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Multifunction operation is becoming the standard for wireless systems, including phased
arrays that provide electronically-steerable directionality. The general concept refers to systems
utilizing the same hardware and frequency spectrum to simultaneously perform multiple different
applications, such as radar, communications, jamming, and/or sensing. The optimal combination
of these functions is enabled by incorporating in-band full-duplex (IBFD) technology, allowing
a system to transmit and receive within the same frequency band at the same time after the
resulting self-interference is suppressed. This thesis presents research on the IBFD antennas, front-
ends and systems that enable the simultaneous-multifunction operation of phased arrays. Different
architectural options are analyzed, with a focus on aperture- and element-level approaches, where
the former divides the aperture into transmit and receive subarrays and the latter empowers each
element to simultaneously transmit and receive. The mechanisms that influence the mutual coupling
between elements within these antenna arrays are studied to create a scalable reduced-coupling
array design that is used to determine the system-level requirements, allowing for the mitigation
of distinct self-interference components. The unique architecture of two active circulator front-
ends with integrated tunable cancellers for on-chip self-interference suppression is demonstrated
for devices fabricated as gallium nitride (GaN) monolithic microwave integrated circuits (MMICs).
Finally, the measured array and front-end results are integrated into both aperture- and element-
level systems, which are excited with realistic radar and communications signals to demonstrate

the desired multifunction capability.
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Chapter 1

Introduction

1.1 Background and Motivation

Active phased array systems are gaining popularity in many wireless applications due to their
ability to electronically create, steer and change multiple beams with high directivity as well as
adaptively reduce external interference [50]. Fifth- and next-generation (5G and NextG) wireless
communications are leveraging phased arrays to create smart base stations in sub-6 GHz Frequency
Range 1 (FR1) [132] as well as overcoming the propagation losses in the FR2 millimeter-wave
spectrum [93]. For space-based constellations like Starlink and Kuiper, ground stations utilize
phased arrays to simultaneously track multiple satellites using different beams without any me-
chanical movement [46]. The stringent link budgets of radar applications have also benefited from
the high directivity of phased arrays as well as their angle-of-arrival estimation accuracy without
cumbersome and costly servo motors for object detection [142]. Finally, electronic warfare (EW)
systems are beginning to leverage phased arrays to more accurately locate hostile signals in noisy
environments and precisely direct their jamming attacks [61].

In addition to creating traditional “stove-piped” solutions for these applications, the flexi-
bility of phase array systems makes them an attractive option to simultaneously support multiple
functions. In this context, multifunctionality refers to the concept of common hardware (a phased
array, in our case) being able to host more than one modality, which can include radar, communi-
cations, jamming, sensing, and/or other applications.

The investigation into these multifunction RF systems began as the number of antennas
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Figure 1.1: Multifunction phased array scenarios, highlighting (a) a defense application where a
fighter aircraft can simultaneously communicate, employ radar and engage jamming, or advanced
electronic attack (EA) countermeasures, and (b) a commercial application with a smart base station
providing communications enhanced by object tracking. Reprinted from [78].

on navy ships exploded between the 1980s and 1990s [144]. In hopes of combating this trend,
researchers focused on creating wideband phased arrays that allowed multiple functions to share
common hardware with frequency- and/or time-division duplexing schemes [48,112,128]. Following
those efforts, a summary of the key requirements and design tradeoffs for various defense-focused
radar, EW and communications modes was presented in [102]. In order to help visualize this
concept, Fig.1.1a illustrates a defense scenario where a multifunction system enables a fighter
aircraft to communicate with friendly aircraft and ships while simultaneously employing radar and
jamming functions on enemy targets.

Applications that employ radio-based sensing have exploded in not only the traditional de-
fense space but also the civilian/commercial sector. As a result, researchers have recently started
investigating ways to integrate sensing into existing communications systems that contend for the
same spectral resources. This concept is referred to as integrated sensing and communication
(ISAC), and represents the simultaneous hosting of both radar and wireless communications appli-

cations within the same device [88]. This is shown in Fig.1.1b for a smart base station that can



communicate with users as well as sense their locations to improve their links. Cognitive radios
also benefit from hosting multiple functions, namely communications and spectrum sensing, to
accomplish the goals of creating highly-reliable communications and efficiently utilizing the radio
spectrum [45,127], often employing wideband receiver architectures for the sensing [60, 101].

All these multifunction examples represent a new paradigm that embraces the convergence of
different applications, which is in contrast to their historical coexistence, where systems would treat
each other as interference sources and designers worked to improve the tolerance to the others. A
significant restriction of the aforementioned research is that these multifunction systems were forced
to share their common hardware in a frequency- and/or time-duplexed manner, meaning that two
functions could not access the same frequency band at the same time. This limitation forces users to
prioritize one application over another, which could drastically impact the performance of combing
several functions as compared to their individual metrics, and generates questions surrounding the

usefulness of combining the functions in the first place.

1.2 In-Band Full-Duplex Overview

This is where in-band full-duplex (IBFD) technology enters the picture: allowing systems
to simultaneous transmit and receive on the same frequency as well as adjacent channels without
the need for guard bands or times [20,124]. IBFD helps overcome the obstacles that result from
multiple functions attempting to access the same spectral and hardware resources by allowing for
the reception of signals (i.e., radar returns) while simultaneously transmitting (e.g., for commu-
nications). This technology, however, introduces its own challenges, namely figuring out how to
suppress the self-interference (SI) that results from transmitting and receiving within the same
frequency band at the same time [75]. Unfortunately, there is not a universal solution to overcome
the ST in IBFD systems, and instead requires a combination of cancellation techniques that depend
on the specific application and environment [63].

Despite this hurdle, IBFD has been shown to enhance the multifunction capabilities for each

of the previously mentioned use-cases. For defense applications, IBFD radios have combined tac-



tical communications with different same-frequency EW scenarios [118], and a counter improvised
explosive device (IED) system with IBFD benefited from the ability to simultaneously detect and
jam trigger signals [119]. IBFD operation has been shown to increase the throughput and reduce
collisions in cognitive radio networks by providing a continual sensing ability [3], and has been
demonstrated to be a key enabler to decoupling the timing requirements for ISAC systems at 2.4
and 28 GHz frequencies [9]. Building on these successes, IBFD phased arrays are now beginning to
be investigated to enhance the flexibility of simultaneous multifunction systems for the applications
previously discussed [65].

It should be noted that the term IBFD grew out of the communications community, and that
there are other names applied to the same concept. The analogous term — simultaneous transmit and
receive (STAR) — seems to have been adopted by defense organizations, possibly to encompass the
asymmetric data traffic of military systems that support applications other than communications.
Additionally, while same-frequency full-duplex (SFFD) can also be used to describe the technology,
many publications simply refer to it as full-duplex (FD). Similar to STAR, the FD term traditionally
includes systems that transmit and receive at the same time on different frequencies, known as
frequency-division duplex (FDD) or out-of-band full-duplex, and should thus be avoided when
specifically discussing IBFD systems. With that said, these terms will be used interchangeably
throughout the thesis to all refer to the concept of concurrent transmission and reception within

the same frequency band.

1.2.1 IBFD Transceiver Diagram

Many wireless systems concern themselves with interference suppression and protection against
external signals to ensure desired operation. IBFD systems, however, have the additional challenge
of mitigating strong interference signals generated within the node/device itself. While this differ-
ence means that many possible coupling paths exist, it also offers designers the benefit of being able
to influence the coupling mechanisms and sometimes even the SI signal itself. IBFD technology

only becomes viable when these benefits are exploited to provide SI cancellation (SIC) that results
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Figure 1.2: Block diagram of a typical IBFD transceiver, highlighting the propagation, analog and
digital domains where self-interference cancellation techniques can be applied. Reprinted from [63].

in effectively isolating the receiver from the transmitter.

Potential locations for SIC can be considered by studying the generic IBFD transceiver dia-
gram of Fig.1.2. This diagram illustrates a transceiver broken down into three different domains:
propagation, analog and digital [75]. The propagation domain applies to systems that share a single
antenna through the use of an antenna interface device as well as designs that utilize multiple an-
tennas for transmit and receive capabilities. Additionally, multiples of either antenna approach can
be used to create arrays that introduce other SIC options. Both configurations include direct path
(DP) coupling between the transmitter and receiver, which often represents the first SI component
to arrive at the receiver. For multiple antennas, this is typically the line-of-sight path, and for the
shared case, the DP captures the finite amount of leakage provided by the antenna interface. While
these DPs are fairly static, IBFD systems must also contend with dynamic SI reflection paths (RPs)
that are influenced by the environment surrounding the node. Local multipath scattering can re-
flect the transmit signal back towards the receiving antenna and effectively produce delayed echoes

of the SI signal that become increasingly problematic as the transmit power increases. Finally, for



the shared antenna setup, an antenna reflection (AR) is created since the antenna impedance is not
perfectly matched to that of the connected antenna interface. Similar to the RPs, this AR is also
influenced by the immediate surroundings that can alter the perceived impedance of the antenna
and effectively change the reflection signal. Due to this AR, and the tightly coupled relationship of
the antenna and its interfacing device, SIC techniques related to the antenna interface are included
in the propagation domain instead of the analog domain discussed next.

Within the analog domain of the transceiver resides the radio hardware responsible for con-
ditioning and converting the propagation, or radio frequency (RF), signal to and from the digital
domain. The diagram depicts M transmit (Tx) channels, each with a digital-to-analog converter
(DAC) and power amplifier (PA). Additionally, a single frequency conversion mixer is also rep-
resented, but only depicts a common configuration. Realistic designs may contain more or less
frequency conversion stages as well as associated out-of-band filtering and additional gain to ap-
propriately adjust the signal before transmission. Similarly, N receive (Rx) channels are illustrated
with a unique same-frequency in-band filter at the input to provide SIC that discriminates the SI
by a signal parameter other than frequency. This filter is followed by a low-noise amplifier (LNA), a
single frequency conversion mixer and an analog-to-digital converter (ADC). Both the linearity and
saturation level of these active receiver components must be carefully considered to determine how
much propagation and analog domain suppression is required before the digital domain. Analogous
to the transmit side, realistic receivers will include different amounts of gain and frequency conver-
sion as well as out-of-band filtering to suppress the external interference encountered by traditional
wireless systems.

The figure also illustrates a cancellation (Canc) element between the transmit and receive
channels. This specific depiction shows the canceller operating at RF (the propagation frequency),
and coupling off the transmit signal path after the PA. While this represents a common configu-
ration, both the operating frequency and location within the transceiver can vary, along with the
canceller feeding mechanism. Alternative designs employ auxiliary channels to aid in SIC in either

the analog and/or digital domains. A representative subset of the required components in these
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Figure 1.3: Self-interference techniques tree, highlighting a collection of options that have been
demonstrated in the propagation, analog and digital domains. Reprinted from [63].

auxiliary channels and their connection paths are also captured within this generic transceiver.
Finally, the digital domain contains all SIC techniques that are controlled through digital
signal processing (DSP). The diagram intentionally maintains an abstract representation of these
capabilities since they are numerous and ever-growing. This generic transceiver diagram can be
referenced throughout the thesis to help orient the reader to which part of the transceiver and

associated SIC domain is being highlighted within each individual chapter.

1.2.2 Self-Interference Cancellation Techniques

The remaining chapters in this thesis leverage SIC techniques and their application within
different locations of the generic transceiver shown in Fig. 1.2. The previously discussed breakdown
among the propagation, analog and digital domains can be utilized to group these methods as
depicted in Fig.1.3. This tree diagram is organized based on the location where cancellation

occurs, and provides a convenient list of SIC techniques that have previously been published and
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Figure 1.4: Graphical thesis summary, highlighting the multiple wireless functions, high-level array
architecture with self-interference (SI) and crosstalk interference (XI), and the critical technologies
that enable multifunction arrays.

initially summarized in [75]. The propagation domain includes various passive and active antenna
techniques as well as the several different antenna interfaces. The analog domain contains in-band
filtering, assorted cancellation methods and analog receive beamforming, while the digital domain

encompasses numerous channel-modeling and digital receive beamforming approaches.

1.3 Multifunction Phased Arrays

The previous sections provided an overview of IBFD technology and highlighted the need for
it within multifunction systems. The unique aspects of the different wireless functions and the key
components that enable their combination within phased arrays, however, have yet to be discussed.
Fig. 1.4 illustrates a graphical summary of three key topics that will be presented throughout this

thesis: 1. the wireless modalities supported, 2. the array system architecture, and 3. the underlying



technologies that enable the array, all of which are summarized in the following subsections.

1.3.1 Wireless Functions

The top left of Fig. 1.4 lists the four different wireless functions capable of being supported by
the multifunction phased arrays discussed throughout this thesis. As previously mentioned, these
consist of radar, communications, jamming, and sensing, where these four modalities were selected
based on their unique characteristics.

Radar systems are focused on detecting the presence and location of surrounding objects.
They often utilize transmit pulses consisting of linear-frequency modulated (LFM) signals, and
typically have duty cycles around 10% (i.e., transmit for 10% and receive for 90% of the time),
but could extend up to 100% for both transmission and reception in some architectures. These
waveforms are instantaneously narrowband and consist of swept continuous wave (CW) signals,
which do not introduce intermodulation distortion and allows the PA to operate with enhanced
efficiency in saturation. Signals-of-interest (SOIs) for this application are radar returns, or echoes,
which are inherently at the same frequency but delayed in time from the transmit signal reflecting
off objects in the environment.

Communications systems, on the other hand, are interested in exchanging information be-
tween two or mode nodes within a network. These signals employ different modulation schemes to
encode information in the form of data packets onto a carrier signal. The modulation originated with
analog methods — analog modulation (AM), frequency modulation (FM) and phase modulation
(PM) — and has since incorporated digital versions, including phase shift keying (PSK), frequency
shift keying (FSK), and quadrature amplitude modulation (QAM). Well-known communications
systems, such as Wi-Fi, fourth generation Long-Term Evolution (4G LTE) and 5G new radio (NR),
utilize variants of QAM, which allow more data to be transmitted in a single packet by modulating
both the amplitude and phase of the signal. These amplitude modulations at multiple frequencies,
however, can generate intermodulation distortion, which needs to be considered when selecting the

PA operating point. SOIs for communications systems are often similar signals that originate from
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other users/devices within the network, and are uncorrelated with the node transmissions. Data
traffic for communications systems can vary for each specific application, and as referenced to the
user equipment (UE), include symmetric (50% transmit, 50% receive), downlink-focused (near 0%
transmit, near 100% receive), and uplink-focused (near 100% transmit, near 0% receive).

Jamming systems attempt to deliberately disrupt the operation of other wireless systems by
introducing strong interfering signals within the same frequency band. These can target both radar
and communications devices, and often leverage wideband waveforms, such as barrage noise. While
these signals can simultaneously block multiple frequencies, which is especially useful when the op-
erating band of the victim is not known or is changing with time, the output power is limited by
the PA and a power-bandwidth tradeoff must be considered. With that in mind, these systems typ-
ically operate with nearly 100% transmit duty cycles, and can generate intermodulation distortion,
but often are not concerned with limiting their spurious signal transmissions. Depending on the
target and assuming there is some receive time allocated, SOIs can include radar, communications
and other signals that can be used to enhance the effectiveness of the jammer.

Finally, sensing systems refer to passive receive-only operation that allows for the detection of
wireless signals in the environment. These can include radar, communications, jamming, and other
signals, which can be utilized to improve the performance and/or intelligence of the aforementioned
modalities, or simply survey the electromagnetic spectrum. Without transmitting, there are no
intermodulation signals to be concerned with. While fully-passive sensing is advantageous in certain
circumstances, this function is often combined with one of the transmitting applications and is
intrinsically provided by IBFD operation.

The various aspects of these different functions are summarized in Table 1.1, where varying
transmit and receive duty cycle allocations are seen to be a significant differentiator between them.
Additionally, the presence of transmit intermodulation distortion as well as the SOI types and
related transmit signal correlation are captured. Based on this summary, it is evident that there
are some inherent opportunities to integrate these functions by utilizing different array resources,

including time, frequency, beam space, and power-aperture utilization. Simultaneous-multifunction
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Table 1.1: Summary of Wireless Function Characteristics

Duty Cycle (%) ;I‘X 4 SO1
. ntermod-
Function Tx Rx ulation Type Tx1 ig:‘lre-
Radar 10 90 No Radar Yes
Communications 50 50 Yes Communications No
Jamming 100 0 Yes All Yes
Sensing 0 100 No All No

operation, however, can only be enabled by studying the underlying array architecture and devising

an appropriate SI mitigation strategy.

1.3.2 Array Architecture Overview

Building upon aspects of the transceiver discussed in Fig. 1.2, a high-level architecture of an
array that can enable multifunction IBFD operation is depicted in the top right of Fig. 1.4. This
diagram illustrates K antenna elements, each connected to individual front-ends that are comprised
of an antenna interface, PA and LNA. Following the front-end are transmit and receive components
that connect to data converters and subsequent DSP. As will be discussed in detail in the following
chapters, there are two main sources of interference in IBFD arrays: self-interference (SI) within
each element and crosstalk interference (XI) that arises between the elements, as indicated in the
figure. The former is highly dependent on the design of the antenna interface, for which several
options exist according to Fig.1.3, namely balanced duplexers, circulators and photonic-based
approaches. The latter is governed by the mutual coupling between the elements of the array,
and can be influenced by incorporating different passive and/or active techniques listed under the
propagation-domain section of Fig.1.3. These areas represent two of the key aspects that enable

multifunction IBFD arrays, as discussed next.
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1.3.3 Critical Technologies

The lower half of Fig.1.4 represents the three critical IBFD array technologies that are
explored within this thesis to mitigate both SI and XI as well as enable the desired multifunc-
tion capability. Reduced-coupling arrays decrease the amount of transmit signal leaking into the
neighboring elements that are simultaneously receiving. In order to understand the system-level
ramifications of this coupling, Chapter 2 provides a background on IBFD arrays, while Chapter 3
dives into a reduced-coupling array design. Ideally, a front-end should be selected so that it not only
sufficiently suppresses the SI, but also allows the array size to be scaled in two dimensions, which
implies that it is compact enough to fit within the array lattice spacing defined by the operational
wavelength. For this purpose, nonmagnetic active circulators can be utilized, where two different
monolithic microwave integrated circuits (MMICs) with different cancellers are discussed in Chap-
ters4 and 5. Finally, it is the combination of antenna arrays with front-end circuits behind each
element that creates the complete phased array. This system integration relies on SIC techniques
listed under the digital-domain section of Fig. 1.3, and are necessary in order to fully remove the
SI and XI signals and extract the desired information from the SOIs for the different functions, as

discussed in Chapter 6.

1.4 Thesis Outline

This thesis presents work towards creating state-of-the-art IBFD phased arrays that can
enable simultaneous-multifunction operation. The various aspects highlighted in Fig.1.4 will be
expanded upon with additional background information, experimental prototype results and de-
tailed simulations of integrated multifunction arrays.

Chapter 2 overviews array fundamentals and introduces the architectures that enable IBFD
at the aperture and element levels as well as summarizes the current research in the field, high-
lighting both state-of-the-art prototype results and simulation efforts. Material for this chapter is

based on content reported in [77] and [78].
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Chapter 3 discusses mutual coupling within arrays and analyzes different approaches to
reduce the element-to-element leakage, which is expanded from work previously published in [68].
The design of a reduced-coupling array is also presented and utilized to derive the system-level
cancellation requirements for aperture- and element-level IBFD arrays.

Chapter 4 highlights a multifunction radar application that can benefit from IBFD arrays
and presents the design of an active circulator front-end MMIC with a one-tap integrated canceller,
including subcircuit performance and full-chip measurement results.

Chapter 5 expands upon this front-end architecture and describes an advanced design that
incorporates a two-tap integrated canceller as well as additional subcircuit improvements. The
MMIC is characterized with small-, large- and modulated-signal inputs, where both this and the
previous chapter are based on the material reported in [71] and [72].

Chapter 6 presents the array-level system integration that leverages the measured results of
antenna prototypes and front-end MMICs for both aperture- and element-level IBFD arrays. This
chapter illustrates the capability of digital-domain techniques to remove the residual SI and XI to
enable multifunction operation. The aperture-level IBFD part of this chapter is based on work
reported in [58] and currently in publication review in [70].

Chapter 7 draws conclusions from the totality of the work presented in this thesis and
discusses plans for future research that would further the maturity of advanced multifunction
phased arrays with IBFD technology.

Appendix A contains the model details and simulated results for the mutual coupling reduc-
tion techniques considered as well as the design evolution of the reduced-coupling array presented

in Chapter 3.



Chapter 2

In-Band Full-Duplex Antenna Arrays

2.1 Introduction

An antenna array is a group of antenna elements that are coherently operated to increase
the effective area, and therefore gain, of the antenna. Such arrays usually have identical elements
located on a uniform grid, where designers can select an element type with either an omnidirectional
or directional pattern as well as the spacing between the elements, both of which influence the overall
radiation characteristics. This results from the combination of the element pattern and the array
factor, and effectively enhances the directivity of the individual elements regardless of their native
directionality. For example, the azimuthal radiation pattern of a four-element dipole array is shown
in Fig. 2.1a, and compares different element spacings, d. Starting with the A\/2 case, the maximum
antenna gain can be found at 0-degrees azimuth while sidelobes are seen at +45 degrees. One of
the effects of starting with an omnidirectional element is visible when we look at 180 degrees,
where the array directivity level matches that of the main beam at 0degrees. This “back lobe” is
more obvious when the directivity is plotted in polar coordinates, as shown in Fig. 2.1b, where the
patterns are clearly symmetrical in the forward (up) and backward (down) directions.

Figs. 2.1a and 2.1b also illustrate the introduction of “grating lobes” at £45 and 4135 degrees
when the element spacing is 3\ /2. These undesired lobes are predicted by the pattern multiplication
theorem of the array factor, and are related to the element spacing and array scan conditions. While
their appearance may be mitigated by nulls in the element pattern, they generally appear when

the spacing is greater than \/2 and become more noticeable when the array is scanned. The fact
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Figure 2.1: Example array comparisons with elements spaced by a distance, d, for a 4-element dipole
linear array radiation pattern versus azimuth angle in (a) rectangular and (b) polar coordinates,
and a 4-element linear patch array radiation pattern versus azimuth angle in (c) rectangular and
(d) polar coordinates. Reprinted from [78].

that multiple azimuth angles exhibit the same directivity (i.e. the main-lobe level is the same as
the back lobe and possibly the grating lobes) introduces an angle ambiguity. When receiving, this
ambiguity effectively means that the incoming signal’s angle-of-arrival can be one of several angles
(i.e. angles with the same directivity), which is often not very helpful for many applications and
thus leads us to arrays with directional elements.

