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ABSTRACT OF THE DISSERTATION 

 

RADIO FREQUENCY DEVICES BASED ON CIRCUITS WITH FOURTH ORDER MODE 
DEGENERACY 

 
By 

Dmitry V. Oshmarin 

Doctor of Philosophy in Electrical Engineering and Computer Science 

University of California, Irvine, 2021 

Professor Filippo Capolino, Chair 

 

With wide adaption of 5G technology just around the corner, and ever-increasing shift 

of daily life and activities into the mobile world, every facet of an RF communication system 

becomes a critical component in its design, with oscillator being one of the most important 

ones. Oscillators in today’s world must have an impeccable properties such as stable 

oscillation frequency, high efficiency, low power consumption, as well as a small form factor 

to fit into the ever-shrinking but yet more densely packed devices. In our modern mobile 

devices, it is important for an oscillator to be as low-power consuming as possible; long 

battery life being one of the biggest selling points for any mobile device. This dissertation’s 

main focus is on a new class of electromagnetic/RF devices, primarily oscillators, which rely 

on dispersion engineering, and more precisely on phenomena known as Degenerate Band 

Edge (DBE).  

When electromagnetic propagation eigenmodes of a waveguide coalesce into one in 

the state space of a system, a special point in the parameter space of the waveguide is formed 

and is known as an Exceptional Point of Degeneracy (EPD). Degenerate band edge (DBE) 
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refers to a special case where an infinitely long and lossless system supports four 

propagating eigenmodes that, given proper operational condition, can coalesce. In practice, 

since we cannot have an infinitely long and lossless system, operation of a device near this 

condition can lead to unique and beneficial properties such as enhanced quality factor and 

giant gain enchantment, both properties being an integral part of highly efficient and stable 

oscillator.  

First, a relatively simple, double-ladder, lumped element circuit is introduced that can 

support DBE, which will serve as the basis of a first variation of DBE oscillator. Comparison 

to a well-known single-ladder oscillator shows that a double-ladder oscillator exhibits all 

around better performance despite its relatively more complex structure. Then, the idea of 

DBE oscillator is further explored and is actually realized in a microstrip technology. We 

demonstrate its measured performance and compare it to simulations, showing that the 

behavior is very predictable and controllable due to the DBE phenomenon. Finally, the high-

Q structure is used as a pulse generation device, where it is first fed with energy until it 

reaches steady-state and then this energy is quickly extracted to produce a narrow in time 

pulse.  
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CHAPTER 1 
 

INTRODUCTION 
 
 
Sec. 1.1 Degenerate Band Edge (DBE) 

Any periodic structure consisting of cascaded unit cells able to support an 

electromagnetic wave, can be described by the evolution of the voltages and currents, or 

eigenmodes, from one cell to the next. When these eigenmodes coalesce due to varying 

frequency or geometrical properties of the structure, into a single eigenmode, a degeneracy 

of eigenmodes is formed. The point in frequency and wavenumber at which this degeneracy 

forms is known as exceptional point of degeneracy (EPD), the order of which is described by 

the number of coalescing eigenmodes at the band edge [1]–[6]. EPDs can only occur for a 

structure whose system matrix is non-Hermitian and great engineering care must be placed 

on designing a structure to contain an EPD [4]. In general, EPDs are associated with vanishing 

group velocity, i.e. / 0gv k=   =  where  is the angular frequency condition and  k is 

Floquet-Bloch wavenumber, which leads to potential gain enchantment and quality factor 

improvements [7]–[12]. 

The work presented in this dissertation is based on the discoveries related to EPD 

made by Prof. Alexander Figotin and Dr. Ilya Vitbskiy. Their study was focused on photonic 

crystals made of multilayer dielectric structures, that had misaligned anisotropic dielectric 

layers that were stacked between an isotropic layer [1], [8], [9], [13], [14]. By stacking the 

layers as shown in Fig. 1.1(a), where layers A1 and A2 have misaligned anisotropy, layer B is 

isotropic, and the unit cell’s length is d, they have shown a possible existence of EPDs. By 

creating a dispersion diagram for the eigenmodes, which relates frequency to Floquet-Bloch 
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wavenumber, they were able to see that propagating modes might coalesce at a certain 

frequency and wavenumber, forming a degeneracy. The focus of this dissertation is on a 

fourth order EPD, with four coalescing eigenmodes at the edge of the Brillouin zone, known 

as degenerate band edge (DBE) that only exists in a lossless, infinitely periodic structure that 

is able to support four eigenmodes, two forward and two backwards (in z-axis of Fig. 1.1(a)). 

Near the band edge, the dispersion relation is characterized as 4( ) ( )d dk k −  − , 

where d is the angular frequency at which DBE condition occurs with subscript d denoting 

DBE, not to be confused with unit cell dimension of Fig. 1.1(a), k is the Floquet-Bloch 

wavenumber, kd =π/d is the wavenumber at the edge  of Brillouin zone, and the exponent 4 

indicates that this is a fourth order degeneracy. Exponent of 4 leads to a fact that 

/ 0n n

gv k=   = , where n = 1 to 3, while 4 4/ 0k   indicating a stronger slow-light effect 

[8]. A dispersion relation for a DBE (along with a regular band edge, RBE, which is a second 

order degeneracy that can also occur in the same structure) is plotted in Fig. 1.1(b), with the 

point labeled d at frequency d being the degeneracy and the flattest horizontal part of the 

dispersion curve. The details on how the dispersion diagram is created are explained at the 

end of this chapter. Below d, a pass band exists where four independent eigenmodes can 

propagate without experiencing attenuation, and above d, a stop band is formed where all 

of the propagating eigenmodes experience strong attenuation. Operating near the d  leads 

to some very interesting and useful properties such as high quality factor and giant gain 

enchantment due to the almost vanishing group velocity and formation of slow light 

phenomena [7]–[9], [14], [15]. 
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As previously mentioned, a true DBE, along with its beneficial properties, can only 

exist in a lossless, infinitely long periodic structure that able to support four propagating 

eigenmodes [13], [15]. But during their research Prof. Figotin and Dr. Vitebskiy found that a 

periodic structure forming Fabry-Perot cavity (FPC) made of a finite number N of unit cells 

can still exhibit the beneficial properties associated to the DBE. A transmission for such a 

periodic structure would show multiple resonances, but the resonance closest to d  can 

exhibit a DBE resonance instead of a true DBE manifestation. Prof. Figotin and Dr. Vitebskiy 

noted that operating near the resonance closest to d, the DBE resonance denoted as d,r, 

showed similar behavior as if one was operating at the ideal DBE condition . As number of 

unit cells N increases, d,r approaches d as shown in Fig. 1.2. for 3 different lossless 

structures with varying N. It can also be seen from Fig. 1.2. that the structure with highest 

number of unit cells N demonstrates the sharpest peak near d, which would result in the 

highest quality factor albeit at the expense of operating bandwidth. 

 

 
 

Fig. 1.1.  (a) Periodic structure able to support an EPD, consisting of 3 different dielectric layers, 
two of which have misaligned anisotropy in the x-y plane. (b) Dispersion diagram showing the 
formed degenerate band edge (DBE) and regular band edge (RBE) inside the structure from (a). 
the DBE is formed at the point labeled d, at frequency ωd, when four modes, two forward and 
two backwards, coalesce.  
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Sec. 1.2 Structures able to Support DBE 

The biggest challenge that an engineer faces when working with practical realization 

of EPDs of any order, is the limitations and shortcomings of materials available for 

fabrication, mainly material losses. While the research by Prof. Figotin and Dr. Vitebskiy gave 

great insight into the untapped potential of structures with EPDs, their study concentrated 

on materials that are either lossless or not easily found in nature and are thus are not 

practical for real world realization or for implementation in the RF range.  Materials that are 

available to us such as lumped elements, electromagnetic waveguides, and photonic crystal 

waveguides are all lossy, and EPDs are very sensitive to perturbations especially material 

losses. This sensitivity is further accentuated as the order of EPD increases, i.e. a regular band 

edge, second order degeneracy, is much less sensitive to losses as compared to degenerate 

band edge, a fourth order degeneracy. Thus extra careful attention must be paid to design of 

devices with EPDs, and some schemes able to “restore” an EPD, particularly DBE, like an 

 

 
 

Fig. 1.2.  Transmission coefficient of a Fabry-Perot cavity (FPC)  as the number of unit cells N is 
varied. For all three N, the peak closest to /d of 1 shows the sharpest characteristic, with N=12 
being the sharpest of them all. With N going to infinity, we expect the frequency of the last peak 
to approach d . 
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addition of an active device to compensate for the losses, can be considered [6], [16], [17], 

and will be demonstrated in later sections.  

One of the first practical realization of structures and electrical circuits exhibiting 

DBE resonance were done by Prof. John L. Volakis and his team at Ohio State University 

where the DBE resonance was experimentally demonstrated  to exist in structures made of 

microstrip unit cells  [18]–[20]. They were also responsible for creating a lumped element 

model that would emulate the electromagnetic behavior of a unit cell with DBE [21]. The 

latter work served as the basis for a theoretical paper expending on a relatively simple 

double-ladder LC lumped element circuit that exhibits DBE by Jeff T. Sloan, Dr. Mohamed A.K. 

Othman, and Prof. Filippo Capolino at University of California, Irvine [22]. One variant of the 

proposed circuit is shown in Fig. 1.3(a) along with its dispersion diagram in Fig. 1.3(b). Fig. 

1.3(b) also shows existence of a Regular Band Edge (RBE), which is a second order EPD, 

inside the unit cell. The presence of several EPDs at different frequencies is true for most of 

the structures able to support a DBE, regardless of the technology used. To obtain Fig. 1.3(b) 

from the circuit, we consider the voltage/current periodic eigenmodes for a steady state 

regime, of the infinitely long periodic structure made from the unit cell shown in Fig. 1.3(a) 

and use a transfer matrix formalism discussed in [23], [24]. Circuit in Fig. 1.3(a) consists of 

two LC single-ladder circuits stacked on top of each other, forming a four-port network, and 

thus able to support 4 propagating modes (two forward and two backwards). As mentioned 

previously, for DBE to exists, one of the conditions is that the waveguide must support four 

modes, which is usually the case for four port networks but not always the case. This allows 

for a definition of a four-dimensional state vector 1 2 1 2( ) [ ( ) ( ) ( ) ( )]Tn V n V n I n I n = , where T 

denotes the transpose, V1(n), V2(n), I1(n), I2(n) are voltage and currents phasors that 
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represent voltage and currents in the top and bottom LC ladder, subscript 1 for top and 2 for 

the bottom, and n is the location where voltages and currents are sampled. The evolution of 

the state-vector from location n to an adjacent location (n+1) is described by 

( 1) ( 1, ) ( )n n n n + = + Τ where Τ is the 4 × 4 transfer matrix. For simple lumped element 

structures such as the one shown in Fig.1.3(a), Τ  is found from establishing the circuit 

equations that describe the evolution of voltages and currents from cell to cell. For more 

geometrically complex structures such cylindrical waveguides or coupled microstrip lines, a 

software capable of full-wave simulations like Keysight ADS (either Momentum Microwave 

or Method of Moments) and Ansys HFSS (Method of Moments) is required. First, an m × m 

square S-parameter matrix is obtained from a full-wave simulation, m being the number of 

ports and coincides with the order of degeneracy, and then converted to an ABCD from which 

the Floquet-Bloch eigenmodes are obtained by solving eigenvalue problem [ ] ( ) 0jkde n−−  =Τ 1 , 

where 1  is a 4 × 4 identity matrix. The transfer matrix from S-parameter approach is very 

versatile and is used extensively when validating existence of DBE in fabricated structures 

 

  
 

Fig. 1.3.  (a) Double ladder implementation of a unit cell using lumped elements. V1(n), V2(n), 
I1(n), I2(n) describe voltages and currents at location n. (b) The dispersion diagram for the 
circuit. Such circuit not only has a degenerate band edge (DBE), but a regular band edge (RBE) 
as well. Figures taken from [20]. 

