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Chapter

Time-Domain Simulation of
Microstrip-Connected Solid-State
Oscillators for Close-Range Noise
Radar Applications
Vladimir Yurchenko and Lidiya Yurchenko

Abstract

We develop time-domain approach for simulation of microstrip-connected
extremely-high frequency (EHF) solid-state oscillators for close-range radars,
including ultrashort-pulse, ultrawide-band (UWB), and noise radars. The circuits
utilize high-speed GaN-based active devices such as Gunn diodes (GD) and
resonant-tunneling diodes (RTD) capable of operating with enhanced power out-
put. Microstrip interconnects produce time-delay coupling in the system that can
create a complicated nonlinear dynamics of oscillations. The circuits can generate
self-emerging trains of ultra-short EHF pulses emitted into an open microstrip
section for further radiation. The arrays of active devices connected in either
parallel (star-case) or series (ladder-case) type of circuits were simulated. Options
for generation of chaotic signals in this kind of systems have been considered. An
infrared-microwave (IR-EHF) oscillator linked to the resonant antenna was simu-
lated. The oscillator consists of an RTD-driven laser diode (LD) joint to the EHF
resonant antenna with a short piece of microstrip section. The oscillator can gener-
ate both the EHF pulse radiation and the EHF modulated IR pulses. Both kinds of
radiation can be emitted in the free space as the trains of correlated IR-EHF radar
pulses. Arrays of oscillators can be used for enhancing the power output of the
system.

Keywords: time-domain simulations, solid-state oscillator, THz, millimeter wave,
time-delay, chaos, distributed systems, active devices, Gunn diode

1. Introduction

Emerging demands for the EHF oscillators capable of generation of ultra-short
pulses and complicated waveforms including chaotic oscillations lead to the devel-
opment of new approaches to the design and analysis of oscillator systems. The EHF
oscillators are of interest for numerous applications. Significant part in these
applications belongs to radar systems including, particularly, close-range and noise
radars, which require ultrashort-pulse, ultrawide-band, and noise oscillation
sources [1, 2]. There are different kinds of the EHF oscillators ranging from micro-
wave power tubes (klystrons, gyrotrons, backward-wave tubes, etc.) to solid-state

1



devices (transistor-based circuits, Gunn diodes, etc.) [3, 4], of which only the latter
are discussed in this chapter.

Design of oscillators and circuits is conventionally made in frequency domain. A
significant contribution to the design was made by Kurokawa [5, 6] through
advancing the negative resistance oscillator concepts and developing stability anal-
ysis methods. He developed the impedance approach to the analysis of oscillator
systems that makes it possible to design, in particular, multi-device circuits with
spatial power combining [6].

Numerous advances to the design and analysis of oscillators have been made in
the following years [7–9]. Significant developments are the extension of the
frequency-domain analysis for the account of nonlinear characteristics of active
devices [7], the analysis of different impedance and admittance formulations in the
oscillator design [8], the application of hybrid harmonic-balance approach [9], etc.
A vast literature exists on the design of oscillators with frequency-domain methods.

In this line, time-domain oscillator analysis is not a common practice. In order to
deliver essential information about the oscillators and their dynamics, time-domain
analysis requires huge amount of numerical simulations of complicated oscillatory
systems, which have to be made in a broad range of oscillator parameters.

Despite this difficulty, there are circumstances when such an analysis is a neces-
sity, since no alternative approach can provide adequate information on the oscilla-
tor dynamics in the relevant cases. These are the cases when ultrashort-pulse,
ultrawide-band, and noise oscillation signals have to be generated [1, 2]. The
problem exacerbates when signals should have extremely broad frequency spec-
trum extended in the EHF and THz bands.

Design of generation and transmission systems for this kind of signals inherently
requires the time-domain approach [10]. For passive components like antennas,
valuable contributions to mathematics of time-domain modeling that concerns
ultrashort-pulse and ultrawide-band signals have been made [11, 12]. The oscillators
are, however, much too complicated unstable and nonlinear systems for the effi-
cient simulations. Nonetheless, time-domain modeling is, in fact, the most mean-
ingful approach to the design of oscillators generating this kind of signals [13, 14],
though the frequency-domain methods can also be helpful [15].

A practical way of making progress in the analysis of these oscillators is to
consider simplified models, which, despite their simplicity, represent essential fea-
tures of real systems. An important feature of oscillators in the EHF and THz bands
is their distributed character. Even though active devices and other discrete ele-
ments may be small, their assembly into an operating circuit with extended inter-
connects, resonators, and antenna components makes the entire system to be
comparable to the radiation wavelength.

