B][A][B][A][B]a0 + ...

= [B]
(
[I] + [A][B] + ([A][B])2 + ...

)
a0

b = [B]

( ∞∑
i=0

([A][B])i

)
a0

b = [B] ([I]− [A][B])−1 a0 (5.20)

where [I] is the identity matrix, and the −1 exponent expresses the matrix inversion of the expres-

sion within parenthesis. The resulting power scattered from an antenna excited by b is given by

Ps = Pinc
λ2

16π2r2

∣∣∣∣∣
N∑
n=1

b(n)g
(n)
obs

∣∣∣∣∣
2

. (5.21)
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and when (5.21) is placed into (5.1) an expression for the σRD-BFN is obtained as

σBFN =
λ2

4π

∣∣∣∣∣
N∑
n=1

b(n)g
(n)
obs

∣∣∣∣∣
2

. (5.22)

which expresses the σBFN solely in terms of antenna patterns and measurable network quantities.

This expression bares significant similarities to (5.11), however, the definition of the Γn focused on

features in the series or corporate BFN. The b(n) are defined in terms of the network parameters

of both, the antenna and the BFN. These parameters can be obtained analytically or numerically

and the expression would remain applicable. The elements could be all equal or all different, lossy

or perfectly conducting. There is also no truncation of the series so all higher order reflections are

accurately captured.

When using a reflect amplifier with a single antenna, such as when a single antenna is used

with a Luneburg lens, [B] and [A] are scalar quantities. [B] = gamp and [A] = Γa, where gamp is

defined such that |gamp|2 = Gamp and Γa is the reflection coefficient looking into the antenna. This

allows substituting in (5.22) to obtain

σBFN =
λ2

4π

∣∣∣∣ gamp

1− Γagamp

∣∣∣∣2GincGobs. (5.23)

Contrasting (5.10), (5.13), and (5.23), the expression for the RCS of the system becomes less linear

as a function of amplifier gain as the antenna reflections become more significant. This behavior is

not accounted for in the previous expressions.

5.3.2 Convergence

Much like the geometric series, (5.20) is a valid solution to the infinite series but subject to

a convergence criteria. This value is known as the spectral radius, ρ, defined in [105] as

ρ ([A][B]) = |emax| (5.24a)

det ([I]e− [A][B]) = 0 (5.24b)

where |emax| is the largest magnitude of the set of eigenvalues that are solutions to (5.24b) and

det() is the determinant of a matrix. In order for (5.20) to converge, the spectral radius of [A][B]
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must be below unity, i.e.:

ρ ([A][B]) = |emax| < 1. (5.25)

If the spectral radius is greater than or equal to 1 then the sums of the ai and bi vectors never

converge to a finite value. In systems with amplifiers this would lead to the energy of the system

increasing until the amplifier is saturated. Once the linearity of [A] or [B] is compromised, the

recursive relationships in (5.19) would no longer hold and the derivation in (5.20) would no longer

be valid. The RCS may still converge to a finite value but non-linear behavior is beyond the scope

of the herein presented expressions.

5.3.3 Retrodirective Beam Forming Networks

The convergence criteria (5.24b) can be evaluated from measured S-parameters for any kind

of BFN. However, when designing an active RD system it is of interest to know when instability or

non-linear effects start to interfere. Fortunately, many common RD-BFN’s allow for an algebraic

solution to (5.24b) for stability as a function of some parameter. The examples herein will focus

on the amplifier’s gain.

A RD-BFN network’s S-parameter matrix can, by convenient labeling of the ports so that

related ports are contiguous, be described as a block-diagonal matrix

[B] =



[Bs] [ 0 ] . . . [ 0 ]

[ 0 ] [Bs]
. . .

...

...
. . .