  



 

7 
 

where the S-parameter matrix is measured, instead of simulated, using an instrument such 

as a Vector Network Analyzer (VNA).  

A lumped element circuit such as the one described in [22] is a very straightforward 

implementation, but has its limitations especially when moving into the RF range. As the 

frequency of operation increases, quality factor of surface-mount technology (SMT or SMD) 

inductors sharply drops, reaching single digit Q-factor. As previously mentioned, EPDs are 

very sensitive to losses, and that sensitivity drastically increases as the order of EPD 

increases, thus to implement a structure able to support DBE in RF range would require 

another technology. One potential material for RF range unit cell with DBE condition is 

microstrip technology such as the one used by Prof. Volakis and his team [18]. Going from 

the lumped element circuit of Fig. 1.3(a) to a microstrip is a straightforward process. Using 

transmission line theory, any transmission line can be approximated by an LC circuit (along 

with conductance G and resistance R), which looks remarkably like that of Fig. 1.3(a), hence 

we can try to create a microstrip unit cell by “imitating” a lumped element circuit as 

 

  
 

Fig. 1.4.  A lumped element unit cell able to support DBE and a potential microstrip 
implementation where the LC circuit itself is a variant of the circuit from Fig. 1.3(a). The LC 
circuit has capacitive coupling that physically connects the top line to the bottom, as well as 
series inductors. The coupling in the microstrip design can be implemented either by proximity 
coupling (magnetic) as shown in the figure, or by electrical coupling where microstrip line 
segment connects the top and the bottom section. The widths of the top line, W1, and the bottom 
line, W2, are different to recreate asymmetry first discussed in implementation of a photonic 
crystal of Fig. 1.1(a), with d being the length of the unit cell. Both structures are four port 
networks as indicated by port notation P1 through P4.  
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schematically shown in Fig. 1.4. The LC circuit can be broken into two sections, coupled and 

uncoupled. The coupling is done by a capacitor inserted between the upper and the lower 

line of the circuit, and the uncoupled lines have series inductors. In a microstrip 

implementation of Fig. 1.4 the coupling is done by magnetic coupling by bringing the two 

lines next to each other, but electrical coupling can also be used by having a stub that 

connects the top line with width W1 to the bottom line with width W2. The two widths, W1 

and W2, must be different to imitate the asymmetry found in a photonic crystal 

implementation of Fig. 1.1(a) and is one of the requirements to support DBE [8], [13]. The 

microstrip unit cell is again of length d which is directly proportionate to the frequency 

where DBE is desired, making microstrip implementation an ideal solution to high frequency 

applications. Both structures are a four port networks, with ports labeled P1 through P4, 

indicating that four propagating modes (two forward, and two backward) can exist giving 

rise to a fourth order degeneracy.  A variant of this seemingly simple microstrip structure 

will serve as the basis for the structure on which RF oscillator and RF pulse compressor will 

be designed and fabricated and will be explored later in this dissertation.  

Sec. 1.3 Organization of the Dissertation and Contents 

 This dissertation is organized into chapters that mostly deal with practical realization 

of RF oscillator and pulse generation devices that take advantage of the DBE phenomenon. 

Chapter 2. We present a new oscillator concept based on a structure with band edge 

degeneracy found in a lumped element double-ladder circuit and compare it to a single-

ladder oscillator. The double-ladder circuit and its theory is discussed in great detail in [22], 

and in Chapter 2 we use the unit cell to create a frequency selective periodic structure that 

along with an active device forms a crux of the oscillator.  We first explore the passive 
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behavior of the periodic structure, such as its transfer characteristics, energy distribution 

and quality factor. Then with the addition of an active device to compensate for the losses, 

we study its active performance, i.e. the oscillating frequency and amplitude, power delivery, 

and the stability of oscillation. In parallel we show the advantages of the double-ladder 

circuit over the single-ladder.  

Chapter 3. Taking everything we learned in Chapter 2, we present a first ever fabricated 

microstrip oscillator based on a fourth order degeneracy operating at almost 3 GHz 

frequency. We first present the unit cell along with its dimensions and dispersion 

characteristics, before moving to a 6-cell periodic structures where we again show passive 

behavior. Then a simple operational amplifier in a feedback configuration is used to balance 

the losses and making the structure oscillate. We also present stability of the oscillating 

frequency with a changing load resistance as well as its phase noise performance 

Chapter 4. The functionality of the microstrip oscillator presented in chapter 3 is further 

expanded into a narrow-in-time pulse generation scheme. A very similar setup shown in 

Chapter 3 is first made to oscillate and then through an external perturbation, the normal 

oscillatory behavior is disturbed to allow the trapped energy in the form of time domain 

oscillation to be channeled out as a short in time pulse. We show the fabricated structure 

along with the measured results.  

Chapter 5. Conclusion and future work. 
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CHAPTER 2 

 

A New Oscillator Concept Based on Band Edge Degeneracy in Lumped 
Double-Ladder Circuits 

 

Sec. 2.1 Motivation 

This chapter introduces a new oscillator scheme based on band edge degeneracy 

concept. Oscillators are essential components of any radio frequency (RF) system. Typically, 

an RF oscillator operates via a positive feedback mechanism utilizing a gain device with a 

selective reactive circuit that generates a single tone used as the carrier frequency. The most 

common oscillator configuration is based on an LC tank [1]–[4]. The negative resistance 

required for positive feedback can be obtained from topologies such as Pierce, Colpitts, and 

Gunn diode waveguide oscillators, as well as a cross-coupled transistor pair  [3], [5]–[7]. 

While widely used, all designs based on an LC-tank circuit have some important limitations; 

their performance largely depends on the loading conditions as well as the need for active 

buffers. While oscillator based on LC tank is the most common, other designs may feature 

distributed [8], [9], ring [10], [11], coupled [12] or multi-mode [13] oscillators which come 

with their own set of challenges. 

The focus of this chapter is on the latter: to propose a new oscillator concept based 

on degeneracy condition as explained in Sec. 2.3.  The proposed oscillator is called the 

“double-ladder oscillator” and it utilizes the degenerate band edge (DBE) property that 

exists in a circuit made of cascaded unit cells, each consisting of reactive components.  

Some of the potential advantages of the double-ladder circuit are that its criteria for 

oscillation are more relaxed, its oscillation frequency is independent of loading, and it does 
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not need active output buffer stages for the load termination. Furthermore, while the design 

presented here utilizes lumped elements, all of the introduced oscillator concepts can be 

easily applied to different implementations since the DBE has already been demonstrated in 

microstrip [14], [15] and circular waveguide [16], [17] technologies. And while electron-

beam based oscillators and lasers schemes based on the DBE phenomenon have been shown 

very recently  in [18] and [19], respecively,  the new radio freqeuency oscillator regime based 

on lumped element ladder circuit with DBE is presented here for the first time. A major 

benefit of the lumped circuit approach is the simplicity of the DBE oscillator design. This 

simplicity is manifested in the comprehensive understanding of its behavior and how it can 

be suitable to improving oscillator design. Furthermore, the lumped circuit double ladder 

considered in this manuscript mimics the distributed model of transmission lines (TL). 

Therefore, the lumped element circuit gives an accurate representation of a potential 

transmission line design by means of precise time domain simulations without an actual 

realization of a TL circuit. Furthermore, in some cases it is convenient to perform the time 

domain analysis of TLs by approximating distributed elements with  lumped element 

circuits, therefore these findings provide  a direct path to understanding transmission line 

based DBE oscillators, which is a topic for future research. The basic properties of the DBE 

are shown in [20] when realized with lumped elements,  in [31], [32]  when realized using 

multilayer environments and in [21] when realized using transmission lines. 
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In Sec. 2.3 a brief description of the properties of single- and double- ladder circuits 

is provided. In Sec. 2.4 the resonance characteristics, including the effect of losses on the 

double ladder, are explored. In Sec. 2.5 we analyze the threshold conditions for oscillation by 

a negative differential resistance. In Sec. 2.6 we investigate time-domain behavior of the 

oscillators that includes the active device nonlinearity. In Sec. 2.3, 2.4, and 2.5 we assume 

that the circuits are operating in the sinusoidal steady-state so that all voltages and currents 

are represented by phasors.  

Sec. 2.2 Single- and Double- Ladder Circuits 

2.2.1. The Single-Ladder Circuit 

We consider a periodic resonant circuit made up of LC ladder cells connected in 

tandem. A simple example of such a cell, comprising a series inductor and a shunt capacitor, 

 

Fig. 2.1. (a) Unit cell of a periodic single-ladder lumped circuit. (b) Dispersion diagram, real 

phase shift versus frequency, of the periodic single-ladder circuit that develops an RBE at an 

angular frequency ωg . (c) Unit cell of a periodic double-ladder lumped circuit. (d) Dispersion 

diagram of the periodic double-ladder circuit  that develops a DBE at an angular frequency ωd 

. Also, the asymptotic dispersion relation typical of DBE, , is plotted as square 

symbols. 
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is shown in Fig. 2.1(a). Finite-length implementations of periodic circuits have many 

applications including filters, pulse- shaping  networks, and delay lines [22]–[24]. 

Let us now suppose that the Fig. 2.1(a) ladder of infinite length is excited by a 

sinusoidal source with frequency  and is operating in steady state.  For this mode of 

operation all of the currents and voltages can be expressed as phasors; in particular, the 

phasor ratio V1(n+1)/V1(n) can be determined by simply finding the eigenvalues and 

eigenvectors of the transmission matrix describing the unit cell (note that these eigenvalues 

are not the same as the circuit’s natural frequencies; see Ch. 8 in [25]).  Moreover, it can be 

shown that for sufficiently low angular frequency , V1(n+1)/V1(n) has unity magnitude; i.e., 

all voltages and currents have the same amplitude, differing only by a fixed phase shift . 

Therefore, we define the eigenstates for a periodic circuit as the possible solutions of the 

eigenvalue problem describing the evolution of the voltages and currents from one cell to 

the next in the periodic circuit following the Bloch-Floquet theory (see Ch. 8 in [25], and also  

[26]). In general, each eigenstate is characterized by voltages and currents that vary from 

cell to cell as exp(-jγ), where γ = φ - jα is the complex phase shift from one unit cell to the next. 

The relation between the applied frequency and the phase shift between cells in an 

infinitely long periodic ladder is known as the dispersion relation.  For the “single” ladder in 

Fig. 2.1(a), it can be shown that the eigenvalues of the transfer matrix [20], [25] are given by 

                  

2 2

1 2 2 1j

g g g

e    

  

−
   

= −  −   
   
   

        (2.1) 

where ωg = sqrt(1/(LC)). For ω = ωg, these two eigenvalues coalesce and have unity magnitude 

at which  = π = φ  and α = 0. The corresponding dispersion relation is shown in the curve 

j(w)
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labeled regular band edge (RBE) in Fig. 2.1(b) at ωg = sqrt(1/(LC)).. The dispersion of these 

states of phase near ω = ωg behaves as (ωg – ω) ≈ ( - π)2. (In this curve the range of principal 

values of the inverse tangent function used to obtain φ(ω) is chosen to be from 0 to 2π, and 

only the dispersion of eigenstates for which  α = 0 are plotted in a conventional manner [25]). 

The frequency ωg, known as the band edge, defines the passband for the periodic circuit.  At 

frequencies higher than ωg the eigenvalues will no longer have unity magnitude, and thus 

V1(n+1)/V1(n) will have both an attenuation factor and a phase shift. This range of 

frequencies corresponds to the stopband, and the condition is known as an evanescent state.  

Note that in Fig. 2.1(b) at ω = ωg, the two phase shifts corresponding to the 

eigenvalues in (2.1) coalesce into a single value.  This phenomenon is well-known in periodic 

structures that naturally exhibit an electromagnetic band gap [25]. In general, periodic 

structures composed of transmission lines or waveguides have been shown to demonstrate 

unique properties associated with “slow-light” properties near the band edge [25]–[27]. 