Thus, time delay arises, essentially, due to the delayed coupling between the
components that makes the circuit to operate as a distributed system. Time delay
leads to complicated dynamics and, often, to the dynamical chaos in nonlinear
systems [16] that makes time-delay oscillators to be attractive devices for numerous
applications.

A particularly useful simplification arises when making clear distinction
between discrete and distributed components and defining the model where
discrete units (circuit elements or blocks of elements) are joined by transmission
lines (waveguides, microstrips, etc.) in a way that qualitatively represents the actual
connectivity of components in the entire system. Then, discrete blocks can be
simulated by local equations in time domain and the effects of transmission lines
can be accounted by readily available analytic solutions of simplified wave
equations. The entire system is then suitable for reasonably efficient time-domain
simulations.
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We applied the approach to the time-domain analysis of a range of different
distributed circuits with active devices where we assumed that the transmission
lines are, typically, the microstrip sections and the active devices are either the
Gunn diodes or the resonant tunneling diodes in that or another circuit [17–25].
Transmission lines introduce time delays in the coupling between discrete units that
makes the entire circuits to operate as the time-delay oscillators.

Our microstrip-based oscillator models are qualitatively different from other
time-delay oscillators usually considered [4]. The difference is that, instead of using
pre-defined phase delays in the feedback circuits, we consider time-delays that
emerge self-consistently as a result of backward and forward EM wave propagation
along the transmission lines with account of their scattering and interference with
other process, making the effects particularly complicated. The systems take into
account the fact that, at the frequencies of the EHF and THz range, i.e., for the
millimeter and sub-millimeter waves, time-delays become unavoidable due to the
extended structure of oscillator circuits.

The following Sections present overview of basic results obtained in our time-
domain simulations of extended transmission line time-delay oscillators.

2. Kinds of circuits and forms of oscillations

We consider solid-state oscillators that can be presented as a combination of
both the lumped units (lumped circuit blocks) and distributed microstrip sections
(pieces of transmission lines) of different configurations. Microstrip sections pro-
vide interconnects between the lumped units and produce time-delay in the cou-
pling between different circuit components.

The lumped units are built up of discrete active and passive devices whose
interconnects within each block are of infinitesimal length as compared to the
typical wavelength λ0 of the electromagnetic (EM) waves emerging in the system as
a result of complicated self-oscillation process. For this reason, there is no time
delay arising due to signal propagation between discrete elements, including active
devices, within each lumped unit. There are neither special time-delay devices of
other kinds included in the lumped units. The units being used are, in fact, rather
simple pieces of circuits made up of active devices (Gunn diodes, avalanche diodes,
resonant tunneling diodes) and passive elements (resistors, capacitors, and
inductances).

The distributed sections are the pieces of microwave transmission lines (e.g.,
microstrip lines as representative elements or any other waveguide structures).
Transmission lines (TL) provide time-delay coupling between the lumped units.
Time delay appears in the coupling between the lumped units connected by any TL
section because of some time needed for the EM wave propagation along the section
between the units. The time delay has to be accounted in the analysis when the
length dn of the relevant TL section identified by index n is not too small as
compared to the typical wavelength λ0 of the EM waves propagating along the
section.

Schematics of a few circuits being considered are presented in Sections 5, 7, and
8 below. Depending on the kind of circuits, different types of nonlinear oscillation
can be excited in time-delay systems. The key elements in these distributed systems
are the active blocks that contain one or another kind of solid-state active devices.

We consider the EHF solid-state devices such as Gunn diodes or the resonant
tunneling diodes (RTD) that can operate in a broad range of frequencies varying
from, essentially, 10GHz to about 1 THz and more. The operation of these devices
and oscillators is best understood in terms of the negative resistance oscillator
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concepts [7, 8]. Typically, we consider the Gunn diode circuits in our models,
though one example of RTD system is discussed in the Section 8. In practice, the
most common are the GaAs Gunn diodes but GaN devices are now of greater
interest due to their potential for high-power and high-frequency operation.

The Gunn diodes are simulated using the approximation of limited space-charge
accumulation (LSA) mode. In this mode, the strong-field domain in the Gunn diode
is bounded to the surface electric contact and can only oscillate near the contact
rather than travel through the entire structure. Then, the oscillation frequency of
the Gunn diode can vary in a broad range and achieve rather high values.

Using the LSA approximation, the device operation can be described in terms of
the given current-voltage characteristics with negative differential resistance
(NDR) region. In this model, the current-voltage characteristics of typical Gunn
diodes, e.g., GaAs diodes, can be presented in the following form [17–24].

