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Abstract

This dissertation discusses the design, construction, and characterization of a new Hybrid
Retrodirective Array (HRA) as a possible beamforming technology for 5G wireless communi-
cation networks. A Delay-Locked Loop based Hybrid Phase Conjugator (DLL-HPC) capable
of functioning as both an actively controlled phase shifter and a closed-loop phase conjugator
is presented as the basis for the new HRA. The HRA is shown to be capable of fast acquisition
times, ideal transmit and receive beamforming, automatic mobile target tracking, direction of
arrival reporting, and array-geometry independent operation. Test results show initial acquisi-
tion times up to 50x faster than current beamforming standards and the ability to automatically
track mobile users with no communication overhead. This work describes in detail the oper-
ation of the HRA system with special attention given to the theory, construction, and testing
of a full prototype. Additionally, a novel rollover phase-frequency detector (R-PFD) circuit
is presented alongside transistor-level integrated circuit design and simulations as an enabling
technology for future implementations of delay-locked loop (DLL) based beamformers. This
dissertation serves as the first steps towards HRA-based network architectures through several
novel contributions: a new hybrid phase conjugator circuit topology which improves settling
time and backwards compatibility over existing hybrid retrodirective arrays and a new R-PFD

circuit capable of enabling a new class of DLL-based beamformers.
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Chapter 1

Introduction

Wireless communication systems are ubiquitous in the modern world. What’s more, the way
that we implement wireless communication must constantly evolve to new meet the new de-
mands of an increasingly technologically centered society. In order for us to keep advancing,
we need new approaches to wireless communication that are both backwards-compatible and

forward-looking in their adaptability.

1.1 Our Interconnected World

As wireless technologies have become smaller, faster, lighter, and cheaper through innovation,
they have come to occupy every facet of modern life. Since the first wireless transmission in
1866 [1], humans have found ways to integrate wireless connectivity into nearly everything.

Due to the recent trend of the Internet of Things, a “smart” version of almost any device
can be purchased. Everything from a refrigerator [2] to a water bottle [3] to a microwave [4]
can integrate a WiFi or Bluetooth connection to enable some additional features. In addition
to gimmick devices, the Internet of Things has also given rise to Smart Home devices, such as
thermostats and security cameras, which are used by 28% of consumers in America [5]. Each
of these individual devices adds another wireless transmitter and receiver and consumes more
bandwidth of the world’s networks.

The entertainment industry is also increasingly relying on wireless connectivity. A 2019
report by Deloitte found that the average household contains eleven wireless connected de-

vices, of which seven contain screens used for viewing and consuming media [5]. A separate



survey by Parks Associates found that 71% of American households have an internet connected
entertainment device [6]. These trends in connected hardware are matched by the rise of inter-
net streaming giants such as Netflix, Disney+, Hulu, and YouTube, and the internet streaming
market is anticipated to grow to a value of $184.3 billion by 2027 [7].

In addition to the current billions of wireless connected devices, the upcoming fifth gen-
eration of mobile data communication (5G) anticipates even more growth. 5G services are
projected to have 5.9 billion subscriptions by 2024, and each of these subscription holders will
bring multiple connected devices to these new networks [8]. In addition to the increase in num-
ber of devices, 5G networks aim to provide multi-gigabit data rates through the use of K, band
carrier frequencies [9, 10]. These new networks provide both significant opportunity for new

user experiences and significant challenges for the engineers attempting to implement them.

1.2 Challenges for 5G Wireless Communications

5G standards are beginning to roll out across America, but advanced beamforming techniques
have been identified as a key enabling technology without a full solution [9-13]. As carrier
frequencies rise into the K and K, bands from current 4G frequency bands, the radiated wave-
length is shrinking from 37.5 cm to 1.2 cm at these “mmWave” frequencies [9]. This means that
individual antennas will be able to shrink by a factor of around 30, making extremely narrow

and highly directional beams possible through integrated antenna arrays [9, 14-17].

37.5 cm+< 37.5 cm<
\
()
Figure 1.1: (a) 4G patch antenna; f = 800 MHz, = 37:5 cm (b) 5G 900 element patch
antenna array; T =24 GHz, =1:2cm



Ultra-dense antenna arrays will provide incredibly high gain, but this will be necessary to
overcome the high path-loss of mmWave frequencies [11, 14, 18, 19]. Additionally, the narrow
pencil beams created by these large-scale antenna arrays will help to reduce the amount of
interference among many mobile users, allowing 5G wireless systems to be modeled as point-
to-point connections rather than widespread transmissions [14, 15, 18-20]. By using mmWave
carrier frequencies, 5G systems intend to enable multi-gigabit throughput among large numbers

of users within small areas, such as a a home or office space [9-11, 14-16,21].
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Figure 1.2: 5G mobile network challenges

These high frequencies and ultra compact arrays pose challenges that current beamformer
strategies cannot overcome. The dynamic nature of a 5G environment means that connections
will need to be established quickly and to continually update their beamformer point to track
moving targets [14, 16]. Current techniques, such as those implemented in IEEE 802.11ad/ay
for WiFi signals, have high costs associated with both acquiring and updating a beamformer
point [11]. These methods rely exclusively on the transmission of beamformer training in-
formation between users and can require many communication frames to establish a strong
connection; this raises communication overhead and reduces throughput [14]. Further, these
methods only reevaluate the current point if the communication link degrades, making them
unsuited for dynamic environments with mobile users [16]. Finally, the aforementioned pencil
beams that will be utilized in mmWave 5G communications have been shown to lead to fre-
quent beam switching and deafness when misaligned under these protocols, creating a tradeoff

between beamwidth and data throughput [13, 15,20, 21].



Although mmWave 5G promises unprecedented bandwidth and connectivity, no solution
currently exists to handle the looming challenge of beamforming. The currently proposed
techniques can take up to 1.8 seconds to establish a point among among antenna arrays [14],
and cannot easily be expanded to antenna arrays with tens or hundreds of elements as pictured
in Fig. 1.1. This challenge is the driving force for the research topic of this dissertation: a

hybrid retrodirective array architecture.

1.3 A Hybrid Retrodirective Array

A retrodirective array operates on the principle of retrodirection, or transmitting a signal back
along the direction of arrival of a received signal. These were first demonstrated in the 1960s to
create radar transponders and range finders [22,23], and showed the ability automatically lock
onto a received signal and actively track movement without any communication between the
users, making them a promising new technology for communications systems. However, the
circuitry required to implement these first retrodirective arrays was clunky, expensive, and left
no room for intelligence signal modulation. For these reasons, the retrodirective array fell into

obscurity for some 40 years.
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Figure 1.3: A retrodirective antenna array transmits back along the direction of arrival of a
received signal

In the last two decades, research interest in the retrodirective array has been renewed due

to cheaper, smaller, and better components [24]. New retrodirective array architectures have



been shown that implement intelligence signal modulation and demodulation, making retrodi-
rective array based communication systems possible [25]. However, these new architectures
still suffer from the fundamental flaw of retrodirective arrays: they can only function properly
when they are receiving a signal. This means that retrodirective arrays could only be used in
communication systems which employ a pilot tone [26] or continuous, always-on data trans-
missions.

In 2018, the first hybrid retrodirective array capable of performing as a retrodirective ar-
ray or actively controlled antenna array was published [27]. This new type of retrodirective
array allowed for arbitrary intelligence signal modulation, automatic lock-on and tracking, and
received signal dropout immunity by switching to an actively steered mode. With these im-
provements, a retrodirective array capable of handling time-division duplex and non-continuous
data-streams became possible.

This dissertation details the theory, design, and characterization of a new hybrid retrodirec-
tive array architecture with faster acquisition times and backwards compatibility with previous
beamformer protocols. A novel delay-locked loop based hybrid phase conjugator is presented
as the basis for arbitrarily sized and shaped hybrid retrodirective antenna arrays, along with
integrated circuit transistor-level designs and simulations of the unique system components.
Conclusions and possible future research efforts are outlined at the end, with guidance for fu-

ture hybrid retrodirective array designs.



Chapter 2

Electronic Beamforming in Communication Systems

Modern electronic communication systems use electronic beamforming to control the direc-
tivity of transmitted signals. However, the current standards and techniques have been found
insufficient for upcoming 5G networks and new mobile applications [11]. Before diving into
the theory of retrodirective arrays and their benefits, we will first discuss the basics of electronic
beamforming for linear antenna arrays and some of the current techniques and standards used

for modern communication systems.

2.1 Linear Antenna Array Beamforming

Let us assume there are two isotropic antennas placed some distance d apart as in Fig. 2.1.
Because the antennas are isotropic, they radiate power equally in all directions [28]. This
allows us to examine what happens when a signal is applied to both antennas simultaneously

without worrying about the specific antenna pattern.

y
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Figure 2.1: A two-element antenna array with spacing d



The electric field radiated by an isotropic element propagates radially from the element
[28]. In the near-field, these waves will have a noticeable curve to them and be easily identi-
fiable as a circle. However, in the far-field the radius of curvature becomes so large that the
radiated wave can be approximated as a planar wavefront [29]. If we feed the same signal into
both elements of a two-element antenna array that are one half-wavelength apart, the waves
will propagate as shown in Fig. 2.2. From this figure we can see that there are some values for
the view angle at which the waves will add constructively in-phase and some values where
they will add destructively out-of-phase. Because the electric field strength is doubled along the
directions of constructive interference, a four-fold increase in transmitted power occurs along

these directions as well [30].

Figure 2.2: Two antennas one half-wavelength apart driven with an identical signal

In an electronically steered antenna array, an identical signal is not fed into each antenna
element. Rather, the signal at each element undergoes a phase shift, or time delay, to allow
the direction of maximum power transfer to be controlled. As the signals being transmitted are

sinusoidal in nature, they take the form:

TX({)=cos(2 f t+ ) (2.1)

By manipulating the term through a controllable phase shifter, the signal is transmitted from

each antenna element at a different point in time. This staggering of transmission in the time
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domain will alter the view angle along which the signals add constructively, as shown in Fig.

2.3.

Figure 2.3: Two antennas one half-wavelength apart driven with a 108 phase difference

In order to reliably control the direction of maximum power transfer, we can examine the
layout of a generic two element array with spacing d and determine what value of is necessary
to transmit along a given direction . Because a phase shift exists as a relative time delay
between the two elements, we will assign antenna a in Fig. 2.4 to be the reference element; that

is, antenna a will have a phase of 0 and antenna b will have a phase of

y

Figure 2.4: Two element antenna array

We can then use trigonometry to determine the amount of phase delay needed for the

transmitted signals to add in phase along the direction as in Fig. 2.5. The physical distance



that the time delay must implement can be calculated as

Distance =d cos( ) (2.2)

A phase shift of 2 radians corresponds to a distance of 1 , which allows us to directly calculate
the phase shift needed to transmit along if the antenna spacing d has been defined in terms
of the wavelength as:

=2 d cos() (2.3)

Figure 2.5: Two element antenna array

This analysis can be extended to any equally spaced linear antenna array of N elements as
shown in Fig. 2.6. The phase shift between the N and (n 1) element will be the same
as calculated from (2.3). We can now define the relative phase shift between elements of an

arbitrarily sized linear array with spacing d as:

n=2d n cos() 2.4)

TX — 2 d COS( TX) (25)

where | is the absolute phase at the Nt antenna element, and 1x is the relative phase shift

between each antenna element of the array to transmit along .



Figure 2.6: N element linearly spaced antenna array transmitting along

In addition to providing increased directivity of transmitted signals, electronic beamform-
ing can be used to provide gain of received signals. The analysis so far has focused on the
far-field wavefront generated by an antenna array, but the same analysis can apply to a pla-
nar wavefront received by an antenna array. Once again, we can calculate the phase shift that
will be required at every antenna element by examining the phase delays needed to provide an

in-phase signal as in Fig. 2.7.

Figure 2.7: N element linearly spaced antenna array receiving along

In Fig. 2.7, the direction is the direction of propagation of the received wavefront. Using

this definiton for , we can see that the equations for the relative phase shift between elements

10



of a linear antenna array is:

n=2d n cos() (2.6)

rx =2 d cos( rx) (2.7)

We can see that (2.7) and (2.5) are strikingly similar, and (2.6) = (2.4). This is due to the way
in which we defined the view angle for the received wavefront. If we instead defined the view
angle for the received signal as the direction the signal propagates from, we can rewrite (2.7)
as:

rx =2 d cos( + )= 2 d cos() (2.8)

The phase shift from these equations will provide an in-phase signal that can be summed for an
electric field strength gain of N or power gain of N2 [30].