Such properties are associated with very high group delay near the band edge and 

consequently lead to enhancing the quality factor of resonators. Several applications has 

been investigated in lasers and high-power electron beam devices based on the band-edge 

operation [27]–[30].  

2.2.2. The Double-Ladder Circuit 

We now consider a periodic double-ladder circuit whose unit cell with four ports is 

shown in Fig. 2.1(c). Since each unit cell is a grounded four-port network, this circuit 

supports four eigenstates rather than two, as was the case for the unit cell in Fig. 2.1(a) [7], 

[31]. Under an appropriate choice of the circuit elements, at a certain frequency these four 

eigenstates coalesce at π = φ  and α = 0.  resulting in the so-called degenerate band edge (DBE) 
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condition [15], [16], [32], [33]. The four sets of voltage and currents associated with these 

eigenstates are no longer independent at this degeneracy point [20]. A DBE can only be found 

in double ladders since it represents the degeneracy of four eigenstates [20]. Near the DBE 

condition, the phase- frequency dispersion relation of these states is characterized by            

(ωd – ω) ≈ a( - π)4  where a is a geometry-dependent fitting constant, whose analytic 

expression is given in [20]. It is also worth noting that the above relation is exactly satisfied 

at ω / ωd =1, there providing  the exact normalized complex phase shift /π =1, and almost 

nearly satisfied  for a wide range of complex phase shift /π values in the vicinity of 1, because 

of the quartic dependence, as seen in Fig. 2.1(d). This property is not shared by the RBE as 

seen in Fig. 2.1(b), where at ω / ωg =1 the frequency dispersion relation 
2/ ( / )g       is 

exactly satisfied, but almost nearly satisfied for a much smaller range of /π  values than for 

the DBE case.   This provides some tolerance against perturbations of the circuit elements in 

determining the resonance frequency. The study of how tolerant the circuit is to those 

perturbations will be carried out in the future as the main focus of this paper is the 
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introduction to the new DBE oscillator concept and its basic operation principles.  For the 

unit cell shown in Fig. 2.1(c), the DBE angular frequency is given by ωd = sqrt(1/(LC)).  while 

the characteristic impedance is ZC = L/C  [20]. The theory of lumped circuits with DBE has 

been developed in [20], where different double-ladder circuit configurations composed of 

cascaded identical unit cells are studied.  The normalized dispersion diagram for the four-

port periodic circuit with the proposed unit cell is depicted in Fig. 2.1(d). Note that the circuit 

in Fig. 2.1(c) exhibits an RBE, as well, at an angular frequency ωg = ωd/sqrt(2) for the double 

ladder, at which two of the eigenstates coalesce similar to the dispersion of a single LC ladder. 

However, at ω = ωd a DBE, where all four states coalesce, can be observed. For the circuit in 

Fig. 2.1(c) a value of a = 120 s−1 was used to fit the curve in Fig. 2.1(d). To provide a practical 

implementation at RF frequencies values for the lumped capacitors and inductors are chosen 

from commercially available lumped elements whose Qe factor can exceed 200 [34], [35].  

 

Fig. 2.2. (a) Double LC ladder periodic circuit made of N unit cells operated near the DBE. P1 

through P4 represent the four ports of the N-cell circuit; (b) circuit with excitation voltage Vin 

and source resistance of 50 Ω, and 50 Ω load at P3; (c) double-ladder oscillator with 

terminations and active device configuration (other configurations may have an active device 

in each unit cell).  
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Namely, the following ladder circuits are composed of inductors and capacitors whose values 

are L = 45 nH and C = 56 pF, respectively. As a result, the circuit has a DBE frequency

 and Zc = 28.3 .  

Sec. 2.3 Resonances of Passive Double-Ladder Circuit 

In this section, we consider double-ladder circuits as shown in Fig. 2.2(a) made by 

cascading a finite number N of unit cells shown in Fig. 2.1(c), and analyze their resonance 

characteristics related to the DBE. In particular, we first investigate important 

characteristics of passive double-ladder circuits, for which the effects of element losses on 

the transfer functions, loaded quality factor, and driving point admittance are explored in 

detail. These particular features allow for an unconventional way to construct oscillators. We 

also compare the double-ladder and single-ladder oscillators, while highlighting the 

advantages of the former, and demonstrating that single-ladder oscillators can operate with 

multiple resonant modes and thus can generate multiple frequencies, while double-ladder 

oscillators can only oscillate at a single frequency.  

Another undesirable property of the single-ladder configuration is mode jumping, in 

which the frequency of oscillation can change with the load resistance, as reported in the 

literature [13]. However, here we demonstrate that double- ladder oscillators are not prone 

to load-dependent variations, thereby exhibiting a more stable oscillation frequency and 

lower threshold for oscillation as compared to a single-ladder implementation.  

As shown in Fig. 2.2(a), every unit cell has four terminal nodes, each of which is 

identified by two indices: 𝑙 ∈ {1,2} denoting the upper or lower ladder, respectively, and 𝑛 ∈

{0,1,2, … , 𝑁} denoting the node location along the double ladder. As such, each cell’s terminal 

( )1/ 2 100.26MHzdf LC= 
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nodes in the Fig. 2.2(a) ladder will be referred to using the notation (l,n). When a double-

ladder circuit composed of N cells is terminated at both ends by resistive loads, there will be 

a number of complex-valued natural frequencies, corresponding to resonance modes. It can 

be shown that the resonance angular frequencies associated to the peaks in Fig. 2.3(a) are 

approximated by 
4

, ( / )d r m a m N −   near the DBE angular frequency ωd where m is a 

positive integer designating the resonance mode (similar to other periodic structures with 

DBE  in [18], [32], [36]). We focus here on the closest resonance to the DBE corresponding 

to m = 1 with angular frequency ωr,1, since it retains most of the properties associated with 

the DBE, consequently it is the sharpest one and provides a “giant” resonance as explained 

in [32]. To be consistent with [20] we will refer to this frequency as ωr,d throughout the rest 

of this paper. 

Characteristics of the DBE resonator have been discussed thoroughly in [16]-[21] and 

in particular double-ladder lossless circuit properties have been shown in depth in  [20]. 

Instead, here we focus on the effect of losses on the performance of the DBE resonator and 

how they are related to threshold criteria for oscillation and the performance of DBE-based 

oscillators in general.  

2.3.1. Transfer function 

As mentioned in the previous Section, the DBE resonance mode is associated with an 

excitation of all four eigenstates [32], [33], [36]. In this Section we assume, as shown in Fig. 

2.2(b), that the double ladder is terminated with a 50  load at port 3, and with a voltage 

source Vin in series with 50  at port 1. The lower ladder is shorted to ground at ports 2 and 

4. We first calculate the voltage transfer function, , of this circuit for 1 1| ( ) / (0) |V N V
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frequencies near the DBE, for N = 8, 10, and 12; the magnitudes of these transfer functions 

are shown in Fig. 2.3(a).   As shown in [20], the DBE-related transmission resonance peak at 

ωr,d in the double-ladder circuit exhibits the highest Q among the other resonances, and its 

quality factor has been shown to scale as N5 [20]. As noted previously [33],  the group delay 

near the DBE is very large as can be observed by the flat region of the dispersion diagram in 

Fig. 2.1(d), which corresponds to a  high quality factor even when the circuit is terminated 

by its characteristic impedance. (This impedance is the result of the chosen L and C for 

oscillation frequency at 100 MHz, as described in Sec. 2.3.). Furthermore, as can be seen from 

Fig. 2.3(a), by increasing the number of unit cells the DBE resonance frequency ωr,d 

approaches the DBE frequency ωd.  However, when losses are introduced into each L and C 

in the circuit, the resonance loaded quality factor at ωr,d is significantly reduced as compared 

to other resonances of the circuit.  In Fig. 2.3(b) the transfer function of the double-ladder 

circuit is depicted only for the resonance closest to the DBE for N = 8. For simplicity, it is 

assumed that all elements have the same quality factor Qe.  

Fig. 2.3(c) and (d) show how voltage and current magnitudes at the frequency ωr,d 

 

  

 

Fig. 2.3. The voltage transfer function between the upper output P3 and upper input P1 nodes 
of the circuit with terminations as shown in Fig. 2.2(b) for (a) different number of unit cells 
and no loss in the elements and (b) different quality factors for elements in an 8 unit cells 

resonator. The important resonance is the one close to d , denoted as ,r d ; (c) voltage 

distribution corresponding to Qe = 200 in the upper ladder nodes and the lower ladder nodes 
of the circuit composed of 8 unit cells at the DBE resonance occurring at ωr,d; (d) current 
distribution in the upper ladder nodes and the lower nodes of the circuit composed of 8 unit 
cells. 
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vary throughout the circuit for Qe = 200. These voltages and currents are evaluated at the nth 

node,    n = 0, 1, … 8, in the finite double-ladder circuit in Fig. 2.2(b). In Fig. 2.3(c) the voltage 

distributions on the lower transmission line (red) and the upper transmission line (blue), 

are depicted; likewise, in Fig. 2.3(d) the current distributions for the upper and lower lines 

are plotted. It is interesting to note that both the voltage and current reach their peak 

magnitudes in the middle of the lower ladder; these magnitudes are approximately six times 

larger than those of the upper ladder, even when losses are present. On one hand, the reason 

for excitation of such voltage and current in the resonator is due to the excitation of all of the 

eigenstates of the periodic double ladder near the DBE condition, which is a general property 

of DBE resonators [18], [32], [33], [36]. On the other hand, the eigenstates of such particular 

periodic ladders have a voltage distribution that is mostly confined to the lower ladder, in 

the sense that the upper ladder nodes are essentially RF grounds; this is also true of the 

middle node in the lower ladder (node with l = 2, n = 4) [20]. The same behavior can be seen 

for the current distribution as well. Therefore, most of the energy stored in the resonator is 

confined in the lower ladder’s components. As can be seen from the voltage distribution 

inside the 8-cell structure shown in Fig. 2.3(c) and (d), the maximum voltage amplitude 

occurs in the middle of the structure, while the voltage is attenuated by an order of 

magnitude at the edges.  Since the load resistor is connected at one of these edges, its value 

will not have a substantial effect on the circuit’s oscillation behavior. Note that the voltage 

amplitude in the middle is quite high (3 V), due to the DBE effect.  As a result the presented 

oscillator will require less DC power, as compared to an LC tank with an active buffer, even 

though the 8-cell structure has many more lossy elements.  
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2.3.2. Total quality factor  

To provide a comprehensive analysis of the performance of the lossy resonator, we 

calculate the loaded quality factor Qtot of the double ladder – that is, the quality factor of the 

circuit including the resistive port terminations as well as the losses in the L and C 

components. This loaded quality factor associated to the resonance ωr,d is defined as [25] 

                          tot ,
e m

r d
l

W W
Q

P


+
=                                                             (2.2) 

where We and Wm are the total time-average energy stored in the circuits in the capacitors 

and inductors, respectively, and Pl is the time-average power dissipated in the resistive 

terminations and in the components’ loss. In [20], the loaded quality factor of a lossless 

double ladder is thoroughly analyzed, and instead the focus here is the effect of component 

losses on Qtot. For this circuit and for other structures with DBE [17], [33], [38] and without 

losses, Qtot is proportional to  for large N as shown in [20]. 5N

 

Fig. 2.4. (a) Loaded quality factor, Qtot, versus number of unit cells for different element quality, 
as well as the lossless theoretical limit. (b) Loaded quality factor, Qtot, versus element quality 
factor for different number of unit cells. 
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As can be seen from the phase noise formulation in [39]–[41], phase noise is a 

function of the inverse of the loaded quality factor Qtot, among other parameters such as 

resonant frequency and power of the signal. All oscillators suffer from phase and amplitude 

perturbations, phase being the more prevailing of the two since the amplitude has an 

inherent stabilization due to loop gain [39]. Thus a design with inherent high Qtot, such as 

ours, allows for natural reduction of the phase noise. The precise role of the ( ) ( )
4

d a   −  −  

dispersion flatness on phase noise at d   has yet to be studied.  Since the goal of this paper 

was the introduction of the new concept of the DBE oscillator, the detailed phase noise 

analysis is left for the future studies where an in-depth comparison with a single ladder and 

an LC tank will be performed.  

