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Abstract

Linear, time-invariant (LTI) electrically small receive antennas have well known

limits on their gain-bandwidth performance. As a method to circumvent these lim-

its, non-LTI antennas, such as time-varying antennas, have become increasingly

popular in the literature. One time-varying design of interest is that of a para-

metric amplifier implemented on the aperture of an electrically small receive an-

tenna to create a parametrically-tuned receive antenna. This work implements a

parametrically-tuned receive antenna in a non-degenerate architecture to achieve a

3.5 times improvement in 3 dB bandwidth and data throughput over a conventional

LTI receive antenna using the same physical concentric loop antenna footprint. A

suite of measurement methods is discussed in order to characterize time-varying

antennas as the common measurement methods applied to LTI antennas makes as-

sumptions regarding reciprocity and measurement frequencies that are no longer

valid under the time-varying regime. Included is the development of a novel Y-

Factor method for time-varying antennas that considers the impact of internal and

external noise at the harmonics on the noise figure of the antenna and the receive

system. Finally, the gain-bandwidth trade-off is analyzed for the LTI concentric

loop antenna as well as the implemented time-varying antenna.

xix



Chapter 1

Introduction

1.1 Electrically Small Antennas

Electrically small antennas can be incredibly useful for situations in which the

size and weight of the receive antenna is restricted. This is more common at lower

frequencies such as at UHF and below where the size of typical half-wave res-

onators becomes prohibitively large. While the small size of these electrically small

antennas can be incredibly useful, this comes at the cost of performance. Electri-

cally small antennas have performance limitations in the form of a gain-quality

factor limit that is governed by their size. These bounds were first defined in [1]

building on work in [2] with the electrical size of the antenna defined by ka where

k is the wavenumber and a is the radius of the sphere that totally encircles the an-

tenna. The early endeavors were focused on spherical geometries but later work has

expanded the bounds and limits to be more accurate and more encompassing of dif-

ferent antenna geometries [3], [4], [5], [6]. Many electrically small antenna designs

have been explored in the literature with a review of many of these designs that

approach the limits discussed in [7]. An important assumption made in these limits

on the performance of electrically small antennas is that they are passive and linear

and time-invariant (LTI). If non-linear or time-varying (non-LTI) effects or compo-
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nents are incorporated into the design of electrically small antennas this assumption

is broken and the fundamental limits can be surpassed.

1.2 Non-LTI Receiving Antennas

There recently has been renewed interest in electrically small non-LTI antennas

specifically to circumvent the established bounds on gain and bandwidth. Many

of these efforts have focused on transmit-based applications such as direct antenna

modulation (DAM) where time-varying matching networks are used via switching

circuitry to directly modulate the antenna [8], [9]. However, the receive-based non-

LTI antenna literature has also grown in parallel to transmit. An example in relation

to DAM is coherent antenna modulation (CAM) which can be thought of as the

receive implementation of DAM [10]. This new approach seeks to tackle the issue

of needing information from the incoming signal to accurately apply antenna mod-

ulation techniques using a phase-locked loop and real-time tuning of the antenna.

Another class of time-varying antennas, parametrically amplified electrically

small antennas, have been demonstrated in degenerate mode operation [12]. While

degenerate mode operation can lead to higher performance in certain cases, the

phase relation that exists between the signal and the pump frequencies leads to diffi-

culty in receive applications [13]. The degenerate parametrically amplified antenna

in [11] has been shown on transmit and posited to function on receive as well but no

receive results are shown. The receive characteristics would be severely degraded

as previously mentioned due to the reliance on the phase relationship between the

signal frequency and the pump frequency. Parametric upconversion designs have

also been shown such as in [14] that convert the lower frequency incoming sig-

nal to a higher frequency for enhanced receiving capability. A downside with this
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Figure 1.1: Degenerate parametrically amplified transmit antenna from [11] using a
DC-biased varactor which is pumped and made time-varying via an arbitrary wave
generator off-board.

method is that it no longer is a simple process to convert from using an LTI an-

tenna to the proposed time-varying antenna. The receive system must be designed

at the higher, upconverted frequency instead of the incoming frequency which an

LTI antenna would operate at. This greatly increases the complexity of upgrading

any existing system and higher frequency receive systems can be less forgiving and

more expensive to implement as lumped elements become less usable. In addition,

a non-classical parametrically amplified antenna in [15] includes an implementa-

tion using two different pump frequencies to obtain increased bandwidth and gain

over standard electrically small antennas. This two pump solution does indeed im-

prove the performance of the receive antenna, but the complexity of the design is

increased compared to more conventional single pump parametric amplifier-based

antennas.
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Figure 1.2: Double pump parametrically amplified antenna from [15] with the sig-
nal port marked 1, the two different pump ports marked 2 and 3, and the time-
varying varactors marked 4.

Many of these recent forays into electrically small non-LTI antennas have been

made possible by improvements in the understanding of non-LTI elements and their

interactions with antennas as well as the development of new simulation techniques.

Historically, accurately simulating these non-LTI antennas have been difficult due

to computational limitations and the lack of support for antennas in many commer-

cial solvers capable of also simulating non-LTI components. Recent advancements

in antenna modeling methods capable of also modeling non-LTI components such

as CMMoM have allowed further investigation into time-varying antenna designs

[16]. Most commercial products, however, either don’t support non-LTI compo-

nents, such as ANSYS HFSS, or don’t have the ability to accurately model com-

plicated antenna designs using a full wave solution, such as Keysight ADS. There

are time-domain based solvers such as XFDTD, but they have less robust built-in

models and provide less flexibility in simulation style. To mitigate some of these
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issues, this work uses a method to combine HFSS for simulating complex antenna

geometry while leveraging ADS to simulate the antenna as well as any LTI or non-

LTI components as a cohesive circuit in both the frequency domain and the time

domain [17]. The ability to simulate in the time domain is a key tool that can be

used to easily send modulated signals through the design under test and can help

identify potential instabilities that might otherwise be hidden in typical frequency

domain simulations. This instability investigation in the time domain is especially

important in the parametric amplifier based antenna design showcased in this work.

In addition to the advances in simulation that have allowed for more rapid de-

velopment of these new non-LTI antennas, improved component technology has al-

lowed for the complex on-aperture loading of antennas. High linearity hyperabrupt

voltage dependent capacitors, or varactors, like the ones used in this work, the Sky-

works SMV1232, were not widely available when parametric amplifiers were first

being developed in the 1960s [18]. These more modern varactor components have

the advantage of being smaller, less lossy, and boast a larger linear tuning range than

those available earlier [19]. These characteristics allow for increased performance

of parametric amplifiers which can be highly sensitive to loss in the time-varying

capacitance at specific frequencies [20].

With this recent explosion in the investigation of non-LTI electrically small an-

tennas as a way to improvement gain-bandwidth performance over their standard

LTI counterparts, a formal test suite of measurements are needed to accurately mea-

sure and compare performance.
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1.3 Measurement of Non-LTI Receiving Antennas

While the measurement methods of LTI receive antennas are well known, many

of these same methods cannot be directly applied to non-LTI antennas. This is due

to the reliance of LTI properties such as reciprocity for many of the standard LTI an-

tenna measurement methods. New methods must be developed to fully characterize

the performance of non-LTI antennas on receive, with this work focusing on mea-

suring time-varying, electrically small receive antennas. These new measurement

methods are outlined in this work and can also be applied to LTI antennas, allowing

for direct comparisons in performance between non-LTI and LTI antennas.

Some key parameters of interest for typical electrically small receive antennas

are bandwidth, gain, and noise figure. The maximum matching bandwidth of elec-

trically small antennas specifically and highly reactive circuits generally compose

a limiting factor governed by the Bode-Fano limit [21]. As such, matching – which

impacts bandwidth and gain – is critical when discussing and measuring electrically

small antennas.

For LTI antennas, the realized gain across frequency – and therefore the 3 dB

bandwidth – are identical on both transmit and receive due to reciprocity. This is

why on receive, realized gain, which is a transmit characteristic rather than a receive

one, is measured. However, non-LTI antennas do not inherently possess reciprocity

and must therefore be described on receive using only receive characteristics such

as realized effective aperture. Realized effective aperture is a measure of a receive

antenna’s ability to capture energy from an incoming plane wave and is measured

in units of dBsm or dB relative to a square meter [22]. Modifications to realized

effective aperture must be made to include the cross-frequency coupling inherent in

non-LTI designs which is discussed in more depth in 5.1.1.
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The noise figure of electrically small antennas is minimally discussed in prac-

tice but is well documented in the literature [23]. Since most electrically small LTI

antennas are passive, deriving the noise figure of the physical device is straight-

forward and relies only on the antenna’s radiation efficiency, mismatch efficiency,

and the physical temperature of the antenna. In addition to the noise contributed

to the receive system due to the loss of the antenna itself, antennas couple noise

into the system from the outside environment which requires additional considera-

tion. These external noise sources can vary from the noise generated by the cosmic

background radiation, to the noise radiated from the sun, to man-made noise among

other sources [24]. The modeling of this noise and the effects of it on the overall

receive system are explained in 2.2.2. Measuring the noise figure of non-LTI an-

tennas is vital as it no longer can be easily calculated based on radiation efficiency.

In addition, non-LTI antennas can couple in noise from harmonics and intermodu-

lation products into the observation frequency greatly increasing the complexity of

the antenna’s apparent noise figure [25].

1.4 Motivation

This dissertation seeks to address the lack of standardized testing for electrically

small, time-varying receive antennas by implementing and streamlining a mixture

of existing methods – such as cross-frequency effective aperture and modulated

signal testing – as well extending LTI-based measurement methods for novel ap-

plication to time-varying antennas. In addition, the first implementation of a neg-

ative resistance, non-degenerate parametrically-tuned receive antenna in the litera-

ture is outlined, fabricated., and testing according to the measurement methods in

this work.
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1.5 Outline

This work encompasses the implementation and measurement of a parametrically-

tuned receive antenna based on a parametric amplifier design as well as an investi-

gation into the matching of state of the art LTI antennas. In Ch. 2, some background

information regarding basic parametric amplifier theory and receive system noise is

presented to provide a solid foundation from which the rest of the work can be un-

derstood. The implementation and fabrication of the parametrically-tuned receive

antenna prototype and a comparison LTI antenna of the same physical footprint is

showcased in Ch. 3 along with the simulation method used in their design. Differ-

ent matching techniques for the LTI comparison antenna are investigated in various

noise environments for their effect on signal-to-noise ratio (SNR) and modulated

signal error vector magnitude (EVM) in Ch. 4. In addition, a brief overview of

matching considerations for the parametrically-tuned receive antenna is presented

to aid in the realization of future designs. In Ch. 5, a streamlined measurement

method for measuring cross-frequency effective aperture of antennas is shown with

results provided for the parametrically-tuned receive antenna and the LTI antenna.

The reception of modulated signals is then investigated in Ch. 6 as a method to

corroborate the findings in Ch. 5 and ensure the measured bandwidth is usable for

data throughput. The noise characteristics of the LTI and parametrically-tuned re-

ceive antenna are explored using an extension of the Y-factor method developed

specifically for electrically small antennas in Ch. 7. The gain-bandwidth trade-off

trends of the parametrically-tuned receive antenna and the comparison LTI antenna

discussed in Ch. 8 and examined for their differences. Finally, a brief review of the

findings and novel methodologies used in this work is presented in Ch. 9.
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Chapter 2

Background

2.1 Fundamentals of Parametrically-tuned Receive Antenna

Parametrically-tuned receive antennas are fundamentally time-varying in na-

ture. They rely on a time-varying reactance in order to achieve amplification, and

in practice are active devices. As such, these devices are no longer linear and time-

invariant (LTI) which complicates their discussion and measurement. Receive gain

is no longer a property that can be measured for a non-LTI antenna as it is formally

defined as a transmit characteristic of antennas. However, LTI antennas leverage

reciprocity to discuss gain on receive as well [26]. Non-LTI antennas are not re-

ciprocal by default meaning that received power measurements must instead focus

on figures of merit that are receive-based only–primarily effective aperture. Effec-

tive aperture is a receive measure that describes the ability of an antenna to capture

power from an incoming wave and is treated as an effective area [26]. The effective

aperture in general is given by

Ae =
PT

Wi

, (2.1)

where PT is the power delivered to the terminals of the receive antenna, Wi is the

power density of the incident wave, and Ae is the resulting effective aperture in
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square meters [26]. For LTI antennas, this can be related to gain with

Ae =
λ2

4π
G, (2.2)

where λ is the wavelength of the observation frequency and G is the gain of the

LTI antenna. In addition, to capture behavior at frequencies other than the signal

frequency, such as harmonics, cross-frequency effective aperture is needed. Cross-

frequency effective aperture measures how effectively the receive antenna captures

power at the signal frequency as well as at non-signal frequencies from an incoming

signal [25] and is discussed in more depth in Ch. 5.

To better understand how a non-LTI antenna is not automatically reciprocal a

simple derivation of antenna reciprocity is presented from [26], building upon the

Lorentz Reciprocity Theorem [27]. Assume a system exists consisting of two an-

tennas, a generator, and a load. The two antennas–one acting as the transmitter and

the other as the receiver–have input impedances of Z1 and Z2. The generator has

impedance Zg and is assumed to be conjugately matched to the transmit antenna for

simplicity while the load has impedance ZL and is also assumed to be conjugately

matched to the receive antenna. This system together creates a network with the

transfer admittance represented by Y21. The transmit antenna accepts power from

the generator equal to

P1 =
1

2
Re[V1I

∗
1 ] =

1

2
Re

[︃(︃
VgZ1

Z1 + Zg

)︃
V ∗
g

(Z1 + Zg)∗

]︃
=

|Vg|2

8R1

. (2.3)

The power delivered to the load is then

P2 =
1

2
Re[Z2(VgY21)(VgY21)

∗] =
1

2
R2|Vg|2|Y21|2, (2.4)
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with the ratio of power between the two being

P2

P1

= 4R1R2|Y21|2. (2.5)

The transmit and receive antennas can then be swapped giving the power ratio

P1

P2

= 4R2R1|Y12|2. (2.6)

Antenna reciprocity then holds when Y12 = Y21. This symmetry about the diag-

onal in the admittance matrix has been shown to hold for any general input and

output signals only when the system is time-invariant [28]. Time-varying networks

in general have impulse responses that depend on the time since the system was

excited as well as the instant of measurement [29], meaning that transmit and re-

ceive properties examined at different times are not guaranteed to be symmetric.

Reciprocity can, however, hold for periodically time-varying systems under certain

circumstances [29].

Reciprocity can also be proven with receive power measurements for an an-

tenna. The antenna under test–in this case the time-varying antenna–can be oper-

ated as a receive antenna receiving a signal from a standard, reciprocal LTI antenna

and source. This results in some power transfer to the load according to the net-

work’s transmission coefficient, S21. The antenna under test can then swapped to

be the transmit antenna and the test repeated to find the transmission coefficient,

S12. If S21 ̸= S12, then the antenna under test is not reciprocal, assuming the

medium of propagation in the network is reciprocal.
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2.1.1 Parametric Amplification

Parametric amplifiers have been studied in the literature for decades and pro-

vide the basis for the parametrically-tuned receiver prototype used in this work.

Therefore it will be useful to review the fundamentals of parametric amplification

to better understand the parametrically-tuned receive antenna. Much of the basic

negative resistance parametric amplifier theory provided here is based on work in

[20].

The example parametrically-tuned receiver showcased in this work is based on

a negative resistance non-degenerate parametric amplifier architecture. Parametric

amplifiers make use of a nonlinear or time-varying reactance to move power from a

pump frequency to another frequency of interest governed by the Manley-Rowe re-

lations [30]. Since the amplification occurs–at least theoretically–through a purely

reactive means, parametric amplifiers should have a low noise figure when com-

pared to other amplifiers. By not relying on a noisy resistance, the noise of these

amplifiers can be pushed to be extremely low, indeed close to the quantum noise

dominated regime [31]. This theoretically superior noise performance has resulted

in great interest in microwave engineering especially as diode quality factors have

increased and non-linear and time-varying simulation methods have improved.

The parametric amplifiers discussed in this work make use of three main fre-

quencies of interest in their operation: the signal frequency, fs, the pump frequency,

fp, and the idler frequency fi. The idler frequency is the first difference harmonic

between the pump and signal frequency and is defined as fi = fs − fp. This re-

sulting idler frequency does become negative as the pump frequency is larger than

the signal frequency. The negative idler frequency is then flipped over to the pos-

itive frequencies. As such it can be helpful to instead discuss the idler frequency
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as fi = |fs − fp| for general discussion [20]. The power at the pump frequency–

which is assumed to be much larger than the power present at the signal or idler

frequencies–is transferred to the signal and idler frequencies in a cross-frequency

coupling behavior [13]. This power transfer is represented in a circuit model as a

negative resistance to ease analysis.

The reactive element used for the parametrically-tuned receiver discussed in this

work is a time-varying capacitance realized with a varactor. The varactor is DC-

biased to obtain a certain center capacitance and then pumped around this center

capacitance using power from the pump frequency. This results in a time-varying

capacitance modeled by

C(t) = C0(1 + γsin(ωpt)), (2.7)

where C0 is the static capacitance of the varactor when it is purely DC-biased, γ

is the modulation factor of the time-varying capacitance pumped at frequency ωp

[13]. It should be noted that the above relation only holds if the varactor is varied in

a linear or a weakly non-linear region of operation. If the pumping of the varactor

results in a strongly non-linear relationship between the applied voltage and the

capacitance of the varactor, more terms will be needed to accurately define the

time-varying capacitance [13].

The modeling of the parametric amplifier in this way gives rise to the circuit

schematic shown in Fig. 2.1 with different branches corresponding to resonators for

the signal, idler, and pump frequencies. Each branch corresponding to the different

frequencies are ideally isolated from one another and interact on the time-varying

capacitance. It should be noted that a resonator for the pump frequency is not

strictly necessary in theory, but in order to deliver power efficiently to the time-
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Figure 2.1: Circuit model of the general parametric amplifier. The pump resonance
is not strictly necessary in theory with an idealized time-varying capacitance, but
for a realistic implementation with a varactor, the pump resonance is necessary for
efficient power transfer. Note that the bias circuitry for the varactor is omitted for
simplicity.

varying capacitance a resonance at the pump frequency is recommended.

Degenerate Parametric Amplifier

Degenerate parametric amplifiers are a subset of the general parametric ampli-

fier and rely on the idler frequency falling directly on or very close to the signal

frequency. This occurs when the pump frequency is approximately twice the sig-

nal frequency. Since the signal and idler frequencies are effectively the same, the

circuit diagram can be further simplified to the one shown in Fig. 2.2a where the

signal and idler branches are merged into one. Again, the resonance at the pump

frequency is not strictly necessary, but it is heavily recommended to ensure efficient

power delivery to the time-varying capacitance. Looking at the frequency spectrum
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fs & fi fp

(a) (b)

Figure 2.2: (a) Simplified circuit model of a degenerate parametric amplifier with
an added pump resonance branch for efficient power transfer to a realistic varactor.
Note that the bias circuitry for the varactor is omitted for simplicity. (b) Frequency
overview of a degenerate parametric amplifier.

of the parametric amplifier seen in Fig. 2.2b, the signal and idler frequencies are

on top of each other as expected since fi = |fs − fp| = fs in the degenerate case.

The idler harmonic and the signal existing at approximately the same frequencies

results in potential constructive or destructive interference between the two. To en-

sure constructive interference between the two, which bolsters the signal level and

maximizes performance, the pump and the signal must be in phase. On receive,

ensuring the signal and the pump, and therefore the idler frequency, have the same

phase greatly increases the complexity of the receive system. For receive systems

that deal with modulated signals, the phase-sensitive nature of degenerate paramet-

ric amplifiers can lead to distortions in the received signal [32]. In addition, due

to the idler frequency flipping from the negative frequencies to the positive fre-

quencies, the idler is a mirrored version of the signal frequency. This can lead to

additional distortion which can be mitigated at the cost of only using half the avail-

able bandwidth of the parametric amplifier or parametrically-tuned antenna such as
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Figure 2.3: (a) Simplified circuit model of a non-degenerate parametric amplifier
with an added pump resonance branch for efficient power transfer to a realistic
varactor. Note that the bias circuitry for the varactor is omitted for simplicity. (b)
Frequency overview of a non-degenerate parametric amplifier.

the signal content and the mirrored idler content do not overlap.

