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SUMMARY

The objective of this research is to develop, characterize, and demonstrate
novel parametric architectures capable of wideband operation while maintaining high
gain and stability. To begin the study, phase-incoherent upconverting parametric
amplifiers will be explored by first developing a set of analytical models describing
their achievable gain and efficiency. These models will provide a set of design tools
to optimize and evaluate prototype circuit boards. The prototype boards will then
be used to demonstrate their achievable gain, bandwidth, efficiency, and stability.
Further investigation of the analytical models and data collected from the proto-
type boards will conclude bandwidth and gain limitations and end the investigation
into phase-incoherent upconverting parametric amplifiers in lieu of negative-resistance
parametric amplifiers.

Traditionally, there were two versions of negative-resistance parametric amplifiers
available: degenerate and non-degenerate. Both modes of operation are considered
single-frequency amplifiers because both the input and output frequencies occur at
the source frequency. Degenerate parametric amplifiers offer more power gain than
their non-degenerate counterpart and do not require additional circuitry for idler
currents. As a result, a phase-coherent degenerate parametric amplifier printed circuit
board prototype will be built to investigate achievable gain, bandwidth, and stability.
Analytical models will be developed to describe the gain and efficiency of phase-
coherent degenerate parametric amplifiers. The presence of a negative resistance
suggests the possibility of instability under certain operating conditions, therefore,
an in-depth stability study of phase-coherent degenerate parametric amplifiers will

be performed.

X



The observation of upconversion gain in phase-coherent degenerate parametric
amplifiers will spark investigation into a previously unknown parametric architec-
ture: phase-coherent upconverting parametric amplifiers. Using the phase-coherent
degenerate parametric amplifier prototype board, stable phase-coherent upconversion
with gain will be demonstrated from the source input frequency to its third harmonic.
An analytical model describing the large-signal transducer gain of phase-coherent up-
converting parametric amplifiers from the first to the third harmonic of the source

input will be derived and validated using the prototype board and simulations.



CHAPTER 1

INTRODUCTION

In modern communication systems, the radio frequency (RF) transconductance power
amplifier (PA) is responsible for the majority of the system’s power consumption.
When the PA is operating below 50% DC-DC efficiency, it is more an electrical
heater than an amplifier, necessitating high power DC supplies and heat dissipa-
tion systems. Heat damage can wreak havoc on radar and sattelite communica-
tion systems, demanding sophisticated cooling structures to protect not only the PA,
but the surrounding electronics. With wireless communication systems, hand-held
battery-operated mobile devices suffer the most from the PAs high power consump-
tion, resulting in a decreased battery life and shorter talk time. Reported results on
high efficiency PAs, typically operating above 75%, rely upon precise multi-harmonic
impedance terminations on both the input and output terminals at very high levels
of device compression, both of which results in highly nonlinear and narrow operat-
ing bandwidths [1, 2]. Power amplifier design has, until recently, been focused on
specified RF bandwidths of 5% or less. Systems such as worldwide interoperability
for microwave access (WiMAX) and 4G necessitate large instantaneous bandwidths,
and future systems will likey require even more, not just due to wider spectral allo-
cations, but the base bandwidth of the signals themselves may well exceed 100 MHz
[3, 4]. In addition, radar and satellite communication systems have yet to benefit
from recent improvements in PA output power and efficiency because of their much
wider bandwidth requirements.

The need for PAs capable of achieving high gain and conversion efficiencies across

a broad range of frequencies has fueled extensive previous research and development



of innovative power amplifier architectures. While primarily now an industry-driven
field, broadband high gain and efficiency PA design still has a place in an academic
setting as communication systems continue to push the limits of data rates in narrow

channels.

1.1 High-Gain Single-Stage Power Amplifiers

High-gain transconductance power amplifiers are desirable in modern communication
systems for their potential in single-stage designs that typically result in lower power
consumption and higher conversion efficiencies. In field-effect transistor (FET) am-
plifiers, the gain of the device is directly proportional to the transconductance in the
saturation region of operation. When operating in the active mode, the transconduc-

tance, g, can be expressed as

2Ip

__4p 1.1
Vas — Vi (11)

9m

where I is the drain current, Vg is the gate-to-source voltage potential, and Vy;, is the
threshold voltage. The threshold voltage of any particular FET device is considered
to be a constant within the saturation region, therefore the transconductance of FET
devices can be increased by increasing the drain current. In the saturation region,

the drain current can be expressed as

Ip =

nCOx W
a f (VGS — ‘/,5}1)2 (1 + )\VDS) , (1.2)

2

where u, is the charge-carrier effective mobility, C,, is the gate oxide capacitance
per unit area, W is the gate width, L is the gate length, A is the channel-length
modulation parameter, and Vpg is the drain-to-source voltage potential [5]. Increasing

the drain current, thereby increasing the transconductance, can be accomplished in



several ways as seen in (1.2), most of which are controllable through the fabrication
process. However, care should be taken in choosing values for fabrication parameters,
as pushing them to their limits can have negative, unintended consequences on the
transconductance. Take, for instance, decreasing the channel length L in order to
increase the small-signal transconductance. It was demonstrated in [6] that, for a
given overdrive condition, velocity saturation of carriers in the channel due to short-
channel effects will reduce the small-signal transconductance. This is by no means a
complete description of the limiting phenomena in the small-signal transconductance;
the reader is referred to [7] for a more in-depth analysis.

Current state-of-the-art transconductance devices report single-stage power am-
plifiers capable of over 23 dB of power gain within limited bandwidths at microwave
frequencies using gallium nitride [8]. Typically, high-gain amplifiers are constructed
using multiple stages or devices. This increases the current drain from the DC bi-
asing supply, reducing the overall conversion efficiency. In addition, high-gain power
amplifiers typically require precise input and output impedance control that reduces

the operating bandwidth [1].

1.2 Conventional Power Amplifier Efficiency-Enhancement
Techniques
Loosely, power amplifiers can be placed into two groups: linear and nonlinear. By the
most rudimentary definition, a linear power amplifier is one when, given a single-tone
sinusoidal input to the power amplifier, a single-tone sinusoid is seen at its output.
While linearity is a highly desirable property in many modern communication sys-
tems, a stand-alone linear power amplifier will suffer from low conversion efficiency.
Continued long-term low efficiency operation of a power amplifier can result in a de-
creased usable life time or damage to surrounding components due to heat generation.
From an RF standpoint, a Class-A PA is considered to be a linear PA. Class-A op-

eration is achieved by biasing the active device such that the drain quiescent current



is half of its maximum value, I,,,,, while maintaining an input drive level that does
not force the drain current waveform to exceed I,,,.. Class-A power amplifiers have
a theoretical maximum efficiency of 50%, achieved when the input drive level causes
a swing in the drain current to peak at exactly I,,q:.

In contrast, a nonlinear power amplifier is one when, given a single-tone sinusoidal
input, the output of the power amplifier contains harmonics of the input. Power
amplifier architectures have been developed that will sacrifice linearity in order to
increase the conversion efficiency by a considerable margin over their linear counter-
part. Other architectures have demonstrated that waveform shaping of the output
signal can produce efficient PAs with reasonable operating bandwidths.

One of the oldest ways of increasing the conversion efficiency of power amplifiers
is to bias the active device to a quiescent current less than I’”% When considering
optimal Class-A drive levels, the action of decreasing the quiescent current will cause
part of the RF input drive waveform to dip below the threshold level for the active
device, resulting in the negative portion of the input drive to not “conduct” to the
output. These efficiency-enhancement architectures are therefore known as reduced
conduction angle architectures.

To examine the effect of reducing the conduction angle by decreasing the quiescent
current, usable definitions for efficiency must be defined. Traditionally, there are two

main expressions which describe the conversion efficiency, n, of power amplifiers,

P
— 1.3
=B (1.3)
P — P
— 1 ' 1.4
n P (1.4)

Equation (1.3), with respect to transconductance power amplifiers, is called the drain

efficiency, where P, is the output power in the fundamental frequency, and Pp¢ is the



power being drawn from the DC supply. Equation (1.4) is referred to as the power-
added efficiency since it takes into account the drive power, P;,, required to achieve
maximum efficiency, which in most RF PA systems can be quite substantial. In both
definitions of efficiency in (1.3) and (1.4), the conversion efficiency can be increased
by reducing the DC power being drawn from the DC supply. In a typical PA system,
the DC supply voltage will remain at a fixed voltage level, mandating a decrease in
the DC current to achieve a reduction in Ppe. Following an analysis similar to that
performed by Cripps in [9], it can be shown that the DC current will decrease as the
conduction angle is reduced.

Let the drain current waveform be expressed as a sinusoidal function of the con-

duction angle «a, such that

iq(0) = I, + Ly cos (6) _70‘ <0< % (1.5)
where I,y = I — 1, is the peak value of i, (0) and I, is the quiescent current. By
considering a cosine wave in (1.5), which is an even function, it is mathematically

convenient to have « include the equal contributions from either side of time index

zero of the conduction waveform. Under this assumption, the current cutoff points

fall at wt = 45, and cos (%) = —é—qk, so that
(o) = dmar _ @
iq(0) = T~ cos (2) <cos (0) — cos (2)) : (1.6)

The average component of ig (f) can then be determined from

Ipc = ! /‘3 %) (COS (0) — cos (%)) dé (1.7)

o %1—003(%

- <I,2nﬂ> <2sin1(%_)(;soz(;s (%)) ' (1.8)




Similarly, the magnitude of the fundamental output current can be determined from

L = l/_g % (cos (0) — cos (%)) cos (0) do (1.9)

T Jg 1= cos (5
- (52) (=), "

From (1.10), the RF fundamental output power is given by

_ Vel

P 5

(1.11)

Figure 1 shows a plot of the amplitude of (1.8) for a constant and normalized

I nar = 1 as the conduction angle decreases from 27 to 0.
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Figure 1: Plot of the amplitude of (1.8) for a constant and normalized I,,,, = 1 as
the conduction angle decreases from 27 to 0.

As demonstrated in Fig. 1, the further the conduction angle is reduced, the less
average current that is drawn from the DC supply, resulting in an increase in the

overall conversion efficiency. However, this increase in efficiency comes with a trade



in not only linearity, but also in output power. Since the change in conduction angle
from 27 to 0 causes a significant change in both linearity and output power, the total
conduction angle range was divided up into classes of operation, each with a specified
range of operating conduction angles with corresponding linearity and obtainable
maximum efficiency specifications. The classical reduced conduction angle modes

are: Class-A, Class-AB, Class-B, and Class-C.
1.2.1 Class-A Mode

As discussed above, Class A operation is obtained when the active device is biased
such that the quiescent drain current is equal to half of the maximum drain current,
Lz The RF drive level is limited to cause a swing in the drain current that does not
exceed its rails, ensuring maximum linearity and output power. Since the input drive
levels are limited to maintaining constant active device conduction, the conduction
angle of a Class-A amplifiers is 27. Using (1.8), (1.10), and (1.3), the maximum

obtainable efficiency of this class of operation is 50%.
1.2.2 Class-AB Mode

When transitioning to Class-AB mode, the bias point is reduced such that the drain
current is below half of I,,,,, but above its zero threshold. With this restriction,
the input drive waveform will experience clipping of the negative portion of its cycle,
switching off the active device. This then allows less than 360 degrees, but more
than 180 degrees, of the input drive waveform to conduct to the output, giving a
range of possible conduction angles for Class-AB operation, 045, to fall within 7 <
Oap < 2m. From Fig. 1, efficiency continues to increase as the conduction angle is
decreased, therefore the highest obtainable efficiency for Class-AB operation occurs
when the conduction angle approaches 7 radians. However, let us choose to examine

3m

the midpoint of the range of Class-AB mode conduction angles, where 6,5 = <.



Substitution into (1.8), (1.10), and (1.3) shows that when biased in “moderate” Class-

AB mode, the amplifier will have a conversion efficiency of approximately 60%.
1.2.3 Class-B Mode

Class-B mode of operation is obtained when the bias point is set exactly to, or very
close to, the threshold value for the active device, resulting in a drain quiescent current
very near to zero. The RF input drive waveform will then symmetrically swing about
the active device’s threshold level, resulting in half of the waveform, or 7 radians,
conducting to the output. Application of (1.8), (1.10), and (1.3) to the Class-B mode

of operation gives a maximum achievable conversion efficiency of 78.5%.
1.2.4 Class-C Mode

Continuing to decrease the bias point below the threshold value of the active device
moves the mode of operation into Class-C. Here, only a portion of the positive cycle
of the RF input drive waveform in conducted across the active device to the output.
Here, the range of Class-C mode conduction angles, ¢, falls within 0 < 6o < 7. As
with the Class-AB mode of operation, biasing the active device closer to its lower-
valued conduction angle increases the efficiency. However, in Class-C operation, this
action would completely turn off the active device. Therefore, let us choose to examine
the conversion efficiency of the Class-C mode when the conduction angle is at the
midpoint of its valid range, namely, when 6 = 7. Substitution of ¢ into (1.8),
(1.10), and (1.3) shows an achievable conversion efficiency of approximately 94%
when biased in “moderate” Class-C mode.

As briefly discussed above, the linearity of the active device decreases as the
conduction angle is increased, therefore, as one progresses through each class mode,
linearity is further traded for an increase in conversion efficiency. This can be seen

from simple Fourier analysis of (1.6), where the magnitude of the harmonic currents

increase with decreasing conduction angle [9].



Additional efficiency-enhancement architectures have been proposed for transcon-
ductance power amplifiers. When a PA system is well designed, the majority of the
power loss resulting in sub-optimal conversion efficiency occurs in the active device
itself. Time-domain analysis of the voltage and current waveforms across and through
the active device show instances when they are simultaneously non-zero, indicating
average power being absorbed. Ideally, to maximize the efficiency of these systems,
the voltage and current waveforms would never coexist, meaning when one waveform
is nonzero, the other must be identically zero, and vice versa. Then, the average
power absorbed by the active device, being the product of the voltage and current
waveforms, would be zero at all instantaneous values of time. Power amplifier ar-
chitectures that exploit this concept are known as switching mode PA architectures
[10, 11]. Efficiency-enhancement techniques such as the Doherty amplifier, envelope
elimination and restoration, and polar modulation have also been identified and in-

vestigated [12-16].

1.3 Bandwidth Limitations in Transconductance Power Am-
plifiers

For transconductance power amplifiers, and by the Conservation of Power, the differ-

ence between the output power, P,, and the input power, P;,, can never exceed the

DC power, Ppc, being provided to the active device.

P, — Py < Ppe (1.12)

In practice, the equality can never be obtain when considering physical losses in the
linear circuitry surrounding the active device. The total input and output signal
power can be expressed as an integral over their respective power spectral density

functions. If s(t) is the input signal as a function of time with S (w) its corresponding



power spectral density (proportional to the squared modulus of the Fourier transform
of s(t)), and if G (w) is the power gain of the amplifier as a function of the frequency,

w, (1.12) can be rewritten as
/G(@ S (w) dw — /5 (@) dw < Ppe (1.13)
or, equivalently,

/[G (w) — 1] S (w)dw < Ppe, (1.14)

where the integral is taken over the total bandwidth of G and S (or from 0 to infinity
if the signals are not band-limited). When the amplifier gain is much greater than

unity over its operational bandwidth, (1.14) can be approximated as
/G(w) S (@) dw < Ppe. (1.15)

Equation (1.15) is equivalent to neglecting the power of the input signal, which is
a reasonable approximation if it is small relative to P,. Now, suppose the amplifier
operates over a bandwidth of BW, and assume that both the gain and the spec-
trum of the signal are constant over this entire bandwidth, with values of G and S,
respectively. Under these conditions, (1.15) becomes

P
G x BW < %C (1.16)

Equation (1.16) shows the origin of the gain-bandwidth product limit for transcon-

ductance amplifiers. The available DC power to the amplifier can either be put to use

10



for high signal gain over a limited bandwidth or limited gain over a wide bandwidth.
Also note that for a fixed DC input power, the greatest signal gains are achieved with

weak input signals.