Similar to the dipole array, Figs. 2.1c and 2.1d plot the directivity of a four-element linear

patch array with different element spacings, d. For the 3\/2 configuration, grating lobes can be
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seen near +45 and +135 degrees, which are similar to the dipole scenario (it should be noted that
the grating lobes around 4135 degrees are suppressed by the native patch pattern as compared to
the dipole). Both directivity figures also illustrate a back lobe at £180 degrees, which results from
the imperfect nature of the directive element. The significant difference between these plots and
those of the dipole array, however, is the level of the back-lobe radiation. For the patch array,
the back lobe is seen to be more than 15dB lower than the main beam, which allows the array
to successfully discern the angle-of-arrival of a received signal and eliminate the angle ambiguity
associated with omnidirectional-element arrays. This leaves us with the patch array setup with
A/2 element spacing that exhibits minimal back lobe and side-lobe levels as well as eliminates the

grating lobes, and will be the configuration considered in the remaining sections of this chapter.

2.2 IBFD Array Types

When thinking how to possibly incorporate the ability to simultaneously transmit and receive
into a directional array (for multifunction or normal operation), several different options can be
considered. The arrays within each architecture are constructed and configured differently, which
presents unique challenges and opportunities for self-interference cancellation (SIC). As shown in
Fig. 2.2, the options consist of multi-array, aperture-level and element-level designs (where each
square represents a directional element, i.e. patch).

Multi-array designs utilize two distinct antenna arrays for transmit and receive, which are
physically separated from one another by some distance, as shown in Fig. 2.2a. Similar to non-array
systems with separate antennas, this configuration reduces the direct-path (DP) coupling through
the physical separation of the arrays, which provides isolation in a very straightforward manner
[34]. Unlike non-array systems, however, these arrays offer the added flexibility of incorporating
adaptive beamforming with degrees-of-freedom that do not exist in systems with only single-element
antennas [40, 120,129, 130]. Unfortunately, the necessity of two unique arrays that are spatially
separated requires a large physical volume to implement. This effectively limits this particular array

architecture to larger platforms, and may not be suitable for many space-constrained applications.
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Figure 2.2: IBFD phased array architectures, highlighting the different transmit and receive ele-
ments for: (a) multi-aperture, (b) aperture-level and (c¢) element-level designs. Reprinted from [78].

This size disadvantage is eliminated for both the aperture- and element-level cases that utilize
the same array for transmit and receive. Aperture-level arrays operate by electronically dividing
the array into distinct zones, or subarrays, where some elements are assigned for transmit and the
others for receive. This concept is depicted in Fig. 2.2b for an example 8x8 configuration that
nominally splits the array down the middle, forming two 8 x4 subarrays. This architecture enables
IBFD operation between the subarrays by creating high amounts of SIC using a combination of
adaptive digital beamforming and cancellation techniques, as discussed in the next section. The
most significant benefit of this approach is that the subarrays can be dynamically reconfigured
between transmit and receive based on the data received and/or the demands of the application,

such as scheduling different applications in a multifunction scenario. Additionally, this architecture
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Figure 2.3: System losses associated with the subarray divisions created in aperture-level IBFD
arrays, plotted versus the percentage of elements dedicated to transmit.

does not require any RF /analog cancellation stages [73], which not only helps eliminate a potential
bandwidth and/or linearity bottleneck, but also removes any associated insertion loss penalties
on both transmit and receive. While these benefits are significant, the downside of splitting the
aperture into different subarrays is that the antenna-array gain is reduced for both transmit and
receive as well as the total transmit power. These theoretical losses are individually plotted in
Fig. 2.3 along with the combined total loss associated with the subarray divisions. This analysis
assumes that elements are assigned to either transmit or receive, where an even (50%) split yields
3 dB losses for the transmit power and transmit gain (overlapping traces) and the receive gain for
a total loss of 9dB. The minimum total loss is 8.3dB, and occurs when 68% of the elements are
assigned to transmit.

This array-gain reduction is avoided for element-level designs that enable every element in
the array to simultaneously transmit and receive, as shown in Fig. 2.2c. This is accomplished by
including an antenna interface behind each individual element as well as introducing additional
techniques to improve the transmit-receive isolation within each element [16]. These designs also
often incorporate analog cancellation stages that not only mitigate the self-interference (SI) at each
element, but also reduce the mutual coupling, or crosstalk interference (XI), that is generated from

neighboring elements in the array. While this architecture enables maximum usage and flexibility
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of the aperture, the required RF/analog cancellation is not straightforward for arrays with an
appreciable number of elements, and additionally introduces nontrivial insertion loss that impacts
the transmit output power and receive noise figure, as discussed in a subsequent section dedicated

to element-level designs [28].

2.3 Aperture-Level IBFD Arrays

2.3.1 Array Architecture

Behind each of the elements shown in Fig. 2.2b reside transmit and receive channels with
electronics that enable the arbitrary transmit-receive subarray divisions. There are several differ-
ent methods of constructing these hardware channels, where selections are often dictated by the
operational frequency of the array. For lower frequency applications (i.e. sub-6 GHz), arrays can
be designed to directly generate and sample the RF signals with high-speed digital-to-analog con-
verters (DACs) and analog-to-digital converters (ADCs). While this might complicate the digital
design, the main benefit of this approach is that the RF /analog frequency-conversion mixer stages
are eliminated, which improves the dynamic range of the system by minimizing the creation of local
oscillator and nonlinear spurious signals [133].

With this direct-sampling concept in mind, Fig. 2.4 represents the block diagram of an
example array with two transmit (left) and two receive (right) channels. Starting with the single
transmit channel on the far-left, a DAC is shown to generate a transmit signal that is subsequently
filtered to remove the unwanted images and clock frequencies before being amplified by a power
amplifier (PA) that is connected to a transmit-receive (T/R) switch and an antenna element within
the array. On the other side of that T /R switch are the receiver electronics, which contain a slight
modification to the front-end as compared to a traditional array without IBFD. This change is
the incorporation of an additional switch that is shown between the T/R switch and the low-noise
amplifier (LNA). This switch allows the otherwise inactive receive channels that are connected to

the active transmit channels to sample the transmit output through the use of a coupler, or similar
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Figure 2.4: Block diagram of an IBFD aperture-level phased array architecture, highlighting adap-
tive transmit and receive digital beamforming as well as observation-based digital cancellation using
observation feedback signals for SIC processing.

device, as shown. The reason for this will be expanded upon in the following subsection.

The top of the image shows the desired transmitted output as well as the unwanted self-
interference that couples between the transmit and receive elements of the array. As previously
discussed, the elements are spaced at A/2 so the coupling levels are often quite significant. When
the PAs are outputting an appreciable amount of power, the coupled SI stresses the dynamic range
of the receive channels that are attempting to process the SI along with the much-weaker intended

receiver input. Together, these signals are filtered after the LNAs and converted using ADCs in
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Figure 2.5: Representative power plot showing how the transmit signal, noise and nonlinearities
change for each of the processing stages within an IBFD aperture-level phased array.

this direct-sampling architecture. The bottom of Fig. 2.4 depicts digital beamformers connected to
the transmit and receive channels, which are traditionally used to weight and electronically alter
the far-field pattern of the array. As the next subsection will discuss, these beamformers, along
with observation-based digital cancellation, can be used to additionally provide SIC and enable the

IBFD operation.

2.3.2 Digitally-enabled SIC Processes

The aperture-level array concept depicted in Fig. 2.2b generates SIC between subarrays
within the aperture using a collection of adaptive digital beamforming and cancellation techniques,
as previously mentioned [24,31]. While the connection of these methods was highlighted in the
block diagram of Fig. 2.4, their operation and effect on the signals within the array will be discussed
here. Fig. 2.5 plots the relative power levels at various points in the transmit and receive channels
of the array to illustrate how the signals change during each processing state. Three important

power levels are denoted as the receiver noise floor, the receiver saturation level, and the transmit
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output power.

Starting on the left, the first part represents a notional transmit signal that is output from
a DAC. For illustrative purposes, the signal is simply two tones without any distortions imparted
by the DAC, other than a noise level that is imposed by its limited dynamic range, as shown.
Assuming a uniform transmit beamformer that weights all the channels equally (i.e. effectively
not providing any beamforming), the second part represents the transmit output signals that in
addition to the two tones and noise level, now also contain intermodulation distortion that results
from the nonlinearities of the transmit channel, which are dominated by those of the PA. It should
be noted that more complex waveforms (other than tones) produce nonlinearities that are at the
same frequencies as the desired transmit signals, and cannot be removed via conventional filtering,
as the image might suggest.

The following parts of Fig. 2.5 illustrate the power levels through the receive channels. The
third part depicts the coupled SI that is suppressed by the inherent path loss and directivity of
the array at the input of the receivers (still with a uniform transmit beamformer). The main SI
components are seen to be above the receiver saturation level, and could also be above the maximum
input, or damage level, for cases when the transmit output power is significantly high. The receive
input is also shown to be above the receive noise floor and substantially below the coupled SI.

The first SIC stage is represented in the fourth step, which is the application of digital
beamforming on the transmit side, where the signal common to each transmit channel (i.e. the
two tones) is suppressed in the direction of the receiver elements. This near-field nulling effect can
be accomplished with minimal impact to the far-field gain pattern when constraints are applied to
the adaptive weight calculation, and has been demonstrated for both omnidirectional [51,74, 137]
and directional arrays [35]. Due to the fact that the transmit nonlinearities and noise are unique
to each transmit channel (and power amplifier), they do not coherently subtract at the receiver
elements, with the nonlinearities and noise level not changing for this processing stage, as indicated
in Fig. 2.5. Overall, the goal of this transmit beamforming task is to reduce the high-power transmit

signal below the saturation level of the receiver channels so that it can be processed linearly and
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digitized.

The fifth part of the cascade illustrates the effect of the second SIC method that utilizes
the digitized receive samples to provide adaptive beamforming on receive. In a similar way to the
transmit beamforming, the receive channels are digitally weighted to create a near-field nulling effect
that suppresses the coupling of both the transmit signal and uncorrelated noise, as was shown for
omnidirectional [13] and directional IBFD systems [28,32]. Since this technique treats both of these
components as coming from the same spatial direction in the near-field, both of their receive power
levels are reduced. It should be noted that receive beamforming algorithms can simultaneously
attempt to mitigate SI in the near-field and suppress traditional external interference in the far-
field, where the computations are limited by the degrees-of-freedom of the array, which is one less
than the number of elements [17,94].

The final step, captured in part six of Fig. 2.5, is the application of observation-based digital
cancellation using the otherwise-inactive receivers paired with each transmit channel to provide
an observation of the actual signals that are transmitted [81,90]. These signals differ from the
ideal transmitted waveforms in that they additionally include the nonlinear components and non-
deterministic noise generated, as visualized in the difference between parts one and two of the
figure. The linear combination of the feedback from these observation receivers is used to feed a
multichannel-digital canceller that allows not only the transmit signal to be subtracted from the
received data, but also the transmitter nonlinearities and noise since they were measured. This
combination of techniques allows the aperture-level IBFD array system the ability to suppress the
transmit signal, nonlinearities and noise below the receiver noise floor, and recover the signal of

interest, as shown in the last step, and demonstrated for a representative system in Chapter 6.
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2.4 Element-Level IBFD Arrays

2.4.1 Array Architectures

As shown in Fig. 2.2¢, element-level IBFD arrays differ from aperture-level designs by allowing
every element within the array to simultaneously transmit and receive. While researchers pursuing
the aperture-level concept have predominately utilized architectures similar to Fig. 2.4, element-
level approaches have varied. This is due to the fact that multiple SIC techniques are available
within the RF /analog domain to generate the necessary isolation between the transmit and receive
channels for a given element.

Fig. 2.6a illustrates the block diagram of an element-level IBFD array architecture that was
demonstrated in [11]. Beginning at the top, each of the N antenna elements are shown to produce
SI that is appropriately indexed. In addition to this SI, XI is generated between pairs of elements,
such that a XI coupling path exists from each element to every other element in the array for a
total of N? — 1 interference paths (the diagram only indicates the XI originating from the first
element for clarity). Similar interference coupling paths exist in the aperture-level approach, but
are significantly reduced by the directionality and path loss between the subarrays.

Another requirement of element-level arrays is the inclusion of an antenna-sharing interfer-
ence, which is fulfilled by the circulator, and connects the transmit and receive channels with the
antenna for each element. Below these devices are RF /analog cancellation stages, consisting of
tapped delay line structures that can independently adjust their complex weights in an attempt to
mitigate the various types of interference [73]. The cancellers on top (in red) sample the transmit
output for their corresponding element and focus on reducing the associated SI, while the cancellers
below them (in blue) sample the other transmit channels in order to tackle the XI signals. The
complexity of the canceller designs varies with signal power and delay spread, where 12 taps were
utilized for the SI cancellers, 4 taps for the shorter XI paths (i.e. XIo_7), and 2 taps for the longer
XI paths (i.e. XIy_1), for a total of 56 taps for the 3-element array in [11]. These RF /analog

cancellation stages reduce both the SI and XI so that they can be linearly processed and digitized
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Figure 2.6: Block diagrams of IBFD element-level phased array architectures, highlighting (a) an
approach that utilizes RF /analog cancellers, and (b) an approach that employs impedance tuning
and RF/analog beamforming before a final nonlinear digital cancellation step.

by the receivers before the application of nonlinear digital cancellation (where the amplification,
filtering and frequency conversion components were omitted from the diagram to focus on the IBFD
aspects).

An alternative element-level IBFD array architecture that avoids the use of RF /analog can-
cellers is shown in Fig. 2.6b [28]. The same SI and XI coupling paths are indicated at the top of the
diagram for an array with IV elements. While this approach also utilizes circulators, it employs an
impedance tuner (in red) between them and the antenna elements. This device helps to dynami-
cally match the impedances of the circulators and antennas, such that reflections from the antennas
are minimized and the transmit-receive isolation is enhanced. Following the SIC provided by the
tuners/circulators, this architecture leverages adaptive beamforming in the RF /analog domain to
provide additional interference suppression. Jointly optimizing transmit and receive beamformers
using analog components (such as the tunable gain stages and phase shifters shown) allows this

design to maximize far-field gain and minimize near-field interference, similar to the aperture-level
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Table 2.1: Summary of Measured IBFD Phased Array Systems

Total

Ref I,I‘ByFI‘)I; Arrangement | Tx, Rx # T(;);al ( (E:;Iz) (]I%Z[VIVIZ (f:l)]?;n IS(()(lia];i)on
[32] | Aperture Linear 4,4 8 2.45 100 33.3 140.5
] Aperture Linear 4,4 8 2.40 20 — 414
Aperture Linear 8,8 16 2.40 20 — 45.0
67] Aperture Linear 4,4 8 2.45 100 33.3 140.5
Aperture Linear 4,4 8 2.45 1 33.3 160.8
[7] | Aperture Linear 55 10 4.20 1 - 80.0
[35] | Aperture Rectangle 36, 36 72 2.40 20 0.0 87.0
[158] | Aperture Square 25, 25 50 10.00 100 — 20.0
[157] | Aperture Rectangle 30, 10 40 10.00 | 200 30.0 13.8
[11] | Element Linear 3,3 3 2.45 20 20.0 103.0
[28] | Element Rectangle 8,8 8 0.73 16 16.5 100.0

approach. It should be noted that the SI and XI signals are suppressed by summing the receive
channels with a combiner (in blue), which reduces the interference before the ADC, as shown (where
the ancillary RF/analog components were again omitted). After digitization, a nonlinear digital

cancellation stage reduces the residual interference.

2.5 IBFD Array Prototypes

2.5.1 Measurement Survey

Due to the number of channels required and their associated hardware costs, phased array
systems are expensive to create. With that said, several universities and research organizations
have constructed IBFD array prototypes as well as simulated various aspects of their design and
performance.

Table 2.1 categorizes measured prototypes based on their IBFD architectural type, and com-
pares the number of antenna elements, their arrangement, operational frequency, bandwidth, and
transmit output power per element as well as the reported total isolation achieved. It is evident

that many researchers have chosen to focus on designs revolving around the aperture-level archi-
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Figure 2.7: Survey of total isolation versus the total number of array elements for measured IBFD
phased array systems with aperture- and element-level architectures.

tecture as opposed to element-level approaches. The array sizes are seen to vary from 3 up to 72
elements, and have arrangement types that include both one (linear) and two dimensions (square
and rectangular). The design frequencies range from 0.73 to 10 GHz with instantaneous bandwidths
spanning 1 to 200 MHz. While not every publication reported the element transmit output power,
the maximum was found to be +33 dBm, or 2 Watts.

The total isolation achieved by these systems is seen to vary over a wide range, and is in-
fluenced by the output power level and bandwidth, where the highest isolation was reported as
160.8dB for a narrowband measurement of a high-power prototype. For a more visual represen-
tation of this data, Fig. 2.7 plots the total isolation reported versus the total number of array
elements, and distinguishes between the aperture- and element-level architectures. Ideally, this
comparison table would also include numbers on power consumption per element and system losses
due to implementing IBFD operation; however, these metrics were not reported in the research
publications.

Regarding the simulation contributions, Table 2.2 summarizes IBFD-array publications that
have modeled various aspects of the different architectures and element arrangements. It shows that
element counts up to 100 have been considered for arrays with operating frequencies up to 28 GHz.

This table also lists the main focus and simulation contributions of each paper to provide readers
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Table 2.2: Summary of Simulated IBFD Phased Array Systems

Ref I’I‘]i/i];) Arrangement | Tx, Rx # T(;;al ( (]j‘,‘IC{z) Simulation Focus

[31] | Aperture Rectangle 25, 25 50 2.45 | Coupling, SIC and beam-
fomer losses

[24] | Aperture Rectangle 25, 25 50 2.42 | SIC, noise and beamformer
losses over scan angle

[125] | Aperture Square 50, 50 100 28.00 | SIC for sparse arrays with
circular polarization

[138] | Aperture Square 50, 50 100 22.50 | Coupling  for  different
boundary conditions

[33] | Aperture Rectangle 25, 25 50 2.45 | SIC of multi-channel analog
cancellation networks

[47] | Aperture Linear 16, 16 32 28.00 | Coupling and scan perfor-
mance for linear arrays

[154] | Aperture Rectangle 4,4 8 10.00 | Beamformer optimization
with unique algorithm

[52] | Aperture Rectangle 16, 16 32 4.3 Joint design of sparse arrays
and beamforming

[87] | Aperture Rectangle 36, 36 72 28.00 | Tx/Rx beamformer design
on per-antenna basis

[53] | Aperture Rectangle 16, 16 32 4.3 | Beamforming and digital
cancellation comparison

[86] | Aperture Rectangle 36, 36 72 28.00 | Tx analog beamformer with
quantization per-antenna

[15] Aperture Rectangle 36, 36 72 2.40 | Rate gains and beamformer

Element Rectangle 8, 8 8 1.65 | losses using measured data
[149] | Element Rectangle 32, 32 32 - Beamformer losses for differ-

ent algorithms

with a quick summary to pique their interest for further investigation. While many have focused on

different facets of SIC, other topics have included the analysis of beamformer losses, optimization

algorithms, and data rate gains for these systems. While both of these tables highlight the fact

that aperture-level architectures have dominated the focus of research to date, overall knowledge

of IBFD arrays is limited and continuing to progress.




29

=——=E|RP =——TxBF
e D it @] m— NOjSE

¥ =
s 0 z
2 z
— '20 ~
e -40 c%
S w0 2
5 3
-80
D a
-100 - i
-120 ‘
2400 2425 2450 2475 2500 2446 2448 2450 2452 2454
Frequency (MHz) Frequency (MHz)
(a) (b)

Figure 2.8: Aperture-level IBFD array performance, showing power spectral density (PSD) with
various SIC techniques including adaptive Tx and Rx beamforming (Tx/Rx BF) and digital can-
cellation over (a) 100-MHz and (b) 1-MHz bandwidthds from [67].

2.5.2 Results and Challenges

In order to provide more insight into the designs highlighted in Table2.1, the results and
challenges of the highest-performing systems will be discussed here for both aperture- and element-
level architectures. Specifically, the SIC and XI cancellation (XIC), or total isolation, performance
will be analyzed for the different mitigation strategies, and their associated system losses will be
examined.

Beginning with the aperture-level IBFD array presented in [32,67] with the architecture
depicted in Fig. 2.4, an example of the SIC performance over a 100-MHz bandwidth centered at
2.45 GHz can be seen in the power spectral density (PSD) plot of Fig. 2.8a. This measurement was
conducted using an 8-element linear array in an anechoic chamber and allowed the beamforming
and cancellation techniques to be evaluated without any multipath effects. The effective isotropic
radiated power (EIRP) for the array was 44.8 dBm, which was the result of combining the array
gain of 11.5dBi and 33.3 dBm total output power with uniform transmit beamforming. Adapting
the transmit weights with the objective of reducing the coupling power as well as not sacrificing the

main transmit beam performance resulted in reducing the SI at the receive elements to less than
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—22dBm. Adaptive receive beamforming further lowered the interference to —46.3 dBm, while also
removing some of the transmit noise, as visualized in the smoothness of the residual signal. The
observation-based digital cancellation process then decreased the residual to —96.1 dBm, which was
2.5dB above the noise floor, and yielded a total of 140.5dB of transmit-receive isolation.

These same processes were repeated for a signal with a 1-MHz bandwidth, as represented
in the measured results of Fig. 2.8b. This plot demonstrates a similar EIRP (44.5dBm) and SI
decrease near the noise floor (2.2dB above) for a total isolation of 160.8dB, which signifies that
this approach scales with signal bandwidth and corresponding noise floor changes.

