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ABSTRACT OF THIS THESIS 

 

Characterization of Noise in Parametric Receivers with Electrically Small Antennas 

by 

 

Yang Liu 

Master of Science in Electrical and Computer Engineering 

University of California, Los Angeles, 2024 

Professor Yuanxun Wang, Chair 

 

A direct active matching method with parametric amplifiers to electrically small antennas was 

previously proposed, which showed its benefits over conventional approaches for its stability and 

low-noise characteristics. In addition, theoretical derivations were conducted based on this 

proposed circuit model. In this thesis, an MMIC design of the parametric receiver using the GCS 

D10 technology is created and simulated to validate the theories. Also, various challenges 

regarding noise performance come along with the realization of the design. Multiple approaches 

are presented to counteract environmental noise coming from both signal and pump ports of the 

parametric amplifier to preserve its intrinsic noise performance. 
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CHAPTER 1 

Introduction 

The gain-bandwidth limitations and noise challenges have long limited the performance in 

electrically small antennas (ESAs). Many studies focused on ways to overcome this limitation, and 

among them, the previously proposed method of direct active matching of parametric devices to 

ESAs embodies good gain and low noise performance while avoiding extra noise introduced by 

any impedance matching network.  

1.1  Background and Motivation 

Electrically small antenna applications (ESA) are widely used in VHF and UHF for wireless 

communications for their small form factor compared to the long wavelength of electromagnetic 

(EM) waves within the frequency range. In practice, an electrically small antenna is any antenna 

operating below its natural resonance frequency. However, despite the benefits that come along 

with their sizes, ESAs also comply with the restrictions introduced by their electrical size. As it is 

defined by Chu and Harrington [3], the lower bound of the ܳௗ is stated as following: 

ܳ =
1

(݇ܽ)ଷ , ܽ݇ ݁ݎℎ݁ݓ ≪ 1 (1.1.1) 

Where k is the wavenumber in free space and the radius of the smallest surrounding sphere that 

can contain the whole aperture. To maximize antenna gain, it is crucial to minimize the radiation 

Q factor. This is due to the direct relationship between radiation efficiency and the radiation Q 

factor; as the radiation Q decreases, the radiation efficiency correspondingly increases, with the 

knowledge that ܳ௧ ≪ ܳௗ  [3]. 
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ௗܧ = ೝೌ
ೝೌାೞೞ

=
ೈ

ೂೝೌ
ೈ

ೂೝೌ
 ା ೈ

 ೂೌೝೌ

= ொೌೝೌ
ொೝೌାொೌೝೌ

 ≈ ொೌೝೌ
ொೝೌ

(1.1.2)  

In addition, the Bode-Fano limit indicates that energy delivery efficiency and bandwidth product 

of a high-Q load is subject to the relation shown in equation (1.1.3), demonstrating the tradeoff 

between efficiency and bandwidth bounded by the radiation Q.  

Hence, maintaining the radiation Q at its minimum value is imperative for achieving optimal 

antenna performance.  

ߟ ∗ ܤ <
1

ܳௗ
(1.1.3) 

 

More importantly, for receivers, the Shannon-Hartley theorem states, 

ܥ = ଶ݈݃ܤ ൬1 +
ܵ
ܰ൰ (1.1.4) 

Where ܥ is the channel capacity in bits per second, ܤ is the bandwidth of the channel in Hz, ܵ is 

the average received signal power over the bandwidth, and ܰ is the average power of the noise 

and interference over the bandwidth. The theorem shows that with a lower average noise power, 

the SNR increases, leading to an increase in the theoretical upper bound of the information rate of 

data that can be communicated at an arbitrarily low error rate. With that in mind, novel matching 

techniques and designs are made to overcome this bandwidth-SNR conundrum. The noise figure 

of the parametric receiver is evaluated with the GCS D10 diode technology under different 

matching techniques. With the direct matching option from antenna to parametric amplifier, both 
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the noise figure and noise matching bandwidth can be vastly improved compared to conventional 

impedance-matched cases. 

 

1.2  Traditional Impedance Matching Network 

The traditional matching methods include transmission line matching and lumped component 

matching. These external matching networks have their pros and cons. For transmission line 

matching, it typically has a better Q compared to the lumped components. However, since 

transmission lines’ electrical lengths highly depend on the wavelength, which varies with the 

frequency, the transmission line matching method usually has a narrow bandwidth. Conversely, 

the lumped component matching method can have a much broader bandwidth, but the low Q 

characteristics degrade the SNR in exchange for the benefit. Y. Wang et al. proposed the following 

equivalent circuit to quantify the NF and SNR of the indirect matching circuit [1]. 

 

Figure 1.2.1 (a) Circuit diagram of conventional matching networks, (b) The simplified circuit 
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In Figure 1.2.1, the equivalent circuit model from the antenna end to the detector input is provided 

above. The voltage sources ܸ , ܸ , ܸ  denote the noise from unmatched antenna due to loss, the 

background noise, and the noise due to the matching network, respectively. ܴ  is the antenna 

radiation resistance. ܴ  represents the loss of the antenna and ܴெ  represents the loss of the 

matching network. ܺ  denotes the unmatched antenna reactance and ܺெଵ  and ܺெଶ  are the 

reactance of the matching network that not only resonates with the antenna, but also transforms 

the antenna impedance.  

With the extra impedance matching network, the impedance transformation is calculated below 

[1]: 

ܴ
ᇱ + ݆ ܺ

ᇱ =
݆ܺெଶ(ܴ + ܴ + ܴெ + ݆ ܺ + ݆ܺெଵ)

ܴ + ܴ + ܴெ + ݆ ܺ + ݆ܺெଵ + ݆ܺெଶ
(1.2.1) 

At resonance, 

ܺ + ܺெଵ + ܺெଶ = 0 (1.2.2) 

The characteristic impedance ܼ is conventionally chosen to be 50Ω, 

ܴ
ᇱ (߱) =

ܺெଶ
ଶ

ܴ + ܴ + ܴெ
(1.2.3) 

Thus, the impedance is also transformed to 50Ω. The following equation is used to calculate the 

noise figure of the matched antenna-detector pair: 

ௗ(߱)ܨܰ = 10 ଵ݈݃ ቈ1 +
ܴ

ܴ
ᇱ (߱) (1.2.4) 
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Next, we need to calculate the SNR; the signal-to-noise ratio (SNR) of the incident wave is defined 

at the wave port as the ratio of the power density of the electromagnetic waves from the transmitter 

arriving at the antenna input to that of the background thermal emission. The received signal power 

can be described as: 

௦ܸ = ඥ4ܴܵ (1.2.5) 

In the equation, ܵ is the maximum achievable signal power received by the antenna is considered 

under the condition where antenna loss and matching network loss are absent. It is important to 

note that Figure 1.2.1 assumes a series configuration of various noise sources and the signal source. 