1.4 Broadband High-Efficiency Parametric Architectures

Transconductance power amplifiers achieve power gain by converting DC to RF power
through channel modulation of the active device. Since the efficiency-enhancement
architectures described above operate by either reducing the average current drawn
from the DC supply or eliminating the power loss associated with the active device,
they are techniques that, in general, only apply to transconductance PAs. While
DC-RF power amplifiers are currently the most implemented, they are but one of two
possible ways to achieve amplification, the other being an RF to RF conversion of
power. There are multiple ways to achieve RF-RF power conversion, but the focus of
this section shall be on parametric power amplification.

Parametric amplifiers are a well-studied architecture of utilizing a nonlinear re-
actance to act as either a mixing element or a negative resistance [17-22]. Because
parametric amplifiers make use of reactive elements, they were desirable for their low
noise properties in low noise amplifiers before the invention of silicon-based transis-
tors that were able to surpass parametric noise performance [23-26]. Because the
noise characteristics of parametric power amplifiers was of primary interest, their effi-
ciency and bandwidth performance was never extensively studied or modeled. Being
a reactive-based active device, parametric power amplifiers should exhibit near per-
fect RF-RF conversion efficiencies. In addition, parametric systems should not suffer
from the gain-bandwidth product that limits the usable bandwidth of transconduc-
tance PAs. These two observations make parametric systems very desirable for further
investigation into their potential as a competitive power amplifier architecture to their

transconductance counterpart.
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1.5 Thestis Organization

This thesis is organized as follows. Chapter 2 details the theory of operation of the two
traditional types of parametric amplifiers: phase-incoherent upconverting parametric
amplifiers and negative-resistance parametric amplifiers. In addition, Chapter 2 will
develop the Manley-Rowe relations and demonstrate their use in performance analysis
of parametric amplifiers.

In Chapter 3, analytical models will be derived that will be able to predict the
gain and efficiency of phase-incoherent upconverting parametric amplifiers, negative-
resistance parametric amplifiers, and phase-coherent upconverting parametric ampli-
fiers. The models will provide a circuit level description of the theoretical limitations
of parametric systems, in addition to a set of tools to design the circuits to approach
these limitations.

Chapter 4 utilizes the tools developed in Chapters 2 and 3 to design, synthesize,
and test multiple parametric amplifiers, critiquing them on their achievable gain,
bandwidth, and stability. Each system undergoes an in-depth analysis to explain any
deviation from expected results.

Chapter 5 examines the stability of parametric amplifiers and provides a mathe-
matical method to predict the operating conditions that might cause them to become
unstable. The models developed in this chapter also provides a circuit design tool to
ensure unconditional stability given a set of operating criteria.

Lastly, Chapter 6 concludes the thesis by comparing the performance of the para-
metric amplifiers developed in Chapter 4 to current state-of-the-art. A summary of
the worked performed, as well as key contributions of the research, is included. Sug-
gestions for future work, as it relates to further development of parametric amplifiers,

is discussed.

12



CHAPTER 11

THEORY OF PARAMETRIC AMPLIFIERS

Parametric amplification is a process of RF-RF power conversion that operates by
pumping a nonlinear reactance with a large-signal RF pumping source to either pro-
duce mixing products with gain or to generate a negative resistance. Parametric
amplifiers (paramps) were traditionally grouped into two types: the phase-incoherent
upconverting parametric amplifier and the negative-resistance parametric amplifier.
With phase-incoherent upconverting parametric amplifiers, a fixed-frequency phase-
incoherent incommensurate pump, at frequency f,, mixes with an RF small-signal
source input, at frequency f,, to produce an upconverted output with gain that can
be predicted by the Manley-Rowe relations [27, 28]|. Negative-resistance parametric
amplifiers are also mixers, but differ from phase-incoherent upconverting paramps
in that the frequency relationship f; = f, — f; must be satisfied, where f; is the
so-called “idler” frequency [20]. The Manley-Rowe relations show that negative-
resistance parametric amplifiers present a regenerative condition with the possibility

of oscillation at both the source and idler frequencies.

2.1 The Manley-Rowe Relations

In 1956, J. M. Manley and H. E. Rowe published a manuscript that analyzed the
power flow into and out of a nonlinear reactive element under excitation at its different
harmonic frequencies [27]. The results of this analysis were two simple mathematical
expressions quantifying how the total outgoing power flow would distribute itself
among the harmonic terms. These two mathematical relationships, which will now

be referred to as the Manley-Rowe relations, have the following important properties:
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1. They are independent of the particular shape of the capacitance-voltage or
inductance-current curve for a nonlinear capacitance or nonlinear inductance,

respectively.
2. The power levels of the various driving sources are irrelevant.

3. The external circuitry connected to the nonlinear reactance will not affect how

the power is distributed to the harmonic frequencies.

These two expressions provide information pertaining to the ideal performance met-
rics (such as gain and stability) of nonlinear reactance mixers and amplifiers without
prior knowledge of the reactive devices or their surrounding circuitry. The simplicity
of the Manley-Rowe relations, in addition to their wide applicability at a time when
parametric architectures were being actively investigated, sparked multiple publica-
tions further exploring their use and validity in analytical modeling of parametric
systems [29-33]. Because of the impact of the Manley-Rowe relations to parametric
amplifiers, a shortened derivation will be presented here with an analysis of their ap-
plications to parametric amplifiers and mixers. The complete and detailed derivation
performed by Manley and Rowe can be found in [27].

Manley and Rowe began their analysis by considering a circuit similar to that
in Fig. 2. Figure 2 contains two voltage sources, V; and V5, at frequencies f; and
fa, with their associated generator impedance, Z,. These two voltage sources are
electrically isolated from one another through ideal bandpass filters that are assumed
to pass their indicated frequencies, and provide an open-circuit out-of-band. The two
sources are placed across a nonlinear capacitance (though Manley and Rowe state
that their derivation could have proceeded using a nonlinear inductance instead)
whose capacitance, C(V), is a function of its own terminal voltage V. In addition
to the two voltage sources, an infinite number of resistive loads have been connected

across the nonlinear capacitor, each electrically isolated from the rest of the circuit
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by an ideal bandpass filter. The passband frequency of each load bandpass filter has
been selected to correspond to a specific harmonic combination of the two driving
frequencies, f; and fo, that occur because of the nonlinear mixing action of the
nonlinear capacitance. Manley and Rowe made the assumption that the driving

frequencies were incommensurate such that the ratio of the two will always satisfy

w1
w_z ¢ Q. (2.1)
| | | | |
f1 fz + f1+f2 fz-fl 2f1+f2
Z Z _
° °> CV)== v
~ zu§ sz§ zué
Vll fl VZI fZ -

Figure 2: Simplified circuit model that Manley and Rowe considered for their deriva-
tion.

To begin the derivation, consider that the total charge, ¢, lowing into and out of
the nonlinear capacitor in Fig. 2 can be expressed as a two-dimensional Fourier series

as

qg= i f: qm7n€j(mw1+nw2)t’ (22)

N=-—00 M=—00
where the charge series coefficients, ¢, ,,, are expressed as

1 s s .
Gmn = 73 / / V x C(V)e 3tmetn) da dy, (2.3)

with © = wit and y = wot. The total current, I,,,, through C(V) is the total time
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derivative of the charge series coefficients,

dg¢mn  OQmn  O¢mndwr  OQmn dws
]m n — ) — ) 9 9 . 2.4
T ot 0w At Owy dt (24)

8 m,n a m,n
However, the incommensurability of w; and ws causes g = ng = 0. As a result,

(3.5) reduces to the partial time derivative of the charge series terms

:a—z: i i Iy el (mertnea)t (2.5)

nN=—0o0 M=—00

Ly = j (Mmwy + nw2) @m - (2.6)

)

The voltage across the nonlinear capacitor, V', may also be expressed as a two-

dimensional Fourier series, just as was done with the charge,

V= i i Vi e (1)t (2.7)

n=—oo Mm=—0o0

where the voltage series coefficients can be expressed as

mn = g 2/ / Ve I matny) da dy. (2.8)
™ —T

It is at this point in their derivation that Manley and Rowe performed some mathe-
matical “sleight-of-hand” in order to form products of I, ,, and V,,,, to obtain power
series coefficients, P, ,,. The tricks employed by Manley and Rowe involves separating
the problem into two parts, dealing first with frequencies at f; corresponding to index
m, then next with frequencies at f, corresponding to index n, and do not need to be

reproduced here; what is important is the result of this mathematical manipulation,
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ET) VA 50 VA

} o0
Z Z mf1+nf2 Z Z mf1+nf2 Z Z mf1+nf2 (29)

Mm=—00 N=—00 m=0n=—o0 m=0n=—o0

where P, ,, is the power flowing either into or out of the nonlinear capacitor at
frequency nf; + mfy. The desired result for the power flow through a nonlinear

reactance is thus, by Conservation of Energy,

Z Z mf1+nf2 = 0. (2.10)

m=0n=—

When concerned with the evaluation of the power flow in a nonlinear reactance with

respect to index n, a second result can be obtained.

Z Z mf1+nf2 =0 (2.11)

n=0 m=—oc0

Equations (2.10) and (2.11) are known as the Manley-Rowe relations.

As discussed above, the Manley-Rowe relations are independent of the shape of
the capacitance-voltage or inductance-current curve of the nonlinear reactance and
the nature of the surrounding circuitry, assuming proper isolation of driving and
harmonic currents. As a result, the Manley-Rowe relations provide a way to quantify
the idealized metrics of parametric systems, such as gain and stability, and thus a
figure of merit to evaluate the performance of circuit designs.

To illustrate this concept, let the voltage generator V'1 in Fig. 2 be a small-signal
input source, and V2 be a large-signal pumping source that is required to drive the
nonlinear action of the nonlinear capacitor. Consider that power is allowed to flow
out of the nonlinear reactance at a frequency f3s = fi + fo. Then (2.10) and (2.11)

reduce to
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SO

F+3 =0 (2.12)
Py, P3
2+ =0 (2.13)

To satisfy Conservation of Energy, we will define power flowing into the nonlinear ca-
pacitance as positive, and power flowing out of the nonlinear capacitance as negative.
By rearranging (2.12) and (2.13), a gain expression can be obtained that is the ratio
of output power to input power when power extracted at f3 is considered to be the

desired output term.

gain = I (2.14)

Equation (2.14) demonstrates that given both lossless components and ideal harmonic
isolation and terminations the maximum gain that is achievable when using a para-
metric circuit to upconvert a signal from a frequency f; to a frequency f3 is the ratio
of the upconverted frequency to the input frequency.

Conversely, let the signal frequency be equal to the sum of the desired output
harmonic and the pumping frequency, such that now the signal frequency is f3, the
desired output frequency is f;, and the pumping frequency remains at fo. In this
case, the parametric circuit is downconverting the input signal to a lower frequency
and the Manley-Rowe relations predict the maximum achievable gain will be

gain = (2.15)

J1
fs

which will always be less than one, or a loss. These two examples are by no means
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a complete listing of the applicability of the Manley-Rowe relations. These relations
have also been used extensively in laser and fiber optic research [34-37].

The constraint of incommensurate frequencies imposed by Manley and Rowe in
their derivation was challenged by Anderson and Someda [31, 32]. Their claim stems
from reports of physically realized parametric circuits properly acting as upconvert-
ing parametric amplifiers when the ratio of the input to upconverted frequencies does
not satisfy (2.1). When the driving generators are modeled as ideal, such that their
driving voltage can be expressed as V = V,e/“!, then the constraint of incommensu-
rate frequencies is necessary. However, nonideal physical generators cannot produce
a discrete line spectrum. That is to say, the instantaneous output frequency of a
physical generator is approximately w, and will average out to w over a sufficiently
long time interval. The voltage of this physical generator could then be modeled as
V = V,e? @) where ¢ is some arbitrary phase that varies slowly over time with a
mean value of zero. It is then arguable that the Manley-Rowe relations should be
clarified to state that the instantaneous frequencies should be ‘almost always’ incom-
mensurate. Anderson demonstrated that in the statistical case when the frequencies
become commensurate, ensuring phase incoherence of the driving sources maintains

the validity of the Manley-Rowe relations.

2.2 Phase-Incoherent Upconverting Parametric Amplifiers

Three general properties define the operation of phase-incoherent upconverting para-
metric amplifiers: the output frequency is equal to the sum of the input source fre-
quency and the pump frequency, power is allowed to flow only at the source, pump,
and output frequencies, and the source and pump waveforms must maintain phase
incoherence. As (2.14) demonstrated, the maximum upconverting gain is the ratio of

the output frequency to the input frequency, and is achievable only when harmonic
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isolation is perfect and circuit components are ideal. In any physically realizable up-
converting parametric amplifier, circuit component losses and leakage currents due to
nonideal filters introduce mechanisms that limit approaching the ideal Manley-Rowe
gain.

In an effort to better understand the operating characteristics of the phase-incoherent
upconverting parametric amplifier, and to determine the primary circuit parameters
responsible for decreasing the gain from the Manley-Rowe limit, Blackwell and Kotze-
bue considered a quasi-idealized circuit and developed an expression for the transducer
gain of phase-incoherent upconverting parametric amplifiers based on the quality fac-
tor of the nonlinear reactance, frequencies of operation, and resistive terminations
[38]. To continue their work in identifying gain-limiting circuit and component char-
acteristics, a similar circuit was explored, taking into account the capacitance range
of the nonlinear capacitor.

Consider the circuit in Fig. 3 that contains an input small-signal source at fre-
quency fs and a large-signal pumping source at frequency f, interacting with a
voltage-dependent nonlinear capacitor, C'(v). Filters are in place to electrically isolate
currents at the source and pump frequencies from the desired output mixing product
fo= 1T+ Js

Assuming that the pump voltage is several orders in magnitude larger than the
source, the voltage across the reactive nonlinearity is dominated by the pump such
that the voltage-dependent nonlinear capacitor can be considered a time-varying ca-

pacitance with frequency wy,

C(t) =C, (1 +2M coswpt) , (2.16)

where M is proportional to the pump voltage and gives the coupling between the

voltages at the two angular frequencies wy and w,, and C, is the large-signal average
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Figure 3: A phase-incoherent upconverting parametric amplifier.

capacitance of the nonlinear capacitor. Performing a derivation similar to Manley

and Rowe, the power series coefficients can be expressed as

Pown =| Lnan > Znm, (2.17)

where I, ,, and Z, ,, are the current and impedance Fourier series coefficients of the
nonlinear capacitance, respectively, and can mathematically be represented by
1

Znm = ~ 2.18
’ J (nws + mw,) C, (1 + 2M cosy) (2.18)

1 s s
Qnm = ﬁ/_ﬂ/_7r (Vae + Vs cosz + V, cos y)

xCy (1 + 2M cosy) eI +m9) g dy (2.19)

OGn,m
Ly = —mm 2.2
, BT (2.20)
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where ¢, ,, are the charge series coefficients, y = w,t and v = wst. For a phase-
incoherent upconverting parametric amplifier, the power terms of interest are P,
the power in the upconverted output signal, and P, o, the power in the source signal.

Evaluation of (2.17) results in

Ws + W w
— =G, = =M =2 M2 2.21
PlO Wg Wg ( )

As we approach ideal conditions, M approaches unity, and we obtain the optimal
gain predicted by Manley and Rowe.