2.3.3. Driving point admittance Yin 

The most important characteristic for estimating the oscillation criteria is the driving-

point impedance at the location where an active device will be connected in order to start 

the oscillation [2]. Because of the very large resonance voltage and current in the lower 

ladder relative to the DBE as seen in Fig. 2.3(c), driving the lower ladder, especially near the 

middle of the resonator at the node denoted by (l,n) = (2, N/2) with a negative conductance, 

would have the greatest  impact in compensating the effect of losses in the circuit to achieve 

oscillation. Note that in other circuit configurations, the same analysis is necessary to predict 

the location of the peak voltage and consequently the driving point.  

To provide a meaningful assessment of the oscillation threshold, we consider a single-

ended loading scheme in which port 3 is terminated by 50  load, while ports 1, 2 and 4 are 

terminated by a short circuit as shown in Fig. 2.2(c).  
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In Fig. 2.5(a) and (b) we show the magnitude of the driving-point admittance versus 

normalized frequency at the three middle nodes of the circuit for N = 8 and N = 16 unit cells 

(i.e., nodes n = 4,5,6 and n = 8,9,10, respectively, with l=2). Both lossless and lossy elements 

with Qe = 200, are considered. From the results shown in Fig. 2.5(a) and (b) it can be seen 

that the lower ladder’s node in the 5th and 9th unit cell, corresponding to N = 8 and N = 16 

respectively, exhibit the lowest input admittances; thus they constitute the appropriate 

driving points for both configurations. It can also be seen from Fig. 2.5(a) and (b) that as the 

number of cells increases, the trend for the input admittance is different for the lossy and 

lossless circuit. 

When N increases from 8 to 16, the admittance decreases by 50% for the lossless case 

(dashed lines in Fig. 2.5(a) and(b)), while it increases by 40% for the case with Qe = 200 (solid 

lines). (Note that the minimum value of the admittance’s magnitude does not exactly 

correspond to the resonance condition at which Im(Yin) = 0); the resonance frequency is 

indicated in Fig. 2.5(a) and (b) with a square symbol. 

 

 

 

Fig. 2.5. Magnitude of admittance near the DBE throughout the different nodes of the double 

ladder circuit for (a) N = 8 unit cells and (b) N = 16 unit cells. Square symbols denote the resonance 

frequency at which Im(Y2(n) ) = 0; (c) magnitude of the driving point admittance at the resonance 

frequency versus quality factor of elements for N = 8 cell double ladder resonator; (d) 

Characteristic for the active device  3
mI g V V= − + in which 2/ (3 )m bg V = , that exhibits small-signal 

negative resistance. 

 



 

27 
 

To realize an oscillator, we use the circuit shown in Fig. 2.2(c), which shows all of the 

port terminations and the placement of the active device, and plot the real part of the input 

admittance at resonance for an 8-cell double-ladder   circuit as a function of the loaded 

quality factor of elements, shown in Fig. 2.5(c). It can be observed that the admittance rapidly 

decreases as Qe increases and saturates after some value (for Qe < 2000, we have Re(Y2) = 0.2 

mS). Thus, selecting elements with very high Qe is not necessary when constructing an 

oscillator since the applied negative resistance value required for oscillation will only be 

slightly higher in magnitude. (To compare these characteristics with those of a single LC 

ladder filters, we refer the reader to [13], [23], [24] for filtering characteristics of a single 

ladder, as well as for the scaling of the quality factor of regular band edge resonators).  

It is very important to point out the DBE oscillator could operate in two different 

ways. One would be by applying an active device to each unit cell. This could be done by using 

a set of differential cross-coupled pairs, for instance. Thus working near the DBE would not 

only provide for good conditions for the driving point admittance, but would also provide 

nearly 180º phase shift from one cell to the next such that a cross-coupled pair between two 

cells would guarantee fully-differential operation. The other way would be to connect just 

one single-ended active device (such as those in [2], [42], for example) which we investigate 

next. 

Sec. 2.4 Active Double Ladder Circuit 

In this section, we investigate the oscillation condition of the double-ladder circuit 

and compare some of the important characteristics of oscillations of the proposed double-

ladder oscillator to a single-ladder-based oscillator. For purposes of the comparison, we will 

use the same number of cells in both structures. The proposed oscillator is composed of a 
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double ladder terminated by a single-ended resistive load in the upper ladder end as seen in 

Fig. 2.2(c) (as described in Sec. 2.3), while the active device (a single-ended negative 

resistance) is attached to the driving point. As in most LC-based oscillators, the conditions 

for oscillation are formulated using the Barkhausen criteria for the feedback system [3], [43].  

An active device used to induce oscillations can be characterized by its operating I-V 

curves. A negative resistance can be practically implemented by CMOS transistors or diodes 

and an example for a third-order I-V characteristic is shown in Fig. 2.5(d), which utilizes the 

following equation: 

                                                               
3

mI g V V= − +                     (2.3) 

where -  is the slope of the I-V curve in the negative resistance region, and   is the third-

order nonlinearity constant that models the turning points of the characteristic. (It is this 

characteristic that determines the steady-state oscillation amplitude.)  To realize a constant 

DC voltage-biased active device we choose the turning point Vb of the I-V characteristics to 

be constant under different biasing levels. In particular, we set 
2/ (3 )m bg V = , as shown in Fig. 

2.5(d).  We also assume that the capacitances in the ladder are much larger than any parasitic 

capacitance associated with the negative resistance device. Calculations are carried out using 

ADS transient solver. 

2.4.1. Transconductance parametrization 

As previously discussed, the negative conductance required to cancel losses, thereby 

allowing oscillations to start up, is to measure the driving-point admittance at the port where 

this conductance will be inserted. From Fig. 2.5(a), Yin of the 5th cell is approximately 1.2 mS. 

mg
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Fig. 2.6(a) shows the minimum magnitude of the transconductance versus the number of 

cells of the double ladder.   

The lossless double ladder’s threshold follows the same trend as its quality factor 

varying as a function of length; i.e., since  the double ladder’s threshold 

 when the active device is attached to every cell.  In addition, it can be observed 

that when the active device is connected only to the middle cell, the threshold is higher and 

its trend versus N is fitted to . This is a remarkable feature of DBE resonators 

in general as compared to single-ladder oscillators in which scaling is  when 

active devices are connected to each cell [16]. When element losses are considered here with 

Qe = 200, the minimum gm increases from the lossless case, particularly for large N. However, 

we see that for large N the threshold saturates, which is a consequence of the saturation 

5
totQ N

5
,min 1/mg N

3.75
,min 1/mg N

3
,min 1/mg N

 

 

Fig. 2.6. (a) Minimum gm (to start oscillations) scaling versus number of unit cells N for the 

double ladder oscillator. The plot also shows for the lossless case a trend corresponding to; 

(b) minimum  gm (to start oscillations) versus different values for quality factor Qe of elements 

and (c) minimum gm varying as a function of the element quality factor for double ladders and 

single ladders of two different sizes N = 8 and N = 16 ; (d) minimum (i.e., threshold)  gm varying 

as a function of the inductor quality factor QL for double and single ladders with  8 unit cells 

(all the other Qs and load are kept constant). In all of cases the threshold of the double ladder 

is lower than that of the single ladder. 
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feature of Qtot factor versus Qe. 

To provide a meaningful comparison we compare the threshold  at the 

(l,n)=(2, N/2)  node cell only, varying as a function of the Qe as well as Qtot. For all of the 

remaining simulations, the driving point for negative resistance is set to be the (N/2+1)th  

cell. It is shown in Fig. 2.6(b) that for a given Qtot, the double ladder exhibits a lower 

oscillation threshold than the single ladder.  

Moreover, when comparing the threshold versus the element Qe, the double ladder 

shows a lower threshold even for a relatively low element Qe < 100. The reason for the better 

behavior of the double ladder is that it features a fourth-order degeneracy. Fig. 2.6(c) shows 

how the threshold transconductance varies as a function of Qe for a double ladder and single 

ladder of two different sizes with N = 8 and N = 16 unit cells.  We can see that for a low 

element quality factor, the 8-cell double-ladder circuit has the lowest threshold, for Qe > 100. 

Furthermore, the single ladder of 16 cells has a higher threshold than all other 

configurations, which indicates that a double ladder has an improved characteristic 

compared to a single ladder. This is a novel phenomenon that could be further investigated 

in order to enhance the efficiency of microwave oscillators. Fig. 2.6(d) shows threshold 

transconductance versus inductor quality factor, QL, while keeping capacitor Qe of 460 

unchanged from the previously reported value.  Realistic values of inductor QL drops rapidly 

as frequency of operation increases, especially in integrated circuits technology, but even at 

low QL values, above approximately 5 (below which oscillation does not happen), DBE 

oscillators based on double ladder demonstrates  75 % lower threshold than RBE oscillators 

based on single ladder, up to QL of 50. This remarkable property is again due to the DBE 

phenomena and its ability to have a higher Qtot even with low element Q’s.    

,minmg
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Sec. 2.5 The Double-Ladder Oscillator 

In this section we study the time-domain response of the proposed double-ladder 

oscillator (DLO), as well as the loading effect. The transient behavior of this oscillator is 

simulated using Keysight ADS and the I-V characteristics of the active device was modeled 

as in (3) with Vb = 1 V.  

2.5.1. Start oscillation thresholds 

Conditions for instability that lead to oscillation are found using the pole-zero 

analysis of the linearized circuit. For simplicity, we consider the complex poles of the voltage 

transfer function of the double-ladder circuit. In general, the transfer function between the 

Port 1 and Port 3 voltages, i.e., V1(N) / V1(0), can be written as:  

                                             1 1 2

1 1 2

( ) ( )( ) ( )

(0) ( )( ) ( )

M

L

V N s z s z s z
K

V s p s p s p

− − −
=

− − −
,                 (2.4) 

where 𝑧𝑖, with 𝑖 = 1,2, … , 𝑀 and 𝑝𝑘, with 𝑘 = 1,2, … , 𝐿 are the complex zeros and poles, 

respectively of the system.  These poles and zeros, together with the gain constant K, 

completely characterize the small-signal behavior of the circuit. In our case, we are most 

interested in the pair of complex-conjugate poles that is the closest to the DBE frequency. 

The pole configurations for both a double-ladder and a single-ladder circuit are shown in Fig. 

2.7(a). By increasing the loss in the elements of the circuit, the pair of poles closet to the DBE 

(shown in the inset of Fig. 2.7(a)) will recede from the imaginary axis into the left-half plane, 

which can result in a decrease of the peak amplitude of the voltage transfer characteristic. 

Applying a negative transconductance across the appropriate nodes of the circuit will pull 

the poles associated with the DBE toward the right-half plane. Since the (l,n) = (2, N/2) node 
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of a circuit has the lowest driving-point admittance, we attach the active device to that node 

and investigate the minimum transconductance gm,min needed to start the oscillation as 

follows.  

Fig. 2.7(b) shows how adding negative resistance to the circuit affects the real part of 

the poles near the DBE. For each circuit the value of gm,min corresponds to when this real part 

is zero. Increasing gm beyond this threshold allows oscillations to start up.  In Fig. 2.7(b) the 

trajectory of the poles near the DBE is shown as a function of gm. We plot the real part of the 

conjugate poles near the DBE frequency for two cases:  The solid lines of 2.7(b) show the 

poles when the negative gm is placed in all unit cells of the periodic circuit; while the dashed 

lines show when it is applied only to the 5th unit cell. It can be observed that by increasing 

the value of gm the real part of the poles goes from negative to positive, which indicates that 

the pole has crossed the imaginary axis in the s-plane to the right half-plane (RHP).  