This configuration implies that the radiated power, Ohmic loss of the antenna, and Ohmic loss of 

the matching network are proportional to the square of a common current flowing through the 

antenna port. Here, the antenna loss and matching network loss are represented by the Ohmic 

resistances of the wires and the matching element. 

For other types of ESAs, such as those incorporating dielectric materials or more sophisticated 

matching networks, a combined series and parallel circuit model may be utilized. In such a model, 

the resistances are transformed into composite versions of the originally defined radiation 

resistance, Ohmic resistances, and dielectric losses. Despite these transformations, a similar noise 

analysis remains applicable. 

The SNR at the input is defined as: 

ܴܵܰ = ௦ܸ
ଶ

ܸ
ଶ =

ܵ

ܰ
(1.2.6) 

The SNR at the output is defined as: 
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ܴܵܰ =
݀ଶ

ௌܸ
ଶ

݀ଶ( ܸ
ଶ + ܸ

ଶ + ܸ
ଶ ) =

ܴ
ܴ + ܴ + ܴெ

∗ ܵ

ܰ
=    

ܵߟ

ܰ
= ܴܰܵߟ (1.2.7) 

ܨܰ =
ܴܵܰ

ܴܵܰ
=

1
ߟ =

ܴ + ܴ + ܴெ

ܴ
(1.2.8) 

The noise figure of the antenna is represented as a degradation of the overall SNR, which leads to 

the conclusion that the loss of the additional matching network degrades the SNR performance of 

the receiver. 

1.3  Direct Matching Techniques 

 

Fig 1.3.1 Circuit diagram for direct matching 

Two direct matching techniques are discussed in this section: field fet matching and direct 

matching with a parametric amplifier. In the article from Y. Wang et al., he proposed two equivalent 

circuit models and analysis to compare these two options [1]. 

For the direct active noise matching with the transistor option,  
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Fig 1.3.2 Circuit diagram of direct active matching with transistor 

At the output of the transistor, the open circuit voltage at the drain is yielded as following: 

ௗܸ௦
ଶ = (݃ ܸ௦ܴௗ௦)ଶ = 8ܵ ቆ

݃

ܥ߱
ቇ

ଶ ܴܴௗ௦
ଶ

൫ܴ + ܴ൯ଶ (1.3.1) 

Under the conjugate output match condition (  ܴ = ܴௗ௦  ), the transducer gain 

becomes:

்ܩ = ೞ
మ

ோ 
∗ ଵ

ௌబ
= ൬ 

ఠ
൰

ଶ
ோೝோೞ

൫ோೝାோ൯మ  (1.3.2) 

The optimum noise figure is, thus,  

்,ேܨ =
ܴܵܰ

ܴܵܰ௨௧
=

ܵ

ܰ

ௗܸ
ଶ

ௗܸ௦
ଶ =

ܴ + ܴ

ܴ
+ ൬

ܥ߱

݃
൰

ଶ ൫ܴ + ܴ൯ଶ

ܴܴ
= 1 +

ܴ

ܴ௦
+

1
்ܩ

ܴௗ௦

ܴ
 (1.3.3) 

With the direct matching situation, it presents us with the benefit of simplicity, and it also offers 

us a wide bandwidth. However, this technique requires a large periphery of transistors (shunt 
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transistors) to reduce gate resistance, better noise figure and bandwidth. As a result, it also incurs 

more power consumption. 

Then, we would like to discuss the direct active matching with parametric amplifiers [9]: 

 

Fig 1.3.3 Circuit diagram for direct active matching with parametric amplifier 

In Figure 1.3.3, the circuit diagram is provided for direct active matching with parametric amplifier 

with ܴ and ܥ being the equivalent circuit of the antenna, and the diode bridge composed of four 

identical diodes with a capacitance of ܥௗ. ܮ is the inductance of the resonating inductor at the 

pump. ܴ and ܸ combined are the pump source to the parametric amplifier. ܴ is conventionally 

50Ω for input-matched RF circuits. 

The equivalent circuit diagram is presented above, and the transducer gain is: 

்ܩ = ܻܩ௦
(ܳ ܻ + ܳௗܩ௦)ଶ ܳௗ

ଶ ߛଶ (1.3.4) 

For an optimum result, we need to maximize the transducer gain, 

ܳ ܻ = ܳௗܩ௦ (1.3.5) 
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ܥ = ௗܥ (1.3.6) 

The maximized single sideband transducer gain is, thus, 

௫,்ܩ =
1
4

 ܳௗ

ܳ
ଶߛ (1.3.7) 

Here ܳௗ and ܳ are the diode quality factor and the antenna quality factor, respectively, 

For the double sideband situation, the maximized transducer gain also becomes doubled: 

௫,்ܩ =
1
2

 ܳௗ

ܳ
ଶߛ (1.3.8) 

Eventually, we land at the noise figure calculation: 

ே,ܨ = 1 +
௦ܩ

ܻ
+

1
௫,்ܩ

= 1 +
ܳ

ܳௗ
൬1 +

2
ଶ൰ߛ (1.3.9) 

In summary, after comparing the two techniques, we can conclude that the field fets typically have 

higher transducer gain while parametric amplifiers are more stable. For similar technologies, ܳ ≪

ܳௗ due to coupling of the gate to the channel through Miller capacitance. This implies parametric 

amplifiers can realize lower noise figure, if a positive transducer gain can be achieved. For power 

consumption considerations, parametric amplifiers are much more efficient than three-terminal 

devices since they don’t need to be cascaded to shrink the gate resistance. 