While this aperture-level architecture was demonstrated to offer a fairly straightforward path
to high output power and near-optimal SI reduction, there are two distinct challenges to overcome
before widespread adoption. The first relates to the front-end hardware modification of traditional
arrays that allows for the transmit output signals to be sampled and fed into the observation-
based digital canceller. This unique set of switches and couplers should have a high dynamic
range, provide the ability to operate over different output powers and exhibit low loss, such that
the losses after the PAs and system noise figure are comparable to arrays with standard T/R
switches. Initial research targeting this problem using GaN-based MMICs at both S- and X-bands
shows promising results [57]. The second challenge relates to the beamforming algorithms, and
the need to simultaneously satisfy the goals of minimally impacting the far-field gain while also
providing near-field SIC. While the prototype presented in [32,67] successfully demonstrated SIC
with far-field main-beam transmit/receive gain reductions of less than 0.5dB as a result of the
beamforming operations, the algorithm did not run in real-time. This can potentially be improved
by incorporating neural networks that can be implemented on field-programmable gate arrays
(FPGAs), but still needs to be proven as the array size increases [25].

The first element-level architecture, demonstrated in [11] and illustrated in Fig. 2.6a, reported
SI and XI reductions over a 20 MHz bandwidth centered at 2.45 GHz, as shown in Fig. 2.9a. The
circulator isolation and SI cancellation provides 30 dB of suppression, which reduces the +20 dBm

transmit output power to —10dBm. The XI signal levels are then decreased by 40 dB using their
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Figure 2.9: Element-level IBFD array performance, showing (a) power spectral density (PSD)
with various SIC and XIC techniques and digital cancellation over a 20-MHz bandwidth from [11],
and (b) analog SIC performance for adaptive analog Tx and Rx beamforming (Tx/Rx BF) and
antenna-impedance tuning, compared to the native isolation of a single element from [28].

corresponding cancellers, which lowers the total interference power to —50dBm. The remaining
signal is then sampled and further suppressed by an additional 33dB using digital cancellation,
bringing the residual to —83 dBm, which was 1.6 dB above the receiver noise floor. With 70dB of
RF /analog cancellation, this 3-element prototype produced 103 dB of total isolation.

The second element-level design, presented in [28] and shown in Fig. 2.6b, reported RF /analog-
domain SIC over a 16.25-MHz bandwidth centered at 730 MHz, as shown in Fig. 2.9b. The nominal
transmit-receive isolation for a single element was measured to be roughly 15dB, where the addi-
tion of the adaptive transmit and receive analog beamforming increased the SIC to 40.7 dB. For the
beamforming algorithm, the far-field array gains for both transmit and receive were permitted to
degrade by 3 dB. Simultaneously optimizing the beamforming weights and the antenna-impedance
tuners provided a total RF/analog SIC of 50dB. This was later combined with another 50dB of
SIC using digital cancellation, and yielded a total isolation of 100dB for the 2x4-element array.

While not strictly phased arrays in the sense that we have discussed (since they do not

maintain a traditional \/2-lattice spacing), multiple-input multiple-output (MIMO) systems can
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be created with directional elements and be outfitted for IBFD operation. In order to provide
a sense of their performance, the work of [28] was extended to a 2-channel MIMO architecture
that used RF and baseband SIC along with integrated circulators to produce 45dB of SIC over a
20 MHz band centered at 2.2 GHz along with 53dB XIC over the same band [8]. Additionally, a
4-channel IBFD MIMO front-end was demonstrated to provide 44 dB of combined SIC and XIC
using a quadrature balanced power amplifier (QBPA) topology and wideband digital interference
cancellation [39], and another front-end employed a common-mode-suppression balun to provide a
passive SIC of 64.5dB [37]. While the performance of the individual MIMO channels can influence
the design of those in A\/2-spaced arrays, the isolation gained through spatial antenna separation
must be considered.

Similar to these MIMO systems, both of the element-level designs face hardware-related
challenges — the former approach needing to tackle how to efficiently incorporate and tune all of
the RF /analog canceller taps within each element, and the latter being limited to a single receive
beam due to the analog combination scheme feeding a single ADC. Additionally, each architecture
must contend with high-speed RF signal routing between the elements to accomplish its intended
SIC: the first needs to route the necessary canceller inputs, while the second must route the receive
signals into the combiner. This physical-routing obstacle can more broadly be categorized as a
scaling challenge, which is also common to aperture-level designs, and additionally pushes into
the digital computing realm as all of these IBFD arrays utilize digital SIC processing as the final
mitigation step. The following section outlines some future research directions that can be pursued

to help overcome these scalability challenges.

2.6 Chapter Conclusion

This chapter provides an overview of the state-of-the-art IBFD phased array implementations
that could be used to create simultaneous-multifunction systems. Various IBFD array architectures
are presented with a focus on aperture- and element-level approaches. The former divides the aper-

ture into transmit and receive subarrays, and utilizes digitally-enabled SIC processes to create
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isolation between the subarrays. The latter allows the same antenna in each element to simul-
taneously transmit and receive, and requires an RF /analog-based cancellation scheme to reduce
interference before digitization and further suppression. A survey of measured IBFD array proto-
types as well as their results and limitations are discussed, which highlighted the need for additional
research on the physical and computational scalability of IBFD arrays before being able to support
future multifunction systems.

Future work on the scalability of IBFD arrays can be broken down into two major categories:
the physical array panels themselves and the digital signal processing hosted on them. Many of the
prototypes discussed within this chapter were designed with a modest number of antenna elements
and could not easily cascade additional elements and hardware channels to change the array size
beyond their initial proof of concept. This can be improved by focusing on the unit panel design
of an array that could ideally be tiled in both horizontal and vertical directions to create arrays
of arbitrary sizes [43,64]. The cost of including IBFD capability within these panels could be
minimized by incorporating the IBFD-enabling circuits directly into integrated front-end designs,
as discussed in Chapters4 and 5.

For the digital signal processing aspect, integrating a compact digital computing solution on
the array itself, not only allows the local management of resources for simultaneous-multifunction
operation, but also provides an option to output actionable data products instead of raw data
samples [29,152]. This seamless digital-data sharing is critical for scalable-SIC approaches to
reduce the computational complexity and overall power consumption as the array size grows to
support multiple functions and deployment scenarios [69]. Parts of the material presented in this

chapter are reported in [77] and [78].



Chapter 3

Mutual Coupling and System Requirements

3.1 Introduction

While the previous chapter provides an overview of IBFD arrays as well as preexisting
aperture- and element-level approaches, this chapter discusses the cancellation requirements for
these systems, focusing on the IBFD front-ends that see the highest self-interference (SI) power
levels. Fig. 3.1 illustrates the block diagram of a generic array that can provide IBFD operation at
either the aperture- or element-level, depending on the configuration. This architecture leverages a
fully-digital back-end that consists of digital-to-analog converters (DACs) and analog-to-digital con-
verters (ADCs) for every element. While not a necessary condition for IBFD arrays, the flexibility
provided by this digital-at-every-element approach is useful when employing digital beamforming
and parallel signal processing. In addition to the data converters, the location of power amplifiers
(PAs) and low-noise amplifiers (LNAs) is depicted to provide a sense of the where the high-power
signals (Pr,) are generated and where the coupled SI is received (Pgr,), respectively. It should be
noted that supplementary components, such as filters, mixers and gain blocks, are also often incor-
porated into these systems, but are not necessary for the discussion of the front-end requirements.

When architecting IBFD systems, it is helpful to understand the different types of signals that
comprise the SI. This allows designers to gain an appreciation of how these signals are generated
and how best to tailor mitigation techniques to address them. The upper part of Fig. 3.1 highlights
the various interference types that must be considered for a generic IBFD array, and only shows

those related to the first element for clarity. The direct path (DP) interference has the shortest
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Figure 3.1: (a) Diagram of generic IBFD array system, highlighting the self-interference (SI) and
crosstalk inteference (XI) for the first element as well as the critical power levels for the IBFD front-
end, and (b) time-domain example response for the direct path (DP), antenna reflection (AR) and
XTI signals.

delay between the transmitter and receiver within an element, representing the SI component that
arrives first at the receiver, as depicted in the example time-domain response shown in Fig. 3.1b.
Antenna reflections (ARs) arise from the fact that the antenna is not perfectly impedance-matched

to the front-end, and thus generates a reflection-based copy of the transmit signal that has a slightly
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longer delay compared to the DP and could consist of multiple reflections that decay over time.
Together, the DP and AR interferences comprise the SI within each element, and can be thought of
differently for aperture- and element-level approaches. While both architectures utilize the transmit
elements to simultaneously receive, the difference arises in their signals-of-interest and associated
receiver sensitivities.

For aperture-level designs, the receivers connected to active-transmit elements are interested
in digitizing the individual transmit signals to provide an observation path that can have a sig-
nificant amount of attenuation. As seen in the previous chapter, this can be accomplished using
front-ends that consist of transmit /receive switches and attenuators to sufficiently suppress the DP
and AR signals so they do not saturate the receivers and can be digitized for subsequent cancella-
tion. For element-level designs, however, each receiver is attempting to capture signals-of-interest
with low signal-to-noise ratios (SNRs) from distant sources, and thus must maintain their nominal
low-sensitivity levels. Associated element-level IBFD front-ends must then be designed to handle,
and ideally suppress, both DP and AR interferences to avoid receiver saturation.

The additional consideration of cross-talk interference (XI) is important for both design types,
and represents interference that arrives at the receiver later than the DP and AR signals. This
XI depends on mutual coupling between the elements with an array, and will be discussed in the

following sections.

3.2 Mutual Coupling Overview

Mutual coupling is defined as the electromagnetic interaction between nearby antenna el-
ements in an array, which causes them to affect the overall performance by changing the input
impedance of the individual antenna elements as well as the radiation pattern of the array it-
self [2,134]. This phenomenon influences the amount of transmit energy that leaks into any ele-
ments attempting to simultaneously receive, and is also a concern for arrays where every element
is transmitting since they unintentionally receive energy from their neighbors, which changes their

characteristics. These changes are dependent on the transmitted and coupled power, which are
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Figure 3.2: Designators for a 25-element 5x5 array based on (a) physical location and (b) mutual
coupling groups: horizontal (H); vertical (V); diagonal (D); and off-diagonal (O) relative to the
center element (X).

inversely proportional to the element spacing within the array [12]. While reducing the effects of
mutual coupling has been studied to improve the scanning performance for traditional half-duplex
arrays, research has not focused on the reduction of mutual coupling, or XI, for IBFD applica-
tions [83,84].

An intuition can be gained into the mutual coupling effects on IBFD front-ends by analyzing a
notional two-dimensional (2D) 5x5 array with 25 total elements, as depicted in Fig. 3.2a. Each box
within this diagram represents an antenna element with the numbering of the individual elements
based on their location. Due to the physical symmetry of most arrays, the mutual coupling paths
between elements are often similar and can be grouped into different categories, as illustrated in
Fig.3.2b. If the mutual coupling to the center element of the array (location 3,3) is considered
and denoted with an X, four different groups can be drawn based on the coupling planes of the 2D
geometry: horizontal (H); vertical (V); diagonal (D); and off-diagonal (O); where the subscripts
represent the number of elements from the center. With this framework in place, the differences in
the mutual coupling considerations between aperture- and element-level IBFD arrays can now be
discussed.

As mentioned in the previous chapter, aperture-level architectures partition the elements
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Figure 3.3: Aperture-level IBFD array coupling for a 5x5 array with two transmit columns and
three receive columns, highlighting the (a) horizontal (H), (b) diagonal (D), and (c) off-diagonal
(O) paths to the center element (X).

into transmit and receive subarrays, where the coupling at the boundary between these zones is
the highest. Fig.3.3a depicts an aperture-level configuration for the 5x5 array where the array is
divided such that the two left columns represent transmit elements and the three right columns
represent receive elements. This figure also highlights the horizontal coupling paths between the
two transmit elements to the left of the center element being considered. It should be noted that
no vertical coupling paths exist for this scenario — since the elements above and below the center
are not transmitting — but that alternate aperture-level subarray divisions could introduce those
paths. Figs.3.3b and 3.3c similarly depict the diagonal and off-diagonal coupling paths for this
array configuration, respectively. For this example, there are a total of 10 transmitting elements,
and thus, a total of 10 different XI signals with associated coupling paths that exist to the center
receive element.

For an element-level IBFD array where every element is simultaneously transmitting and
receiving, Fig. 3.4a illustrates the corresponding horizontal and vertical coupling paths to the center
element. Similarly, Figs.3.4b and 3.4c highlight the diagonal and off-diagonal coupling. In this
case, all 25 elements are transmitting, which creates 24 unique XI signals into the center element

(the transmission of the center element itself is classified as SI). For both IBFD array types, the
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Figure 3.4: Element-level IBFD array coupling for a 5x5 array, highlighting the (a) horizontal (H)
and vertical (V), (b) diagonal (D), and (c) off-diagonal (O) paths to the center element (X).

strength of these XI signals is dependent on the mutual coupling between the array elements. Each
architecture greatly benefits from utilizing arrays with low-mutual coupling so they can operate
at higher transmit powers and avoid receiver saturation. An investigation of mutual coupling

reduction techniques is discussed next.

3.3 Coupling-Reduction Techniques

This section presents the investigation of mutual coupling within a patch-based array, and
utilizes a T-element linear structure that can be scaled in two dimensions for either aperture- or
element-level IBFD arrays. The coupling differences between the E- and H-planes are discussed,
and the simulated results of several different coupling-reduction techniques are summarized with
the goal of better understanding the mechanisms that control the coupling in both planes.

As seen in Fig. 3.5a, the unit cell within the array is a square patch that has a length and
width of 870 mils and is placed on top of a ground-backed FR4 substrate with 250 mil thickness and
1968 mil extent, which provides the array with a A\/2 spacing at 3.0 GHz. The patch is differentially
fed using coaxial probes to provide symmetric coupling to neighboring elements, where the E-plane
is between the probes and the H-plane is perpendicular to it, as depicted in the top view of Fig. 3.5b.

The unit cell exhibits an S11 magnitude less than —25 dB and a gain of 5 dBi for broadside radiation
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Figure 3.5: Unit cell used for the mutual coupling reduction investigation, highlighting the
(a) isometric and (b) top model views, (c) simulated S11 magnitude, and (d) simulated gain.

at 3.0 GHz, as plotted in Figs. 3.5¢ and 3.5d, respectively.

From this unit cell, an array over an extended ground plane is created by orienting the
differential probes along the horizontal axis of the linear array such that coupling occurs in the
E-plane, as seen in Fig.3.6a. Similarly, another 7-element array was created by combining the
unit cells in the opposite direction so that the differential probes are perpendicular to the array
orientation, which produced coupling between elements in the H-plane, as illustrated in the vertical
arrangement of Fig. 3.6b. Both of these images also depict the transmit element that was active and
generated coupling to elements numbered 1 through 5 and was adjacent to a terminated element
to minimize the array edge effects.

The nominal E-field magnitude with the Tx element active is plotted on the E-plane array
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Figure 3.6: Baseline 7-element linear array models used for investigation of mutual coupling in the
(a) E- and (b) H-planes, highlighting the simulated Tx next to a terminated element and coupling
into elements 1 through 5.

surface and in the direction of radiation for the isometric, side and top views shown in Fig. 3.7a.
As expected, the E-field intensity is seen to be highest for elements close to the Tx and decays
with distance. Similarly, the nominal H-field magnitude is depicted on the H-plane array surface
and radiation direction when the Tx source is active, as seen in Fig.3.7b for isometric, side and
top views. It should be noted that the array is rotated and subsequently the E- and H-field vectors
swapped for the figure. Comparable to the E-field, this image also illustrates that the H-field is
strongest near the Tx element, but that it decays more rapidly with distance as compared to the
E-field. The quantitative mutual coupling for these two cases is represented in Fig. 3.8 for the
different element numbers indicated in Figs. 3.6a and 3.6b. The plot illustrates that the H-plane
coupling is stronger than that of the E-plane for the first neighboring element, but it then decreases
faster than the E-plane coupling for the elements further from the Tx source, which agrees with
previous findings [55,116].

With a mutual coupling baseline established, different techniques to reduce the coupling be-
tween array elements can be considered. While there are many options available, this investigation
focused on four unique approaches, namely the introduction of: metallic posts, metallic walls,
electromagnetic bandgap structures (EBGs), and defected ground structures (DGSs). These mod-

ifications were introduced between the array elements in order to minimize the coupling between
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Figure 3.8: Simulated mutual coupling from the active Tx to elements 1 through 5 for the baseline
7-element E- and H-plane arrays. Reprinted from [68].

them, and are depicted for the E-plane array in Fig. 3.9, respectively. For each of the techniques,
several aspects of the physical structures were varied to determine their impact on the mutual
coupling. While detailed results for each of these are presented in Appendix A, a summary of the

the mutual coupling changes is provided in Table 3.1.

3.4 Reduced-Coupling Array

Based on the mutual coupling reduction techniques analyzed in the previous section, a 25-
element array was designed with a 5x5 configuration that matches the diagrams and designators
referenced in Fig.3.2. Similar to before, the array design leveraged a rectangular patch element

that was modified to facilitate the fabrication of a prototype. While the unit cell was similarly
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Figure 3.9: Array models with mutual coupling reduction techniques inserted between the elements,
including (a) metallic posts; (b) metallic walls; (c) electromagnetic bandgap structures (EBGs); and
(d) defected ground structures (DGSs).

Table 3.1: Summary of Simulated Coupling-Reduction Techniques

Reduction Mutual Coupling Change (dB)

Technique/ E-Plane H-Plane

Element# 1 2 3 4 5 1 2 3 4 5
Posts 2.0 -21 | -18 | =41 | —6.5 2.7 24 0.1 7.7 | =9.5
Wealls 2.3 —8.8 | =87 | -10.7| —-144| —74 | —=12.9| —14.5| —15.5| —16.6
EBG 4.1 —-76 | =78 | —10.2| -13.5| =29 | —6.9 | =59 | —4.0 | —2.5
DGS 07 | =11 | =23 | =35 | =53 | —=6.1 | —=7.7 | =8.7 | —6.8 | —4.6

constructed using an FR4 substrate with a ground plane on the bottom side, the notable changes

from the one presented in Fig. 3.5 include switching to a single-ended coaxial feed (eliminating the

need for an external balun) and reducing the substrate thickness to a standard height of 62 mils

(unintentionally narrowing the radiation bandwidth). Since various aspects of the unit cell are

modified between the different array configurations, a focus has been placed on the larger array

performance, as discussed in the following sections.
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Figure 3.10: Baseline 25-element patch array: (a) top and isometric model views with field directions
indicated; (b) simulated S11 magnitude for passive and active (1D horizontal, 1D vertical and 2D)
configurations; (c) simulated mutual coupling to center element for the locations referenced in
Fig. 3.4; and (d) simulated azimuth gain patterns for different scan angles.

3.4.1 Baseline Design

All of the array simulations were conducted using Ansys HFSS, where the unit cell was first
verified in an infinite-array setup with boundary conditions defined using two lattice pairs on the
sides and a perfectly matched radiation layer on top. This allowed for the patch size and feed
location to be optimized for radiation at 3 GHz, and leveraged the coaxial feed dimensions for a
standard surface-mount SMA connector located behind each element.

Fig. 3.10a shows the top and isometric views of the baseline 5x5 array model along with the
E- and H-field directions (and associated planes), as dictated by the feed location in the upper-
center part of each patch. The unit cell is sized for a 1/2-X spacing at 3 GHz, which translates to

approximately 2 inches (specifically 1968 mils) and produces an overall array size just under 10 inches
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(9840 mils exactly). In between each of the patches is a set of vias that extend from the ground
plane to the top of the board, which helps provide some initial isolation between the elements within
the substrate. The S11 magnitudes for the center element are plotted in Fig. 3.10b for the passive
case, where only the center element is transmitting and all of the others are terminated, as well
as three active cases based on different array configurations. These include when the transmitters
are assigned to a subset of the elements in 1x5 1D horizontal (1DH) and 5x1 1D vertical (1DV)
setups (where unused elements are terminated) as well as the full 5x5 2D configuration. The plot
indicates that there are slight differences between S11 for these diverse cases, but that overall, the
array is well-matched near 3 GHz.

The critical mutual coupling performance is depicted in Fig. 3.10c for the different horizontal
(H); vertical (V); diagonal (D); and off-diagonal (O) paths defined in Fig.3.4. As expected, the
adjacent elements produce the strongest coupling values, with —20.4 dB from the horizontal (H1)
and —24.1dB from the vertical (V1) locations. This agrees with the results presented in Fig. 3.8,
indicating that the H-plane exhibits stronger coupling than the E-plane for the first neighboring
element. The strongest diagonal and off-diagonal values are around —29 dB, and, unsurprisingly,
elements further from the center in each direction exhibit lower coupling values.

Additionally, the array gain for the full 2D 5x5 configuration was simulated for different
azimuth scanning angles between £30 degrees, as seen in Fig.3.10d. While the gain is plotted
versus azimuth angle, the results are the same in elevation due to the symmetric nature of the
square array. All of the elements are uniformly fed, which produces a maximum gain of 16.5dBi
at broadside (0 degrees) with standard sidelobes of —13 dBc relative to the main beam. Overall,
the beam performance is seen to be consistent for the different scan angles. Together, these results
can be used to provide a baseline set of metrics for a standard array, and can be compared to a

modified design that focuses on reducing the mutual coupling.
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Figure 3.11: Reduced-coupling 25-element patch array: (a) top and isometric model views with
field directions indicated; (b) simulated S11 magnitude for passive and active (1D horizontal, 1D
vertical and 2D) configurations; (c) simulated mutual coupling to center element for the locations
referenced in Fig. 3.4; and (d) simulated azimuth gain patterns for different scan angles.

3.4.2 Reduced-Coupling Design

Based on intuition, and backed by the findings presented in Fig. 3.8, it is clear that increasing
the distance between array elements is an effective method of reducing their coupling. With this
in mind, three mutual-coupling-reduction techniques were incorporated into the modified array
design shown in Fig.3.11a, with top and isometric model views depicted. The first change was
the 45-degree rotation of the square patches, such that the E- and H-fields are shifted 45-degrees
relative to the horizontal and vertical array axes, as indicated in the figure. While this has the
effect of reducing the coupling horizontally and vertically, it unfortunately increases the coupling
on the diagonal axes since those are now in line with the E- and H-planes, but does so with

additional distance between diagonal elements. The second modification is increasing the unit cell
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and element spacing to 3/4-\ at 3 GHz, which increases the overall array dimension to slightly
less than 15inches (14760 mils exactly). This technique introduces additional physical separation
between the elements, but comes at the cost of degrading the array radiation pattern. The final
array alteration is the inclusion of metallic walls between the elements that were added based on
the results presented in the previous section.