We now see that by placing a phase shifter in front of each element in an antenna array
as in Fig. 2.8, we can steer the antenna pattern in any direction we want with a maximum
transmit/receive power gain of N2 for an N-element antenna array. This generalized study of
electronic beamforming applies not only to isotropic radiators, but to any antenna array com-
posed of any type of antenna elements. This is due to the principal of pattern multiplication,
which states that the total antenna array pattern will be the product of the individual antenna

pattern and the array pattern, or:

Ptotal = Pantenna I:)array (2.9)
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Figure 2.8: A 4-element half-wavelength linear antenna array transmitting along = 105 with
Tx = 45
A linear antenna array represents the most basic form of antenna array. More complex
geometries and drive strategies, such as planar arrays and amplitude tapering, are often imple-
mented in modern systems. However, an understanding of the basics of electronic beamsteering
is sufficient to understand this dissertation’s novel hybrid retrodirective array and its function-

ality.

2.2 Proposed Electronic Beamforming Techniques for 5G Networks

Because antenna arrays provide a method to steer transmitted and received signals without
any moving parts, they are a critical portion of the Medium Access Control (MAC) layer of
wireless communication networks [11]. Currently, there is much debate on what protocols and
techniques should be used to establish and maintain a phased array’s beamformer point for
mmWave 5G systems [14].

IEEE standards 802.11ad/ay are currently in development and aim to provide short-range
Wireless Fidelity (WiFi) connections with data rates of 6-20 Gbps using 60 GHz carrier fre-
quencies [11]. The proposed beamformer training methods in these standards rely on a two-part
process which must be repeated constantly: a sector-level sweep (SLS) and beam-refinement

protocol (BRP). When two transceivers seek to establish a wireless connection, they must begin

12



the process by performing an SLS phase with the other transceiver in a quasi-omnidirectional
configuration. Each transceiver is then able to communicate which beamformer sector per-
formed best for the initial sweep. From here, a BRP phase must be performed for each data
transmission interval (DTI) in order to further refine the connection. This process is illustrated
in Fig. 2.9, and is only intended for use among static users; that is, the protocol does not support

tracking of moving targets, as is the goal for mobile 5G systems [11,16].

A SLS.1 SLS.2 SLS.3 BRP.1 BRP.2 DTI
A A
v
\—/ l —— l !
™\ .
\\ \ .
V V
B SLS.1 SLS.2 SLS.3 BRP.1 BRP.2 DTI
Sector Level Sweep Beam-Refinement  Data Transfer

-~
Data Transmission Interval

Figure 2.9: Illustration of beamformer training protocol for IEEE 802.11ad/ay

In addition to these new mmWave WiFi standards being developed, researchers have pro-
posed several possible initial beamformer acquisition schemes for mobile 5G networks [14].
One possible solution is to simply perform an exhaustive search of the entire beamformer
space and select the beamformer point which had the highest received signal strength indicator
(RSSI) [31]. A more complex but potentially quicker scheme involves an iterative beamformer
search process whereby large sectors are illuminated first before narrow refined beams within
the chosen sector are selected with a binary search algorithm [32]; this process is similar in
nature to the IEEE802.11ad/ay protocol shown in Fig. 2.9. Yet more complex is a proposed
scheme to transmit GPS coordinates of all nearby stations through a coexistent 4G LTE band

to allow for context-aware beamformer acquisition [33]; however, this technique has the added

13



latency and energy cost of acquiring and communicating GPS coordinates through a coexistent
network.

All of the methods discussed so far have only focused on the initial beamformer acquisition
process and are mostly unsuitable to track a mobile target. Timing simulations of these initial
acquisition techniques performed in [14] found a best-case acquisition time of around 10ms
from a very close range for the context-aware protocol proposed in [33], but an average time
of 200 ms was needed for mid-range beamformer acquisition at 95m; the acquisition times for
an exhaustive search and iterative search ranged from 20 ms to 700 ms and 45 ms to 1800 ms
respectively. These protocols provide no way to reevaluate the beamformer point to actively
track moving targets until the communication link degrades by a significant point [11], and are
therefore unsuited for dynamic mobile communication environments. Due to the high path-loss
of mmWave frequencies, micro-cells with ranges on this order of magnitude will be necessary
[16].

There is a strong need for new beamforming techniques and protocols, with this need
identified as one of the final hurdles for mmWave 5G mobile networks [9]. In order to reduce
the initial acquisition time, provide mobile target tracking, and eliminate the communication
overhead of other proposed methods, this dissertation proposes a novel hybrid retrodirective

array for wireless communications.
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Chapter 3

Retrodirective Arrays

3.1 Theory of Retrodirection

Retrodirection is the transmission of a signal back along the direction of arrival towards the
received signal’s source. This term arises from retroreflection, which occurs when a device
reflects the majority of incident light back to its source with minimum scattering; examples of
this phenomenon can be seen in bicycle reflectors, running shoes, and even cat eyes as shown in
Fig. 3.1. To understand retroreflection is to understand retrodirection, as visible light is simply

one form of electromagnetic radiation: just like the RF waves used in wireless communications.

(b) (c)
Figure 3.1: Retroreflectors: (a) bicycle reflector [34] (b) running shoe [35] (c) cat’s eye [36]

Retroreflection is typically achieved through a geometric structure, such as the corner
reflector shown in Figure 3.2. In this structure, the light reflects off of the walls of the structure
according to the law of reflection such that ; = | for an incident wave [37]. As we can
see from Figure 3.2b the angle of transmission t1x is opposite of the angle of arrival grx, or

simply rx + 180 , by the time the incident wavefront leaves the corner reflector.
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(a) (b)

Figure 3.2: (a) A simple corner reflector structure [38] (b) 2-Dimensional example of retrore-
flection occurring in a corner reflector

Retroreflection can also be achieved through the use of a phase conjugator: a device that
transmits/reflects the conjugate of the received signal such that T X = RX . A simpler way of
writing this in terms of waves is that the phase must swap signs, or tx =  rx. In the case
of optics, this can get very complicated and is beyond the scope of this dissertation. However,
conjugation of RF signals can be very easy to understand by examining a simple antenna array
of elements A and B with distance d between them, as in Figure 3.3. Here is where we will
also begin discussing retrodirection instead of retroreflection; the only difference being that
retrodirection is what we call it when we generate the transmitted signal as opposed to reflecting
a received signal. In general, an antenna array will absorb the received signal, perform some
form of processing on it, and generate the transmitted signal separately. Because the antenna

array is generating rather than reflecting, this is called retrodirection and not retroreflection.
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Figure 3.3: A simple two-element retrodirective array array (a) receiving an incident wavefront
(b) transmitting a conjugated wavefront back along the direction of arrival
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As discussed in Chapter 2, the relative phase  between the elements of an antenna array
are of particular interest. If we determine antenna A to be the reference element and define
d in terms of wavelengths , we can calculate the received signal phase grx at antenna B as

follows:

rx =2 d cos( rx) 3.1)

This equation should look very similar to (2.5), with the only difference being the application
of determining the received signal phase instead of choosing the transmitted signal phase.

In order to perform retrodirection, we will use (3.1) in conjunction with (2.5) and choose to

transmit back along the direction of arrival; thatis, weset tx = rx+180 or t1x = rx*+ :
Tx =2 d cos( rx) (2.5)
rx =2 d cos( rx) (3.1
T™X = rRx T

Tx =2 d cos( rx + )
=2 d cos( rx) cos( ) sin( rx) sin( )
=2d cos( rx)( 1) sin( rx)(0)

= 1 2 d cos( rx)

TX = RX (3.2)

Here we have arrived at (3.2): the criteria of Phase Conjugation which dictates that for an
antenna array to retrodirect, or transmit back along the direction of arrival of a received signal,
the relative phase of the transmitted signal must be the conjugate of the relative phase of the
received signal.

An interesting property of (3.2) is that there is no dependency on the physical properties
of the antenna array or direction of arrival. This means that an ideal phase conjugator can allow
arbitrarily sized and shaped antenna arrays to retrodirect if conjugation is performed relative
to the same element, as this can be thought of as the superposition of multiple two-element

retrodirective arrays. Furthermore, the geometry of the antenna array itself need not remain

17



constant: as long as phase conjugation is performed with respect to the same reference, the

antenna array can change its layout without affecting retrodirective performance.
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Figure 3.4: A multi-element retrodirective array (a) receiving an incident wavefront (b) trans-
mitting a conjugated wavefront back along the direction of arrival

3.2 Retrodirective Array Properties

A Retrodirective Array is an antenna array driven by phase conjugators. When operating cor-
rectly, retrodirective arrays demonstrate several unique properties that are very advantageous
to wireless communication systems: automatic lock-on, automatic mobile target tracking, and
a potential for variable array structures. However, they also present a crucial flaw that has kept
them from being adopted in large-scale communication systems: an inability to function when

not receiving a signal.

3.2.1 Automatic Lock-On

Retrodirective arrays are capable of locking onto a received signal and performing retrodi-
rection without a priori knowledge of the direction of arrival. This is due to the nature of
retrodirection - the transmitted signal is constructed from the received signal. The constructed
signal is the conjugate of the received signal and travels directly back along the direction of
arrival, meaning that an ideal beamformer point to the other transceiver is established automat-
ically. This property of retrodirective arrays means that there is no need for sector sweeping,

beamformer training pattern communication, or any overhead in the initial establishment of a

18



communication link as in current standard protocols [11, 14]. As soon as a signal is received, it

can be conjugated and a retrodirective link can be established.

3.2.2 Automatic Mobile Target Tracking

The passive nature of a retrodirective array’s beamforming allows for automatic tracking of
mobile targets. The phase conjugators that make up a retrodirective array must operate contin-
uously and change the transmitted signal phases in accordance with the changes in the received
signal phases according to (3.2). This allows for a moving target to be tracked by a retrodirec-
tive array in a protocol transparent manner: that is, without the need for any communication

between the two moving transceivers. This difference is illustrated in Fig. 3.5.

Actively Steered Array Retrodirective Array

/ ! 1 \ N N

o 0o 00000000 o 0000 00O0O0O0®
Mobile Target ’ Mobile Target ’
(a) (b)

Figure 3.5: (a) An actively steered phased array must continually reevaluate its current beam-
former point and receive information from a mobile transceiver in order to maintain a link (b) A
retrodirective array automatically performs ideal beamforming at every instant in time without
any communication overhead or calculation

3.2.3 Variable Array Geometries

As discussed in Section 3.1, retrodirection does not depend on the physical layout of the an-
tenna array as long as phase conjugation is performed relative to the same antenna element.
Because of this, the array geometry of an antenna array does not need to remain constant during
operation: that is, the shape of the antenna array can change over time. As phase conjugation

is performed continuously, any change in the received signal phases will be reflected in the
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transmitted conjugated signal as well at that instant in time. As long as both the transmit and
receive arrays have the same geometry, accurate retrodirection will still be performed through
phase conjugation.

As a proof for this, we can show that the received and transmitted signal phases will be
accurately tracked by a two-element retrodirective array for any change in separation dd or re-

ceived signal arrival angle d rx by making sure that phase conjugation is still being performed:

tx =2 d cos( tx) (2.5)
RX — 2 d COS( RX) (31)
TX — RX (3.2)
TX = Rx T
d rx dRrx — 5 4 sin(ax)  G35)
ad =2 cos( rx) (3.3) d RX .
drx_, cos( rx + ) d > _ 2 d sin( rx + )
dd d rx
dr_ cos( rx)  (3.4) drx _j g sin( rx) (3.6)
dd d rx
dTXé d rx d rx x dgrx
dd dd d rx  d rx

This combination of proofs shows that the antenna array geometry of any retrodirective
array may change at any point without affecting retrodirection. This is because the retrodirec-
tive array can be treated as a superposition of many two-element antenna arrays fully defined
by their spacing d and angle of arrival Rrx, as above. Any possible manipulation of the array
geometry can be described as a scalar multiplication of the spacing d and rotation of the angle

of arrival Rrx for each individual two-element array, as in Fig. 3.6.
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Geometry Change

~

Figure 3.6: Any geometry change of a multi-element array can be described as a stretch and
rotation of the constituent two-element arrays

3.2.4 Received Signal Sensitivity

A phase conjugator can only function if there is a signal to conjugate. While this may seem
obvious, it poses one of the main obstacles in implementing a retrodirective array based com-
munication system: a retrodirective array can only function as long as it is receiving a signal as
illustrated in Fig. 3.7. This means that any communication scheme which cannot accommodate
simultaneous transmission and reception, such as a time-division duplex (TDD) or handshak-
ing scheme, cannot be directly implemented using retrodirective arrays. However, the use of an
ever-present pilot tone to retrodirect provides a workaround at the cost of an extra signal [39].
Additionally, a retrodirective array cannot function in an environment with many blockers or
obstructions to communications, as any momentary drop in the received signal will cause sys-

tem decoherence and a failure of the communication link [27].