1.4  Thesis Outline 

In this thesis, the parametric receiver chain is broken down into the antenna part and the amplifier 

part, where each chapter discusses the fundamental principle of each device and then analyzes the 

noise contribution of every component. In Chapter 2, the circuit model of bowtie antennas is 
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reviewed, and how its performance can be quantified is discussed in the sections. In Chapter 3, the 

fundamental principles of parametric amplification are described, and the chapter focuses on the 

design and simulation of the MMIC parametric receiver design. The results are presented and 

compared to the results from preceding theorems. Subsequently, Chapter 4 characterizes and 

counteracts the noise factors that would contribute to the noise performance of the receiver chain. 

Finally, Chapter 5 discusses the future work of this application and concludes the thesis. 
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CHAPTER 2 

Bowtie Antenna Characteristics  

2.1 Bowtie Antenna Chu’s equivalent circuit 

To establish a feasible approach for analyses and simulations of the receiver gain and noise figure 

that is derived from the output of the antenna to the input of the parametric amplifier, a close study 

of a circuit model from S-parameters obtained from full-wave simulation software, such as HFSS, 

and CST Studio so that pseudo noise sources and source resistances can be accounted for in the 

results, Chu’s original paper derived the Chu’s limit based on his circuit model for the lowest order 

electric dipole and magnetic dipole as shown in the figure 2.1.1 below [3]. 

 

Fig 2.1.1 (a) Equivalent circuit model of the electrically small dipole for ۻ܂ mode and its simplified 

version under high Q assumption, (b) Equivalent circuit model of the electrically small loop for ۳܂ 

mode and its simplified version under high Q assumption. 
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According to Chu’s paper, the lowest order mode for electric dipole (ܶܯଵ) and magnetic dipole 

 are analyzed and converted into their equivalent circuits via R, L, C components to represent (ଵܧܶ)

the real and imaginary part of the scattering parameter. The circuits capture the exact performance 

of the antennas up to their first resonance and illustrate the near-field energy characteristics of both 

modes outside the minimum size sphere that encloses the aperture. In the paper from Y. Wang et 

al., a close analysis of the radiation quality factor extracted from the equivalent circuits is presented. 

  values are characterized by the following equations to the radiation resistance ܴ, andܥ ݀݊ܽ ܮ

they are closely bounded by the radius of the sphere and the speed of light c[1]. 

൞
ܮ =

ܽ
ܿ ܴ

ܥ =
ܽ

ܴܿ
  

(2.1.1) 

To simplify the circuit model, the high-Q assumption is adopted (ESA characteristic). Now, the 

circuit model for the dipole and loop antenna can be further represented as a series RL or RC circuit, 

shown in Figure 2.1.1.  The values are calculated using the expressions below [1]: 

⎩
⎪
⎨

⎪
⎧ ܴ  ≈

ଶ(ܮ߱)

ܴ
ܥ   ,  ≈

ܥ

1 − ߱ଶܮܥ
 ≈ ܥ

ܴ  ≈ ߱ସܮ
ଶ ܥ

ଶܴ ܮ   ,  ≈
ܮ

1 − ߱ଶܮܥ
 ≈ ܮ

(2.1.2) 

 

2.2 Antenna Radiation Quality Factor 

After retrieving the antenna equivalent circuit model, Y. Wang et al. also proved a way to calculate 

the antenna’s radiation quality factor [1]. While we revisit the simplified circuit shown in Figure 

2.1.1, we can perceive that unlike ܥ ,   which remains almost constant when the frequency is farܮ
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below the first resonance frequency, the radiation resistance is now highly frequency-dependent 

with them being either second or fourth order of the frequency respectively. The radiation quality 

factor is calculated below [1]: 

⎩
⎪
⎨

⎪
⎧ ܳ =

1
ܴܥ߱

 ≈
ܴ

߱ଷܮ
ଶ ܥ

(݈݁݅݀ ݈݈ܽ݉ݏ ݕ݈݈ܽܿ݅ݎݐ݈ܿ݁݁) 

ܳ =
ܮ߱

ܴ
=

ܮ߱

߱ସܮ
ଶ ܥ

ଶܴ
 ≈

1
߱ଷܮܥ

ଶܴ
(݈ ݈݈ܽ݉ݏ ݕ݈݈ܽܿ݅ݎݐ݈ܿ݁݁) 

(2.2.1) 

The antenna quality factor is used in the latter calculation of the gain and noise figure of the whole 

parametric receiver chain.  
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CHAPTER 3 

Parametric Amplification Simulation and Prototypes 

3.1 Background of Parametric Amplification 

The Manley-Rowe relation is derived from the general principle of energy conservation and 

relates the powers at different frequencies in a nonlinear reactor modulator [10]. The relation 

stays valid for all signal levels (small and large signal level) as long as the lossless condition 

holds. It describes harmonics, intermodulation, and the energy transfer mechanism among 

different tones under different termination conditions. In figure 3.1.1, it shows Manley and 

Rowe’s equivalent circuit with two voltage sources at ߱ଵand ߱ଶ. The sources and an infinite 

array of resistive loads and bandpass filters are placed across the nonlinear capacitor. The 

resistor-filter pairs are tuned to the frequencies of ݊߱ଵ + ݉߱ଶ, ,݊ ℎݐ݅ݓ ݉ as integers ranging 

from 0 to infinity [10]. The Manley-Rowe relation satisfies all three modes of parametric 

amplification introduced next based on the termination of intermodulation tones and harmonics. 

 

Fig 3.1.1 Circuit model for Manley-Rowe derivation 
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To begin with, for negative resistance mode, only strong current sources that are permitted to exist 

are at the signal, pump, and idler.  