Non-Degenerate Parametric Amplifier

In contrast to the degenerate parametric amplifier, the non-degenerate amplifier

does not have a reliance on the phase relationship between the pump and signal

frequencies. The pump frequency no longer has to be approximately twice the

signal frequency and can instead be chosen with few restrictions. This results in

the need of an extra branch and resonator for the idler frequency compared to the

degenerate case as seen in Fig. 2.3a which somewhat increases the complexity of

the parametric amplifier. In addition the idler frequency no longer falls on top of

the signal frequency in the frequency spectrum as demonstrated in Fig. 2.3b. This

results in the maximum gain achievable by the non-degenerate parametric ampli-

fier being less than that of the degenerate architecture as it cannot take advantage

of any constructive interference between the idler and the signal. However, due
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to the phase agnostic relationship between the pump and signal frequencies, the

non-degenerate architecture can be used to receive phase modulated signals with

no additional constraints on the incoming signal. This makes the non-degenerate

parametric amplifier more readily applicable to receive mode operation compared

to the degenerate case.

Implementation on Aperture

The performance of parametrically-tuned receive antennas in terms of receive

effective aperture and bandwidth is reliant on a number of parameters similar to

those of standard parametric amplifiers. The maximum transducer gain of these

time-varying antennas is given by

Gmax
t =

4RLRs

[Rnet
s (1− |γ|2QC

s Q
C
i /4)]

2
, (2.8)

where RL is the load resistance, Rs is the resistance of the physical antenna itself

at the signal frequency, and γ is the modulation factor of the time-varying capaci-

tance [33]. Rnet
s is the total resistance of the antenna at the signal frequency while

QC
s and QC

i are quality factors associated with the signal frequency and idler fre-

quency respectively. The maximum fractional bandwidth is given by

b =
rω(1−R)√︂

(QiR + rωQs)2 −Q2
i (3R

2 − 4R + 1)

, (2.9)

where rω = ωi

ωs
is the ratio of the idler and signal frequency, R is the normalized

negative resistance, and Qs/i are the loaded quality factors for the subcircuits repre-

senting the signal and idler frequencies respectively [33]. This maximum transducer

gain and maximum fractional bandwidth is discussed in more depth in Ch. 8.
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There is of course a trade-off to be had between maximizing the transducer gain

of the parametrically-tuned receive antenna and maximizing the bandwidth. This

trade-off is also investigated in more detail for the specific parametrically-tuned

receive antenna constructed in this work in Ch. 8 where it is compared directly to

an LTI concentric loop antenna of the same footprint.

For the parametrically-tuned receive antenna discussed in this work, a few ad-

ditional constraints on the standard parametric amplifier model must be noted. This

time-varying antenna is based on a non-degenerate architecture and must therefore

have a resonance for the signal frequency and the idler frequency as with all non-

degenerate designs. For the realistic fabricated parametrically-tuned receive an-

tenna, a resonance is provided for the pump frequency as well to facilitate efficient

power transfer from the pump source to the time-varying varactor. The signal fre-

quency is selected to be the resonant frequency of a loop antenna when it is tuned to

resonance with some capacitance and the idler resonance is generated by a smaller

loop inside the signal frequency loop. The pump frequency is made resonant us-

ing a lumped element matching network on the aperture which is only necessary

for a realizable design. This gives rise to a concentric loop antenna as the base

antenna footprint from which the parametrically-tuned receive antenna showcased

in this work is buil. More information regarding the specific fabricated structure is

provided in Ch. 3.

Parametric Amplifier Stability

A key parameter of interest for any amplifier including parametric amplifiers is

stability. The stability of an amplifier ensures that the expected amplification takes

place rather than devolving into oscillation. For most amplifier stability analysis,

two requirements are examined: Rollett’s Proviso and the invariant stability factor
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[34].

The invariant stability factor (ISF) test in Rollett’s work for a two port network

is given by

k =
2Re(γ11)Re(γ22)−Re(γ12γ21)

|γ12γ21|
, (2.10)

where γij are either impedance or admittance parameters. For stability, this k must

be greater than or equal to one and γ11 and γ22 must also be greater than or equal

to one. This stability test has also been extended to use scattering parameters in

the commonly used K-factor test as well as in the µ test which allows for more

information on the relative stability of the device under test [35].

Rollett’s proviso is assumed to be satisfied in many simple amplifier designs and

rarely explicitly tested. The proviso states that the device under test must have poles

only in the left half of the complex frequency plane when terminated with either an

ideal open circuit or an ideal short circuit when looking at the impedance or admit-

tance, respectively. While this proviso has been examined in specific parametric

amplifier designs, a general methodology to examine Rollett’s proviso for on aper-

ture parametrically-tuned antenna has been absent until the one recently showcased

in [13].

For simple, stand-alone negative resistance parametric amplifiers it can be suf-

ficient to examine the resistance at the port [13]. If the resistance is less than zero

then the amplifier is unstable, but if the resistance is greater than zero the device

can be said to be stable. This simplistic stability analysis cannot easily be extended

to all on-aperture parametric amplifiers and the method shown in [13] must be used

instead. This is because Rollett’s proviso cannot be assumed for all on-aperture

implementations and the ISF cannot be easily verified [13]. The negative resistance

seen at the port is a function of the modulation factor of the time-varying capaci-
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Figure 2.4: Individual components of a radio frequency system in cascade.

tance as well as the quality factor of the device at both the signal and idler frequen-

cies [33]. These parameters are also closely related to the gain of the parametric

amplifier resulting in the highest gain being on the cusp of instability.

2.2 Receive System Noise

The performance of a receive system is generally driven by the signal-to-noise

ratio (SNR) in that system. As the name suggests, the signal-to-noise ratio is simply

the ratio of signal power in the receive system to the noise power in the receive

system. While components in the receive chain modify the power of the signal in

various ways through gain or loss, each component adds some amount of noise to

the system. The gains and/or losses of the subsequent components in the chain

are then applied to the noise as well as the signal. Since any gains or losses in

the system are applied equally to the signal and the noise and each component

adds its own amount of noise, the signal-to-noise ratio in a receive chain always

decreases as it progresses through the chain. A key goal for a receive chain is to

minimize this degradation in signal-to-noise ratio. The standard method to calculate

the degradation in signal-to-noise ratio in a receive chain is outlined below.

2.2.1 Overall Receive System Noise

The noise factor of a radio frequency system measures the decrease in the

signal-to-noise ratio as a signal travels through that system. The more commonly
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cited noise figure is simply the noise factor in dB scale. A typical RF system is

comprised of multiple components each of which has their own noise factor, Fn as

well as an associated gain Gn. This can be represented as in Fig. 2.4, where each

component in the system is shown as a block with an individual noise factor and

gain. The noise figure of the system is simply the logarithmic analogue to the linear

noise factor. It should be noted that for an accurate representation of the system

in question, even the noise factor and gain of the transmission lines connecting the

components of that system must be taken into account. With the characteristics of

all the individual components and transmission lines of the system noted, the total

system noise factor can be calculated by

F = F1 +
F2 − 1

G1

+
F3 − 1

G1G2

+
F4 − 1

G1G2G3

+ ...+
Fn − 1

G1G2G3...Gn−1

, (2.11)

where Fn is the noise factor and Gn is the gain of each individual component or

transmission line in the system chain [36].

From this equation it can be seen that the position of components in the RF

system can have a large impact on the system’s overall noise factor. The first few

components of the system have the largest influence on the system’s noise factor

with a high individual noise factor and a low individual gain resulting in a much

larger overall noise factor. As the first few components are the most important

in determining the overall system’s noise factor, high gain and low noise factor

components should be used at the beginning of the chain if possible.

The noise figure of a passive device is simply the loss of the device, or the

inverse of its gain. This includes many different components such as transmission

lines and passive filters with the more general equation used to find the noise figure
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of a mismatched component given by

NF = 10 log10(
T

T0

[︃
(1− |S22|2)

|S21|2
− 1

]︃
+ 1), (2.12)

where T is the temperature of the component and T0 is the reference temperature,

typically taken as 290 Kelvin [37]. The noise figure of non-passive devices is sig-

nificantly more involved to calculate and will depend on the specific device. These

more complicated noise figures are typically provided by manufacturers for con-

sumer off-the-shelf components and can be measured using a number of techniques

including the Y-Factor method discussed in Ch. 7.

2.2.2 Effects of Antennas on Receive System Noise

Many discussions on system noise figure omit the important impact that the re-

ceive antenna has on the system’s noise performance. The antenna is the first com-

ponent in a receive chain and governs the maximum signal-to-noise ratio possible

in a receiver. Any effects from components after the antenna only serve to degrade

the maximum signal-to-noise ratio according to that component’s noise figure and

gain. For a receive system using a traditional passive LTI antenna, the SNR of the

system is given by

SNR =
τηrSi

kB(τηrTa + τ(1− ηr)Tp + Tr)
, (2.13)

which defines the SNR a system can achieve based on its antenna, outside noise

environment, and receiving system. Here τ is the antenna’s mismatch efficiency,

ηr is the antenna’s radiation efficiency, Si is the received power of the matched and

lossless antenna, k, is the Boltzmann constant, B is the bandwidth of the receive
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system, Ta is the noise temperature of the matched and lossless antenna, Tp is the

reference temperature of the system usually taken to be 290 K, and Tr is the noise

temperature of the rest of the receiving system [38]. The noise temperature of the

matched and lossless antenna, Ta will be dependent on the RF noise environment

external to the receive system as the antenna receives noise from this external envi-

ronment and delivers it to the rest of the receive system.

External Noise

Noise external to the receive system can have a dramatic impact on the overall

noise performance of the system and can easily disrupt the detection or processing

of a desired signal. An LTI antenna will receive noise power based on its receive

gain across frequency, the same as it would for a defined signal. Meaning that the

degradation of the SNR at the terminals of a lossy receive antenna can be repre-

sented by

F =
Si/Ni

So/No

=
Si

kTaB

kB(τηrTa + τ(1− ηr)Tp)

τηrSi

, (2.14)

where F is the noise factor or degradation of the SNR at the terminals of the an-

tenna, Si is the received power of the matched and lossless antenna, k is the Boltz-

mann constant, B is the bandwidth of the measurement, τ is the antenna’s mismatch

efficiency, ηr is the antenna’s radiation efficiency, Tp is the physical temperature of

the antenna, and Ta is the noise temperature of the matched, lossless antenna [38].

This means that Ta is only dependent on the directivity characteristics of the receive

antenna and the external noise environment. It can be found with

Ta =

∫︁ 2π

0

∫︁ π

0
Tb(θ, ϕ)D(θ, ϕ)sinθdθdϕ∫︁ 2π

0

∫︁ π

0
D(θ, ϕ)sinθdθdϕ

, (2.15)
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where D(θ, ϕ) is the antenna’s directivity as a function of angle, and Tb(θ, ϕ) is the

brightness temperature of the external noise environment.

A non-LTI antenna must contend with noise both at and around the signal fre-

quency of interest as well as at any harmonics. In the case of the non-LTI parametric

receiver, any noise incident at the harmonics with be mixed down to the signal fre-

quency and amplified. This can have a major impact on the external noise received

by the system and must be taken into account. This ability of non-LTI antennas to

couple external noise from the harmonics down to the signal frequency is discussed

in more depth in Ch. 7.

Internal Noise

A traditional passive LTI antenna contributes internal noise equivalent to the

losses apparent on it as with other passive RF components. For an antenna this can

be described by

TAntLoss = Tprτr(1− ηr), (2.16)

where TAntLoss is the noise temperature of the lossy antenna, τr is the antenna’s

mismatch efficiency, ηr is the antenna’s radiation efficiency, and Tpr is the physical

temperature of the antenna. In general, the lossier an LTI antenna, the more internal

noise it generates. A similar idea is true for non-LTI antennas, but the definition of

efficiency is not clear in this case so noise must instead be calculated based on loss

resistance rather than radiation efficiency. In addition, similar to external noise, a

non-LTI antenna must contend with non-negligible internal noise–such as thermal

noise–at both the signal frequency as well as at all the harmonics. The internal

noise generated at the harmonics is also coupled down to the signal frequency and

is discussed in Ch. 7.
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2.2.3 Parametric Amplifier Noise

Parametric amplifiers are known for their low noise due to relying on a, theo-

retically, only reactive element for amplification. Traditional transistor-based am-

plifiers in contrast have some inherent reliance on resistance and as such are noisier

in the most simplified case. In addition to being primarily reliant on only a reac-

tive element, phase-sensitive degenerate mode designs are especially low noise in

certain circumstances due to noise-squeezing [39]. This is a method most common

in parametric amplifiers for use with quantum signals whereby noise is squeezed

into one of the quadratures of the signal. This sacrifices the signal-to-noise ratio

in one of the quadratures to improve it in the other, allowing for ultra low noise

measurements.

Noise in the general parametric amplifier is highly dependent on the pump-to-

signal frequency ratio and the quality factor of the diode(s) used in the design [40].

This means that small increases in the series resistance or loss in the diodes that are

typically used to implement parametric amplifiers can result in large increases in the

noise figure of the device. As such, it is imperative to choose diodes with low loss

at both the signal and idler frequencies to ensure the fabricated parametric amplifier

is as low noise as possible. In addition to thermal noise from the diode, noise from

the pump source can couple down into the signal frequency and add to the apparent

noise figure of the amplifier. This means signal generators, which might be used as

the pump source for parametric amplifiers or receivers during preliminary testing,

can be a major source of noise as they typically use noisy wideband amplifiers [12].

The pump as a source of noise has been noted as an issue in [12] and is discussed in

more depth in Ch. 7 along with mitigation efforts to reduce the effects of this pump

noise.
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2.3 LTI Antenna Measurements

There are a number of parameters of interest to characterize a typical LTI re-

ceive antennas. These parameters include receive gain or receive effective aperture

and their associated patterns, bandwidth, and mismatch, as well as more advanced

metrics such as signal fidelity. While this work does not focus on antenna patterns

of time-varying antennas and instead focuses on broadside receive characteristics,

the effective aperture, bandwidth, and signal fidelity are all investigated in addition

to the noise figure of the active, time-varying antenna proposed. The mismatch of a

time-varying antenna is ill-defined but the S-parameters of the non-pumped antenna

design are still used to aid tuning with a procedure outlined in Ch. 3.

The most common characterization is the receive gain and radiation pattern of

the antenna. This can be done using near-field measurements which are then trans-

formed to far-field patterns [41] or the more straightforward far-field measurements.

The receive effective aperture measurement method used in this work is based on

the far-field gain-transfer or gain-comparison method where a calibrated antenna

with known gain or effective aperture characteristics is used to associate a gain or

effective aperture across frequency to an antenna under test [26]. While in LTI

settings this can be done using a network analyzer measuring the same received

frequency as the transmitted frequency, the method used in this work makes use

of a spectrum analyzer to better measure the cross-frequency behavior of time-

varying antennas as a function of transmit frequency. More information on this

cross-frequency effective aperture measurement which is based on work in [42] can

be found in Ch. 5.

Receiving modulated signals carrying information is of great interest for mod-

ern systems that deal with communications. As such, it can be helpful to test the
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capability of an antenna to receive these modulated signals without large distortion.

A number of methods and measurements have been carried out to characterize the

impact of an antenna under test on the error vector magnitude or EVM of the asso-

ciated modulated signal [43], [44], [45], [46]. A method similar to one used in [47],

where the data rate of the transmitted signal is increased while measuring EVM, is

also used in this work in Ch. 6 as an additional investigation of the bandwidth of the

antennas under test. This type of measurement method of directly measuring the

EVM from the spectrum analyzer was preferred over methods directly investigating

the signal distortion caused by the receive antennas such as in [48] due to the easier

measurement implementation.

The noise characterization associated with loss for LTI antennas is fairly straight-

forward in theory and can be directly calculated given an antenna’s radiation effi-

ciency and mismatch efficiency as seen in Eqn. 2.16. For the large, directive anten-

nas used in radio astronomy it can be helpful to measure the noise figure associated

with the loss of the antenna in situ using a modification of the Y-Factor method

which is commonly used for two-port devices [49], [50]. A novel extension of this

antenna Y-Factor method is used in this work to characterize the noise contribution

associated with the loss and cross-frequency coupling behavior of time-varying an-

tennas in Ch. 7.

2.4 Conclusions

The foundational information regarding parametric amplifiers covered in this

chapter helps set the stage for the parametrically-tuned receive antenna covered in

the next chapter. This time-varying antenna, which is based on a non-degenerate

parametric amplifier design, serves as the primary prototype for the measurement
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suite outlined throughout this work. Some basic characteristics of noise in receive

systems has also been discussed as this features heavily in the matching discus-

sion for LTI antennas in Ch. 4. The cascading of noise through a receive chain

and sources of internal and external noise are also important aspects in the noise

characterization of time-varying antennas investigated in Ch. 7 and the results of

the modulated signal testing seen in Ch. 6. With a solid foundation on parametric

amplifiers and how noise functions in receive systems, the prototype antennas–both

the parametrically-tuned receive antenna and its LTI counterpart–can be examined.
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Chapter 3

Time-Varying Parametric Receiver

The design of the parametrically-tuned receive antenna starts with the basic

model of the parametric amplifier. Among the major modifications is, of course, the

implementation of the amplifier onto the aperture of an antenna. This implemen-

tation is not trivial and is detailed below, starting from a more idealized simulated

version to the final fabricated and measured prototype.

3.1 Physical Characteristics

The footprint of the base antenna used for the parametrically-tuned receive an-

tenna and the LTI counterpart was chosen to be a loop antenna. Using a balanced

design such as a loop antenna means that a large ground plane is not necessary for

proper operation and ensures the entire design stays electrically small. A loop in-

stead of a dipole means that loading the antenna is much easier, needing only small

gaps in the copper of the loop to support the loading components. This means that

the loading components can be placed directly opposite the antenna feed increasing

the room available for circuitry. This allows for easy access to the varactors for

biasing which would be more complicated if the loading was done at the feed. In

addition, the loop is fairly insensitive to objects and components in the center of the
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Figure 3.1: Concentric loop antenna configuration that provides the basis for the
electrically small loaded LTI antenna design and the parametrically-tuned receive
antenna design.

loop, allowing for the easy integration of any supporting circuitry in future designs

without increasing the size of the antenna [26].

The main time-varying antenna used for testing is based on a non-degenerate

parametric amplifier implemented on the aperture of a concentric loop antenna.

The concentric loop antenna consists of two loops as seen in Fig. 3.1. The larger

loop is 260mm by 130mm with a conductor width of 10mm while the smaller loop

is 200mm by 100mm with the same conductor width of 10mm. The introduc-

tion of the smaller inner loop supports a resonance at the idler frequency of the

parametrically-tuned receive antenna, approximately 500 MHz. The inner loop was

constructed such that the two resonances of the signal and idler frequencies could be

modified separately while ensuring the idler frequency was not too high. A higher

frequency idler resonance would require a higher frequency pump which would

limit the use of lumped elements in the implementation of the pump matching net-
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work which serves as the pump resonance. The idler resonance is required due

to the non-degenerate architecture of the parametric amplifier which necessitates

separate signal and idler resonators.

3.2 Idealized Parametric Receiver

To begin, an idealized model of the more complicated parametric receiver de-

sign is helpful to illustrate the main working principles. The main components

necessary to implement the idealized parametrically-tuned receive antenna is a rep-

resentation of the physical antenna and a time-varying capacitance. For the ideal-

ized version, the time-varying capacitance can be implemented in Keysight ADS as

a symbolically-defined model of a time-varying capacitor as seen in Fig. 3.2 [51].

This time-varying capacitance has a center capacitance set by the static capacitor

connect between ports 1 and 3 of the model and a modulation factor set by half the

peak amplitude of the voltage source connected to port 2. This model allows for

a time-varying capacitance without the need for a physical pump source, greatly

simplifying the simulated implementation.