Moreover, when we compare the double ladder with a single ladder, we can see from Fig. 10 

that the double ladder possesses a lower threshold. 

Fig. 2.8(a) and (b) show one of the main advantages of the double ladder circuit over 

a single ladder:  An 8-cell double-ladder circuit requires 30% less gm than an 8-cell single-

ladder and 57% less gm than a 16-cell single-ladder for the circuit to have stable oscillation. 

In addition, Fig. 2.8(b) shows the steady-state output voltage amplitude for single- and 

double- ladder oscillators (both made of 8 unit cells) versus gm. The double-ladder oscillator 

produces higher load voltage amplitudes, in comparison to the single-ladder counterpart, for 

small gm (above threshold) up to gm = 2.92 mS. Above this value, the amplitude of the single 

ladder becomes higher.  However, as gm keeps increasing, this increase in the amplitude 
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saturates, producing negligible returns for both ladders.  

The lower oscillation threshold of the double ladder can be attributed to the DBE 

resonance and the way the voltages and currents are distributed inside the 8 cell structure, 

which are shown in Fig. 2.3(c) and (d). Since the maximum voltage amplitude occurs in the 

middle of the structure, and the voltage is attenuated by an order of magnitude at the edges, 

lumped elements that are further away from the middle of the structure have very little effect 

on the Qtot of the structure, which manifests itself in lower gm,min to start the oscillation as 

compared to a single ladder. The obvious implication is that the double-ladder structure has 

advantages of low-threshold oscillations, specifically in applications requiring low power 

consumption, while producing diminishing returns for higher values of gm. 

Fig. 2.8(c) shows the steady-state output voltage amplitude for single- and double- 

ladder oscillators, with 6 and 8 cells, and all of the inductors and capacitors having half of the 

quality factor found in  [34] and [35], i.e., half of 160 and 210 for 45 nH and 90 nH inductors 

respectively, and half of 460 for the 112 pF capacitor. It is seen from the figure that the 

 

 

Fig. 2.7. (a) Pole-zero configuration of the transfer function near imaginary axis for single-

ladder and double-ladder circuits where for N=8 and lossless elements. (b) Real part of the 

poles near DBE frequency varying as a function of gm for single-ladder and double-ladder 

circuits for same 8 cell configuration. The right panel plot is zoom-in showing where poles 

transitions into the unstable region. 



 

34 
 

double-ladder oscillator always has a lower threshold as compared to an equivalent (in 

number of cells and Qe’s) single-ladder oscillator. It is observed  that the double ladder with 

8 cells and half of Qe’s has a lower threshold as compared to a single ladder with only 6 cells 

and half Qe’s. This is a remarkable since 8 cell double ladder structure has 40 lossy lumped 

elements while 6 cell single ladder has only 12 lossy lumped elements.  

2.5.2. Isolation of the loading effect 

One remarkable advantage of the double-ladder oscillator, besides having a lower 

threshold than the single ladder, is demonstrated in terms of the reduced sensitivity of the 

oscillation frequency on the load variations. Typically, the oscillation amplitude decreases 

(and for some cases the oscillator may not even operate) when the output termination 

resistance is changed from its nominal value.   Often, for this reason the output buffer stages 

for LC oscillators are needed to isolate it against those variations. Moreover, single-ladder 

oscillators have been shown to demonstrate mode jumping where the oscillation frequency 

and mode of operation changes for various loads (see for example the analysis in [13], and 

the explanation of  this behavior in  [20] near the band edge). To demonstrate this effect in 

ladder oscillators, the steady-state load voltage calculated from transient simulations 

varying as a function of load is considered. The spectrum of the load voltage is then 

 

Fig. 2.8. (a) Transient load voltage for three different cases of single-ladder and double-ladder 

oscillators in comparison; (b) Steady-state output voltage amplitude for different values of gm 

comparing single and double ladders with 8 cells with original Qe’s; (c) Steady-state output 

voltage amplitude for different values of gm comparing single and double ladders with 6 and 

8 cells, with half of the previously reported Qe’s. 
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calculated by applying a windowed Fourier transform (rectangular window with width of 1 

s) on the saturated voltage waveform.  

The single-ladder load voltage spectrum versus the load resistance, for gm = 3 mS and 

all elements with Qe = 200 with N = 8, is shown in Fig. 2.9(a).  From this spectrum, it can be 

seen that the oscillation frequency jumps from the desired frequency near the RBE of the 

single ladder (~100 MHz) to a lower frequency (~87 MHz) for sufficiently high load 

impedance.  Moreover, this circuit does not oscillate for impedances below 1000 . Indeed, 

the single ladder threshold for 50  found from Fig. 2 6(b) confirms that gm = 3 mS is below 

the threshold for such a load. In contrast, with the double-ladder oscillator with N = 8 and Qe 

= 200 the oscillation frequency is independent of the variation for the load resistance as seen 

from Fig. 2.9(b). Such a remarkable feature of DBE-based oscillators shows the robustness 

of the design and its resistance to load pulling. The single ladder exhibits multimode 

oscillation at particular load values (for instance at 3 kΩ the single ladder oscillator can 

oscillate at both 0.99ωd and 0.88ωd), instead, the double ladder oscillates at only a single 

frequency at ~0.995ωd demonstrating the unique mode selection scheme of double ladders. 

Importantly, the double-ladder oscillator also generates the same oscillation frequency for 

higher values of gm. These properties can also be observed when the load has a reactive 

component. 

Fig. 2.9(c) shows the power delivered to the load resistor RL for 3 values of gm above 

the gm,min and Qe of 200 for all of the elements. The maximum power delivered to RL occurs 

when  its value is close to 28  which is the characteristic impedance Zc of Port 3 of the 

structure in Fig. 2.2(a). Fig. 2.9(d) is another example of how the double ladder is resistant 

to load variations. In the lossless case, over a very large range of values of the load resistance, 
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the Q never decreases under a given minimum, and such a minimum has a large Q value. In 

other words the plot shows that the Q is large for any load resistance in the lossless case. 

When lumped element losses are considered, Qtot is practically unchanging for a very large 

range of values of the load resistance.  

Sec. 2.6 Conclusion and Remarks 

A novel oscillator concept, based on a periodic double-ladder lumped-element circuit, 

has been presented in which a degenerate band edge (DBE) condition occurs. The passive 

behavior of the double-ladder resonator has been analyzed by considering the quality factor 

scaling over size and effects of loss. It has been shown that the conditions for oscillation are 

 

 

Fig. 2.9. (a) Spectrum of load voltage  20log|VL(f)| for single-ladder oscillator and (b) double-

ladder oscillator, both with 8 unit cells, varying as a function of the load resistance RL, for gm= 

3 mS, with all elements with Qe = 200; The plots show the stability of the oscillation frequency 

of the double-ladder oscillator over a very large variation of the load resistance; (c) Average 

steady state power delivered to the load versus loading RL, for Qe = 200 showing that 

maximum power is delivered when RL matches the characteristic impedance of Port 3; (d) 

Minimum loaded quality factor corresponding to the lossless double ladder resonator when 

varying the load resistance, and almost constant total quality factor considering lossy 

elements.  
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relaxed for the double-ladder as compared to the single-ladder circuit, thus allowing lower 

power dissipation from the negative conductance circuit that is required. Moreover, the 

invariability of the oscillation frequency in the presence of variation in the load impedance 

has been shown to prevent mode-jumping behavior that can be observed in single ladders. 

This advantage can result in less power consumption for the active elements.  

While the lumped element circuit studied in this paper gives a great foundation for 

building an oscillator with DBE phenomena, mainly due to the simplicity of the unit cell, it 

has some limitations that must be considered. One issue that must be considered when 

implementing this design in the gigahertz frequency range, and above, is the decrease of 

inductor quality factor with increasing frequency, especially in the integrated circuit 

technology where inductor Q is only 20-30. An obvious workaround the inductor low Qe 

limitation is the elimination of all lumped elements by means of  implementation of the unit 

cell with degeneracy condition in another technology, such as microstrip or waveguide 

where there is no need for lumped elements [14], [16], [44], [45]. As previously mentioned, 

the simple lumped element structure of this paper already mimics the RF/microwave 

distributed transmission line model and, with minor alteration, can easily be translated to a 

different technology such as transmission lines, and more specifically microstrip 

waveguides. We can use microstrip line’s inductance and capacitance to avoid the need for 

realization of an actual inductor/capacitor and use proximity coupling to imitate the 

coupling capacitor used in the lumped element design. To avoid a large integration area, 

equivalent inductance realized by a microstrip line needs to be small. How small depends on 

the application and frequency of operation. And since 1/df LC ,  where fd is the DBE 

frequency, a compact microstrip design would best be realized at higher RF frequencies since 
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it will not require big inductor and capacitor values. The elimination of all lumped elements 

from the design, and inductors and capacitors in general, as well as the implementation of 

the DBE oscillator concept using waveguides has a potential to be a very power efficient and 

stable oscillator design based on what discussed in this paper.   

Comparison between the proposed double-ladder oscillator and a conventional LC-

tank oscillator circuit will be carried out in the future that would account for phase noise, 

power consumption and other practical aspects. DBE-based oscillator design may avoid the 

need for stages of power-hungry current-mode logic buffers to reach acceptable oscillation 

amplitude at the low impedance termination, as well as improvements to the phase noise.  
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CHAPTER 3 
 

Experimental Demonstration of a New Oscillator Concept Based on 
Degenerate Band Edge in Microstrip Circuit 

 

Sec. 3.1 Motivation 
 
The study that was done in Chapter 2 concentrated on results obtained through 

simulations and helped us to develop an intuition when it comes to oscillators based on 

periodic structure with Degenerate Band Edge condition. In Chapter 2 we showed a detailed 

study of one potential implementation of an oscillator based on a periodic structure 

composed of lumped element unit cells. But the implementation of the periodic structure 

using lumped elements becomes unfeasible when talking about high frequency applications, 

above a few GHz. Biggest problem is the quality factor of the inductors, which dip to a single 

digit with higher frequencies. Thus, a different media for the realization of the periodic 

structured needed to be selected. Fortunately, as previously mentioned, a periodic structure 

able to support DBE resonance is very versatile in its design and can be realized in a variety 

of ways, such as lumped elements [1], [2], optical waveguides [3], as well as transmission 

lines [4], [5]. The latter one is the focus of this chapter, with microstrip being the chosen 

media for fabrication due to its excellent transmission characteristics in the RF range, ease 

of use, and general variety based on the application. A schematic representation of the 

periodic structure with DBE resonance along with the negative resistance active device 

(A.D.) is shown in Fig. 3.1(a). In Sec. 3.2, we introduce the unit cell of the periodic structure 

and show its passive behavior in the wavenumber-frequency domain. In Sec. 3.3, we 

demonstrate the measured passive resonance behavior of the periodic structure comprising 
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N unit cells and the behavior of the chosen active device is shown along with its 

implementation in the oscillator circuit.  

Sec. 3.2 DBE Resonance in Passive Microstrip Structure 
 
A unit cell, on which the oscillator concept of Fig. 3.1(a) is based on, consisting of two 

parallel microstrip lines with varying widths. A microstrip coupling is provided between the 

two lines as shown in Fig. 3.1(b) along with its dimensions. This unit cell will be the basis on 

which the oscillator passive circuit design is based on. The unit cell was fabricated on Rogers 

RO3003 substrate with 0.76 mm (30 mils) thickness and dielectric constant of 3. The upper 

line was designed to have 50  characteristic impedance.  