 

Fig 3.1.2 Negative resistance mode 

 

The power flow relation can be summarized as: 

ܲି௦

௦ܲ
 =

߱ି௦

߱௦
(3.2.1) 

For single sideband upconverting mode, the only strong voltage sources are at the signal, pump, 

and idler. However, unlike the double sideband upconverting mode, this mode only has one output 

at the idler frequency, which is located at the sum of the pump and the signal frequency. The power 

flow relation is summarized as following: 

ܲା௦

௦ܲ
=  −

߱ା௦

߱௦
(3.2.2) 
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Fig 3.1.3 Single sideband upconverting mode 

 

For the double sideband up-converting mode, it needs to satisfy the following two conditions: the 

only strong voltage present in the system are the input (signal), output (idler), and pump frequency, 

as well as the output of the amplifier, needs to be the sum and difference of the input and the pump 

frequency for double sideband case: 

݂ = ݂ ± ௦݂ (3.2.3) 

The power flow relations can be summarized as: 

ܲା௦

ܲ
=  −

߱ା௦

߱
(3.2.4) 

ܲି௦

ܲ
=  −

߱ି௦

߱
(3.2.5) 
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Fig 3.1.4 Double sideband upconverting mode 

 

3.2 Double sideband Up-conversion Parametric Amplifier Gain and NF Calculation  

In this work, the double sideband up-converting mode is focused on top of general parametric 

amplifier behaviors, as the parametric amplification pump either nonlinear reactance via the strong 

RF pump power to produce either mixed signals with gain or to generate a negative resistance. The 

previous section introduced the two essential conditions that double sideband up-conversion needs. 

With these conditions satisfied, the small signal method of Manley-Rowe relations become 

applicable, and the equivalent circuit is shown below. According to Hedayati, M.’s analysis of the 

circuit [2]: 

 

Fig 3.2.1 Simplified circuit model for parametric amplifier 
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The ܥ ܽ݊݀ ܮ௦  are the mean values of the time-domain capacitance and input resonator, 

respectively. In the output circuit  .  are the output resonators at idler frequencyܮ ݀݊ܽ ܥ 

,ܩ ,ܩ  ௦ represent output load, the resonator loss at idler, and the resonator loss at signalܩ ݀݊ܽ

frequencies, respectively. 

A small signal admittance matrix can be therefore obtained [2]: 

൭
௦ܫ

ିܫ
∗

ାܫ

 ൱ = ൭
ଵܻଵ ଵܻଶ ଵܻଷ

ଶܻଵ ଶܻଶ ଶܻଷ

ଷܻଵ ଷܻଶ ଷܻଷ

൱ ൭
௦ܸ

ܸି
∗

ܸି

൱ = ൭
݆߱௦ܥ ݆߱௦ܥߛ ݆߱௦ܥߛ

−݆߱ିܥߛ −݆߱ିܥ 0
݆߱ାܥߛ 0 ݆߱ାܥ

൱ ൭
௦ܸ

ܸି
∗

ܸା

൱ (3.2.1) 

Here ߛ is the capacitance modulation index [2]. 

≈ ߛ
௫ܥ − ܥ
௫ܥ + ܥ

2

(3.2.2) 

Where  ܥ௫   are the maximum and minimum capacitance values caused by the swingܥ ݀݊ܽ 

of the pump voltage. From Hedayati, M.’s detailed derivation and including the effect of the quality 

factor of the resonating inductor introduced in Chapter 1, we can conclude [2]: 

௫,்ܩ =
1
4

 ܳௗ

ܳ

߱

߱௦
ଶߛ (3.2.3) 

For double sidebands, it becomes, 

௫,்ܩ =
1
2

 ܳௗ

ܳ

߱

߱௦
ଶߛ (3.2.4) 

The noise figure is defined as following: 

ேܨ = 1 +
௦ܩ

ܻ
+

1
்ܩ

= 1 +
ܳ

ܳௗ
+

ܳ

ܳௗ

߱௦

߱

2
ଶߛ (3.2.5) 
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3.3 Varactor Diode Modeling with Noise Consideration in Simulations 

A varactor diode is designed to produce a strong variation in capacitive reactance with minimal 

parasitic series resistance, which causes energy dissipation in the system. Leveraging on the 

rapidly advancing electronics and IC technologies, the minimal series resistance almost becomes 

the only loss mechanism in varactor diodes. However, extra diode noise characterization is still 

needed based on the foundry-provided models to serve as a realistic model for the construction of 

the parametric amplifier. 

 

Fig 3.3.1 Diode noise model with shunt conductance 

In Figure 3.3.1, the equivalent noise model of the foundry-provided diode is shown. The original 

Keysight PN junction diode model also overpredicted shot noise in the reverse biasing condition. 

It considered the entire leakage current, either from the channel or from the material loss, as the 

source of shot noise. We can now separate the DC and RF path by shunting a large value resistor 

to the diode. The shunt resistance dominates at lower frequencies, and the resistance can be ignored 

at higher frequencies. Now, the diode noise model can accurately illustrate the noise introduced by 
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the diode. All other specifications remain identical to the ones provided in the PDK. Multiple 

diodes are shunted together to form one “super” diode with the desired capacitance. The number 

of diodes is calculated based on the ratio of total capacitance needed to resonate with the antenna 

to the single diode equivalent capacitance. In our case, a total of 30 diodes are shunted together to 

construct each of the four diode representations in Figure 3.3.5. In addition, a distribution network 

is added to avoid phase delays while simultaneously exciting numbers of diodes.  

 

Fig 3.3.2 Differential diode bridge design with distributed network at the pump port 

Figure 3.3.2 shows an MMIC design of the diode bridges with differential input. The diodes are 

from the GCS InGaAs HBT D10 process. 30 diodes are distributed evenly to each arm of the 

distribution network. The diode bridge characteristics are simulated and captured using ADS EM 

simulation. An adaptive sweep from DC to 4 GHz is adopted for the simulation. 
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Fig 3.3.3 Zoomed in view of the diode bridge schematics 

In Figure 3.3.3, a zoomed-in view of the diode bridge schematics is presented, with three “super” 

diodes spaced evenly on each arm of the distribution network. Such a design is intended to have 

all diodes excited simultaneously so that the signals through the diode bridge are not distorted due 

to any possible phase delay.  
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Fig 3.3.4    “Super” diode construction 

In Figure 3.3.4, multiple diodes, as shown in Figure 3.3.1, are connected in parallel to form a 