3.2.1 Simulations

The simulation of both the idealized model and the more complicated realized

model of the parametric receiver is implemented using a mix of the full-wave solv-

ing capabilities of ANSYS HFSS and the circuit solver Keysight ADS. HFSS is

used to model the physical structure of the antenna itself as well as find the nec-

essary open-circuit voltages across the loaded ports as a result of an incoming

plane wave. This method stems from representing the loaded antenna as a mul-

tiport Thévenin equivalent circuit which is itself an extension of representing un-
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Figure 3.2: Idealized time-varying capacitance implemented in Keysight ADS us-
ing a symbolically-defined model approach.

loaded receive antennas as a single port equivalent circuit [17]. By using a Thévenin

equivalent circuit for a general receiving antenna, the antenna can be represented by

a one port scattering parameter matrix and an open circuit voltage. This is extended

in [52] to loaded antennas for a multiport representation where each load on the an-

tenna is represented by a port and an open circuit voltage at that port. Additionally,

each feed point on the antenna is also represented as a port with an open circuit

voltage. ADS then uses the antenna representation from HFSS–in the form of a two

port SNP block and two voltage sources for the prototype showcased here–along

with the supporting circuitry to accurate simulate the parametrically-tuned receive

antenna. An example of the ADS schematic for the LTI antenna which uses the

Thévenin equivalent circuit representation can be seen in Fig. 3.3.
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Figure 3.3: Schematic of the LTI antenna in ADS which uses the Thévenin equiva-
lent circuit representation. The scattering parameter matrix and the necessary open
circuit voltages for each port are found using HFSS. An ideal transformer is used
here as a balun.

HFSS

The physical structure of the base antenna model was constructed in HFSS and

is the same for both the LTI and non-LTI case which can be seen in Fig. 3.1. The

design is a concentric loop antenna consisting of an inner and outer loop on 60

mil thick Rogers 5880 substrate. The substrate itself does not noticeably impact the

behavior of the antenna and was used to ease fabrication and component integration

as well as increase physical robustness. The copper is tapered near the feed to

better support soldering the components necessary for the feed matching network.

In HFSS, a lumped port is inserted, bridging the gap and acting as the main feed.

Opposite the feed is a gap in the copper where the loading circuitry is incorporated.

For the LTI design this is a simple capacitor, but for the parametrically-tuned design

a much larger circuit is implemented here in ADS.

To generate the S-parameter block necessary to accurately represent the antenna

in a circuit simulation, lumped ports are used at the feed and the loading site. By

using lumped ports on the feed and each loading site on the antenna, the two port
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S-parameters–one port for the loading point and one for the feed point–can be ex-

tracted from HFSS for use in ADS. The open circuit voltages across each port are

also necessary for use in the circuit simulation. These voltages are obtained by

creating poly lines across the feed and loading gaps, and using the HFSS fields cal-

culator to find the magnitudes and phases of the voltages across these lines. An

incoming plane wave excitation is used as the source generating the open circuit

voltages. This wave is traveling in the positive x-direction in reference in Fig. 3.1

and is first incident on the side with the loading components. Plane waves incident

from other angles can be used, but the magnitude and phase of the open circuit

voltages will change in accordance to the direction of incidence. This particular

direction was chosen as it corresponds to broadside and allows for the easiest mea-

surement of the fabricated antenna. The power in this plane wave excitation is

then used as the incident power density on the antenna for calculating the effective

aperture in simulation. For the concentric loop design, the voltages at the feed and

loading points are equal in magnitude and phase and remain consistent across the

frequency band of interest.

ADS

The two-port S-Parameter file (S2P) of the physical structure of the antenna

generated from HFSS is imported into ADS using an S2P block component. The

necessary open circuit voltages found from the full wave solution are implemented

using single tone voltage sources with a variable frequency. The magnitude and

phase of the open circuit voltages do not vary greatly across the frequency band of

interest as shown in Fig. 3.4 so these parameters remain static. The symbolically-

defined time-varying capacitance discussed earlier and shown in Fig. 3.2 is added

to the second port of the antenna representation while a resistive load is added to the
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Figure 3.4: Open circuit voltages for the Thévenin equivalent circuit of the concen-
tric loop antenna as a function of frequency.

first port, corresponding to the load and feed ports of the antenna respectively. The

schematic of the idealized simulation can be seen in Fig. 3.5 with the time-varying

capacitance model and the resistive terminal representing the feed port.

As a part of the ADS simulation process, harmonic balance as well as tran-

sient simulations are run. The harmonic balance simulations are significantly faster

and allow for more rapid modifications to the prototype designs to improve per-

formance. Transient simulations are used to ensure that the design simulated in

harmonic balance is indeed stable. If the transient simulation fails to run com-

pletely or if the results of the transient simulation diverge, this points to the design

under test being unstable. Therefore transient simulation becomes an incredibly

important step in the simulation process to ensure stability that might not be un-

covered if work is only done using the harmonic balance simulator. To support the

use of transient simulations, the S-parameter information from HFSS discussed in
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Figure 3.5: Schematic of the idealized parametrically-tuned receive antenna making
use of the Thévenin equivalent circuit representation of the concentric loop antenna,
a resistive load on the feed port, and a symbolically-defined time-varying capaci-
tance model on the load port.

3.2.1 must incorporate a wider frequency range than one might expect. Since the

information in the S2P block is translated into an impulse response for use in tran-

sient simulations, high frequency content is necessary to accurately capture small

time-domain details in high quality factor structures. Therefore for the S-parameter

data used in this work as a part of the Thévenin equivalent circuit representation of

the concentric loop antenna, frequency data ranging from DC to 8 GHz was used.

This range will likely need to be increased for designs that utilize a higher pump

frequency.

3.3 Realized Parametrically-tuned Receiver

The idealized circuit presented earlier does not include many of the elements

necessary to create a realizable prototype. Additional modifications to the circuit

must be made to model a realistic time-varying capacitor. Varactors are used as the

main component in the time-varying capacitor as they can vary their capacitance

with voltage. Great care must be taken in varactor choice to balance capacitance

swing, linearity, and series resistance. While the capacitance swing provided by a
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(a) Entire capacitance versus voltage curve
for the Skyworks SMV1232 varactor diode.

(b) Zoomed capacitance versus voltage curve
for the Skyworks SMV1232 varactor diode.

Figure 3.6: The capacitance versus voltage curve for the Skyworks SMV1232 var-
actor diode. A subset of the full range of capacitances available from the varactor
are used to increase the linearity of the component when used in the parametrically-
tuned receive antenna.

varactor can be fairly large, the relationship between the applied voltage and the

capacitance of a varactor is non-linear. This non-linearity can introduce significant

issues in the parametric amplification design such as intermodulation products and

must be avoided. A much smaller subset of the capacitance-voltage relationship

is used such that it appears approximately linear as shown in Fig. 3.6a. A pair of

SMV1232 varactors in parallel are used in the parametrically-tuned receive antenna.

By using two varactors in parallel, the capacitance values the varactors provide

increase while the series resistance of the two decrease. This decrease in series

resistance is important as it subtracts from the negative resistance that powers the

parametric amplification. In addition, the lowered series resistance can reduce the

noise figure of the parametrically amplified design [40].

While in the idealized design the time-varying nature was baked into the SPICE

model, an actual time-varying voltage needs to be applied to the varactors to pro-

duce a time-varying capacitance. This time-varying voltage comes from the pump
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source, which in the case of the prototypes discussed in this work, is a signal genera-

tor. To support this pump frequency on the aperture of the receive antenna additional

circuitry including filtering, a matching network, and a balun is added. The match-

ing network is necessary to match the 50 Ohm pump port–the standard impedance

for instruments such as a signal generator–to the varactors to ensure as much volt-

age as possible is presented to the varactors to vary them for a given pump power.

The more efficient the matching from the pump port to the varactors is, the less

pump power is necessary to produce the desired performance. For this particular

design, the voltage across the varactors varies from approximately 0.58 V to 7.2 V,

producing an only weakly non-linear capacitance curve rather than the fully non-

linear relationship that using the full range of the varactor would produce. This was

deemed an acceptable amount of nonlinearity as no major nonlinear effects such as

intermodulation products were seen. The balun serves to transform the balanced

architecture of the antenna aperture to the single-ended port of the signal generator.

Both the LTI and the non-LTI antenna designs are based on a concentric loop

and are therefore differential. To accurately represent the differential nature of the

design, the reference ports of the S-parameter block are used as the second differ-

ential port on each side of the antenna as can be seen in ADS schematic for the LTI

in Fig. 3.3.

3.3.1 Circuit Layout

The schematic for the realizable parametrically-tuned receive antenna in ADS

can be seen in Fig. 3.7 with different portions of the design highlighted. The

different portions include the base antenna representation using simulations from

HFSS, a pump bandstop filter, a signal bandstop filter, matching networks for the
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Figure 3.7: Schematic of the realized parametrically-tuned receive antenna in ADS.

pump and receive ports, and hybrid couplers acting as baluns for each port.

The Thévenin equivalent circuit representation of the basic concentric loop an-

tenna is highlighted in black in Fig. 3.7 and consists of the two port scattering

parameter model and the two voltage sources. This represents both the physical

antenna including the copper and dielectric losses as well as incident power from

an incoming plane wave. A differential signal matching network shown to the left

of the S2P model seeks to match the impedance of the time-varying antenna as best

as possible to the 50 Ohm singled-ended impedance of the signal port. This de-

sign of this matching network is discussed in more depth in 4.4.2. On the opposite

side of the schematic is the differential pump matching network which matches the

50 Ohm single-ended impedance of the pump port to the varactors in addition to

interacting with other lumped elements on the aperture to create a resonance near

the pump frequency. This resonance allows for a more efficient power transfer from

the pump source to the pumped varactors. Hybrid couplers on both the signal and

pump ports serve as a balun solution to allow for interfacing single-ended instru-

ments with the differential antenna aperture. The hybrid coupler on the receive

side combine the signal on each branch of the balanced design with a 180 degree

phase shift on one of the branches. The opposite occurs on the pump side where

the single-ended pump signal is split into two branches with equal magnitudes but
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opposite phase. On either side of the varactors are bandstop filters. Highlighted

in red is the pump bandstop filter which is designed to reject pump power and at-

tenuate it before it reaches the signal port. In addition, this bandstop ensures that

as much voltage as possible from the pump source is seen across the varactors to

produce a larger modulation factor for a smaller pump power. On the opposite side

of the varactors is another bandstop filter, this time for the signal frequency. This

bandstop filter rejects at the signal frequency such that the incoming signal does not

leak out onto the pump port and instead is direct towards the signal port. Finally, 1

nF capacitors are inserted on either side of the varactors to serve as DC blocks and

1 MOhm resistors serve as RF chokes on the DC bias lines feeding the varactors.

To support a realistic pump source, which in the case of preliminary measure-

ments is a signal generator, an additional resonance must be added to the aperture

of the non-LTI antenna. This resonance at the pump frequency is in line with the

theory in Ch. 2 and must be designed and tuned to take into account loading from

other elements on the aperture. In the case of this prototype, this resonance is gener-

ated with the combination of the differential matching network and signal bandstop

filter.

The fabricated version of the parametrically-tuned receive antenna needs the

transmission lines connecting different components to be as small as possible. An

early iteration, shown in Fig. 3.8, used fairly small transmission lines (approxi-

mately λ/30), but this still appeared to detune the design and introduced a shift in

the idler frequency. The S-parameters associated with this earlier design can be seen

in Fig. 3.9 with port one corresponding to the signal port and port two correspond-

ing to the pump port. As can be seen in S22, there is a high amount of reflection

on the pump port around the design pump frequency of 600 MHz. This results in

poor power transfer to the varactors, degrading their time variation. In addition, the
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Figure 3.8: Early prototype of the parametrically-tuned antenna with longer trans-
mission lines connecting the components. This iteration makes use of off board
hybrid couplers as the balun solution.

idler resonance highlighted in the figure is detuned down in frequency by approxi-

mately 100 MHz from the design frequency of approximately 500 MHz. The signal

resonance is also slightly detuned in frequency by a lesser amount. The resonances

associated with the signal port and shown with S11 show less detuning than the

resonance associated with the pump port and S22. This is due to the signal side of

the design having less overall transmission line length than the pump side imple-

mentation. As can be seen from this earlier design, the antenna is fairly sensitive

to frequency shifts and parasitics caused by unnecessary lengths of transmission

lines. This finding was used to implement the final parametrically-tuned receive

antenna prototype with shortened transmission lines and off board hybrid couplers

which can be seen in Fig. 3.10. Insets highlighting the components on the aperture

of the finalized design are showcased with boxes corresponding to the segments of

the circuit shown in Fig. 3.7. In addition to the shortened transmission lines, the
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Figure 3.9: S-parameters of the early prototype parametrically-tuned antenna with
longer transmission lines connecting the components. Port one corresponds to the
signal port and port two corresponds to the pump port.
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Figure 3.10: Final prototype of the parametrically-tuned receive antenna including
the Minicircuits ZFSCJ-2-4-S+ hybrid coupler acting as a balun on the signal side
and the Minicircuits ZFSCJ-2-232-S+ hybrid coupler on the pump side.

lengths were modeled in simulation to better account for the frequency shifts. The

S-parameters of the finalized design are shown in Fig. 3.11 compared with the sim-

ulated results with the signal, idler, and pump resonances highlighted. The signal

resonance is at the designed frequency, as are the idler and pump resonances.

3.3.2 Balun Implementation

A number of balun implementations were investigated to transform the differ-

ential signal side of the antenna to single-ended and the differential pump side to

single-ended. The rest of the receive system, namely the LNA and RTSA used in

measurement are single-ended so a balun was necessary to make the transforma-

tion. Similarly, the signal generator used as the pump source is also single-ended

resulting in a need for a balun on the pump side of the non-LTI antenna as well.
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Figure 3.11: S-parameters of the finalized parametrically-tuned antenna with short-
ened transmission lines. Port one corresponds to the signal port and port two corre-
sponds to the pump port.

Figure 3.12: Early prototype of the parametrically-tuned antenna with chip baluns
used on the pump and receive ports.
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The first balun implementation that was prototyped was the use of a chip balun

on both sides of the antenna. This parametrically-tuned receiver prototype can be

seen in Fig. 3.12. While this solution was able to create an interface between the

balanced antenna structure and the single-ended measurement equipment, the loss

associated with the balun was significantly worse than expected, resulting in a much

lower received effective aperture for both the LTI and the parametrically-tuned re-

ceive antenna. This impacted the parametrically-tuned receive antenna more so

than the LTI antenna as the parametric amplification is more sensitive to increases

in load resistance and on-aperture loss. The sensitivity of the parametrically-tuned

receive antenna to on-aperture loss is discussed in Sec. 2.1.1.

The balun implementation that is used in the prototype discussed for most of

this work is a hybrid coupler. This was chosen over the transformer implemen-

tation as a straight forward solution that suffered from less loss, improving peak

effective aperture performance for both the LTI antenna and the parametrically-

tuned receive antenna. The chosen hybrid coupler is already implemented as a

stand alone, off-aperture component with the signal port hybrid coupler being the

Minicircuits ZFSCJ-2-4-S+ and the pump port hybrid coupler being the Minicir-

cuits ZFSCJ-2-232-S+. To connect the off board hybrid couplers to the antenna

board, phase-matched semi-rigid cables were constructed to be connected to the

two SMA connectors that made up the differential connections for each port. The

final prototype design of the LTI comparison antenna including the hybrid coupler

can be seen in Fig. 3.13.
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Figure 3.13: Final prototype of the LTI comparison antenna including the Minicir-
cuits ZFSCJ-2-4-S+ hybrid coupler acting as a balun.

3.3.3 Tolerance Analysis

A tolerance analysis using a Monte Carlo simulation was run to assess how

sensitive the parametrically-tuned receive antenna is to tolerance in the component

values implemented on aperture. Each of the lumped element capacitors and in-

ductors in the time-varying design were included in the analysis with a tolerance

of 5%. While the majority of iterations yielded results within 3 dB of the nomi-

nal simulation, results from some of the more illuminating iterations of the Monte

Carlo simulation of the time-varying antenna can be seen in Fig. 3.14. The base

case, shown with the solid blue line, showcases a symmetric received power curve

while the other iterations show reduced received power and unequal curves.

The iterations that were impacted the most by tolerance and resulted in the worst

performance were ones in which the components on each leg of the balanced an-

tenna design suffered from opposite ends of the tolerance spectrum. For example,
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Figure 3.14: Received power results for various iterations of a tolerance analysis
done in simulation.

the worst performing result shown in Fig. 3.14, the yellow dotted line, has inductors

and capacitors in which one leg of the balanced design has values 5% higher than

designed for and the other leg has all values 5% lower than designed for. This neg-

atively impacts the balanced design and results in cancellation of received power.

This highlights not only the sensitivity of this particular time-varying design to

component tolerance, but also a downside of using a balanced design in conjunc-

tion with lumped elements in general. The result shown in the orange dashed line

has component values that are mistuned from the optimal design, but the compo-

nents on opposite legs of the balanced design are mistuned in the same direction.

This results in the overall design being shifted in frequency and lower in received

power, but remaining balanced and symmetric. In contrast, the result shown in the

purple dot-dashed line has a few pairs of components mistuned in opposite direc-

tions but not all. This gives a decrease in received power and slight asymmetry
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due to a bump around 105 MHz, but is not nearly as bad as when every pair of

components is unbalanced. In general, the time-varying design is most sensitive to

tolerance in the components that compose the pump and signal bandstop filters.

3.3.4 Fabricated Design Tuning

Due to the sensitivity of the design to tolerance as highlighted in the previ-

ous section, the fabricated design needed to be slightly tuned to optimize the gain-

bandwidth product. The tuning was performed while the antenna was connected

to the rest of the receive system and focused on three primary parameters: pump

frequency, pump power, and varactor DC bias voltage. The pump frequency was

first tuned such that it approximately aligned with the pump resonance seen in the

static S-parameters featured in Fig. 3.11. The pump frequency was then slightly

adjusted and a brief receive power measurement was taken with an incoming signal

before adjusting the pump frequency once more. The goal was to adjust the pump

frequency such that the receive power of the incoming signal used during testing

was maximized. The adjustment of the pump frequency was done in tandem with

small adjustments to the varactor DC bias voltage to ensure that the idler frequency

created by the interaction between the pump frequency and the incoming signal

frequency landed on the idler resonance of the antenna structure. The varactor DC

bias voltage also served to slightly adjust the signal resonance of the time-varying

antenna. Finally, the pump power was modified such that the received power from

the incoming signal matched the received signal power level of the LTI comparison

antenna. The inductor in the signal side matching network could also be used to ad-

just the amplification and therefore the received signal power level along with the

pump power. A higher inductance value in the matching network leads to a higher

48



load resistance presented to the time-varying antenna which increases bandwidth at

the cost of amplification. Since the pump power directly affects the voltage swing

across the varactors and therefore the modulation factor, it must be limited to en-

sure that the varactors do not behave strongly nonlinear. During testing and tuning

this was checked by reviewing the received power spectrum when an incident sig-

nal was received and ensuring intermodulation products were not present. Testing

with the time-varying antenna and this receive system has previously shown strong

intermodulation products if the pump power was set too high.

3.4 Conclusions

The design of an LTI concentric loop antenna as well as the more complicated

parametrically-tuned receive antenna developed from the same footprint has been

presented. Details regarding the simulation and fabrication of the prototypes have

been discussed including pitfalls regarding the sensitivity of the time-varying de-

sign to transmission line lengths. The balun solutions for both of the designs were

reviewed and the finalized prototypes of the time-varying antenna and its LTI coun-

terpart was showcased. A tolerance analysis was run on the parametrically-tuned

receive antenna and revealed the more sensitive portions of the simulated balanced

design.
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Chapter 4

Matching Network Considerations

This chapter focuses on the importance of matching for LTI receive antennas for

maximum SNR and seeks to showcase how optimal matching solutions can change

as a function of noise environment. An investigation of this nature that includes a

modulated signal analysis in the form of OOK signals has not been shown before

in the literature. The literature currently includes investigations in improving the

SNR of the receive system through different matching solutions [53] as well as de-

creasing the noise figure of the receive system [54]. The investigation in [55] briefly

mentions bandwidth by pointing out that high-impedance buffer amplifiers achieve

larger bandwidths than standard matching networks, but bandwidth is never mea-

sured and has no impact on the results. As such there is a lack of investigation on

the impact of the matching solution on receiving modulated signals that this work

seeks to rectify. Receiving modulated signals serves as a realistic test bed for these

electrically small LTI antennas that combines the effects of SNR and bandwidth.