Similar to the baseline, the simulated S11 magnitude of the center element for the passive and
three active array configurations is plotted in Fig. 3.11b, and again indicates that the elements are
well-matched to 50 (2 for each case. The more noticeable changes are seen in the mutual coupling
and gain results presented in Figs.3.11c and 3.11d, respectively.

For the former, several of the element locations on the array have similar coupling levels,
which causes the traces to overlap on the plot. Due to the 45-degree rotation of the patches, the
strongest coupling direction is now on the diagonal axis (still on the H-plane), as opposed to the
horizontal axis for the baseline array. This coupling level has a maximum of —30.8dB for the
adjacent diagonal elements, which is slightly less than the same element on the baseline array that
exhibited —29.2dB of coupling. The most significant reductions are produced on the adjacent
horizontal (H1 changing from —20.4 to —35.5dB) and vertical planes (V1 changing from —24.1 to
—35.2dB), as well as elements located further away from the center.

Due to the 3/4-A-element spacing that provides some of the mutual coupling reduction,
grating lobes are introduced into the array gain pattern, as seen in Fig. 3.11d. These are similar to
the ones discussed in Fig. 2.1 when the spacing is greater than 1/2-A, and are seen to be larger as
the scan angle is increased. While this plot illustrates the scanning performance out to £30 degrees
for straightforward comparison to Fig.3.10d, the modified array can be utilized with —13-dBc-
sidelobe levels similar to the baseline when the scanning is restricted to +15 degrees. Additionally,
the metallic walls are found to not only reduce the mutual coupling, but also enhance the array
gain with 18.0dBi simulated at broadside.

The maximum mutual coupling values for each path (relative to the center element) as well as

the array gain are summarized in Table 3.2. After the baseline array in the first row, this table also
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Table 3.2: Summary of Simulated Reduced-Coupling Array Design

Maximum Mutual Coupling (dB) Gain

Design Configuration .
H1 H2 Vi V2 D1 D2 01 | (dBi)

Straight Patches,
1/2-\ Spacing
Rotated Patches,
1/2-X Spacing
Straight Patches,
3/4-)\ Spacing
Rotated Patches,
3/4-\ Spacing
Rotated Patches,
3/4-\ Spacing, —32.8| —35.2| —32.8| —35.2| —28.6 | —33.2| —33.5| 18.2
1-in Square Walls

Rotated Patches,
3/4-)\ Spacing, —29.2| —35.5| —29.1| —35.5| —28.6 | —32.7| —32.3| 18.0
0-in Chamfered Walls
Rotated Patches,
3/4-X Spacing, —35.5| —43.0| —35.2 | —42.7| —-30.8| —35.1 | —33.1 | 18.0
1-in Chamfered Walls

—204 | —-27.3| —24.1| =27.7| —=29.2| —35.1| —29.4| 16.5

—24.0| —-32.0| —24.1| —=32.0| —24.4| —-29.6 | —27.3| 16.3

—28.2| —38.0| —24.1| —28.2| —=329| —-39.9| —32.1| 17.9

—28.7| =349 | —28.8| —34.8| —=28.3| —324| -32.2| 17.9

includes the performance of several other intermediate design configurations as listed in the first
column, where detailed results along with the model images are presented in Appendix A. Overall,
the mutual coupling decreased and the array gain increased as the design evolved and incorporated
additional mutual coupling reduction techniques, where the last entry in the list represents the
design illustrated in Fig.3.11. A prototype of this reduced-coupling array design was fabricated

and results are included in the system-level discussion presented in Chapter 6.

3.5 System Analysis

After discussing the mutual coupling performance of the 25-element array with both baseline
and reduced-coupling configurations, the system-level and RF /analog front-end requirements can be
analyzed. As depicted in Fig. 3.1, receivers within both aperture- and element-level IBFD arrays are

tasked with linearly processing coherently-combined SI and XI signals so that digital cancellation
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Receiver Cascade Analysis

Parameter / Stage Name LPF1 | HPF1 | Ampl | DSA | Amp2 | LPF2 | HPF2 | Atten | Balun | ADC

Gain, nom (dB) -1.2 -1.1 20.0 -2.0 20.0 -1.2 -1.1 -2.5 -0.8 0.0
NF, nom (dB) 1.2 1.1 0.7 2.0 1.3 1.2 1.1 2.5 0.8 32.0
Signal Level (dBm) -20.0 -21.2 -22.3 -2.3 -4.3 15.7 14.4 13.3 10.8 10.0 10.0
Cum Gain, nom (dB) -1.2 -2.3 17.7 15.7 35.7 34.4 33.3 30.8 30.0 30.0
Cum NF, nom (dB) 1.2 2.3 3.0 3.0 3.0 3.0 3.0 3.0 3.0 515
Cum Noise Floor (dBm/Hz) -174.0 -174.0 -153.3 -155.3 -135.3 -136.5 -137.6 -140.1 -140.9 -138.4

Figure 3.12: Receiver cascade analysis, highlighting the cummulative gain and noise figure with an
ADC saturation of 10 dBm corresponding to a receiver saturation of —20dBm at the input.

can be performed after the ADCs. While this system diagram captures the LNA and ADC, many
of the other receiver components are excluded for simplicity, as aforementioned.

Fig. 3.12 represents the cascade analysis for a typical receiver using an expanded component
list for a direct-RF-sampled architecture with stages that include two low-pass filter (LPF) and
high-pass filter (HPF) combinations that provide frequency-band selection; two amplifiers (Amps);
a digital step attenuator (DSA); a fixed attenuator (Atten); a single-ended to differential balun;
and an ADC. For this analysis, the ADC has a full-scale voltage of 2 volts peak-to-peak, which
corresponds to 10 dBm in a 50-{2 system. This figure represents a spreadsheet that contains cascaded
equations based on the individual component gain and noise figure parameters (blue text) listed in
the upper rows, where nominal values have been utilized. The lower rows capture the cumulative
gain, noise figure and noise floor performance. The final component listed is the ADC and the last
column represents the complete receiver performance, as calculated by this cascade analysis.

Based on the parameters utilized, this example receiver has a total cumulative gain of 30 dB
and a nominal noise figure of 5.5 dB. This amount of gain is fairly standard to reduce the impact of
the ADC quantization noise, and translates to an input signal level of —20dBm (orange cell) being
amplified up to the full-scale ADC level of 10 dBm (yellow cell). While the linearity metrics of these
components can also be considered, this gain-focused analysis implies that the total SI should be
limited to less than —20 dBm in order to avoid ADC saturation and maintain the full sensitivity of

the receivers within the array. Based on this level, the cancellation requirements for both aperture-
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and element-level IBFD arrays can be determined, as discussed in the following sections.

3.5.1 Aperture-Level IBFD Array Requirements

For each transmitter within an aperture-level IBFD array, the front-end is required to atten-
uate the DP SI and feed it into a transmit-observation receiver within the same element so that it
can be digitized to aid subsequent cancellation. Based on the analysis conducted in the previous
section, the receiver saturation level can be assumed to be —20dBm at the input. From Fig. 3.1,

the minimum required attenuation in dB for the transmit observation path can be defined as

TXObSAtteH = —PTI - PRxISAT7 (31)

where Pr, is the element transmit power in dBm and Pgg,,, is the input receiver saturation
power in dBm. Since Prgy, g ,, is defined based on the ADC full-scale level per the cascade analysis,
this attenuation does not need to occur solely in the front-end, and instead, can the distributed
throughout the transmit-observation receiver as long as each individual component is operated
within its linear range. It should be noted that while the transmit-observation receivers located
behind each transmit element are operating in a full-duplex mode, they do so with a significantly
degraded sensitivity compared to those analyzed in Fig. 3.12.

The primary source of interference within aperture-level IBFD arrays comes from XI between
the transmit and receive subarrays. The received XI power is a function of the transmit power and

is dictated by the mutual coupling of the array, such that

Prey,-x1-1D = Pry - Grg - (h1333 + ha3-33) - GRe, (3.2)

captures the power received (in linear units) at the input of the center element for a 1D horizontal
array with the coupling depicted in Fig.3.3a. Gr, and Gg, represent the gains for the transmit
and receive paths within the front-end, respectively. The transmit-to-receive channel responses are
represented by hi3-33 and hg 3 33 for the H1 and H2 transmit elements, respectively, as defined

by the designators depicted in Fig.3.2. From this, the required minimum XI cancellation can be
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defined as

Cancar-x1-10 = Praa,-x1-1D — PRajsar (3.3)

which maintains the XI at the receiver input below the saturation level.
While Eq. 3.3 captures the receive power for a 1D array with only two transmit elements,

this can be extended to 2D scenarios, including the one highlighted in Fig. 3.3, such that

Pre,,-x1-2D = Pry - Grg - (h1133 +hi1233+hi1333+h1a33+hi533

+hoi33+haoss+hozss+hoass+hosss) Gre, (3.4)

where h11-33; h1,2-3.3; h1,3-3.3; h1,4-3.3; h1,5-3.3; ho1-3.3; hoo 335 ho 3335 ho4a 33; and ha 5 33 capture
the 10 unique coupling paths between the transmit elements and the center-receive element (denoted
X). Similar to Eq. 3.3, the cancellation requirement for a 2D aperture-level IBFD array can be

identified as

Cancar-x1-2D = Pra,,-x1-2D — PRajsar (3.5)

where the cancellation is focused on the center-receive element since the coupling is the strongest
and the requirement is relaxed further from the boundary. It should be noted that this cancella-
tion is required before the receiver input, which precludes the use of post-digitization techniques
(i.e. receive beamforming and digital cancellation), and instead necessitates the use of transmit
beamforming.

Based on the arrays discussed in the previous section, the aperture-level IBFD cancellation
requirements are determined for baseline- and reduced-coupling arrays in Figs.3.13a and 3.13b,
respectively. The antenna power is simply defined as Pant = Pr; + Gp,. As given by Eq. 3.1, the
transmit-observation cancellation is independent of G, and is the same for each coupling scenario
because it also does not depend on the XI. For example, the plots indicate that the minimum
transmit-observation attenuation is 40dB for a transmit power of 20dBm. Since aperture-level
IBFD array front-ends are typically passive, G, and Gp, were assumed to be —1dB for this

analysis.
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Figure 3.13: Aperture-level array cancellation requirements for the transmit observation (TxObs)
path as well as the crosstalk interference for the 1D horizontal (XI 1DH) and 2D (XI 2D) configu-
rations with mutual coupling from the (a) baseline and (b) reduced mutual coupling arrays.

The XTI cancellation requirements, on the other hand, are strongly dependent on the number
of transmit elements as well as their mutual coupling to the receive element under consideration.
For the baseline-coupling case depicted in Fig. 3.13a, the 1D and 2D scenarios are seen to require
similar amounts of cancellation, namely 15.0 and 14.6dB at 20 dBm output power, respectively.
This indicates that the horizontal elements are strong contributors to the composite coupling path
and that some destructive interference must be occurring for the 2D configuration to require less
cancellation than the 1D case.

As expected, the cancellation requirements are relaxed for the reduced-coupling array, as seen
in Fig. 3.13b. The 1D and 2D requirements can be more clearly differentiated to be 4.9 and 9.0 dB
at 20dBm output power, respectively. While this difference is not large, it should be noted that
these metrics are for an aperture-level array with only 10 transmit elements (as defined in Fig. 3.3),
and more significant cancellation may be necessary for different array configurations. Both plots in
Fig. 3.13 indicate that the requirements linearly increase with higher transmit/antenna power, but

below a certain level, no cancellation is necessary.
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3.5.2 Element-Level IBFD Array Requirements

The requirements for element-level IBFD arrays differ from their aperture-level counterparts
since each receiver must maintain full sensitivity while transmitting with the same element. From
Fig. 3.1, the DP, AR and coherent combination of XI must be considered. Similar to the aperture-
level transmit-observation cancellation, the minimum DP-SI suppression for the front-end is defined
as

Canch = PTJ; — PRwISATv (3.6)

since the DP is dependent on only the front-end. Conversely, the AR-SI signal travels through both

the transmit and receive paths of the front-end, and is thus affected by their gains according to

Pry-ar = Pry -Gy - h33-33 - GRe, (3.7)

where hg 33 3 represents the antenna reflection coefficient for the center element (location 3,3) under
consideration. Similar to before, the cancellation requirement is simply this power level minus the
input saturation power of the receiver.

For the XI, three different array configurations can be considered, namely 1D horizontal
(1IDH), 1D vertical (1DV) and 2D that reference the coupling paths illustrated in Fig. 3.4. The XI
power at the input to the center-element receiver for the 1DH and 1DV cases can be computed
using

Prep,-x1-1pH = Pry - Grg - (h13-33 4+ ho 333+ haz33+ hs333) - GRga, (3.8)

and

Pryp,-x1-1pv = Pry - Grg - (h31-33+ ha2-33+ h3a33+ h3s33) - Gra, (3.9)

respectively. Where the horizontal configuration contains XI coupling from element locations 1,3;
2,3; 4,3; and 5,3 to element 3,3. The vertical array is similarly constructed with elements 3,1; 3,2;
3,4; and 3,5 generating XI coupling to the center, where these numbered locations are depicted in

Fig. 3.2a. Lastly, when all elements are active, as in the 2D array scenario, the received power can
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Figure 3.14: Element-level array cancellation requirements for low-gain front-ends, highlighting the
direct path (DP), antenna reflection (AR), and crosstalk interference for 1D horizontal (XI 1DH),
1D vertical (XI 1DV) and 2D (XI 2D) configurations with mutual coupling from the (a) baseline
and (b) reduced mutual coupling arrays.
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where the coupling path between every element in the array to the center element is captured.
While this clearly represents the most extreme coupling configuration for the 25-element array
being considered, it provides a reasonable estimate for larger arrays since contributions from further
elements are reduced. Again, the XI cancellation requirements are simply calculated as these power
levels minus the receiver saturation at the input.

Based on these equations, the cancellation requirements can be examined for different trans-
mit power levels, similar to the aperture-level ones already discussed. One significant difference
between the front-ends of these array types, however, is the fact that those for element-level arrays
often incorporate gain on both transmit and receive, which amplifies not only the desired signals
but also the SI and XI. Figs.3.14a and 3.14b display the cancellation requirements for low-gain
front-ends (G, and G, set to —1dB) for arrays with baseline and reduced coupling, respectively.

When considering a transmit output power of 20dBm for each element, the DP-SI cancellation

requirement is found to be 40dB, which is slightly different from the transmit-observation num-
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Figure 3.15: Element-level array cancellation requirements for high-gain front-ends, highlighting the
direct path (DP), antenna reflection (AR), and crosstalk interference for 1D horizontal (XI 1DH),
1D vertical (XI 1DV) and 2D (XI 2D) configurations with mutual coupling from the (a) baseline
and (b) reduced mutual coupling arrays.

ber in aperture-level designs since this cancellation must occur in the front-end in order to avoid
saturation.

With the arrays being different between the two figures, the AR and XI values are not the
same. For the baseline array, the cancellation requirements are 21.0, 21.0, 13.8, and 22.2 dB for the
AR, XI 1DH, XI 1DV, and XI 2D at 20 dBm output power, respectively. These values compare
to 12.5, 10.8, 11.0, and 18.3dB for the same power level using the reduced-coupling array. While
the AR requirement difference is due to the change in the impedance match, the XI cancellation
requirements are lower for the reduced-coupling design, as expected. It should be noted that the
cancellation requirement is relaxed for both 1D configurations versus the full 2D operation. Also,
since the front-end gains were the same for the aperture- and element-level scenarios considered
in Figs.3.13 and 3.14, the cancellation requirements between the two IBFD array types can be
compared, where the numbers are seen to be lower for aperture-level designs.

Figs. 3.15a and 3.15Db illustrate the element-level IBFD array cancellation requirements for
front-ends with 15dB gains in the transmit and receive paths. While this does not change the
DP-SI metrics, the AR and XI for all cases are seen to increase. Again looking at the 20 dBm

output power level, the cancellation requirements with the baseline coupling are 37.0, 37.0, 29.8,
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and 38.2dB for the AR, XI 1DH, XI 1DV, and XI 2D, respectively. For the reduced-coupling
array, these values are 28.5, 26.8, 27.0, and 34.3 dB, which are all relaxed compared to the baseline.
These reduced cancellation requirements could lead to simplifications in the front-end cancellation
circuitry or allow the output power to be increased for the same amount of cancellation. Overall,
the values for high-gain front-ends are clearly increased over the low-gain versions, which makes

the front-end design more challenging.

3.6 Chapter Conclusion

This chapter presents a generic system architecture, on which the key aspects of both
aperture- and element-level IBFD arrays are considered. Both array types must address SI that
arises from DP and/or AR within some or all of the elements as well as XI from neighboring elements
within the array in order to avoid receiver saturation. This XI is a function of the mutual coupling
between elements, where an overview of the different coupling paths was discussed for each array
type, including full 2D and 1D subsets. Several different methods of reducing the mutual coupling
are analyzed using a 7-element linear array, which aided the design of a 25-element 2D array with
a focus on reduced-coupling between elements. This helps form the basis for mutual coupling on
which an IBFD system could be analyzed, and the cancellation requirements determined for the
front-ends of both aperture- and element-level IBFD arrays. These are necessary for the design of
such front-ends, as will be discussed in the following chapters. Parts of the material presented in

this chapter are reported in [68].



Chapter 4

IBFD Front-End One-Tap Active Circulator

4.1 Introduction

Nine different types of dish-antenna-based radar systems are currently deployed across the
United States to create an air traffic control and weather monitoring network [22]. As these
systems near their end of life, a common design built upon the electronic-scanning capability
of phased arrays is being considered to replace them [50]. This multifunction phased array radar
(MPAR) concept provides the ability to detect and track aircraft while simultaneously monitoring
the weather [49,140]. Compared to legacy systems, this new paradigm enhances air safety by
detecting dangerous microbursts, bird hazards and non-cooperative drone aircraft, in addition to
providing advanced weather prediction.

Despite these advantages, existing developments have focused on traditional pulsed-radar
schemes that utilize a time-division duplex (TDD) approach to switch between transmit and receive
modes, as illustrated in the top left of Fig. 4.1. This method disables the receivers when transmitting
and consequentially creates a “blind range” within which the radar cannot detect targets [135]. This
minimum detectable range is proportional to the transmit pulse width, such that longer pulses
translate to longer blind ranges, which can be greater than 10 km in some cases and is particularly
problematic when the radar is located at an airport [18]. A possible solution is the use of in-
band full-duplex (IBFD) technology that allows both transmit and receive functions to be active
simultaneously [75]. As seen in the top right of Fig. 4.1, this allows the radar to keep the receiver

enabled during transmit pulses and continually detect returns from nearby objects, eliminating
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Figure 4.1: Sketch of a multifunction phased array radar that can eliminate its blind range with
IBFD technology and front-end self-interference (SI) suppression.

the blind range issue [78,96]. The multifunction radar scenario depicted in Fig.4.1 additionally
highlights a single channel within the array and illustrates how the transmitter and receiver share
an antenna using an interface device within the front-end.

While this interface is simply a switch for traditional TDD-based architectures, IBFD designs
require the simultaneous connection of the antenna to both transmit and receive as well as careful
attention to the resulting self-interference (SI) at this connection point [63]. Predominate compact
topologies include electrical balanced duplexers and integrated circulators, where a deeper compar-
ative analysis is presented in [15]. While the former is a reciprocal-passive device that typically
exhibits significant loss (5 to 6 dB) for both transmit and receive paths, the latter is a nonreciprocal-
active component that can include signal gain, and is also referred to as an active circulator [109].

Active circulators utilize the unidirectional nature of transistors to create nonreciprocal devices
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that avoid ferrites, which results in more compact designs that can be integrated into arrays [107].
While these devices are not passive and their port assignments are often not interchangeable (like
traditional circulators), they offer unique opportunities to include isolation-enhancement techniques
and gain.

The design of active circulators centers on maximizing the device’s transmit-to-receive isola-
tion, along with other key metrics, including operational bandwidth, impedance matching, transmit
and receive path losses, transmit power handling, and receive noise figure. Active circulators can
be grouped into two main categories based on their underlying technology materials: those cre-
ated on silicon and those that use III-V compound semiconductors [44]. Generally, silicon-based
circuits have lower power handling and linearity due to the lower bandgap of silicon (1.12eV) com-
pared to indium phosphide (InP) (1.34eV), gallium arsenide (GaAs) (1.4eV), and gallium nitride
(GaN) (3.39¢eV). Since we are interested in high power handling, this chapter will focus on active
circulators that utilize III-V compound semiconductors [27].

Initial integrated active circulators combined a small number of GaAs transistors to cre-
ate simple out-of-phase dividers and in-phase combiners that operated over wide bandwidths,
0.1to 10 GHz [41] and 0.1to 15 GHz [146], but with limited isolation. Similar methods were lever-
aged for a design that operated from 37 to 43 GHz using coplanar waveguide (CPW) ports [82], as
well as translated into an InP process with transmission-line-based phase shifters for 35 to 40 GHz
coverage [10]. While all of these designs exhibited nontrivial transmit and receive losses, the same
divider/combiner principle was shown to provide gain for both transmit and receive over the 3.8 to
4.2 GHz band, along with an isolation of 22 dB [38].

An alternative architecture using three Lange couplers has been used to create GaAs de-
signs at X-band, including a passive core of quadrature hybrids [19] and a closed-loop connection
with gain-matched amplifiers [98]. Additionally, the high-power density of GaN has been inves-
tigated to combine common-gate and common-source transistors to create a lossy design from 27
to 29 GHz [150]. Commercial off-the-shelf (COTS) transistors have also been utilized to create

active circulators with varying amounts of isolation, and while their size cannot compete with their
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Figure 4.2: Active circulator GaN front-end MMICs with (a) one and (b) two integrated-tunable
cancellers and matching port designators.

integrated counterparts, their transmit and receive path losses are often lower [104-106,113,123].

All of the aforementioned circulators provide a fixed transmit-to-receive isolation that is de-
pendent on internal phase shifts, which are inherently frequency-selective and translate to isolation
that varies across bandwidth. For a single design, tunable isolation enhancement was added to the
circuit presented in [104] by varying the gate voltage of the transistor that controlled the phase
shift, which resulted in an isolation of 40 dB over the 0.8 to 2.2 GHz tuning range [108]. In addition
to that approach exhibiting insertion losses for the transmit and receive paths, the transmit power
handling was limited to 8 dBm, inhibiting inclusion in modern phased arrays.