“super” diode. The number of diodes is determined by half of the total number of diodes divided 

by the number of pins we assign to each arm of the distribution network. In this project, the total 

number of diodes is determined by the total mean capacitance needed to resonate with the antenna 

divided by the capacitance value of the diode under a certain reversed bias voltage. This relation 

yields a total number of 30 diodes for each side of the diode bridge, and these diodes are equally 

divided into two by the distribution network. With three pins on each arm of the distribution 

network, the “super” diode is therefore constructed with five diodes connected in parallel. 
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Fig 3.3.5 Schematic level parametric receiver chain 

In Figure 3.3.5, the whole parametric receiver chain is presented again with the antenna, parametric 

amplifier, baluns, and circulator/coupler for a high-level overview. By providing the diode bridges 

with strong pump power, the upconverted signals are amplified and down converted to the original 

input frequency so the two sidebands combine, and the noise figure can be defined for the same 

input and output frequency. The simulation results are detailed in the next section. 
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3.4 Preliminary simulation results for the parametric receiver with off-chip 

components 

To verify the theories above, we must construct the receiver and run the simulations in ADS to 

verify the consistency between theoretical and simulation results. Firstly, the resonance of the 

parametric amplifier needs to be validated. 

 

Fig 3.4.1 Schematic of S-parameter measurement from the pump port 

In Figure 3.4.1, the circuit is set up for the S-parameter measurement through the pump port. It is 

expected that the resonance appearing at intrinsic pump frequency will be shown through small 

signal analysis. Murata inductor LQP03TG0N1B02 with an inductance of 0.1 nH is used to 

resonate with the diode bridge. The balun utilizes the LTCC RF transformer with low insertion 
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loss under 0.05 dB and wide bandwidth ranging from 3000 to 3900 MHz. An ideal power divider 

is used to power the pump sources simultaneously. The simulation runs from 2 ݖܪܩ to 4 ݖܪܩ with 

a step-size of 10 ݖܪܯ, and the result is shown below. The pump bias is set to be 4.1V. 

 

Fig 3.4.2  S-parameter result from the pump port 

In Figure 3.4.2, the S-parameter result is presented, and the resonance is spotted at 3.75 GHz with 

our desired large signal pump frequency at ݂ =  The phenomenon is because, in large .ݖܪܩ 3.65

signal cases, the strong pump power modifies the nonlinear reactance, increasing the diode 

capacitance, and thus, the resultant pump frequency decreases. With that in mind, the S-parameter 

result shows consistency to our expectations. Then, we would move to the large signal analysis 

using the harmonic balance analysis of ADS. In the controller, we would like to set the maximum 

mixing order to a high value of 4 in order to account for the termination of higher orders of 

intermodulation that is essential to parametric amplifier performance and set RF frequency (signal) 

sweep to range from 10 ݖܪܯ to 120 ݖܪܯ with a step size of 2 ݖܪܯ. 
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Fig 3.4.3  Schematic of the signal input through a circuit mockup of the antenna. 

In Figure 3.4.3, the circuit of the signal input of the parametric amplifier is shown. The AC signal 

input is defined at the RF frequency sweeping from 10 ݖܪܯ  to 120 ݖܪܯ . The shunt pair of  

 inductor serves to isolate the DC and RF paths. At low frequency, the ܪℎ݉ resistor and 10ܱܯ 15

inductance dominates (short circuit), and at high frequency, the resistance dominates (open circuit). 

An equivalent RLC circuit is extracted for the dipole antenna with ݇ܽ = ଵ
ଶ
, and the bowtie antenna 

is shown in the figure 3.4.4. The antenna is designed with a maximum radius of 238 mm. The S-

parameter is simulated and extrapolated from ADS and fitted to Chu’s equivalent electrically small 

dipole model for ܶܯଵ  mode introduced in Chapter 2. The extracted ܴ, ,ܮ ,values are 567.4Ω  ܥ

,ܪ݊ 97.5 and 7 ܨ  respectively. The PCB level parametric amplifier indicating the physical 

location where the device is directly matched to the antenna is shown on the top of the antenna 

model. The ݒ  and ݒ  pins are connected to the antenna inputs of the parametric amplifier 

respectively in figure 3.4.2. 
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Fig 3.4.4 Bowtie antenna with ka =1/2, 

 

 

Fig 3.4.5 Pump and idler circuitry 

In Figure 3.4.5, the pump port of the parametric amplifier is shown. The pump power is set to be 

and the pump frequency ݂ ,݉ܤ݀ 27   at 3.65 ݖܪܩ. The circulator loss factor is set to be 0.01 dB, 

and the ideal isolation of 100 dB is provided between the pump circuitry and the idler circuitry. An 
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ideal power divider is used for equally splitting the pump power between the two baluns, as shown 

in Figure 3.4.1. The upconverted idler signals are further amplified and downconverted through 

the LNA and mixer to avoid leakage from the pump noise.  

 

Fig 3.4.6  Original gain and NF equations vs. modified equations 

In the figure, a new set of equations is adopted for calculating the gain and noise figure for the 

parametric amplifier. These equations are identical to the equations proposed by Hedayati, M. [2], 

with the additional introduction of the limitation from the resonance inductance Q. From the 

modified equations, the actual gain and noise figure are expected to be lower. 
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Fig 3.4.7 Adjusted Gain simulation results with comparison to the theoretical expectation 

In Figure 3.4.7, the double sideband gain simulation result is presented along with results from the 

two methods of theoretical derivations. Starting from the original method, the result above presents 

us with a gain of 7.81 dB at 100 MHz, as shown in the light blue curve. On the other hand, the 

modified theoretical result presents us with a gain of 0.412 dB, as demonstrated by the red curve. 

The simulation shows results from both sidebands, in which the upper sideband has a gain of 2.312 

dB, shown in the purple curve, and the lower sideband has a gain of -0.654 dB, shown in the blue 

curve. 