. . . [ 0 ]

[ 0 ] . . . [ 0 ] [Bs]


. (5.26)

The sub-networks [Bs] may have any number of ports depending on how retrodirectivity is being

achieved. Some examples are:

[Bs] =

 0 gamp

gamp 0

 (5.27a)
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[Bs] =

 0 0

gamp 0

 (5.27b)

[Bs] = gamp (5.27c)

where 20log10 (gamp) is some amplifier’s gain in dB. In (5.27), the first two subnetworks are two port

networks, which would be commonly useful in VA-RDAs. The (5.27a) is the bidirectional amplifier

and (5.27b) is the directional amplifier. In (5.27c) [Bs] is a scalar quantity suitable to describe the

RD-BFN using reflect amplifiers used with lenses in [63,91].

Inspecting (5.26) and (5.27) it is evident that the scalar gamp can be factored out such that

[B] = [B′]gamp (5.28)

and defining

e = e′gamp (5.29)

allows rewriting the eigenvalue problem from (5.24b) as

det
(
[I]e′ − [A][B′]

)
= 0 (5.30)

which has the advantage that it is independent of the quantity gamp. Then through (5.29) the

stability condition in (5.25) is rewritten as

|emax| = |e′maxgamp| < 1 (5.31)

from where it follows that the series converge as long as

|gamp| <
1

|e′max|
(5.32)

This expressions defines the maximum gain that can be applied into the system before the feedback

renders it unstable. This is the maximum loop gain and is expressed in dB as

Gmax = 20 log10

(
1

|e′max|

)
(5.33)
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Figure 5.4: Network parameters for the 2 dipole array shown in the inset.

5.4 Numerical Results

In order to test the hitherto derived equations, a simple set of dipoles is used. The geometry,

shown in the inset of Fig. 5.4, is 2 dipoles connected to an ideal bi-directional amplifier (network

described by (5.27a)). These problems are simulated using Altair’s FEKO v2019.2 which allows

exciting the system with an incident plane wave and integrating the full-wave simulation with a

linear circuit model of the RD-BFN. The individual dipoles are tuned to resonate at a frequency of

30GHz and placed along each other’s radiation null, separated by half a wavelength. The resulting

network parameters can be seen in Fig. 5.4. Though the antennas are well matched bellow -10 dB,

the reflection coefficient is non-zero. The dipoles are also not perfectly isolated from each other.

The monostatic RCS as a function of amplifier gain for the 2-dipole configuration is shown in

Fig. 5.5. The dashed line is the ideal case which ignores any kind of feedback and follows (5.10). The

full-wave simulation clearly does not follow this simple line. It increases suddenly as Gamp → Gmax.

(5.22) is shown in blue and it agrees very well with the full-wave result, matching the deviations

from the simple equation. The max usable loop gain is significantly lower than individual reflections

or coupling which are independently cited in previous works as the maximum limit. The value can

be easily obtained numerically solving the eigenvalue problem of (5.30) since the simplicity of this
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Broadside Monostatic RCS

No Feedback

MoM Solver

Feedback Model

Gmax = 9.4dB

Figure 5.5: Monostatic RCS for the 2-dipole configuration shown in Fig. 5.4 at broadside and a
frequency of 30GHz

example allows algebraically expressing the solution in dB as

Gmax = min {−20 log (|S21 ± S11|)} (5.34)

where S11 and S21 are the reflection coefficient and port coupling of a symmetric and reciprocal

two port antenna network. This equation makes it clear that the feedback stability is limited due

to the combination of both the reflection and coupling.

5.5 STAR Active Lens Retroreflector

5.5.1 Balanced Circulator BFN

When separating the Tx and Rx ports in a STAR antenna subsystem it makes intuitive sense

to use a circulator as their ideal behaviour readily translates into 3 ports; Tx port, antenna port,

and Rx port. Antennas, however well designed, often have reflections in the range of -10 to -15 dB

over their operating bandwidth. In a retro-directive system using the single circulator shown in Fig.

5.6, the incident power arrives as the Rx signal, go through the amplifier, and is re-transmitted.