Let us now assume that the time-dependent capacitance described by (2.16) is
piecewise-linear, such that a sinusoidal excitation results in a sinusoidal change in
capacitance. Let us also assume that the nonlinear capacitor’s quality factor is suf-
ficiently large such that its effects on the gain are negligible. Under these two as-
sumptions, the coupling factor M can be treated as a constant and written as a
direct function of the reactive nonlinearity’s maximum and minimum capacitance,
respectively Cq. and Chip.

Craz — Crmin

M="__""" 2.22
Crax ( )

Substitution of (2.22) into (2.21) results in
w Conaz \ ' (Conaa \
G,= 22 (1= Lmae maz . 2.23

Equation (2.23) represents the maximum obtainable small-signal gain given the avail-

able change in the reactive nonlinearities capacitance. This expression is limited
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to predicting only small-signal gain because of the assumption of a piecewise-linear
capacitance-voltage curve. Term 1 in (2.23) can be considered a gain-degradation
factor. Figure 4 shows the change in this gain-degradation factor with changing
maximum-to-minimum capacitance ratio.

1

0.8f J

0.6} R

0.4} R

0.2+ 1

Gain—degradation Factor

0 20 40 60 80 100
cC__IC

max — min

Figure 4: Change in term 1 in (2.23) with changing maximum-to-minimum nonlinear
capacitance ratio.

From Fig. 4 it is clear that when assuming negligible circuit and component losses the
gain of phase-incoherent upconverting parametric amplifiers approaches the Manley-
Rowe limit as the nonlinear capacitor’s available maximum-to-minimum capacitance
ratio increases.

The bandwidth of phase-incoherent upconverting parametric amplifiers can be
discussed if a couple of assumptions are first made. With respect to Fig. 3, the
construction of the source, pump, and output filters was never specified. To determine
a general expression for the bandwidth, these filters will each be comprised of high-Q
series L-C resonant circuits. While single-tuned resonant circuits do not yield the
maximum bandwidth, they do reduce the overall complexity of both the analysis and
the corresponding mathematics.

In [20], Blackwell and Kotzbue approached the bandwidth of phase-incoherent

upconverting parametric amplifiers in a similar manner. Their derivation showed that
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when a phase-incoherent upconverting parametric amplifier is optimized for maximum

gain, the operating bandwidth, b, will be limited by

2
h< — 2.24
=0 (2.24)

where () is the loaded quality factor of the source L-C series resonant filter.

2.3 Negative-Resistance Parametric Amplifiers

Consider now the situation where power flows into the nonlinear reactance at both
the small-signal source frequency and the large-signal pump frequency, and power
flows out of the nonlinear reactance at the desired output, which is the difference
between the pump and source frequency, f, = f, — f;. In this case, the Manley-Rowe

relations reduce to

% % -0 (2.25)
% % = 0. (2.26)

Maintaining the power flow convention that positive power flows into the nonlinear
reactance and negative power flows out, P, must be positive. Therefore, to satisfy
the equalities in (2.25) and (2.26), both Ps; and P, must be negative. That is, the
nonlinear reactance is delivering power to the source signal generator at frequency f,
instead of absorbing power from it. If the gain of this system were to be defined as
the ratio of power delivered to the source input from the nonlinear reactance to that
being provided to the nonlinear reactance from the source input, then it is possible for
infinite gain to occur, as (2.25) and (2.26) demonstrate that the nonlinear reactance

is capable of delivering power to the source at frequency f; whether or not the source
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input is active. The possibility of infinite gain suggests the potential for system insta-
bility at both f, and f,, however, when stable, this type of parametric amplifier has
properties which differentiates it from the phase-incoherent upconverting parametric
amplifier, and is known as a negative-resistance parametric amplifier. There are two
modes of operation for negative-resistance parametric amplifiers: nondegenerate and
degenerate.

Both degenerate and nondegenerate negative-resistance parametric amplifiers are
considered single-frequency amplifiers since the input and output frequencies both

occur at fs. In addition, both modes satisfy the equality

fo:fp_fsa (227)

but since the output frequency is identical to the source frequency, two possibilities
exist to fulfill (2.27). The first is when power flow is allowed to occur at a third
frequency known as the “idler,” f;, such that f; = f, — f,. In this case, the amplifier
is designed so that the idler current is contained within the nonlinear reactance and
is never delivered to a real load. By doing so, (2.27) is satisfied without the idler
affecting the gain or efficiency of the amplifier. The second case is when the pump
frequency is exactly twice that of the source, such that f; = f, — fs = 2fs — fs = fs.
In the second case, the source and pump frequencies are harmonically related and the

phase relationship between them directly affects amplifier performance.
2.3.1 Nondegenerate Negative-Resistance Parametric Amplifiers

Parametric amplifiers that satisfy (2.27) and f, = f; # fs are known as nondegenerate
negative-resistance parametric amplifiers. The gain of these amplifiers is a function

of the negative resistance that is created through the interaction of the source and
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pumping waves within the nonlinear reactance. Therefore, by determining an expres-
sion for the negative resistance of nondegenerate parametric amplifiers, an expression
for the gain follows.

To begin the derivation, consider the nondegenerate parametric amplifier in Fig. 5.
Figure 5 contains a small-signal current source, is(t), and a large-signal pumping
source, 4,(t), each with their respective generator conductances G5 and G,. The
load conductance, Gy, is located within the source circuit. Each independent source
is electrically isolated from the other through the use of the high-Q resonant traps
Ly — Cs and L, — C,. The idler current is limited to circulate within the nonlinear
capacitor, C'(v), through the use of the high-Q resonant trap L; — C; such that no

power is dissipated at that frequency.

Al
Y t) - AN .
is(t) ‘) G,< G, L+ Co= Glé + vt G3§ Ls Co= G, C‘ io(t)
G,

Figure 5: An equivalent circuit of a nondegenerate negative-resistance parametric
amplifier.

Under the assumption that the sum of the source and pump voltage amplitudes
are much smaller than the DC operating point, the charge, ¢, stored on the plates of
the nonlinear capacitor can be expanded in a Taylor series about the DC operating
point. If only the linear and quadratic terms of are sufficient size to consider in the

expansion, then ¢ can be written as

q = a1v(t) + ax?(t), (2.28)
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where v(t) represents the total voltage across the nonlinear capacitor at frequencies

f87 fp7 and fi)

v(t) = Vi cos (wst + ¢5) + V cos (wit + &) + V,, cos (wyt + ¢p) (2.29)

and a; and ay are the Taylor series coefficients. Vi, V;, and V, in (2.29) are the peak
values of the harmonic voltages making up the total voltage waveform v(t). The linear
term a; in the expansion in (2.28) must be well-defined, for to ensure high electrical

isolation between source, idler, and pump currents, each resonant trap must satisfy

1

ws = (2.30)
LS (OS + CL1>
i —— (2.31)
Li (Cz + CL1>
1

(2.32)

Wp:

v Ly (Cp‘i‘al).

With knowledge of the total charge stored on the plates of the nonlinear capacitor,
the current passing through the nonlinear capacitor, iyc(t), can be found from the

nonlinear capacitor’s C-V characteristics and the total voltage across its terminals.

dg (v(t)) dv(t)
do(t) dt

inpo(t) =

By substituting (2.29) into (2.33), expanding the result and grouping terms of similar
frequency, the total current passing through the nonlinear capacitor can be expressed

as
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inpe(t) = is(t) +4;(t) + ip(1), (2.34)

where

is(t) = —wsa1 Vs sin (wst + ¢5) — wsaaV;V, sin (wst + ¢ — ;) (2.35)
ii(t) = —w;a Vi sin (wit + ¢;) — wiaaViV, sin (wit + ¢, — ¢s) (2.36)
ip(t) = —wpa1 Vysin (wpt + ¢p) — wpasViVisin (wpt + ¢s + &) - (2.37)

Equations (2.35), (2.36), and (2.37) can now be rewritten as

ilt) = 25 1 22 oo (6, 6~ 0.

i(t) = a1 dv;it) + aﬂé‘/}) [COS (pp — i — &)

Z'p(t) = a1 dvgt(t) + a2“;;Vi |:COS (¢p - ¢1 Qbs) dvp( )

dvs( )

— wgvs(t) sin (¢p — ¢ — gbs)] (2.38)
dvz( )

— w;vi(t) sin (¢p — ¢i — qﬁs)] (2.39)

) sin (6, — 05— 60) . (240)

Taking the Fourier transform of (2.38), (2.39), and (2.40) and dividing each by their
respective transformed voltage \75, Vi, and \~/'p, the admittance of the nonlinear
capacitor is obtained at the source, idler, and pump frequencies, Ys, Y;, and ?p,

respectively.

- L(j ViV,
Ys {[(((JJ)) _jwsa1+]w8a2 v (¢p Bi—bs) (241)
- L V.V,
Y; = \7((,] )) = jwia; + jw;as—— v el (p—0di=0s) (2.42)
- I, . N A
Yp = \‘7 (g )) = jwya; +jwpa/2 v e J(dp—0i—os) (243)
p
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With the aid of (2.41), (2.42), and (2.43) and the circuit in Fig. 5, the current-voltage

relationships for the source, idler, and pump circuits can be expressed as

T, (jw) = (GT N j%&zv‘i/%ejwmms)) V(i) (2.44)
0= (GQ + jw&@%@j(@’@%)) Vl(‘]w) (245)
= . . ViVi e g ~ .
Ty(i0) = (G-t iy e 0070700 ) Ty ), (2.46)
p

where Gr = G5 + G, + G1. Applying the resonance conditions of (2.30), (2.31), and
(2.32) and substituting (2.45) and (2.46) into (2.44) to eliminate V; and V), allows
the admittance looking into the source current driver, ?Source, to be expressed in the

following manner.

~ SW; 2 I.(i 2
Ysource - GT - WG,WC?; ‘ p(Jw)| 5 = GT — G (247)
5 (14 g2ad?)

The small-signal transducer gain, g;, of the circuit in Fig. 5 can now be determined

as

L GVE4GG,

gt = ‘15‘2 - |_§_ |2 .
_4Gs source

(2.48)

By truncating the Taylor series expansion of the charge stored on the plates of the
nonlinear capacitor in (2.28), (2.48) will be unable to accurately predict the gain of

the amplifier under large-signal operating conditions.
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2.3.2 Phase-Coherent Degenerate Negative-Resistance Parametric Am-
plifiers

With degenerate negative-resistance parametric amplifiers, the pump frequency is
exactly twice that of the source such that the condition of (2.27) reduces to f; = fs.
Thus, in degenerate mode of operation, there is no need for a separate high-Q resonant
trap to contain the idler, reducing the complexity of the circuit model of Fig. 5 to

that of Fig. 6.

ie(t)

+
iﬁ)@ Gs$ GL$ C(v)3x V

Figure 6: An equivalent circuit of a degenerate negative-resistance parametric am-
plifier. The pump circuit has been omitted, however, its effects have been included in
the definition of C'(t) in (2.49). The parallel resonant traps have also been omitted
by assuming on-resonance operating conditions.

The pump circuit has been omitted from Fig. 6. This is because the nonlinear ca-
pacitor’s change in capacitance is dominated by the pump voltage swing, therefore
the pump circuit can be absorbed into the nonlinear capacitor’s model, such that it

is now a time-varying capacitance with frequency w, = 2w;.

C(u,(t)) = C(t) = 2MC, sin (2wt + ¢,) | (2.49)

where M denotes the coupling between the source and pump voltages, and C, is the

large-signal average capacitance of the nonlinear capacitor. Defining

v = Vysin (wst + @) (2.50)
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and substituting (2.49) and (2.50) into the definition of the current passing through

a nonlinear capacitor from (2.33), the total current can be expressed as

io(t) = —ws MC, Vs sin (wst + ¢p — @) -

Applying Kirchoff’s Current Law, the source generator current, is(t), is

is(t) = Vs (Gs + Gp) sin (wst + ¢5) — wsMC, Vi sin (wgt + ¢, — @) .

The small-signal transducer gain, g, is then given by

AGGLVE 4G,Gy

g =

.

LI (G +Gr)’ [+ 52 —28cos (205 — ¢p)]

J/

-~

1

where

I, =V, (Gs + G1) €% — w,MC,V,el(4r=92)

is the Fourier transform of (2.52), and

= wsMC,
a Gs—i-GL'

(2.51)

(2.52)

(2.53)

(2.54)

(2.55)

Equation (2.53) will be unable to predict large-signal gain because of the linear ap-

proximation of the change in nonlinear capacitance in (2.49). Term 1 in (2.53) acts

to increase the transducer gain and is phase-dependent. This is a consequence of the
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harmonic relationship between the pump and source frequencies, namely, w, = 2w;.

The maximum transducer gain occurs when 2¢, = ¢, and will then take on the value

4G, G,
(Gs+Gr) (1— )"

Similar to parametric upconverters, the operating bandwidth of negative-resistance

(2.56)

Gt max =

parametric amplifiers will depend on the form of the filtering necessary to isolate the
pump, source, and idler currents. Both Figs. 5 and 6 make use of high-Q parallel reso-
nant L-C filters and as a result the bandwidth will be primarily limited by the loaded
quality factor of these circuits. Blackwell and Kotzbue approached the problem of
the bandwidth of negative-resistance parametric amplifiers by assuming single-tuned
resonant structures, and determined that the gain-bandwidth product can be written

approximately as

g% = —, (2.57)

where @); is the loaded quality factor of the amplifier resonant circuit.
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CHAPTER II1

ANALYTICAL MODELING OF PARAMETRIC
AMPLIFIERS

The theory in Chapter 2 focused on the gain and bandwidth of parametric amplifiers
from a quasi-idealistic circuit standpoint. Because of the use of quasi-idealistic circuit
models in Chapter 2, the derived expressions offer little aid in the design process of
physical parametric systems. By considering more complex, nonidealized circuits,
analytical models can be developed that describe power gain, gain-compression, and
RF-RF conversion efficiency. These analytical models provide not only a more in-
depth understanding of the mechanisms that limit gain, efficiency, and bandwidth
of parametric amplifiers, but also contribute a design tool for error correction and

optimization of parametric systems.

3.1 Phase-Incoherent Parametric Upconverting Amplifiers

The derivation performed by Manley and Rowe demonstrated the ideal mathematical
relationship that exists between the mixing products of a nonlinear reactive element
under excitation. Their relationships came as a result of the assumptions of incom-
mensurable and periodic excitation signals. Under these two assumptions, it was
never necessary for Manley and Rowe to solve the two-dimensional Fourier integrals
for the mixing term coefficients. In doing so, and with a proper circuit model for
the nonlinear reactance, analytical models can be developed describing the non-ideal
achievable gain and efficiency of a parametric upconverter.