® X o7 o7

. X @/ @/
@ ® ©

Figure 3.7: Two retrodirective arrays become decoherent due to a mobile obstacle
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3.3 Phase Conjugation Methods & Circuits

The essential building block of a retrodirective antenna array is an electronic phase conjugator.
Here we examine the different methods for constructing a phase conjugator and their advan-

tages and disadvantages.

3.3.1 The Van Atta Reflector Array

The earliest form of the retrodirective antenna array was invented by Dr. Van Atta in 1960 [22].
This structure consists of a linearly spaced antenna array with transmission lines of equal length

L connecting opposite antenna elements [22,40], as shown in Figure 3.8.

M

by
]

Figure 3.8: Linear Van Atta Reflector Array [22]

To understand the Van Atta reflector array’s performance as a phase conjugator, we can
examine the relative phases between elements upon reception and transmission. We can define

the relative phase at antenna element N relative to the 0 element as:

n=— n 0 3.7
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Using (2.7) for the received signal phase of a linearly spaced antenna array, we can calculate

nth

the relative phase of the received signal for the N"™" antenna element as:

nrx =2 (n d) cos( rx) 2 (0 d) cos( rx)

nrx =2 (N d) cos( rx) (3.8)

The equal length transmission lines between opposite elements of the antenna array will add
2 L radians of phase delay to the received signal before transmission if L is given in terms of

wavelengths, allowing us to define the transmitted signal phase as:

nTX = N nrx +2 L (3.9)

Using (3.9) and (3.7), we can now define the relative phase of the transmitted signal as:

nTX — nmTX 0;TX
= 2 (N n)d cos( rx)+2 L 2 (N 0)d cos(rx)+2 L
=2 (N n N) cos(rx)+(2 L 2 L)

ntx = 2 (n d) cos( rx) (3.10)

Which allows us to see that phase conjugation is being performed:

X = RX (3.2)

2 (n d) cos( rx) 2 (n d) cos( rx)

The Van Atta array was originally designed as a retroreflective array, as it only retrans-
mits the received signals and performs no amplification or modulation [22,40]. However, the
Van Atta array was improved upon and expanded over several years. Researchers were able to
create multi-dimensional Van Atta arrays as shown in Fig. 3.9, such as planar [40,41], circu-

lar [42], cylindrical [41], and even spherical [41]. Methods were also developed for creating
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retrodirective Van Atta arrays by inserting active components to amplify, frequency shift, and
modulate the signal [40—43]. The Van Atta array was typically used for radar beacons and
range finding applications and was even proposed for satellite transponders [40-42]. However,
the Van Atta array’s performance depended entirely on the physical layout of the antenna array
as well as complex back-end electronics to perform any active functions [42]. This dependency
on array geometry can be seen from the fact that our mathematical derivation depended on a
linear spacing d of our antenna elements: if this weren’t the case, the equations for the received
signal phase at each element would not line up with those for the transmitted signal phase and

phase conjugation would not be performed.
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Figure 3.9: Non-linear Van Atta Array geometries in [41] (a) 36-element square array with
connections listed (b) cylindrical array

Despite the restrictive geometry requirements for Van Atta arrays, they represent the sim-
plest form of retrodirective array and remain a popular research topic [44—47], although the
majority of modern works only examine the Van Atta array’s performance with different ra-
diating elements. The term “Van Atta Array” is now used to describe any retrodirective array

whose operation is geometry dependent [48].
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3.3.2 The Pon Array

The next innovation in retrodirective arrays was the Pon Array in 1964, which relied on het-
erodyne mixers to create a geometry-independent phase conjugator [23]. A heterodyne mixer
multiplies two input signals to produce a single output signal. When two sinusoidal input
signals are mixed, the output consists of two components at the sum and difference of their

frequency components:

. i 1
sin(2 fit) sin(2 f,t) = 2 cos 2 (f; T)t cos 2 (f, + )t (3.11)

Pon found that if a local oscillator (LO) at twice the RF frequency was mixed with the received

signal, the difference term would be the conjugate of the received signal:
. . 1
Sln(2 fret+ RF) Sln(2 ZfRFt) = z COS(2 fret RF) COS(2 3frxt+ RF) (3.12)

From here amplification, filtering, and circulators can be used to remove the 3fge frequency
component and transmit the conjugated frr frequency component to perform retrodirection.

Pon’s array structure is shown in Fig. 3.10.

Figure 3.10: Pon retrodirective array
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The Pon array removes any dependency on the antenna array geometry by performing
phase conjugation of the received signal directly at the individual element. By having identical
hardware at each element (circulators, mixers, transmission lines, etc.) and using the same
LO signal for every mixer, any phase delay introduced by the hardware will be the same at
every antenna element. This means that the relative phase differences between each element at
transmission depend only on the relative phase differences between each element at reception
of the signal.

A “Pon Array” is now used to describe any retrodirective array that uses a heterodyne
mixer as the main method for phase conjugation [48]. Many variations of Pon arrays have been
investigated, with incremental improvements in performance gained through slightly different
system architectures or advances in components [49, 50]. However, the Pon array did not
gain significant research interest for many years due to the necessity of a LO at twice the RF
frequency, the losses associated with mixers, and the complexities of the per-element hardware
[49,51]. Additionally, Pon arrays have no way to provide received signal beamforming [52] or

to track phase modulated signals [39].

3.3.3 Phase-Locked Loop (PLL) Arrays

The most diverse and functional class of retrodirective arrays is based on the phase-locked
loop (PLL) phase conjugator, first introduced by Buchanan in 2004 [24]. The PLL conjugator
seeks to provide a constant transmit power regardless of the received power level, which was a
major shortcoming of the Pon array [51]. The most basic version of a PLL phase conjugator is
outlined in Fig. 3.11, an implementation in which the receive and transmit frequencies can be
chosen independently. A main advantage of this phase conjugator architecture is the generation
of a pure sinusoidal signal at the transmission frequency: this allows for arbitrary modulation
of the transmitted signal and makes arbitrary data transmission possible with a retrodirective

array [52].
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Trer frx + frx
+( rx+ TXx) N + rx t 71X

Figure 3.11: A basic PLL-based phase conjugator from [24]

To understand how the system in Fig. 3.11 functions as an element-wise phase conjugator,
we will look at how the transmitted signal phase varies with respect to the received signal phase.
The combination of phase detector and voltage controlled oscillator (VCO) acts as an integer-
n PLL in this system, which means that in steady-state operation the two inputs to the phase
detector will have a fixed phase difference between them (90 in the case of an XOR phase
detector as shown). Therefore, any changes in the tx and grx terms must cancel themselves
out, or:

TX — RX (3.2)

Because the output of the VCO is being used as a transmission source, the output power of the
phase conjugator is not dependent on the input power [24,39,51]. It is important to note that
if the transmit and receive frequencies are chosen to be different, separate receive and transmit
antenna arrays must be used in this architecture to provide true retrodirection, as the criteria of
phase conjugation for retrodirection depends on the transmit and receive antenna arrays having
the same geometries with respect to their wavelength [24].

The basic PLL phase conjugator design was next improved upon to create cleaner trans-
mitted carrier signals. In [51,52], the received signal is first downconverted to a low-frequency
IF signal. This IF signal still retains the received signal phase and is then buffered by a track-
ing PLL. The PLL output has a constant power level regardless of the received signal strength
and the same phase as the received signal, which can be used to provide a phase conjugated

transmission carrier when it is upconverted to the transmit frequency by a high-side LO. This
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approach allows for a cleaner transmitted signal by directly transmitting the local oscillator and
PLL output, rather than splitting them within the feedback loop as in Fig. 3.11. This imple-
mentation represents a combination of the Pon heterodyning technique with a PLL.

All of the retrodirective array structures presented so far have been designed for use as
transponders and have provided no guaranteed in-phase received signal to be summed for beam-
former gain [29]. Therefore, the next major advance in PLL phase conjugator research efforts
was to perform receive signal beamforming in addition to retrodirection. In [39], the low-
frequency IF signal is tracked with a PLL using a reference clock at 4 f,¢, which allows
for received signal beamforming to be performed on modulation schemes such as QPSK and
256QAM. Furthermore, [25] developed a method for automatic received signal beamforming
of arbitrary modulation schemes by using the IF signal of the chosen 0" antenna as the PLL
reference for IF signals from other antenna elements. This provides an in-phase IF signal to
be summed for beamforming gain regardless of the modulation scheme while still providing
a purely sinusoidal phase conjugated signal for transmitted signal modulation. A simplified

version of the system in [25] is shown in Fig. 3.12.
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Figure 3.12: Simplified PLL phase conjugator/beamformer from [25]
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3.3.4 The Hybrid Retrodirective Array

All of the retrodirective arrays discussed so far suffer from a dependency on receiving a signal
in order to operate [48]. However, this is a fundamental aw of a phase conjugator: there can
be no valid output when there is no valid input. Instead, it would be useful to constiybtid
phase conjugatothat can function as either a phase conjugator or active phase shifter depend-
ing on the context. This can be achieved by including a digital element in the system which
can switch between the two modes of operation. With such a hybrid phase conjudgaer, a
brid retrodirective arraycould be constructed that is capable of performing context-dependent
retrodirection or active beamforming.

Currently, only one hybrid retrodirective array design has been published in the literature
[27] and was rst demonstrated in 2018. Fig. 3.13 shows a simpli ed version of their hybrid
phase conjugator, which is based upon the system in Fig. 3.12 [25, 27]. The system consists
of a delay-locked loop (DLL) with a microcontroller in the feedback path which monitors the
phase-detector output and directly sets the phase-delay control voltage. This scheme allows the
microcontroller to maintain the last known valid phase delay value if the received signal drops

out, thus maintaining phase conjugation along the last valid direction of arrival.
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Figure 3.13: Simpli ed DLL Hybrid Phase Conjugator Design in [27]



The DLL hybrid phase conjugator in Fig. 3.13 performs phase conjugation through clever
selection of LO and PLL frequencies. If we chodas2rx to be at a higher frequency than our
RX signal and thé® LL frequency to be higher than the rst downconverting mixer's output,

then we can de ne théF , signal's frequency and phase as:

fie, = fpL (fLORx frx)
fir, = frx  froe + frLL (3.13)

n= RX ot ¢ (3.14)

Here ( is the phase delay induced by the microcontroller controlled phase delay block; as
the0™ element does not contain this block, its value is O for this element. Because all elements
use the sameOgx andLO+x signals, we can de ne the relative phase difference between the

IF , andIF o signals as:

n=(Ccn 0) (o o) +( Rxn RX; 0)

n= c¢n t RX (3.15)

Much like the PLL phase conjugators discussed in Section 3.3.3, the steady state value of this
phase difference will be constant in a DLL [53]. This means that the sume@f and gy

must be 0, or phase conjugation occurs as:

cn — RX;n (3.16)

Furthermore, as the transmitted signal's relative phase will be equal. to, phase conjugation

and retrodirection is performed as

TXn = Cn = RXin (3.17)

This phase conjugator architecture is deemégltaid phase conjugator because it is able

to actively control the transmitted signal phase and IF signal phase thragigh This allows
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the direction of transmitted and received beamforming to be chosen directly by the microcon-
troller if the situation calls for it [27]. This hybrid retrodirective array and actively steered
array functionality represents the current state-of-the-art in the eld of phase conjugators and

retrodirective arrays.

3.4 Hybrid Retrodirective Array Unique Capabilities

A hybrid retrodirective array still exhibits automatic lock-on, automatic mobile target tracking,
and the ability to function properly in variable array geometries as outlined in Section 3.2.
Additionally, the presence of a digital control element in the feedback path allows for two more

capabilities: received signal dropout immunity and direction of arrival reporting.

3.4.1 Received Signal Dropout Immunity

As already mentioned in Section 3.3.4, a hybrid retrodirective array's main attractive quality
is its ability to continue functioning without a received signal. By storing the control volt-
age directly, the microcontroller in the DLL is able to output the previous value if it detects
that there is no received signal as in Fig. 3.14. Further, if the values are stored over time the
microcontroller can predictively track a moving target in a dynamic environment with mobile
blockers [27]. This opens up the possibility for reliable, fully retrodirective array based net-
works to be constructed, as the individual systems will be able to tolerate blockers [14], deep

channel fades [54], and any communication protocol or modulation scheme [27, 39].

ox o7 ®X
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Figure 3.14: Two hybrid retrodirective arrays maintain coherence through a temporary block
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3.4.2 Direction of Arrival Reporting

While mixer and PLL retrodirective arrays have no way of reporting the phase of the received
signal [23, 49], a hybrid retrodirective array automatically samples this information on a per-
element basis. If the array geometry of the system is known, this information can be used to
calculate the direction of arrival of a signal. Furthermore, this information can be used by the
hybrid retrodirective array to perform environmental analysis. The ability to accurately track
mobile targets and have spatial awareness of other mobile users or blockers in real-time can be
used to implement cognitive radio techniques, promote frequency reuse, and improve overall
network throughput [55]. This capability would enable the use of a spatial division multiple

access (SDMA) scheme as in Fig. 3.15.