  

Fig. 3.1(c) shows the dispersion diagram for the structure in Fig. 3.1(b), for both 

 
 

Fig. 3.1.  (a) Schematic representation of a DBE oscillator based on periodic coupled 
microstrips over a grounded dielectric substrate, and a negative resistance active device (A.D.) 
at the center of the cavity. (b) Unit cell of the periodic microstrip circuit (the gray area is the 
top view of the grounded substrate) along with its dimensions. (c) Dispersion diagram of the 
modes in the fabricated and simulated structures showing agreement between the two results 
and the DBE frequency fd around 2.93 GHz.  

  



 

44 
 

simulated and measured results, which is the relation between the applied frequency and 

wavenumber in an infinitely long periodic structure made up of unit cells. The simulated 

results were obtained from the Keysight ADS Method of Moments Momentum Microwave 

simulator while the fabricated unit cell was measured on Keysight E5071C Network 

Analyzer. In both cases, a 4 × 4 S-parameter matrix was extracted and using MathWorks 

MATLAB converted to transfer matrix. Then the dispersion diagram is obtained by 

evaluating the eigenvalues derived from the transfer matrix at each frequency and converted 

to Bloch wavenumbers (see [1], [6] for in-depth analysis). The real part of wavenumbers vs 

frequency, for both the measured and simulated results, are then plotted in Fig. 3.1(b), which 

shows reasonable agreement between the two methods. While there are some differences in 

the dispersion diagram between the simulated and measured results, it can be seen that the 

four distinct modes, two propagating and two evanescent, nearly coalesce into a single, 

degenerate mode at the angular frequency, fd, of 2.93 GHz, developing the aforementioned 

DBE condition. Above fd, i.e., in the bandgap, a signal would experience strong attenuation 

for frequencies up to the upper bandedge (frequency point at which four modes nearly 

coalesce), which is 3.15 GHz for measured and 3.3 GHz for simulated results (i.e. in the 

bandgap the modes are ”evanescent”).  In other words, in the bandgap frequency range, the 

imaginary part (not shown here) of all the four modes is different from zero indicating strong 

attenuation. The imaginary part (not shown here) of the two propagating modes below fd   is 

nearly zero. The imaginary part (not shown here) of the two evanescent modes below fd is 

different from zero. The frequency shift between measured and simulated results can be due 

to various factors such as fabrication imperfections, VNA calibration issues, or numerical 

errors during the full-wave simulations. In general, a structure like this possesses many 
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exceptional points of degeneracy, which are more sensitive to losses with increasing 

frequency. The described unit cell serves as a building block for the oscillator design 

discussed in the next section.  

Before the transient analysis is performed on the structure made of N unit cells in 

tandem, passive behavior must be considered to gain a better understanding of how to 

incorporate active device/devices among other things. We use the analysis that closely 

parallels the work and studies done in [7], [8], and thus some of the finer details of the 

analysis will be omitted for brevity and can be found in the References. Fig. 3.2(a) shows the 

fabricated 6-cell structure. The upper line is used to measure the 2 × 2 S-parameter matrix, 

from P1 to P3, while P2 and P4 are grounded. The number of cells was carefully chosen based 

on the material losses of RO3003 substrate among other considerations. Since DBE is very 

sensitive to losses and perturbations [6], [9], every unit cell added would introduce more 

losses into the periodic structure, thus after a certain number of N, would completely 

suppress the DBE resonance, and no amount of gain would be enough to restore it. The 6-

 

 
 

Fig. 3.2.  (a) Periodic coupled microstrips with 6-unit cells and corresponding ports labeled P1 
through P4. P2 and P4 are grounded. (b) Transmission and reflection coefficients from Port 1 
to Port 3 showing the resonances at fr,d  near the DBE frequency fd  with both Ports 2 and 4 
grounded. 
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cell structure provides a very pronounced DBE resonance, as well as that resonance’s 

proximity to the actual DBE frequency. Fig. 3.2(b) shows the comparison between measured 

and simulated results. The simulation results were obtained from the Keysight ADS Method 

of Moments Microwave simulator. |S31| is shown in blue while |S11| is shown in red, 

representing the transmission and reflection coefficients (of Port 1) respectively, and the 

dashed plots are the measured results. The agreement between the two results is excellent 

right around the DBE resonance frequency, fd,r  of 2.86 GHz. This is a similar trend we saw in 

Fig. 3.1(c), where the simulated and measured results had the best agreement around the 

DBE frequency. There is a dip in |S11| and a peak in |S31|, indicating the DBE resonance. Above 

2.86 GHz, up to around 3.3 GHz, |S11| is nearly zero (for measured results), i.e., zero 

propagating modes, confirming the formation of bandgap first noted in Fig. 3.1(c).  

It is worth noting that fd,r <fd, because DBE condition is observed in an infinitely 

periodic structure, and thus fd,r  is in the passband and will get closer to fd as N approaches 

infinity [10]. But even for just 6 cells, fd,r is only 70 MHz away from fd. The proximity of fd,r to 

fd, should not have any effect on the quality of oscillation, unlike the compounding losses with 

the increasing N. Since our oscillator consists of a finite number of unit cells,  |S31| and |S11|   

show the resonance fd,r  near the DBE frequency fd and right before the bandgap. Indeed, fd,r  

is the most important resonance because this is the frequency where the beneficial 

properties of DBE are seen, such as enhancement of the quality factor, as discussed in detail 

in [10], [11], and other oscillating features discussed next. With the information obtained 

from studying a passive periodic structure, we can conclude that with proper active device 

configuration, the structure will oscillate at the frequency of 2.86 GHz, i.e. the resonance 

frequency closest to the degenerate bandgap.  
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Sec. 3.3 Performance of the Active Circuit 
 
We use the same analysis found in [7], [8] to determine the ideal location for the active 

device, which is required to compensate for the losses and meet the Barkhausen stability 

criterion. By looking at the input admittance at various nodes of the periodic structure, it is 

found that the center of the upper line, between the 3rd and 4th cell, has the lowest real input 

admittance (with zero imaginary part), which is 1.2 mS for the 6-cell structure shown in Fig. 

3.2(a) at fd,r. The real part of input admittance is directly proportional to the amount of 

negative conductance, gm, needed from the active device.  

We first analyze a more ideal simulation setup where the active device of Fig. 3.1(a) 

is a simple voltage controlled current source with cubic behavior as defined by Eq. 3.1 

                                                        i(t) = −gmv(t)+αv3(t) ,                                              (3.1)                                                            

where v(t) and i(t) are the voltage and current of the source,   is a voltage amplitude 

saturation constant, and gm is the negative conductance (resistance) produced by the active 

device. An example of I-V characteristic based on Eq. 3.1 is shown in Fig. 3.3(a), where the 

negative resistance/conductance is seen when the slope is negative. The periodic structure 

consisting of 6-unit cells is simulated in Keysight ADS Method of Moments Microwave 

simulator with a very fine mesh of 80 cells/wavelength. Such a fine mesh is required to 

ensure that the very sensitive DBE resonant behavior is captured properly. We first look at 

the simulated input admittance, Yin, of the 6-cell structure, at the middle of the upper line. 

Input admittance has a direct correlation to the time behavior of the structure. Naturally, the 

structure will oscillate at the frequency where the imaginary part of Yin crosses a zero, and 

the real part is the smallest. Fig. 3.3(b) shows a zoomed-in plot of real and imaginary Yin 

around fd,r. We can see that at fd,r there is a zero crossing of the imaginary part with real part 
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of 1 mS. Using Keysight ADS circuit simulator, the ideal active device is connected to the 

middle of the 6-cell structure, between cells 3 and 4 of the upper line of Fig. 3.2(a), and is 

configured to produce 1.5 and 2 mS of negative conductance gm. Voltage saturation constant 

 is chosen as  = gm/3, or 0.5 and 0.67 mS for the two values of gm respectively. The 6-cell 

structure is composed of 6 S-parameter blocks, with each block containing an s4p file 

obtained from ADS Microwave simulation of a single unit cell of Fig. 3.1(a), a dispersion 

diagram of which is plotted in Fig. 3.1(c). An oscillation behavior as shown in Fig. 3.3(c) is 

observed at a 50  load. As is expected, a single, fundamental oscillation frequency of 2.86 

 

 
 

Fig. 3.3.  (a) I-V characteristic of an ideal active device based on Eq. 3.1 producing negative 
conductance, gm, in the region with negative slope. (b) Simulated real and imaginary part of the 
input admittance, Yin, at the center of the upper line of a 6-cell structure showing a zero crossing 
of the imaginary part with a very small real part of 1.2 mS. (c) Simulated frequency response at 
the 50  load of the 6-cell structure with a cubic ideal active device producing 1.5 mS and 2 mS 
of negative conductance, showing stable oscillation frequency of 2.86 GHz for both cases. 
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GHz is observed confirming that the 6-cell frequency selective structure chooses fd,r. This 

predictability of the oscillatory behavior is one of the great advantages of a structure with 

DBE resonance.  

In the realized design, the active device will be implemented using an op-amp with a 

feedback resistor. Schematic representation of the circuit, based on NXP Semiconductors 

BGA6589 MMIC power amplifier, is shown in Fig. 3.4(a). This simple configuration can 

produce a negative conductance (resistance) at the op-amp input terminal, the value of 

which is controlled by the feedback resistor Rx. To measure the amount of negative 

conductance produced by the active device at fd,r, a separate, one port circuit was built and 

its |S11| was measured using Keysight E5071C Network Analyzer and later converted to 

admittance in Keysight ADS, which is plotted in Fig. 3.3(b). The active device was configured 

and biased as suggested by the manufacturer at desired frequency where C1=C2=47 pF, C3=17 

pF, C4=1 nF, C5=1 µF, L1=1 nH, R1=15  at VS of 6V, and R2=50  [12]. The lengths of the two 

transmission lines at the input and the output are 1.6 mm and 4.5 mm, respectively. From Rx 

of 55  to 100 , the active device produces linear and negative conductance, shown in blue, 

peaking at −2 mS at Rx of 100 , with susceptance of 9 mS shown in red. The susceptance of 

9 mS translates to 0.5 pF equivalent shunt capacitance at fd,r which would have a minimal 

impact on the performance of the oscillator.  
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As mentioned previously, by finding the real input admittance at the center of the 

upper line, an estimation of the amount of negative gm needed is determined, which can be 

seen from Fig. 3.4(b), the chosen active device configuration can provide. By connecting the 

active device as shown in Fig. 3.5(a), and using 100  as Rx to provide −gm of 2 mS, the 

frequency response at the SMA connector of Port 3 is shown in Fig. 3.5(b). All other ports are 

shorted to the ground. The frequency spectrum was measured on a Keysight N9020A MXA 

signal analyzer with the input impedance of 50  connected to Port 3 (note that 50  is also 

the characteristic impedance of the upper microstrip, when not coupled to the bottom one). 

The resolution bandwidth (RBW) was set to 240 Hz, much smaller than the 3 dB bandwidth 

of the oscillation spectrum. The video bandwidth (VBW) was set to 10 times smaller than 

RBW as per equipment manufacturer recommendation. The measured spectrum’s frequency 

matches the DBE resonance frequency, fd,r, found in Fig. 3.2(b), confirming that the structure 

is oscillating at the predicted DBE resonance condition. Due to the strong DBE resonance, 

 

 
 

Fig. 3.4.  (a) The active device configuration based on NXP Semiconductors BGA6589. Negative 
admittance is seen at the input. (b) Measured input admittance, defined as Iin/Vin, of the active 
device versus feedback resistor Rx at fd,r  of 2.86 GHz, showing the region with negative 
admittance. 
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most of the energy is concentrated towards the middle of the structure [10], [13], where the 

active device is connected, and very little of that energy is seen at the edges. This unique 

energy distribution is the reason why any perturbation at the edges of the structure, like a 

load, would not greatly affect its behavior. This is one of the main advantages of this oscillator 

scheme over a conventional LC tank oscillator [14]; the need to have a buffer. But because of 

that, the power delivered to the load is not very high, eroding the efficiency of the oscillator. 