The investigation of matching network performance under different noise environ-

ments is also a novel contribution which has not been shown in the literature. In

addition, important considerations for ensuring adequate power transfer to and from

the parametrically tuned receive antenna are highlighted and discussed.

A large portion of this chapter deals with an investigation of different match-
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ing techniques for electrically small antennas on receive. This is in order to en-

sure the LTI antenna against which the time-varying antenna implemented in this

work is compared to uses the optimal matching solution. For this investigation, a

low-noise amplifier (LNA) was designed specifically for use in simulation in con-

junction with a single order L-matching network in addition to a variety of high-

impedance buffers as alternative matching solutions. The impacts of these solutions

on the noise figure and signal-to-noise ratio of the receive system are investigated.

A more in-depth investigation on the impact of different L-matching regimes on the

SNR and modulated signal characteristics of the receive system is also completed.

4.1 LNA Design

A low-noise amplifier was designed for use in this investigation. While S-

parameters for consumer off-the-shelf (COTS) LNAs are widely available, only the

noise figure as a function of frequency is typically given. This noise figure assumes

a source and load impedance of 50 Ohm and therefore does not accurately model

the effects of different source impedances. Electrically small antennas typically

do not present an impedance of 50 Ohm and used matching networks to transform

the input impedance to value closer to the standard 50. As a part of this investiga-

tion, different matching networks were used resulting in different impedances being

presented to the LNA in a source pull manner [56]. By starting with a vendor tran-

sistor model in ADS which has accurate noise parameters, the noise characteristics

of the amplifier can be correctly represented as a function of both frequency and

source impedance. The noise figure of the LNA changing as a function of source

impedance is an important characteristic that would not be accurately modeled with

only the use of LNA datasheet quantities necessitating the design of the LNA from a
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transistor model. The noise generated by an amplifier can be completely described

by four noise parameters: rn, the equivalent noise resistance normalized to 50 Ohm,

Γopt, the magnitude and phase of the optimum noise reflection coefficient, and Fmin,

the minimum noise figure of the amplifier when optimally noise matched [57]. To

find the noise figure of the amplifier as a function of the source reflection coefficient

the equation,

F = Fmin + 4rn
|Γs − Γopt|2

|1 + Γopt|2(1− |Γs|2)
, (4.1)

is used where Γs is the source reflection coefficient presented to the input of the

amplifier. As can be seen from the equation, the closer the source reflection co-

efficient is to the optimum noise reflection coefficient, the smaller the amount of

noise seen at the output of the LNA is. There is a minimum noise figure that is

achieved when the LNA is perfectly noise matched. This minimum noise figure

is largely determined by the transistor(s) used in the LNA design as well as the

stability implementation.

The transistor chosen was a Infineon BFP720 SiGe:C NPN heterojunction bipo-

lar transistor [58]. This transistor boasts a minimum noise figure of less than 0.6 dB

and a maximum power gain of more than 36 dB at 150 MHz. Due to biasing, sta-

bility, and matching constraints this ideal noise figure and maximum gain can not

be realized with the simple LNA design utilized here. The maximum gain and min-

imum noise figure create a trade-off space whereby one can only be optimized at

the cost of the other. In addition, more complicated techniques to achieve stability

than the ones used here can be applied to improve the noise figure and gain.
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4.1.1 Design process

A transistor-based common emitter LNA was designed with the Infineon BFP720

transistor using the ADS amplifier design guide and details found in [59]. To begin

the design process of this simple LNA, the biasing conditions for the transistor must

be chosen. For this simple design, DC voltage supplies were used to set VCE , the

voltage from the collector to the emitter, and to set IB, the current at the base of the

transistor. Using a combination of the transistor datasheet and sweeps in ADS, VCE

was chosen to be 3 V and IB was chosen to be 40 µA. These biasing conditions af-

fect both the minimum noise figure achievable by the LNA as well as the maximum

available gain. By increasing the bias voltages and currents, a higher gain can be

achieved at the cost of a higher noise figure.

Once the biasing conditions were set, the LNA had to be stabilized. This pre-

vents the LNA from oscillating which would destroy the signal and potentially the

rest of the system. When the stability factor,

K =
1 + |∆|2 − |S11|2 − |S22|2

2|S21||S12|
, (4.2)

is larger than one and when ∆ = |S11S22 − S12S21| is less than one, then the am-

plifier is unconditionally stable [60]. To track the stability of the LNA, the stability

factor K and the associated ∆ factor were plotted across frequency while resistive

stabilization was employed. Resistive stabilization involves the use of additional

resistance on the LNA input and/or output to ensure that the reflection coefficients

on either side are less than one. Instability can occur when the input or output

reflection coefficient of the LNA exceeds unity. A parallel resistance of 40 Ohm

was added to the output of the LNA before the DC block in order to increase the

stability factor of the LNA to above one for a large range of frequencies as seen in
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Figure 4.1: Stability factor, K, and ∆ factor as a function of frequency for the
designed LNA.

Fig. 4.1. For LNAs, resistive loading on the output to achieve stability is preferable

to resistive loading on the input as the resistor will invariably add noise. By having

the resistor be on the output of the amplifier, the noise generated by said resistor is

not further amplified.

With the LNA biased and stable, the input and output matching networks could

be designed. The matching networks for the LNA were first designed to match to

50 Ohm to compare to the other typical LNAs and ensure this basic LNA design

had comparable performance. The noise figure performance and gain of the LNA

when the input and the output is conjugate matched to 50 Ohm and for when the

LNA is noise matched can be seen in Fig. 4.2. From the results in Fig. 4.2, we see

that this LNA design is indeed comparable to COTS LNAs in both gain and noise

figure for the chosen frequencies. The schematic for the LNA set up for a noise

match with a 50 Ohm source impedance can be seen in Fig. 4.3.
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Figure 4.2: Gain and noise figure as a function of frequency for the LNA designed
for a 50 Ohm input.

Figure 4.3: Keysight ADS schematic for the common emitter LNA designed for a
50 Ohm input.

4.1.2 Matching to the ESA

The ESA chosen for this analysis is an electrically small square loop antenna

with a total footprint of 150 mm by 150 mm which is brought to resonance with a

3.975 pF capacitor. The input impedance of the antenna is approximately 0.65 Ohm

which of course varies from the normal amplifier assumption of a 50 Ohm source,

but a matching network is necessary anyway to bring a typical 50 Ohm source
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Figure 4.4: Keysight ADS schematic for the common emitter LNA designed for the
electrically small loop antenna under investigation. The input matching network
shown is for the noise match point of the LNA.

impedance to the conjugate match point of the transistor or to the optimal noise

impedance for noise matching. These two matching points, the conjugate match

point and the noise match point, are two different impedances that result in either

optimal power transfer in the case of the conjugate match point or lowest noise

generation from the transistor in the case of the noise match. As such, the typical

L-matching network need only to be altered to match the transistor to a 0.65 Ohm

source impedance. Matching networks were designed to match the input impedance

of the ESA to the optimal noise impedance and the conjugate match point of the

amplifier. The ESA connected to the LNA through a matching network designed to

noise match the LNA can be seen in Fig. 4.4.

4.2 High Impedance Buffer

High impedance buffers can be very useful for wideband systems at lower fre-

quencies such as HF. They negate the need for a matching network by presenting

the antenna with an large impedance, effectively probing the antenna’s open circuit

voltage which is proportionally to the power in the incident plane wave. This open

circuit voltage is then seen on the output of the buffer with no voltage gain but a cur-
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Figure 4.5: Keysight ADS schematic for a simplistic op amp based high impedance
buffer.

Figure 4.6: Input and output voltages in µV for the simplistic op amp based high
impedance buffer. The input voltage was from the electrically small loop antenna
which was receiving power from an incident plane wave of 200 µV/m.

rent gain instead. The voltage at the output of the buffer can then easily be further

amplified without sacrificing any bandwidth to narrowband matching networks.

4.2.1 Op Amp Buffer Amplifiers

A simplistic op amp based buffer amplifier was designed based on [61] using a

TI OPA856 op amp [62]. The schematic of the basic implementation can be seen
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in Fig. 4.5, with the input and output voltages shown in Fig. 4.6. While there is

a tiny loss in voltage, the high impedance buffer does indeed function as intended

with a high input impedance and a substantially smaller output impedance. Once

the buffer amplifier was functioning correctly, the noise impact of the amplifier was

investigated. The source impedance was changed to reflect the input impedance

of the previously mentioned electrically small loop antenna which was 0.65 Ohm.

The noise figure was then plotted across frequency as shown in Fig. 4.7. The noise

figure at 100 MHz of approximately 18.97 dB for the given source impedance is not

acceptable, especially considering this buffer amplifier would appear at the begin-

ning of the receive chain and would therefore have a major impact on the system’s

total noise figure [36]. This high noise figure is due to the source impedance of

the electrically small antenna under test being quite small compared to the optimal

noise impedance of the amplifier of 600+j1 Ohm. While the high impedance input

of the buffer amplifier negates the need for an input matching network for signal

preservation, a reasonable source impedance for noise considerations is still neces-

sary. The noise figure of the op amp buffer amplifier can be significantly improved

if the source impedance is brought up from the antenna’s 0.65 Ohm to a higher

impedance of 50 Ohm or 600 Ohm as seen in Fig. 4.8.

A different implementation of an op amp based buffer amplifier, the instrumen-

tation amplifier, was also designed. This buffer amplifier design makes use of three

op amps to not only provide a high impedance buffer, but to also amplify the volt-

age of the incoming signal. This is done using a two-stage method with two of

the op amps providing the high impedance input while the final op amp provides

the voltage amplification. The two-stage method improves the buffer amplifier’s

resilience to the source loading down the high input impedance and also allows

for easy implementation as a balun solution [61]. The input is differential with
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Figure 4.7: Noise figure across frequency for the simplistic op amp based high
impedance buffer with the electrically small loop antenna as the input.

Figure 4.8: Noise figure across frequency for the simplistic op amp based high
impedance buffer with different source impedances.
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Figure 4.9: Keysight ADS schematic for the instrumentation amplifier with the
electrically small loop antenna as the input.

the output being single-ended. The ADS circuit schematic for the instrumentation

amplifier is shown in Fig. 4.9 with the resulting gain and noise figure shown in

Fig 4.10. While a gain similar to that of the LNA can be achieved, the high noise

figure due to the low source impedance makes this a problematic matching and/or

balun solution. As with the simple single op amp high impedance buffer, this am-

plifier has a significantly lower noise figure if the source impedance is increased

from 0.65 Ohm.

4.2.2 Transistor Buffer Amplifier

A buffer amplifier based on a transistor was also implemented using the ADS

schematic from [63]. This buffer amplifier, seen in Fig. 4.11, is based on a common

source MOSFET architecture. The same electrically small loop antenna was con-

nected and the noise figure of the amplifier was investigated once again, shown in

Fig. 4.12. While the noise figure shows a marginal improvement over the op amp

buffer amplifier, it still remains high relative to many antenna and amplifier com-

binations. Other configurations using the LNA with this electrically small antenna

model can yield noise figures on the order of 5 dB.
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Figure 4.10: Gain and noise figure across frequency for the instrumentation ampli-
fier with the electrically small loop antenna as the input.

Figure 4.11: Keysight ADS schematic for the common source buffer amplifier with
the electrically small loop antenna as the input. This schematic is based on work
done in [63].

All of the buffer amplifier designs were abandoned due to high noise figures

for this particular electrically small antenna. While the noise figures of these high

impedance buffer amplifier designs can be manageable with more typical source

impedances such as 50 Ohm, the low input impedance of the electrically small
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Figure 4.12: Noise figure across frequency for the common source buffer amplifier
for different source impedances.

loop antenna is problematic. Other electrically small antennas which have higher

impedances, such as meander line antennas [23] can function quite well with these

buffer amplifiers [55]. Matching networks can also bring up the impedance of the

electrically small loop antenna which improves the noise figure but sacrifices other

benefits of the high impedance buffer such as the increased bandwidth.

4.3 L-Matching Network Performance Analysis

An investigation focusing on the optimal matching network strategy between

an electrically small antenna, in this case an electrically small loop antenna, and a

typical LNA is undertaken. The different strategies investigated here are a conju-

gate match, where the power delivered from the antenna terminals to the LNA is

maximized, a noise match, where the noise produced by the LNA is minimized, as

well as matching schemes in between the two that might perform better in different
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Figure 4.13: Keysight ADS implementation of the electrically small loop antenna.
The implementation involves a multiport representation of the antenna with the first
port loaded by either a load resistor or the impedance of a connected system and
the second port loaded with a 3.975 pF capacitor to bring the antenna to resonance
at 100 MHz.

noise environments. The high impedance buffers showcased previously will not be

investigated here due to their high noise contribution for this particular electrically

small loop antenna. The figures of merit for these cases are the signal-to-noise ra-

tio (SNR) or the error vector magnitude (EVM) for the antenna plus LNA systems

with the assumption that the receiver that comes after the LNA has a noise figure

of 25 dB. The matching cases were investigated for both a single frequency tone as

well as OOK signals with varying data rates.

4.3.1 Simulation Models

In addition to the LNA model and the high impedance buffer models used in

ADS in this analysis, the model of the electrically small loop antenna is of impor-

tance. The MATLAB signal generation and noise modeling also use the loop model

to accurately represent the port voltages of the signal and the external noise. It is

of use then to discuss the ESA model used as well as an overview of the MATLAB

portions of the analysis.
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ESA Model

The ESA model is a multiport model of a square loop with a 150 mm side

length and 3 mm wire width. The model is generated using a conversion matrix

method of moments (CMMoM) approach that produces an impedance matrix that

is then compressed down to only two ports [16]. These two ports are the ports on

which a load is placed. For this antenna, the first port is the antenna feed which is

connected to either the system in a system analysis or a resistor for pure antenna

analysis. The second port is loaded with a 3.975 pF capacitor to bring the loop to

resonance at 100 MHz. With the compressed impedance matrix, the open circuit

voltage on each of the ports can be calculated as a function of the electric field

intensity, polarization, phase, and direction of an incoming incident plane wave.

These voltages can then be imported into ADS for use in frequency and time domain

simulations. The ADS schematic for the ESA model can be seen in Fig. 4.13. This

model is then connected to the input of the LNA via a lossy L-matching network

utilizing an inductor with a Q value of 100.

Noise models

The external noise received by the ESA was modeled using the covariance

method as described in [64] based on work found in [65]. The impedance ma-

trix of the method of moments (MoM) model of the physical antenna is used in

addition to the covariance spectrum matrix of the noise voltage(s) to find the power

spectral density of the noise as seen by the antenna. The thermal noise due to the

losses in the antenna model as well as the external noise due to the outside RF

environment are contained within the external noise power spectral densities used

in this analysis. Two different external noise levels were used: a quiet rural noise
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environment and a business noise environment as defined in ITU Recommendation

P372-16 [66]. These noise powers are multiplied by the gain of the LNA to find

the noise power seen by the receiver for the frequency domain simulations. For

the time domain based analysis, the equivalent noise power was used to generate

different iterations of random noise that were added to the received signal in ADS.

The internal receiver noise was implemented based on a 25 dB noise figure

receiver located after the LNA. This corresponds to an equivalent noise temperature

of 91416 K which, when combined with the Boltzmann constant and the receiver

bandwidth, allows for the noise power contributed by the receiver to be calculated

simply. As with the external noise, this noise power could be used directly in the

frequency domain or used to generate random noise iterations in the time domain.

The internal noise generated by the lossy matching networks and by the LNA itself

was modelled in ADS using a noise bandwidth equal to the bandwidth of the signal

used for testing.

4.3.2 Single Frequency Tone Signal

The first portion of the investigation focused on the effects of different match-

ing techniques on the spectral SNR of a single frequency signal at 100 MHz. An

ADS schematic was setup for an AC simulation as shown in Fig. 4.14. The L-

matching network between the antenna model and the LNA was varied such that

the impedance looking from the input of the LNA towards the antenna covered a

representative portion of the Smith Chart. In other words, the source impedance

seen by the LNA was varied by adjusting the L-matching network with the 23000

test points plotted on the Smith chart in Fig. 4.15. These many thousands of L-

matching network parameters were generated using code from Kurt Schab and then
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Figure 4.14: Keysight ADS schematic for the single frequency tone matching anal-
ysis. A total of 23000 different L-matching networks were calculated in MATLAB
and the resulting inductor and capacitor values were imported into the schematic
using Data Access Components and swept across.

modified into a form that could be imported into ADS [67]. This simulation was

carried out in the frequency domain which is why so many different matching net-

work values could be tested fairly quickly. The Data Access Components in ADS

allowed for the necessary matching networks to be calculated in MATLAB and then

imported for use in sweeping simulations.

A 200 µV/m plane wave at 100 MHz impinging onto the electrically small loop

antenna resulted in voltages on the two compressed ports on the antenna model

which were calculated using the antenna’s compressed impedance matrix. The

plane wave was modelled as impacting the antenna in between the capacitor and

feed of the antenna resulting in voltages on the two ports that were equal in magni-

tude and 180° out of phase. The output signal and noise voltages of the schematic

were taken at the 50 Ohm termination after the LNA.

The spectral SNR in dB for the different source impedances caused by altering

the matching network is shown in Fig. 4.16 for a quiet rural external noise environ-

ment and in Fig. 4.17 for a business noise environment. Highlighted in each figure
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Figure 4.15: Source impedances seen by the LNA for the 23000 different L-
matching network realizations utilized in the single frequency tone analysis. A
fairly high inductor Q value of 100 used in the matching networks resulted in a
good spread of impedances across the Smith chart.

is the conjugate match point to maximize the gain of the LNA, the noise match

point to minimize the noise generated by the LNA, and the point of highest spectral

SNR seen at the receiver after the LNA. The optimal matching point between the

quiet rural and business cases does not seem to move much, however, in the busi-

ness case the optimal matching point becomes a little more forgiving. The spectral

SNR falloff is slower as the match point varies from the optimal SNR point in the

business case.

To further clarify what happens to the optimal matching point under different

noise environments, the analysis can also be expanded to look at more extreme

cases. The spectral SNR results for a case where the external noise is made artifi-

cially high can be seen in Fig. 4.18. For this extreme case, the spectral SNR for all

matching points is functionally the same. The external noise is so much higher than
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Figure 4.16: Spectral SNR as a function of the source impedance seen by the LNA
for a quiet rural external noise environment.

Figure 4.17: Spectral SNR as a function of the source impedance seen by the LNA
for a business external noise environment.
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Figure 4.18: Spectral SNR as a function of the source impedance seen by the LNA
for an extremely externally noise-limited system.

any internal noise that matching is no longer important and the SNR upper bound

of the system, the external SNR, is always reached regardless of matching.

(Change scale to 54.6) The reverse case where the external noise is made artifi-

cially lower is also investigated for two different internal noise cases. If the receiver

is made noiseless such that any internal noise that is generated comes from LNA

itself and the external noise is very low, the spectral SNR results in Fig. 4.19 are

achieved. We see when the primary source of noise is the LNA itself, the optimal

matching point is the noise match of the LNA. This makes sense as the noise match

point seeks to minimize the noise generated by the LNA. The other case is when

the noise generated by the receiver dominates over the external noise and the noise

generated by the LNA. The results of that case can be seen in Fig. 4.20. Here we

see that conjugate matching is the optimal matching case. This is because with the

high receiver noise, the optimal spectral SNR is achieved when the received signal
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Figure 4.19: Spectral SNR as a function of the source impedance seen by the LNA
for an extremely internally noise-limited system with the LNA as the primary source
of internal noise.

is as powerful as possible which is true for the conjugate match.

This phenomenon can be explained in a more intuitive way if the spectral SNR

is examined at different points in the system. The first spectral SNR of value in this

discussion is the external spectral SNR. This is defined here as the spectral SNR

seen at the aperture of the antenna before any antenna or mismatch losses. This is

the highest the spectral SNR could ever be in the system as all other components

in the receive chain, including losses from the antenna itself, will deteriorate the

spectral SNR in accordance with their noise figure. This spectral SNR takes into

account the power in the received signal as well as the external noise from the

surrounding environment. The signal power and external noise power, in addition

to the thermal noise power due to the losses in the antenna and the noise generated

from the LNA, are then amplified by the LNA. Finally, the noise power from the

receiver is added resulting in the total system spectral SNR.
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Figure 4.20: Spectral SNR as a function of the source impedance seen by the LNA
for an extremely internally noise-limited system with the receiver as the primary
source of internal noise.