However the Tx signal is reflected with the Γa reflection coefficient and feed back into the Rx

path, then amplified, and back in the loop. From the discussion above it is readily found that

Gmax = −20 log Γa. It should be noted that this assumes a circulator with infinite isolation. If the

coupling between the circulator’s ”isolated” ports is added as B then the expression for the max
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Tx RxΓa 

Figure 5.6: Single circulator with amplifier connecting the Rx and Tx.

usable loop gain becomes:

Gmax = −20 log (|Γa +B|) . (5.35)

Having these two values cancel out is not the focus within this writing but recent work such as [71]

has devised ways to tune the antenna reflections and circulator leakage to achieve a high level of

self interference cancellation in a narrow band. This method would require designing the system

such that B and Γa have comparable amplitudes and are phased to interfere destructively. While

it is possible to do so in a narrow band, a wider bandwidth system will generally see these two

interact in and out of phase at different frequencies.

The BC-BFN (discussed in Chapter 2) is designed to completely remove both the antenna

reflections and the circulator leakage. A signal received goes from the Rx port, through the amplifier

and to the Tx side where it is introduced into the BC-BFN which re-radiates it. The BC-BFN has

a leakage from the Tx to the Rx port described by (2.15).

The added complexity of the BC-BFN is justified when the max usable loop gain is calculated.

Populating (5.30) with [A] being the S-parameters looking into the Tx and Rx ports in Fig. 5.7

and [B] an ideal unidirectional amplifier, such as in (5.27b) results in

det

[I]e′ −

STx,Tx STx,Rx

SRx,Tx SRx,Rx


0 1

0 0


 = 0 (5.36)
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Figure 5.7: Balanced circulator BFN showing the amplifier connecting the Rx and the Tx.

where STx,Tx and SRx,Rx are the reflection coefficients at the Tx and Rx ports respectively. SRx,Tx

is described in (2.15) and STx,Rx is the coupling in the reverse direction which is different due to

the non-reciprocal nature of the system. Solving for e′ yields the eigenvalues e′ = 0, SRx,Tx and

subsequently through (5.33) it is obtained that, in dB,

Gmax = −20 log (SRx,Tx) (5.37)

which shows that the max usable loop gain is independent of STx,Tx, SRx,Rx, or STx,Rx. Furthermore,

when compared to the expression for the single circulator max loop gain, it is seen that rather than

being limited by the magnitude of the reflection coefficients and circulator leakage it is limited by

how symmetrical the reflections and overall system can be made to be.

5.5.2 Lens Antenna and BC-BFN

In order to evaluate the concept, measured data from the lens antenna discussed in Chapter

3 is used as an example. Their measured isolation is included in Fig. 5.8. With an amplifier that is

independent of frequency, the minima in Fig. 5.8 become the upper bound for the amplifiers gain.

For contrast, the measurement using only one circulator and the isolation of the COTS circulators

by itself are included to show the improvement provided by the BC-BFN.

It is important to note that the RCS response will not be linear withGamp up toGamp = Gmax.
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Min: 30.3dB at 

27.2GHz

Min: 10.8dB at 28.6GHz

Frequency [GHz]

BC-BFN

Single Circulator

COTS Circulator

Figure 5.8: Isolation, equal to Max usable gain for the single circulator and balanced circulator
networks. The nominal isolation for the COTS circulators employed is included for reference. The
balanced circulator clearly out-performs the single circulator and even the COTS component.

Solving (5.20) for the present case yields a scalar expression relating the incident and transmitted

signals as

b =
gamp

1− SRx,Txgamp
a0 (5.38)

which when converted to dB is clearly not linearly proportional to Gamp. The expression has a

singularity at gamp = 1
SRx,Tx

, and this is related to the stability condition mentioned above. This

singularity increases very rapidly as gamp → 1
SRx,Tx

. Care should be taken in the relative phase of the

two quantities as this would lead to compression and non-linearity of a real amplifier at a much lower

amplification level than the above analysis would indicate. The contours that illustrate this point

are shown as a function of a normalized gamp in Fig. 5.9. The value of gamp has been normalized

by a 1
SRx,Tx

factor such that the normalized value ĝamp = gampSRx,Tx. This normalization maps the

contours to within the unit circle and places the singularity at 1. Due to the gamp in the numerator

of (5.38) the amplitude of the function is also scaled by the same factor.