The active device circuit consumes 19 dBm of DC power at the suggested biasing condition, 

while only −7.44 dBm is seen at the spectrum analyzer, internal impedance of which serving 

 

 
 

Fig. 3.5.  (a) 6-cell cavity with the BGA6589 circuit attached to the middle of the upper line, inset 
showing the zoom-in of the amplifier with feedback resistor to generate negative admittance. 
All of the ports, except P3 are grounded. (b) Frequency domain response as seen on the 
spectrum analyzer with 50 Ω input impedance when connected to P3 with all other ports 
shorted to the ground. A fundamental frequency of oscillation of 2.859 GHz, right near the 
expected 2.86 GHz is observed. Resolution bandwidth is set to 240 Hz while video bandwidth 
set to 24 Hz to fully capture the spectrum. 
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as the load. Since the unit cell of Fig. 3.1(a) was designed to have a characteristic impedance 

of 50 , all of the power should be going to the load without reflection.  

Next, we investigate how robust the produced oscillation frequency is to 

perturbations. These perturbations can come from several places, such as variation in gm, the 

load over which the oscillation is seen, and even the placement of the active device. The most 

common source of perturbation is the change of the output resistance. To emulate such a 

perturbation, a potentiometer was added in series with the output SMA connector on the 

upper line of the 6th cell to add series resistance to the input impedance of the spectrum 

analyzer, as shown in Fig. 3.6(a). The overall length of the upper line has not changed, with 

just a small cutout added next to the SMA connector. The value of the potentiometer, denoted 

as RPOT, is swept from 0 to 350  while power and frequency of oscillation is measured on a 

signal analyzer, with its internal impedance set to 50 . The total resistance, RTOT, that 

perturbs the 6-cell DBE structure is the sum of the potentiometer value and internal 

impedance of the spectrum analyzer 

                                TOT POT 50R R= +  ,                                      (3.2)                       

Then the total output power is  

                                    OUT POT S.A.P P P= + ,                                  (3.3)                                                            

is the sum of power dissipated over the potentiometer, PPOT  and the one seen on the 

spectrum analyzer, PS.A.. It is rewritten as  

                                     POT
OUT S.A. 1

50
R

P P  = +  
                                                    (3.4)                                                
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where 50  is the internal impedance of the spectrum analyzer. POUT as calculated by (3.4), 

along with the oscillating frequency fOSC, which is directly measured by spectrum analyzer, 

are both plotted in Fig. 3.6(b). This figure shows that while the total perturbing resistance 

RTOT varies from 50 to 400 , the oscillation frequency is very stable, and right around 2.86 

GHz. When RTOT is 50 , in other words RPOT is 0 , POUT is the same value as seen in Fig. 

3.5(b). Fig. 3.6(b) shows the resilience of the DBE oscillator to changes in the load values.  

The next important characteristic of any oscillator is its ability to produce a signal 

with near-perfect periodicity in the time domain, i.e. its phase noise. Fig. 3.7(a) shows the 

wideband spectrum of the oscillator measured at the spectrum analyzer with 50  internal 

impedance (the series potentiometer used to perturb the RTOT is not present for this 

measurement, i.e. RPOT is 0), centered at the oscillation frequency used to measured phase 

noise performance which is shown in Fig. 3.7(b) for measured and simulated results.  

 

 
 

Fig. 3.6.  (a) Connecting potentiometer in series to the SMA connector to vary the perturbing 
resistance RTOT. 50 Ω is the internal impedance of the spectrum analyzer (S.A.). (b) Output 
power  as defined by Eq. (3.4) (in blue) and oscillation frequency measured directly by the 
spectrum analyzer (in red) versus total perturbing resistance RTOT as defined by Eq. (3.2) 
showing the stability of oscillation frequency 
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The measured phase noise was calculated based on the measured power spectrum 

results with the help of Mathworks Matlab Mixed Signal Blockset library and 

phaseNoiseMeasure function specifically [15]. The Matlab function automatically calculates 

the single noise sideband (SSB) at specified offsets from the ideal oscillation frequency. 

Matlab library was used since Keysight N9020A MXA signal analyzer used to measure the 

spectrum does not have the module installed capable of directly measuring the phase noise. 

The simulated phase noise was obtained from the Keysight ADS Harmonic Balance simulator 

and an addition of an rms noise voltage source to the ideal active device described in Section 

III. The magnitude of the noise voltage source is proportional to kT/gm, where k is the 

Boltzmann constant, T is the temperature (assumed to be 293 K), and gm is the value of 

negative conductance provide by the ideal active device. The agreement between the 
 
  

  
 

Fig. 3.7.  (a) Measured wideband spectrum at the 50 Ω load terminal of the Keysight N9020A 
MXA signal analyzer and plotted using  Mathworks Matlab. b) Plot of measured and simulated 
phase noise at frequency offsets from 100 Hz to 100 MHz.  
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simulated and measured results is a testament to the predictability of the behavior of the 

proposed oscillator.    

Sec. 3.4 Conclusion and Remarks 
 
A first-ever fabricated oscillator based on a periodic coupled-microstrip waveguide 

with a DBE condition is presented. It shows a very stable oscillation behavior near the DBE 

frequency, even for a wide range of output impedance variation, which is consistent from the 

resonant behavior of the passive degenerate structure. The oscillation frequency is 

associated with the DBE resonance frequency which can be controlled by the DBE structure’s 

dimensions and substrate characteristics. The study presented, based on both simulated and 

measured results, shows that this oscillator design is promising as an RF source, where a 

stable oscillation frequency is of high importance.    Future work should focus on the 

robustness of the oscillator structure to structure’s perturbations as well as employing other 

active device structures/configurations. 
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CHAPTER 4 
 

Pulse Generation Based on Microstrip Circuit with Fourth Order 
Degeneracy 
 

Sec. 4.1 Motivation 

The microstrip oscillator design presented in Chapter 3 can be used in another 

interesting way showing the versatility of the presented design. High-power pulse 

compression/generation is a method in which a high-Q resonant cavity is filled with energy 

for a duration of time, after which the quality factor is altered allowing for the built-up energy 

to be channeled out to a load [1]–[3]. An alternative implementation is the one where a high-

Q cavity is first made to oscillate. After the oscillating structure reaches steady-state, Q of the 

structure is significantly lowered,  allowing for the trapped energy of the steady-state 

oscillation to be channeled out of the structure to an external load [4], [5]. The focus of this 

chapter is on the latter with fully fabricated structure and its pulse generating performance 

presented. The microstrip oscillator from chapter 3 has a high loaded quality factor which 

can be dramatically lowered thanks to DBE’s sensitivity to losses, which we will exploit in 

the design of our pulse generation scheme.  

During the 1970s and 80s, a tremendous amount of effort was put into research of 

increasing the energy of the SLAC beam of two-mile accelerator at Stanford Linear 

Accelerator Center, in which an improvement to a pulse compression scheme was 

demonstrated [6]–[8]. The immense study done by the SLAC team gave rise to a variety of 

other schemes for pulse compression and generation devices, employment of the delay lines 

for RF applications being one of them. Our design shows just how far these schemes have 
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advanced and have been improved upon. The Stanford research group used very expensive 

equipment and technologies, that required near surgical precision to operate, while our 

design, as we will show later, is far simpler and cheaper to realize.  

Sec. 4.2 Periodic Structure with DBE Resonance for Pulse Generation 

The schematic for the proposed pulse generation architecture is shown in Fig. 4.1. As 

described in Chapter 3, a periodic structure consisting of N unit cells utilizes an active device 

(A.D.) configured to produce negative resistance through a positive feedback mechanism. 

The periodic structure itself acts as a frequency selective cavity, where the resonance close 

to the DBE frequency is the most important one. Once the structure is driven to start 

oscillations and reaches steady-state, a switch connecting the center of the periodic structure 

to a load is closed. The connection of the load drastically alters the loaded quality factor, 

allowing for the trapped energy to flow to the load producing a short-in-time pulse. Due to 

the unique property of an oscillator-based  structure with DBE, which is studied in [9], [10], 

the time required to reach steady-state can be  considerably longer than a simple LC 

oscillator or a comparable single-ladder oscillator [9]. Thus, if the highest possible amplitude 

of the extracted pulse is required, the time periodicity of the generated pulses will be large. 

On the other hand, if the shortest time between extracted pulses is required, it is unnecessary 

 

Fig. 4.1. Schematic representation of a pulse generation scheme based on a periodic structure 
consisting of N unit cells. Negative resistance active device (A.D.) compensates for the losses, 
a requirement for Barkhausen criterion, while the switch to a load is used to drastically alter 
the loaded quality factor of the structure, as well as the load over which the generated pulse 
is seen.  
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to wait for the structure to reach steady-state, and in this case the switching properties of 

the switch, like rise and fall times, become the limiting factors. In our case, the characteristics 

of the switch are the most crucial parameters in designing a narrow pulse with high 

amplitude. The switch needs to alter the quality factor as fast as possible. 

A fabricated unit cell of the periodic structure in Fig. 4.1, along with its dimensions, is 

shown in Fig. 4.2(a). The unit cell is fabricated on Rogers RO3003 substrate with 0.76 mm 

(30 mils) thickness, dielectric constant of  3, loss factor of tan  = 0.001,  and  the top line 

having 50  characteristic impedance. The dispersion diagram describing the modes in a 

waveguide made by repeating the unit cell in Fig. 4.2(a) is shown in Fig. 4.2(b).  The 

dispersion diagram was obtained from measuring a 4 × 4 S-parameter matrix on a Keysight 

Vector Network Analyzer (VNA), which is then converted to a transfer matrix with the help 

of Mathworks MATLAB numerical computing environment. Then the dispersion diagram is 

 

Fig.  4.2. (a) 4-port unit cell of a periodic structure used in the pulse generation scheme along 
with its dimensions. (b) Real and imaginary part of the dispersion relation for infinitely long 
periodic structure made up of unit cells showing occurrence of the DBE at 2.93 GHz and 
denoted as fd. 
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obtained by evaluating the eigenvalues derived from the transfer matrix at each frequency 

and converted to Bloch wavenumbers. See [11], [12] for an in-depth explanation. 

From Fig. 4.2(b), it can be seen that the DBE frequency, fd, is at 2.93 GHz. Slightly above 

2.93 GHz, up to 3.2 GHz, the imaginary part of four eigenmodes, shown in red, is non zero, 

and it represents four evanescent waves. This region is called a stop band.  Slightly below the 

DBE frequency, two modes are propagating and two are evanescent. At the DBE frequency, 

four modes coalesce ideally to a real-valued wavenumber. The presence of losses due to 

imperfections and material losses, which are further exacerbated by ever increasing 

periodicity, perturb the DBE as already described in previous publication, like [12]. 

Next, we consider a cavity consisting of a periodic structure of finite length, made up 

of six unit cells as in  Fig. 4.2(a). The cavity resonates at a frequency, denoted as fd,r, very close 

to the DBE frequency, as shown in [12]–[14]. Ideally, as the number of unit cells N 

approaches infinity, the DBE resonance frequency fd,r  approaches fd  [14], [15].  In an ideal 

lossless structure with DBE, the quality factor of the resonator increases with the cavity 

length as 5Q N . However, the DBE is very sensitive to losses [12], [13], therefore the 

number of unit cells must be carefully considered. But in practice, due to material and 

radiative losses (among others), each additional cell would further suppress the DBE 

resonance, until after a particular N, DBE resonance would completely disappear. When the 

structure is not too long, the DBE resonance can still exhibit some of the desired features of 

the ideal DBE such as a high-quality factor [12], [13].  By utilizing the Keysight ADS Method 

of Moments simulator, it was determined that 6 cells offer strong resonance right before  fd 

= 2.93GHz. It is desirable to be as close to fd as possible but it is not necessary to operate at 
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the exact fd since most of the beneficial properties such as enhanced quality factor can be 

seen at DBE resonance frequency fd,r. The high quality factor (based on the transmission 

characteristics shown later) is the desirable feature for our application, especially because 

the DBE’s great sensitivity to perturbations allows for this quality factor to be drastically 

lowered by adding a load at the center of the structure, where most of the energy resides. 