30 
 

  

Fig 3.4.8 Adjusted NF simulation results with comparison to the theoretical expectations 

In Figure 3.4.8, the blue curve represents the noise figure calculated using the new method with a 

value of 1.457 dB at 100 MHz. The purple curve represents the theoretical result calculated using 

the original derivation method. At 100 MHz, it has a noise figure of 1.087 dB. The red curve 

represents the simulated result, and at 100 MHz, it has a noise figure of 1.689 dB. According to 

this simulation, the consistency between modified equations and simulated results remains in both 

gain and noise figure, showing the effect of the limitation from the quality factor of the resonating 

inductor, and proving that the design is low noise and has sufficient double sideband gain.  
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CHAPTER  4 

Solutions to Signal and Pump Noise in Parametric Receiver Design 

4.1 Noise Floor Characterization 

In the HF/VHF bands, antennas are subjected to several primary noise sources: the ambient 

environmental noise received by the antenna, the thermal noise generated by the antenna due to 

inherent losses, and the noise introduced by the matching network, if one is utilized. In addition, 

environmental noise originates from various radiation sources, often exceeding thermal radiation 

by 20 to 40 dB at HF. However, for the discussion in this section, a thermal equilibrium assumption 

is made, wherein the environment, the antenna, and the matching network are all at room 

temperature, and only thermal radiation is considered background noise. This assumption serves 

to simplify the analysis. Nevertheless, higher background noise levels can be incorporated 

subsequently once the receiver’s noise performance under thermal equilibrium conditions is 

established. Thus, to analyze a device's noise figure, one needs first to understand the definition of 

thermal noise and define the noise floor. Based on fundamental thermodynamics, H. Nyquist 

showed that any two-terminal network under thermal equilibrium can be modeled by a noiseless 

resistor in series with a voltage noise source or shunt with a current noise source [11]. By referring 

to Figure 2.3.1 (a), ݁ is given by.  

݁
ଶതതത = ܤ(݂)4ܴ݇ܶ (4.1.1) 

Where ݇ represents the Boltzmann constant and (݂) is the Planck factor, and h is the Planck’s 

constant. 
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(݂) =
ℎ݂
݇ܶ ൬݁


் − 1൰

ିଵ
(4.1.2) 

The Planck factor is adopted for the energy equation to converge at higher frequencies (sub-

mmwave). Here, in our frequency range of interest, we can further simplify equation 2.3.1 to the 

following: 

݁
ଶതതത = ܤ4ܴ݇ܶ (4.1.3) 

Similarly, for the shunt case,  

ଓ
ଶഥ =

ܤ4݇ܶ
ܴ

(4.1.4) 

For a generator of internal resistance ܴ, the noise power is calculated: 

ܰ =
݁

ଶതതത

ܴ௧௧
=

ܤ4݇ܶ
൫ܴ + ܴ൯

=  (4.1.5) ܤܶ݇

 

Fig 4.1.1 (a) Equivalent series representation for the noise power calculation, (b) shunt representation for 

the noise power calculation. 

After defining the thermal noise floor, we can analyze various factors that introduce noise into the 

idler and pump port and their corresponding solutions. 
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4.2 Noise Collected from the Signal Band 

During the preliminary studies of the supply noise introduced in the next section, we discovered 

that the noise in the FM radio frequency ranging from 88 MHz to 108 MHz persists in the signal 

frequency of 100 MHz. A possible solution to the problem is to migrate the signal frequency from 

100 MHz to 80 MHz. The reference self-resonating meander line bowtie antenna is first revised to 

resonate at 80 MHz to further analyze the feasibility of this approach in the future. 

 

Figure 4.2.1 Original noise measurement flow chart for comparison of the DC power supply and the 

battery supply 

In Figure 4.2.1, the original attempt, which compares the noise performance between the DC 

power supply and the battery supply, utilizes the bias tee to detect any noise while the supplies are 

driving a 1݇Ω load. Banana plugs convert DC to SMA connections. The RF output is connected to 

the spectrum analyzer to show the noise captured. 
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Figure 4.2.2 (a)Bias Tee setup, (b) Measurement setup with an additional LNA   

Figure 4.2.2 shows the bias tee setup in (a). The 1݇Ω load is successfully connected to the banana 

plug through copper tapes. Such setup unintentionally made the banana plug and resistor pair a 

tiny loop antenna that is picking up noise from 83 MHz to 100 MHz as shown in the result below. 

 

Fig 4.2.3 Overlay view for the noise performance of the battery supply and the Keysight DC Power 

supply at 5V bias 
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Figure 4.2.3 provides an overlay view of the noise performance between the battery supply and 

the Keysight DC power supply, showing low noise performance under the FM radio frequency. 

Since the frequency band is intrinsically noisy, some concerns are raised regarding noising 

coupling into the signal frequency for the receiving antenna. To address this problem, we redesign 

the reference meander line dipole antenna from self-resonating at 100 MHz to 80 MHz. The 

antenna is modified from the previous structure from peers while preserving the dipole length. 

 

Fig 4.2.4 (a) original meander line dipole antenna (b) modified dipole antenna 

  

Fig 4.2.5 (a) S(1,1) simulation of the original antenna, (b) S(1,1) simulation of the modified antenna 

Figure 4.2.4 presents the original meander line dipole antenna and the modified dipole antenna. 

The results shown in Figure 4.2.5 demonstrate that the original dipole resonates at 100 MHz, and 

the modified dipole resonates at 80 MHz. The modified dipole decreases its linewidth to 

accommodate more turns needed to lower the resonance frequency. The metal thickness for both 
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antennas is 35 um. The substrate material uses FR-4 with ߳ of 4.3 and ߤ of 1. The diameter of the 

substrate plate remained at 590 mm for both antennas. Differential feeding is defined at the antenna 

port. 

  

Fig 4.2.6 (a) Exported touchstone of the modified dipole antenna (b) antenna impedance at the resonance 

with T = 1 

The transformation ratio T is defined as ቀேమ
ேభ

ቁ, the ratio of the number of turns in the secondary coil 

to the number of turns in the primary coil. The impedance transformation is characterized using 

the following equation: 

൬
ܼଶ

ܼଵ
൰  = ൬ ଶܰ

ଵܰ
൰

ଶ

= ܶଶ (4.2.1) 

In Figure 4.2.6, the transformation ratio is chosen to be 1.5 to transform the antenna impedance of 

27.845 Ω to 60.75 Ω for better matching. Though the characteristic impedance is set to be 50 Ω at 

the input, the transformed impedance is already sufficient to keep the antenna S(1,1) beneath -20 

dB, indicating low return loss at the resonance. The S(1,1) performance is validated in Figure 4.2.7.  