This and the following chapter both discuss two active circulators implemented as monolithic
microwave integrated circuits (MMICs). They contain tunable cancellers to enhance transmit-to-
receive isolation in addition to integrating a power amplifier (PA) and low-noise amplifier (LNA)
for the purpose of creating a complete compact front-end that can enable IBFD arrays. Figures4.2a
and 4.2b depict photos of the two chips with one- and two-integrated canceller circuits, respectively,
both of which were fabricated in the WIN Semiconductors NP12-01 0.12 pum GaN-on-SiC process.

To the best of the authors’ knowledge, these are the first GaN-based active circulators that exhibit



61

gain in the transmit and receive paths and include frequency-tunable isolation enhancement.

This work expands on the initial conference publication that introduced the active circulator
design [71] by augmenting the previous simulation-only results with measurement comparisons and
introducing a second design with enhanced tuning. Measurements of the active circulator inserted
into a typical radar system are included in Chapter5, along with demonstration of additional
isolation using a chirp waveform and a digital cancellation filter, which highlight the functionality

of the design for future IBFD phased arrays.

4.2 Architecture Overview

The block diagram of the active circulator is shown in Fig. 4.3, with port 1 for the transmitter,
port 2 for the antenna, and port 3 for the receiver. The design consists of four amplifiers and a
tunable canceller section. The node at port 1 acts as a power divider that splits the incoming
transmit signal between the PA path (solid red arrow) and the tunable canceller path (dashed
blue arrow). While both paths denote connections from ports 1 to 3, the former represents the
internal SI path of the circulator and the latter embodies an approach to compensate for it. In
order to better understand the design goal and relationship between these, impulse responses and

corresponding transfer functions can be analyzed, beginning with

hsi(t) = gs1(t) 6(t — Ts1) * heg, (t), (4.1)

where ggy(t) captures the gain from both amplifiers (the PA and LNA), such that gs; = ga1 - 942,
for an input signal that additionally experiences a delay of rg; from ports 1 to 3 and is convolved
with a composite phase shift response, hgg, (t), where ¢sr = ¢a1 + $a2. The importance of these

gain, delay and phase shift variables can also be visualized in the frequency domain, according to
Hgr(jw) = Gsp(jw) e 7951 g7IwTs1 (4.2)

where ¢g; denotes the phase shift in radians for w > 0.

The other connection between ports 1 and 3 contains the tunable canceller with N parallel
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Figure 4.3: Block diagram of the active circulator with three ports, highlighting the two different
paths (Hgr(jw) and Hegne(jw)) between ports 1 and 3, four amplifiers, and a tunable canceller
section with IV taps to improve the transmit-receive isolation.

and independently tunable phase and gain sections, referred to as taps, and can be represented by

heane(t) = gco(t) 0(t — Tco) * hee, (1) Z gon(t) 6(t — 7cn) * hee, (V)| (4.3)

where gco, Tco and hg,(t) capture the combined gain, delay and phase responses, respectively,
of the two fixed amplifiers (CancA and CancB in Fig.4.3), such that gco = gas - ga4 and ¢co =
¢a3 + da4. The second group of terms relate to the tunable canceller section, and illustrate how
the N taps have different gain, delay and phase responses, and are combined through summation.
This impulse response can be expressed in the frequency domain for sinusoidal (time-harmonic)

carrier frequencies, such that

N
Heane(jw) = Geo(jw) e 7800 ¢=iwrco . Z Gon(jw) e I%0n g=iwten | (4.4)

n=1

where the fixed and tunable components are both represented.
In order to generate the desired SI cancellation, the two paths between ports 1 and 3 should

produce signals that arrive at port 3 with the same amplitudes and delays but are out-of-phase,
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which results in
Hcanc(jw) = _HSI(jw)a (45)

such that, when these signals are combined, they destructively interfere and enhance the transmit-
receive isolation of the active circulator. This requirement allows the derivation of two distinct
design goals for the tunable canceller section. Assuming the delays between the two paths are

matched, the gain and phase necessary for cancellation are

Ga1(jw) - Gaz(jw)
Ga3(jw) - Gaa(jw)’

Gon(jw) = (4.6)

and
Pon(jw) = pa1(jw) + da2(jw) — das(jw) — das(jw) + , (4.7)

respectively. These equations illustrate that when the gain of the four fixed amplifiers (PA, LNA,
CancA, and CancB) have similar levels, the canceller section requires near unity, or 0dB, of gain.
Similarly, when the amplifiers’ phases responses are comparable, the canceller section should ideally
generate a m, or 180°, phase shift to produce the intended SI suppression. For the first proof-of-
principle designs presented in this chapter, all four amplifiers are equal single-stage topologies, and
the canceller is designed to have roughly 0dB total gain and introduce a nominal phase shift of
180° at the desired center frequency of 3 GHz. The tunable aspects of the canceller allow it to
match the amplitude and 180° phase shift at different frequencies, which extends the operational

range of the device. Details are discussed in the following sections.

4.3 Active Circulator Design

The first active circulator, shown in Fig.4.2a, contains one tunable canceller tap (N = 1)
with one adjustable amplifier and phase shifter section. The complete chip layout is depicted in
Fig. 4.4, where the three ports match those illustrated in Fig.4.3. The layout indicates the various
metal layers, ground vias connected to the backside of the chip, RF and dc bond pads around the
edges, different capacitors, and tantalum nitride (TaN) resistors. The design details of these circuit

elements are discussed next.
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Figure 4.4: Active circulator with one-tap tunable canceller layout with labeled ports matching
Fig. 4.3, highlighting the PA and LNA in the bottom right, and the amplifier and phase shifter
within the canceller of the upper left.

4.3.1 Amplifier Design

The single-ended amplifier circuit schematic is shown in Fig.4.5a, and uses a 6 x 100 um
device. Capacitors (Cy and Cy), inductors (Ly and Lg) and microstrip transmission lines are used
to match the transistor to 502 as well as nominally supply the gate and drain bias voltages, V;
and Vy, with —1.6 and +28 V, respectively. The input and output power dividers are represented
between the input/output ports and their respective de-blocking capacitors by impedances Zpy,
that are AC-coupled through the capacitors. These impedances represent the connection of another
amplifier at these nodes or a simple 50 §2 load when no division is needed, and are taken into account
in the matching design. The schematic diagram not only highlights the amplifier architecture, but

also illustrates the nominal component values.
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Figure 4.5: Amplifier circuit with a single-stage transistor, matching networks and power dividers at
the input and output: (a) schematic, (b) layout and (c) photo with an active area of 0.83x0.65 mm.

The layout of the amplifier test circuit can be seen in Fig. 4.5b along with the associated die
photo in Fig.4.5¢c. These images illustrate the use of ground-signal-ground (GSG) bond pads to
connect to the input and output as well as GSGS pads with decoupling capacitors that were used
to supply the dc gate and drain bias voltages. The chip metal layers, grounding vias, capacitors,
and TaN resistors are also illustrated.

The [S21] and Z£S21 responses of the amplifier are plotted over the frequency band of interest
in Fig.4.6a on the left and right axis, respectively. The plot compares the measured data (solid)

with the simulated results (dashed) for a nominal gate bias of —1.6 V. At 3 GHz, the gain is found
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Figure 4.6: Amplifier circuit gain and phase comparison of measurements (solid) with simulated
results (dashed) over (a) frequency and (b) gate voltage.

to be 14.5dB with a phase shift of —170°, which is close to the —180° needed for cancellation.
While this image shows that the gain changes by less than 2dB from 2.8 to 3.2 GHz, the phase is
seen to change by more than 20° over that frequency range. The measurements match the expected
results well.

Fig. 4.6 illustrates the amplifier performance as a function of the tunable gate voltage for a
frequency of 3.0 GHz. The gain can be tuned by more than 25 dB, and is seen to deviate slightly from
the simulation due to the addition of the dc probe parasitic inductance. The phase unintentionally
changes by 10 to 15°, which is less than expected. This phase change combined with the frequency-
dependent one motivates the need for a circuit that can dynamically compensate for these phase

differences, as discussed next.

4.3.2 Phase Shifter Design

For the one-tap canceller design, the variable phase shifter is constructed using two reverse-
biased diodes and three m-network attenuators, as seen in Fig.4.7a. The phase change is accom-
plished by tuning the two control voltages, V4,1, of the diodes that are implemented with 8 x 50 pm
devices, and tuned using a bias voltage that ranges from —7 to —1V. The 7 attenuators provide a
total of 12.5dB of attenuation using the 4, 4.5, and 4 dB sections illustrated, and effectively offset

the gain of the following amplifier, such that the nominal gain of the combined phase shifter and
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Figure 4.7: Phase shifter circuit with reverse-biased diodes and m-attenuator networks:
(a) schematic, (b) layout and (c) photo with an active area of 0.63x0.52 mm.

amplifier is 0dB, as previously mentioned. In addition to illustrating the phase shifter design, the
schematic diagram also depicts the nominal component values.

Figs. 4.7b and 4.7c illustrate the phase shifter layout and matching die photo, respectively.
Similar to the amplifier circuit, GSG pads are used for the input and output, and GSGS pads with
decoupling capacitors are used for the bias control voltages. It should be noted that even though
two distinct control lines are routed to the pads, they are tied together off-chip to form a single
control voltage. Additionally, the chip metal layers, capacitors, ground vias, and TaN resistors are

depicted.

The magnitude and phase responses of S21 are plotted over frequency on the left and right
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Figure 4.8: Phase shifter gain and phase comparison of measurements (solid) with simulated results
(dashed) over (a) frequency and (b) control voltage.

axes of Fig.4.8a, respectively. Again, the measured data (solid) is compared with the simulated
results (dashed). With some additional loss in the circuit and physical implementation, [S21] is
found to be —13.4dB with a nominal phase shift of —29° at 3 GHz along with some ripple in the
measurement for a control voltage of —4 V.

At 3.0 GHz, the effect of the control voltage is depicted in Fig. 4.8b for a range of —7 to —1V.
While |S21| unintentionally varies by roughly 2dB, the phase can be tuned by approximately 18°,
which is significantly lower than the expected range that was simulated. The difference is again
related to the dc probe parasitic inductance as well as the fact that the diode models are known
to not be very accurate for this process, and most likely accounted for the frequency shift of the
tuning circuit. Regardless, this phase shifter enables the canceller to tune over the frequency band

of interest, which allows it to enhance its transmit-to-receive isolation, as shown in Section 4.4.

4.4 Measured Results

Both active circulators are measured on a probe station from Cascade Microtech, as shown
in Fig.4.9. An Agilent Technologies’ N5222A network analyzer is utilized for the small-signal
measurement of the impedance match, amplifier gain and cancellation results that are discussed
below. The PA and LNA linearity metrics are characterized using an Agilent Technologies’” E§257D

signal generator and an N9918A FieldFox spectrum analyzer controlled by MATLAB. All results
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Figure 4.9: Photo of the measurement setup, highlighting the probe station, power supplies, test
equipment, and laptop.
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Figure 4.10: PCB utilized to test the active circulator with the one-tap canceller.

discussed here focus on evaluating the overall architecture and performance independent of a specific
environment or antenna impedance, and thus, a 502 load antenna termination is used to provide

a performance baseline for well-matched designs.

As seen in the chip layout of Fig. 4.4, the active circulator with one canceller tap requires 12
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Figure 4.11: Active circulator with the one-tap canceller comparison of measurements (solid) with
simulated results (dashed) for s-parameters, including (a) impedance matching and (b) transmit
and receive gain.

different dc biases to supply the gate, drain and control voltages. For this reason, a printed circuit
board (PCB) was created to mount the circulator die and facilitate its evaluation, where a photo
of the PCB is shown in Fig.4.10. As indicated, the board contains 10 uF surface-mount capacitors
near the chip to provide decoupling of high-frequency signals on the dc bias lines, which are routed
to the terminal block connectors on the left and right sides. Despite these surface-mount capacitors,
the bias lines are found to be coupling to each other, and thus, 330 uF electrolytic capacitors and
ferrites are added to the wires that connect the board to the various power supplies. Adding
these components provides stability as well as robustness to changes in the off-board interconnect
impedances that arise from the bias line wires and power supplies.

With dc voltages supplied using the PCB, the GSG RF pads of the first active circulator
were probed to measure the small-signal s-parameters. Fig.4.11a provides an indication of the
port matching, and plots the [S11|, |S22|, and |S33| parameters. Collectively, they are seen to be
below —10dB between 2.5 and 3.5 GHz, and the measurements (solid) show fairly good agreement
with the simulated results (dashed). Next, the transmit (|S21|) and receive (|S32|) gains were
evaluated, with results plotted in Fig.4.11b. The gains measure 12.2 and 11.4dB for the PA and
LNA, respectively, and again match the expectations well, with the exception of some additional

losses and roll-off seen at the lower frequencies.
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Figure 4.12: Active circulator with the one-tap canceller transmit-to-receive coupling with the
canceller tuned to different frequencies, compared to being off.

Finally, the measurement of the critical transmit-to-receive isolation (|S31|) was conducted,
with the results plotted in Fig.4.12. As discussed in Section 4.3, the tunable amplifier and phase
shifter of the one-tap integrated canceller were initially set to the middle of their tuning range, and
yielded a maximum isolation of 54.9 dB at 3 GHz. The phase shifter was then tuned by changing Vi,
over its full range along with adjusting the canceller tap’s variable-gain amplifier to demonstrate
the ability to continuously maintain more than 50 dB of transmit-to-receive isolation from 2.8 to
3.2 GHz, as depicted in Fig.4.12, with tuning steps of 100 MHz plotted for illustrative purposes.
The nominal [S31| with the canceller off is also plotted to provide a sense of how much cancellation
is achieved by the device. It is worth noting that no comparisons are made to simulation for these
results because the numerical precision of simulators cannot accurately predict the quantization
errors and tolerances seen in the real world.

In addition to these s-parameter measurements, the transmit power handling and receive
noise figure were also characterized. The transmit (from ports 1 to 2) output 1-dB compression
point (OP1dB) is found to be 15.3 dBm, while the receive (from ports 2 to 3) noise figure is 7.8 dB,
both assessed at 3 GHz with the canceller enabled. Additionally, the drain bias for each amplifier

produces a current draw of approximately 50 mA that results in the active circulator having a
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total current consumption of 250 mA, where the one-tap canceller path consumes 150 mA of that.
It should be noted that when IBFD operation is not needed, such as for longer-range radar, the
canceller can be disabled and the current reduced to 50 mA for each transmit and receive. Lastly,

the overall chip size is 2.8x2.8 mm with an active area of roughly 2.0x2.2 mm.

4.5 Chapter Conclusion

This chapter presents an active circulator front-end with an integrated tunable canceller hav-
ing one canceller tap that was fabricated in the WIN Semiconductors NP12-01 0.12 um GaN process.
An overview of the design architecture is discussed and the equations that govern the cancellation
are formulated to verify the concept. Details on the individual amplifier and phase shifter compo-
nents are highlighted, where measurement results of the standalone test circuits demonstrate good
agreement with simulated expectations. The performance of the complete chip is also evaluated
and provides the desired gain in the transmit and receive paths as well as successfully suppresses
the transmit signal at the receiver by 50dB, which is tunable over the 2.8—3.2 GHz range. En-
hancements to this active circulator design are discussed in the following chapter. The material

presented in this chapter is currently in press [72].



Chapter 5

IBFD Front-End Two-Tap Active Circulator

5.1 Introduction

In the previous chapter, an active circulator concept is introduced and focuses on a design
that uses a one-tap integrated canceller, which successfully demonstrates the practicality of the
architecture. This chapter presents the extension of the concept to introduce a second canceller
tap, making the circuit slightly more complex, but improving the frequency coverage. The complete
chip layout of the active circulator with the two-tap integrated canceller (N = 2) is shown in
Fig. 5.1 with the power amplifier (PA), low-noise amplifier (LNA) and port placements similar to
the previous version. In addition to adding the extra canceller tap, this design includes three main
improvements to the underlying circuits, focusing on the power dividers (including the antenna

interface), amplifiers and tunable phase shifters, as discussed next.

5.2 Active Circulator Improvements

5.2.1 Power Divider Design

The first change relates to the power dividers that were previously implemented using capac-
itors, which resulted in an asymmetric division of the input signal, such that the splitter exhibited
an 521 of —3dB and an S31 of —5.2dB at 2.8 GHz, as visualized with the dashed lines in Fig. 5.2.
The modification was made to incorporate custom Wye-type resistive splitters that would nor-

mally provide a symmetric 6-dB split using three resistors of 16.7 Q2 each (R = 50/32). While that
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Figure 5.1: Active circulator with two-tap tunable canceller chip layout with labeled ports matching
Fig. 4.3, highlighting the PA, LNA and improved dividers, amplifiers and phase shifters.

resistor value provides perfectly-matched port impedances, there is an opportunity to reduce the
splitter insertion losses at the expense of degrading the match. With this in mind, resistor values
of 3.2 are utilized instead, which yields symmetric insertion and return losses of 4 and 12 dB,
respectively, and improves the splitter performance over the previous version, as seen with the solid

lines in Fig.5.2. This comparison plot also highlights the enhanced flatness across the frequency

band.

5.2.2 Amplifier Design

The second upgrade involves the amplifiers, which again center around a 6 x 100 um device,

but additionally incorporate a feedback resistor (Rrp) to improve the amplifier’s stability, as seen
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Figure 5.2: Simulated comparison between the power dividers used in the one-tap (dashed) and
two-tap (solid) canceller designs, where S21 and S31 are identical for the latter.

in the lower part of Fig.5.3a. Similar to the previous design, capacitors (C, and Cy), inductors
(Lg and Lg) and microstrip transmission lines are used to match the transistor to 502 as well as
nominally supply the gate and drain bias voltages, V; and Vy, with —1.5 and +28V, respectively.
In addition to these elements, shunt input and output resistors (R;y and Royr, respectively) are

added to further improve the match over a wider bandwidth.

5.2.3 Phase Shifter Design

The upper part of Fig. 5.3a illustrates the third improvement made to this design iteration,
and highlights a modified phase shifter design. Similar to before, this circuit is constructed using
reverse-biased diodes and m-network attenuators, but now contains an additional section, such that
there are three diodes and four attenuators. This extra section allows the circuit to tune over a
wide range of phases, which translates to wider frequency coverage. Since the modified amplifier
has a slightly higher gain than before, the baseline attenuation of the phase shifter is increased to
20dB (using four 5dB attenuators) to maintain a total gain near 0dB for the canceller tap. The
schematic diagram not only depicts both the improved phase shifter and amplifier, but also their
nominal component values.

Due to limited fabrication area for test structures, only one complete canceller tap was
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Figure 5.3: Two-tap canceller circuit (single tap shown) with improved phase shifter and amplifier
design: (a) schematic, (b) layout and (c) photo with an active area of 1.5x0.6 mm.

created, as seen in the layout of Fig.5.3b and accompanying die photo of Fig.5.3c. The circuit
connected between the input and output ports is the canceller tap, which matches the schematic
illustrated in Fig. 5.3a, and depicts GSG pads for the RF connections and capacitor-decoupled pads
for the single V4, Vy, and Vg bias voltages. Additionally, the metal layers, ground vias and TaN
resistors are illustrated. The S21 magnitude and phase responses of this improved canceller tap are
plotted on the left and right axes of Fig. 5.4a, respectively, with the measurements (solid) compared
to simulation (dashed). The results indicate a good agreement with the expected values, and yield

—3.7dB for |S21| with a baseline phase shift of —150° at 2.8 GHz for a control voltage of —5V.
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Similar to the previous design, the tap’s amplitude control is derived from changing the am-
plifier gate voltage over a tuning range of —2.2 to —1V, where Fig.5.4b compares the measured
(solid) and simulated (dashed) performance for a fixed Vi, of —5.0V and a frequency of 2.8 GHz.
The plot indicates the ability to change the gain by more than 35dB with less than 10° of conse-
quential phase change. The tap’s intentional phase control, on the other hand, comes from tuning
the control voltage of the phase shifter circuit over a range of —7 to —1V, where Fig. 5.4c shows the
measured (solid) and simulated (dashed) results for a fixed Vj; of —1.5V and a frequency of 2.8 GHz.
The figure illustrates that the phase can be varied by 57° from roughly —127° to —184°, which
represents a significant improvement over the previous design. For both of these tuning cases, the
measured and simulated data show good agreement, which is aided by the use of dc wire bonds in-
stead of probes. Overall, the benefit of the extended tuning performance on the transmit-to-receive

isolation will be discussed in Section 5.3.
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Figure 5.5: PCB utilized to test the active circulator with the two-tap canceller.

5.3 Measured Results

For the second circulator, another PCB is utilized to mount the chip and leverages lessons
learned from the first iteration, specifically in the importance of minimizing the wire bond lengths
and adding decoupling capacitors to improve robustness. Fig. 5.5 depicts the board used to supply
the 14 different dc connections for the gate, bias and control voltages. Fach of these lines are
connected to the dc bond pads illustrated in Fig. 5.1 using gold bond wires. The length of these wires
is minimized by attaching them to 100 and 1000 pF single-layer decoupling capacitors mounted
on a copper-molybdenum (CuMo) alloy that not only offers high conductivity but also matches
the coefficient of thermal expansion (CTE) of GaN to ensure proper die attachment. From the
1000 pF capacitors, bonds are made to pads on the PCB where surface-mount components provide
additional decoupling in the form of 0.01 uF capacitors connected in series with 12 resistors as well

as successive 1 uF capacitors.
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Figure 5.6: Active circulator with the two-tap canceller comparison of measurements (solid) with
simulated results (dashed) for s-parameters, including (a) impedance matching and (b) transmit
and receive gain.