Once the DBE is perturbed by connecting the load, the energy that was trapped mainly near 

the center of the structure [3] is channeled to the load via the created path.  

The fabricated 6-cell periodic structure is shown in Fig. 4.3(a). Two SMA connectors 

were added at the edges of the upper line to confirm the existence of the DBE resonance fd,r., 

while the edges of the lower line are shorted to the ground. By measuring the transmission 

coefficient from Port1 to Port3 (S31), and reflection coefficient of Port1 (S11), we are able to 

confirm the existence of a resonance associated to the DBE condition. At the frequency of 

2.86 GHz there is a dip  in |S11| and an almost 0 dB  |S31|. At slightly higher frequencies, |S31| 

 

Fig.  4.3. (a) Two-port, 6-cell structure used in the pulse generation scheme. Transmission and 
reflection characteristics are measured from Port1 (P1) to Port3 (P3) to determine the 
location of DBE resonance, the lower microstrip is short circuited at its left and right 
terminations. (b) Transmission and reflection coefficients for the 6-cell structure showing the 
DBE resonance at 2.86 GHz, denoted by the dip of  |S11| and almost unity |S31|. At higher 
frequencies, up to 3.4 GHz, attenuation in transmission is due to the bandgap.  
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has a sharp drop and |S11| is nearly zero dB, because of the bandgap as shown in the 

dispersion diagram, confirming the DBE resonance.  

Sec. 4.3 Active Pulse Generation Structure 

We now consider the active structure realization which is very similar to the one 

studied in Chapter 3. The negative resistance/conductance active device is based on 

BGA6589 MMIC wideband medium power amplifier by NXP Semiconductors configured in a 

feedback configuration as shown in Fig. 4.4(a). The bias circuit, as well as the 47 pF DC 

blocking capacitors, are chosen and configured as specified by the manufacturer at desired 

frequency of operation. The 100  feedback resistor provides −2 mS of negative conductance 

with negligible susceptance at the point labeled −gm in Fig. 4.4(a), which based on the study 

done in Chapter 3 is enough for the 6-cell structure to a have steady-state oscillation. The 

switch that connects the load to the periodic structure is the Infineon IRFZ44N Power 

MOSFET switch and its configuration is shown in Fig. 4.4(b). The Source (S) and the Drain 

(D) of the MOSFET switch are shorted when 3 V is applied to the Gate (G), labeled as VG in 

Fig. 4.4(b). The periodicity of the voltage square wave applied to the Gate (G) will be limited 

by the periodic structure’s ability to reach steady-state, as previously mentioned, and the 

switch’s transient performance.  

The functional diagram of the measurement setup is shown in Fig. 4.5. The middle of 

the upper line of the 6-cell structure is connected to both the active device circuit and the 

Source (S) of the switch. While the 6-cell structure is filled with energy in the form of the 

steady-state oscillation, Gate (G) of the switch is biased at 0 V so the switch is in the “off” 

state, i.e., the Source (S) and Drain (D) of the switch are disconnected. During the “off” state, 
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the 6-cell periodic waveguide ideally does not experience external loading. Once steady-state 

oscillation is reached, an external signal generator biases the Gate voltage of the switch to 3 

V to short the Drain and the Source. The Drain of the switch is connected to an oscilloscope, 

with probe impedance set to 50 . In other words, in our measurement setup we use the 

oscilloscope probe’s input impedance as the structure’s load. Therefore, during the switch’s 

“on” state, the load is connected to the waveguide, drastically lowering the Q-factor and 

strongly perturbing the energy distribution inside the cavity.   The oscilloscope is also used 

to monitor the produced pulse in time, verifying the proper operation of the scheme. The 

pulse seen on the oscilloscope will show as an exponentially decaying sinusoidal function 

with frequency of fd,r, the envelope of which should be related to the value of the load 

connected to waveguide (50  impedance of the oscilloscope probe) and parasitic 

capacitances.  

   

Fig. 4.4. (a) Schematic representation of the BGA6589 active device (A.D.) with a 100  
feedback resistor able to produce −2 mS of negative conductance. The device is configured 
and biased as suggested by the manufacturer at the frequency of operation. (b) IRFZ44N 
switch schematic that is controlled by a periodic voltage source applied to the gate. The Source 
(S) is connected to the center of the upper microstrip line of the periodic structure, while the 
Drain (D) is connected to the load (see Figs. 4.1 and 4.5). In the actual fabricated and measured 
structure, an oscilloscope is connected to the Drain (D) of the switch through a probe with 
impedance of 50 Ω that acts as the load. The gate voltage is zero while the structure is reaching 
the steady-state oscillation to avoid loading of the Q. 
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Fig. 4.6(a) shows the middle of the fabricated 6-cell structure with placement of the 

active device circuit. The switch is not visible in Fig. 4.6(a), as it is connected on the other 

side of the structure and it is shown in Fig. 4.6(b). The SMA connector of Port1 (P1) of Fig. 

4.3(a) is shorted to the ground using an SMA short. The SMA connector of Port3 (P3) is first 

connected to a signal analyzer to confirm that the structure is oscillating at fd,r when the 

switch is open (Port1 and Port3 are not visible in Fig. 4.6(a)). An SMA short termination is 

installed on Port3 after the existence of oscillation with expected frequency of  fd,r was  

confirmed by experiment (when the structure is operating as an oscillator while the switch 

is off).  

As mentioned previously, the highest voltage amplitude of the oscillating voltage is at 

the middle of the upper line of Fig. 4.3(a). Since we want the extracted pulse to have a high 

amplitude, we want to extract the energy from this point. Thus, a third SMA connector next 

to the active device is installed, as seen on Fig. 4.6(b) and schematically shown in Fig. 4.5. 

This SMA connector shorts the middle of the upper line through the IRFZ44N switch to the 

 

Fig.  4.5. Measurement setup functional diagram. First, an active device (A.D.) connected to the 
center of the 6-cell structure makes the structure oscillate. The signal generator is connected 
to the Gate (G) of the switch to short the Drain (D) to the Source (S) by applying enough voltage 
at the Gate (G) to overcome the overdrive voltage of the switch. The energy that was “trapped” 
inside the 6-cell structure, flows to the 50 Ω probe of an oscilloscope, where a pulse followed 
by an exponential signal decay is observed.  
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oscilloscope to capture the extracted pulse. By turning on the switch, the Drain and the 

Source of the switch are shorted. The Drain is attached to an oscilloscope probe (through an 

SMA connector) with 50  input impedance. The Source is connected to the center of the 

periodic structure. This arrangement effectively loads the structure during the “on” state of 

the switch and significantly lowers the quality factor, which disturbs the DBE resonance and 

allows this trapped energy to be seen on the oscilloscope in the form of the short-in-time 

pulse. When the switch is in the “off” state, the middle of the periodic structure does not see 

the 50  probe, which allows for the structure to start oscillating again.  

Fig. 4.7(a) shows this extracted pulse when the switch is turned on every 130 ns and 

stays on for 50 ns by means of a signal generator connected to the Gate of the switch.  Fig. 

4.7(b) is a zoom-in of one of the pulses that shows that all of the energy is extracted in less 

than 1.7 ns and the period of oscillation within each pulse is 349.6 ps or 1/fd,r. The 

 

Fig.  4.6. (a) Active device circuit attached to the middle of the upper line. 100  feedback 
resistor provides −2 mS of negative conductance. An SMA connector connects the middle of 
the 6-cell structure, through a switch, to the oscilloscope. SMA connected to the oscilloscope 
with probe’s impedance set to 50   disturbs the DBE resonance and resulting pulses are 
observed on the oscilloscope. (b) Backside of the structure, right behind the active device 
showing the switch placement and its connection to the SMA pin. Source (S) goes through the 
substrate to the other side of the microstrip and connects to the middle of the 6-cell structure. 
All of the switch’s leads are wrapped in shrink tube for isolation. All of the exposed copper is 
ground. 
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remarkable thing to note here is that while it takes a considerable amount of time for the 

structure to reach steady-state oscillation (more than 100 ns based on the study done in 

Chapter 3), it takes less than 2 ns to extract most of it in the form of a pulse. This is due to the 

sensitivity of the DBE to perturbations, such as the load connected when the switch is in the 

“on” state.  

Sec. 4.4 Conclusion and Remarks 

A novel pulse generation scheme based on a structure with fourth-order degeneracy 

was presented, with produced pulses being less than 2 ns in width. This scheme is very 

versatile in its design and key performance characteristics can be altered by a simple 

geometry or component change without major alterations to the conceptual design. 

Although designing the filter is challenging, the narrow filter is needed to select the desired 

frequency. Using the selective DBE behavior, we designed the circuit to have a desired cavity 

  

Fig. 4.7. (a) Time domain pulse seen on the oscilloscope when the switch is turned on every 
130 ns and stays open for 50 ns. (b) Captured image of the zoomed-in pulse shape as is seen 
on the oscilloscope around 16.3 μs. The period between shown pulses is exactly 1/fd,r  or  349.6 
ps confirming that prior to the switch turning on, structure was oscillating at DBE resonance 
frequency fd,r. The top inset showing the zoomed in marker measurement between two 
adjacent peaks. Two axis insets are added for clarity.  
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resonance. The performance characteristics of the presented pulse generation scheme can 

be altered, e.g., if the pulse width needs to be decreased, then a lower value of load could be 

used. The period of the produced pulses can be changed by the signal generator that controls 

the Gate of the switch. If higher power of the extracted pulse is desired, the DBE cavity should 

be redesigned to contain higher voltage levels at its center, though this is a subject that 

requires more investigation because many features of the DBE resonance are still not well 

understood.  

The size of the 6-cell structure is inversely proportional to the DBE resonant 

frequency since it is a microwave cavity. Thus, operating in the lower GHz range would 

require a structure that is several centimeters long, thus not very appropriate for integration 

in portable devices like cellphones or even smaller sized notebooks. The same scheme can 

be adopted at very high power where the DBE cavity is made of coupled modes in a metallic 

hollowed waveguide where the quality factor is altered via a plasma switch [3], [16].   
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CHAPTER 5 

 

Conclusion and Future Work 
 
This dissertation has shown just how viable structures with mode degeneracy, 

particularly Degenerate Band Edge (DBE) which is a fourth order degeneracy, are for RF 

devices that require extreme stability and predictability of their operational characteristics. 

We first demonstrated how such a structure can be utilized in application of oscillators, 

regardless of the structure’s chosen media, be it lumped element circuit or microstrip 

technologies. Both implementations have shown very stable oscillation even when the 

structures are perturbed, and demonstrated more relaxed starting oscillation condition as 

compared to single-ladder structures and even conventional LC oscillators.  Next, we further 

explored potential application of these structures in pulse generation schemes. In this 

application we used two of the properties of structures with fourth order mode degeneracy. 

First is its ability to maintain stable oscillation frequency and second, its less desirable 

feature, a sensitivity to loading or material losses, that we were able to take advantage of. By 

loading the structure with a load at its most sensitive location, i.e. the middle of the structure, 

we were able to suppress the DBE condition and transform the oscillating energy into short 

duration pulses, effectively implementing a pulse generation mechanism.  

In future work we plan to further explore devices operation of which can benefit by 

their pairing with devices with DBE and higher order mode degeneracies. Applications such 

as radiating arrays and antennas, which are already being studied by professor Capolino and 

his group. Another big push it to realize DBE and higher order degeneracies in different 

medium besides lumped element and microstrip technologies. As was already mentioned, 
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DBE is very sensitive to losses of the medium in which it is realized so material which 

minimizes those losses will be the most viable for DBE realization. But even this sensitivity 

to losses and perturbations can be utilized as we have shown in the pulse generation chapter.   