G eð Þ ¼ G0F eð Þ (1)

where G eð Þ is the diode current in relative units, F eð Þ is the function defining the
shape of the current-voltage characteristics, G eð Þ ¼ G0 I eð Þ=I0, G0 ¼ Z0 I0=V0,
e ¼ V=V0, I0 and V0 are the scaling factors for the diode current I eð Þ and voltage V,
respectively, and Z0 is the microstrip wave impedance (I0 and V0 parameters are
specified by the Gunn diode threshold current and voltage, respectively).

The Gunn diode self-excitation begins when the voltage V falls in the NDR
region. We accept the intrinsic impedance of microstrip lines to be Z0 ¼ 50 Ohm
and use G0 ¼ 2 as a typical Gunn diode parameter (typically, I0 ¼ 0:2A, V0 ¼ 5 V
for GaAs and I0 ¼ 1:2 A, V0 ¼ 30 V for GaN structures).

The formulation in terms of the current-voltage characteristics, which is typical
for the LSA approximation, means that the diode is capable of instant response to
any external signal. The operation of such a diode is, formally, not limited from
above by any high frequency value. In reality, though, the high-frequency operation
is limited by the diode intrinsic capacitance C and the inductance L of the mounting
contacts. These parameters define the natural intrinsic frequency of the Gunn diode
when it is mounted in one or another way in the transmission line. Typically, due to
quite noticeable value of inductance, this intrinsic frequency is lower than the
highest frequency accessible for the diode operation.

In our models, we consider both kinds of approximations when the Gunn diode
is either not limited in the oscillation frequency or, on the contrary, is characterized
by intrinsic capacitance and inductance, which impose the limit on the diode
operation frequency. In the latter case, the intrinsic capacitance and inductance are
defined as the effective components directly connected to the Gunn diode within
the lumped active unit.

Early models, for simplicity, did not account for the diode capacitance and
inductance, thus, ignoring the diode frequency limit. The approximation allowed us
to significantly simplify the original problems and reduce them to the forms which
are more accessible for numerical simulations. In this way, we could consider
self-excitation and nonlinear dynamics of the EM field oscillations in a closed two-
dimensional (2D) rectangular cavity with an active wall [17, 18] and self-emergence
of trains of pulses emitted from one-dimensional (1D) cavity with such a wall on
the one side and a dielectric plate as a semi-transparent mirror on the other side
that makes the cavity an open resonator [19]. These simulations are discussed in
Section 4.

Later models took into account the intrinsic frequencies of active devices. When
applied to 1D microstrip circuits and the networks of circuits with either parallel or
series connections of branches, we could observe and analyze a series of new effects
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in self-oscillations of these circuits [20–25]. The circuits and relevant effects are
considered in Sections 5–8.

The dominant effect in these circuits, apart from conventional continuous wave
(CW) generation, is the excitation of trains of short radio-frequency (RF) pulses.
When using high-speed devices such as GaAs and GaN Gunn diodes in circuits with
proper other parameters such as a high resonator frequency and a short length of
microstrip sections, one can achieve self-excitation of short trains of ultra-short
EHF pulses, which are emitted into an infinite section of another transmission line.
Self-developing transitions between either the CW or pulse modes of EHF oscilla-
tions are possible, which depend on both the operation conditions and prehistory of
oscillations, thus, revealing the hysteresis and bistability effects in the time-delay
EHF oscillators being considered.

3. Mathematical models and simulation techniques

Time-domain analysis of nonlinear oscillator systems is based on computer
simulations for the numerical solutions of oscillatory equations. Typically, ordinary
differential equations (ODE) for lumped systems or partial differential equations
(PDE) for distributed structures are in use. For more complicated cases, integral-
differential, difference-differential, difference-integral-differential, and other
kinds of equations may be needed for the adequate modeling of real oscillator
systems. The term difference-differential means the equations that account for the
finite delay in their arguments that appear in some terms of the equations. The
equations of this kind are also called the equations with deviating arguments.

In our models, the delay in the electromagnetic coupling between spatially
separated blocks creates multiple time delays in the evolutionary equations that can
be derived for the entire oscillator system. The equations are formulated for the
electromagnetic field, current, and voltage quantities as functions of time and
spatial coordinates in the given circuits. Using various transformations, the equa-
tions are reduced to some other forms mentioned above to make their numerical
solution more accessible.

Specific examples of equations obtained in this way for some of the models are
presented in the following Sections. Typically, the equations are reduced to one or
another version of a set of ODEs with time-delay arguments in their terms that
describe the EM wave coupling in the distributed microstrip circuits.

For the accurate solution of these equations, we applied a highly efficient and
reliable Dormand-Prince method of the (5,3) order of accuracy [26]. A publicly
available software code of the method was amended with our extension that pro-
vided the dynamical storage of dense output of a solution in a long period of time in
the past so as all the time-delayed values were available.