If the external noise after amplification is significantly higher than the total in-

ternal noise, thereby making the system externally noise-limited, then matching is

not important to the system spectral SNR. Changing the gain of the LNA in this

case does not change the system spectral SNR as the received signal and the ex-

ternal noise are both amplified by the same amount. Therefore, manipulating the

matching network to achieve more gain or to achieve less noise generated by the

LNA is not important.

If the noise generated by the LNA dominates the system, then minimizing that

noise is optimal. Noise matching is the fairly straightforward solution here as it

minimizes the noise generated by the LNA by sacrificing some gain. If the inter-

nal noise generated by the receiver is significantly higher than the external noise

seen at the receiver and the noise generated by the LNA, making the system inter-

nally noise-limited and dominated by receiver noise, then maximizing the gain of
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the LNA through conjugate matching is optimal. Since the internal noise is signifi-

cantly higher than the external noise, the total system spectral SNR will be heavily

degraded compared to the external spectral SNR upper bound. In order to minimize

the degradation of the spectral SNR due to internal noise, the gain of the LNA is

maximized. This provides as much amplification as possible to the received signal

and external noise such that they can be made as powerful as possible compared to

the internal noise power. The higher the gain of the LNA, the closer the total system

spectral SNR can be to the external spectral SNR.

4.3.3 OOK Signal

For the case where the signal is modulated using on-off keying (OOK), the

same analysis is done as in the previous section. However, this analysis is signifi-

cantly slower and more complex due to the use of time domain analysis. The ADS

schematic used for the time domain analysis is shown in Fig. 4.4 with the main

difference between the frequency domain schematic and time domain schematic

being the port voltage sources on the antenna model. In the time domain, arbitrary

time domain voltage sources are used in order to implement the OOK signals which

were generated in MATLAB. The resulting output voltages from ADS were demod-

ulated and downconverted to baseband and then processed in MATLAB using an

adaptive least mean square equalizer with 128 taps and a step size of 0.01. The

figures of merit for these OOK cases are the SNR and the EVM of the demodulated

baseband signals. For information carrying signals, EVM measures the normalized

distance in the I-Q plane between where the received symbol was measured and

where the corresponding ideal symbol should have been. Both noise and distor-

tion in the receive system can adversely affect the received signal and therefore the
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Figure 4.21: SNR for the different matching cases across data rate for a quiet rural
external noise environment. The bandwidth used for the SNR calculation is equiv-
alent to the data rate.

measured EVM. The matching cases studied here are the same conjugate match and

noise match points as in the previous analysis as well as the matching network that

produced the highest SNR in the rural and business external noise cases from the

previous study.

The same two primary cases were studied as in the single frequency tone anal-

ysis. The quiet rural and business external noise environments were used along-

side a 25 dB noise figure receiver with a lower power incident signal plane wave

of 50 µV/m. The SNR results for the three different OOK data rates in the two

different external noise environments are shown in Fig. 4.21 for the quiet rural en-

vironment and Fig. 4.22 for the business noise environment. The associated EVM

results for the cases are shown in Fig. 4.23 and Fig. 4.24.

The results show a new aspect of signal fidelity as a function of input matching

network that was not seen in the single frequency tone analysis: the effects of dis-
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Figure 4.22: SNR for the different matching cases across data rate for a business
external noise environment. The bandwidth used for the SNR calculation is equiv-
alent to the data rate.

Figure 4.23: EVM for the different matching cases across data rate for a quiet rural
external noise environment.
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Figure 4.24: EVM for the different matching cases across data rate for a business
external noise environment.

Figure 4.25: Normalized signal amplitude of the different matching cases for a 5
Mbps OOK signal downconverted to baseband.
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Figure 4.26: Rise times for the different matching cases for a 100 MHz single
frequency tone with responses downconverted to baseband. The time taken for
each signal to reach 90% of its maximum is shown for each matching case.

tortion. A much clearer impact of the input matching network on the distortion of

the OOK signal can be seen in Fig. 4.25 where the 5 Mbps OOK case is plotted.

The signal amplitudes of the different matching cases are normalized with respect

to their own maximum amplitudes. The general trend seen is that the conjugate

and SNR match cases are better able to follow the optimal signal while the noise

match case has rise and fall times that cause it to lag further behind. This points

to the conjugate match and SNR match cases having better bandwidth character-

istics compared to the noise match case even if they all perform poorly due to the

high data rate showcased in this specific example. The time domain rise times of

the different matching cases for a single frequency tone can be seen in Fig. 4.26

where the conjugate match and SNR match cases have quicker rise times than the

noise match case. The rise time for the wideband instrumentation amplifier that

was showcased in Fig. 4.9 can be seen in Fig. 4.27 for comparison to the match-
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Figure 4.27: Rise time for the instrumentation amplifier for a 100 MHz single fre-
quency tone with the response downconverted to baseband.

ing network implementations. This decrease in rise time pointing to an increased

bandwidth is further corroborated by plotting the received power of the system for

a 50 µV/m incident plane wave across frequency as shown in Fig. 4.28. The conju-

gate matched case clearly has the largest bandwidth and the noise matched case has

the smallest bandwidth.

The extreme cases analyzed in the single frequency tone case were also inves-

tigated for the OOK signal matching cases. The SNR and EVM results for the

extremely externally noise-limited case are shown in Fig. 4.29 and Fig. 4.30, re-

spectively. As with the single frequency analysis, in cases where the external noise

dominates over any internal noise, matching is unimportant for pure SNR. How-

ever, due to causing lower distortion in the OOK signal, the conjugate match and

SNR match cases are superior compared to the noise match case for higher signal

fidelity and lower EVM.
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Figure 4.28: Power received by the LNA system across frequency for different
matching cases for a 50 µV/m incident plane wave.

Figure 4.29: SNR for the different matching cases across data rate for an extremely
externally noise-limited receive system. The bandwidth used for the SNR calcula-
tion is equivalent to the data rate.
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Figure 4.30: EVM for the different matching cases across data rate for an extremely
externally noise-limited receive system.

When the system is internally noise-limited due to noise generated by the LNA,

the SNR for the different matching cases follow the trend seen in Fig. 4.31 with the

EVM trend seen in Fig. 4.32. Again, the SNR follows a similar trend to that seen in

the single frequency tone analysis albeit with a smaller difference in SNR between

the cases. The EVM, however, tells a different story once more due to the decreased

distortion seen in the signal from the conjugate and SNR match points. While the

noise match case boasts the highest SNR, it does not show a clear improvement in

EVM over the other two cases even in this most ideal of noise match cases.

Finally, when the system is internally noise-limited and dominated by noise

from the receiver, the SNR results in Fig. 4.33 are seen along with the corresponding

EVM results seen in Fig. 4.34. The conjugate match case is clearly superior here in

terms of both SNR and EVM. This is due to the conjugate match’s higher SNR in

this noise environment as well as the increased bandwidth minimizing distortion.
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Figure 4.31: SNR for the different matching cases across data rate for an extremely
internally noise-limited receive system with the LNA as the primary source of in-
ternal noise. The bandwidth used for the SNR calculation is equivalent to the data
rate.

4.4 Parametrically-tuned Antenna Matching

The matching network of the parametrically-tuned receive antenna has a large

impact on performance and stability as it sets the load impedance seen by the para-

metric amplifier implemented on aperture. The signal side matching network can

be modified to increase the receive effective aperture at the cost of bandwidth or

vice versa.

4.4.1 Parametric Amplifier Stability

Parametric amplifiers, like all amplifiers, must be kept stable to avoid oscillation

and/or damage. Maximum gain of the parametric amplifier is achieved close to the

instability point, but generally operating close to the instability point is avoided to
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Figure 4.32: EVM for the different matching cases across data rate for an extremely
internally noise-limited receive system with the LNA as the primary source of in-
ternal noise.

prevent sudden instability while operating. This is even more important when the

parametric amplifier is incorporated into an antenna as changes in the environment

can lead to changes in antenna impedance which can result in instability. Parametric

amplifiers rely on local negative resistance for amplification, but to remain stable the

signal branch of the parametric amplifier must have a positive resistance and thus

must be loaded with some positive resistance to cancel out the negative resistance.

Generally the more positive resistance that loads the antenna, the more stable the

parametric receiver is. Stability of the general parametric amplifier discussed in

more depth in Sec. 2.1.1 and [13].
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Figure 4.33: SNR for the different matching cases across data rate for an extremely
internally noise-limited receive system with the receiver as the primary source of
internal noise. The bandwidth used for the SNR calculation is equivalent to the data
rate.

4.4.2 Optimizing Matching for the Parametrically-tuned Proto-

type Antenna

For this work, a single-ended L-matching network was designed to match the

50 Ohm receive system to the optimal load impedance for the parametrically-tuned

antenna. This single-ended matching network was then transformed into a differen-

tial matching network according to [68] such that it could actually be implemented

into the realistic antenna design which itself is differential. The optimal loading

impedance was found using a load resistor on the receive port of the design in ADS

and sweeping the load resistance. The various load resistances provide a range of

received power values as seen in Fig. 4.35 with larger received power values rep-

resenting larger realized amplification of the design. Taking cues from parametric
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Figure 4.34: EVM for the different matching cases across data rate for an extremely
internally noise-limited receive system with the receiver as the primary source of
internal noise.

Figure 4.35: Received power at the load of the parametrically-tuned receive antenna
in the ADS simulation as the load resistance is swept.
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amplifier literature, the larger load resistances on the right side the peak of Fig.

4.35 were investigated using harmonic balance as well as transient simulations to

ensure stability. The values to the left of the peak are known to be unstable as the

load resistance is less than the negative resistance [13]. The differential matching

network was design to match to 59 Ohm, resulting in peak received power from

the parametrically-tuned receiver that matched that of the LTI antenna simulation.

The resulting differential matching network can be seen implemented in ADS in

Fig. 4.36. A highpass matching network configuration with series capacitors and a

shunt inductor was chosen specifically to present the chosen load resistance at the

signal frequency, while not presenting a large impedance at the idler frequency. A

large resistance at the idler frequency would negatively impact the amplification of

the parametrically-tuned receive antenna [33].

The load resistance seen by the antenna from the differential matching network

can be tuned by adjusting the inductor value in the differential matching network.

This tuning approach is leveraged in the fabricated prototype of the parametrically-

tuned receiver by substituting different inductors in the matching network to match

the peak realized effective aperture to that of the fabricated LTI antenna. The load

resistance provided to the antenna via the matching network is also adjusted in sim-

ulation to investigate the trade-off between receive effective aperture and bandwidth

in Ch. 8.

4.5 Conclusions

An investigation into different matching schemes for an electrically small LTI

receive antenna has been completed. The optimal matching solution is heavily de-

pendent on the noise environment in which the receive antenna and receive system
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Figure 4.36: Differential matching network for the parametrically-tuned receive
antenna in a highpass configuration.

operate. Conjugate matching of the antenna to the rest of the receive system leads to

the optimal spectral SNR when the receive system is internally noise-limited from a

source other than the LNA, while noise matching the antenna to the LNA is optimal

when the LNA is the dominate source of noise. When the system is dominated by

external noise, the matching scheme makes little impact on the spectral SNR. Addi-

tionally when bandwidth is taken into consideration through the use of modulated

signals, conjugate matching appears to produce the optimal SNR in most realistic

noise environments. Therefore conjugate matching is used for the concentric loop

LTI antenna used later in this work.

Finally, matching in the parametrically-tuned receive antenna is discussed for

both the signal portion and the pump portion of the design. Presenting different load

impedances to the time-varying antenna results in different peak realized effective

apertures and different bandwidths allowing for some trade-offs in the performance

of the antenna. The matching for the pump portion of the design, in contrast, is

focused purely on maximizing the voltage swing across the varactors from the pump

source to help minimize the required pump power for the desired effective aperture.
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Chapter 5

Received and Emitted Power Characterization

For this work, the receive parameters of the antennas under test is of great im-

portance as the parametrically-tuned antenna is designed strictly for receive appli-

cations. The characterization of the parametrically-tuned receive antenna as well

as the comparison LTI antenna on receive is outlined below. In addition, the emis-

sions of the time-varying antenna is investigated to characterize how much power

is emitted from the antenna during operation due to the pump source.

5.1 Received Power Measurements

A key parameter to characterize for receive antennas is the ability to capture

power from signals incident on said antenna. Though most LTI antennas have this

ability measured in gain even on receive, the true receive parameter of interest is

the effective aperture of the antenna. The effective aperture is a measure of the

antenna’s ability to capture power incident upon it and can be characterized for an

LTI antenna by

Aeff =
Pr4πd

2

PtGt

, (5.1)

where Pr is the power receive at the terminals of the antenna under test, d is the

distance between the transmit antenna and the antenna under test, Pt is the power
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at the terminals of the transmit antenna, and Gt is the gain of the transmit antenna

[42]. An assumption built into Eqn. 5.1 is that the transmitted signal and the signal

measured on receive occur at the same frequency. For standard LTI antennas this

is a valid assumption, but time-varying antennas–and non-LTI antennas in general–

will generate harmonics and intermodulation products at frequencies that are not

just at the transmitted signal frequency. This means on receive, incoming signals at

these harmonics and intermodulation products can affect the behavior of the antenna

at the signal frequency [25]. As such, a more general effective aperture known

as cross-frequency effective aperture is needed to describe these cross-frequency

coupling effects [25], [42].

For the measurements in this work, cross-frequency effective aperture is used

for both the LTI and non-LTI antennas and compared against each other. The LTI

antenna has cross-frequency effective aperture equal to zero everywhere but the

zeroth harmonic–the signal frequency of interest. The time-varying prototype an-

tenna, on the other hand, receives power at the signal frequency and generates har-

monics as the signal interacts with power present at the pump frequency. This

means that cross-frequency coupling occurs and must be analyzed to correctly cap-

ture the full response of the non-LTI antenna. Measurement of the cross-frequency

effective aperture is defined in [42] as

Aeff (ftx, frx) =
Pr(frx)4πd

2

Pt(ftx)Gt(ftx)
, (5.2)

where the parameters are similar to those defined earlier, but with the added defini-

tion of what frequencies they are based on. The power received, Pr(frx), is reliant

on the frequency being measured on receive, frx and not on the transmit frequency,

ftx. An example of the received power seen at the RTSA for the non-LTI antenna
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Figure 5.1: Power received at the RTSA from the parametrically-tuned receive an-
tenna across frequency for a single transmitted frequency.

Figure 5.2: Receive side block diagram for the cross-frequency effective aperture
measurement for the LTI comparison antenna.

can be seen in Fig. 5.1, where the signal at 108 MHz is clearly seen along with

pump power at 605 MHz and the harmonics at 497 MHz and 714 MHz. It should

be noted that in the parametrically-tuned antenna’s case, there is a filter after the

antenna aperture that serves to further attenuate the pump power leaking into the

receive chain causing the pump power to look artificially lower at the RTSA. This

filter is used for all subsequent testing of the time-varying antenna to ensure that

high pump power does not degrade the sensitivity of the RTSA.
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Figure 5.3: Receive side block diagram for the cross-frequency effective aperture
measurement for the parametrically-tuned receive antenna.

5.1.1 Cross-Frequency Effective Aperture

Typical receive gain measurements for antennas use a VNA such that a single

frequency is sent and received at one time and then swept for different frequencies.

This measurement method is valid for LTI antennas as no other relevant frequency

behavior is expected other than that at the signal frequency. However, for non-LTI

antennas, frequency behavior other than that at the signal frequency is expected

and therefore necessary to measure and characterize using cross-frequency effec-

tive aperture. In order to do so, a spectrum analyzer is used in tandem with a signal

generator to send a single frequency but capture a broad range of frequency behav-

ior. This allows for the study of the expected harmonic behavior from the non-LTI

antenna which is key to fully characterizing the device.

The block diagram for the receive side of the cross-frequency effective aperture

measurement is shown in Fig. 5.2 for the LTI prototype antenna and Fig. 5.3 for the

time-varying prototype antenna. While the measurement setups for the two proto-

type antennas are generally the same, the time-varying antenna must make use of

an additional signal generator on the receive side to generate power at the pump

frequency necessary for parametric amplification. This also requires additional fil-
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tering on the time-varying antenna’s pump port to reduce noise leakage from the

signal generator. A reflectionless lowpass filter is used after the signal port in the

time-varying antenna measurement setup to decrease the power at the harmonics

and pump frequency before the LNA. This filter is not used in the LTI measurement

setup as the lowpass filter is treated as part of the time-varying antenna rather than

part of the measurement setup. The primary purpose of the LNA is to decrease the

apparent noise figure of the rest of the receive system increasing the measurement

SNR. The use of the LNA also allows for minimal changes to be made between the

received power measurement setup and the noise characterization setup. A repre-

sentation of the measurement setup in the anechoic chamber for the parametrically-

tuned receive antenna case can be seen in Fig. 5.4. Not pictured in the chamber

block diagram is the use of discrete barrel DC blocks on the spectrum analyzer and

the pump signal generator for added protection against errant DC signals. The DC

power supplies that allow for the DC biasing of the varactor diode on the aperture

of the time-varying antenna and the operation of the LNA after the antenna under

test are also omitted for simplicity.

To begin the measurement, a calibrated receive antenna is used in place of the

LTI antenna with the same setup as in Fig. 5.2. For this work, the calibration an-

tenna used is a TEKBOX TBMA1 biconical antenna. This antenna serves as part of

a calibration step to provide an offset to apply to subsequent antenna measurements

that calibrates out losses or gains in the rest of the receive side as well as in the

transmit side. This is the same method commonly used in standard antenna gain

measurements when a calibrated antenna with a known gain is available. A very

wideband calibration antenna or multiple calibrated antennas might be necessary for

cross-frequency effective aperture measurements due to the wide frequency ranges

necessary to capture the harmonic behavior of non-LTI antennas. Once the received
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Figure 5.4: An overview of the time-varying antenna setup for the various measure-
ments taken in the work. The blue rectangle represents the anechoic chamber with
the orange line at the bottom of the chamber representing the bulkhead connections
to the outside.

power for the calibration antenna(s) is measured, the known effective aperture can

be applied to create an offset to be used with the received power measured from the

true antennas under test. It should be noted that any supporting components like

amplifiers used in the setup and the transmit antenna must be able to adequately

support the wide frequency range necessary to characterize the harmonics of the

antenna under test. How many harmonics can be measured will be governed by the

harmonic generation of the antenna under test and the dynamic range available in

the measurement setup.

The effective aperture results for the parametrically-tuned receive antenna and

the comparison LTI antenna around the signal frequency can be seen in Fig. 5.5.

The measured results are shown with the simulated results obtained from the com-

bined use of HFSS and ADS. The measured results shown good agreement with

simulation with the peak effective apertures measured to be within 0.5 dB of sim-
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ulation. The measured 3 dB effective aperture bandwidths also compare favorably

to simulation with agreement to within 0.15 MHz of bandwidth. The measured LTI

antenna has a peak effective aperture of -3.2 dBsm and bandwidth of 0.9 MHz and

the parametrically-tuned receive antenna has a peak effective aperture of -3.3 dBsm

and a bandwidth of 3.2 MHz. This results in the time-varying antenna boasting over

a 3.5x effective aperture bandwidth improvement over the comparison LTI antenna.

The cross-frequency effective aperture of the parametrically-tuned receive an-

tenna was also measured. The results can be seen in the plots shown in Fig. 5.6.

The transmitted frequency was swept along the x-axis of the plots while the mea-

sured frequency content is shown along the y-axis. The color of each pixel in the

plot corresponds to the effective aperture measured at each receive frequency for

each transmitted frequency with values below -65 dBsm not plotted. The power

seen at the pump frequency of 591 MHz is due to leakage from the pump port to the

signal port and is not due to transmitted power. It can be seen that as the transmit

frequency is swept, it is received by the time-varying antenna which generates two

measurable harmonics–the first sum and difference harmonics of the time-varying

antenna. Other harmonics are no doubt present on the aperture of the antenna, but

are at levels too low to be easily captured using this measurement method.