37 
 

 

Fig 4.2.7 S(1,1) simulation with T = 1.5 

Then, the ideal transformer is replaced with the extracted S-parameter model of a commercially 

available transformer with an impedance transformation ratio of 2, allowing the original antenna 

impedance of 27.8 Ω to be transformed to 55.6 Ω. The setup and result are shown in Figure 4.2.8. 

 

Fig 4.2.8 (a) Simulation setup with PWB-2-CL S4P (b) S-parameter of the impedance transformed dipole 

antenna 
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Fig 4.2.9 Transformer attenuation and phase imbalance from the component datasheet 

In Figure 4.2.9, the transformer attenuation and phase imbalance are shown. The transformer has 

a low attenuation value of 0.8 dB, and a phase imbalance of 0 dB at 80 MHz, serving as an excellent 

device for building the actual impedance transformation network. Next, the antenna is fabricated 

by an outside foundry. The transformer is soldered to an PCB design, featuring pads and vias for 

a SMP connector, and differential feeding of the antenna shown in Figure 4.2.10. 

  

Fig 4.2.10 (a) PCB design for impedance transformation network and antenna feeding (b) mounted view 

of the PCB design 
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Fig 4.2.11 (a) Antenna chamber measurement setup (b) S-parameter result 

In figure 4.2.11, the antenna S-parameter is measured in the chamber with the PCB directly 

mounted on the back. The measured S(1,1) result is presented on the right, and the result is 

transformed from differential to single-ended via an ideal 3-port balun in ADS. With -20.369 dB 

at the resonance frequency, the antenna is well matched for future use of noise analysis at 80 MHz. 

 

4.3 Supply Noise 

 Standard methods of supplying DC voltages towards components, such as LNA, filters, and the 

pump, use devices like Keysight Agilent DC power supplies. The measurement environment for 

ESAs operating at the HF and VHF range usually requires the chamber walls to be at least 2/ߣ 

away from the antenna under test (AUT). Thus, AC to DC cables of several meters in length are 

utilized to bias the pump, LNA, and mixers. Hence, the cable attenuation becomes a significant 

factor in noise measurement and analysis. In addition, cables of such length will also operate as a 

monopole that picks up noise at hundreds of MHz range or below. The noise enters the pump and 
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gets upconverted to the idler frequencies, distorting output signals. Thus, in the real-life setup for 

this project, any power supply far away from the physical antenna shall be replaced by battery 

supplies built with the LDO eval boards or compact variable AC to DC converters extended with 

DC cables for LNAs that need large power consumption. 

 

Fig 4.3.1 (a) DC1622A eval board with LT3032IDE dual, positive and negative low dropout linear 

regulator that converts ±ૢࢂ battery input to ±ࢂ for the pump,  

In Figure 4.3.1, a DC1622A eval board with LT3032IDE low dropout linear regulator is presented. 

The low noise characteristics of 20ݑ ோܸெௌ  (positive regulator) and 30ݑ ோܸெௌ  (negative regulator) 

over a 10 Hz to 100kHz bandwidth, which is ignorable compared to the thermal noise. 
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Fig 4.3.2 (a) Complete battery supply setup, (b) Battery housing for testing 

In Figure 4.3.2 the complete setup is shown with ±9ܸ as input to the LDO and generate a ±5ܸ as 

output. The eval board can support up to 150 mA of current which is more than sufficient for the 

pump biasing under 2 mA. The battery housing is designed and constructed to ensure the 

connections are in place, and it becomes more compacted for future assembly. 

 

Fig 4.3.3 Measured noise figure performance in comparison to standard Keysight power supply at the 

pump 

In Figure 4.3.3, the measurement result is shown by comparing performance using the standard 

Keysight power supply to the one with the battery supply. These supplies are used to bias the pump 

of the amplifier at 5V. The parametric receiver is measured in the chamber, and the YIG filter 

introduced in section 4.4 is also utilized to filter out synthesizer noise at the pump. From the results 

above, we can see that by using the battery supply or DC power supply in indoor testing, noise 

figure from both cases are almost identical, indicating that no additional noise is introduced, but 

the battery supply option still avoids cable noise and attenuation for ESA measurement in the 

outdoor settings for HF and VHF range. 
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4.4 Pump Noise Filtration 

In practice, the synthesizer built-in noise often exceeds the thermal noise floor by 10 to 20 ݀ܤ, and 

the noise at idler frequencies enters through the pump port and leaks directly to the idler output. 

Thus, a YIG filter is proposed as a solution to filter out the synthesizer noise and reveal the actual 

thermal noise floor. Figure 4.4.1 shows the setup to verify the dominance of the true noise floor 

over the synthesizer noise floor. The thermal noise floor is calculated and defined in section 4.1. 

At room temperature, the thermal noise is -174 ݀ݖܪ/݉ܤ. The signal synthesizer has some built-

in noise that would significantly affect the accuracy of the measurement. Thus, in Figure 4.2.1, an 

LNA is added to the front of the spectrum analyzer to dominate such noise and show the observer 

a true noise floor. For example, according to equation (4.1.5), the thermal noise floor shall be -174 

 .ݖܪ/݉ܤ݀ and with an LNA of 30 dB gain, the true noise floor is now raised to -144 ,ݖܪ/݉ܤ݀

The common synthesizer noise floor is usually around −155 ݀ݖܪ/݉ܤ. By adding the LNA in the 

front, the front-end noise now dominates, and the true noise floor can be revealed. 