Since the past values are requested by solver at some unknown time nodes in the
storage domain that may exceed the formal time-delay value, we created
sufficiently large storage domain, applied polynomial interpolation of a high and
controllable accuracy that uses a big domain and many nodes around the requested
node, and provided a special control that no limitations are broken.

Thus, we obtained a unique, highly accurate and reliable software tool for time
domain simulations of complicated nonlinear dynamics of time-delay oscillators
that may exhibit dynamical chaos and other unstable transient, oscillatory, and
evolutionary developments. The tool appeared to be highly efficient for solving the
time-domain problems arising for our models of time-delay oscillatory systems.

More generic software tools could also be used for time-domain simulations of
oscillator circuits. At present, SmartSpice simulation software is available for the
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engineering applications of time-domain circuit analysis [27] though applicability of
generic techniques for time-delay problems and complicated circuits is limited.

The other circuit models that assumed an instant response of active devices
(excluding the case of 2D cavity) lead to the difference-delay equations rather than
time-delay ODEs. These equations are solved by direct iteration process.

In all the problems considered, the initial conditions were spatially uniform
steady-state solutions that exist at the given initial parameters including the bias
voltage VB regardless whether the solution is stable or unstable. In case of a stable
initial condition, when the device voltage VG is out of the NDR region, the bias VB

is altered with a certain rise time so as to set the device voltage VG in the NDR
domain where the oscillations begin. In the other cases, when the initial condition
is unstable due to the initial device voltage VG is set in the NDR region, a minor
fluctuation of the bias voltage is introduced that initiates the circuit self-excitation
process.

4. Early models, dynamical chaos, and pulses

The early models assumed an instant response of active devices. In this way,
they ignored any possible frequency limitations imposed by the limited operation
speed of active devices characterized by the relevant intrinsic frequency fG. So, any
specific frequencies of emerging oscillations were defined by the passive circuit
components and nonlinear character of the entire oscillator system.

The first model [17, 18] is presented by the 2D rectangular cavity (0 < x<D,
0 < z <A) with perfectly conducting walls, of which one wall (x ¼ D) is covered
with an active semiconductor layer specified by nonlinear current-voltage (I � V)
characteristics with NDR domain as defined in Eq. (1). The active layer is used as an
approximation for, e.g., a dense array of active devices such as the Gunn diodes
placed on one of the cavity walls inside the cavity. The quantities of interest are the
electric field in the cavity Ez x; z; tð Þ and the average field U tð Þ at the active layer
when the external voltage is applied to active devices and the electric field is set in
the NDR region. Self-excitation is developing in the system when a minor fluctua-
tion of the EM field is introduced in the cavity.

The evolution of self-excitation may occur in a different manner depending on
the system parameters. An essential parameter is the coupling coefficient G0

representing the strength of coupling of the electric field at the cavity wall x ¼ D
with active devices and, implicitly, the maximum electric current in the active
layer. In this way, the coefficient defines the EHF power that can be generated by
active devices.

The main result obtained in this model is the emergence of the dynamical chaos
of the EM field in the cavity when the coupling coefficient G0 is made sufficiently
large [17, 18]. To identify the chaos, three basic criteria have been used: (a) specific
structure of the Poincare sections, (b) broad-band character of the power spectrum
of oscillations and (c) sensitive dependence of solutions on the initial conditions. In
addition, the wavelet analysis was applied to study the evolution of the excited field.
The Morlet wavelets have been used to scale the frequency band 0:4≤ f D=c≤ 6:4 in
the time interval of 375≤ ct=D≤400 where c is the speed of light.

Most of simulations were made with a square cavity (A ¼ D). The square cavity
often generated chaotic dynamics of the Ez x; z; tð Þ field whereas a shorter cavity
(e.g., A ¼ 0:8D) showed a greater stability. Yet, the main factor controlling the
emergence of chaos is the coupling coefficient G0. When the coefficient is small,
e.g., G0 ¼ 0:1 in case of the square cavity, only regular and, essentially, single-
frequency oscillations appear. At the intermediate coupling, e.g., G0 ¼ 1, the
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co-existence of multi-frequency and chaotic generation is observed. Finally, at the
very strong coupling when, e.g., G0 ¼ 30, chaotic oscillations dominate.

Simulations in this 2D model were made using the series expansion of the cavity
field in spatial modes with time-dependent expansion coefficients in a way, which
is conceptually similar to formulations developed in [11]. In this way, a set of
nonlinear ODEs was obtained for the expansion coefficients as unknown functions.
The active layer I � V characteristics entered this formulation through the bound-
ary conditions imposed at the active wall x ¼ D, where they played a role of
nonlinear impedance boundary conditions formulated in time domain. Other
approaches using, e.g., Green’s function formulations and taking into account non-
instant response of active devices, should also be explored.