Carrier 1 %%

Carrier 2

I

Figure 3.15: A spatial division multiple access (SDMA) scheme reuses frequencies based on
user location [55]
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Chapter 4

A Novel Hybrid Retrodirective Array

As discussed in Chapter 3, a Hybrid Retrodirective Array (HRA) may provide signi cant im-
provements to wireless communication networks. By de nition, a HRA must be composed of
hybrid phase conjugators (HPCs) - a system capable of operating as either a phase conjugator
or an actively controlled phase shifter. The system concept for a DLL-based HPC (DLL-HPC)

is discussed in section 4.1, and the receive and transmit signal paths are discussed in detail in
Sections 4.2 and 4.3 respectively. Component selection and analog phase shifter design are

discussed in Section 4.4, and the nal DLL-HPC prototype design is presented in Section 4.5.

4.1 DLL-HPC Concept

The proposed HPC is based on a DLL beamformer that has been augmented with a microcon-
troller to provide two modes of operation: an open-loop actively steered mode and a closed-loop
DLL beamformer mode. The closed-loop DLL beamformer mode allows the microcontroller to
monitor and store the received signal phase, while the open-loop actively steered mode allows
for active beamforming by choosing the phase shift applied to each signal. Additionally, the
transmitted signal beamformer is implemented separately from the received signal beamformer
while still being controlled by the same microcontroller. Because both the transmitted signal
beamformer and received signal beamformer are controlled by the same microcontroller, two

system-level modes of operation become possible:
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1. Phase Conjugator Moderf he received signal beamformer operates as a closed-loop DLL
beamformer. The microcontroller monitors the received signal phasand performs

phase conjugation by setting, =  through the transmitted signal beamformer.

2. Actively Steered ModeThe received signal beamformer operates as an open-loop ac-
tively steered beamformer by applying phase shifts to the received signals chosen by the

microcontroller. The transmitted signal beamformer is controlled in a similar way.

Through these main operating modes, the DLL-based HPC (DLL-HPC) provides the retrodi-
rective capabilities outlined in Section 3.2 as well as the additional capabilities outlined in

Section 3.4. This DLL-HPC system can be conceptually visualized as in Fig. 4.1.

(@]

=

b= %)

8 o

D +—

i S

x @)
Receiver Beamformer,
: Closed-Loop ! r
'|  DLL Beamformer |. . Controls Transmitter
| < Microcontroller
: Open-Loop | Beamformer
‘| Active Beamformer || Controls

______________________

Figure 4.1: Conceptual Hybrid Phase Conjugator System.

4.2 DLL-HPC Received Signal Beamformer

Fig. 4.2 shows the received signal beamformer fordheandn'™ elements of the DLL-HPC.
The system consists of a standard RF downconversion chain (ampli erixer! lter) to
an intermediate frequency (IF) signal. This is very similar to the HPC system shown in Fig.

3.13[27], but has two main differences:

1. TheT X signal is completely detached from the received signal beamformer, allowing for
separate received and transmitted signal beamforming to be performed. This also allows a
retrodirective array constructed of the novel DLL-HPCs to be fully backwards compatible
with other beamformer protocols [11], and to provide more exibility in system-level

communication schemes.
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2. The microcontroller does not block the DLL feedback path. Instead, it uses a SPDT
switch to choose whether the beamformer operates in the closed-loop DLL mode or open-
loop actively steered mode as conceptualized in Fig. 4.1. This allows the closed-loop
mode to take full advantage of the fast settling time and unconditional stability of a
DLL [53] while still monitoring the control voltage to determine the current phase delay

n. This best illustrates the hybrid analog-digital nature of the system.
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Figure 4.2: DLL-HPC received signal beamformer

If we assume that all local oscillators in the system are derived from the same reference
source, then we can say that the DLL-HPC is frequency synchronized [27]. With frequency

synchronization, we can de ne the frequencies and phases of the signals in Fig. 4.2 as shown

in Table 4.1.
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Signal Name Element| Frequency Phase
Received Carrier o frx: 0 RX; 0
(RX) nt" frxn RX;n
Local Oscillator o fLoo LO;0
(LO) n" fLon LO;n
Intermediate Frequency 0" firo IF; 0
(IF) n" fiFn IF;n
Phase Delay 0" 0

() nth N

Table 4.1: Frequency and phase de nitions for DLL-HPC downconversion chain

By using a high-side LO and an appropriately designed IF Iter and ampli er, the IF signal

frequency and phases will be:

fir =flo frx (4.1)

F=( o+ ) RX (4.2)

From (4.2), the phase difference between theand reference IF signals can be written as:

( 1Fn iF;0) = (Lo Lo;0) * ( n 0)  ( Rxn RX; 0) (4.3)

(4.3) can be simpli ed by substituting for o, as the reference downconversion chain
contains no controllable phase delay element. Further, theerms can be removed in favor
of a i term. This new term encompasses any phase difference between the IF signals that is
a product of the physical system: such as signal routing, cable lengths, and phase difference
between various LOs. Because all downconversion and carrier generation chains are frequency
synchronized, this i term is a constant that depends only on the physical system [27]. The

nal equation for the phase difference between tHeand reference IF signals is now:

IF:n = n rRx:n T In (4.4)
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In steady-state operation the DLL will drive the downconversion chain phase desay

that the IF signals will be in phase [53], or

IF;n =0 n RX;n + In

n= RX:n in (4.5)

In this state the IF signals can be summed to provide maximal beamforming gain,-as 0
[29]. This operation is characteristic of a DLL beamformer [27,56].

Alternatively, , can be controlled directly by the microcontroller with a digital-to-analog
converter through the SPDT switch. In this con guration, active beamforming techniques may
be used. As the i, term is a constant determined by the physical system, it can be calibrated
out by a xed offset when performing active beamforming. This allows the microcontroller to
have full control of the IF signal phases to be summed throughtiphase delay block.

In addition to performing received signal beamforming, the system in Fig. 4.2 allows the
microcontroller to measure and record the received signal phase directly. If the LO phase delay
block is well characterized, a look-up table (LUT) can be derived that relates the measured
control voltage to the induced phase delgy With this LUT the instantaneous value of
can be found without any calculations [52,57]. This valueo€an then be used to calculate
the relative received signal phase rx.n through a single arithmetic operation to removi,
according to (4.5). This requires thd,, term to be known, which can be found by measuring

n While applying a known value for rx . A process for determining the relative received
signal phase with only a single LUT and subtraction operation is given in Algorithm 1.

With the simple operations outlined in Algorithm 1, the DLL-HPC's received signal beam-
former portion is capable of providing automatic, ideal beamformer gain while simultaneously
monitoring the received signal's phase. This allows for both the direction of arrival reporting

and received signal dropout immunity described in Section 3.4.
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Algorithm 1: DLL-HPC received signal phase measurement
Required LUTSs:
LUT maps a measured ADC valdeo an angle: = LUT [X]
Find i,: Perform once

1 Set n =0

2 Measuré/apc = X

3 Store LUT[x]= = RX:N = in! offset
Measure gx:., : Perform continually

1 MeasuréVapc.n = X

2 Store LUT[x]!

3 Store , offset = RX:N in ( ip)! RX:N

4 Goto: 1

4.3 DLL-HPC Transmitted Signal Beamformer

With  gx known from the DLL-HPC's received signal beamformer, a simple topology can be

chosen for the carrier generation portion. Figure 4.3 shows the transmitted signal beamformer
o (T >—
’

to receiver C DAC

beamformer

system for thé@" andn™ elements.
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Figure 4.3: DLL-HPC transmitted signal beamformer

The system in Fig. 4.3 needs little explanation due to its simplicity. The same microcon-
troller that measures and calculates the received signal phase differnggeis responsible
for controlling the transmitted signal's phase Once again, a LUT can be developed for a
well-characterized phase delay block so that controllintakes extremely few resources. Due

to frequency synchronization across the system, we can write the relative transmitted signal
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phase as:

TX:n = nt jn (4-6)

Here we introduce a | term to encompass any phase differences that may arise from the
physical system implementation, much like the term introduced in Section 4.2. Thisj,
term can also be directly measured and removed by applying a known vajuartd measuring

tx:n directly. Once the value is know, it can be removed with a single arithmetic operation
just like iy.

This transmitted signal beamformer scheme allows for arbitrary modulation of the trans-
mitted signal, as it provides a pure carrier tone that can be modulated. This modulation could be
implemented before the transmitted signal phase delay blocks, or could alternatively be mixed
in after the phase shift is applied.

Additionally, as brie y noted in Section 4.2, the transmitted signal beamformer is entirely
separate from the received signal beamformer. Due to this separation, the transmit and receive
arrays can be electronically oriented to point in different directions. This allows for more

system-level exibility and more dynamic resource allocation capabilities.

4.4 Component Selection

A proof-of-concept DLL-HPC prototype has been designed and fabricated. This section details
the component selection and analog phase shifter design for the nal prototype. The prototype
is designed for the 5G NR-FR1 band, more commonly known as the 2.4 GHz industrial, sci-
enti ¢, and medical (ISM) band, due to the abundance of commercially available components

that operate at this frequency.

4.4.1 Commercially Available Components

In order to construct a prototype of this new DLL-HPC, the abundance of commercial off-the-
shelf (COTS) components available at the 5G NR-FR1, or 2.4 GHz ISM, band was leveraged
where possible. The use of COTS components allowed well-de ned system-level blocks to

be used and greatly sped up the construction and characterization of the prototype. The nal
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prototype design used the components listed in Table 4.2 for the various components shown in

Figures 4.2 and 4.3.

Phase-Locked Loop (PLL LTC6946-4
Mixer LTC5562
Phase Detector ADF4002
RF Ampli er PMA3-83LN+
IF Ampli er LTC6253
Microcontroller | TM4C1294NCPDT
Digital-Analog Converter MCP4725

Analog-Digital Converter built in

Table 4.2: Components used and characterized in prototype designs.

4.4.2 Analog Phase Shifter Design

In order to leverage the hybrid analog/digital nature of the received signal beamformer outlined
in Section 4.2, an analog phase shifter is needed for the DLL feedback loop. Without an analog
phase shifter, precision would be lost due to quantization errors in both the measured receive
signal phase and the transmitted signal phase [58]. However, analog phase shifters in the 5G
NR-FR1 band were either non-existent or prohibitively expensive for iterative prototyping. For
this reason a modi ed implementation of the analog phase shifter found in [27] was used.

In order to provide an accurate and controllable phase shift at high frequencies, a low-
frequency phase shifter was implemented on the PLL reference signals. Because an integer-
n PLL's output tracks the reference signal, any phase shift present in the reference will be
multiplied byn, or:

PLL = N Ref (4.7)

This approach can be visualized as in Fig. 4.4 and requires a separate PLL for each phase
shifted signal. The increase in power and area consumption by requiring multiple PLLs instead

of a single local oscillator source to be split and phase shifted separately is partially offset by
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the exibility of this approach. Because the phase shift is scaled up by a factoratow-
frequency reference signal only needs a very small controllable phase shift to provide a full
360 of phase shift at a higher frequency. For the presented prototype a 100 MHz reference
signal is used to generate a 2.410 GHz signal; therefore, the 100 MHz reference signal only
needs a maximum phase shift260 =24:1 or 15 . Additionally, the phase shifter only needs

to be characterized a single time for any PLL output frequency, as a change in thendoatar

(4.7) does not affect the phase shifter's performance.

Ref o @ @ e
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Figure 4.4: PLL output phase being controlled by reference signal phase

The nal phase shifter design is shown in Fig. 4.5 alongside simulation results from ADS.
The varactor implemented is an In neon BB639 variable capacitor diode which has a tuning
range from approximately 20pF to 38pF when sweeping the reverse bias voltageMfroon 1
3.3V. Given the target PLL output of 2.410 GHz, the simulated phase shifter's range of exactly

15 was deemed suf cient.

330nH 330nH
o —y— (T

—— 330 pF

Vbias o
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Figure 4.5: (a) Reference signal analog phase shifter (b) Simulated phase shifter performance
for a 100 MHz input with 50 Ohm ports
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4.5 DLL-HPC System Prototype

A 4-element DLL-HPC prototype was designed and fabricated on several individual PCBs. The
received signal beamformer outlined in Section 4.2 and transmitted signal beamformer outlined
in Section 4.3 each occupy a single 6-layer PCB. Additionally, a 2-layer PCB was fabricated
according to the Texas Instruments BoosterPack standard [59] to allow easy connection of the
TMA4C microcontroller to both beamformers as in Fig. 4.1. System level implementation of
each of these PCBs and the software required to operate the DLL-HPC are presented here,
while system level test and characterization results will be presented in Chapter 5. Detailed
design documents, component level characterization, and software for this prototype can be

found in Appendix A.