5.3.1 S-Parameters

Similar to the previous design, the GSG RF pads on the chip were probed to measure the
small-signal s-parameters, beginning with the impedance matching of the three ports, as shown in
Fig.5.6a. This plot displays the |S11|, |[S22| and |S33| performance over frequency, and illustrates
that the device is matched with all values below —10dB over the 2.5 to 3.2 GHz band. The
comparison of these measurements (solid) with simulations (dashed) indicates that there is a slight
shift downward in frequency, but this does not impact the overall operation. Next, the transmit
(|S21]) and receive (|S32|) gains are evaluated to be 13.2 and 14.1 dB, respectively, at the center of
the band (2.8 GHz), where the wideband results are plotted in Fig. 5.6b. Other than some deviation
at the lower frequencies, the measured (solid) and simulated (dashed) results maintain the same
shape, but illustrate some additional losses in the measurements. Despite the differences, these
gain numbers still represent an improvement over the first active circulator design.

Finally, the transmit-to-receive isolation (|S31|) and associated tuning ability of the two-tap
canceller are evaluated, with the results plotted in Fig.5.7. With the increase in tuning variables
from 2 to 4 between the design iterations, a straightforward multivariable gradient descent algorithm
is employed to optimize the phase and amplitude settings of the two taps (the algorithm was chosen

based on previous research [66,79] and does not focus on the tuning speed). This results in the
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Figure 5.7: Active circulator with the two-tap canceller transmit-to-receive coupling with the can-
celler tuned to different frequencies, compared to being off.

isolation being enhanced to 50 dB (or the transmit-to-receive leakage being minimized to —50 dB)
over the frequency tuning range of 2.5 to 3.1 GHz, which represents an enhancement over the
previous design. Similar to before, these measurements are not plotted along with simulations due

to the inaccurate comparisons that would result.

5.3.2 PA and LNA Performance

In addition to the small-signal s-parameter measurements, the transmit power handling of
the PA (with the canceller enabled) is evaluated by measuring the saturated output power (Psat),
OP1dB and power added efficiency (PAE). These metrics are plotted versus frequency in Fig. 5.8a,
where the PAE is assessed both at the Psat (solid line) and OP1dB (dashed line) operating points.
At 2.8 GHz, the graph illustrates a Psat of 27.8dBm and an OP1dB of 21.7dBm along with a
PAE of 14.1% and 5.2% at the Psat and OP1dB powers, respectively. Overall, the linearity results
are fairly flat over the frequency range and are representative of the typical characteristics for this
device size (6 x 100 gm). It should be noted that the PAE for the device by itself is simulated to
be approximately 40%, but the insertion loss of the input and output power dividers reduces the

measured efficiency between ports 1 and 2.
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Figure 5.8: Active circulator with the two-tap canceller (a) Psat, OP1dB and PAE at Psat (solid)
and OP1dB (dashed) for the PA, and (b) OIP3, OP1dB and NF for the LNA.

Additionally, the linearity and noise performance of the LNA are evaluated by measuring the
output third-order intercept point (OIP3), OP1dB and noise figure, with the results plotted over
frequency in Fig. 5.8b. At 2.8 GHz, the OIP3 is found to be 35.1 dBm and the OP1dB is 20.1 dBm,
along with the noise figure measuring 7.4 dB (again, with the canceller enabled). These metrics
change slightly over the frequency range, but correspond to changes in the device gain, or [S32|, as
seen in Fig. 5.6b.

While measured with additional detail and presented over frequency, both the PA and LNA
performance indicate improvements compared to the previously discussed active circulator with
the one-tap canceller. Additionally, the drain bias for each amplifier was recorded and yields a
current draw of roughly 65mA, which produces a total current consumption of 390 mA for the
active circulator, where 260 mA comes from the two canceller taps. It should be noted that when
IBFD operation is not needed, such as for longer-range radar, the canceller can be disabled and the
current reduced to 65 mA for both transmit and receive. Finally, the overall chip size is 2.8 x3.0 mm
with an active area of approximately 2.3x2.5 mm, and the key metrics for the two active circulators

are compared with others in Section 5.4.
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Figure 5.9: (a) Setup used to evaluate the active circulator with the two-tap canceller using a
PLUTO SDR, radar waveform and digital cancellation; (b) spectrogram of linear-frequency mod-
ulated (LFM) signal; and (c) power spectral density of the 5-MHz chirp at the Tx input and Rx
output of the active circulator as well as the signal after digital cancellation, compared to the Rx
noise floor.

5.3.3 Modulated-Signal Characterization

In order to verify the IBFD system performance for the multifunction radar application pre-
viously described in Chapter 4, a software defined radio (SDR) controlled using MATLAB running
on a laptop is connected to the active circulator with the two-tap canceller. Fig.5.9a illustrates

the block diagram of the measurement setup, where a realistic radar signal, specifically a linear



83

frequency-modulated (LFM) pulse waveform (i.e. radar chirp), is generated within MATLAB and
sent to the DAC within a ADALM-PLUTO SDR from Analog Devices. This SDR is based on
the Analog Devices AD9363 (a highly integrated RF agile transceiver) and a Xilinx Zynq Z-7010
FPGA. It provides RF coverage from 325 MHz to 3.8 GHz and supports instantaneous bandwidths
up to 20 MHz. The Tx output of the SDR is connected to the Tx input (port 1) of the circulator,
the antenna port (port 2) is terminated with a 50 load (similar to the previous measurements)
and the circulator’s Rx output (port 3) is connected to the Rx input of the SDR. The ADC data is
sent back to MATLAB for subsequent digital cancellation using the complex data samples. Photos
of the three corresponding pieces of the setup are depicted below the system block diagram.

Fig. 5.9b shows the LFM waveform spectrogram, which provides a visualization of the chirp
signal over the instantaneous bandwidth as it varies with time. The signal is offset from 0 MHz to
avoid local oscillator (LO) leakage that results from the direct-conversion architecture operating
in IBFD mode. The waveform sweeps over a pulse bandwidth of 5 MHz (from 0.5 to 5.5 MHz) in
approximately 45 us, which is a common bandwidth for weather surveillance [126] and wider than
the 1.3 MHz used for air traffic control radars [148]. For this pulse width, the blind range can be

calculated using

Co - (T + tsw)

Rmin = 9 )

(5.1)

where Ry, is the minimum measuring range (blind range), ¢ is the speed of light, 7 is the transmit
pulse width, and %, is the switching time between transmit and receive. If ¢, = 0 is assumed, a
blind range of 6.75km is calculated for a 45 us pulse width, which would be reduced to 0 m when
IBFD is enabled, emphasizing its need in multifunction radar scenarios. The power spectral density
(PSD) plot of Fig. 5.9¢ graphs the LFM waveform in the frequency domain, where the legend labels
are relative to the active circulator, such that the Tx input represents the signal output by the
SDR that is connected to port 1 of the circulator. It should be noted that this plot illustrates the
signals at baseband, but a carrier frequency of 2.8 GHz is utilized for the measurements.

The two-tap canceller weights are tuned to suppress the SI of the chirp waveform, and provide
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52 dB of isolation between ports 1 and 3 (similar to the results presented in Fig.5.7). The remaining
ST signal (the Rx output from the circulator) is digitized using the SDR and the complex data
samples are sent to MATLAB for processing. The subsequent digital cancellation block consists of
a complex 32-tap finite impulse response (FIR) filter with its weights computed using a minimum
mean square error (MMSE) estimator, which could be done in real-time with additional compute
resources [76]. The output of the digital canceller reduces the SI signal to —70 dBm, providing a
total SI suppression of 70dB, which is within 1dB of SDR’s noise floor, also plotted in Fig. 5.9¢
for reference. These results indicate that the active circulator can effectively operate with realistic
radar waveforms and avoids introducing unwanted noise, nonlinearities and/or spurious signals that

would make subsequent cancellation more challenging.

5.4 Chapter Conclusion

This chapter presents a second active circulator front-end that builds upon the architecture
introduced in Chapter 4, and was also fabricated using the WIN Semiconductors NP12-01 0.12 ym
GaN process. In addition to including a second integrated canceller tap, this design also incorpo-
rates improvements to the power dividers (including the antenna interface), amplifier design and
tunable phase shifters. It similarly demonstrates gain in the transmit and receive paths, and pro-
vides tunable transmit-to-receive isolation of more than 50 dB over 2.5—3.1 GHz, which represent
the first known instances of these capabilities for a GaN-based active circulator. This front-end is
also evaluated using a LFM chirp waveform that is common in multifunction radar systems, and
with the addition of a subsequent digital cancellation process produces a total SI suppression of
70dB.

Table 5.1 presents a performance summary of active circulators implemented using IT1I-V com-
pound semiconductors. It lists the materials process technology; reported frequency range; transmit
(|S21]) and receive (|S32|) gains; transmit-to-receive leakage (|S31|); if the leakage/isolation was
tunable; OP1dB for the transmit-to-antenna path; noise figure for the antenna-to-receive path; and

the chip area. As previously mentioned in Chapter 4, few active circulator designs offer transmit
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Table 5.1: Summary of Measured Active Circulators using III-V Compound Semiconductors

Tx-to-Rx Tx-to- Ant-
Reof Tech- Freq. Gain (dB) L)(;k(;_ o Tun- Ant to-Rx Size
nology | (GHz) S31] ((giB:) able | OP1dB| NF (mm?)
|S21] | |S32| (dBm) | (dB)
[41] | GaAs | 01-10 | -7 | —6 —20 N -9 - 0.9
[146] GaAs 0.1-15 —4.5 —4.5 —15 N - - 0.3
[82] | GaAs | 3743 | -3 | -4 ~15 N - - 20.0
0] | WP | 3540 | -5 | -7 —30 N - - 3.3
38] | GaAs | 3.8-42 | 7.6 4 —22 N 18 5.5 5.0
10.2—-
19] | GaAs | "% | —45 | —45 ~35 N - 45 16.0
[99] GaAs 8-12 2.4 2.4 —13 N - - 6.3
[150] | GaN | 2720 | —45 | —3.6 44 N 14 - 1.1
This
zg‘;i{ GaN | 2.8-32 | 122 | 114 —50 Y 15 7.8 7.8
Tap)
This
(“T/Y(;fcl){_ GaN 2.5-3.1 13.2 14.1 —50 Y 22 7.4 8.4
Taps)

and receive gain, regardless of their technology and frequency range. Additionally, the transmit-to-
receive isolation, or leakage, is seen to vary significantly and previously-reported approaches have
not incorporated a tunable mechanism to provide high isolation over the complete frequency range.
Lastly, many have not published their transmit power handling or receive noise figure numbers,
both of which are important aspects to consider when incorporating these devices into IBFD array
systems.

As previously stated, these front-ends are intended to be integrated into multichannel phased
arrays in order to leverage the array gain and compensate for the significant path loss of radar

links. With that goal in mind, the next steps for these designs include focusing on a scalable power
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distribution scheme that will begin with continued testing to reduce the number of different gate
and drain bias lines, while maintaining electrical stability and sufficient decoupling between the
various circulator stages. Additionally, the chips will be integrated behind antenna elements in
such a way that allows for an air-cooled thermal solution that can be married to a fully-digital
backend, which will be utilized to calibrate both the individual active circulators as well as the
composite IBFD array. Finally, with the architectural concept verified, future designs of these
GaN MMICs will focus on optimizing the PA and LNA for their respective performance metrics
and allowing these active circulators to be inserted in multifunction array systems. The material

presented in this chapter is currently in press [72].



Chapter 6

System-Level Array Integration

6.1 Introduction

For the purpose of this chapter, system-level array integration refers to populating copies of a
front-end circuit (and other associated transceiver components) behind multiple antenna elements.
It additionally means interfacing to data converters for the purpose of creating a complete phased
array, similar to the diagram of Fig.3.1. While the front-ends themselves are often connected to
a single antenna, or evaluated with a fixed load, it is the combination of multiple channels that
introduces the problematic crosstalk interference (XI) and establishes the IBFD system-level perfor-
mance, as discussed in Chapter 3. Some of the main challenges associated with system integration
include the need for multiple working copies of the front-end and transceiver hardware as well as
a multichannel digital backend. While all of these subsystems require significant individual design
and testing time, the need for significant quantities of them (oftentimes unique components) also
increases the cost of creating a prototype with even a handful of channels, as evidenced in the
limited set of systems presented in Fig.2.7. Additionally, the firmware and software of the digi-
tal backend necessitate the use of skillsets that span different knowledge domains, and are often
covered using multi-disciplinary engineering teams within larger research organizations.

With that said, advanced system models can be created to be both cost-effective and highly
accurate for phased arrays that are co-designed with analog and digital signal processing elements.
The cost-effective aspect comes from the fact that large array sizes can be synthesized without the

need for redundant hardware, and the high accuracy arises from the incorporation of measured data
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Figure 6.1: Signal model for an aperture-level IBFD array system evaluation with transmit input
x[n]; mutual coupling matrix M signal-of-interest soi(t); external interference i(¢); and combined
receive output y[n], where the transmit beamformer by, and digital filter hg. reduce the crosstalk
interference (XI). Note that bold variables represent vectors and/or matrices.

for the antenna array and front-end electronics, which allows the model to capture the frequency

dependence of the components’ linear, nonlinear and noise parameters. This chapter focuses on

the integration of antennas with front-end circuits and digital signal processing to demonstrate the

system-level capabilities for both aperture- and element-level IBFD phased arrays.
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6.2 Aperture-Level IBFD Array

The signal model for an aperture-level IBFD array with J transmit channels and K receive
channels is shown in Fig.6.1. This diagram illustrates the RF /analog components and digital
elements above and below the dashed horizontal line, respectively. The input signal is denoted
as z[n] in the bottom left corner with E [|z[n]|*] = 1 and is multiplied by a vector of transmit
beamforming coefficients (bgy) before being converted into the analog domain, where quantization
and thermal noise (n¢,) are added. Afterward, the signals travel through individual transmitter
channels (hg;) before being amplified by power amplifiers (PAs) and fed to front-end circuits
(R fe-ta) that are connected to unique antenna elements and form the final outputs as vector tx(t).
These signals are additionally routed through the front-end observation paths (hfe ) before noise
is added (no), and they travel through observation receivers, with responses denoted h,, before
being digitized.

At the receiver input, the XI from the transmitters is present and can be characterized using
the array mutual coupling matrix (M), where a signal-of-interest (soi(t)) and external interference
(i(t)) can also be considered. When configured for receive operation, the front-ends enable low-noise
amplifiers (LNAs) with responses captured by hfe rz, where noise (n,.) is subsequently added to
each channel. As seen, the signals connect through additional receive componentry (h,,) before
being digitized for subsequent processing.

The following sections discuss the specific antenna array utilized; the front-end architecture
and circuit performance with an integrated PA; an expanded description of the array signals and as-
sociated signal processing; and finally, the results of the system-integration evaluation with complex

signals.

6.2.1 Antenna Array

The antenna utilized in this system is a linear array with 10 antipodal-Vivaldi elements that

are designed to operate from 8 to 18 GHz [58]. Each individual element has a width of 590 mils,
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(a) (b) (c)

Figure 6.2: Antipodal Vivaldi array with 10 elements, highlighting the (a) model with top and
bottom metal layers, and prototype photos with (b) top and (c¢) bottom views.
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Figure 6.3: Antipodal Vivaldi array |[S11| measurements for the (a) four transmit channels and
(b) four receive channels.

which corresponds to a 1/2-\ spacing at 10 GHz. Corrugations on the top and bottom metal layers
are introduced to improve both the S11 and gain over the band. These are visualized in the model
and prototype photographs shown in Fig. 6.2, which measures 5905 x 5438 mils and also show the
end-launch SMA connectors attached on the bottom. Since the element conductors are on opposite
sides of the substrate, antipodal arrays can exhibit high cross-polarization levels between the E- and
H-fields. The cross-polarization is a function of the dielectric thickness, and in order to minimize
this undesired effect, a Rogers RT/duroid 5880 substrate with a dielectric constant of 2.2 and a

height of 31 mils was chosen.
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Figure 6.4: Antipodal Vivaldi array coupling, highlighting the (a) transmit and receive element
diagram, and (b) coupling level from each transmit to each receive element.

In order to minimize the edge effects of this array, the elements on either end are terminated
with 502 loads. This reduces the total number of active elements to eight, where the four on
the left were assigned to transmit and the other four set to receive. Figs.6.3a and 6.3b illustrate
the measured passive S11 magnitudes for each of the individual transmit and receive elements,
respectively. While there are slight differences between the elements, the plots indicate that all
are well-matched at 10 GHz. Fig.6.4a depicts the numbered locations for both the transmit and
receive elements as well as the terminated ones on the ends. Additionally, this figure illustrates
the coupling paths from the first transmit element to each of the four receivers, where a total of
16 unique paths are generated between the 4x4 transmit-receive pairs (those for transmit elements
2 through 4 are omitted for clarity). The measured coupling results for all of these are plotted
in Fig.6.4b. As anticipated, the strongest coupling occurs between the elements on either side of
the transmit/receive boundary (i.e. Tx1 to Rx1), which yielded a level of —17 dB. Unsurprisingly,
this plot also illustrates that the coupling decreases as the distance between the transmit-receive
pairs increases, such that coupling between Tx4 and Rx4 is the lowest at —82.3 dB. Based on these
results, the mutual coupling matrix M, referenced in Fig.6.1, can be created and utilized for the

signal processing discussed later.
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Figure 6.5: Aperture-level IBFD array front-end used for the system integration, highlighting the
(a) schematic, (b) layout, (c) chip photo, and (d) integration with a single-stage power amplifier.

6.2.2 Front-End

The front-end circuit utilized for this system is different from those discussed in Chapters 4
and 5 not only because it operates at 10 GHz to match the antenna, but also because it is designed
specifically for aperture-level IBFD arrays. As previously mentioned, the transmit observation
receivers within these array architectures operate in a full-duplex mode, but can do so with a
significantly degraded sensitivity compared to regular receivers. This is illustrated in Fig.6.1,
where different front-end configurations are selected for the transmit and receive elements based
on the subarray divisions.

The schematic for the front-end circuit is depicted in Fig. 6.5a with port 1 connected to the
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PA, port 2 to the antenna and port 3 to the receiver. Switches 1 through 5 provide the ability
to select between transmit and receive modes as well as enable the transmit observation feedback.
The transmit path through the front-end simply consists of a transmission line connected between
ports 1 and 2, which minimizes the insertion loss and avoids a significant reduction of the output
power, or degradation of the overall transmit efficiency. During transmission, the observation path
between ports 1 and 3 is also active, where switch SWj is kept open such that the transmit signal is
capacitively coupled through the off-state of the switch. This coupled signal is further attenuated
by up to two 10 dB attenuators with resistive-tee structures that reduce the signal level before going
to the observation receivers. When configured for receive operation (for elements not transmitting),
port 2 routes to port 3 (with the other switches open) and the two-stage internal LNA is enabled to
provide nominal sensitivity levels. The LNA is comprised of two 8 x50 ym devices with inductive
source degeneration that yielded a noise figure around 2.2dB at 10 GHz with a drain bias of 10V
and total current of 80 mA [58].

This front-end was fabricated as a GaN MMIC in the WIN Semiconductors 150 nm NP15-00
process where the chip layout is shown in Fig.6.5b, and highlights the different ports as well as
the variable attenuator and LNA sections. The size difference between the various switches is also
illustrated, where switch SW; was designed with a 9x150 pum device to support power handling
up to 45dBm and provide an insertion loss less than 0.25dB. Fig.6.5¢ depicts a photograph of
the die that measured 3.2x1.8 mm and matches the chip layout. This MMIC is mounted on a
gold-plated copper molybdenum (CuMo) carrier and wire-bonded to single-layer 100 and 1000 pF
decoupling capacitors as well as 502 alumina microstrip traces, as seen in Fig.6.5d. This image
also illustrates the integration with a PA, which was also fabricated in the WIN Semiconductors
GaN 150nm NP15-00 process. The PA is a single-stage design that utilizes a 6x100 pm device,
and demonstrates a small-signal gain of 15dB, a peak power added efficiency (PAE) greater than
50%, and a P,,; higher than 30 dBm at 10 GHz [92].

The measured small-signal s-parameter results of the combined PA and front-end circuit are

plotted in Fig.6.6. The transmit and associated observation paths produced gains of 12.7 and
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Figure 6.6: Measured s-parameters for the transmit, transmit observation and receive paths of the
front-end integrated with the single-stage power amplifier.

—11.3dB at 10 GHz, respectively. The transmit observation number corresponds to an attenuation
of 24 dB with both 10dB attenuators enabled, where additional attenuation could be added within
the subsequent observation receiver to keep the signal below the ADC saturation point depending
on the transmit output power, as discussed in Chapter 3. The receive-path performance is the same
as the front-end by itself, and indicates that the LNA provides 15.8dB of gain at 10 GHz. This
LNA also demonstrates an output P1dB greater than 20 dBm, indicating that it could amplify the
XTI well above the receiver saturation level, which necessitates the use of additional signal processing

in order to avoid it, as discussed in the following section [70].

6.2.3 Signal Processing

While the various components of Fig. 6.1 have already been identified, this section discusses
the formulation of the transmit, observation and receive signals within the array as well as the
computations necessary to determine the optimal transmit beamforming weights that reduce the
XTI at the receiver input. Starting with the common input signal, z[n] (that becomes x(t) after

conversion), the transmitted signals can be formulated as

tx(t) = (btm l‘(t) + ’I’Ltm(t)) hig hpa, hfeftaza (61)
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where the input is multiplied by the transmit beamforming weights as well as the other components
within each channel. The digitally-combined observation signal can be derived using these outputs,

such that

J
oln] = (tz;(t) hfe-obs; + 10, (t)) ho, (6.2)
j=1

where the observation path within each front-end is individually utilized.
With the help of the mutual coupling matrix, the set of signals at the receiver input can be
defined as

rx(t) = M tx(t) + soi(t) + i(t), (6.3)

where the SOI and external interference may or may not be present. These signals propagate
through the different receive channels before being combined digitally to create a single output,

according to

K
d[n] = Z (rag(t) hfere;, + Ny, (t)) ey, (6.4)
k=

—_

where a uniform weighting of the different channels is assumed. A finite-impulse response (FIR)
filter is represented by hg., and is utilized to provide digital cancellation nominally using the
combined transmit observation signals as inputs. Within the dashed box containing hg., the filtered
version of o[n] and total receive signal d[n] are summed to create the final receiver output y[n],
which is simply defined as

yln] = ofn] hae + dn. (6.5)

When each transmitter is configured for an output of 20 dBm (assuming a uniform transmit
beamformer with by, = 1), the power levels for both the transmit and receive elements are illus-
trated in Fig.6.7a along with a heatmap where the numbers listed are in dBm. Dictated by the
coherent combining of the coupling defined by M, this image clearly depicts the XI power at the
input of each receiver being above the saturation level of —20 dBm, as discussed during the system
analysis presented in Chapter 3.