The second model [19] is formulated as a 1D open-cavity problem where the 1D
cavity (0 < x<D) is formed by the first wall at x ¼ D, which is covered with the
same instant-response active layer as explained above, and the second wall at x ¼ 0,
which is made as a thin dielectric layer of thickness d (�d < x <0) that operates as a
resonant semi-transparent mirror for the cavity field.

In this case, the problem formulated for the electric field Ez x; tð Þ that exists in
both the cavity, the dielectric mirror, and the half-space outside the cavity, is
reduced to a single, though, complicated, delay-difference equation with multiple
time delays, which is formulated for the auxiliary function g τð Þ where τ ¼ ct=D is
the time variable t in the relative units. The other functions of interest such as the
oscillation waveform U1 τð Þ emitted through the dielectric mirror are also defined
via the function g τð Þ [19].

The main result obtained for these structures is that, typically, a train of the EHF
pulses is self-excited in the 1D oscillator. The basic frequency of the EHF oscillations
in these pulses is defined by the thickness d and refractive index n of dielectric
mirror. No intrinsic frequency of active devices is present in this problem since
active devices are specified by an instant response and impose no frequency limits
on the emerging self-oscillations. In other cases, depending on the parameters,
trains of baseband pulses with no carrier frequency are self-excited.

Characteristic frequencies of the EHF pulses emerging in these structures would
be, e.g., f ¼ 64 GHz (λ0 ¼ 4:7 mm) at the pulse duration tP ¼ 0:17 ns (the pulse
frequency width f P ¼ 1=tP ¼ 6 GHz) and the pulse repetition frequency f REP ¼ 3
GHz should the devices were capable of operation at these frequencies, the
dielectric mirror made of a MgF2 wafer of thickness d ¼ 1 mm having the refractive

index n ¼ 2:345 at the extremely low loss tangent tan δð Þ ¼ 5 � 10�5 [28], and the
resonator length chosen to be D ¼ 25 mm.

5. Active circuit with a remote resonator antenna

The model that removes an essential limitation of instant response of active
devices was investigated in detail in [20]. The model is rigorously formulated in
terms of the 1D microstrip distributed circuit with spatially separated active and
passive components, Figures 1 and 2.

The circuit consists of four basic parts which are (i) an active block G1 made as a
lumped unit with Gunn diode as an active device, (ii) a remote resonator A0 (we
assume this is an LC circuit implemented as a lumped block), (iii) a section of
microstrip line of length D connecting the active block and the resonator (this is a
distributed part of the circuit), and (iv) an infinite section of microstrip line
connected to the resonator. The latter allows the waves excited in the circuit to be
radiated towards the infinity, thus, simulating the radiation into the free space, with
resonator block A0 operating also as an antenna unit.
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Figures 1 and 2 show a more generic version of the system considered in [20].
The system of a generic kind includes the stub of the length S that facilitates the
emergence of self-oscillations and the lumped circuit resistors RA and Rn (n ¼ 1)
that simulate absorption losses (equations below and the results are presented for a
simpler case of S ¼ 0 and RA ¼ R1 ¼ 0).

The governing differential equations and boundary conditions are obtained by
applying the wave equations to the transmission line sections and the Kirchhoff
circuit equations to the diode and resonator blocks. The wave equations describe the
voltage waves P, U, and UA that propagate to the right and to the left in the
microstrip sections as shown in Figure 1, respectively. They are the unknown
functions to be found.

The Kirchhoff equations define boundary conditions imposed at the contact
points of both the Gunn diode and resonator circuits. They are formulated in terms

of the voltage and current values at the contact points e�, e�A , i
�, i�A , which are

defined via the unknown waveforms P, U, and UA. The radiation boundary condi-
tion is applied that ensures no incoming waves in the open microstrip section
(microstrips are assumed lossless and free of dispersion).

The initial condition is imposed as the state of no oscillations when the diode
voltage is set outside the NDR region by the source voltage eB0 . Self-excitation
appears when the Gunn diode is driven into the NDR region by increasing
(decreasing) the source voltage eB τð Þ with a certain rise (fall) time TR (TF).

The time and space variables are used in relative units τ ¼ ct=a and x ¼ ~x=a
where t and ~x are the original time and space variables, respectively, c is the speed
of wave in the microstrip line, d ¼ D=a is the length of microstrip section in relative
units, and a is the spatial scale used for normalization.