4.5.1 Received Signal Beamformer Design

The DLL-HPC prototype's downconversion beamformer was designed to function in a cas-
caded manner; that is, the reference signal fomtheelement is thén 1) element rather

than theO" element. This was done to simplify the design of a multi-element prototype and
relieve signal routing constraints on a single 4-element DLL-HPC PCB. Fig. 4.6 shows the de-
sign of theO" and1%t element in a 4-element DLL-HPC received signal beamformer2the

and3 elements are not pictured as they are identical tdthelement.
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Figure 4.6: DLL-HPC received signal beamformer prototype design

The operation of the system in Fig. 4.6 has already been explained in Section 4.2, but a few
points of the hardware implementation bear mentioning. A phase-frequency detector (PFD) /
charge pump (CP) is used as the phase detector in this system dug tstéady state error and
fast settling time [60]. This choice of phase detector drove the decision to include multiple IF
ampli ers in an attempt to saturate the IF signal. PFDs function better with square wave inputs
due to their inherently digital design [61], and this allows the DLL-HPC to accurately track and
receive weaker received signals. Additionally, unity gain buffer ampli ers are implemented

before the SPDT switch to provide a high input impedance to the CP loop Iter and DAC when

driving the analog phase shifter discussed in Section 4.4.2.
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In order to verify that a cascaded con guration of DLL-HPCs can still provide proper
phase conjugation, we can de ne the phase difference at the input to the PFD in terms of the

n and(n 1)" received signal phase in a manner similar to (4.3) as:

( n n 1) ( RX;n RX;n 1)+ in (4-8)

IF;n

IF;n — nn 1 RX;n;n 1+ in (49)

Here we once again employ a single term to encompass any phase difference caused by
the physical system which will be constant due to frequency synchronization. To simplify our
examination of the cascaded system, we will assume that therm has been measured and
removed by calibration and can therefore be removed from (4.9). During closed-loop steady
state operation, the phase delay block will be driven according to (4.5) such that =0

and therefore ., 1 = rRxnn 1. This means we can de ne the absolute value pf

relative to theD" element by taking the sum of the ,, terms at each cascaded element:

nn 1 = RX;nin 1
nn 1= RXn RX;n 1 (4.10)
X
n = nn 1
k=0
X
n= RX;n RX;n 1
k=0
n = RXn (4.11)

Here we can see that the received signal phase will still be measured correctly by the DLL-
HPC's microcontroller, as the instantaneous value ofs the value measured and used for
phase conjugation as discussed in Section 4.2. Because this phase is directly conjugated and
written to the transmitted signal beamformer by the microcontroller, the transmitted signal will
still be able to perform phase conjugation according to (3.2).

Renders of the DLL-HPC received signal beamformer prototype PCB are shown in Fig-

ures 4.7 and 4.8. All components are placed on the front-side in order to simplify assembly
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and characterization, while the back-side contains SMA test points and silkscreen diagrams to
clarify operation. Detailed schematics and other design documents can be found in Appendix

A.

(@) (b)

Figure 4.7: DLL-HPC received signal beamformer PCB renders (a) front (b) back

45



Figure 4.8: Close-up render of DLL-HPC received signal beamformer®Cand1s element

4.5.2 Transmitted Signal Beamformer Design

The DLL-HPC prototype's transmitted signal beamformer was designed as close to the system
outlined in Fig. 4.3 as possible and is shown in Fig. 4.9. OnlyGheand 1%t transmitted

signal beamformers are shown, as #f¢and3™ are identical to thdst. The prototype system
presented in Fig. 4.9 differs from that presented in Fig. 4.3 only by the phase shifter location
and addition of a unity gain buffer ampli er to isolate tBAC control voltage from the analog

phase shifter itself and prevent signal leakage.

46



LTC6946-4 PMA-83LN+

Ref o >
100MHz 2:500GHz

0" Element

BB639 LTC6946-4 PMA-83LN+
c
| >
D 100MHz 100MHz+ % 2:500GHz+
LIJ A
7 LTC6253
—

DAC H%

Figure 4.9: DLL-HPC transmitted signal beamformer prototype design

As mentioned in Section 4.4.2, the designed analog phase shifter requires a separate PLL
for each phase shifted signal. This signi cantly raises the power consumption and size of the
prototype, but allows for an arbitrary transmit signal frequency choice without re-characterizing
the phase shifter. Different transmit frequencies can be selected by modifying the LUT's output
with a simple scalar as shown in (4.7).

Renders of the DLL-HPC transmitted signal beamformer prototype PCB are shown in
Fig. 4.10. All components are placed on the front-side in order to simplify assembly and char-
acterization, while the back-side contains SMA test points and silkscreen diagrams to clarify

operation. Detailed schematics and other design documents can be found in Appendix A.
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Figure 4.10: DLL-HPC transmitted signal beamformer PCB renders (a) front (b) back

4.5.3 TMA4C BoosterPack Design

In order to control the DLL-HPC prototype boards with the chosen TM4C microcontroller, a
simple ribbon-cable interface board was designed according to the Texas Instruments Booster-
Pack standard [59]. The BoosterPack contains six MCP4725 digital-analog converters (DACSs)
interfaced with the3C bus to provide the needdAC signals for each phase shifter. Ad-
ditionally, the board provides a separate 20-pin ribbon cable connection for the transmitted
signal beamformer board and received signal beamformer board, each containing the necessary
DAC signals to control the various phase shifters and SPI bus signals to interface with the PLL
and PFD chips. Fig. 4.11 shows the front and back sides of the BoosterPack PCB; detailed

schematics and other design documents can be found in Appendix A.
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(a) (b)

Figure 4.11: DLL-HPC interface BoosterPack PCB renders (a) front (b) back

4.5.4 Firmware Design

The TM4C1294NCPDT microcontroller was chosen for this prototype due to its large number
of communication interfaces, high clock speed, and availability as a prototyping LaunchPad
platform. The TM4C1294NCPDT has a maximum clock speed of 120 MHz and suf cient
integrated resources for DLL-HPC operation: 4@ Interface to control the necessary DACs,

an SPI interface to control the PLLs and PFDs, a UART interface to communicate with a host
computer via USB, and a recon gurable 20-channel analog-digital converter (ADC) [62].

The rmware to control the DLL-HPC was created to work alongside the user-interface
detailed in Section 4.5.5. As such, the microcontroller implements two threads: a high-priority
periodic sampling/reporting thread and low-priority event processing queue. These two threads
are discussed in general here, and the documented source code is provided in Appendix A.

The high-priority periodic thread is implemented using a 100 Hz timer interrupt to per-
form time-sensitive tasks at different rates. This frequency was chosen as the relative phase of
received signals is very unlikely to vary signi cantly over the course of a second, making 100
samples per second suf cient to capture any changes. The ADC is con gured to sample the
current phase delay control voltage value of each received signal beamformer at 100 Hz and
keep track of the last 10 samples for each value. If the system is currently con gured to perform
phase conjugation, these ADC values are used to determine the current received signal phase

and write the conjugate of this value to the transmitted signal phase delay blocks. The current
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state value of the PFD in each received signal beamformer is sampled at 10 Hz to determine
if the closed-loop DLL has achieved steady state lock. Additionally, a packet of information
containing the current state of the system and values of all phase shifters is constructed and sent
through the UART USB connection to the user-interface at a rate of 10 Hz; the contents of this
periodic update will be discussed in Section 4.5.5.

The low-priority event processing queue is implemented in the main loop of the program,
remaining in a low-power state unless an event has been queued. An internal rst-in rst-
out (FIFO) buffer holds 16-bit values with opcode corresponding to different commands to
be executed. These commands may be queued by received UART commands from the user-
interface or may be queued by the system depending on the current operating mode. As an
example, the user may add commands to reset the internal counters of a PFD chip through
the user-interface, or the microcontroller may add this same command to the event queue if it

detects that the PFD has saturated. The following events may be queued:

|

. Manually adjust the i= | term for an individual element by a chosen amount.
2. Automatically set i term according to Algorithm 1.

3. Enable / disable actively steered phased array mode.

4. Enable / disable retrodirecting phase conjugator mode.

5. Write a phase value directly to an individuabr phase shifter.

6. Write a value directly to an individual DAC.

7. Recon gure or recalibrate a PLL.

8. Recon gure a PFD chip's settings.

9. Query a PFD chip's current state.
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4.5.5 Graphical User-Interface Design

A simple graphical user-interface (GUI) was made to interface with the TM4C microcontroller
through a UART USB connection using Python and Tkinter. The main purpose of this applica-
tion is to provide methods to both view and log the microcontroller's status in real-time as well
as to interface with the DLL-HPC components and operating modes. The GUI consists of a set
of tabs for different commands and several continuously updated visualizations that are always
on-screen. Documented source code for the GUI can be found in Appendix A.

A screen-capture of the GUI is shown in Fig. 4.12 where several real-time functionalities
are available. On the right side of the GUI, the current ADC sample for elements 1-3 are shown
alongside @™ ADC channel which is unconnected and can be used as a real-time voltmeter.
On the lower portion of the GUI a table of the current status values for each element is shown:
this includes the PFD's current lock state, the current ADC value, the two phase delay values

and , the calculated received signal phasethe current i and | offset values, and the
current SPDT switch state. These values can all be logged alongside computer timestamps into
a comma-separated values (CSV) le using the Log button. Additionally, interesting samples
can be annotated within the CSV le by pressing the Log Flag button to add a ag to the
current sample; this was implemented to assist in noting and nding interesting data points
during operation. These real-time visualization and logging tools are always visible and active

within the GUI.
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Figure 4.12: DLL-HPC graphical user-interface application

The Con guration tab contains commands for con guring hardware within the DLL-HPC
prototype. The downconversion chain and transmission PLL output power and frequency can
be con gured from this tab, and recalibration messages can be sent to the PLLs if their outputs
begin to drift. Additionally, the PFDs can be con gured individually or as a group using this
tab. The polarity, charge pump current, status indicator value, and divider values can all be

manipulated on a per-chip basis.

Figure 4.13: DLL-HPC GUI Con guration tab

The Commands tab contains commands for operating the DLL-HPC as a system. Com-

mands are present to adjust thé and | terms for a single element or multiple elements
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at once, and an additional command is available to automatically isatcording to Algo-

rithm 1. In addition to calibrating the system offsets, two modes of operation can be entered
from this tab: retrodirection mode and active steer mode. The retrodirection mode performs
phase conjugation as outlined in Sections 4.2 and 4.3, while the active steer mode applies pre-
calculated phase shifts to the IF and TX signals to perform beamforming along a chosen view
angle. The active steer mode is implemented assuming a linearly spaced antenna array with

half-wavelength spacing.

Figure 4.14: DLL-HPC GUI Commands tab

The two Manual tabs allow the user to write a speci ¢ value to one of the phase shifters
or DACs. If a value is written to the DAC, the integer value is limited to the randge o#095
before being written directly to the chosen 12-bit MCP4725 DAC. If a value is written to a
phase shifter, the value is rst wrapped to a rang@ of 3599 before being used as the input
to the corresponding LUT for the chosen phase shifter. This affords the user both ne control
of the phase shifters through direct DAC manipulation and coarse control of the phase shifters

by relying on the calculated LUTSs.

) (b)

Figure 4.15: DLL-HPC GUI Manual (a) phase and (b) DAC manipulation tabs
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Chapter 5

Prototype Hybrid Retrodirective Array Performance

The prototype Delay-Locked Loop based Hybrid Phase Conjugator (DLL-HPC) described in
Section 4.5 was used to construct a 4-element Hybrid Retrodirective Array (HRA). This chapter
details the relevant test and characterization data to prove system-level operation of the proto-
type. All tests will be described in detail, with additional results for each test available in the

Appendices.

5.1 Phase Shifter Characterization

In order for the DLL-HPC to function properly, the phase shifters must be well characterized.
Each received signal beamformer phase shifter needs two LUTs: one to map a desired phase
shift value to an appropriate DAC value and one to map a measured ADC value to the imple-
mented phase shift The transmitted signal beamformer only needs a single LUT to map a
desired phase shift valueto an appropriate DAC value, as the transmitted signal beamformer
always operates in a single mode.