Varactor diodes, when operating well below their self-resonance frequency, can be

modeled as a series variable resistance, Rs(v), and nonlinear capacitance, C'(v), both
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a function of the varactor’s terminal voltage [22]. In the following derivation, it will
be assumed that the change in R,(v) with respect to the terminal voltage is minimal
(assuming reverse bias operation) and can be treated as a constant to a first-order
approximation. It was demonstrated in [39] that the capacitive change in the varactor
can be approximated as a linear function of the terminal voltage, C(v) = ¢q + cv,
where ¢( is dependent on the bias voltage, and ¢; is some constant of units Farads per
volt. In the particular instance of high gain parametric amplifiers, the pump voltage
is several orders of magnitude greater than the source, and dominates the terminal
voltage such that C(v) can be expressed as a time-varying sinusoidal function with

frequency wy,

C(v) = ¢y + v ~ C, (14 2M coswyt) = C(1), (3.1)

v=V} coswp

where M is proportional to the pump voltage and gives the coupling between the
voltages at the two angular frequencies wy and w,, and C,, is the average large-signal
capacitance [40]. Let the charge, ¢, stored on C(t) be a single-valued function of the
terminal voltage v = Vpe + V; coswit 4 V), cosw,t. The charge can be expressed as a

Taylor series in v to obtain

82

where all derivatives are evaluated at v = Vpe. Since all powers of v exist in (3.2),
the frequencies of the charge coeflicients will span {fs, f,}. Thus, the frequencies
of the current coefficients also spans {fs, f,}, and the voltage developed across C(t)
contains information on all possible mixing products. Consequently, the charge can

be represented as a two-dimensional Fourier series,
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q= i i qmmej(nws—i-nuu]g)t7 (33)

n=—o0 m=—0oQ

where the charge series coefficients, g, ,,,, are expressed as

1 m m
Gnm = H/—w/—w (Vbe + Vscosx + V), cosy)

xCy (1 4+ 2M cosy) eI M=+m) dg: dy, (3.4)

with © = w,t and y = wyt. The total current, I, ,,, through C(¢) is the total time

derivative of the charge series coefficients,

In,m _ dQn,m _ 8(]n,m + aQn,m dws + a(]n,m dwp‘ (35)
dt ot Ow, dt Ow, dt
However, the initial assumption of the incommensurability of wy and w,, causes % =
ag% = 0. As a result, (3.5) reduces to the partial time derivative of the charge series
D
terms

o [e.e]

I= % = > Y Iyttt (3.6)

nN=—o0 MmM=—0o0

Inm = J (nws + mwp) Gnm- (3.7)

The frequencies of the impedance coefficients Z, ,,,, as with the current coefficients,
will span {fs, f,} in the Fourier domain. The representation of C'(¢) in (3.1), while a
good mathematical model for the time-dependent change in capacitance, is a result
of large-signal excitation. Thus, (3.1) must be linearized about Vpe and can be

accurately approximated by C, to obtain the varactor impedance series terms
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1
J (nws + mw,) Cy

(3.8)

Two-dimensional Fourier synthesis can now be used to express the complex power,

P, of the varactor,

P = i i Dy e? 1ot men)t (3.9)

n=—00 Mm=—0o0

P = Inml’ Zom.- (3.10)

Evaluation of (3.10) for the ratio of P ; to P results in

P _ @0y 14CR,
Pl() Ws v1+jCosts'
' ~ 2 ~—-—

1 3

G, = (3.11)

We are interested in both the real and reactive power being provided by the varactor,
such that (3.11) can be written as G, = R{G,} + jS{G,} = G, + jG,. Separating

the real and reactive terms in (3.11) yields

S o 1
G, = —2M? g @ Q§++1 (3.12)
G = M2 g %2 fio (3.13)
where
1
Q, = TR (3.14)
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1

@ woRsC, (3.15)

In (3.1) it was assumed that the varactor’s capacitance was piecewise-linear, as in
Fig. 7, to describe C(t) as sinusoidal. Making the same assumption, the coupling
factor M in term 2 in (3.11) can be treated as a constant and written as a direct
function of the change in capacitance experienced under RF excitation at a specified

amplitude.

C/Cov

i

3

1
— — C-V Curve —— Crmax
Piecewise-linear /‘/] Crmax RF
Approximation

........

Cmin,RF

— - '"§ """" g"' Cmin

Vo

Figure 7: Piecewise-linear approximation of the square-law region of the varactor
junction capacitance, as normalized to its maximum value at OV bias, versus ideal
characteristics. This figure demonstrates the difference between the varactors maxi-
mum available change in capacitance, as opposed to that observed under RF drive.

vy = Cmarrr = Cmingr 0,1) (3.16)
Cmaz,RF

Substitution of (3.16) into (3.12) and (3.13) provides a complete description of the
achievable real and reactive gain of a phase-incoherent upconverting parametric am-

plifier.
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2
Gr _ & (1 . Cmin,RF) (% QSQO + 1) (317)

Ws Cmax,RF Qo Qg + 1
1 b1
Wo szn RF 2 Qs Qs - Qo)
Gi=—2(1— ZmmBl ) (XsXs — ¥o 3.18
Ws ( Cma;r,RF) (QO Qg + 1 ( )

Manley and Rowe predict the maximum achievable real power gain of any phase-
incoherent upconverting parametric amplifier to be #2. Therefore, term 2 in (3.17)

can be considered a gain-degradation factor, and

lim G, =2, (3.19)

Cmaz,RF w
) Qs,Qo—r00 s
Cmin,RF " 9°

as predicted by Manley and Rowe under ideal conditions. Conversely,

lim G, =0. (3.20)
CTVLH,:L’,RF
Cmin,RF‘

Qs
oo —0

—1

For any appreciable value of Qs and @), the last term in (3.17) is approximately equal
to 1. Gain-degradation is therefore dominated by the change in capacitance in the

varactor. Let

Qs QsQo+1

Then, G, = f <g:“—:§§, 7). Figure 8 shows a family of isolines of the gain-degradation
term of (3.17) with v = 0.1, 0.5 and 1.

The reactive power gain gives a measure of the mismatch between the varactor
and the load. An ideal varactor will deliver all available real power to the load and all

reactive power should be reflected back to the varactor; the reactive gain G; should

be zero. Let
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Figure 8: Plot of the change in the gain-degradation factor versus varactor capaci-
tance ratio with v = 0.1, 0.5 and 1.

_%QS_QO

P=0. o1

(3.22)

Then G; = f <M, ﬁ). Under ideal conditions, it can be seen that

min,RF

lim  G;=0. (3.23)
Omaz,RF
Cmin,RF

£5—0

— 00

Equations (3.17) and (3.18) do not include higher order terms that would account
for the strong nonlinear effects of gain compression. Therefore, predicting gain-
degradation is limited to the linear region of the AM-AM distortion curve and will
begin to deviate from measured results as the output power begins to saturate.

The derivation of the achievable efficiency of a phase-incoherent upconverting
parametric amplifier proceeds similar to that just performed for the gain and will not
be presented with as much detail. There are multiple ways to define system efficiency
of phase-incoherent upconverting parametric amplifiers, however one should avoid

solving the Manley-Rowe relations for the ratio of the power in the upconverted
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M2QpQsV2wo [(1 4 QoQp) Qs (2M Ve + V) wp + Qp (1 + QoQs) Viws]

Qo [(1+@2) Q2 (@2MVpo + V) w2 +2QpQs (1 4+ QpQs) (2MVpe + V)? Viwpws + Q2 (1 + Q2) Vitw?]
(3.27)

Nr =

M2QpQs Vw0 [(Qo — Qp) Qs (2M Ve + V) wp + Qp (Qo — Qs) Viws]

T [(1+@2) Q2 @2MVpe + V) w2 +2QpQs (1 4+ QpQs) (2MVpe + Vp)? Viwpws + Q3 (14 Q2) Vitw?]
(3.28)

output to that of the pump, as it results in an equation that predicts an efficiency
greater than 100%. The power in the upconverted output must be the sum of the
source and pump powers Ps and P,, respectively, as required by Conservation of

Power for a lossless reactance.

P,=P,+P, (3.24)

For this reason, an accurate way to represent the system efficiency, 7, is

Py

- 2
P, + P, (3.25)

Ui

that guarantees the maximum obtainable efficiency under ideal conditions is 100%;
this is effectively equivalent to power-added efficiency for transconductance amplifiers.
For system efficiency, the power series coefficients given in (3.10) are still valid. In

the definition of efficiency presented in (3.25), it can be shown that

MZVszwo (Q;l - ])
2MVpe + V)2 w, (@1 — ) + V2w, (Q2 — j)

n= (3.26)

As with gain, both the real and imaginary components of (3.26) are of interest.
Equation (3.27) shows the real component of the efficiency, and (3.28) the imaginary

component, such that n = n, + jn;.
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Equations (3.27) and (3.28) cannot be simplified in such a way to contain an
efficiency-degradation term as was done with the maximum gain. However, functional
analysis of (3.27) and (3.28) can be used to confirm the correctness of the derivation.
Under ideal conditions, @,, Qp, Qs — 00 and M — 1. As a result,

Viwo

lim 7, = 5 . (3.29)
M—1 (QVDC + Vp) wp + Vfws

Q@s,p,0—00

In (3.1) it was assumed that V}, > V;. Consequently, let V; = 0 and equate (3.29) to

1 being the maximum obtainable efficiency. Then,

(2Vbe +V;)* w, = 0. (3.30)

There is only one solution to the quadratic in (3.30): V, = —2Vpe. With refer-
ence to Fig. 7, selecting a bias point in the middle of the linear approximation to
the square-law region and allowing a symmetric swing in V), equal to twice the bias
voltage ensures that the varactor will experience its available C,,,q, to C,,;, ratio. In
addition, the terminal voltage of the varactor will exceed its built-in potential, forc-
ing saturated operating conditions. This confirms the derivational necessity of the
varactor experiencing its maximum change in terminal capacitance and suggests that
driving the phase-incoherent upconverting parametric amplifier into saturation may

maximize the efficiency. Conversely,

1\141210 n, = 0. (3.31)
Qs,p,0—0

The reactive component of the efficiency provides a measure of the reflective mismatch

between the varactor and the load. In the ideal case, the parasitic self-resistance of
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the varactor goes to zero and the quality factor at all frequencies of operation is

infinite.

lim =0 (3.32)

Qs,p,0—>00
It is difficult to determine the dominant terms in (3.27) with uncertainty in its
independent variables using a graphical means as was performed with the gain an-
alytical model. Instead, first-order variable sensitivity analysis can be employed to
examine the uncertainty of the efficiency analytical model. The first-order sensitivity

of a dependent function f with respect to independent variable z is defined as [41]

of x
ST = a_if‘ (3.33)
Evaluation of S/ at a typical operating point demonstrated the general sensitivity of
the efficiency analytical model showing the per unit change in n with a per unit change
in Q,, Qp, @s, and M was insignificant if all are sufficiently large. The sensitivity
of n is dominated by the uncertainty in Vs, Vpe, and V), as expected with the choice
of initial assumptions. A practical efficiency analytical model is thus described in

(3.34).

2
Viw,

(2Vpe + V,)? w, + V2w,

(3.34)

Ny =~

Similar to the gain analytical model, the efficiency analytical model is limited to
predicting system efficiency in backed-off operating conditions only. Equation (3.34)
does not include higher order terms and as a result cannot compensate for saturated

operating conditions.
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Figure 9: A degenerate parametric amplifier utilizing a nonlinear capacitance. The
circulator, Ly — Cs, and L, — C,, electrically isolate the output, source, and pump
currents, respectively, from one another.

3.2 Phase-Coherent Degenerate Parametric Amplifiers

Consider the circuit in Fig. 9 that shows the basic architecture of degenerate para-
metric amplifiers. The circuit contains a nonlinear capacitance (NLC) whose junction
capacitance is a function of its own terminal voltage, Vi,,. Source and pump cur-
rents are electrically isolated from one another through the high-Q parallel resonant
combinations Ly, — Cs and L, — C,, that resonate at w, and w,, respectively. It is

assumed that the circulator’s ideal scattering matrix is

0 01
{S} =110 0 (3.35)
circulator

010

for any impedance combination presented to the circulator allowing it to direct inci-
dent and reflected waves without affecting their magnitude and phase. This assump-
tion provides for an exploration of the effect of impedance mismatch between only
the NLC and G, G), and G, in degenerate paramps.

The NLC can be modeled in a Taylor series about some neighborhood of its DC

operating point, Vpe, as
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Cnp(V)=a+0b(Vey, — Vbe), (3.36)

where a and b are the Taylor series coefficients with units F and F/V, respectively.
In a degenerate parametric amplifier, voltage potentials at only frequencies wy and
w, need to be present across the terminals of the NLC to generate the negative
resistance responsible for power amplification. Therefore, if all unwanted harmonic

voltages across the terminals of the NLC are properly shorted,

UCnr (t) <6j(2wst+¢1’7%) + €*j<2wst+¢p*%)>

M|SM|@<

(ej(wst-‘rqﬁs—%) + e—j(wSt+¢s—%)> 7 (3.37)

where V; and V), are the peak amplitude values of the voltage waveforms at ws and
wp, respectively, across the terminals of the NLC. It is necessary to consider an ini-
tial phase displacement of 90 degrees lagging in (3.37) if the NLC is to properly
present a negative resistance. It was demonstrated in [42] that the time-varying cur-
rents through a NLC can be determined from the time-varying voltage applied to its

terminals by

aUCNL (t>

(o (t) =Cne (UCNL (t)) ot

(3.38)

By substituting (3.36) and (3.37) into (3.38) and expanding, collecting terms at w, and
wp, bringing the solution over to the positive frequency spectrum, and dividing the
terms at w, by Vie/s*¢s and the terms at w, by V,e?*:"*% equivalent admittances

for the NLC are obtained at both ws and w,.
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2
bed (29s—00) 12
)

N be (6p—265) 1/
Ven, = ws (ja - u) (3.39)

Yo, = Ws (Qja + (3.40)

Using (3.39) and (3.40), and applying Euler’s formula to each complex exponential,
the total admittance seen by the source and pump generators, Y, and ?p, can be

expressed as

Y. = G,— wsgvp cos (¢p — 2¢s)
j (“’SSVP sin (¢, — 265) + wsa) (3.41)
~ wsbV2
Y, = G,+ oo (205 — ¢y)
2
i (20 i (26, — 6,) + 2wia ) (3.42)
2,

Equations (3.41) and (3.42) reveal that the phase relationship ¢, = 2¢, must exist if
both the negative conductance is to be maximized and the excess nonlinear reactance
(which results from pumping the NLC) is to be minimized.

To ensure that the phase condition stated above is satisfied, the linear suscep-
tance terms jwga and 2jw,a in Y, and ?p, respectively, must be properly eliminated

through resonance. This can be accomplished if the values for L and L, in Fig. 9

fulfill

1 1
Li=———and L=
W2 (Cy+a) T 102(C, + 2a)

S

(3.43)

Then, (3.41) and (3.42) can be substituted into the other such that each is now a

function of its own peak terminal voltage V; or V.
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~ wgbl. (wsts)2
Y, =G, — £
2G, 4G,
~ 2b1?
Yo, =Gp+ : 2
¥, (@b, — 2G,)

(3.44)

(3.45)

Equations (3.44) and (3.45) show that the circuit in Fig. 9 can be modeled as two
separate equivalent circuits from the viewpoints of the source current generator and

the pump current generator.

| +G L-wbl, L (wbvy)’
Q) Vs s HE 4G,

2bl.?

Figure 10: Equivalent circuits of the degenerate parametric amplifier in Fig. 9 as
seen by (a) the source current generator, and (b) the pump current generator.

Now, from (3.44) and Fig. 10, an expression for the transducer gain, g;, can be derived.

2

webl,  (wb)®
_ PL
2G,  2G.G,
1 2
9(Pr) = 5 (3.46)

webl,  (wsb)® p
L

2G, | 2G.G,
\3,—/ T/

8G

Gp | Gs—
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Equation (3.46) reveals the mechanism of gain compression in phase-coherent de-

generate parametric amplifiers. If the available source power level, P;,, = %, is
increased, and all other variables in (3.46) remain constant, then terms 2 and 4 in-
crease in magnitude and eventually become comparable in magnitude to terms 1 and
3. This results in a nonlinear decrease in the power delivered to the load causing
amplitude modulation distortion of the output. When considering backoff operating
conditions, terms 2 and 4 in (3.46) can be ignored and the linear transducer gain,

Gt.1in, can be determined to be

2G (wsbl,)?
Gt lin = ( ”)b[ 5. (3.47)
GLG?J (GS - UJ2Sc;1[,p>

The RF-RF conversion efficiency of phase-coherent degenerate parametric ampli-
fiers can also be explored. Consider the expression for the total admittance seen
by the pump current generator, ?p, in (3.42). By applying the phase condition
Op = 205, \?p can be simplified to a useful expression involving both the source and
pump voltage amplitudes V; and V.