The lens antenna has a measured directivity between 24.5 dBic and 25.1 dBic [32]. The

measured directivity is sufficient to evaluate (5.10). The result of said equation is shown in Fig.

5.10. Without the feedback the response in frequency is steady, and follows the response of the

pattern. Once feedback is included, the result is seen to vary more as a function of frequency.
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Normalized Contours of the System Gain 
Including Feedback

Figure 5.9: The gain of (5.38) as a function of gamp normalized by a 1
SRx,Tx

factor. The amplitude,

shown in dB, is also normalized by said factor. Due to the renormalization the singularity is located
at 1 and the spectral radius is confined to the unit circle.

This variation is due to the variability of the Tx/Rx coupling as a function of frequency. In

the frequencies studied, variability of up to 10 dB is observed in the response when including

feedback and utilizing Gamp = 30 dB. The simple model with no feedback does not predict this

behavior which is significant when estimating the quality of the signal returned by the system. The

monostatic RCS of the theoretical reflector is surpassed by 20 dB or more at the studied frequencies.

Fig. 5.11 shows the monostatic RCS at different incident angles for select frequencies. In contrast

with the theoretical reflector which has a flat response, the pattern for the system with the RD-BFN

follows the shape of the antenna pattern at different angles. Future systems can achieve coverage

over comparable angles by combining multiple horns in a manifold around the lens.

5.6 Conclusion

The application of STAR techniques to retrodirective systems is explored. A mathematical

framework to establish the theoretical limits of the enhancement these systems can provide is

developed and compared to previous equations found in the open literature. It is found that a
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Figure 5.10: Monostatic RCS at broadside from measured data as predicted by equations with
feedback (5.20) and without (5.10). Gamp = 30 dB for both. They are compared to the passive
lens reflector whose MRCS is described by (5.12).

27GHz

28GHz
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STAR Lens Antenna

Passive Lens 

Reflector

Theta [deg]

Figure 5.11: Antenna component of the monostatic RCS for the lens based STAR system. The
dotted lines are the expected response from (5.12) where the passive lens reflector spans ±25◦.

combination of both the mismatch and the element to element coupling limits the possible gain of

the system. The new equation allows predicting the antenna component of the RCS for systems

with an arbitrary number of antenna ports, example systems being arrays or lens manifolds. The

balanced circulator beam forming network is used as an exemplar for how a STAR system would

reduce feedback and improve the performance of the subsystem. Data from a measured lens based

STAR system is used to run the model and readily show 20 dB of enhancement when compared

to the passive lens reflector counterpart. These results clearly show that the STAR techniques can

be used to enhance and control the RCS of the target. Equally as important, the processing of the
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retrodirected waveforms, while enhancing the range of the system is also enabled. All this is done

at the same polarization, thus preserving the scarce spectrum resources.



Chapter 6

Conclusion

6.1 Summary

Full duplex antenna systems of interest for current and future millimeter wave applications

are demonstrated in this thesis. Theoretical and experimental framework was developed around

waveguide-based technologies and highly directive lens-based antennas and retrodirective apertures.

Impact of actual imperfections arising from manufacturing and material imperfections is studied.

Novel designs are developed to probe the theory and applications of the different antenna systems.

The coupling paths in an ideal balanced circulator beam forming network (BC-BFN) network

have been studied and the term representing imperfect port-to-port isolation in the antenna has

been introduced. In order to achieve a dual-polarized waveguide based system with STAR, the class

3 orthomode transducer (OMT) is chosen to connect the antenna and the BC-BFN. Its turnstile

junction allows for maintaining symmetry between both polarizations while providing high isolation

therefore making this topology an ideal candidate for STAR. The importance of the routing of the

lines to the ports has been demonstrated to limit the isolation that can be expected of these

systems. A design that routes the lines in such a way that not only the transmitted, but also

the reflected signal maintains symmetry has been presented and shown to yield very high isolation

in simulation. The system was built and tested to demonstrate that this OMT provides better

isolation when integrated with the BC-BFN. Average increase in isolation over the single circulator

of 13 dB is obtained.