In order to characterize the analog phase shifters and calculate these LUTSs, several tests
were performed using a Tektronix MSO64 8 GHz oscilloscope to measure the generated signal
phases. SMA test points were designed into the DLL-HPC prototype PCBs at the output of
each PLL chip, as shown in Fig. 4.7 and 4.10, so that the phase-shifted PLL outputs could be

measured directly as in Fig. 5.1.
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Figure 5.1: Phase shifter characterization test setup

A Python script was written to automate the collection of data for this test. The DAC
values for each phase shifter were swept linearly over the full range of output values with a user-
selectable step size. At each point 10,000 phase measurements relativ@tetament were
taken and the mean, max, minimum, and standard deviation for this sample set was recorded in
a CSV le. This sweep was performed four times (twice ascending and twice descending) to
ensure that the phase shifter performance was constant over time. Depending on the selected
step size, the test could take up to 13 hours to simultaneously characterize all three phase
shifters.

Several MATLAB scripts were used to analyze the recorded data and generate LUTSs for
the TM4C rmware. A rst MATLAB script analyzed the generated CSV les and created
a single table of data relating the measurements to the corresponding DAC values. A second
MATLAB script was used to plot the measured values, calculate a curve of best t for LUT
generation, and store these coef cients for the dataset in a separate le. A nal MATLAB

script used the generated coef cients for the best test sets to generate the appropriate LUTSs for
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the DLL-HPC prototype and write the corresponding C source code for the TM4C rmware.
All MATLAB and Python source code used for testing and characterizing the phase shifters is
included in Appendix B.

Figures 5.2 and 5.3 show the data sets used to generate the nal LUTSs, while several other
data sets can be found in Appendix B. The measured phase values are presented alongside
the standard deviations and calculated curve of best t for LUT generation. Ideally, the phase
shifters that are not being swept would remain constant in these tests, but slight variations can
be seen among other phase shifters as the control voltage is varied. These variations reach a
worst-case of around 45as seen in the DAC 3 Mean plot in Fig. 5.2, and are likely due to
parallel phase shifters being inductively coupled together according to the design in Fig. 4.5.
Luckily, only one full phase rotation of 36ds necessary to generate a LUT to control the
phase shifters, and the start-stop range of the DAC values for a given LUT can be chosen where
the other phase shifters vary the least. However, these variations may introduce errors into the
LUT used to map a measured ADC value to a phase shds this LUT must span the entire
range of possible DC control voltages.

The phase shifter characterization data also agrees well with the simulated phase shifter
in Fig. 4.5. The simulation data showed that varying the control voltage from 1V to 3V should
cause a 360phase shift. The fullscale DAC output voltage is 5V, which means that DAC values
of 819 and 2457 correspond to 1V and 3V respectively. If we look at the graphs in Figures 5.2
and 5.3, we can see that the phase shifts at these DAC values are roughhpaétfor each
phase shifter.

Fig. 5.3 also shows a higher standard deviation for most samples than Fig. 5.2. This is
due to the design of the DLL-HPC transmitted signal beamformer board. The unity gain buffer
ampli ers that serve to isolate the DAC output from the phase shifter circuit are shared between
two elements due to the LTC5562 pinout, leading to a split in the ground plane between the
buffer chip and phase shifter. This introduces a small amount of noise on the buffer signal's
output, which manifests itself as a higher standard deviation for the transmitted signal phase.
These design choices can be seen in the schematics and PCB layout les included in Appendix

A.
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Figure 5.2: Measured phase shifter characterization data for received signal beamformer

Figure 5.3: Measured phase shifter characterization data for transmitted signal beamformer
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5.2 Received Signal Phase Reporting

In order for the DLL-HPC to be able to conjugate the received signal phase, it must be able
to accurately determine the received signal phase using the LUTs generated in Section 5.1. In
order to verify that the measured DLL-HPC's received signal phase is accurate, a Keysight
M8196A 45 GHz Arbitrary Waveform Generator (AWG) was used to generate phase shifted
received signals for the DLL-HPC as in Fig. 5.4. It is important to note that the AWG is
only capable of generating two sources at a time, which mandated that the test be performed

separately for each of the cascaded DLL-HPC received signal beamformers.

CHO (n 1" element
M8196A AWG DLL-HPC | Laptop
CH1 n element

Figure 5.4: Received signal phase reporting test setup

The received signal phase was manually swept fronio0360 using the AWG while
the DLL-HPC GUI was used to log a CSV le with several hundred samples of the reported
received signal phase for each step. A MATLAB script was then used to process the data within
the separate CSV les to create a single data le for each element that contained the actual
AWG phase, the DLL-HPC's reported phase, and a phase value calculated by MATLAB using
the coef cients and ADC value. Statistics about the DLL-HPC's ability to correctly measure
the received signal phase are listed in Table 5.1, and a plot of the reported received signal phase

and calculated error magnitude for each DLL-HPC is shown in Fig. 5.5.

Element
Overall
1 2 3
jerrorj | +4:53 | +2:98 | +2:59 | +3:36
error 3:30 | +2:03 | +1:04 0:08
std. deyerror) | +1:15 | +1:53 | +1:89 | +1:53
max(jerrorj) | +13:07 | +7:07 | +6:45 || +13:07
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Figure 5.5: Reported received signal phase and error magnitude

Although the data in Fig. 5.5 appears to contain large errors, there are actually very few
samples with error magnitudes above 7.%able 5.1 is a better indicator of DLL-HPC per-
formance. The average error magnitude&@6 indicates that the reported value will reliably
be within 3:36, which corresponds to an effective resolution6of2 . For comparison, a
perfectly calibrated 6-bit digital phase shifter would be required to achieve a comparable reso-
lution of 5:625. Overall, the performance of the DLL-HPC's received signal phase reporting
is deemed acceptable due to the alntbsdverage error and high effective resolution.

In addition to the received signal phase being swept, the received signal strength was swept
from O dBm to -60 dBm: the lowest output power available to the Keysight AWG. The DLL-
HPC performed the same under different input powers due to the intentional saturation of the
IF signal through multiple ampli ers as discussed in Section 4.5.1. The PFD/CP phase detector
works best with digital inputs, so a fully saturated IF signal allows the DLL-HPC to function
with low received signal powers.

Further, these tests show that the DLL-HPC will allow for highly accurate direction of

arrival calculations, as outlined in Section 3.4.2. As long as the array geometry is known,
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the received signal phase reported in these tests would provide an accurate calculation of the
direction of arrival. This test is performed in Auburn University's anechoic chamber in Section

5.4.

5.3 Geometry Independent Received Signal Array Gain

In order to verify the operation of a DLL-HPC based HRA, a 4-element HRA prototype was
tested in Auburn University's anechoic chamber. The received signal beamformer was tested
rst on its own to verify that the IF signals of all four elements were being driven in-phase

to provide ideal beamformer gain [29]. The HRA was mounted onto a Diamond Engineering
DAMS-7000 in the anechoic chamber to rotate the array, while the IF signals were summed us-
ing the MSO64 Oscilloscope's Spectrum Analyzer mode. Both the DAMS rotation and MSO64
measurements were automated by a Python script listed in Appendix C. Additionally, a 2.400
GHz source placed outside of the anechoic chamber was piped in and broadcast using a Rubber

Duck antenna for the HRA to receive. The test setup is shown in Fig. 5.6.

Laptop
& Python

AN

N

MSO64
Oscilloscope

Figure 5.6: Received signal beamformer test setup

Several different linear antenna array geometries were tested in order to verify that the
physical layout of a DLL-HPC based HRA does not affect performance as discussed in Section
3.2.3. The antenna arrays were implemented using Rubber Duck antennas so that the antenna
patterns are isotropic across all angles of arrival; this allows us to treat the antenna factor as
one when normalizing and only look at the array factor [30]. Further, the HRA was only swept
over a range of view angles froth to 90, as the array pattern for view angles in all other

guadrants is a mirrored copy of this quadrant for a linear antenna array [63]. Figure 5.7 shows
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the received signal gain for each linear antenna array geometry relative to a single antenna

element alongside a visualization of the tested linear arrays.

Figure 5.7: Received signal array gain for varying linear antenna array geometries

Fig. 5.7 shows the average of ve collected data sets for each antenna array geometry, with
a mirrored copy of the data presented as dotted lines to make the graph easier to read. Addition-
ally, a reference plot for an ideal 4-element antenna array is included which provides a voltage
gain of 4, which is a power gain 16 (12 dB). It is clear that the received signal beamformer
operates in a nearly ideal fashion for all view angles, as the worst case gain of 11.16 dB corre-
sponds to only a 18.4% reduction from ideal power gain. The average array gain and percent
difference from an ideal 4-element array are given for each antenna array geometry in Table
5.2, showing that the DLL-HPC functions well as a received signal beamformer regardless of

array geometry.

Spacing
=4 =3 =2
mean 11.49dB| 11.75dB| 11.81 dB
mean % error 11.8% 6.5% 5.2%
worst case 11.16dB| 11.61dB| 11.56 dB
worst case % error 18.4% 9.5% 10.4%

Table 5.2: DLL-HPC received signal beamformer gain relative to a single antenna element for
different linear array geometries.
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5.4 Direction of Arrival Calculations

During the testing described in Section 5.3, the received signal phases were recorded for each
antenna array view angle and geometry as well as the received signal strength. This allows for
an array-level test of the DLL-HPC based HRA's direction of arrival calculation capabilities.
This test used the same test setup that was shown in Fig. 5.6. The average error for each antenna

array geometry is shown for each DLL-HPC element in Table 5.3.

Element
Overall
1 2 3
372 6:60 2357 11:30
370 1359 27:58 14:96
+23:04 1222 | +2:14 +4:32

Table 5.3: Average error of reported received signal phase for each DLL-HPC received signal
beamformer for various linear antenna array geometries

The values listed in Table 5.3 show signi cantly more error than was reported in Section
5.2. The difference can be attributed to the different test setups: the tests performed in Section
5.2 were performed using bench-top sources to directly test the DLL-HPC hardware, while
the non-ideal natures of the physical antenna arrays and anechoic chamber test setup result in
the higher error values listed here. It is important to note that the DLL-HPC's reported angles
still allow for accurate calculation of the angle of arrival of the received signal, even with the
seemingly large errors present.

Fig. 5.8 shows the calculated angle of arrival against the actual angle of arrival for the
half-wavelength linearly spaced antenna array. Before the angle of arrival reachigero
broadside, the antenna array has an average error magnitude of onlyitas3important to
keep in mind that physical antenna arrays do not behave in an ideal manner, and interference
among antenna elements can arise at large viewing angles [29]. In fact, phase-conjugator based
RDAs in the literature are often not tested beyon@0 from broadside, as the interference
from the physical antennas begins to dominate at this angle [55]. For these reasons, the plots

in Fig. 5.8 are not alarming and line up well with other reported RDAs [47,55].
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(a) (b)

Figure 5.8: Calculated angle of arrival vs. actual angle of arrival for a half-wavelength linearly
spaced antenna array (a) calculated values (b) calculated error

Regardless of the antenna-array scale errors that arise from the physical test apparatus
and nonidealities of antenna arrays, the DLL-HPC's ability to perform received signal phase
reporting has been veri ed here experimentally. What's more, the tests of Section 5.2 serve
as a more pure test of this DLL-HPC functionality by removing the antenna array and directly

providing sources with a known relative phase shift.

5.5 Retrodirection Tests

In addition to characterizing the received signal beamformer, the anechoic chamber was used
to verify array-level retrodirection of the 4-element HRA prototype. A Tektronix RSA306B
Spectrum Analyzer was connected to a Rubber Duck antenna co-located with the 2.4 GHz
source antenna to measure the received signal power along the direction of arrival, as shown in
Fig. 5.9. The HRA was con gured to transmit the phase-conjugated signal at 2.5 GHz so that
the retrodirected signal would be easily distinguishable to the Spectrum Analyzer. The Python
script listed in Appendix C was used to rotate the HRA and record the Spectrum Analyzer

output, while MATLAB was used to analyze and plot the results.
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Figure 5.9: Retrodirection test setup

Fig. 5.10 shows the average of the measured results for different linear antenna array ge-
ometries. As in Sections 5.3 and 5.4, the measurements were only performed over one quadrant
of the linearly spaced array due to the symmetry of the overall array pattern. In the case of an
ideal retrodirective array the transmitted signal strength would resemble a perfect circle, and
the target would receive the same power regardless of the view angle. The data shown in Fig.
5.10 has been normalized so that the maximum received signal strength lies at 12 dB, the max-
imum theoretical power gain of a 4-element antenna array. From here we can see that the
retrodirective array functions well by looking at the half-power beamwidth. Both-tHeand
= 2 linear array geometries exhibit half-power beamwidths 80 , as the normalized signal

strength does not drop below -3 dB at any point in the eld-of view.