In order to calculate the transmit beamforming weights that reduce this XI, two optimization

goals need to be defined, namely maximizing the signal-to-noise-plus-interference ratio (SINR) and
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Figure 6.7: Simulated aperture-level IBFD array power levels in dBm for the antipodal Vivaldi
array with the four transmit elements on the left and the four receive elements on the right for
(a) uniform and (b) adaptive transmit beamforming cases, as well as (c) the adaptive case with
Tx1 disabled.

minimally impacting the effective isotropic radiated power (EIRP). The former can be defined as

Psor
Pxi+ Pn,, + Pr’

SINR = (6.6)

where Psor1, Pxi1, Pn,,, and Py represent the average powers of the SOI, the XI, receiver noise, and
external interference, respectively. The Px; captures the power of the Tx signal (z[n]) that couples

into the Rx beam, and can be expanded as
Px1 = M hfe to hpa Pz b bl hiL Bl hYo (0 M7 (6.7)

where ()H represents the Hermitian operator, or complex conjugate transpose, for each vector or
matrix, and all of the components that alter z[n] before it reaches the receiver inputs are captured.
For the latter condition, the far-field EIRP is defined as the total transmit power plus the

array gain, where the transmit beam in direction (6, ¢¢,) can be described as

EIRP (01, b1a) = 9(0ta bte) Uik P Moy, B Yo 12 Gt (Ota, Ot) Qb (O, Dt2) Bfe to Ppa Pt bra, (6.8)

where the individual element gain ¢(6y,, ¢¢,) is assumed to be the same for all elements, and

Qta 01z, P12) Tepresents the far-field steering vector for a beam at angle (6, ¢1,). For a planar
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Figure 6.8: Simulated comparison of uniform and adaptive transmit beamforming effects on the
(a) coupled power into each receive element, where the adaptive case reduces the power below the
receiver saturation level and (b) the transmit array gain.

array, this is given by

Gtz (0tzy Gta) = €xp | —j 27” (e cOS(Pry) SIN(Orz) + Yta SIN(Drs) Sin(612)) | (6.9)

where x¢, and Y, are the x- and y-positions for each transmit element within the array, respectively
[63].

With these goals in mind, the optimal transmit beamforming coefficients can be computed
using

M -1
bix = [ + Vi I} Gtz (0tzs Dtz), (6.10)
|[M |2

where the mutual coupling covariance matrix (M = M M) is utilized and is normalized by dividing
by the L2 norm. The 4, term is a diagonalization parameter that allows for the beamforming
coefficients to be tuned in favor of either the SINR or EIRP goals, and is appropriately set to keep
the XI power below the receiver saturation. The beamforming coefficients are constrained by the

total transmit power P,, according to

o btw \/Ptac

b — Qe Vi 6.11
tTnorm Hbt;p ’ ‘2 ( )

which allows the amplitudes of the transmit signals to change, but only within a limited range.
With the measured data from the system model, these equations can be utilized to compute

a set of transmit beamforming coefficients that minimize the XI present at the receive elements,
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where Fig.6.7b illustrates the corresponding power levels. By comparing Figs. 6.7a and 6.7b, the
transmit outputs are seen to have changed for each of the four elements on the left and are reduced
closer to the transmit-receive boundary in the middle. These modifications allow the XTI at the input
of the receivers to be kept below the saturation level of —20 dBm for each element, as visualized in
Fig. 6.8a for the individual receivers.

In order to highlight the importance of all of the individual coupling paths, the transmitter
with the lowest output power (Tx1) is disabled while the others maintained the same weights,
as depicted in Fig.6.7b. Fig.6.7c illustrates that this relatively-small Tx1 power modification
significantly changes the XI power at the receiver inputs, where the Rx1 and Rx2 levels are seen
above the saturation threshold. If the beamforming weights were recomputed with only 3 active
transmit elements, however, these XI levels could be reduced.

While the beamforming coeflicients of Fig. 6.7b clearly improve the SINR, the effects on EIRP
are not immediately apparent without further investigation. Since the total transmit power is the
same for both the uniform and adaptive cases, changes in the array gain impact the EIRP. The
array gain for both beamformers is plotted in Fig.6.8b, and indicates 13.8 and 10.3dBi for the
uniform and adaptive cases, respectively. This noticeable 3.5-dB degradation is due in part to
the small array size with limited degrees of freedom (DOF) for the beamformer, and represents
one of the system-level tradeoffs that should be considered when deploying aperture-level IBFD
arrays. The evaluation of the system using these beamforming coefficients and modulated signals

is presented in the following section.

6.2.4 System Evaluation

An aperture-level IBFD array system is constructed using the RF Blockset circuit-envelope
simulator in Simulink, where the model is comprised of components based on the measurements
of the 8-element antipodal Vivaldi antenna and the front-end integrated with the single-stage PA.
The model follows the diagram of Fig. 6.1, with J and K both set to 4. Additive white Gaussian

noise (AWGN) was added to the transmit, observation and receive channels such that they had
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Figure 6.9: Evaluation of an 8-element aperture-level IBFD array with adaptive transmit beam-
forming for a two-tone transmit signal, highlighting the combined transmit beam, coupled receive
beam, two cancellation methods, and the receive noise floor.

limited dynamic ranges of 45, 60 and 60 dB, respectively. Since the signal conditioning aspects of
the additional hardware (R, ho, hyrg) were not measured, they were modeled to provide unity
gain and not introduce any further nonlinearities beyond those of the front-end and PA.

The initial input (z[n]) selected is a two-tone signal with a tone spacing of 2MHz and a
carrier frequency of 10 GHz, which allows the linear, nonlinear and noise aspects of the model to
be investigated. Fig.6.9 illustrates the baseband frequency-domain responses for the combined
transmit (tx), receive (rx) and cancelled (y) beams, as well as indicates the receive noise floor for
reference. The transmit beam is seen to have 36.3dBm of EIRP, corresponding to the array gain
of 10.3dBi plus the total transmit power of 26.0 dBm, which is the summation of the individual
transmit powers listed in Fig.6.7b. With the main tones at 3 and 5 MHz, the intermodulation
products can clearly be seen at 1 and 6 MHz, demonstrating the nonlinearities of the PA and

front-end being captured by the model.
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All of these signals coherently combine to create XI at the receiver input, and result in
the receive beam having a total power of —14.7dBm when the adaptive transmit beamforming is
enabled. For this receive signal, two different methods of digital cancellation are investigated. In
the first case (Cancl), the input to the digital filter was simply the ideal transmit input signal (z[n]),
where Fig. 6.9 shows that the two main tones are effectively removed, but that the intermodulation
tones remained, which limited the digital cancellation to 27 dB. The second method (Canc2) utilized
the observed-transmit signal (o[n]) as the input to the canceller (depicted in Fig. 6.1), which resulted
in the suppression of all of the transmit signal components, and highlights the need for the transmit
observation channels. Fig.6.9 illustrates the resulting signals with the XI digitally cancelled by
31.5dB, which is 1.8 dB above the receive noise floor, and corresponds to a total transmit-receive
isolation of 82.5dB at the array level.

This EIRP-to-residual-noise isolation number, however, does not take into account the ben-
efits of the directional receive array, namely the improvement the system sensitivity. For this
purpose, another array-specific metric to consider is effective isotropic isolation (EII), which is
defined as

EIRP Gre  Pu

Ell = —— = EIRP - =
EIS R Py, Py,

- Gra - Gras (6.12)

where EIS = G,,/Py,, and represents the effective isotropic sensitivity of the system, and Gy,
and G, capture the transmit and receive antenna array gains, respectively [30]. For the two-tone
signal considered, the EII of this system is equal to 96.3 dB (the 82.5dB isolation plus the 13.8dB
receive array gain).

Following the two-tone signal, another input type is considered, namely a linear frequency
modulated (LFM) chirp, configured as a single tone swept over a 5MHz bandwidth, as shown
at baseband in Fig.6.10a for a carrier frequency of 10 GHz. The chirp power was adjusted so
that the EIRP is the same as the two-tone scenario, and the coupled XI into the receive beam
with the adaptive transmit beamformer is found to be a similar level at —14.2dBm. This test

case is unique because it also includes an SOI that was constructed as a communications signal
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Figure 6.10: Evaluation of an 8-element aperture-level IBFD array with adaptive transmit beam-
forming for a linear frequency modulated (LFM) chirp transmit signal and a receive signal-of-
interest (SOI) with quadrature amplitude modulation (QAM), highlighting the (a) combined trans-
mit beam; coupled receive beam; cancelled beam; nominal SOI; and the receive noise floor, and
(b) constellation for the demodulated 4-QAM signal.

with quadrature amplitude modulation (QAM) and a modulation order of four (4-QAM), which is
similar to quadrature phase-shift keying (QPSK). The digital cancellation step utilizes the transmit
observation as its input and effectively removes the unwanted XI chirp, revealing the SOI, which is
plotted before (purple) and after (yellow) cancellation in Fig. 6.10a. The final receiver output (y[n])
is demodulated and the resulting symbols are depicted in the constellation diagram of Fig. 6.10b.
This image shows the four ideal symbols as red points at their in-phase and quadrature amplitude
locations. The clusters of blue dots around these points represent the demodulated 4-QAM symbols
with the addition of receiver noise. The average error vector magnitude (EVM) of this received SOI
is —14.4dB (compared to —15.7dB without the chirp active), indicating that the IBFD operation
of the array did not significantly degrade the signal quality of the communications link, which is

critical for the multifunction applications highlighted in Chapter 1.
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Figure 6.11: Signal model for an element-level IBFD array system evaluation with transmit input
z[n]; mutual coupling matrix M ; signal-of-interest soi(t); external interference i(t); and combined
receive output y[n], where the RF /analog cancellers hge1 and hge2 as well as the digital canceller
hgc reduce the self-interference (D and A) and crosstalk interference (XI). Note that bold variables
represent vectors and/or matrices.

6.3 Element-Level IBFD Array

The signal model for an element-level IBFD array with K channels simultaneously trans-

mitting and receiving is shown in Fig.6.11. Similar to Fig.6.1, components above the dashed
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horizontal line are RF/analog in nature and those below refer to digital structures. The input
signal is denoted as z[n] in the bottom left corner with E [|z[n]|?] = 1, where quantization and
thermal noise (n4,) are added to the individual channels once transitioned into the analog domain.
These signals travel through separate transmitters (h¢z) before heading to the front-end circuitry,
which differs significantly from what was used in the aperture-level case. Not only does this design
integrate the PA, but it also must sufficiently suppress the self-interference (SI) internal to the
element so that the LNA remains linear and the receiver operates at fully sensitivity. As discussed
in Chapter 3, this SI is comprised of direct path and antenna reflection components, denoted only
for the first element in the figure as D and A, respectively. The RF/analog canceller integrated
into the front-end is represented by (hgc1) and attempts to mitigate the SI from D, while a second
canceller (hge2), located before the receiver input, tackles the SI generated by A. The XI between
the elements is captured by the array mutual coupling matrix (M), and can also be suppressed
using these cancellers when the appropriate delays are configured.

On the receive side, the antenna is seen to directly connect to an LNA, providing minimum
noise figure, but requiring that the LNA handle the SI and XI power levels, which is less of a
concern when employing GaN-based front-ends (as highlighted in Chapters4 and 5). The two sets
of RF/analog cancellers in each channel help ensure that the combined interference is below the
receiver saturation level based on the cancellation requirements established in Chapter 3. For each
receiver, noise (n,g) and the effects of individual hardware channels (h,y) are added before the
signals are digitized for additional processing. Like before, a signal-of-interest (soi(t)) and external
interference (i(t)) can also be factored in on the receive side.

The following sections present the reduced-coupling array utilized; the cancellation circuitry
that can augment the front-ends covered in Chapters4 and 5; the formulation of the theoretical
cancellation framework using this signal model; and lastly, the outputs of the integrated array

system assessed with different complex input signals.



104

(a) (b) (c)

Figure 6.12: Reduced-coupling array with 25 elements, highlighting the prototype photos with
(a) front, (b) back and (c) isometric views.

Network Analyzer

Laptop
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Figure 6.13: Measurement setup for the reduced-coupling array located in an anechoic chamber,
highlighting the (a) equipment behind the array and (b) front radiating side.

6.3.1 Antenna Array

The antenna employed in this system is an array with 25 patch elements that are designed
to operate near 3 GHz, where the simulation details are discussed in Chapter 3 and summarized in
Fig. 3.11. Photos of the prototype are illustrated in Fig.6.12 with front, back and isometric views
shown. Fig. 6.12a depicts the radiating side where the rotated patches and coupling-reducing metal

walls with chamfers are visible, Fig. 6.12b shows the back side with 25 SMA connectors and screws
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Figure 6.14: Measured |S11| for the reduced-coupling array prototype, illustrating the (a) compari-
son of measured (solid) and simulated (dashed) results for the center element, and (b) measurements
for all the elements.

to attach the wall structure, and Fig.6.12c gives a sense of the wall height. The measurement
setup of this antenna mounted on a bracket and located in an anechoic chamber is visualized in
Fig.6.13. The antenna is located roughly 2m from the absorber-covered wall, and an N5232A
network analyzer from Agilent Technologies is utilized to record the s-parameters between each
element and the center element of the array.

A comparison of the measured (solid) and simulated (dashed) |[S11| for the center element (the
others terminated using 50 2 loads) is depicted in Fig. 6.14a. The plot indicates a slight downward
shift in the resonance frequency due to fabrication tolerances, but is still within the acceptable
range, and is seen to be well-matched. Fig.6.14b displays the |S11] for all of the different elements
with the others terminated, and demonstrates consistency across the array.

The critical coupling results are broken down based on the orientation and distance to the
center element of the array, as presented in Chapter 3 and depicted in Fig. 3.4. Fig. 6.15a illustrates
the coupling on the horizontal axis of the array for elements located to the left and right of the
center (denoted H1) as well as two columns away in either direction (denoted H2). Similarly,
Fig.6.15b depicts the results for the vertical plane coupling. The data for the diagonal planes
is further examined based on the orientation of the E- and H-planes, according to Fig.3.11. The

coupling levels from the first and second diagonal locations for the slant-left E-plane and slant-right
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Figure 6.15: Measured mutual coupling from the center element for the 25-element reduced coupling
array, comparing measured (solid) and simulated (dashed) results for different element locations,
including (a) horizontal; (b) vertical; (c) diagonal E-plane; (d) diagonal H-plane; (e) off-diagonal
E-plane; and (f) off-diagonal H-plane, as referenced in Fig. 3.4.

H-plane are plotted in Figs. 6.15¢ and 6.15d, respectively. Similarly, Figs. 6.15e and 6.15f illustrate
the coupling from the off-diagonal locations, which all have the same distance to the center element.
As expected, coupling from element locations further from the center exhibit lower values. All of

these results show good agreement between the measured (solid) and simulated (dashed) levels, and
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Figure 6.16: Diagram of the discrete two-tap canceller utilized for hgeo in Fig.6.11, where each
tap is comprised of an adjustable true-time delay (TTD); voltage-variable attenuator; digital phase
shifter; and amplifier with part numbers listed.

demonstrate a maximum coupling of —31.6 dB, which agrees with the values listed in Table 3.2, and

can be used to establish the XI levels for the front-end discussed next.

6.3.2 Front-End

The front-end incorporated into this array system is based on the active circulator with a
two-tap integrated canceller, as described in Chapter 5. Matching the depiction of Fig.6.11, this
GaN MMIC includes PA, LNA and canceller (hgc1) circuits. The cancellation internal to the front-
end is augmented with an additional two-tap canceller (hge2) designed using discrete components,
where the block diagram is illustrated in Fig.6.16. This image shows the canceller input being
divided among the two taps using a GP2Y+ splitter from Mini-Circuits. Following that, true-
time delay (TTD) units are implemented using cables, where different lengths offer the ability to
make static adjustments to the individual delays. For each tap, the RFSA2013 voltage-variable
attenuator from Qorvo gives a continuously tunable 30-dB attenuation range, and the TGP2108-
SM digital phase shifter (also from Qorvo) provides 360° of phase coverage in roughly 5° steps. In
order to compensate for the losses of these passive components, QPL9065 high-linearity amplifiers
from Qorvo are included to boost the signal before it is combined at the output. The minimum
step sizes and overall range limitations for these parts are added to accurately model the canceller

tuning discussed in the following section.
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6.3.3 Signal Processing

With the different aspects of Fig.6.11 already higlighted, this section derives the equations
that represent the transmit output, receive input and receive output signals within the array. The
signals before the front-end represent an intermediary point in the transmit chains, and can be
described as

v(t) = (2(t) + nea(t)) hta, (6.13)

which is used to feed into the canceller stages, and will be discussed when analyzing the receivers.
This intermediate signal is amplified by the PA in the front-end, such that the final transmit output
can be formulated as

tx(t) = v(t) hfeta- (6.14)

While some IBFD systems utilize this final output for cancellation, this array architecture leverages
v(t) to avoid impacting the transmit efficiency and receive noise figure, as highlighted in Chapter 4.
As previously mentioned, the receivers within this array must contend with two types of SI

(D and A) as well as XI (M), where their combination can be represented at the input using
ra(t) = (D + A+ M) tx(t) + soi(t) +i(t), (6.15)

which also includes notional SOI and external interference signals. The RF /analog cancellers that
mitigate the SI and XI are captured in the digital representation of the receiver output,

K
d[n] = Z (T"Ek (t) hfefmk + Uk (t)(hadk + hGCQk) + Ny, (t)) h’TfEk’ (6'16)
k=1

which assumes that the K channels are summed with a uniform weighting, but other combinations
could be considered (possibly in parallel) to steer the receive beam to different angles.

Since the nonlinearities of the front-end are built into the model and those effects are not
present in the canceller input signal (v(t)), the receiver output (d[n]) contains nonlinear terms
that do not exist in the transmitter input (z[n]). In order to improve the efficacy of the final

cancellation step, the input to the FIR-based digital canceller (hg.) needs to be modified to include
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these nonlinear aspects of the transmit signal. These terms can be generated using nonlinear
device/channel modeling, for which memory polynomial (MP) models have been demonstrated to
accurately characterize the nonlinearities of PAs by themselves [62,103] as well as complete IBFD

transceivers [5,6]. The baseband equivalent MP model is represented by
P
hmp[n] = Z cpm x[n —m]|z[n —m]P~, (6.17)

where PP and M denote the polynomial order and memory depth, respectively, and ¢, captures
the estimated coefficients for each term [145].

With this model, the remaining linear and nonlinear components of the transmit signal (z[n])
present in the combined receive output (d[n]) can be suppressed by appropriately tuning the weights

of hgc, yielding the final receiver output,
y[n] = :C[n] hmp hac + d[n] (6.18)

These equations along with the model framework are used to establish and evaluate the performance

of a realistic element-level IBFD array system, which is discussed next.

6.3.4 System Evaluation

From the antenna prototype depicted in Fig.6.12, a 5-element linear array is created using
the elements along the middle row where the others are terminated with 50 2 loads. Behind these
five elements, models of the aforementioned front-end and discrete cancellers are added to assess
the SI and XI power levels as well as the overall array performance. Similar to the aperture-level
IBFD array, this system is initially characterized using a two-tone input that allows the nonlinear
distortion terms to be clearly distinguished. Before engaging all the array elements, however, the
interference levels within a single element are analyzed, as seen in Fig. 6.17a for the center element
with the others not transmitting. For a carrier frequency near 3 GHz, this plot illustrates the
transmit output power set to 10 dBm and the resultant AR and DP components at the output of

the front-end, which represents the internal SI of each element. While the DP level is suppressed
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Figure 6.17: Evaluation of a 5-element element-level IBFD array, highlighting the (a) single-element
transmit, antenna reflection (AR) and direct path (DP) power levels, and (b) combined transmit
beam, coupled receive beam, two cancellation methods, and the receive noise floor.

by 50 dB below the front-end input (P, = —3.2dBm), the AR signal that is based on the antenna
match and front-end is seen to be —2.6 dBm, which is above the receiver saturation level, determined
to be —20dBm in Chapter 3. This demonstrates the need for additional cancellation (i.e., hge2)
behind the front-ends of each channel.

A transmit beam can be formed using this two-tone signal when all five elements are enabled,
and in Fig.6.17b is seen to generate an EIRP of 28 dBm, which arises from the combination of the
5-element array gain of 11 dBi and the total transmit power of 17 dBm. The receive beam illustrates
the uniformly-weighted summation of the five receive channels after both RF /analog cancellation
steps, representing d[n| in Fig.6.11. While the composite power is seen to be —16.8dBm, the
discrete cancellers suppress the SI and XI below the receiver saturation level of —20dBm for each
channel, allowing the signals to be digitized for further processing. In this signal, intermodulation
distortion products are visible on either side of the main receive tones, where the first digital
cancellation (Cancl beam) utilizes the ideal transmit signal (z[n]) as its input and is seen to
suppress the main tones, but not the intermodulation ones. The second digital cancellation (Canc2

beam) employs the memory polynomial block (k) to synthesize the transmit nonlinearities and
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Figure 6.18: Evaluation of a 5-element element-level IBFD array for a linear frequency modulated
(LEM) chirp transmit signal and a receive signal-of-interest (SOI) with quadrature amplitude mod-
ulation (QAM), highlighting the (a) combined transmit beam; coupled receive beam; cancelled
beam; nominal SOI; and the receive noise floor, and (b) constellation for the demodulated 4-QAM
signal.

effectively minimize them in addition to the main tones. This suppresses the transmit beam to
within 0.3 dB of the receiver noise floor, yielding a total system isolation of 78 dB and EII of 89 dB.

After the two-tone investigation, an LFM chirp signal with a 5 MHz bandwidth is utilized as
the input, which is seen in Fig.6.18a. The individual elements were again set to output 10 dBm,
which resulted in the transmit beam having an EIRP of 28dBm. The composite receive beam
is cancelled to reveal a SOI that is configured as a communications signal with a 4-QAM digital
modulation scheme. The cancellation processes are seen to minimally affect the decoding of the
communications data, as evidenced in the constellation diagram of Fig.6.18b, which produced
an average EVM of —15.1dB (compared to —15.2dB without the chirp active). Overall, these
evaluation results were similar to the aperture-level case previously discussed, and indicate that
both IBFD array types are capable of suppressing SI and XI, and performing multiple simultaneous

functions.