The equations for this model are reduced to a set of ODEs with time delays

U″
τð Þ þU″

τ � 2dð Þ �U″

A τ � dð Þ þ ωL U0
τð Þ �U0

τ � 2dð Þ þU0
A τ � dð Þ þ e0B τð Þ

� �

þω
2
G U τð Þ þU τ � 2dð Þ �UA τ � dð Þ � G e τð Þð Þ þ G e0ð Þ½ � ¼ 0,

(2)

Figure 1.
Schematics of a microstrip circuit with Gunn diode active block G1 and a resonator antenna block A0.

Figure 2.
Schematics of (a) passive and (b) active blocks of Figure 1 (n ¼ 1).

8

Oscillators - Recent Developments



U″

A τð Þ þ 2ωCA
U0

A τð Þ �U0
τ � dð Þ

� �

þ ω
2
AUA τð Þ ¼ 0, (3)

e τð Þ ¼ eB τð Þ �U τð Þ þ U τ � 2dð Þ � UA τ � dð Þ

�ω
�1
L U0

τð Þ þ U0
τ � 2dð Þ½ � � U0

A τ � dð Þ�
(4)

where U τð Þ and UA τð Þ are the unknown wave functions, e τð Þis the Gunn diode

voltage at the time τ, ωL ¼ aZ0=cL, ωCA
¼ a=cZ0CA, e0 ¼ eB0 , ω

2
G ¼ a=cð Þ2=LC,

ω
2
A ¼ a=cð Þ2=LACA, and G e τð Þð Þ is the Gunn diode current defined by Eq. (1). Here,

index A denotes the values related to the resonator antenna block, index n ¼ 1 is
dropped, and the other related angular frequencies are ωLA ¼ ωA

2=ωCA and
ωC ¼ ωG

2=ωL, respectively.

6. Bistability, hysteresis, and trains of the EHF pulses

Simulations of oscillators with active circuits and remote resonator antennas
revealed the existence of two oscillation modes, of which one mode is the CW
oscillations and the other is the trains of the EHF pulses. The emergence of one or
another oscillation mode depends on the bias voltage of the Gunn diode circuit. The
EHF pulse mode arises when the Gunn diode operating voltage VGO exceeds the
lower bound V1 of the NDR region but the excess is not significant so as the voltage
VGO does not fall deep in the NDR region. The CW oscillations, on the contrary,
appear when the operating voltage VGO is set deep in the NDR region [20].

An important feature of the effect is the co-existence of both the pulse and the
CW modes of oscillations in some range of operating voltages. The oscillator can
generate either the EHF pulses or CW oscillations at the same operating voltage
VGO when the latter falls in an intermediate domain VB1 <VGO <VB2 (PC-domain)
inside the NDR region V1 <VGO <V2. At smaller values of operating voltage that fall
out of this domain but inside the NDR region, V1 <VGO <VB1, the trains of the EHF
pulses are self-excited (P-domain). At greater values, VB2 <VGO <V2, the CW
oscillations are generated (C-domain).

The effect means bistability of the oscillation modes in the PC-domain. The kind
of the mode being excited depends on the history of bias variations, i.e., on the way
the oscillator is driven to the operating voltage. In this process, the oscillator reveals
an hysteresis in switching between different modes. When the oscillator is driven
into the PC-domain through the P-domain starting from small values, the EHF
pulses are self-excited. On the contrary, when the oscillator is driven through the C-
domain starting from large values, the CW oscillations are generated.

The PC-domain borders also depend on the direction of driving the operating
voltage into this domain. So, there are, in fact, two kinds of P, C, and PC domains,
which could be labeled, e.g., as P-up and P-down, C-up and C-down, and PC-up
and PC-down domains. The effect is illustrated in Figure 3 that shows the I-V curve
of the Gunn diode in relative units G eð Þ and the relevant domains of different
oscillation modes.

Depending on the speed of driving the diode into the relevant stable domain of
either the P or C kind, one can excite initially the oscillation mode, which is not
intrinsic for that domain, e.g., CW oscillations in the P-domain. This mode is,
however, unstable and after a certain period of time it gradually turns into the
mode, which is intrinsic for the given domain, e.g., into the pulse mode in P-
domain. Similarly, pulses, which could initially be excited in C-domain, gradually
transform into the CW oscillations, which remain stable in this domain. The latter
process is illustrated in Figure 4.
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Let us now consider the properties and the mechanism of emergence of the EHF
pulses. The time length of each pulse tP appears to be equal to the interval of time
between pulses ΔtP and each of them is equal to the time of the return trip of the EM
signal between the active block G1 to the resonator A0. Thus, the EM pulse length
LP ¼ ctP is twice the length of microstrip section connecting the Gunn diode and the
resonator, LP ¼ 2D at tP ¼ ΔtP ¼ 2D=c.