(@) (b) ©)

Figure 5.10: Normalized transmitted signal power vs. array view angle ée3pacing (b)=3
spacing (c)= 2 spacing
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In an effort to explain the differences of Fig. 5.10 from the ideal case, the transmitted
signal beamformer phase shifters were tested for accuracy. The test setup from Fig. 5.1 was
used to measure the actual transmitted signal phase for a manually selected phase, which was
swept from 0 to 360 in 3 steps. For each step, 10,000 phase measurements were performed
with the MSO64 8 GHz oscilloscope to determine the mean, max, minimum, and standard
deviation of the transmitted signal phase for a chosen phase value. The measured results are

shown in Fig. 5.11 alongside relevant statistics in Table 5.4.

Figure 5.11: Measured transmitted signal phase and error vs. chosen transmitted signal phase

Element
1 2 3
jerrorj | +6:49 +6:62 +6:02 +6:38
std. deverror) | +7:76 | +7:85 | +7:02 +7:55
maxjerrorj) | +15:19 | +16:85 | +13:14 || +16:85

Overall

Table 5.4: DLL-HPC transmitted signal phase accuracy statistics by element
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As mentioned in Section 5.1, the transmitted signal beamformer phase shifters exhibit a
higher standard deviation than the received signal beamformer phase shifters. This manifests
itself in the data shown in Fig. 5.11 as larger errors. However, the average error magnitude of
+6:38 corresponds to an effective resolutionl#76 and is therefore comparable to a 5-bit
digital phase shifter with a resolution of 11.25 his indicates that, much like the nonidealities
of the direction of arrival calculations in Section 5.4, the errors present in Fig. 5.10 arise from
the nonidealities of antenna arrays and the test setup rather than from the DLL-HPC hardware

itself.

5.6 Irregular and Changing Array Geometries

The nal functionality tested in the anechoic chamber was the DLL-HPC's ability to adapt to
irregular and changing antenna array geometries. For this test, the test setups from Fig. 5.6 and
5.9 were used to measure the received signal gain and normalized transmitted array pattern as
in Sections 5.3 and 5.5. In order to simulate the possibility of an antenna array mounted to
a exible or variable xture, the antenna array was rst arranged in a half-wavelength linear
pattern for initial characterization. In this con guration the and | terms were calibrated

out, and the HRA was set to its retrodirection mode. Next, the antenna elements were re-
positioned according to the pattern shown in Fig. 5.12 and the measurements were taken using
the same equipment and strategies as outlined in Sections 5.3 and 5.5 with no other modi cation

to the system.

o o'eo o > :5/0 .\\:2
—_—— N N

_ _ _ .\ _ 1

=2 =2 =2 45 =2 45

Figure 5.12: Antenna array geometry transformation used to test HRA performance in irregular
and variable arrays

Fig. 5.13 shows plots of the received signal gain relative to a single element and the nor-

malized transmitted power across one quadrant of the eld of view for the irregular array. As
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can be seen from Fig. 5.13a, the DLL-HPC received signal beamformer still performs in a near
ideal manner. The average received signal power gain across the full eld of view is 11.76 dB,
which is only a 6.2% error from an ideal 4-element antenna array. The transmitted signal pat-
tern shown in Fig. 5.13b shows a half-power beamwidth 60 . The non-ideal shape of the
transmitted array pattern is due to the orientation of the antenna elements themselves and the
cascaded topology of the DLL-HPC prototype. The lower right antenna element in Fig. 5.12
was chosen as tt#¥' element; this means that as the view angle is increased as shovH, the

and 1%t elements' received and transmitted signals are obstructed 8'thend 3™ antenna
elements. These obstructions by a resonant antenna structure within a few wavelengths of the
radiating sources account for the steep drop-off in transmitted signal power beyond view angles

of 30.

() (b)

Figure 5.13: Performance of irregular and changing antenna array (a) received signal gain
relative to single element (b) transmitted signal power

This test veri es that a DLL-HPC based RDA is capable of maintaining proper calibration
and performance even through array geometry variations. However, as shown by the transmit-
ted signal pattern, the physical array layout must still be taken into account and compensated

in other ways.
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5.7 Phase Conjugation Test

Upon verifying array-level retrodirective functionality in the anechoic chamber, benchtop test-
ing was performed to formally verify the DLL-HPC's ability to accurately perform phase con-
jugation. The test setup shown in Fig. 5.14 was used to measure each DLL-HPC's ability to
accurately conjugate a received signal phase difference. As before, the M8196A AWG was
used to generate a known received signal phase difference, while the MSO84 Oscilloscope was
used to measure the generated carrier signal phase difference. The received signal phase was
swept from0 to 360 in 1 steps with 10,000 measurements of the generated carrier signal

phase value and standard deviation performed for each step. All test results are shown in Fig.

5.15, and relevant statistics are shown in Table 5.5

CHO RXn 1 Txn 1 CHO
M8196A AWG DLL-HPC MSO64 Oscope
CH1 RX TX, CH1
Laptop
& Python

Figure 5.14: Phase conjugation test setup

Figure 5.15: Measured phase conjugation and error magnitude vs. received signal phase
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All Elements

jerror] +4:65
std. deyjerrorj) +2:59
maxjerrorj) +16:17

Table 5.5: DLL-HPC phase conjugation test overall statistics

This test shows that the DLL-HPC design is able to accurately perform phase conjugation
of received signals. Further, this indicates that the non-idealities found in Sections 5.5 and
5.6 arise from array-level issues, such as inter-element interference. By directly measuring
phase conjugation of known signals, the average error magnitue:656 indicates reliable
performance with an effective resolution®8 . This is better than a 5-bit digital phase shifter
could achieve with a resolution dfl:25. Furthermore, the average standard deviation of
+2:59 indicates an extremely stable output signal phase for constant inputs. This shows that

the fabricated DLL-HPC prototypes perform reliably as phase conjugators.

5.8 Automatic Mobile Target Tracking

The tests performed in the anechoic chamber so far have already demonstrated automatic mo-
bile target tracking, as the DLL-HPC based HRA was never turned off or reset during rotations.
However, this does not provide any sort of numerical validation to the DLL-HPC's ability to
track a moving target. In an effort to nd the limits of the DLL-HPC's received signal beam-
former speed, the test setup in Fig. 5.16 was used. The transmitted signal beamformer provides
a time-varying received signal phase difference while the closed-loop DLL control voltage sig-

nal is measured to nd the settling time of the system.
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Figure 5.16: Automatic mobile target tracking test setup

To nd the response time of the DLL-HPC's closed loop DLL beamformer, step changes
were applied to the received signal phase and the system was modeled as a rst order system.
The magnitude of these step changes was varied frd®m to 180, and the settling time
was calculated for each. Fig. 5.17 shows a representative test with the corresponding rst-order
system values denoted; more measured data sets can be found in Appendix D. The average
settling time for the received signal beamformer was found to be 2.26 ms regardless of the
input step size, which is 50x faster than the current IEEE standard 802.11ad/ay acquisition

used for WiFi beamformers [11].

Figure 5.17: DLL-HPC received signal beamformer closed-loop settling time for 4i@@
input

The settling time of the transmitted signal beamformer was found to be 10.31 ms in the
same tests. The difference in received and transmitted signal beamformer settling times is due
to the component selection and rmware design. Because the sampling rate of the system is
set to 100 Hz as described in Section 4.5.4, the transmitted signal beamformer is only updated

once every sample, or every 10 ms. This agrees well with the measured results, which show
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the transmitted signal beamformer settling about one sample later. This number could be dras-
tically reduced by changing the design: faster DACs and a faster sampling rate would allow
the transmitted signal settling time to approach the closed-loop DLL settling time, which is
the limiting factor in this situation. Further, the closed-loop DLL settling time can be reduced
through PFD/CP loop lter design.

In addition to measuring the system settling time, the DLL-HPC received signal beam-
former was tested under extreme variations in the received signal phase. The same test setup
from Fig. 5.16 was used to provide a received signal with a constantly varying received signal
phase that swept from @ 360 to O in a triangular pattern. The system was tested with rates
of change from 50/s to 30,000 /s and was found to track well in all tests. Fig. 5.18 shows the
measured DLL control voltage for the 56 and 15,000/s test, with more measured data sets

in Appendix D

() (b)

Figure 5.18: DLL-HPC received signal beamformer closed-loop control voltage tracking (a)
50 /s received signal (b) 15,000s received signal

From these tests we can conclude that a DLL-HPC based HRA will be able to accurately
and automatically track any reasonable real-world user. As a point of reference, a car driving
at 75 mph (120 kmph) past a cell tower 100 ft (30.5 m) from the road would have a maximum
angle of arrival change of 63.1s, as illustrated in Fig. 5.19. This would correspond to a

maximum rate of change in the received signal phase of 34 for a half-wavelength spaced
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linear antenna array. As the DLL-HPC has been shown to accurately track and provide ideal
beamformer gain for signals with relative phases varying 952 times faster than this peak value,

it is safe to assume that a DLL-HPC could handle any reasonable real-world application.

v =75 mph

Figure 5.19: Angle of arrival and relative phase change over time for a fast moving mobile user,
assuming a half-wavelength linearly spaced antenna array
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Chapter 6

Integrated Circuit Designs for Unique Components

The DLL-HPC design presented in Chapter 4 has been veri ed in its different functionalities by
the tests in Chapter 5. However, this prototype was constructed of entirely COTS components
at the PCB scale and serves only as a proof-of-concept prototype. In order to provide a path
forward for miniaturization of a DLL-HPC, this chapter presents the transistor-level design
and simulation of a Rollover Phase-Frequency Detector (R-PFD) using the IBM 8HP PDK: a
120nm SiGe process.

Because all other system-level components of the novel DLL-HPC design are standard
RF components (mixers, ampli ers, oscillators, lters, etc.), only the R-PFD is designed and
simulated in this dissertation. Should an integrated-circuit level design of the DLL-HPC be
carried out one day, this chapter should provide all of the supplemental information needed
to complete a design. Section 6.1 provides the motivation for designing the R-PFD, Section
6.2 presents the circuit's design, Section 6.3 details the non-standard cell designs used, and
Section 6.4 presents system-level simulations and veri cation. Additional design information

and simulations for sub-system components can be found in Appendix E.

6.1 Motivation for A Rollover Phase-Frequency Detector

DLLs have many applications, including being the basis for the novel DLL-HPC presented in
this dissertation. They have been used as the basis for clock signal synchronization in complex
systems [64, 65] and as all-digital frequency synthesizers [66—69]. More recently, DLLs have

been used as the basis for RF beamformers by providing in-phase signals to be summed [27,56],
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much like the DLL used as the basis of the DLL-HPC. However, DLL-based RF beamformers
face a problem: a DLL is only unconditionally stable for xed phase differences [53].

In a dynamic RF environment the angle of arrival of each communication link varies with
time [15,16,21], which will be manifested at the inputs of a DLL beamformer as a change in the
relative phase over time. A time varying phase difference between signals is mathematically
equivalent to a frequency difference, which cannot be accommodated in a traditional PFD based
DLL [53]. Fig. 6.1 shows that a frequency difference between the inputs of a PFD-based DLL
will cause an unstable and inaccurate control voltage, as the loop- Iter voltage will saturate as

it approaches the system power rails.

~ R

e vee B LTI,

T @ < nnonnnnn..

v
\V/ -
N —c el DI
Bo—p K @ Vo
Lp Q DOWN — — Vcsd iSaturated t
(a) (b)

Figure 6.1: (a) Traditional PFD and charge pump system (b) DLL operation for inputs of
different frequencies

Because the rapid settling time of the DLL-HPC shown in Section 5.8 is entirely dependent
on a PFD-CP design, a R-PFD which will not saturate at the power rails is deemed a necessary
step towards the miniaturization of a DLL-HPC based HRA. Without a R-PFD, the HRA would
lose the ability to accurately perform phase conjugation or direction of arrival reporting as the
phase-delay control voltages saturate and become inaccurate. All other components of the
proposed DLL-HPC system are standard RF components that can be found in textbooks and

current literature; however, there is currently no published design of a R-PFD.
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6.2 Rollover Phase-Frequency Detector Design

The additional functionality needed to implement a R-PFD is conceptually very simple. We
rst select an upper and lower threshoM,g, andV,,, that we would like the charge pump
output voltage/cp to stay within. We then only need to checRAfp is outside of these limits

and if the PFD is currently drivingcp farther from these limits through thiéP andDOW N

charge pump control signals. If this is the case, then we can use separate charge pump control
signals calleRISE andF ALL to raise or loweNcp until it reaches the other threshold. This

process is outlined in Algorithm 2.