5.2 Emissions Measurements

The measurement of the unintended emissions of the parametrically-tuned re-

ceive antenna is of importance as they can interfere with the operation of other RF

systems nearby. The main unintended emissions studied in this section is of the

pump frequency. A fairly strong pump power of approximately 16.6 dBm is pre-

sented to the pump port of the time-varying antenna in normal operation which can
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Figure 5.5: Effective aperture results comparing the LTI antenna and the
parametrically-tuned receive antenna with each other and with the results from sim-
ulation.

then be unintentionally radiated to the outside environment.

The measurement setup differs from the other setups described earlier in this

work as a result of effectively swapping the transmit and receive antennas. The LTI

transmit antenna, in the form of a biconical antenna which had previously been used

to transmit a single continuous wave frequency to the parametrically-tuned receive

antenna and LTI antenna for the received power measurements, is now used as

the transmit antenna. The parametrically-tuned receive antenna is then biased and

pumped with 16.6 dBm of power at the pump frequency. The unintended radiation

is then received by the biconical antenna and measured by the spectrum analyzer. A

representation of the over-the-air unintended emissions testing measurement setup

is shown in Fig. 5.7.

The measured results of the emissions test can be seen in Fig. 5.8. As expected,

the power at the pump frequency is reradiated by the parametrically-tuned receive
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Figure 5.6: Results from the realized cross-frequency effective aperture measure-
ment. The transmitted signal frequency is swept while measurements are taken
across a wide frequency spectrum for every transmitted frequency iteration.
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Figure 5.7: Measurement setup for emissions testing of the parametrically-tuned
receive antenna within the anechoic chamber.

antenna into free space and is captured by the measuring antenna. The re-radiated

signal at the pump frequency is somewhat attenuated by the filters on the aperture,

but the issue persists.

Future improvements could be made to this measurement method to better align

with existing LTI radiated emissions standards and testing procedures such as those

outline in CISPR 16-2-3 [69]. This would include more rigorous methods and def-

initions for a number of items such as specific measurement distances between re-

ceive antenna and device under test, as well as cable placement of the device under

test.

5.3 Conclusions

The receive aspects revolving around purely power–that is effective aperture

and cross-frequency effective aperture–have been examined for the parametrically-

tuned receive antenna and the LTI concentric loop antenna. The measured effective
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Figure 5.8: Power measured at the spectrum analyzer using a biconical antenna 7
meters from the parametrically-tuned receive antenna. The unintended emissions
of the time-varying antenna comes from pump power leaking onto the aperture and
being re-radiated.

aperture of both tested antennas align closely to simulation with the peak receive

effective aperture being within 0.5 dBsm and the 3 dB bandwidth being within

0.15 MHz. As expected, the time-varying antenna produces measurable harmon-

ics while the LTI comparison antenna does not. Finally, the unintended emission

of power at the pump frequency from the time-varying prototype was studied and

documented. Although the power receiving attributes of the prototype antennas

have been considered, the modulated signal and noise characteristics remain to be

discussed.
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Chapter 6

Modulated Signal Characterization

Using modulated signals, especially those common in modern communication

systems, provides a framework for testing receive systems in a realistic setting.

Modulated signals, especially those that use both amplitude and phase informa-

tion, can help highlight distortions that a receive antenna imparts onto a signal that

wouldn’t be caught using only received power and noise testing. This is especially

important for parametrically-tuned receive antennas that use the degenerate archi-

tecture as they have been shown to have performance that is reliant on the phase

relationship between the incoming signal and the pump frequency [32]. Since the

phase of the incoming signal can’t easily be controlled on receive and adjusting

the phase of the pump frequency on the fly to line up with the incoming signal

is extremely complicated, the performance of degenerate parametrically-tuned re-

ceive antennas cannot be guaranteed. While the receive based time-varying an-

tenna shown in [10] does do this, it suffers from only being able to handle simple,

smoothly varying frequency content like that found in FM data. For modulated

signals that rely on phase information, the sudden changes in phase can result in

distortions and increase the error in the received signal. The phase-reliant perfor-

mance is notably absent in the non-degenerate architecture used for the prototype

discussed in this work, making it a significantly better candidate for use in commu-
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Figure 6.1: Constellation diagram for a 16-QAM modulation scheme with ideal
symbol points marked.

nications on receive.

The figure of merit for the testing here, and a key figure of merit for commu-

nication systems in general, is error vector magnitude or EVM. This is a measure

of how far the received symbol strays from the ideal symbol in terms of its in-

phase and quadrature (I and Q) components. The received symbols can be plotted

on a graph of the in-phase versus quadrature components known as a constellation

diagram. For different modulation schemes, the ideal symbols correspond to dif-

ferent positions on the constellation diagram based on the relative value of their

in-phase and quadrature components. An example of the constellation diagram for

a 16-QAM modulation scheme can be seen in Fig. 6.1 with the ideal symbol points

marked. As the name would suggest, a 16-QAM modulation scheme is composed

of 16 different symbols with each symbol being composed of four bits. The EVM

of a particular received symbol is measured as the distance between the received
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Figure 6.2: Constellation diagram for a measured received signal using a 16-QAM
modulation scheme.

symbol on the constellation diagram and the ideal location of where the received

symbol should have been. An example of what measured results might look like

can be seen in Fig. 6.2 with receive symbols clustering near where the ideal symbols

should be.

The measurement setups for the parametrically-tuned receive antenna and the

LTI antenna remain the same as those discussed in 5.1.1 but using modulated signals

rather than sweeping single frequency continuous waves. The measurement setup

in the anechoic chamber can once again be seen in Fig. 6.3. For the OOK signal,

an amplitude shift keyed signal is generated using the SMCV100B signal generator

while for the 16-QAM testing the built in 16-QAM modulation scheme is used. For

all the testing a known 4096 symbol sequence is used.
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Figure 6.3: An overview of the time-varying antenna setup for the modulated signal
testing. The blue rectangle represents the anechoic chamber with the orange line at
the bottom of the chamber representing the bulkhead connections to the outside.

6.1 OOK in the Time Domain

Looking at received On and Off Keyed (OOK) signals in the time domain can

help build an intuition for modulated signals and how distortions caused by receive

systems affect them. These distortions are typically caused by a lack of bandwidth

in the receive system for the received signal. In the time domain for an OOK mod-

ulated signal this manifests as rise and fall times that are too large to accurately

represent the true transmitted signal. An example of this can be seen in Fig. 6.4

with the true OOK signal shown in purple and the distorted receive signals caused

by a lack of bandwidth shown in blue, orange, and yellow. When the rise and fall

times are too long, the previous symbol impacts the current symbol, resulting in

intersymbol interference or ISI. This distortion can destroy a receive system’s abil-

ity to accurately discern the information being sent. In receive systems that utilize

electrically small antennas employing standard conjugate matching, the matched

antenna can be a primary bandwidth bottleneck. This bandwidth bottleneck limits

the maximum data throughput of the receive system even when the SNR is high.
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Figure 6.4: Time domain of a normalized OOK signal with the true transmitted
signal as well as distorted received signals.

6.2 16-QAM Signal Characterization

Since the point of the modulated signal measurement is to test the receive an-

tennas ability to receive information, a 16-QAM test signal is a good benchmark. A

16-QAM modulation scheme incorporates both amplitude and phase modulation,

which would help identify any amplitude or phase distortions that might occur with

the antenna under test. In addition, a 16-QAM modulation scheme is widely used

in communications today allowing for a realistic test bed.

The 5120 symbol 16-QAM signal is generated using an SMCV100B signal ana-

lyzer and transmitted using a Tekbox TMBA2 antenna. This signal is then received

using the antenna under test, passed through a low noise amplifier, and then re-

ceived by the spectrum analyzer. The spectrum analyzer then demodulates and

equalizes the signal using a 10 symbol length real time equalizer with two samples

per symbol.
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6.2.1 Instantaneous Channel Bandwidth

To corroborate that the increased effective aperture bandwidth of the time-varying

prototype over the LTI comparison antenna seen in 5.1.1 is usable, a 16-QAM signal

is sent to each test receive system at their respective center frequency with various

symbol rates. Looking at EVM as the symbol rate is increased for a single data

stream at the center frequency of the antenna under test can be used as a proxy

for bandwidth. For a signal with high SNR, a sudden increase in EVM as symbol

rate is increased indicates intersymbol interference which can be a major source of

distortion. This distortion in the received signal occurs when the bandwidth of the

receive system is not adequate to support the symbol rate of the modulated signal.

While this distortion can be overcome with the use of equalizers, this comes at the

cost of computational power and time. Equalizers that are able to compensate for

larger and larger distortions caused by the signal bandwidth outstripping the receive

system bandwidth take more time and more computational resources to restore the

signal to usable levels. In addition, equalizers can degrade the SNR of the received

signal as it amplifies both the signal and the noise to compensate for drooping.

The EVM performance of the LTI and time-varying antenna for the 16-QAM

test signal using various symbol rates can be seen in Fig. 6.5. As the symbol rate

is increased, the EVM slowly increases until the intersymbol interference becomes

too great for the equalizer to overcome after which the EVM increases rapidly. A

threshold value of 12.5% RMS EVM is chosen as the comparison point between the

two antennas as this corresponds to the maximum allowable EVM for 5G NR 16-

QAM signals [70]. At this threshold value, the LTI antenna is able to successfully

receive a 16-QAM signal with a symbol rate of approximately 1.71 Msps while

the parametrically-tuned receive antenna is able to receive the same signal with a
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Figure 6.5: Measurement results for the instantaneous channel bandwidth test com-
paring the EVM results between the LTI antenna and the parametrically-tuned re-
ceive antenna for various data rates using a 16-QAM signal.

symbol rate of approximately 5.92 Msps. This represents an approximately 3.5 time

increase in the maximum achievable symbol rate for this 16-QAM modulated signal

using this receive system and matches the effective aperture bandwidth increase

seen in Fig. 5.5.

6.2.2 Multi-Channel Bandwidth

While the previous section focused on a single receiving channel with a grow-

ing bandwidth, also of concern is the multiplexing of multiple signal channels using

the same receive system. This requires a receive system, and therefore the receive

antenna, to be able to support multiple small channels of smaller bandwidths at the

same time. This is widely used in common communications schemes like orthogo-

nal frequency-division multiplexing (OFDM) where a larger band of frequencies is
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Figure 6.6: Measurement results for the multi-channel EVM test comparing the
parametrically-tuned receive antenna and the LTI antenna using a 16-QAM modu-
lated 1.5 Msps signal shifted to different center frequencies.

subdivided into many channels, each sending and/or receiving information.

To measure the ability of a receive antenna to support multiple smaller channels

the following test was run with both the time-varying and LTI antennas. A 16-QAM

modulated signal with a fixed symbol rate of 1.5 Msps is sent to the antenna under

test at its center frequency. The center frequency of the transmitted signal is then

swept in steps of 1.5 MHz both above and below the center frequency of the antenna

under test. The EVM for each 1.5 MHz channel is then recorded for the two test

antennas.

The results of the multi-channel EVM measurement can be seen in Fig. 6.6

for the LTI antenna and the parametrically-tuned receive antenna. The frequency

band for which the EVM remains below the acceptable 12.5% threshold for the

time-varying antenna is significantly larger than the LTI comparison antenna with

the exception of the large spike at approximately 125 MHz. The LTI antenna also
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experiences a spike in EVM at this frequency, but the EVM never returns below the

12.5% threshold after this point unlike the time-varying antenna. The spike in EVM

is caused by multipath interference as a result of the anechoic chamber in which the

measurement was taken and not due to the antennas under test.

Measurement Issues

Unfortunately, issues during measurement occurred due to the limitations of

the anechoic chamber used. The anechoic chamber is composed of predominately

40 cm long pyramid foam absorber which is rated down to approximately 300-

500 MHz–significantly higher than the operating of the antennas under test around

110 MHz [71]. The foam is not able to adequately absorb the energy of the non-

direct paths from the transmit antenna to the antenna under test leading to multipath

issues. While larger foam absorber is present in the chamber in many of the areas

where the main non-direct paths are most likely to occur, it is absent right behind

the transmit antenna. This is likely due to the assumption that the transmit antenna

is directive, but the antenna used for this testing is a non-directive biconical antenna.

A directive antenna around 110 MHz was not available for use and would otherwise

be prohibitively large for use in this chamber.

The potential multipath issue discussed above manifests itself as a large null

in the receive power of all of the antennas under test around 127 MHz which can

be seen in Fig. 6.7. This is further corroborated by viewing raw S21 data of the

biconical antenna in the time-domain as in Fig. 6.8. The first large response, high-

lighted in orange, corresponds to the desired direct path from the transmit antenna

to the antenna under test while the second peak is the main multipath interference.

The time delay between the two responses gives a distance of 2.8 meters which is

twice the distance between the transmit antenna and the back wall of the chamber.
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Figure 6.7: Received power of the various antennas under test with a null in received
power due to multipath at approximately 127 MHz.

This lends credence to the idea that the large null seen in all the receive antennas is

indeed multipath and that the multipath is coming from the reflection off the wall

behind the transmit antenna.

The multipath is not much of an issue for the other measurements discussed in

this work as it lies outside the main band of interest. In addition, since the drop in

power from multipath happens at approximately the same frequency for all of the

antennas, including the biconical antenna used for calibration, the multipath can

be calibrated out. The mitigation via calibration only works, however, for mea-

surements that rely purely on received power and therefore does not mitigate the

multipath issues for modulated signals. For modulated signals multipath not only

impacts the received power of the signal, but it also can results in intersymbol inter-

ference as the antenna receives multiple copies of the same stream of data slightly

delayed in time. The intersymbol interference was the largest contributor to the

EVM spike seen in Fig. 6.6 at approximately 125 MHz.
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Figure 6.8: Time domain of an S21 measurement using the calibration biconical
antenna which showcases the second spike in received power from the multipath.

A number of methods were attempted to mitigate the multipath issue for the

multi-channel EVM measurement, but none were ultimately successful in fully

eliminating it. The transmit power was calibrated using a calibration antenna to

try to minimize the impact of chamber effects on the receive power. This improved

the consistency of the multi-channel EVM measurement, but the EVM spike was

still present due to ISI. The height of the transmit antenna was also varied in an at-

tempt to change the interfering multipath. This did indeed shift the multipath issue

slightly in frequency, but it did not ultimately fix it. A smaller transmit biconical

antenna was used to increase the distance between the back wall and the antenna

and additional foam absorber was added. This slightly decreased the prevalence of

the multipath, but the large spike in EVM was still present. Finally, the transmit

antenna was extended further into the middle of the chamber, increasing the dis-

tance between it and the back wall. This moved the multipath issue slightly down
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in frequency to approximately 118 MHz, but it did not eliminate the issue.

6.3 Conclusions

Modulated signal testing was conducted using 16-QAM modulated signals in an

effort to ensure that the bandwidth increase of the time-varying antenna showcased

in Ch. 5 was usable for information. The single channel, instantaneous bandwidth

EVM measurement corroborated this by showing that the 3.5 times improvement

in effective aperture bandwidth of the time-varying antenna over the LTI antenna

also results in a 3.5 times improvement in symbol rate throughput with a modu-

lated signal. A pseudo-multi-channel measurement was also attempted to showcase

the usefulness of the parametrically-tuned receive antenna in an OFDM use case.

Unfortunately, multipath issues in the anechoic chamber led to degradation in the

performance of the antennas under test. This was not an issue of the antennas them-

selves and some attempts to mitigate the impact of the multipath was discussed.
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Chapter 7

Receive System Noise Characterization

The noise characteristics of a receive system is of utmost importance when try-

ing to maximize the performance of said receive system. The noise in a receive

system can and will directly impact the maximum data throughput a receive system

can process in a communications environment and can degrade sensitivity in power

sensing applications. Since the noise in a receive system has such a large impact

on performance it becomes very important then to accurately characterize the noise

contributed by components in a receive chain. One of the most significant com-

ponents to study in a receive system is the receive antenna as it sets the maximum

instantaneous signal-to-noise ratio achievable by the receive system.

An investigation and analysis of two different techniques for measuring the

noise contribution of both linear, time-invariant (LTI) and time-varying antennas

in a practical manner is presented here. In Section 7.1, a method for measuring

the noise figure of a receive system including the receive antenna is discussed that

relies on isolated measurements of the gain of the antenna as well as a signal-less

received power measurement similar to that used in [72]. In Section 7.2, the more

well known Y-Factor measurement method is applied to the LTI and time-varying

receive systems. The results of the two different methods are then compared and

the noise figures of the LTI and time-varying antennas are showcased.
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7.1 Isolated Received Noise Measurement

The isolated noise measurement method requires the gain of the antenna device

under test which in turn requires a calibration measurement using an antenna with

a known gain. The calibration measurement ensures that any additional losses from

the transmit antenna, or the rest of the receive system are accounted for as with a

standard antenna gain measurement method. The only non-standard procedure used

to measure the calibration antenna and the antenna device under test is the use of a

signal generator and RTSA rather than the more common vector network analyzer

(VNA). This is to capture information from the harmonics of the non-LTI antenna

device under test which would not be accurately captured with just a VNA. Once

the gain of the antenna device under test is known, the same receive system setup is

used to measure the received power without transmitting any signal. In effect, only

the external noise captured by the antenna device under test and the noise internal

to the system is measured. These results, as well as the noise figure of the RTSA by

itself, are then used to find the noise figure of the total receive system using

NF = 10 log10(1 +
Na

NiGAUT

), (7.1)

where GAUT is the gain of the antenna under test, Ni is the ideal noise floor of the

RTSA based on the pre-amplifier and the resolution bandwidth used, and Na is the

total measured noise at the RTSA from the isolated noise measurement using the

AUT. For these measurements the RTSA is set to a resolution and video bandwidth

of 10 kHz with an average detector averaging 500 times in order to reduce the noise

floor of the RTSA.

An isolated noise measurement with no transmitted signal is collected and com-
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bined with the gain results of the corresponding antenna shown in Fig. 5.5 to find

the noise figure of the two antenna receive systems under tests shown in Fig 7.1.

The areas of minimum noise figure for the two receive systems occur when the an-

tennas reach their peak gain as this increased gain minimizes the impact of noise

further along the receive chain. The receive system with the LTI antenna has a lower

minimum noise figure compared to the receive system with the non-LTI antenna.

However, non-LTI antenna has a significantly wider bandwidth for which the noise

figure of the receive system is at 23 dB compared to when the receive system using

the LTI antenna is at 23 dB of noise figure. The increased minimum noise figure of

the non-LTI antenna is due to noise and harmonics generated by the pump signal

generator being amplified and mixed down into the signal band. The added filter-

ing on the pump signal generator is not perfectly eliminating all of the noise and

generates thermal noise of its own. The wideband amplifier present on the signal

generator used generates wideband thermal noise which falls into the highly sensi-

tive idler frequency of the time-varying antenna. This is a known issue that can be

resolved in future iterations through the use of a dedicated voltage-controlled oscil-

lator (VCO) as the pump source [12]. This can be further highlighted by removing

one of the bandpass filters on the output of the pump source which results in a

6 dBm increase in the isolated noise measurement as seen in Fig. 7.2. By removing

a filter, more noise from the pump source is able to leak onto antenna aperture and

be coupled down into the observation frequency.

7.2 Y-Factor Noise Measurement

The Y-factor method is a widely used method to characterize the noise contri-

bution of radio frequency components. It is valid for both LTI and time-varying
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Figure 7.1: Calculated noise figures of the LTI and non-LTI receive systems using
the isolated noise method.

(a) (b)

Figure 7.2: Receive power from the time-varying antenna with no signal present.
(a) Isolated noise measurement without one of the bandpass filters present on the
output of the pump source. A noise peak of -89 dBm is captured. An interferer is
present at 99.7 MHz and is ignored. (b) Isolated noise measurement with all of the
bandpass filters present on the output of the pump source. A noise peak of -95 dBm
is captured. The cause of the interference at 99.7 MHz was found and turned off.
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components, but does rely on an assumption of linearity. Typically this method is

applied to two-port components using a noise source with a known output noise

power. The device under test, or DUT, is connected to some measurement device

capable of measuring power across frequency such as a spectrum analyzer on one

side and connected to the noise source on the other side. A power measurement is

then taken with the noise source in its off or “cold“ state, followed by a measure-

ment with the noise source in its on or “hot” state. These two measurements are

taken as a ratio known as the Y-ratio as seen in the equation

Y =
Phot

Pcold

, (7.2)

where Phot is the receive power from the hot measurement in linear units and Pcold

is the receive power from the cold measurement in linear units [73].