Impact of mechanical beam steering on isolation of STAR antenna system was also investi-
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gated. A planar lens was moved on a sphere of constant radius and over 43 dB of isolation with

a scan loss of 4.5 dB at 40◦ elevation is demonstrated. The system is fabricated using consumer

grade 3D printing hardware and tested to demonstrate beam-steerable STAR performance with

satisfactory far-field performance. This demonstrates that in cases where the speed of electrical

beam switching is less critical, mechanically steering the lens allows for a system with reasonable

Tx/Rx isolation and improved far field parameters. Little detriment is measured on the Tx/Rx

isolation of the fabricated system from using the lens to mechanically beam steer, specifically, the

isolation is degraded by less than 2 dB at the most severe angle. These results clearly indicate that

mechanically steerable lenses with artificial dielectrics can be used in STAR systems. Impact of

intrinsic material inhomogenities on isolation is not significant.

The application of STAR techniques to enhance the performance of retrodirective systems is

also explored. A mathematical framework to establish the theoretical limits of the enhancement

these systems can provide is developed and compared to previous equations from the open literature.

It is found that a combination of both, the mismatch, and the element to element coupling limits

the achievable gain of the system. The new equation predicts the antenna component of the RCS

for systems with an arbitrary number of antenna ports, example systems being arrays or lens

manifolds. The BC-BFN is used as an exemplar for how a STAR system would reduce feedback

and improve the performance of the subsystem. Data from the measured lens based STAR system

is used to run the model and readily show 20 dB of enhancement when compared to the passive lens

reflector counterpart. These results clearly show that the STAR techniques can be used to enhance

and control the RCS of the target. Equally as important, the processing of the retrodirected

waveforms, while enhancing the range of the system is also enabled. All this is done at the same

polarization, thus preserving the scarce spectrum resources.

This thesis has demonstrated a path for using highly directive millimeter-wave antenna sys-

tems in full-duplex applications. It is shown that geometrical, material, and assembly imperfections,

while clearly noticeable at these wavelengths, do not detrimentally preclude these heterogeneous

antennas for these needs.
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6.2 Contributions

The contributions in this thesis are summarized as:

� Impact of asymmetries in an OMT on the limit BC-BFN isolation is studied and relevant

conclusions are presented.

� A TE waveguide OMT design with theoretically infinite isolation in the entire band with

BC-BFNs has been demonstrated.

� Demonstrated that asymmetries in the lens positioning do not significantly impact BC-BFN

isolation

� Fabricated a spherical lens based high directivity STAR system to experimentally verify

theoretical findings.

� Experimentally demonstrated that the asymmetry of the ground plane does not significantly

deteriorate the self interference cancellation (SIC) in the half lens STAR system.

� Achieved beam-steerable STAR that covers an equatorial angular sector of a sphere.

� Beam steering by moving the planar lens on a sphere of constant radius is demonstrated

with a scan loss of 4.5 dB at 40◦ elevation.

� Demonstrated high system isolation was maintained with the aforementioned field of view.

� Experimentally demonstrated beam-steerable STAR in a conical field of view.

� Derived closed form expression for the RCS due to the BFN from network parameters and

antenna element patterns.

� Derived exact algebraic solution for maximum loop gain in various retrodirective systems.

� Demonstrate benefit of integrating STAR subsystems to augment lens based retrodirective

systems and further increase co-polarized monostatic RCS.
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Figure 6.1: (a) Turnstile junction based OMT using ridged waveguide to cover the 18-45GHz band.
(b) Magnitude of the reflection coefficients. Both plots lie on top of each other resulting in (c)
which shows Tx/Rx isolation better than 80 dB in simulation.