~ wsbV2

Y, = > 4
P GP + 2‘/;)Gs (3 8)

This new expression for \?p provides an equivalent circuit from the perspective of the

pump current generator, as seen in Fig. 11.

ws bVS2
2V, G

If it is assumed that G, is close in value to then the peak voltage V,, can be

approximated as

V, =2 (3.49)
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Figure 11: Equivalent circuit as seen by the pump current generator according to
(3.48).

From (3.48) and (3.49), the available pump power can be expressed as

Lw bPL
Py = 222, 3.50
b, 8GpGL ( )

2
where Py = <%> G1. By defining the RF-RF conversion efficiency as the ratio of

output power to available pump power, the efficiency of negative-resistance parametric

amplifiers can be expressed as

P, 8G,Gp
Poaw  Lwd '

n= (3.51)

3.3 Phase-Coherent Upconverting Parametric Amplifiers

Phase-coherent upconverting parametric amplifiers combine traits from both phase-
incoherent upconverting parametric amplifiers and phase-coherent negative-resistance
parametric amplifiers. With phase-coherent upconverting parametric amplifiers, the
source and pump frequencies are commensurate (as with degenerate parametric am-
plifiers), but the output is taken at a harmonic (greater than the first) of the source
frequency. In this way, phase-coherent upconverting parametric amplifiers mix the
source input up to a higher harmonic with gain through the action of a negative
resistance.

In the development of the Manley-Rowe relations in (2.10) and (2.11), the authors
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explicitly maintained the incommensurability of the two mixing frequencies f; and
fo. The validity of the Manley-Rowe relations when dealing with commensurate
frequencies f; and fo was challenged in [31] and [32], and concluded that they are
still valid when the two frequencies are commensurate, however, the two signals must
maintain phase incoherence. The imposition of phase incoherence in no way restricts
a new mathematical exploration of the possibility of a phase-coherent upconverting

parametric amplifier.

vs vcNLs vcNL vp

| | Voo ||
(AR W

L L | & < <«
NL

Is Gs G|_ Ls T T Lp Gp Ip

v ic3fs
YCNLE,fs ——
~ il—?:fs
Yars LA
G,

Figure 12: Idealized equivalent circuit for a phase-coherent upconverting parametric
amplifier utilizing a nonlinear capacitance. The circulator, L, — C,, L, — C,, and
Lsss — Csys electrically isolate the source, pump, and output currents, respectively,
from one another.

Consider the circuit in Fig. 12 that shows the basic architecture of a phase-coherent
upconverting parametric amplifier designed to upconvert to three times the source
frequency when w, = 2w,. The circuit contains a nonlinear capacitor whose capaci-
tance is a function of its own terminal voltage, Vi, . Source, pump, and upconverted
output currents are electrically isolated from one another through the high-Q parallel
resonant combinations Ly — Cy, L, — C),, and Lgss — Cs¢ that resonate at wy, w,, and

wsts, Tespectively. It is assumed that the circulator’s ideal scattering matrix is
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0 01

{S} =110 0 (3.52)
circulator

010

for any impedance combination presented to the circulator allowing it to direct inci-
dent and reflected waves without affecting their magnitude and phase. This assump-
tion provides for an exploration of the effect of impedance mismatch between only
the NLC and Gy, G,, and G, in phase-coherent upconverting parametric amplifiers.

The NLC can be modeled in a Taylor series about some neighborhood of its DC

operating point, Vpe, as

CNL(V) =a+ b (VCNL — Vpc) s (353)

where a and b are the Taylor series coefficients with units F' and F/V, respectively.
In a phase-coherent upconverting parametric amplifier, voltage potentials at only
frequencies ws, wp, and wsss need to be present across the terminals of the NLC
to generate the negative resistance responsible for power amplification at the third
harmonic. Therefore, if all unwanted harmonic voltages across the terminals of the

NLC are properly shorted,

) = Y (Dre05) i)
+ % (lorreemt) g eiltred))
b B (o) 4 it 1)) (3.54)

where V;, V,, and Vs, are the peak amplitude values of the voltage waveforms at

ws, Wy, and wsys, respectively, across the terminals of the NLC. It is necessary to
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consider an initial phase displacement of 90 degrees lagging in (3.54) if the NLC is
to properly present a negative resistance. It was demonstrated in [42] that the time-
varying currents through a NLC can be determined from the time-varying voltage

applied to its terminals by

aUCNL <t>

o (3.55)

iCNL (t) =Cnp, (UCNL (t))

By substituting (3.53) and (3.54) into (3.55) and expanding, collecting terms at ws,
wp, and wsyss, bringing the solution over to the positive frequency spectrum, and
dividing the terms at w, by V,e/*='™%: the terms at w, by V,e**=*% and the terms
at wsyrs by Vs fse3jwst+¢3f ¢, equivalent admittances for the NLC are obtained at wy, wp,

and wsjys.

- bV, (. : Vs
YCNLS = W, |:ja _ TP (€J(¢p_2¢s) + €J(¢3fs¢p¢s)‘3/_f):| (356)
V y b‘/; j(2¢s*¢p) j<¢3fs_¢P_¢5)
Yo, =w. |2ja+ - (e V, — 2 ngs) (3.57)
p

30V.V, j(¢s+¢p*¢3fs)
r¢ (3.58)

YCNLng = Ws [3ja + 2Wiss

Using (3.56), (3.57), and (3.58), imposing the phase relationships ¢, = 2¢5 and
¢3fs = 305, and selecting the resonance combinations L, —Cy, L, —C,,, and Lzss—Csy,

such that

L, = )
* Ww2(Cs+a) (3.59)
1
Ly 4w? (Cp + 2a) (360)
1
Las = (3.61)
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to eliminate the linear suscptance terms jwga, 2jwsa, and 3jwsa from (3.56), (3.57),

and (3.58), respectively, the total admittance seen by the source and pump generators,

Y., Y, and Y3g can be expressed as
) jo}) 3

Y stv ‘/3fs
Y. =G, — P14 2 3.62
o (1052) (362
Y, sb K]
Y, =Gy + u (Vs — 2Vay) (3.63)
2V,
e
~ 3wbV,V,
Ysar = =P 3.64
3t Wi (3.64)

Assuming that term 1 in (3.63) is matched to Gy, V, can be approximated as V,, = QITPP
Using (3.62) and the approximation of V,, to eliminate V; and V), from (3.64), the peak

current passing through the nonlinear capacitor in Fig. 12 at the third harmonic is

3w;sbl, (4G, 1, + wsbl,Vsy,)

i6ca, (3.65)

]3fs -

From (3.65), it can then be shown that the transducer gain, g;, from wy to 3wy is

288 (wsbI,)” GGG, (2G, I, 4+ wbI, V1)
1,256 (G,GLG2)* = 0 (wibl,)*

-~

1

9: (V) =

(3.66)

It is clear from (3.66) that the parameters G, G,, and G, may be selected to provide
any amount of gain for a given NLC.

The RF-RF conversion efficiency of phase-coherent upconverting parametric am-
plifiers can also be explored using (3.65) when defining conversion efficiency as the

ratio of output power at wsss to the available pump power at w,.
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288 (wibG,)? LG (2G, I, + webI, Vi)

- . (3.67)
256 (G,GLG2)" — 9 (w,bI,)
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CHAPTER IV

DESIGN AND PERFORMANCE OF UPCONVERTING
AND NEGATIVE-RESISTANCE PARAMETRIC
AMPLIFIERS

The analytical models derived in Chapter 3 provide a set of design equations for
developing parametric upconverters and negative-resistance parametric amplifiers.
However, by themselves, the analytical models are not sufficient to construct an entire
parametric system. The parametric amplifier must be embedded in an architecture
that not only supports the necessary conditions outlined in previous chapters for
achieving high gain and broad bandwidth, but must also provide isolation between
the source, pump, and/or output/idler circuits, and properly transform impedances
to their optimal values. When properly designed and optimized, parametric amplifiers
are comparable in performance to their transconductance counterparts in power gain

and operating bandwidth.

4.1 VHF and RF Phase-Incoherent Upconverting Paramet-
ric Amplifiers
Utilizing (3.17), (3.18), (3.27), and (3.28), two phase-incoherent upconverting para-
metric amplifiers were constructed. Both upconverting amplifiers were similarly de-
signed following the topology of Fig. 13. The first amplifier upconverted a 30 MHz
signal to 300 MHz through parametric mixing with a 270 MHz pump. Varactor
diodes were used to act at the nonlinear capacitive mechanism. The varactor diode
chosen was the 152208 (characteristically similar to the BB833) that has a junction

capacitance range of approximately 5 pF at maximum reverse bias to 50 pF at zero
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bias with a minimum quality factor of 130 at 50 MHz. The varactors were placed
in anti-parallel such that the upconverted output currents were in anti-phase to cre-
ate a virtual ground between the two varactors at the upconverted frequency. This
balanced operation allowed for the pump and source circuits to be introduced at the
virtual ground without shorting the upconverted output current [43]. Electrical isola-
tion between the pump and source was accomplished using high-Q) resonant traps that
also assisted in transforming the varactor impedance to its optimal value at the pump
and source frequencies. The balanced upconverted currents were then combined us-
ing a coaxial balun that also acted as the output match to transform a standard 50
Ohm load to 100 Ohms differential. The DC bias voltages were introduced through
transmission lines a quarter-wavelength long at the upconverted output frequency
and connected to the balun’s balanced inputs. These transmission lines prevented

leakage currents at the upconverted frequency.

High-Q Trap and Pump Match

|
r J 4 ZO%

|
O T 5 ]
Vs o T Varactorg Output Balun and
Matching Network

High-Q Trap and o~
Source Match l ’

4
VDC

Figure 13: Circuit topology for both the VHF and RF phase-incoherent upconverting
parametric amplifiers.

The VHF upconverting parametric amplifier was first simulated in a harmonic-
balance simulator using standard SPICE models for all components. Simulations
predicted a linear power gain of approximately 8 dB at a pump power level of 20 dBm

when practical losses were included in all circuit components. Using the definition of
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efficiency in (3.25), a maximum RF-RF conversion efficiency of 50.7% was achieved in
saturated conditions. Simulations estimated the 3 dB bandwidth to be approximately
29.48 MHz to 31.2 MHz, or 5.73% fractional bandwidth.

The breadboard shown in Fig. 14 was fabricated to compare measured performance

to simulated results.

.

Figure 14: Hardware implementation of the VHF upconverting parametric amplifier.

By increasing the source power level, the 1-dB compression point was measured to
be 16.87 dBm at P; = 10.86 dBm and P, = 20 dBm. This translated to an efficiency
in saturated conditions of 48.6%. At that signal drive level, the varactor became
forward biased and created a hard saturation where the output power remained at
16.87 dBm regardless of any increase in P;. As a result, P3;p was also measured to
be approximately 16.87 dBm. The 3-dB bandwidth was next determined. Because
of the tuned circuits on the source, pump, and output side, the 3-dB bandwidth is
narrow and was measured to be 28.28 MHz to 31.3 MHz, or a 10.1% bandwidth.
Figure 15 shows the agreement between simulated and breadboard measurements for
gain compression and efficiency at the optimal pump power level and DC bias point.

The analytical model in (3.17) predicts that the parametric amplifier will maximize

its gain when the change in varactor junction capacitance is at its maximum. Care
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Figure 15: Simulated and measured gain and efficiency versus source power for the
VHF upconverting parametric amplifier.

must be taken to limit the voltage swing across the varactor’s terminals to prevent
the diode from entering forward conduction. The differential design and optimal
bias point establish a voltage swing across the varactor causing a capacitive change
from 7.40 pF to 49.95 pF at P, = 20 dBm. This results in a maximum-to-minimum
capacitance ratio of 6.75. The quality factor of the varactor at the source, pump,
and upconverted frequencies can be found by derating the varactor quality factor
from 130 as measured at 50 MHz, however, v in (3.21) will approximately be 1 since
the quality factor is high for these frequencies. Therefore, gain degradation will
be dominated by the experienced change in varactor capacitance under large-signal

excitation. Application of (3.17) under optimal bias conditions and pump drive power

results in
300 MHz 7.4 pF \?
p=——1—————] =28.61dB. 4.1
30 MHz ( 49.95 pF) (4.1)
The maximum measured gain at P, = 20 dBm and optimal bias point, Vjjes = —9
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V, is 8.16 dB. Thus, the discrepancy between measured and calculated gain is 0.45
dB. The use of a piecewise-linear model for the reactive nonlinearity accounts for the
small error between measured and calculated power gain.

The analytical model is not limited to predicting gain degradation under optimal
operating conditions; it can also predict the change in gain as the capacitance ratio
deviates from its maximum. Reducing the pump input power decreases the voltage
swing across the varactor and limits the achievable capacitive ratio. At P, = 15
dBm, the varactor junction capacitance changes from 11.1 pF to 49.95 pF resulting
in a capacitance ratio of 4.5. Equation (3.17) then predicts a maximum power gain

of

300 MHz (1 11.1 pF

2
G, = ———— ) =7824dB. 42
30 MHz 49.95 pF) (4.2)

Breadboard measurements under identical non-optimal conditions show a maximum
obtainable power gain of 7.71 dB, which is a 0.11 dB discrepancy from the analytical
model prediction.

The VHF parametric upconverter was then tested over a broad range of operating
conditions and the measured data was compared to values predicted by (3.17) and
(3.27). Figure 16 compares measured and predicted values for the linear gain against
changing pump and source power levels for a constant bias voltage, and Fig. 17
compares measured and predicted values for the linear efficiency against changing
bias levels and source power levels at a constant pump power level.

The small error between the analytical prediction and measured response can be
graphically explained. Consider a small perturbation in the terminal voltage of the
varactor about an operating point near the breakpoint of the piecewise-linear C-V
curve, as seen in Fig. 18(a). The resulting change in capacitance is greater for the

piecewise-linear curve than that of the actual since the slope of the actual curve is
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Figure 16: Comparison of surface plots of the measured gain of the VHF breadboard
upconverting parametric amplifier against predicted by the analytical model of (3.17).

less than that of the approximation near the operating point. As a result, the gain
analytical model overestimates the change in capacitance and returns a value greater
than is measured. Conversely, in Fig. 18(b), the perturbation is applied about a bias
point near zero volts where the slope of the actual C-V curve is greater than the slope
of the piecewise-linear. The gain analytical model now underestimates the change in
capacitance and returns a value that is less than measured. This error could be
corrected by implementing a model for the C-V curve of the varactor similar to that
used in [44] but the resulting equation is much more complex and is of little practical
use for the purposes of circuit design.

The second upconverting parametric amplifier translated a 140 MHz input to
1.3 GHz through parametric mixing with a 1.16 GHz pump source. As with the
previously discussed upconverting parametric amplifier, the 152208 varactor diode

was chosen as the nonlinear capacitor for it’s high quality factor and available change
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Figure 17: Comparison of surface plots of the measured system efficiency of the VHF
breadboard upconverting parametric amplifier against predicted by the analytical
model of (3.34).

in capacitance. The design of this RF upconverter was practically identical to the
previously discussed following an architecture and layout similar to Fig. 13.