Table 6.1: Summary of System-Level Array Losses
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Aperture- | Element- Half-
Systems Losses (dB) Level Level Duplex
Tx Power 3 0 0
Subarray Tx Gain 3 0 0
Rx Gain 3 0 0
. Tx Beam 3.5 0 0
Beamforming
Rx Beam 0 0 0
Front-End Tx Path 4 1
Rx Path 1 4 1
Totals 14.5 8 2

6.4 Chapter Conclusion

This chapter presents the integration of both aperture- and element-level IBFD array systems
that are created using measured data from antenna arrays and front-end circuits. The former utilizes
an 8-element linear array based on antipodal-Vivaldi elements that operate at 10 GHz, and the
latter employs a reduced-coupling 5-element linear array with patches that operate around 3 GHz.
These systems are excited with two-tone and LFM signal inputs, and demonstrate the ability to
effectively suppress the resulting ST and XI down to the receiver noise floor in all cases. Additionally,
SOIs are recovered and successfully demodulated despite the persistent array transmissions, which
demonstrates the desired IBFD and multifunction capabilities.

In order to quantify the system-level impact of incorporating IBFD capabilities into these
arrays, three loss mechanisms can be considered, namely those related to the subarray division,
beamforming and front-end circuity. Table 6.1 summarizes these losses for the two array architec-
tures presented, and compares them to a traditional half-duplex system. As highlighted in Fig. 2.3,
the aperture-level configuration is seen to suffer from creating transmit and receive subarrays, which
decreases the gains of each as well as the total transmit power. The element-level version, on the
other hand, is solely impacted by losses in the front-end, specifically the antenna interface, where

values from Fig. 5.2 are used for the comparison. Overall, the table indicates that these aperture-
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and element-level IBFD array configurations exhibit 12.5 and 6 dB more loss than the half-duplex
reference, respectively. While this indicates that there is an opportunity to further improve these
systems, the novel multifunction capability that they have been demonstrated to introduce can-
not be understated. Some of the material presented in this chapter is currently in publication

review [70].



Chapter 7

Conclusion

Phased array systems are being incorporated into devices that support wireless communi-
cations for both ground- and satellite-based links, commercial and defense radar, and military
electronic warfare strategies, among others. Recent research has focused on the intersection of
these different applications and their contention for the same spectral and hardware resources. The
creation of simultaneous-multifunction wireless systems offers the opportunity to integrate tradi-
tionally “stove-piped” solutions and leverage one application to enhance the performance of another
(e.g., smart base stations can use radar to track users and improve their communications links).
One of the major challenges of integrating multiple functions is managing their competing need to
access the same frequency channels and time slots, which can be overcome by incorporating in-band

full-duplex (IBFD) operation into the designs, as discussed in this thesis.

7.1 Thesis Summary

This thesis demonstrates the ability of IBFD technology to enable the simultaneous multi-
function operation of phased array systems, and presents the architectural options, critical enabling
technologies and system-level integration capabilities for advanced designs.

Chapters2 and 3 focus on the system architectures and antenna aspects that influence the
requirements for IBFD arrays. In Chapter 2, state-of-the-art IBFD phased array implementations
that can be used to create simultaneous-multifunction systems are highlighted. Various IBFD

array architectures are presented with a focus on aperture- and element-level approaches. The
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former divides the aperture into transmit and receive subarrays, and utilizes digitally-enabled self-
interference (SI) cancellation processes to create isolation between them. The latter allows the same
antenna in each element to simultaneously transmit and receive, and requires an RF /analog-based
cancellation scheme to reduce interference before digitization and further suppression. A survey
of measured IBFD array prototypes as well as their results and limitations are also discussed. In
Chapter 3, a generic system architecture is presented, on which the key aspects of both aperture- and
element-level IBFD arrays are considered. Both array types must address SI that arises from direct
path (DP) and/or antenna reflection (AR) within some or all of the elements as well as crosstalk
interference (XI) from neighboring elements within the array in order to avoid receiver saturation.
This XI is a function of the mutual coupling between elements, where several different methods
of reducing it are analyzed using a 7-element linear array, which aided the subsequent design of a
reduced-coupling 25-element two-dimensional array. This helped form the basis for mutual coupling
levels on which an IBFD system can be analyzed, and the cancellation requirements determined
for the front-ends of both aperture- and element-level IBFD arrays.

Chapters4 and 5 present two active circulators with integrated tunable cancellers having
one and two canceller taps, both fabricated using the WIN Semiconductors NP12-01 0.12 pm GaN
process. In Chapter 4, the first active circulator front-end with a single integrated tunable canceller
tap is discussed, along with an overview and theoretical formulation of the design architecture. De-
tails on the individual amplifier and phase shifter components are highlighted, where measurement
results of the standalone test circuits demonstrate good agreement with simulated expectations.
The performance of the complete chip is also evaluated and provides the desired gain in the trans-
mit and receive paths as well as successfully suppresses the SI at the receiver by 50dB, which is
tunable over the 2.8-3.2 GHz range. In Chapter 5, a second active circulator front-end that builds
upon the aforementioned architecture is examined. In addition to including a second integrated
canceller tap, this design also incorporates improvements to the power dividers (including the an-
tenna interface), amplifier design and tunable phase shifters. It similarly demonstrates gain in the

transmit and receive paths, and provides tunable transmit-to-receive isolation of more than 50 dB
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over 2.5-3.1 GHz, which represent the first known instances of these capabilities for a GaN-based
active circulator. This front-end is also evaluated using a linear frequency-modulated (LFM) chirp
waveform that is common in multifunction radar systems, and with the addition of a subsequent
digital cancellation process, produces a total SI suppression of 70 dB.

Finally, Chapter 6 presents the integration of both aperture- and element-level IBFD array
systems that are created using measured data from antenna arrays and front-end circuits. The for-
mer utilizes an 8-element linear array based on antipodal-Vivaldi elements that operate at 10 GHz,
and the latter employs a reduced-coupling 5-element linear array with patches that operate around
3GHz. These systems are excited with two-tone and LFM signal inputs, and demonstrate the
ability to effectively suppress the resulting SI and XI down to the receiver noise floor in all cases.
Additionally, signals-of-interest are recovered and successfully demodulated despite the persistent
array transmissions, which demonstrates the desired IBFD and multifunction capabilities. The

system-level impact of incorporating IBFD operation into these arrays is also considered.

7.2 Future Work

Multifunction phased arrays can benefit from additional research within each of the three
main topics discussed throughout this thesis, namely antennas arrays, fronts-end circuits and

system-integration efforts, with suggested work detailed in the following sections.

7.2.1 Antennas

Due to the inherent narrowband nature of the patch-based unit cells considered for the
antenna elements in Chapter 3, the ensuing array prototype provided reduced-coupling performance
over a narrow bandwidth, as seen in the measurement results presented in Chapter 6. Two possible
areas to investigate in order to extend the antenna performance are: analyzing different wideband
unit cells, and taking additional advantage of the E- and H-plane coupling differences within the
array. As seen in Fig.7.1, wideband unit cells may include spiral, bow-tie and Vivaldi elements,

where the latter is the one utilized in the linear array discussed in Chapter 6. While not a focus for
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(a) (b) (c)

Figure 7.1: Wideband array unit cells, highlighting (a) cavity-backed spiral, (b) bow-tie and (c)
Vivaldi element options.

that array design, careful attention must be given to the coupling between the elements for both
aperture- and element-level IBFD array configurations. For example, tightly-coupled dipole arrays
operate over wide bandwidths, but the fundamental coupling between the elements is unavoidable.

For the E- and H-plane coupling studied in Chapter 3, it was demonstrated that the H-field
decays more rapidly with distance than the E-field for patch-based arrays. This effect could be
analyzed for other unit cell types, and potentially leveraged to reduce their coupling, especially
for linear arrays that exhibit coupling in only one plane. With this in mind, the mutual coupling
reduction techniques presented in Chapter 3 were considered individually, where the combination
of multiple approaches might offer unforeseen benefits. While the element-to-element coupling is
a major challenge, additional requirements could be considered when designing practical systems.
These include the thermal aspects of any active components (e.g., front-end MMICs) mounted to
the back of the array, the desire to keep the manufacturing inexpensive (possibly utilizing printed
circuit boards or additive manufacturing) and providing dual-polarization capabilities that may be

necessary for some applications, like weather sensing.
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Figure 7.2: Active circulator with two-tap tunable canceller and Wilkinson-based antenna inter-
face, illustrating the (a) chip layout with the PA, LNA and Wilkinson sections highlighted, and
(b) MMIC photo with matching ports.

7.2.2 Front-Ends

For the front-end circuits presented in Chapters4 and 5, several different improvements can
be considered based on the previous findings. First, instead of using similar architectures for each
amplifier, the power amplifier (PA) and low-noise amplifier (LNA) designs can be optimized to meet
their divergent performance goals. The former could be tailored to enhance the transmit power
output and power added efficiency (PAE), and the latter could be designed to reduce the receive
noise figure and possible extend its power handling capability.

The connection of these devices on chip defines the antenna interface, which was implemented
using capacitive- and resistive-based dividers for the designs presented in Chapters4 and 5, respec-
tively. As noted at the end of Chapter 6, the insertion losses of this aspect of the front-end limit
its performance compared to traditional half-duplex systems. One possible alternative is the use

of a discrete-based Wilkinson power divider, as seen in the next iteration of the front-end layout
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Figure 7.3: Simulated results comparing the (a) |[S21] and (b) |S31] for resistive and discrete-based
Wilkinson power dividers.

and MMIC photo of Fig.7.2. While this design includes several different enhancements over those
discussed in Chapters4 and 5, the most significant is the antenna interface incorporating a Wilkin-
son structure. Fig. 7.3 illustrates the simulated gain (|S21|) and isolation (|S31|) of resistive and
Wilkinson dividers, where the latter is seen to offer improvements in both the loss and isolation.
Beyond this, further research could be conducted to focus on novel approaches that allow for the
connection of the PA and LNA to the antenna, possibly leveraging orthogonal circuit modes.

In order to improve the SI suppression performance of the integrated canceller, it would be
ideal if the canceller input is provided after the PA and the canceller output is injected into the
receive path before the LNA. This would allow the canceller to capture the nonlinear distortion
and noise of the PA, and suppress it before the LNA input, which would reduce the power handling
requirements of the LNA. While this feature would improve the cancellation performance, it would
create a more complex antenna interface and possibly make it more difficult to reduce its insertion
loss. Additionally, within the canceller section itself, the ability of adjust the phase slope and/or

add true-time delay on chip could be considered to enhance the bandwidth of the cancellation.

7.2.3 Systems

While Chapter 6 presents promising results demonstrating the capabilities of aperture- and

element-level IBFD arrays, the system-level array integration effort can be expanded to not only
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Figure 7.4: Diagram of a generic neural network that can utilize inputs d[n]| and o[n] for aperture-
level, or z[n| for element-level, IBFD arrays with varying numbers of hidden layers and hidden
nodes per layer to derive the outputs y[n], soin], i[n].

transition into hardware, but also explore other array configurations. Connecting antenna elements
to physical front-ends and data converters would capture the hardware-related time and temper-
ature effects not represented in the model, and would lead to an increase in the maturity level of
the technology. Other array considerations may include the transmission and reception of different
signal types and power levels. The use of diverse transmit signals could create unique XI signals
through their coherent combination, and may impose additional constrains on the beamforming and
digital cancellation processes, potentially increasing the necessary computational requirements.
Additionally, different signal-of-interest (SOI) types with varying degrees of correlation to
the transmit signal could be considered. When the SOI is highly correlated with the transmission,
other means of separating it from the SI and XI may become necessary, including the use of
time-of-arrival information. Furthermore, while external interference was represented in the model
derivations discussed in Chapter 6, it was not present in the simulations. These other unwanted
signals could be added to the environment to evaluate the ability of a receive beamformer to not only
create near-field nulls, but also far-field ones in the aperture-level IBFD array. For the element-level
IBFD case, this extra interference could be mitigated with additional digital cancellation or might

require the incorporation of receive beamforming. For both array types, the digital separation of
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the SOI from SI, XI and external interference could benefit from the use of artificial intelligence
and machine learning (AI/ML). As depicted in Fig7.4, this could come from a framework, such
as a feedforward neural network (with various hidden layer and node depths) that trains on the
characteristics of the desired signals and suppresses others, which could potentially improve the

computation time of the digital signal processing.

7.3 Summary of Contributions

This thesis’ contributions to research on multifunction phased arrays, including IBFD antenna
arrays, GaN-based front-end MMICs and system-level integration aspects, are summarized below:

Chapter 2: A detailed description of the various IBFD array architectures, a dissection
of existing aperture- and element-level approaches, and a summary of state-of-the-art prototype
performance. Results are reported in [77] and [78].

Chapter 3: A framework upon which the interference components that drive the performance
of IBFD arrays can be considered. The derivation of IBFD front-end requirements based on array
mutual coupling, including the design of a 25-element reduced-coupling patch array. Partial results
are reported in [68].

Chapter 4: The design of a novel active circulator front-end MMIC with a one-tap inte-
grated canceller, fabricated in the WIN Semiconductors NP12-01 0.12 um GaN process. Results
are currently in press [72].

Chapter 5: The design of an improved active circulator front-end MMIC that incorporates
a second canceller tap, also fabricated in the WIN Semiconductors NP12-01 0.12 um GaN process,
and additionally evaluated in a radar system context. Results are currently in press [72].

Chapter 6: The unique system-level integration of both aperture- and element-level IBFD
arrays using measured antenna and front-end data, demonstrating multifunction operation. Partial

results are reported in [58] and are currently in publication review [70].
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Appendix A

Appendix

Al Introduction

This appendix presents the detailed simulation results for the mutual coupling reduction
techniques discussed in Section 3.3 as well as the reduced mutual coupling array design highlighted
in Section 3.4. Section A.2 contains the model diagrams and plots for the different iterations of the
metallic posts, metallic walls, electromagnetic bandgap structures (EBGs), and defected ground
structures (DGSs) inserted between the elements of the 7-element linear array. Section A.3 presents
the array models, S11 magnitudes, mutual coupling results, and array gain for the different design
configurations of the 25-element array that was focused on reducing the mutual coupling between

elements in two dimensions (2D).

A.2 Coupling-Reduction Techniques Results

Beginning with the metallic posts, Fig. A.1a illustrates the strength of the E-field magnitudes
on the 7-element array model with the side and top-down views shown, as well as the field /plane
directions. Fig. A.1b plots the E-plane mutual coupling results for designs with posts that vary
their radii between 10 and 50 mils as well as their heights between 250 and 750 mils, as indicated by
the first and second numbers in the legend, respectively. These results are compared to the baseline
in the plot, while the changes from the baseline are displayed in Fig. A.1c, where the largest /tallest
posts are found to provide the most coupling decrease. Similar to the E-plane model, Fig. A.1d

displays the strength of the H-field magnitude for the 7-element H-plane array model with side and
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top views shown (note the change in the field/plane directions). Comparing Figs. A.1a and A.1d,
the H-field strength is seen to decay more rapidly than the E-field. Figs. A.le and A.1f plot the
mutual coupling and coupling changes, respectively, and indicate that the largest reductions on the
H-plane also occur for the largest/tallest posts.

Fig. A.2 depicts the models and results for the array with metallic walls inserted between
the elements, where the walls vary in height from 250 to 1250 mils. The taller walls are seen to
reduce the coupling in both the E- and H-planes. Fig. A.3 shows the models and coupling values
for the EBG structures that are created using metallic posts with square top hats to produce high-
impedance structures. The posts have fixed radii of 50 mils, but their heights vary between 250 and
750 mils and the top hat sizes change between 200 and 350 mils, which are limited by the element
spacing. The larger top hats on the taller posts are seen to provide the most coupling reduction.
Finally, Fig. A .4 displays the array models and simulation results for the arrays with DGSs between
elements, which consist of slots cut into the bottom-side ground plane between the elements. The
size of the slots is swept between 1500 by 200 mils and 2500 by 400 mils, where the size is not
found to impact the coupling, except for the largest case. Overall, the results of each of these are

summarized in Table 3.1 in Chapter 3.
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Figure A.1: Simulation results of mutual coupling changes for a 7-element array with metallic
posts between elements, highlighting the (a) E-field magnitudes for the E-plane model; (b) mutual
coupling and (c) coupling changes from the baseline for different post sizes on the E-plane array;
(d) H-field magnitudes for the H-plane model; (e) mutual coupling and (f) coupling changes from
the baseline for different post sizes on the H-plane array.
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Figure A.2: Simulation results of mutual coupling changes for a 7-element array with metallic
walls between elements, highlighting the (a) E-field magnitudes for the E-plane model; (b) mutual
coupling and (c) coupling changes from the baseline for different wall sizes on the E-plane array;
(d) H-field magnitudes for the H-plane model; (e) mutual coupling and (f) coupling changes from
the baseline for different wall sizes on the H-plane array.



4}

H-Field (H-Plane)
E-Field (E-Plane)

139

(a)
~-10 : : ~ 5 ‘ :
o ——Basdine  —— 200/250mil o N ——Basdine —— 200/250mil
= 200/500mil —— 350/250mil % o~ —— - 200/500mil —— 350/250mil ||
2 20 —— 350/500mil 350750mil || © ——— 350/500mil 350/750mil [
E g
3 O 5f
% -30 =
< = .10}
= 3
]

S -0 | O 45 | | |

1 2 3 4 5 1 2 3 4 5

Element Number Element Number
(b) (c)
E-Field (E-Plane)
H-Field (H-Plane)
(d)
—~-10 : : —~ : :
aQ ——Basdine —— 200/250mil Q 107 ——Basdine —— 200/250mil | |
= 20k 200/500mil ——350/250mil | | & 200/500mil —— 350/250mil
2" ——— 350/500mil 350/750mil o 5t —— 350/500mil 350/750mil ||
E g
8 -30 5 O o0 ~
o = \
g 40 \— Ea /
= 3 K
]

= 5 ‘ O -10t ‘ ‘ ]

1 2 3 4 5 1 2 3 4 5

Element Number

()

Element Number

(f)

Figure A.3: Simulation results of mutual coupling changes for a 7-element array with EBG between
elements, highlighting the (a) E-field magnitudes for the E-plane model; (b) mutual coupling and
(c) coupling changes from the baseline for different EBG sizes on the E-plane array; (d) H-field
magnitudes for the H-plane model; (e) mutual coupling and (f) coupling changes from the baseline

for different EBG sizes on the H-plane array.
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Figure A.4: Simulation results of mutual coupling changes for a 7-element array with DGS between
elements, highlighting the (a) E-field magnitudes for the E-plane model; (b) mutual coupling and
(c) coupling changes from the baseline for different DGS sizes on the E-plane array; (d) H-field
magnitudes for the H-plane model; (e) mutual coupling and (f) coupling changes from the baseline
for different DGS sizes on the H-plane array.
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A.3 Reduced-Coupling Array Design Results

Based on the findings of the previous section, a 25-element 2D array with reduced mutual
coupling was created and compared to a baseline, as discussed in Section3.4. Several different
design configurations were investigated between the baseline and the final reduced-coupling array,
where this appendix contains summaries of their details. Fig. A.5a illustrates the model of a 3-GHz
array design with 45-degree rotated patches and 1/2-A-element spacing. Fig. A.5b depicts the S11
magnitude for the passive and three active (1D horizontal, 1D vertical and 2D) cases considered, and
indicates a well-matched design just below 3 GHz for all. The mutual coupling to the center element
for the locations referenced in Fig. 3.4 is plotted in Fig. A.5¢, and shows an overall maximum value
of —24.0dB for the H1 element position. Finally, Fig. A.5d illustrates the array gain for azimuth
and elevation angles with a uniform beamformer.

Fig. A.6 represents the results of a design with straight patches and a 3/4-A-element spacing
where the overall maximum mutual coupling is —24.1 dB from the V1 element location. Fig. A.7
displays an array with 45-degree rotated patches and a 3/4-A-element spacing where the maximum
overall coupling is —28.3 dB from the D1 element position. Fig. A.8 depicts a design with 45-degree
rotated patches and a 3/4-A-element spacing with 1-inch square walls where the overall maximum
mutual coupling is —28.6 dB from the D1 element location. Fig. A.9 illustrates an array with 45-
degree rotated patches, 3/4-A-element spacing with 0-inch chamfered walls where the maximum
overall coupling is —28.6 dB from the D1 element position. These as well as the baseline and final

reduced-coupling array results are summarized in Table 3.2 within Chapter 3.
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Figure A.5: Reduced-coupling 25-element patch array configuration 1: (a) top and isometric model
views with field directions indicated; (b) simulated S11 magnitude for passive and active (1D
horizontal, 1D vertical and 2D) configurations; (c) simulated mutual coupling to the center element
for the locations referenced in Fig.3.4; and (d) simulated azimuth and elevation gain patterns.
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Figure A.6: Reduced-coupling 25-element patch array configuration 2: (a) top and isometric model
views with field directions indicated; (b) simulated S11 magnitude for passive and active (1D
horizontal, 1D vertical and 2D) configurations; (c) simulated mutual coupling to the center element
for the locations referenced in Fig.3.4; and (d) simulated azimuth and elevation gain patterns.
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Figure A.7: Reduced-coupling 25-element patch array configuration 3: (a) top and isometric model
views with field directions indicated; (b) simulated S11 magnitude for passive and active (1D
horizontal, 1D vertical and 2D) configurations; (c) simulated mutual coupling to the center element
for the locations referenced in Fig.3.4; and (d) simulated azimuth and elevation gain patterns.
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Figure A.8: Reduced-coupling 25-element patch array configuration 4: (a) top and isometric model
views with field directions indicated; (b) simulated S11 magnitude for passive and active (1D
horizontal, 1D vertical and 2D) configurations; (c) simulated mutual coupling to the center element
for the locations referenced in Fig.3.4; and (d) simulated azimuth and elevation gain patterns.
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Figure A.9: Reduced-coupling 25-element patch array configuration 5: (a) top and isometric model
views with field directions indicated; (b) simulated S11 magnitude for passive and active (1D
horizontal, 1D vertical and 2D) configurations; (c) simulated mutual coupling to center element for
the locations referenced in Fig. 3.4; and (d) simulated azimuth and elevation gain patterns.
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