6.3 Future Work

The work presented in this thesis can be expanded in various directions, some of which are

briefly discussed below:

6.3.1 OMT and BC-BFN Enhancements

The combined OMT and BC-BFN implemented in WR28 are limited in bandwidth by the

choice of circulators. The symmetric OMT design also works with waveguide designs that cover

beyond an octave of bandwidth. Fig. 6.1 shows the model and results for an OMT designed to

cover 18-45 GHz. The dual ridge cross section is developed in [16]. Accurate machining of the

ridges is critical in this design. Coupled with similar waveguide components in the BC-BFN, this

leads into the possiblity of a very wide bandwidth and high power full-duplex subsystem.

The circulators are the COTS component likely to bottleneck bandwidth and power handling

expansions. A single component suitable for the job may not be available, however, combination of

frequency duplexing techniques with multiple circulators may be a way to compensate for the lack
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of these components and achieve bandwidths beyond those of the current circulators.

The size of the design presented herein was guided by the COTS components used to build

the BC-BFN. Future research could seek to minimize the volume that these components occupy

and explore the different trade-offs that entails. Clearly, extensions to higher or lower frequencies

are possible, but special care must be taken to ensure all engineering aspects are not detrimentally

affected.

6.3.2 Spherical Lens Manifold

With miniaturization more of the BC-BFN subsystems could be placed together around a

lens. Further studies could examine the BC-BFN’s resilience to asymmetries different horns in the

manifold might experience due to the presence of other feeds. Other active components turn this

into a multiple input multiple output (MIMO) system and the cross interference between different

elements should also be studied. [106] presents cancellation of this cross interference that combines

analog circuitry taps with BC-BFN at the antenna layer to handle the self interference. Adaptations

of said work along with decoupling techniques at the antenna’s propagation layer could enable a

full working STAR manifold.

6.3.3 RCS Cancellation

The mathematical framework developed to describe BFN RCS component in Chapter 5 was

used to determine max-usable loop gain and model the response. However this same expression

might be useful for shaping other characteristics of interest in the scattered pattern. Reference [107]

provides a model for determining the phase delays needed to cancel out the residual RCS component

and create a null in the total RCS in a specific direction. It would be interesting to use the model

described in this thesis to account for coupling and higher order reflections in the system while still

having the necessary equations to determine an exact solution, when possible, for the problem.
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spiral antenna star subsystem,” IEEE Transactions on Antennas and Propagation, vol. 65,
no. 4, pp. 1845–1854, 2017.

[35] M. A. Elmansouri, A. J. Kee, and D. S. Filipovic, “Wideband antenna array for simultaneous
transmit and receive (star) applications,” IEEE Antennas and Wireless Propagation Letters,
vol. 16, pp. 1277–1280, 2017.



90

[36] P. Afanasyev, S. Matitsine, V. Sledkov, P. Lagoiski, L. Matytsine, T. DeMarco, and T.-T.
Chia, “Multi-beam luneburg lens antenna for cellular communications,” in 2015 9th European
Conference on Antennas and Propagation (EuCAP), 2015, pp. 1–4.

[37] B. Schoenlinner, X. Wu, J. Ebling, G. Eleftheriades, and G. Rebeiz, “Wide-scan spherical-lens
antennas for automotive radars,” IEEE Transactions on Microwave Theory and Techniques,
vol. 50, no. 9, pp. 2166–2175, 2002.

[38] G. Peeler and H. Coleman, “Microwave stepped-index luneberg lenses,” IRE Transactions on
Antennas and Propagation, vol. 6, no. 2, pp. 202–207, 1958.

[39] B. Fuchs, L. Le Coq, O. Lafond, S. Rondineau, and M. Himdi, “Design optimization of
multishell luneburg lenses,” IEEE Transactions on Antennas and Propagation, vol. 55, no. 2,
pp. 283–289, 2007.

[40] S. Baev, B. Hadjistamov, and P. Dankov, “Lüneburg lenses as communication antennas,” vol.
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