 
Fig 4.4.1 Setup for noise floor dominance 
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Fig 4.4.2 Noise power calculation and parametric amplification illustration  

Figure 4.4.2 shows calculations for the noise power entering through the pump and the noise power 

appearing at the idler output. The signal synthesizer generates a signal output of 0 ݀݉ܤ, which is 

amplified with an LNA of 27 ݀ܤ gain and a 3 dB noise figure. The synthesizer's minimum noise 

floor is at -155 ݀ݖܪ/݉ܤ. According to the equation (4.4.1), the synthesizer's dynamic range is 

 .ܤ݀ 155

ܴܦ = ݉ܤ݀ 0  − ݎ݈݂ ݁ݏ݅݊ ݉ݑ݉݅݊݅݉ (4.4.1) 

ேܲ = ܲ௨ − ܴܦ +  (4.4.2) ܨܰ

ேܲ = ேܲ − ܱܵܫ (4.4.3) 

The noise power at the pump port is represented by ேܲ, and the noise power at the idler port is 

represented by ேܲ. Isolation between the pump port and the idler port is represented by ܱܵܫ. Both 

the LNA and synthesizer noise at the idler frequency get amplified and leak directly to the idler 

port. The combination of the parametric amplifier chip with couplers can typically provide 

isolation of around 27 ݀ܤ and the pump power of 27 ݀݉ܤ above, the equation (4.4.2) yields a ேܲ 

of -125 ݀ݖܪ/݉ܤ. 
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ேܲ = ܲ௨ − ܴܦ (4.4.2) 

The noise power at the idler port is defined as: 

ேܲ = ேܲ − ܱܵܫ (4.4.3) 

In this example, using equation (4.4.3), the noise power at the idler is ேܲ = ݖܪ/݉ܤ݀ 125−  −

ܤ27݀ =  higher than the thermal noise floor. To tackle the ܤ݀ The value is 22 .ݖܪ/݉ܤ݀ 152−

pump noise leakage problem, a YIG filter is proposed to be added at the pump port to filter out the 

noise at idler frequencies, avoiding noise leakage from the pump port to the idler port. Thus, a de-

embedding circuit is designed to characterize the noise through the YIG filter before adding it to 

the receiver chain. The procedure is introduced in the figure below.  

 

Fig 4.4.3 Flow chart for de-embedding the noise from the YIG filter 

In Figure 4.4.3, the WJ-620-2 YIG filter from Watkins-Johnson Company is measured with RF 

signal input using a signal generator, and the output of the filter is amplified by the LNA ZX60-

83MP-s+ with a gain of 20 dB. The noise coming through the entire RF path is captured by the 

spectrum analyzer. YIG filters are band-pass filters with frequency tunability controlled by the DC 

bias voltage. A 1.734 V sets the passband center frequency at 3.28 GHz. YIG filter’s narrow 
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bandwidth characteristics work in our best interest, as after implementation of the filter in the 

receiver chain, we would like it only to allow the pump signal to go through while rejecting all the 

out-of-band noise.   

 

Fig 4.4.4 Signal output at the center frequency of 3.28 GHz with 15 ࢊ RF input and 34 dB machine 

attenuation 

In Figure 4.4.4, we measure the signal output and noise floor at room temperature, with 10 kHz 

bandwidth, and the LNA gain is 20 ݀ܤ. An input RF power of 15 ݀݉ܤ is supplied, and a signal 

output of 26.5 dBm is achieved, and a 34 dB machine attenuation is added to protect the spectrum 

analyzer. With the machine attenuation, the noise floor measurement becomes invalid because 

noise entering the designated sideband frequency ( ݂ ± ௦݂) also gets attenuated. 
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Fig 4.4.5 Flow chart for de-embedding the noise from the YIG filter with duplexer 

In Figure 4.4.5, the duplexer consists of two bandpass filters with high out-of-band rejection and 

fixed center frequencies. Only one of the filters is needed for our testing purposes.  

 

Fig 4.4.6 S(2,1) and S(1,1) measurements of the transmitter and receiver path of the duplexer 
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In Figure 4.4.6, the S-parameter measurements of the two bandpass filters are measured separately, 

with the top one being the Tx path and the bottom one being the Rx path. The Tx path was chosen 

for the purpose of our design due to its lower return loss in the “noise band” shown in the figure 

below. In Figure 4.4.7, it shows how the RF input signal, and the YIG filter center frequency falls 

out of the pass band of the duplexer, allowing the RF input signal to be attenuated while the noise 

through the YIG filter gets preserved and then amplified through the LNA. With the noise band 

ranging from 3.45 to 3.58 GHz, we choose the signal and YIG filter center frequency at 3.43 GHz, 

corresponding to a DC bias of 1.824 V for the YIG filter. 

 

Fig 4.4.7 Diplexer performance and function 
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Fig 4.4.8 Noise floor validation 

The first step of the test is to verify the true noise floor in the measurement. The validation follows 

the circuitry shown in Figure 4.4.1. From equation (4.1.5), with a 10 kHz resolution and an LNA 

gain of 20, the theoretical noise floor level is at -114 ݀݉ܤ. From Figure 4.4.8, the result shows 

that the measured noise floor is at around -111.89 ݀݉ܤ , showing consistency between the 

measurement and theory. After validating the noise floor, we can proceed with the setup shown in 

Figure 4.4.8, which was discussed in the previous paragraphs. From the measurement results 

shown in Figure 4.4.9, we can perceive that the noise floor level remains at around -112 ݀݉ܤ 

regardless of the RF input power level, while the RF input signal is successfully attenuated. Thus, 

the YIG filter effectively suppresses the synthesizer noise without introducing additional noise and 

it shall serve as a qualified candidate for eliminating the noise entering through the pump port. 
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Fig 4.4.9 (a) RF input power at 0 ࢊ (b) RF input power at 10 ࢊ  
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CHAPTER 5 

Conclusion and Future Work 

 In conclusion, this work demonstrates the importance of noise analysis in parametric 

receiver design and characterizes the noise at the signal and pump ports. It successfully proved the 

excellence of parametric amplifier for its low noise, easy to design characteristics while still 

providing adequate double side band gains. With the help of external devices, such as filters and 

couplers, we conclude that the parametric amplifier can be used to address and overcome the 

conventional bandwidth-efficiency limit of electrically small antennas. With that said, more work 

needs to be done when it comes to leakage cancellation of the amplifiers. Future work includes the 

physical realization of prototypes with better balun performance for MMIC design or cooperating 

with the on-chip prototype with off-chip high Q external components. 
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