With the power ratio between the hot and cold measurements known, as well as

the effective noise temperature output by the noise source in its hot and cold states,

the effective noise temperature of the DUT can be found with the equation

Teq =
Thot − Y · Tcold

Y − 1
, (7.3)

where Thot is the equivalent noise temperature of the hot measurement at the input

of the device under test and Tcold is the equivalent noise temperature of the cold

measurement at the input of the device under test [73].

This noise measurement method can also be applied to antennas and has been

shown in the literature for directive antennas used in radio astronomy [74] - [76].

Instead of a noise source, these measurements typically use “cold“ portions of the

sky with only small amounts of noise contributed by galactic emissions and cosmic

background radiation as the cold source. The hot source typically used is the sun or

anechoic foam at room temperature covering the antenna aperture.
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Figure 7.3: Block diagram of the proposed antenna Y-Factor measurement setup.

Unfortunately this same approach cannot be used for non-directive antennas

like electrically small antennas, as small patches of hot and cold sky cannot be

effectively targeted. Instead, a different approach is used with all measurements

taking place inside an anechoic chamber to combat outside noise and interference

that may corrupt the measurements. Instead of a wideband noise source that is typi-

cally used, a signal generator is used here to produce a continuous wave output at a

single frequency. This single frequency can then be swept across to produce noise

measurements across frequency one frequency at a time. This approach allows for

finer control of output power used at each frequency for the Y-factor measurements.

This can be leveraged when measuring time-varying antennas to produce control-

lable amounts of noise at the harmonics for additional noise characterization.

The block diagram for the proposed antenna Y-Factor measurement is shown

in Fig. 7.3. The output power from the signal generator is transmitted to the DUT

antenna with a transmit antenna with known radiation and noise characteristics. The

signal generator outputs a signal at two different power levels, the lower power level

corresponding to the cold measurement and the higher power level corresponds to

the hot measurement. The DUT antenna receives the signal which is then sent to

a spectrum analyzer for measurement. A second Y-factor measurement needs to

be done to characterize the noise contributed to the measurements by the spectrum

analyzer itself as well as the transmission line connecting the DUT to the spectrum

analyzer. The noise contributed by the spectrum analyzer and transmission line is
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then subtracted from the first Y-factor measurement to find the noise contributed by

the DUT.

7.2.1 Step-by-step Antenna Y-Factor Derivation

The Y-Factor method has been shown for antennas, but a derivation walking

through the methodology is helpful [49], [74], [75], [76]. To begin, a continuous

wave signal at a single frequency is generated with the signal generator. This signal

is then carried to the transmit antenna with a transmission line resulting in a power

delivered to the transmit antenna of

PTxAnt =
Npow

TxLossTx

+ kT0BRBW (TxLossTx − 1), (7.4)

where Npow is the power of the signal from the signal generator, TxLossTx is the loss

of the transmission line – or the reciprocal of the gain – on the transmit side in linear

units greater than one, k is Boltzmann’s constant, T0 is the reference temperature

typically taken to be 290K, and BRBW is the resolution bandwidth of the spectrum

analyzer [59]. The transmit antenna then contributes its own noise based on its

radiation efficiency, ηt, mismatch efficiency τt, and physical temperature Tpt, and

transmits the combined noise with some gain, Gt [38]. This results in an overall

transmitted power of

Pt = Gt

(︃
Npow

TxLossTx

+ kT0BRBW (TxLossTx − 1)

)︃
. (7.5)

This power is then wirelessly transmitted through free space a distance d to the

antenna device under test (DUT). The power is first assumed to spread isotropically

with a relationship of 1
4πd2

and is modified by the focusing effect of the transmitting

antenna’s gain, Gt. In addition, the anechoic chamber and the absorbing foam

115



inside gives off a noise power proportional to the chamber’s physical temperature,

Tchamber. The portion of the power transmitted by the signal generator and affected

by spreading losses is then modified by the antenna device under test’s effective

aperture, Ae. This gives the total power available to the DUT as:

Pav =
AeGt

(︂
Npow

TxLossTx
+ kT0BRBW (TxLossTx − 1)

)︂
4πd2

+ kBRBWTchamber. (7.6)

This total power available to the DUT is exactly what is needed to calculate the hot

and cold temperatures for the Y-Factor measurement. All that remains is to turn Pav

into an effective noise temperature by dividing by k and BRBW :

Teff =
AeGt

(︂
Npow

TxLossTx
+ kT0BRBW (TxLossTx − 1)

)︂
4πkBRBWd2

+ Tchamber. (7.7)

The hot effective noise temperature for the Y-Factor measurement would be given

by Eqn. 7.7 when a larger signal is generated from the signal generator, and the

cold effective noise temperature would be given when a smaller signal is generated

from the signal generator. To calculate the effective ”hot“ noise temperature at

the aperture of the antenna under test for use in the Y-Factor method, the power

received at the measurement instrument must be to the backtracked to the plane of

the aperture of the antenna under test. This means the losses and gains in the receive

system including that of the calibration antenna must be accounted for resulting in

Thot =

Phot

Grec

kBRBW

, (7.8)

where Thot is the effective hot temperature at the aperture of the antenna under test,

Phot is the power measured at the spectrum analyzer for the hot calibration mea-
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surement, Grec is the gain of the receive system including the calibration antenna

used for this calibration measurement, k is the Boltzmann constant, and BRBW is

the resolution bandwidth of the spectrum analyzer.

This external effective noise temperature is then received by the antenna device

under test and then modified by its radiation efficiency, ηr, and its mismatch effi-

ciency, τr. In addition, the antenna device under test adds thermal noise from losses

equal to

TAntLoss = Tprτr(1− ηr), (7.9)

where Tpr is the physical temperature of the antenna under test in Kelvin. Lastly, the

noise powers are transmitted to the receiver. The receiver in this example consists

of a spectrum analyzer and a transmission line from the antenna under test to the

spectrum analyzer. The spectrum analyzer has a noise temperature equal to Tspec

while the transmission line has a noise temperature equal to

TTxLossRx
= T0(TxLossRx − 1), (7.10)

where T0 is the physical temperature of the transmission line, and TxLossRx is the

loss in the transmission line. The total receiver noise temperature is then

Trec = T0(TxLossRx − 1) + Tspec. (7.11)

The loss in the transmission line applies to both the external noise temperature,

Teff , and the noise from the losses of the antenna TAntLoss. Applying a kBRBW

factor then results in the power measured at the receiver for the hot measurement,

Phot = ηrτrkThotBRBW + kTAntLossBRBW + kTrecBRBW , (7.12)
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The same procedure can be done for a lower output power from the signal generator

to obtain,

Pcold = ηrτrkTcoldBRBW + kTAntLossBRBW + kTrecBRBW , (7.13)

The Y-factor of the Y-factor measurement can then be represented by

Y =
Phot

Pcold

=
ηrτrThot + TAntLoss + Trec

ηrτrTcold + TAntLoss + Trec

, (7.14)

where ηr is the radiation efficiency of the antenna under test and τr is the mismatch

efficiency of the antenna under test. Thot and Tcold are the effective noise tempera-

tures at the aperture of the antenna under test from Eqn. 7.7 for a higher and lower

power transmitted signal respectively. TAntLoss refers to the noise temperature due

to the loss of an LTI antenna defined in Eqn. 7.9

Using Eqn. 7.14 in Eqn. 7.3 results in

Teq =
Tprτr(1− ηr)

ηrτr
+

Trec

ηrτr
, (7.15)

which is the noise of the antenna plus receiver system referred to the plane before

the antenna under test.

To find the antenna loss noise temperature referred to the plane before the an-

tenna under test, another Y-Factor measurement needs to be taken. This time the

system under test consists of just the receive side transmission line and the spectrum

analyzer. This is exactly the receive system in the previous measurement without

the antenna under test. By finding the noise temperature of the receive system with-

out the antenna and with Eqn. 7.15, the noise temperature contribution of just the

antenna’s loss can be found using
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TDUT = Teq −
Trec

GDUT

. (7.16)

Here GDUT is the gain of the DUT found by the ratio of the differences between the

two sets of hot and cold measurements from the two Y-Factor measurements

GDUT =
Phot − Pcold

Phot2 − Pcold2

. (7.17)

For an LTI receive antenna this comes out to be ηrτr, which is different than the

typical antenna gain associated with directivity.

Solving for TDUT results in a final equivalent antenna loss noise temperature of

TDUT =
Tprτr(1− ηr)

ηrτr
, (7.18)

which is exactly the internal noise temperature of a passive LTI antenna referred

to the plane before the antenna. A linearity assumption is made for the Y-Factor

method, but linear, time-varying antennas should be well modeled. Many more

modifications not covered in this work need to be made if the Y-factor method is to

be applied to non-linear devices [77].

Time-Varying Y-Factor

For time-varying antennas, the cross-frequency effective aperture properties of

the antenna must be considered when using the Y-Factor method. The ability of

time-varying antennas to couple power from their harmonics into the signal band

of interest means that any noise present at these harmonics contribute to the degra-

dation of the signal-to-noise ratio. This means that the Y-Factor method for time-

varying antennas no longer measures just the noise figure due to the loss of the
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antenna as in the case of LTI antennas. The noise figure measured by the Y-Factor

method for time-varying antennas is then heavily dependent on the external noise

environment during the measurement.

Similar to the derivation of the Y-Factor method for LTI antennas shown pre-

viously, the form for time-varying antennas is given below. The same procedure

is done starting with Eqn. 7.4 until Eqn. 7.14 with some modifications to account

for the cross-frequency effective aperture properties of time-varying antennas. The

modifications are primarily due to the two cross-frequency noise coupling phenom-

ena: external noise coupling from harmonics to the signal frequency and thermal

noise coupling from harmonics to the signal frequency. To accurately model cou-

pled thermal noise from the harmonics to the signal frequency, a more detailed look

at the time-varying antenna is necessary.

The time-varying antenna can be modeled using a method of moments (MoM)

impedance matrix with conversion matrix method of moments (CMMoM) [16].

This breaks the antenna up into a multitude of different segments, each of which can

potentially interact with each other segment at the same or at different frequencies.

Using this representation of the time-varying antenna, the noise power delivered to

the load R0 at the observation port α from external noise at the 0th harmonic is

T ant
ext =

R0

2k
[Ẑ−1ĈV Ẑ−H ]αα,00, (7.19)

where Ẑ is the uncompressed CMoMM representation of the antenna [25]. Here, k

is the Boltzmann constant and ĈV is the associated spectral noise voltage covari-

ance matrix given by

ĈV
p =

2η0kT
p
b

λ2
p

∫︂
Ω

V̂k̂,pV̂
H
k̂,p

dΩ. (7.20)
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T p
b is the external brightness temperature and λ2

p is the free space wavelength at

harmonic p. This assumes an isotropic background and that the excitation vector

used to find the cross-frequency effective aperture, V̂k̂,p, comes from a direction k̂.

Summing this for all the harmonics gives the ĈV term necessary in Eqn. 7.19 to

find the power at the load R0 for the signal frequency from external noise. This can

then be presented in the more simplified form of

T ant
ext = 4π

∑︂
p

T p
b A

p
e

λ2
p

, (7.21)

where Ap
e is the cross-frequency effective aperture that maps the pth harmonic onto

the signal frequency [25].

With the noise temperature contribution from external noise captured, the ther-

mal noise contribution of the time-varying antenna can be studied. The same CM-

MoM representation is used as in Eqn. 7.19, but the noise contribution now cap-

tures thermal noise coupling rather than external noise coupling. This means that

the spectral noise voltage covariance matrix for the thermal noise portion is now

proportional to the loss resistance of each segment of the uncompressed CMMoM

matrix:

ĈV = kT

⎡⎢⎢⎢⎢⎣
R1 0 0

0
. . . 0

0 0 RN

⎤⎥⎥⎥⎥⎦ , (7.22)

where T is the physical temperature of the segments [64]. This culminates in the

noise from the loss of the time-varying antenna observed at the 0th harmonic, T ant
int ,

and in general describes the cross-frequency coupling of thermal noise on time-

varying structures.

The new equivalent noise temperatures of the time-varying antenna can then be
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input into Eqn. 7.12 and Eqn. 7.13 to obtain the new Y-Factor for the time-varying

antenna of

YTV =
Phot

Pcold

=
T ant
extHot + T ant

int + Trec

T ant
extCold + T ant

int + Trec

. (7.23)

Plugging this into Eqn. 7.3 with arbitrary hot and cold effective noise temperatures

present at each harmonic p we get:

TTV eq =
(T 0

cold − T 0
hot) (T

ant
int + Trec) + 4π

∑︁
p̸=0

Ap
e(T 0

coldT
p
hot−T p

coldT
0
hot)

λ2
p

4π
∑︁

p

Ap
e(T p

cold−T p
hot)

λ2
p

, (7.24)

where T p
hot and T p

cold are the hot and cold effective noise temperatures at each

harmonic, T ant
int is the thermal noise from loss on the antenna at the observation

frequency including the effects of cross-frequency coupling, and Ap
e is the cross-

frequency effective aperture.

Not only is the noise figure of the time-varying antenna as measured by the

Y-Factor method dependent on the thermal noise coupled from the harmonics to

the signal frequency, the noise present at each harmonic has a noticeable impact

on the result. While Eqn. 7.24 is the generalized result for arbitrary effective noise

temperatures at the harmonics, it can be simplified for the case where the noise

environment is consistent across frequency. When T p
hot = T 0

hot and T p
cold = T 0

cold,

Eqn. 7.24 becomes

TTV eq =
T ant
int + Trec

4π
∑︁

p
Ap

e

λ2
p

, (7.25)

greatly simplifying the result.
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7.2.2 Uncertainties in the Antenna Y-Factor Measurement

Theoretical Measurement Uncertainty

There are a number of uncertainties that arise from the various components

used in the Y-Factor measurement of an antenna including impedance mismatch

present between components. While this has been factored into the antenna por-

tion of the above derivation through the antenna’s mismatch efficiency, there still

remains some mismatch between the source and measurement instruments as well

as the transmission lines that needs to be taken into account. In addition, there are

uncertainties in the output power from the source as well as display jitters on the

spectrum analyzer as it captures the received power. Taking multiple measurements

and averaging can help reduce the uncertainties associated with these input and

output jitters. By far the largest uncertainty contributor for this setup is due to the

spectrum analyzer’s high noise figure and the low gain from the electrically small

antenna DUT. Small discrepancies in the measurement of the noise figure of the

spectrum analyzer, which is on the order of 20 to 25 dB will overshadow the noise

contributed by the antenna DUT which will has a noise figure on the order of 0.5 to

2.5 dB.

In order to mitigate the low gain of the antenna DUT and the large noise figure

of the spectrum analyzer which has a negatively impact on the measurement uncer-

tainty, a low-noise pre-amplifier between the DUT and the spectrum analyzer can

be inserted. This serves to decrease the noise figure of said spectrum analyzer. By

improving the gain between the DUT and spectrum analyzer, the effects of different

cascaded uncertainties can be decreased.

The typical method to calculate the uncertainty is given by the equation,
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Measurement Uncertainty =

⌜⃓⃓⃓
⃓⃓⃓⃓
⃓⃓⃓⃓
⎷

(︃
F1

FDUT

∆F1 dB

)︃2

+

(︃
F2

FDUTGDUT

∆F2 dB

)︃2

+

(︃
F2 − 1

FDUTGDUT

∆GDUT dB

)︃2

+

(︃(︃
F1

FDUT

− F2

FDUTGDUT

)︃
∆Source dB

)︃2

,

(7.26)

where F1 is the noise factor of the entire measured system obtained from the Y-

factor measurement, F2 is the noise factor of the part of the system that consti-

tutes the calibration portion of the measurement (the spectrum analyzer, receive

side transmission line, and pre-amplifier if used), and ∆F1 dB, ∆F2 dB, ∆GDUT dB,

and ∆Source dB are in units of dB and are defined below [73].

The first uncertainty, ∆F1 dB, is primarily due to the mismatch between the

noise source and the input of the DUT as well as the uncertainty of the spectrum

analyzer’s noise figure and is given by:

∆F1 dB =

√︂
(20 log10 (1− ΓsourceΓDUTinput))

2 + (SANF Uncertainty dB)
2, (7.27)

where Γsource is the output reflection coefficient of the noise source, ΓDUTinput is the

input reflection coefficient of the DUT, and SANF Uncertainty dB is the uncertainty

in the noise figure of the spectrum analyzer in dB.

The second term in Eqn. 7.26 is similar to the first with the only major change

being in the reflection coefficients used. This time the reflection coefficient for the

input of the spectrum analyzer is used in place of the input of the DUT. The equation

is

∆F2 dB =

√︂
(20 log10 (1− ΓsourceΓSAinput))

2 + (SANF Uncertainty dB)
2. (7.28)

It should be noted that if an external pre-amplifier is used in between the DUT and
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the spectrum analyzer, the pre-amplifier’s input reflection coefficient must be used

in place of the spectrum analyzer’s input reflection coefficient.

The third term in the measurement uncertainty equation takes into account all

of the mismatch uncertainties including the reflection coefficients of the source, the

spectrum analyzer (or pre-amplifier), and the input and output reflection coefficients

of the DUT. In addition, the spectrum analyzer’s gain uncertainty will be taken into

account. Again, if a pre-amplifier is used before the spectrum analyzer, the pre-

amplifier’s gain uncertainty is used. The equation is given by:

∆GDUT dB =

⌜⃓⃓⃓
⎷⃓(20 log10 (1− ΓsourceΓSAinput))

2 + (20 log10 (1− ΓsourceΓDUTinput))
2

+(20 log10 (1− ΓDUToutputΓSAinput))
2 + (SAgain Uncertainty dB)

2
.

(7.29)

The final term in the uncertainty equation is due to the uncertainty in the output

power of the noise source. This should be simply given by the manufacturer of the

noise source whether the noise source is a typical diode-based noise source or a

signal generator. An example of the dramatic effect of the DUT’s low gain on the

measurement uncertainty can be seen in Fig. 7.4 for a fairly realistic example for

the proposed measurement setup. In addition to decreasing the spectrum analyzer’s

noise figure through the use of a pre-amplifier, measuring the antenna’s impact on

the total system noise figure can help decrease uncertainty. Instead of having to

work backwards through two Y-factor measurements, only one Y-factor measure-

ment needs to be taken to find the overall system noise figure. Comparisons can

then be made between a system using an LTI reference antenna and a system using

a non-LTI antenna with higher certainty.
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Figure 7.4: Y-factor measurement uncertainty for measuring DUTs of different
noise figures using parameters from the proposed measurement setup.

Hot and Cold Temperature Uncertainty

Another source of uncertainty that is rarely discussed is the uncertainty asso-

ciated with the difference between the expected hot and cold temperatures and the

actual measured values. The delta between the expected and measured values is

usually quite low, less than 0.5 dB, and is dependent on the noise figure and gain

uncertainty of the spectrum analyzer. However, the impact of this uncertainty can

vary tremendously. A theoretical example was produced in MATLAB using a DUT

with a noise figure of 1.5 dB and an uncertainty factor added into the calculation

for either the hot or cold temperature. If the cold temperature of the Y-factor mea-

surement is relatively high, for example -100 dBm to -70 dBm, a slight difference

between the expected and measured cold powers can drastically alter the noise fig-

ure of the DUT as seen in Fig. 7.5. If the cold temperature is taken to be 290 K,

with the noise source off, the cold power that is measured is simply the spectrum

analyzer’s noise floor. This means there is almost no disconnect between the ex-
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Figure 7.5: Measured noise figure of DUT for varying delta values between the
expected and measured cold power.

pected and measured cold power. If the measured hot power is then varied from the

expected value, the resulting difference in measured DUT noise figure is negligible

as seen in Fig. 7.6.