The RF upconverting parametric amplifier was first modeled in a harmonic bal-
ance simulator using standard SPICE models for all circuit components. Simulations
predicted a linear power gain of 4 dB and a maximum efficiency of 30% in backoff at
P, = 23 dBm when practical losses were included in the transmission lines. Once con-
structed, the RF upconverting parametric amplifier demonstrated a maximum gain
and efficiency of 4.5 dB and 37%, respectively, as P, approached saturated operating
levels.

The performance of the RF upconverting parametric amplifier and the ability of
the analytical models in (3.17) and (3.27) to accurately predict the gain and efficiency
across a wide range of operating points can be determined from the constructed bread-

board. To compute the predicted responses from the gain and efficiency analytical
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Figure 18: Mathematical reasoning behind the error between the prediction made by
the gain analytical model of (3.17) and the measured results from the VHF breadboard
upconverting parametric amplifier.

models, the varactor terminal voltage swing must be known at both the pump and
source frequencies. Simulated measurements were used to determine both the ca-
pacitance ratio of the varactor under excitation and the peak source voltage at the
varactor terminals. Because of the accuracy of the simulated results as compared
to the measured results from the breadboard parametric upconverter, the simulated
capacitance ratio and peak source voltage at the varactor terminals are considered to
be indicative of what would be physically measured on the breadboard upconverting
parametric amplifier.

Figure 19 compares the surface plot of the measured gain of the breadboard upcon-
verting parametric amplifier to that predicted by the analytical model of (3.17), and
Fig. 20 compares the measured efficiency to that predicted by the analytical model of
(3.27). The small error between the measured and predicted values for both figures
can be explained using the same argument presented above for the VHF upconverting

parametric amplifier.
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Figure 19: Surface plot comparison of the measured gain of the RF breadboard
upconverting parametric amplifier to that predicted by the analytical model of (3.17).

4.2 Phase-Coherent Negative- Resistance Degenerate Para-
metric Amplifiers

Three fundamental conditions must be satisfied for a nonlinear capacitance to ex-
hibit a negative resistance. First, a large-signal pumping source is needed to drive
the nonlinear action. Second, the large-signal average capacitance of the nonlinear
capacitor, C,, must be eliminated by an attached resonant network, and, finally, the
resonant network must properly isolate currents at ws from those at w, [39]. It was
demonstrated in Chapter 3 that when these three requirements are satisfied, and the

resonant conditions

1

AL, =—
M= 26, + Gy

1
Li=——— 4.
w2(Cs + C,) (43)

are established, (3.46) will predict the small-signal transducer gain, g;, of a degenerate

negative-resistance parametric amplifier.
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Figure 20: Comparison of surface plots of the measured system efficiency of the

breadboard parametric upconverter against the predicted efficiency of the analytical
model of (3.34).

To satisfy the three fundamental conditions outlined above across a broad range
of operating frequencies, a double-balanced mixer (DBM) architecture was adopted.
Double-balanced structures have the advantage of inherent isolation at all ports,
broadband rejection of pump noise, spurious signals, and intermodulation products,
and broadband operation. Conversely, the primary disadvantages of double-balanced
mixer architectures are that they require four diodes and two baluns. However, the
advantages of a double-balanced mixer architecture outweigh the disadvantages, mak-
ing it ideal for use as a degenerate parametric amplifier architecture [45]. Figure 21
shows a double-balanced ring mixer.

The double-balanced mixer provides balanced differential signals at both the pump
and source frequencies to each of the four ring diodes. Assuming ideal baluns, the
incident balanced pump waveforms (blue) and source waveforms (red) will be of equal
amplitude and perfectly 180 degrees out of phase. The differential action of the baluns

force a virtual ground for both the incident pump waveforms (blue dashed line) and
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Figure 21: A double-balanced mixer showing the incident and reflected source, pump,
and output waves. By Conservation of Phase, the reflected source waveforms will be
in-phase and will combine at the center tap of the secondary of the source balun.

source waveforms (red dashed line) at the varactor diode terminals. Connecting the
pump circuit to the source circuit’s virtual ground and vice versa provides broadband
isolation between the two. The incident source waveforms interact with the pumped
varactors in anti-phase such that by the Conservation of Phase for mixers the reflected
waveforms must be in-phase. The source reflected waves then combine to the center
tap of the secondary of the source balun to form the output.

To better understand how the Conservation of Phase for mixers guarantees the
source reflected waves will be in-phase with each other, consider the equivalent source
circuit in Fig. 22. In each branch, the varactors are connected in anti-parallel but
the polarity of the pumping voltage ensures that the change in capacitance is iden-
tical. Because of the differential pumping of the varactors, the pump voltage phase
relationship between branch 1 and branch 2 will always be 180 degrees. Therefore,

regardless of the dot convention of either the source or pump balun the possible phase
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of each reflected source waveform is

Branch 1: ¢, —¢s=0°0or 180° —-0°=0° or 180° (4.4)

Branch 2: ¢, — ¢s =180° or 0° —180°=0° or —180° (4.5)

such that the reflected source wave in branch 1 will always be in phase with the

reflected source wave in branch 2.

Branch 1

,\/_) + -

V, Vp
Zo - W
Balun| /= Branch 2
V,, B - +

Figure 22: Equivalent circuit from the perspective of the source generator. The
polarity of the pumping voltage across each varactor is indicated to illustrate how
Conservation of Phase for mixers will guarantee the reflected waves will always be
in-phase.

Figure 23 shows the circuit design of the phase-coherent degenerate parametric
amplifier in the DBM architecture. Varactor diodes were selected to act as the non-
linear capacitive mechanism. The design in Fig. 23 was implemented in a single-tone
harmonic balance simulator with the source frequency set as the fundamental (note
that the source and pump frequencies are commensurate in a degenerate paramp,
so only one fundamental is needed), using standard SPICE models for all compo-

nents. The varactor diodes are the BB857 model that have an available junction
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capacitance range of approximately 0.5 pF at their maximum reverse bias voltage of
30 V to 6.6 pF at zero volt bias. Each varactor was doubled-up in parallel to center
the capacitance-voltage curve for maximum gain. Surface-mount transforming baluns
were chosen (Minicircuits TC4-25+), and RF crossovers were needed for routing traces
in a single-layer microstrip environment. The prototype circuit was fabricated on 62
mils thick Rogers 4350 RF substrate material with 1 oz copper plating, as seen in

Fig. 24.

V,, 6,

+ Vload -
NN—
LJ Zioad
1:2= _._: Balun
Vsr es ZO

Figure 23: Circuit schematic of the double-balanced phase-coherent degenerate para-
metric amplifier showing all component values.

To test the prototype, a test bench setup was constructed. This setup used two
phase-locked RF signal generators (one of which has the capability of phase adjust-
ment) to produce the phase-coherent single-tone pump and source signals, as seen

in Fig. 25. The output of the degenerate parametric amplifier was monitored by a
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Figure 24: Photograph of the prototype double-balanced phase-coherent degenerate
parametric amplifier board with critical components identified and labeled.

spectrum analyzer to confirm stable operation.

Figure 26 compares the simulated and measured gain versus source frequency of
the double-balanced phase-coherent degenerate parametric amplifier at a constant
pump power level of 30 dBm. This large of a pump power level was required to
maximize the capacitance switch of the varactors. If lower breakdown voltage varac-
tors had been available with similar capacitance-voltage characteristics, the necessary
pump power level might have been considerably less.

Ripple can be seen in both the simulated and measured gain plots within their
usable bandwidths. As the source frequency varies, phase coherence is not perfectly
maintained and the amplitude of the voltage waveform at w, across each varactor
diode fluctuates. These two factors contribute to a slight change in the negative re-
sistance value that causes the gain ripple. In addition, the gain drops below zero when
150 MHz > f; > 1150 MHz as it exceeds the operational bandwidth of the baluns.

The average gain within the usable bandwidth of the amplifier is approximately 26
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Figure 25: Test bench setup to measure gain, bandwidth, and stability of the phase-
coherent degenerate parametric amplifier.

dB.

Figure 27 compares the power gain measured on the prototype double-balanced
phase-coherent degenerate parametric amplifier to that predicted by the analytical
model of (3.46) at f; = 650 MHz across a wide range of operating conditions for both
the source and pump generators. The values of G, G,, G, and b in (3.46) were
obtained in simulation. As demonstrated in Fig. 26, simulations correctly predict
the measured performance of the degenerate paramp, therefore it is assumed that
simulations will also correctly predict the Taylor coefficient b, as well as the trans-
formed source, pump and load conductances seen by the varactor diodes. Figure 27
shows that the analytical model of (3.46) is capable of accurately approximating both
transducer gain and gain compression deep into saturation.

Figure 28 simultaneously explores the performance of both (3.46) and (3.47) in
their ability to accurately predict the AM-AM distortion characteristics. In Fig. 28,
the power absorbed by the load conductance is plotted against the available source
power for 3 arbitrarily chosen power gains. In backoff, the analytical model of (3.47)
is able to estimate the linear gain with high certainty. Once output power saturation
begins, due to the increase in magnitude of terms 2 and 4 in (3.46), compression

occurs, and the prediction made by (3.46) follows closely with measured values, in
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Figure 26: Plot of the simulated and measured gain versus source frequency of the
double-balanced phase-coherent degenerate paramp at a constant pump power level
of 30 dBm.

agreement with Fig. 27.

4.3 Phase-Coherent Upconverting Parametric Amplifiers

The analysis in Chapter 3 demonstrated that an architecture similar to that of a
phase-coherent degenerate parametric amplifier could be used to demonstrate a phase-
coherent upconverting amplifier. The degenerate parametric amplifier prototype de-
veloped in the above section does not use any output filtering and was intended to
operate under the condition w, = 2w; making it ideal to demonstrate phase-coherent
upconversion.

Figure 29 compares the simulated and measured transducer gain versus the up-
converted output frequency in addition to predicted values according to the analytical
model in (3.66). Ripple in the gain can be seen within the usable bandwidth. In-
spection of (3.66) shows that term 1 in the denominator is sensitive to changes in the
source frequency and the transformed source, pump, and load conductances. Small

perturbations in these values causes large changes in the transducer gain resulting in
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Figure 27: Plot of the measured and predicted gain versus both the available source

and pump power of the double-balanced phase-coherent degenerate parametric am-
plifier at f; = 650 MHz.

gain variations across the usable bandwidth. In addition, the gain drops below a us-
able value when 1.5 GHz > 3f; > 2.1 GHz. This is a result of bandwidth limitations
of the source and pump baluns that introduce losses that cannot be overcome by the
negative resistance.

Figure 29 also shows the theoretical phase-incoherent upconverting parametric
power power gain limit imposed by the Manley-Rowe relations. As predicted by An-
derson and Longo et al. in [31] and [32], the Manley-Rowe relations are incapable
of predicting upconverted gain when the source and pump frequencies are phase-
coherent. In addition, the achievable gain goes beyond what the Manley-Rowe rela-

tions would state is the theoretical limit for parametric upconversion.
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Figure 28: Plot of the measured and predicted AM-AM distortion characteristics of
the double-balanced phase-coherent degenerate parametric amplifier for several values
of power gain at f, = 650 MHz.
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Figure 29: Simulated and measured transducer gain versus upconverted output fre-
quency in addition to predicted values according to the analytical model in (3.66).
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CHAPTER V

STABILITY ANALYSIS OF PARAMETRIC AMPLIFIERS

The strong nonlinearity of the nonlinear reactance in parametric amplifiers gives rise
to situations when they can sustain an oscillation at a frequency different from those
delivered by the source and pump generators or their harmonic combinations. As a
result, paramps can be classified as autonomous microwave circuits. Stability anal-
ysis of autonomous microwave circuits is difficult due to their inherent nonlinearity
and the usual coexistence of the oscillatory solution with a mathematical solution for
which the circuit does not oscillate [39]. Traditionally, two-port amplifier stability
is determined by investigating the small-signal regime of the circuit and determining
if for some frequency interval (Wpin, Wmaee) the S-parameters of the amplifier satisfy
the Rollet stability criteria [46]. While parametric amplifiers are inherently three-
port networks, they can be reduced to a two-port by linearizing the circuit equations
about either the large-signal pump periodic regime (for large-signal stability analy-
sis) or the small-signal source regime (for small-signal stability analysis). Typically,
though, the Rollet stability criteria is not applicable to parametric amplifiers as it
assumes the circuit is intrinsically stable and is a single-frequency device. However,
the combination of the Manley-Rowe relations and the analytical models developed
in Chapter 3 provides a simplified set of tools to analyze the stability of parametric
amplifiers under various perturbations, operating conditions, and input and output

reflection coefficients, I';, and T, respectively.
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5.1 Conditional Stability of Phase-Incoherent Upconvert-
ing Parametric Amplifiers

While the Rollet stability criteria is limited to single-frequency two-port amplifiers
(and thus not applicable to parametric upconverters), the general concepts of the
theory can still provide a means to begin a stability analysis of phase-incoherent up-
converting parametric amplifiers. By the Rollet stability criteria, a two-port amplifier
is said to be unconditionally stable in the small-signal regime if R {Z;,, (w)} > 0 for
any passive complex load Z;, and R {Z,,; (w)} > 0 for any passive complex source Z;
within the entire frequency interval (Wiin, Wmaz). From the perspective of the source
generator, any standing wave would be at wy, and from the perspective of the output,
any standing wave would be at w, = ws; + w,. Therefore, the condition of the real
part of the input and output impedances remaining positive should be satisfactory
to determine upconverting parametric amplifier stability in the small-signal regime
with the caveat that Z;,, and Z,,; be analyzed independently. Figure 30 shows a
phase-incoherent upconverting parametric amplifier whose nonlinear reactance, cir-
cuit isolation filters, and pumping circuit have been placed inside a “black box.”
The amplifier is being driven by an AC generator at frequency ws with a Thévenin
impedance Z;. The output circuit of the parametric amplifier has been terminated
in an impedance Z, resulting in a reflection coefficient I'y.

Unconditional stability in the small-signal regime is guaranteed if the magnitude
of the total reflection coefficients seen at the source and output ports are less than or
equal to 1 within the frequency interval (Wi, Wmae) Since this implies the real parts of
the complex impedances Z;, (ws) and Z,,; (w,) are non-negative. S-parameter analysis
of the circuit in Fig. 30 can only be achieved if the circuit is treated as a one-port
from, first, the perspective of the source, and, second, from the perspective of the

output. Let
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Figure 30: A black box phase-incoherent upconverting parametric amplifier. The
incident and reflected source and output waves can be expressed independently of
one another, allowing for the two ports to be analyzed individually.