The pulse carrier frequency ω is defined by the intrinsic frequencies of both the
active block ωG and the resonator ωA. The condition for the emergence of a clear
train of pulses is the coincidence of frequencies ωG and ωA. The length D of
microstrip section has to be sufficiently large for the pulse duration tP to be much
greater than the oscillation period T ¼ 2π=ω. An example of a perfect train of the
EHF pulses is shown in Figure 5.

In relative units, our simulations were made, typically, at the parameter values
ωA ¼ ωG ¼ 1, ωCA

¼ ωC ¼ 10, ωLA
¼ ωL ¼ 0:1,G0 ¼ 2, and the microstrip length d

chosen in the range of d ¼ 10� 200. The emerging radiation wavelength in relative
units was λ≈ 8. When the normalization length a is chosen to be a ¼ 1 mm, this
corresponds to the oscillation frequency of f ≈ 37:5 GHz. Then, ωC ¼ 10 and
ωL ¼ 0:1 at Z0 ¼ 50 Ohm correspond to the capacitance C ¼ 0:07 pF and the
inductance L ¼ 0:17 nH.

The emergence of one or another oscillation mode depends on the length d of the
microstrip section between the Gunn diode and the remote resonator. The longer is
the section, the easier trains of pulses are excited. Since the oscillations arise and
decay at a very short time, the emergence of short pulses is possible at sufficiently
short values of d, e.g., d ¼ 10 at the wavelength λ ¼ 8.

Figure 3.
Gunn diode current-voltage characteristics Gn eð Þ(n ¼ 1), differential conductance gn eð Þ ¼ dGn eð Þ=de, two
options for the load lines (curves 1 and 2), the operation point 3, and the voltage regions P, C, and PC, that
correspond to the emergence of different oscillation modes in the NDR region e1 < e< e2 ([20]; licensed under a
creative commons attribution (CC BY) license).

Figure 4.
Transition from the initial pulses to CW oscillations in the circuit with d ¼ 20 at a very slow switching the bias
voltage up to eB ¼ 2:1 in the C-up domain ([20]; licensed under a creative commons attribution (CC BY)
license).
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The formation of trains of the EHF pulses can be explained as follows. If the
circuit is designed so that excitation is possible with no resonator at the site A0, the
oscillations appear and continue for the time tP until the feedback signal returns
from the resonator to the active block.

Then, if the conditions are so that oscillations cannot exist with both the active
block and the remote resonator engaged, the oscillations cease for the period of time
ΔtP when the active block receives a feedback signal and, therefore, “feels” the
presence of the resonator. After that period of time, the feedback disappears, the
active block does not “feel” any resonator again, and a new pulse of oscillations arises.

If the system is so that oscillations can exist in the presence of resonator, the
oscillations, once appeared, would continue as a steady-state process. In this case,
CW oscillations are excited whose frequency is defined by the Gunn diode and the
remote resonator circuits.

The effects described above are tightly connected to a general problem of oscil-
lation quenching and collective behavior of oscillators [29]. They are also related to
bifurcations observed in square-wave switching in delay-coupled semiconductor
lasers [30]. It is clear that, despite essentially different governing equations, the
common feature of time-delay coupling leads to similar consequences in terms of
nonlinear dynamics of microwave oscillations and optical polarization in these
cases.

The generation of trains of pulses discussed above is obtained in the model that
accounts for non-instant response of devices caused by the capacitance and induc-
tance of active units [20]. These simulations confirm the conclusions of a simpler
model [19] that the excitation of trains of the EHF pulses is a generic property
of those oscillators, which are specified by remote location of their resonator
structures.

7. Parallel and series connections of active circuits

One can imagine many kinds of active circuits and distributed networks of
microstrip connected discrete circuits. There are two basic types of connection of
active circuits, which are the parallel and series connections, Figures 6 and 7,
respectively.

Figure 5.
(a) Train of the EHF pulses and (b) the shape of a single pulse generated by the circuit with d ¼ 200 at the
oscillation period T ≈ 8 when switching the bias voltage up to eB ¼ 2:0 at the rise-time TR ≈400 ([20]; licensed
under a creative commons attribution (CC BY) license).
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The parallel connection [21] is conceptually similar to the case of microwave cavity
coupling of devices with spatial power combining considered by Kurokawa [6].
Spatial power combining is an important issue in this topic [31]. Our time-domain
simulations of microstrip circuits connected in parallel confirm a possibility of
increasing the total power output of the system proportional to the number of
circuits N until a certain limiting value Nmax. At the same time, as typical for the
circuits with a remote resonator A0 connected to the active blocks Gn, trains of the
EHF pulses can also be generated in these circuits.