7.2.3 Y-Factor Measurement Results

The Y-Factor measurement method was implemented in an anechoic chamber

using a signal generator as the “noise” source and a real-time spectrum analyzer

as the measurement device. The measurement uses the setup as in Fig. 7.7 for

the LTI receive system and as in Fig. 7.8 for the time-varying receive system and

seeks to measure the noise figure of the entire receive chain. An output power

of 5 dBm from the signal generator was used for the hot measurement while the

cold measurement was done with no transmit signal. The cold temperature was

taken to be approximately 297 K corresponding to the physical temperature inside

the anechoic chamber. A calibration biconical antenna was used to find the noise
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Figure 7.6: Measured noise figure of DUT for varying delta values between the
expected and measured hot power with the cold temperature set to 290 K.

Figure 7.7: Block diagram of the LTI receive system used during noise testing.

temperature available at the aperture of the different antenna devices under test for

the hot measurement.

The results for the Y-Factor measurements of the receive system using the LTI

comparison antenna and the time-varying antenna is shown in Fig. 7.9. These vary

slightly from the results comparing the isolated noise method and Y-Factor method

showcased in Fig. 7.1 due to slight changes in the measurement setup and tuning

of the antennas as they were taken on different days. The LTI antenna receive

system is able to achieve a 1.5 dB lower minimum noise figure than the time-varying

receive system shown in orange primarily due to the lack of cross-frequency thermal
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Figure 7.8: Block diagram of the non-LTI receive system used during noise testing.

Figure 7.9: Noise figure results for the LTI and time-varying receive systems using
the Y-Factor method.
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noise coupling and lower overall antenna loss. The time-varying antenna system,

on the other hand, is able remain below a system noise figure of 20 dB for 2.5 times

as much frequency. The time-varying antenna system was also measured with an

additional 40 MHz of -96 dBm/Hz additive white Gaussian noise (AWGN) centered

at the idler harmonic which is shown in yellow. This additional noise at the idler

frequency is able to couple down into the signal frequency and increase the apparent

measured noise figure by approximately 6.5 dB.

The increased measured noise figure as a function of external noise present at

the harmonics is a key characteristic of time-varying antennas to keep in mind when

operating in a potentially congested frequency environment. Even if the primary

signal band is free from interferers, out-of-band operators and noise may negatively

impact the time-varying antenna receive system due to the antenna’s ability to cou-

ple power from the harmonics down to the signal frequency.

7.2.4 Prediction of Cross-Frequency Noise Coupling

Since the cross-frequency effective aperture defines the cross-frequency cou-

pling behavior of any power incident on the aperture of the time-varying antenna

including external noise, the impact of noise at the harmonics on the noise fig-

ure measured at the observation frequency can be predicted. The additional noise

present at the observation frequency, ω0, due to some additional noise power flux

density, Snoise, at the idler harmonic, ω−1 is given by

Noiseadded = A−1
eff (ω0)Snoise(ω−1)BRBW , (7.30)

where A−1
eff (ω0) is the cross-frequency effective aperture mapping power from the

idler harmonic to the observation frequency and BRBW is the resolution bandwidth
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Figure 7.10: Increased noise figure of the receive system using the time-varying
antenna at 111 MHz as a result of increased noise at the idler harmonic.

of the spectrum analyzer. This gives rise to the increased noise figure seen in

Fig. 7.10 at the observation frequency of 111 MHz when additional noise is present

at the idler harmonic. This noise figure is increased in comparison to the case where

no additional noise is present at the idler harmonic with the increase calculated by

NFadded = 10 log10

(︃
Ssig/N(ω0)

Ssig/ (N(ω0) + Noiseadded)

)︃
, (7.31)

where Ssig is the signal power measured at the receiver for the observation fre-

quency, N(ω0) is the noise power measured at the receiver for the observation fre-

quency, and Noiseadded is the added noise power due to noise coupling from the

idler harmonic given by Eqn. 7.30. The result predicted from the -96 dBm/Hz case

is within 0.2 dB noise figure of the measured difference between the orange and

yellow cases seen in Fig. 7.9.
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7.3 Conclusions

Measurement methods to quantify the noise characteristics of both LTI and

time-varying antennas have been described with a focus on the Y-Factor method

applied to electrically small antennas. This appears to be the first application of

the Y-Factor method to time-varying antennas in order to measure their apparent

noise figure in the literature. As such, derivations for both the LTI antenna Y-Factor

method and the time-varying antenna Y-Factor method are provided. The results of

the Y-Factor noise measurements highlight that while the time-varying antenna sys-

tem has a 1.5 dB higher minimum system noise figure compared to the LTI antenna

system, the noise figure bandwidth is larger. Additionally, the negative impact of

external noise present at the harmonics of the time-varying antenna on the measured

noise figure of the system is shown.
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Chapter 8

LTI and Non-LTI Comparison

This comparison on the gain-bandwidth trade-off trends of the parametrically-

tuned receive antenna and the LTI antenna still needs to be discussed. The pri-

mary focus of the comparison will be based on simulated and closed form results,

but the measured results of the the current fabricated prototypes are included as

well. The time-varying parametric receiving antenna boasts a wider 3 dB band-

width at the same level of effective aperture around the signal frequency compared

to a conjugate matched LTI antenna of the same footprint. A comparison between

the time-varying antenna and a resistively loaded LTI antenna is warranted to show

the different bandwidth versus gain trade-off trends that occur for each. For the

parametrically-tuned receive antenna, the gain discussed in this section refers to

transducer gain rather than antenna gain in order to provide a better comparison of

the simulated and fabricated antenna to the theoretical results.

8.1 LTI Antenna Gain-Bandwidth Trade-off

The gain-bandwidth trade-off for electrically small antennas is well studied and

documented in the literature. For a given antenna Q or antenna footprint as well as

a given radiation efficiency, the optimal gain-bandwidth relationship can be com-
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puted. This is investigated further using simulations with specific attention paid to

the LTI prototype design described in 3.

8.1.1 Resistive Loading

The trade-off space is first investigated in simulation using the circuit models

of the time-varying and LTI antennas discussed in 3.2.1. The electrically small LTI

antenna is resistively loaded thereby decreasing the radiation efficiency. This in

turn decreases the total quality factor of the antenna and increases the bandwidth as

quality factor and bandwidth are inversely proportional. This can be modeled with

closed form equations such as the gain of the electrically small loop antenna given

by

G = ηD, (8.1)

where η is the radiation efficiency of the antenna and D is the directivity of the

antenna. For electrically small loop antennas D tends towards 1.5 which is what is

used for the LTI performance bound seen in Fig. 8.1 [26]. The bandwidth of the

electrically small loop antenna is inversely proportional to the quality factor of the

antenna as previously mentioned.

In order to study the trade-off between the gain of the electrically small loop

antenna and the bandwidth it can be helpful to instead look at the radiation quality

factor of the antenna rather than just the total quality factor of the antenna. The

radiation quality factor of the antenna Qrad takes into account only the radiation

behavior of the antenna and not any behavior related to typical loss and can be found

by looking at the lossless version of the antenna under test. For this investigation,

a lossless version of the concentric loop antenna was simulated in HFSS and the

resulting radiation quality factor was found to be 730. The approximate quality
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factor of the antenna at resonance can be found using the equation

Q(ω0) =
ω0

2R(ω0)

√︁
[R′(ω0)]2 + [X ′(ω0) + |X(ω0)|/ω0]2, (8.2)

where R and X are the resistance and reactance of the antenna respectively [78].

The radiation efficiency of the antenna can then be applied to the radiation quality

factor to find the total quality factor of the antenna as

Q = ηQrad. (8.3)

With the gain of the antenna and the bandwidth of the antenna–through its total

quality factor–expressed in terms of radiation efficiency, the ideal trade-off trend of

the concentric loop antenna can be calculated. By varying η from close to zero to

one, the trade-off trend between gain and bandwidth of the concentric loop antenna

can be seen in the black dotted line in Fig. 8.1.

The concentric loop antenna was also analyzed in simulation using ADS with

the schematic shown in Fig. 8.2. The LTI antenna is loaded with an equal amount

of resistance on both of the balanced lines of the antenna. This total impedance

of the antenna including the resistive loading is then used to design a differential

matching network to match to the hybrid coupler that is used as a balun.

8.2 Parametrically-Tuned Antenna Gain-Bandwidth Trade-off

The transducer gain-bandwidth trade-off of a parametrically-tuned antenna de-

pends on a large amount of parameters. These parameters include the antenna Q

and resistance at both the signal frequency and the idler frequency, the series resis-

tance of the time-varying capacitor, the center capacitance and modulation factor of
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Figure 8.1: Gain-bandwidth comparison between parametrically-tuned receive an-
tenna and the LTI antenna as load resistance is varied. The blue and orange lines
represent the closed form trends for the parametrically-tuned antenna given that the
antenna Q and modulation factors are fixed. The green markers represent the results
from the ADS simulation of the realized parametrically-tuned receive antenna. The
magenta markers represent the LTI antenna with resistive loading. The measured
results of the fabricated prototypes are shown with the open circle markers

Figure 8.2: Schematic of the LTI antenna with additional resistive loading, a differ-
ential matching network, and a hybrid coupler used as a balun.
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the time-varying capacitor, and the signal and idler frequencies [13]. These param-

eters can be used to find the maximum transducer gain of the parametrically-tuned

receive antenna with

Gmax
t =

4RLRs

[Rnet
s (1− |γ|2QC

s Q
C
i /4)]

2
, (8.4)

where RL is the load resistance, Rs is the resistance of the physical antenna itself at

the signal frequency, and γ is the modulation factor of the time-varying capacitance

[13]. Rnet
s is the total resistance of the parametrically-tuned receive antenna at the

signal frequency, defined as

Rnet
s/i = RL +Rs +Rc, (8.5)

for the signal and idler frequencies respectively where RL and Rs are as previously

defined and Rc is the series resistance associated with the time-varying capacitor

[13]. For the parametrically-tuned receive antenna described in this work, Rc is

the total series resistance of the two SMV1232 varactors used in parallel. QC
s and

QC
i are the loaded quality factors of the time-varying capacitance’s effective static

capacitance at the signal and idler frequencies, respectively. This can be found with

QC
s/i =

1

ωs/iR
net
s/iC1

, (8.6)

where ωs/i is the signal and idler frequencies respectively and C1 = C0(1− 1
4
|γ|2)

is the effective static capacitance of the time-varying capacitor which itself is based

on C0, the average capacitance of the time-varying capacitor [13].

The theoretical bandwidth of the parametrically-tuned receive antenna can also
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be calculated and is given by

b =
rω(1−R)√︂

(QiR + rωQs)2 −Q2
i (3R

2 − 4R + 1)

, (8.7)

where rω = ωi

ωs
is the ratio of the idler and signal frequency [13]. R is the normalized

negative resistance found with

R = |γ|2QC
s Q

C
i /4, (8.8)

and Qs/i are the loaded quality factors for the subcircuits representing the signal

and idler frequencies respectively [13]. These correspond to the quality factor of

the resonant base antenna at the signal frequency and the idler frequency and can

be found with

Qs/i =
Cs/i + C1

ωs/iRnet
s/iCs/iC1

, (8.9)

where Cs/i are the capacitance values associated with the antenna at the signal and

idler frequency, respectively. More details regarding the derivation of these quanti-

ties can be found in [13].

Using the transducer gain and bandwidth equations above allows for a theoret-

ical gain-bandwidth trend line for the particular parametrically-tuned receive an-

tenna that was implemented, fabricated, and measured as a part of this work. The

trend line for modulation factor γ = 0.417 is represented in Fig. 8.1 with the solid

blue line and γ = 1 is represented with the solid orange line. This rest of the param-

eters needed for the closed form trends such as the quality factors and resistances

of the parametrically-tuned receive antenna aside from the load resistance are fixed

and taken from the simulated version. The value of γ = 0.417 was chosen to match

138



the approximate modulation factor of the simulated time-varying antenna. This was

obtained by looking at the voltage swing across the varactors and referencing the

datasheet for the SMV1232 [18].

The gain-bandwidth trend of the parametrically-tuned receive antenna was also

investigated in simulation. The goal of the investigation in simulation was to iden-

tify the gain-bandwidth behavior of the design as the inductor in the signal matching

network was adjusted. Changing this inductor would change the load impedance

presented to the parametrically-tuned receive antenna thereby changing the gain and

bandwidth of the device. Adjusting the load impedance seen by the parametrically-

tuned receive antenna via the inductor in the signal matching network leads to the

green markers shown in Fig. 8.1. The higher load impedances generated from the

higher inductor values leads to an increase in bandwidth at the cost of gain. The

slight discrepancy in the simulated and measured results from the closed-form re-

sults is likely due to additional losses in the simulated and fabricated design that

are not accurately captured in the closed-form solution as the modulation factor be-

tween all the designs should be the same. The simulated and measured results can

only extend so far due to realistic fabrication concerns. For the high gain cases, the

parametrically-tuned receive antenna becomes incredibly sensitive to parasitics and

other fabrication tolerances making those cases harder to simulate and measure. On

the other extreme, large bandwidth cases rely on a larger load impedance which

can be challenging to achieve while only changing the signal matching network

inductor value. These larger inductor values also come with challenges regarding

their low self-resonant frequency and increasing amounts of loss. A redesign of the

signal matching network would be necessary to apply these large load impedances

to the parametrically-tuned receive antenna which is not quickly feasible for the

fabricated version.
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While in the LTI case the gain-bandwidth trade-off is linear, the gain-bandwidth

trend for the parametrically-tuned receive antenna follows a more quadratic rela-

tionship. This non-linear trend becomes more obvious in the extreme gain or ex-

treme bandwidth regimes as more easily seen in the theoretical trend line. For the

reasons discussed earlier, these extreme cases are prohibitively difficult to achieve

for the fabricated prototype at this time. Dotted curve fit lines based on the marked

measured and simulated results for the time-varying antenna and the LTI antenna

show the approximate trends compared to the solid lines of the closed form trends.

In the high gain regime, the simulated time-varying antenna is able to achieve a sig-

nificant improvement in the gain-bandwidth product over the LTI counterpart, over

6.5 times. This improvement decreases as the gain decreases, but in the mid gain

region where the fabricated prototypes sit the improvement factor is 3.5.

8.3 Conclusions

A comparison in the gain-bandwidth trade-off trend between the concentric loop

antenna and the parametrically-tuned receive antenna has been shown. Closed form

solutions for the transducer gain and bandwidth of the time-varying antenna where

used from [33] along with closed form solutions of the gain and bandwidth of an

electrically small LTI antenna were compared to the results found using simulation.

The measured results of the fabricated prototypes were also shown and match the

simulated results and trends. The parametrically-tuned receive antenna allows for

a 3.5 times improvement in gain-bandwidth product, but this improvement can be

further increased if bandwidth is sacrificed for higher gain. This is corroborated

by the trends shown in Fig. 8.1 where the gap between the gain-bandwidth of the

time-varying and LTI antennas increases in the higher gain regime.
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Chapter 9

Conclusion and Future Work

In this work an electrically small, parametrically-tuned receive antenna has been

implemented, fabricated, and measured. This time-varying antenna was compared

to a concentric loop antenna which used the same physical footprint. The optimal

matching regime for highest spectral SNR for an electrically small receive antenna

was investigated and shown to be heavily dependent on the noise environment. The

investigation was extended to include modulated signal analysis which took into ac-

count the bandwidth characteristics of the various matching regimes tested. These

findings were used to implement conjugate matching as the matching solution for

the LTI antenna as it was shown that conjugate matching is typically the best solu-

tion at the operating frequency of approximately 110 MHz.

An accurate simulation methodology using existing techniques in the literature

was used to model both the LTI and time-varying antenna designs. These designs

were measured using a test suite specifically developed to characterize electrically

small time-varying antennas on receive. The typical receive gain measurement was

modified to a cross-frequency effective aperture measurement based on existing

work in the literature to eliminate the reliance on reciprocity and also consider fre-

quency coupling phenomena that occurs with time-varying and non-LTI designs.

The noise figures of the antenna receive systems were also measured using a novel
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method extended from the antenna Y-Factor method. This new noise figure mea-

surement method for time-varying antennas is able to take into account both ex-

ternal and internal noise coupling from different harmonics into the observation

frequency–a key aspect for time-varying antennas not covered by previous meth-

ods. Finally, the measurement suite includes the use of modulated signals to ensure

the antennas under test are able to receive information-laden signals rather than

just sense power. This modulated signal testing is not novel, but is an important

inclusion in testing time-varying receive antennas to ensure there is no additional

distortion due to the time-varying nature of the design.

The parametrically-tuned receive antenna implemented and measured in this

work was able to achieve a 3.5 times improvement in bandwidth for the same effec-

tive aperture over the comparison LTI antenna. The gain-bandwidth trends of these

antennas were explored in simulation with the gain-bandwidth improvement factor

of the time-varying antenna over its LTI counterpart increasing to over 6.5 times

when in a high gain regime. This higher gain state is achieved simply by decreas-

ing the load impedance presented to the antenna which in this design can be done

by decreasing the inductor in the differential matching network. The potential of

electrically small parametrically-tuned receive antennas for use in size and weight

constrained environments has been showcase, but there remains improvements that

could be made to the design and implementation of these time-varying antennas.

9.1 Future Work

Various improvements can be made to the time-varying antenna design imple-

mented and fabricated in this work to improve the gain-bandwidth performance.

These improvements would also serve to decrease the impact of the pump source
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on the noise figure of the antenna and also make the design more compact.

9.1.1 Additional Parametric Receiver Improvements and Designs

The parametrically-tuned receive antenna implemented in this work could be

improved in future iterations in a number of ways. The design does improve per-

formance over a standard LTI antenna of the same footprint, but does suffer from

some noise and power requirement issues. These issues can be mitigated and over-

all performance improved with a new design that leverages a single-balanced non-

degenerate parametric amplifier design. This involves replacing the singular varac-

tors in the design with pairs of varactors in anti-parallel [79], [80]. In the case of the

prototype showcased in this work, the change in structure results in four varactors

with two sets of varactors in anti-parallel. The varactors in anti-parallel seeks to iso-

late the idler frequency to within the varactor ring and cancel out the idler frequency

outside the ring. While the complexity of feeding the varactors might increase in

this configuration, the increased gain performance and the increased resilience to

noise at the idler frequency should result in an overall improved design.

Significant improvements to the pump source can also lead to improved per-

formance of the time-varying antenna prototype. While a general broadband signal

generator was used as the pump source for this work, a voltage-controlled oscillator

would act as a much better source. The VCO would allow for the pump source to be

implemented on aperture and the lack of the wideband amplifier the signal generator

incorporates would meaningfully decrease the noise present at the idler frequency.

This would in turn decrease the measured noise figure of the parametrically-tuned

receive antenna. The VCO and supporting circuitry could be implemented in the

center of the loop antenna footprint where a null occurs in the fields of the antenna.
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Potentially turning the idler resonance from a loop antenna into a lumped element

circuit would also simplify the physical design. It would need to be investigated,

however, if a lumped element circuit would be able to present a low enough loss and

resistance at the idler and signal frequencies to enable acceptable gain-bandwidth

performance.

9.1.2 Improvements to Time-Varying Receive Antenna Charac-

terization

While this work has used a number of different measurements to characterize

time-varying antennas on receive, improvements could be made to improve the im-

plementation. The unintended emissions characterization shown in 5.2 is fairly

rudimentary in its current state and could be improved to better mimic FCC or

CISPR testing standards by defining elements such as device under test placement

and cable layout. The multi-channel modulated signal testing in 6.2.2 could also

be improved by testing in an environment better suited to low frequency measure-

ments such as a quiet outdoor range or a larger anechoic chamber featuring lower

frequency absorber. A larger test environment would eliminate the multipath issue

and provide a clearer comparison between the time-varying antenna and the LTI

antenna. Finally, the Y-Factor measurement could be improved by decreasing the

noise figure of the receive system that does not include the antenna under test. By

decreasing the noise figure of the system after the antenna, the measurement uncer-

tainty associated with ascertaining the noise figure of the antenna by itself could be

decreased. If the noise figure of the measurement system without the antenna could

be decreased to below 2 dB, the noise contribution of the antenna would dominate

the result and allow for a clearer understanding of the antenna noise by itself.
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