T, = =+ (5.1)

be the input reflection coefficient without considering a substantial reverse-transfer
wave b/l. In other words, I';, is only a measure of impedance mismatch between the
source generator and the phase-incoherent upconverting parametric amplifier’s source
port. Then, let

v _bitb

wm

(5.2)

ai

be the total input reflection coefficient when considering the superposition of b; and

b,. By S-parameter network theory,

gy = FLbQ (53)
bg = (1 - an) Sglal (54)
bll = 512&2. (55)
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Substitution of (5.3), (5.4), and (5.5) into (5.2) yields

T = Din + S12501 T (1 — Ty (5.6)

From the Manley-Rowe relations, the idealized power gain of a phase-incoherent up-

Wo

converting parametric amplifier can be expressed as g2 In Chapter 2 it was noted
that a parametric downconverter will always attenuate with an idealized minimum
loss of ;—Z, where, for the downconverter, the down-converted output frequency w, is
always less than the source input frequency w,. In addition, by the Conservation of
Phase for mixers, the output of a parametric upconverter must have a relative phase
equal to the sum of the relative phase of the source and the relative phase of the
pump, ¢, and ¢, respectively, and, similarly, the relative phase of the output from
a parametric downconverter must be the difference between the source and pump
relative phases. Finally, the forward and reverse power gain is related to S-parameter
network theory by the square of Sy and Sis. Therefore, for a phase-incoherent up-

converting parametric amplifier the forward- and reverse-transfer coefficients can be

expressed as

Sgl - \/Z:Zlgﬁp (57)
Siy = \/Z:ZZ — . (5.8)

It is important to note that the Manley-Rowe relations are independent of the shape
of the nonlinearity curve of the nonlinear reactance, the manner in which harmonic
currents are isolated, and how each harmonic current is terminated. As a result, the
definition of Sy; and Sy2 in (5.7) and (5.8) do not change for any passive reflection

coefficient I'; or I'. Equation (5.6) can now be simplified to
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r =Tt ([ 220,) (\Ez = 0,) T (= T) =T+ T2 (1= L) < 1, (59

o

which is guaranteed to be less than or equal to 1 for any source frequency w, at
any source power drive level that does not approach that of the pump and passive
reflection coefficients I'y; and I';,. Performing a similar derivation for the output port,

it can be shown that

Tt = Dout + 5215121 (1 = Tour) < 1, (5.10)
where
, by + b

Fout et H (511)

a2

by
Lowe = —, 5.12
= (5.12)

and S9; and Spo are defined by (5.7) and (5.8). Equation (5.10) is guaranteed to be
less than or equal to 1 for any output frequency w, at any source power drive level
that does not approach that of the pump and passive reflection coefficients I'y and
Iy

From the analysis presented above, it would appear that phase-incoherent upcon-
verting parametric amplifiers are unconditionally stable for any and all frequencies
and input drive levels. However, this analysis focused on the small-signal response
of the amplifier in the small-signal regime by linearizing its response to the large-
signal pumping source. To complete the stability analysis of upconverting parametric
amplifiers, the circuit must be linearized about the large-signal pumping source to

determine its response in the periodic large-signal regime.
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An analysis performed by Sudrez in [47] demonstrated the capability of oscillation
for a nonlinear capacitance being pumped by a periodic large-signal source. It was
assumed that the circuit was lossy and contained some inductive reactance. At some
pumping power threshold the circuit will exhibit a flip bifurcation resulting in a
steady-state subharmonic oscillation at the natural frequency w, = w—; The former
periodic solution occurring at w, continues to exist after the flip bifurcation, but it
has become unstable. Beyond the threshold point the only observable solution is the
frequency-divided solution.

Combining the small-signal and large-signal analysis for phase-incoherent upcon-
verting parametric amplifiers it can be seen that they are conditionally stable. It
should be noted that the possibility of a flip bifurcation was not explored in the
small-signal analysis as it was assumed that the amplifier was intrinsically stable
when linearized about the small-signal solution and that the input source drive level

would never approach that of the pumping source. To do so would lead the analysis

out of the small-signal regime and into the large-signal regime.

5.2 Conditional Stability of Negative-Resistance Paramet-
ric Amplifiers
The analytical models developed in Chapter 3 regarding both degenerate and non-
degenerate parametric amplifiers shows the generation of a negative resistance. Power
gain is possible when the negative resistance is large enough as the circuit attempts
to balance the excess negative resistance exhibited by the nonlinear reactance with
the positive resistance presented by the losses of the surrounding linear circuitry.
However, when the value of the negative resistance exceeds the positive losses of the
circuit, balance cannot be maintained, and the circuit will become unstable. From
(3.46), large-signal stability will be maintained for degenerate parametric amplifiers

when
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(wsb)2 P > wsbl,,

Ct gt G,

(5.13)

To better understand the conditions for large-signal stability, assume that the source

conductance Gy is small compared to Q(EL%Z; Py. Then, (5.13) reduces to

bP,
< il

I . 5.14
p GL ( )

Let P;, = V2@ such that
Ip < wsbvf = wsCs,NLV;7 (515)

where (s 1 is a measure of the nonlinearity of the capacitance-voltage curve of the

nonlinear reactance. It is now useful to define a new positive resistance, Ry = %,
p

that relates the peak value of the voltage waveform across the nonlinear reactance at

the source frequency to the peak value of the pump current generator such that

1

Rstab > .
Ws C’s,NL

(5.16)

Evaluating the inequality of (5.16) shows that as the pump drive level is increased,
R decreases, and eventually will fall below the stability threshold resulting in
unstable operation. In addition, an unexpected result comes from this inequality.
Decreasing Cs nr, and all else being unchanged, can eventually lead to instability.
Cs.n1 is a measure of nonlinearity of the nonlinear reactance at the DC operating
point. To decrease the nonlinearity when using, say, a varactor diode as a voltage-

dependent nonlinear capacitor, one would increase the DC bias voltage such that the
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operating point sat in the linear portion of the capacitance-voltage curve. At first
this would seem counterintuitive based on the large-signal transducer gain analytical
model in (3.46). However, (5.16) seems to suggest that a decrease in the nonlinearity
of the nonlinear reactance at the DC operating point has an overall effect of increasing
the negative resistance seen by the source resulting in an increase in the power gain.
Following a similar derivation for non-degenerate parametric amplifiers, and using
the transducer gain analytical model in (2.48), the criteria for stable operation can
be shown to be

Raiap > (517)

1
VWil C(s,NL ‘

In Chapter 4, a phase-coherent degenerate parametric amplifier was designed
based on the analytical models developed in Chapter 3. Because of the direct re-
lationship between gain and stability in the large-signal regime, and the sensitivity
of stability to small perturbations, an in-depth stability analysis of phase-coherent
negative-resistance parametric amplifiers is warranted.

As discussed in Chapter 3, to obtain the maximum gain in phase-coherent degener-
ate parametric amplifiers, the phase condition ¢, = 2¢, must be imposed. The pump
power must also be properly selected, which is generally done through a power sweep,
most often using a commercially-available harmonic balance (HB) simulator. Inspec-
tion of (5.16) shows that perturbations in the pump power level results in changes
in Ry, that could potentially destabilize the amplifier. Therefore, to continue the
stability analysis of phase-coherent degenerate parametric amplifiers the evolution of
the system poles will be determined under variations in the pump power level.

The poles are obtained by, first, inserting a small-signal current source of value I
at a perturbation frequency, €2, in parallel with a sensitive circuit node such as the
cathode of a varactor diode [39, 48]. Next, the conversion-matrix approach is applied

to linearize the circuit about each particular steady-state solution. A closed-loop
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transfer function, Z(£2), can then be defined as the ratio between the node voltage and
the perturbation current I;. Finally, the fitting of Z(£2) with a quotient of polynomials
numerically provides the poles associated with each steady-state solution. Figure 31
shows the evolution of the system poles of the phase-coherent degenerate parametric
amplifier developed in Chapter 4 at f, = 400, 650, and 900 MHz as the pump power
level is swept from 28 dBm to 35 dBm. It can be seen that a set of complex poles at
650 MHz cross the imaginary axis into the right-half plane approximately when P,
= 30.85 dBm, resulting in a flip bifurcation. However, the amplifier appears to be
stable within its usable bandwidth below P, = 30.5 dBm.
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Figure 31: Evolution of the system poles of the phase-coherent degenerate parametric
amplifier as the pump power level is swept. A set of complex poles at 650 MHz
cross the imaginary axis at about P, = 30.85 dBm causing a flip bifurcation and
destabilizing the amplifier. The paramp appears to be stable when P, < 30.5 dBm.

With phase-coherent degenerate parametric amplifiers, a flip bifurcation results in
the coexistence of an oscillatory solution at the same frequency as the source input.
The evolution of the system poles in Fig. 31 provides no insight into the implications
of this instability on the solution curves in the periodic regime as this is dependent on

the initial conditions of the amplifier and the relative phase of the oscillatory solution
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with respect to the source input.

The stability properties of periodic regimes are determined by the Floquet mul-
tipliers [39, 49] with the number of multipliers agreeing with the system dimension
N. In the frequency domain, stability is analyzed in terms of the poles, or roots,
of the characteristic determinant of the harmonic balance (HB) system perturbed
about the periodic regime. This determinant can be written in a compact manner as
det [JH (kws + p)] = 0, where J is the Jacobian matrix and £ = -NH to NH, where
NH is the number of harmonic terms. There is a non-univocal relationship between
the poles and the multipliers, given by m; = T with s = 1 to N and T, the solution
period. Thus, there is a set of poles p¥ = p? + jk2pi, with k an integer and p? a
“canonical” pole associated with multiplier m;. The critical poles, p = jw, = j£,
are associated with the multiplier m; = e*/ FTs — 1. Also associated with my 1s a
pole with value zero, p = 0. For p = 0, the characteristic determinant agrees with
the determinant of the Jacobian matrix of the original HB system. Therefore, the
HB system should become singular at the bifurcation point with the critical poles
p = £j<¢. This singularity can give rise to a turning point of the solution curve or
to the onset of new solution paths at the same fundamental frequency w; [39, 49, 50].

To illustrate this, it will be assumed that prior to the bifurcation (occurring at
n,) there is only one solution per parameter value (single curve). Let X, be the HB
solution at the bifurcation H ()_( , no) = 0. For an arbitrarily small increment An, the
HB system can be linearized about X,. Then it is straightforward to demonstrate
that the generation of new solution branches from X, is only possible in the case of

o
0X, "

a singular Jacobian matrix This situation can be associated with a pitchfork

bifurcation [50] ruled by the transformation

Sy — 25, + S, (5.18)
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where the sub-index indicates the number of unstable poles. At the bifurcation, the
original solution curve S, becomes unstable (S;) and gives rise to two distinct stable

solutions S'. In fact, this pitchfork bifurcation is difficult to observe in practice

because it requires particular symmetry conditions. Instead, the system exhibits an
imperfect pitchfork bifurcation [39].

Utilizing the simulations and prototype board developed in Chapter 4, solution
curves were obtained across multiple frequency and operating points. At f, = 716
MHz, the output-power curve obtained with a HB simulation passes through a max-
imum, then begins to decrease, as seen in Fig. 32. The evolution of the system poles
in Fig. 31 shows that at the sharp maximum near 650 MHz a pair of complex conju-
gate poles, 0 £ j*£, cross the imaginary axis into the right half of the complex plane.

However, there is no clue on how the system evolves after this bifurcation point. In

fact, the remainder of the curve obtained in HB is unstable and unobservable.
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Figure 32: Solution curve of the phase-coherent degenerate parametric amplifier at
fs = 716 MHz using a HB simulation.

To search for other possible solution paths, auxiliary generators (AGs) [39] were
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connected in parallel between the terminals of one of the varactor diodes. The AG op-
erates at the source frequency, wag = ws, and allows implementation of a parameter-
switching technique. To obtain high slope sections of the solution curves, the AG
amplitude, Vg, is swept, optimizing both the AG phase, ¢ 45, and the pump power
in order to fulfill the non-perturbation condition Y,q = ‘I/f:—g = 0, where [4¢ is the
current passing through the AG, V¢ is the voltage across the terminals of the AG,
and Yaq is the admittance seen by the AG. Using this technique, it was possible to

complete the solution curves seen in Figs. 33(a) and (b).
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Figure 33: Analysis of the branching phenomenon of the phase-coherent degenerate
parametric amplifier at f; = 716 MHz.

The original curve, S, in Fig. 33(a) is continuous and quickly grows to high output
power values at w,. There is a second path that only exists on the right hand side
of Fig. 33(a), from the turning point TP (Pp=28.9 dBm). The upper section of this
second path (S") is very close to the high power section of the original curve (S). Note
that the HB simulation evolves from curve S to curve S instead of following the fast
power increase of the original curve S. In the higher output power section, the two
curves S and S have very similar amplitude values, however, they have a phase shift
close to 180° at ws. To confirm that the difference is not due to an analysis inaccuracy,
the solutions obtained with the AG have been introduced as initial conditions in the

HB simulation and produced identical results.
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Unlike the transformation in (5.18), there is no branching point in the curves in
Fig. 33. In spite of this, the geometry of the paths suggest the possible occurrence
of an imperfect pitchfork bifurcation. In this bifurcation, the original solution path
(assumed stable here) S, exists for the whole parameter interval and maintains its
stability properties. However, a new independent path, with a turning point, is
generated close to the original one. When the parameter is varied from the original

regime S, towards the bifurcation, the transformation at the bifurcation point is

Sy, ¢ = S, + 5, (5.19)

where the second relationship indicates that there are no solutions (¢) in path S’
before the bifurcation, and two solutions, one stable and the other unstable, after this
bifurcation. Note that there is one solution prior to the bifurcation and three solutions
after this bifurcation for both the perfect and imperfect pitchfork bifurcations.

To verify the above assumptions, pole-zero identification has been applied along
the two solution paths in Fig. 33 with the results in Fig. 34. Curve S is stable for
all values of P,. Its dominant poles, o %+ j %, approach the imaginary axis near the
high slope section but do not cross this axis. In the case of the path S, a pair of
complex-conjugate poles o+ jwz—” cross the imaginary axis at P, = 28.9 dBm; the upper
section is stable and the lower section is unstable. The stability analysis confirms the
existence of a transformation of the form in (5.19). This stability study explains
the differences between simulations and measurements encountered in the pole-zero
analysis in Fig. 31.

According to the above analysis there are two stable solutions with very similar
output power values coexisting for pump power values larger than 28.9 dBm. The ex-
istence of two stable solutions can be related to the fact that the instability gives rise

to a frequency division-by-2 of the pump signal. In standard divide-by-2 frequency
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Figure 34: Stability analysis using pole-zero identification of the solution curves in
Fig. 33.

dividers (without an independent source at the divided-by-2 frequency), two identical
solutions with 180° phase shifts coexist after the bifurcation. In fact, the two solu-
tions in the upper section of Fig. 33(a) have a phase difference close, but not identical
to, 180°. The small difference in magnitude is attributed to the presence of an in-
dependent source at wy; = ‘;—” The power difference increases with increasing source
power level, as seen in the simulation of Fig. 35. In fact, the physical observation of
one solution or another will depend on the initial conditions of the amplifier.

For f, = 650 MHz, there is a qualitative change in the circuit behavior, as seen in
Fig. 36. Curve S exhibits the turning point (TP2) whereas curve S" does not change
its stability properties in the neighborhood of this point. Curve S (providing the only
circuit solution for small pump power levels) becomes unstable at TP2, so the system
necessarily jumps to the upper curve section in agreement with the measurement

results.
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Figure 35: Variation in the output power at f, versus increasing source power level
showing two possible solution curves that are dependent on the initial conditions of
the phase-coherent degenerate parametric amplifier.
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Figure 36: Solution curve for the phase-coherent negative-resistance degenerate para-
metric amplifier at f, = 650 MHz.

5.3 Conditional Stability of Phase-Coherent Upconverting
Parametric Amplifiers

The analytical models developed in Chapter 3 regarding phase-coherent upconvert-
ing parametric amplifiers shows the generation of a negative resistance at the third

harmonic of the source. Power gain at the upconverted frequency is possible when
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the negative resistance is large enough as the circuit attempts to balance the excess
negative resistance exhibited by the nonlinear reactance with the positive resistance
presented by the losses of the surrounding linear circuitry. However, when the value
of the negative resistance exceeds the positive losses of the circuit, balance cannot
be maintained, and the circuit will become unstable, as was seen above with phase-
coherent degenerate parametric amplifiers. From (3.66), phase-coherent upconverting

parametric amplifiers will maintain stability when

256 (GG G?)* > 9 (w,bI,)*. (5.20)

Algebraic manipulation of (5.20) shows that, in terms of the pump current drive level,

the amplifier will remain stable in the large-signal regime when

, _ 231G,VG.Gy

g o (5.21)
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

This chapter provides a summary of the novel contributions of this thesis, as well
as comparisons of these contributions to current state-of-the-art. In addition, future
work pertaining to the development and performance enhancement of parametric

architectures is discussed.