Algorithm 2: R-PFD Theoretical Operation

while True
if (ch > Vhigh) && UP
FALL =1,

while VCP > V|0W
| Wait

FALL =0;
else if(Vcp < Viow) && DOWN
RISE =1;

while Vgp < Vhigh
| Wait

RISE =0;

Algorithm 2 can be easily implemented using discrete logic gates. Each comparison can be
implemented with a simple analog comparator or digital logic circuit. Furthermor& B
andFALL signals can be implemented using standard ip- ops and digital memory elements,
as these signals only change when another signal changes; this is analogous to a ip- op or
latch only changing on a rising or falling edge of a clock signal. If Algorithm 2 is implemented
alongside the PFD-CP circuitry from Fig. 6.1, then the charge pump output véigageould

exhibit sawtooth behavior rather than saturate, as illustrated in Fig. 6.2.

75



UP(_((_ DOWNWW
FALL T T RISE T T

(@) (b)

Figure 6.2: A R-PFD will exhibit sawtooth behavior rather than saturating behavior when (a)
Vcp approaches upper threshold ) approaches lower threshold

Fig. 6.3 shows a rollover feedback circuit implementation of Algorithm 2 using standard
logic gates. The circuit makes use of two comparators to comyaipte> Vign andVep < Vigw
at nodesA andB respectively. If alJP pulse occurs whil&/cp > Viign, Or simplyA =1,
then theF ALL signal will be latched to a logicdl. ThisFALL signal will be utilized to force
the charge pump to sink current and drig- lower until it reaches the lower threshold and
Vep < Viow. Once this occurs an = 1, the ip- op holding the FALL signal high will be
cleared and normal PFD operation will resume. A mirrored sequence of events will take place
if a DOWN pulse occurs whil&/cp < Vo, as can be seen from the symmetry of the circuit
design. Furthermore, the entire rollover feedback circuit can be enabled or disabled by a single

logic signal as shown.
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Figure 6.3: A rollover feedback circuit to implement Algorithm 2

Fig. 6.4 shows the full R-PFD system schematic. The rollover feedback circuit from Fig.
6.3 is used to augment a standard PFD-CP circuit to provide rollover functionalityR 3t
andFALL signals generated by the rollover feedback circuit are logically OR'ed with/fhe
andDOWN signals from a standard PFD to control the charge pump properly. Additionally,
theRISE andFALL signals are each capable of disabling the PFD's D ip- ops when they
are high to prevent inaccurate behavior. When eitheRH&E or FALL signal is high, the
charge pump's output voltagé-p will be varying continuously; as this is what controls the
phase delay in a standard DLL, this means that the relative phase of the two gigaadB
will be varying as well. If the PFD is allowed to operate during this sliding, spuridBsand
DOWN pulses may be generated that waste power and cause the rollover to take more time.
Additionally, if the threshold voltages are chosen such that they are one full phase rotation,
or 360, apart then the polarity of the PFD output signals may become swapped. For these
reasons, th&® SE andFALL signals are logically OR'ed with a standard PFD's reset line in

order to disable the PFD during rollover.
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Figure 6.4: Rollover Phase-Frequency Detector (R-PFD) system schematic

6.3 Rollover Phase-Frequency Detector Implementation

A transistor-level design was made using Cadence Virtuoso and the IBM 8HP PDK to simulate
a 120nm SiGe process. Each system component was designed from individual transistors,
including basic logic gates. The individual logic gates were designed to have balanced rise and
fall times for all input transitions and were used to create more complex digital blocks, such
as ip- ops and edge detectors. As CMOS digital logic circuits are relatively simple to design
and understand, the detailed schematics of the basic logic gates used in this design can be found
in Appendix E.1. This section details the design of the few non-standard components included
in the R-PFD design shown so far: the comparator, charge pump, and voltage-controlled delay
line that will be used for system-level DLL simulations.

Itis important to mention that the R-PFD design presented in Figures 6.3 and 6.4 is almost
entirely composed of common standard-cell components. This means that the proposed R-PFD
design could easily be adopted by any standard-cell based design, and the non-standard designs

presented in this section are not required. Indeed, any future implementations of this R-PFD
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should be done with speci ¢ comparator, charge pump, and voltage-controlled delay designs

tailored to the speci c design.

6.3.1 Comparator Design

Fig. 6.5 shows the transistor-level schematic for the implemented comparators, which function
as Class A operational ampli ers. Each comparator is composed of three stages: a current-
mode logic (CML) inverter, a differential ampli er, and a CMOS logic inverter that buffers the
output. The CML inverter is used as the rst stage to provide a high input impedance, fast
response time, and differential output voltage with a constant DC offset. This CML inverter
outputis then fed into a differential ampli er, which drives a CMOS inverter to buffer the output
for use as a logic signal. As the signal is inverted twice, the polarity of the input is maintained
through the circuit. Each comparator consumes approximatelyr@?2and 82 W of power,
making it the single largest and most power-hungry component in the R-PFD design. However,
this large area and power consumption allow the circuit to respond quickly to changes in the
two inputs. Detailed simulations of the comparator and its operating points can be found in

Appendix E.2

CML Inverter Diff. Amp. CMOS Buffer
A A A
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Figure 6.5: Comparator design with transisféeL ratios listed

79



6.3.2 Charge Pump Design

Fig. 6.6 shows the transistor-level schematic for the implemented charge pump. The charge
pump's functionality is relatively simple to understand: when eithetffeor DOW N input

signal is high, current is allowed to ow through one leg of the initial high input impedance
stage. This current is then mirrored by either a PMOS or NMOS current mirror design to sink
or source current through thep output terminal; differen¥W=L ratios have been chosen for
these output current mirrors to account for differences in electron mobility through the NMOS
and PMOS devices. The charge pump consumes 1#%7%f area and 1.3 W of power when
inactive and 1.324 mW when active. The design sinks or sources 1.5 mA whenl¢Rher
DOWN is enabled. Detailed simulations of the charge pump and its operating points can be

found in Appendix E.3.

VDD j> TH? [:JT[:L&’O [
1A ()

UPD—”:%DOWN H[:% b olep

4%? I, = lﬁf I, 2

GND © . .

Figure 6.6: Charge pump design with transisié=L ratios listed

6.3.3 \oltage Controlled Delay Line Design

In order to perform system-level simulations of a DLL, a voltage controlled delay line (VCDL)
was needed. Fig. 6.7 shows the transistor-level schematic for the implemented VCDL: a

current-starved inverter chain. This design is based on the VCDL presented in [65] and operates
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on the principle of controlling the amount of current allowed to a chain of CMOS inverters. As
the control voltagd/y is increased, more current is allowed to ow through each inverter and
the rise/fall time of each increases accordingly. A chain of 80 inverters was chosen to provide
a controllable delay of 2 ns for an input rangeGd® 1.0V, allowing system simulations to

be performed with a 200 MHz signal. The design consumes 2%2lof area and 270 W of

power on average. Detailed simulations of the VCDL and its operating points can be found in

Appendix E.4.
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Figure 6.7: Voltage controlled delay line design with transistrL ratios listed

6.4 Rollover Phase-Frequency Detector Simulations

Both open-loop and closed-loop simulations of a R-PFD based DLL were performed to ver-
ify system-level operation. Fig. 6.8 show the open- and closed-loop systems simulated, while
Table 6.1 shows the area and average power consumption of each system-level component.

Open-loop simulations were used to verify that the R-PFD behaves as anticipated and provides
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accurate rollover functionality at the chosen voltage thresholds. Once open-loop R-PFD func-
tionality was veri ed, tests were performed to ensure that the R-PFD allows for tracking of

time-varying phase differences, or frequency differences, between inputs.

=
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5] 1% T
(a) (b)

Figure 6.8: (a) open-loop R-PFD System (b) closed-loop R-PFD DLL

Component Area Avg. Power
R-PFD 20.0 m* | 176.8 W

Charge Pump 12.7 m? 35 W
VCDL 25.1 m? 270 W

Table 6.1: Area and power consumption by system-level component

Fig. 6.9 shows simulations of the open-loop system from Fig. 6.8 with 205 MHz and 200
MHz square wave sources used for inpiitandB . Fig. 6.9a shows that when inpéitis set to
a higher frequency tha the charge pump voltagép will roll over from the upper threshold
to the lower; Fig. 6.9b shows that the opposite is true wBdmas a higher frequency than
These simulations verify that open-loop operation of the R-PFD agrees well with the desired
functionality outlined in Section 6.2. However, slight non-idealities can be seenWpels at
or near the threshold voltages: these small periods of time Wherexists outside the chosen
thresholds is due to the gate delays of the rollover feedback circuitry and can be avoided by a
low operating frequency or faster logic gate design. The average power consumption by the R-
PFD for all open-loop simulations was 176.8/; more simulations can be found in Appendix

E.5.
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(a) (b)
Figure 6.9: Open-loop R-PFD simulations for {g)>f , (b) f4 <f

Fig. 6.10 shows a sample simulation of the closed-loop R-PFD based DLL,Byith
presented alongside the control voltage . In this large time-scale simulation, a 200 MHz
signal is used as the source Brand a 205 MHz signal is used as the sourceAorThis
simulation shows that the R-PFD enables a delay-locked loop, which is traditionally incapable
of tracking a frequency difference [53], to track a signal at a different frequency. This frequency
difference is mathematically equivalent to the time-varying phase difference that occurs when
beamforming towards a mobile target [29]; however this simulated 5 MHz frequency difference
corresponds to a relative phase difference changing at 1.8 bi#ignrvhich far exceeds any real
world system. This large frequency difference was chosen to provide a reasonable simulation
time and results, but simulation time step artifacts can still be seen in Fig. 6.10 in the form
of slight discontinuities in thd&,,; signal. In addition to tracking a frequency difference, the
R-PFD based DLL can be used to determine the instantaneous frequency difference between
theA andB input signals through measurement of the control voltage, as each point within the
chosen range corresponds to a single phase difference value. The R-PFD consumed an average
176.8 W of power during all closed-loop system simulations; more simulations can be found

in Appendix E.6.
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Figure 6.10: R-PFD based DLL tracking a 205 MHz signal with a 200 MHz signal

The functionality of a R-PFD based DLL has great implications for the future of DLL-
based RF beamformers. A traditional DLL beamformer can provide ideal received signal gain
by bringing IF signals in-phase before a summing circuit [27, 56, 70], but only in the case of
xed received signal phase differences [53]. A R-PFD based DLL will allow these beamformer
techniques to be extended to continuously varying phase differences, such as those encountered
in mobile wireless connections. Further, the con ned control voltage range of a R-PFD based
DLL means that the instantaneous phase difference between signals can be calculated from
this voltage and used to determine the direction of arrival of signals, much like the RDA design
presented in this dissertation. The adoption of R-PFD DLL beamformers could bene t context-

aware communication schemes, such as SDMA [55].
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Chapter 7

Conclusions

This dissertation has presented a novel delay locked loop based hybrid phase conjugator (DLL-
HPC) and prototypical hybrid retrodirective array (HRA). Fundamental concepts for under-
standing the operation of a HRA were presented in Chapters 2 and 3. The system design for
a single DLL-HPC and its operation were discussed in depth in Chapter 4 before a proof-of-
concept HRA was constructed and fully characterized in Chapter 5. The unique functionalities
of a DLL-HPC based HRA were discussed in theory and veri ed through laboratory testing,
serving as a starting point for future research into HRA based communication systems.

Test results shown in Chapter 5 show the novelty and improvements of the HRA when
compared to existing beamformer technologies. The HRA outperforms current beamforming
standards, such as IEEE 802.11ad/ay, by a factor of up to 50 with regard to initial acquisi-
tion time and requires no communication overhead to maintain ideal beamformer operation.
Additionally, this is the rst HRA to provide full backwards compatibility with existing beam-
forming standards. These improvements make the proposed DLL-HPC based HRA a feasible
rst step to integrating retrodirective technology into mobile communication networks.

In addition to a novel DLL-HPC and HRA, a novel rollover phase-frequency detector
(R-PFD) design was presented as an enabling technology for DLL based RF beamformers in
Chapter 6. A standard-cell friendly R-PFD design was presented alongside a transistor-level
design using the IBM 8HP 120 nm SiGe process. Simulation results for both open- and closed-
loop operation were presented to demonstrate that a R-PFD based DLL is capable of tracking

continuously varying relative phase differences, enabling a new class of RF beamformers.
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This work towards the adoption and miniaturization of hybrid retrodirective arrays is in-
tended to serve as a starting point for future efforts. Much work is still needed to reduce system
complexity, miniaturize components to an acceptable scale for mmWave 5G systems, and de-
velop new network protocols and strategies to allow for full HRA adoption. However, the
potential bene ts of HRAs make this effort worthwhile: automatic lock-on, automatic mobile-
target tracking, direction of arrival reporting, and backwards compatibility make the HRA a

strong candidate for improving future networks.
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