6.1 Summary and Comparisons to Current State-Of-The-
Art

The focus of this author’s work has been on the development, characterization, and
demonstration of novel parametric architectures capable of wideband operation while
maintaining high gain and stability. To begin the study, phase-incoherent upcon-
verting parametric amplifiers were explored. Simulations and breadboard prototypes
were developed for two phase-incoherent upconverting parametric amplifiers; one de-
signed to operate at VHF source input frequencies, while the other at RF. Analytical
models were derived that are capable of accurately predicting the linear transducer
gain and RF-RF conversion efficiency of phase-incoherent upconverting parametric
amplifiers, and the prototype boards were used to validate the models. Further anal-
ysis of the analytical models and the Manley-Rowe relations led to the conclusions
of bandwidth and gain limitations in phase-incoherent upconverting parametric am-
plifiers and resulted in their abandonment in lieu of negative-resistance parametric
amplifiers.

Traditionally, there were two versions of negative-resistance parametric amplifiers
available: degenerate and non-degenerate. Both modes of operation are considered

single-frequency amplifiers, because both the input and output frequencies occur at
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the source frequency. Degenerate parametric amplifiers offer more power gain than
their non-degenerate counterpart, and do not require additional circuitry for idler
currents. As a result, both a phase-coherent degenerate parametric amplifier printed
circuit board prototype and simulations were developed that are capable of, on aver-
age, 26 dB of power gain across approximately an octave, or 150%, of usable fractional
bandwidth centered at 650 MHz. Large-signal transducer gain and RF-RF conver-
sion efficiency analytical models were developed that demonstrated the mechanism
of gain compression responsible for AM-AM distortion in phase-coherent degenerate
parametric amplifiers. The prototype was used to validate both the large-signal trans-
ducer gain analytical model and simulated data. The analytical model demonstrated
a direct trade-off between gain and stability, therefore, an in-depth stability study was
performed to explore the unique coexistence of a parametric divide-by-two oscillatory
solution with the source input in the large-signal regime and to trace solution curves
perturbed in the periodic regime.

Combining the traits of both phase-incoherent upconverting and negative-resistance
parametric amplifiers; a previously unknown parametric architecture was developed:
phase-coherent upconverting parametric amplifiers. This new architecture uses com-
mensurate source and pump frequencies to generate a negative resistance that is
capable of upconversion with gain. Using the phase-coherent degenerate parametric
amplifier prototype board, phase-coherent upconversion with gain was demonstrated
from the source input frequency to its third harmonic. An analytical model describing
the large-signal transducer gain of phase-coherent upconverting parametric amplifiers
from the first to the third harmonic of the source input was derived and validated
using the prototype board and simulations. The phase-coherent upconverting para-
metric amplifier demonstrated an achievable transducer gain greater than the theo-
retical limit imposed by the Manley-Rowe relations for phase-incoherent upconverting

parametric amplifiers.
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Single-frequency parametric amplifiers can be considered a comparable technology
to current state-of-the-art. Solid-state transconductance power amplifiers currently
comprise the majority of the power amplifier market and are still the topic of academic
and industrial research. In order to compare solid-state transconductance technology

to parametric, a figure of merit must be defined. Let

%BW x Gain x Output Power

FOM, = Area

(6.1)

be said figure of merit, taking into account the metrics percent bandwidth, power
gain, output power, and total amplifier area. Note that efficiency is being omitted,
since transconductance power amplifiers measure efficiency in terms of a DC-RF power
conversion, whereas parametric amplification is a process of RF-RF power conversion.
Using (6.1), a technology comparison was performed between degenerate parametric
amplifiers and the best solid-state transconductance power amplifiers available today

from popular vendors, as seen in Fig. 37.
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Figure 37: Technology comparison of current state-of-the-art solid-state transcon-
ductance amplifiers to degenerate parametric amplifiers.
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Figure 37 makes it clear that while the operating bandwidth of single-frequency
parametric amplifiers can be quite significant they are lacking in comparable output
power that results in a lower figure of merit than most of their transconductance
counterparts. There are several techniques that can be implemented to increase the
output power of single-frequency parametric amplifiers, but each comes with a design
trade-off. For instance, increasing the voltage swing across the nonlinear reactance
by increasing the pumping power level would increase the voltage swing across the
load, resulting in a greater average power being delivered to the load. However, the
stability analysis performed in Chapter 5 demonstrated that increasing the pump
power level could result in a flip bifurcation that would destabilize the amplifier.
Another possibility to increase the average power delivered to the load would be to
transform the load impedance to a lower value, but this typically requires high-Q
matching networks that would limit the operating bandwidth.

Current state-of-the-art mixers with conversion gain can be compared to phase-
coherent upconverting parametric amplifiers. As with single-frequency amplifiers, a
figure of merit must be defined that relates the comparable critical metrics. Let

%BW x Conversion Gain

FOM, = 6.2
> Area x No. of Active Components (62)

be said figure of merit, taking into consideration the frequency range of the mixer,
upconversion gain, total mixer area, and the required number of active components.
Using (6.2), a second technology comparison was performed between phase-coherent
upconverting parametric amplifiers and the best reported upconverting mixers with
conversion gain by Wang et al. in [51], Chen et al. in [52], Johansen et al. in [53],
and Su et al. in [54], as seen in Fig. 38.

Figure 38 shows a large difference in the figure of merit between phase-coherent
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Figure 38: Technology comparison of phase-coherent upconverting parametric am-
plifiers to reported upconverting mixers with conversion gain.

upconverting parametric amplifiers and recently reported state-of-the-art. The phase-
coherent upconverting parametric amplifier prototype was fabricated in a microstrip
environment for testing and measurement at microwave frequencies. The resulting
prototype board is large compared to the FET upconverting mixers in Fig. 38, thus,
by (6.2), the FET upconverting mixers will dominate phase-coherent upconverting
parametric amplifiers. Expanding this work to be compatible with, say, a CMOS-
based process would significantly decrease the overall amplifier size, resulting in phase-
coherent upconverting parametric amplifiers being comparable in performance and

size to FET upconverting mixers.

6.2 Contributions

The novel contributions of this work are summarized as follows.

1. Development of analytical models that can accurately predict both linear trans-
ducer gain and RF-RF conversion efficiency of phase-incoherent upconverting

parametric amplifiers [28, 55]
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e Developed simulations and breadboard prototypes for two phase-incoherent
upconverting parametric amplifiers at VHF and RF frequencies to validate
the analytical models and demonstrate the concept of parametric upcon-

version

e Demonstrated conditional stability of phase-incoherent upconverting para-
metric amplifiers due to the possibility of a flip bifurcation at high pump

power levels

2. Development of analytical models that can accurately predict large-signal trans-
ducer gain and gain-compression of phase-coherent degenerate parametric am-

plifiers [56, 57]

e Developed simulations and a printed circuit board prototype for a mi-
crowave broadband high-gain double-balanced phase-coherent degenerate

parametric amplifier to validate the analytical models

e Successfully implemented a double-balanced mixer architecture as a phase-
coherent degenerate parametric amplifier and demonstrated an octave of

usable bandwidth with an average of 26 dB power gain

e Through the analytical models, the mechanism of gain compression re-
sponsible for AM-AM distortion in phase-coherent degenerate parametric

amplifiers was identified

3. An in-depth stability study was performed on phase-coherent degenerate para-
metric amplifiers to explore the unique bifurcation in both the large-signal and

periodic regime that coexists with the source input [58]

4. Development of a previously unknown parametric architecture (phase-coherent
upconverting parametric amplifiers) that is capable of upconverting a signal

with gain through a negative resistance [59]
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e Developed an analytical model that can accurately predict the upconvert-

ing transducer gain from the source input frequency to its third harmonic

e The phase-coherent degenerate parametric amplifier prototype was used
to both demonstrate the operation of the new parametric architecture and

to validate the analytical model

e Demonstrated conditional stability of phase-coherent upconverting para-

metric amplifiers through the transducer gain analytical model

e Demonstrated that phase-coherent upconverting parametric amplifiers are
capable of a transducer gain greater than the Manley-Rowe theoretical

limit for phase-incoherent upconverting parametric amplifiers

6.3 Future Work

To finalize the study of parametric amplifiers and to determine if they are imple-
mentable as commercial RF power amplifiers, several additional tasks must be com-
pleted. While phase-incoherent upconverting parametric amplifiers are capable of
high gain and moderate efficiency, they suffer from bandwidth limitations. This can
be seen in the Manley-Rowe relations since the ideal gain is £2, where w, = ws + wp.
To achieve high gain, either the pump frequency must be increased, or the source fre-
quency must be decreased (or both may be necessary), resulting in the upconverted
spectrum being very near that of the pump, necessitating high-Q filters to sepa-
rate the two, and thus decreasing the overall bandwidth of the amplifier. Negative-
resistance parametric amplifiers offered higher gain and relaxed filtering requirements
with the option of degenerate operation, thus, work on phase-incoherent upconvert-
ing parametric amplifiers was abandoned. However, before the change to negative-

resistance parametric amplifiers several solutions were investigated (though not in

detail) that could ease filtering requirements and extend the operating bandwidth
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of phase-incoherent upconverting parametric amplifiers. Image-rejection mixer archi-
tectures, discussed in detail in [45], separate the upper and lower sidebands from the
local oscillator (pump) through hybrid couplers and power combiners. There are mul-
tiple references that demonstrate broadband hybrid couplers and power combiners,
however, image-rejection mixer architectures tend to be lossy [60, 61]. Nevertheless,
further investigation into increasing the operating bandwidth of phase-incoherent up-
converting parametric amplifiers seems warranted.

The author was able to demonstrate a broadband phase-coherent degenerate para-
metric amplifier with high gain and stable operation. This was achieved through
point-by-point phase equalization and input/output impedance tuning in order to
demonstrate the concept. For this parametric architecture to be implementable in
any commercial process the conditions outlined in Chapter 2 to generate a nega-
tive resistance must be satisfied by a combination of broadband impedance matching
networks and resonance structures. Broadband group delay equalizers will also be
necessary to set and maintain the phase condition ¢, = 2¢,. There are plenty of
resources available for the design of broadband impedance matching networks, both
lumped and distributed, as well as group delay equalizers, however, the challenge
will come in the design of a broadband resonance network. Within the usable band-
width of the parametric amplifier, the reactance dual (inductive or capacitive) seen
by the primary nonlinear reactance responsible for the parametric action (nonlinear
capacitance or nonlinear inductance) must be very close to resonance to establish high
parametric gain. This requires a frequency-dependent inductor in the case of a nonlin-
ear capacitance acting as the parametric element or a frequency-dependent capacitor
in the case of a nonlinear inductance. In the practical case of using varactor diodes
as a nonlinear capacitance, structures such as printed microstrip inductors can act
as broadband frequency-dependent inductors due to the capacitive coupling between

the coiled lines, but the percent change in inductance is small [62]. A BiCMOS-based
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frequency-dependent inductor was report in [63] that demonstrated multi-octave ca-
pability but very little change in inductance as well.

In addition to the need for broadband impedance matching networks, resonance
structures, and group delay equalizers, phase-coherent degenerate parametric am-
plifiers must demonstrate high RF-RF conversion efficiency to be considered as a
viable RF power amplifier architecture. The development of (3.51) suggests that
high efficiency is obtainable simultaneously with high gain and stability, however, in
practice, this is a challenging problem. The derivation of (3.51) assumed all unwanted
harmonics generated by the nonlinear reactance were properly terminated such that
no average power was dissipated at these frequencies. Achieving this in practice
typically requires stringent filter requirements for both its in-band and out-of-band
impedances. If the filter is not to also act as the impedance matching network, then
its in-band impedance cannot disrupt any impedance transformation (or must be
designed to work in conjunction with the transforming network). The filter’s out-
of-band impedance should be designed to provide a broadband open termination.
This is necessary so that the filter does not short any voltage potential seen across
the nonlinear reactance’s terminals as these voltages drive the parametric action.
Considering the necessary filtering requirements, broadband impedance matching,
broadband resonance matching, group delay equalizing, source, pump, and output
current isolation, and stability concerns, achieving a simultaneous stable, broadband,
high gain and efficiency, high output power, phase-coherent degenerate parametric
amplifier is a difficult task.

The development of phase-coherent upconverting parametric amplifiers as a new
parametric architecture demonstrated the ability to go beyond the theoretical limits
imposed by Manley and Rowe for phase-incoherent upconverting parametric ampli-
fiers. This new architecture possesses the same practical implementation problems

as the phase-coherent degenerate parametric amplifier. Investigation of term 1 in

96



(3.66) shows that phase-coherent upconverting parametric amplifiers are sensitive to
small perturbations in circuit parameters, therefore, an in-depth stability study, sim-
ilar to that performed for phase-coherent degenerate parametric amplifiers, should be
performed to determine the trade-off between upconverting gain and stability.

Both the phase-coherent degenerate parametric amplifier and the phase-coherent
upconverting parametric amplifier utilized the same printed circuit board prototype
to demonstrate functionality and the concepts discussed in previous chapters. As
described in Chapter 4, the prototype was fabricated on 62 mils thick Rogers 4350
RF substrate material with 1 oz copper plating with an overall board area of approx-
imately 9 square inches. During the time the work in this thesis was performed, the
available equipment limited the testing frequency range from DC to 6 GHz. Within
this frequency range, microstrip environments are preferable for its ease of access to
components and connector adaptability. The analytical models developed in Chap-
ter 3 for phase-coherent degenerate parametric amplifiers and phase-coherent up-
converting parametric amplifiers show that these architectures are implementable at
frequencies beyond the microwave range. These parametric architectures should be
made compatible with current CMOS-based processes to explore their performance
above microwave frequencies. In addition to investigating parametric architectures at
millimeter-wave frequencies and above, which is currently an active research topic in
academia to expand the use of the electromagnetic spectrum, it will demonstrate that
they can successfully undergo size reduction making both phase-coherent degenerate
parametric amplifiers and phase-coherent upconverting parametric amplifiers more
attractive based on the figures of merit in (6.1) and (6.2).

Finally, the effect of load line modulation of the pumping power amplifier on the
RF-RF conversion efficiency needs to be investigated. As the input source power level
is increased, the pump port impedance shifts from being mostly reactive towards 50

Ohms, as seen in Fig. 39.
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Increasing
Ps

Figure 39: Change in the pump port impedance as the source drive level increases.

The pump port impedance serves as the load for the pump PA. Therefore, as the
pump port impedance changes the optimal load resistance to maximize the pump
PA DC-RF efficiency changes. For reduced conduction angle power amplifiers, the
optimal load resistance can be related to the maximum drain current and voltage by

(6.3) [9].

2Vpp j 2Vbp
]Max e RL,opt

RL,opt - (63)

As the source power increases, the pump port impedance decreases and I,;,, must
increase. The DC current drawn by the drain is proportional to I, and this shift in
the load-line results in a decrease in DC-RF efficiency of the pump PA. As a result,
the process of RF-RF power conversion must be efficient when the source power
level is backed off as opposed to peaking under high source drive level otherwise the
decrease in efficiency of the pump PA will decrease the overall efficiency of parametric
amplifiers. Investigating methods of obtaining high RF-RF conversion efficiency when
the source power level is backed off would be valuable in the development of any

parametric architecture.
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