The series connection of active circuits was also considered and the effect of
nonlinear power combining was demonstrated [22]. The series connection of cir-
cuits appears to be less promising then the parallel connection since, due to the self-
consistent evolution of the entire system, the basic oscillation frequency, typically,
decreases with increasing the number of devices. The active blocks in [22] were
different from those in [21] that, partially, could explain the effect. Nonetheless, the
increase of the total length of the system in series connection is supposed to be the
main reason of reducing the basic oscillation frequency.

Turning back to the parallel connection of active circuits and keeping in mind
the explanation of the effect of pulsing presented in Section 6, we can consider a
network of N parallel time-delay branches of Gunn diode circuits with different
lengths of microstrip sections Dn [23]. With account of different times of arriving of
time-delayed feedbacks in different branches and strong nonlinear mixing of oscil-
lations in active devices, we can expect the development of complicated and,
potentially, chaotic or quasi-chaotic oscillations.

As a test of this possibility, we considered a system of two parallel branches of
identical active circuits presented in Figure 2, though of different and, generally,
non-commensurable length of time-delay microstrip sections [23]. In this case,
despite an apparent simplicity of the system, we observed complicated and, in the
lower frequency bands, virtually quasi-chaotic nonlinear oscillations, Figure 8.

Figure 6.
Schematics of a parallel connection of active circuits where, in distinction from [21], different lengths of all
microstrip sections Dn and stubs Sn are assumed as needed for quasi-chaotic oscillations.

Figure 7.
Schematics of a series connection of active circuits where, unlike the case in [22], different lengths of different
sections Dn are considered.
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The effect is similar to the excitation of chaos in the 2D cavity [17, 18] or in the
network of dispersive transmission lines where different frequency components
take different times for the return of the feedback signal.

Quasi-chaotic character of the radiated wave in the low-frequency band was
observed in both the Poincare sections and the auto-correlation functions of the
emerging self-oscillations. When comparing auto-correlation functions of trains of
the EHF pulses and quasi-chaotic signals arising under the relevant conditions, one
can see a revival of correlations over the period of pulse repetition in the train of
pulses and, on the contrary, a significant loss of correlation in the quasi-chaotic
signal at all the times exceeding the basic period of oscillations, Figure 9.

Poincare sections plotted for the variables UA τð Þ and dUA τð Þ=dτ show the
presence of periodicity in the train of the EHF pulses and the lack of long-term
periodicity in quasi-chaotic signals, Figure 10(a) and (b), respectively.

The frequency spectrum of the quasi-chaotic signal shows the presence of cha-
otic components around the basic oscillation frequency and in the low-frequency
band, Figure 11.

When the trains of the EHF pulses are excited, one can obtain rather short length
of pulses. Since the process of turning on and off the EHF oscillation pulses is very
short, one can obtained pulses that consist of just a few oscillations within each
pulse when the microstrip sections between active circuits and resonant structures
are sufficiently small, still being of nonzero length.

As an example, in a single-branch circuit of the kind shown in Figures 1 and 2,
in case of ωA ¼ ωG ¼ 1, ωCA

¼ 10, ωL ¼ 0:1 (ωLA
¼ ωA

2=ωCA
¼ 0:1, ωC ¼ ωG

2=ωL

¼ 10), S ¼ 0, RA ¼ R ¼ 0, and G0 ¼ 2, only two and four oscillations within each
pulse were excited when the length of the microstrip section was d ¼ 10 and
d ¼ 20, respectively, and the radiation wavelength was λ≈ 8.

Figure 8.
(a) A quasi-chaotic signal radiated from a system of two Gunn diode circuits connected in parallel to the
resonant antenna node by microstrip sections of the length d1 ¼ 200 and d2 ¼ 266:67, respectively, when the
basic radiation wavelength is λ ¼ 8:6 and (b) the close-up view of a part of this signal [23].
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One of the oscillators of such a kind was subject to the frequency-domain
analysis for the comparison with time-domain simulations [24]. The oscillator had a
single active block, though of slightly different design from those above, and a stub
of length S. The analysis followed the ideas of the Kurokawa approach when applied
to an open radiating circuit.

The frequency-domain analysis in the form adjusted for the radiating circuits
was found to be capable of predicting small-signal oscillation spectra in either
single- or multi-frequency cases [24]. At the same time, the approach, naturally,
failed when strong nonlinear oscillations of more complicated character have been
developed.

Figure 9.
Auto-correlation function of (a) train of pulses of the kind as shown in Figure 5 and (b) quasi-chaotic signal of
Figure 8 computed over the time interval τ ¼ 1000� 9000 and τ ¼ 2000� 20000, respectively [23].

Figure 10.
Poincare sections of (a) pulsed and (b) quasi-chaotic signals processed in Figure 9 [23].
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8. Resonant tunneling diode and laser diode circuit emitting trains of
correlated EHF and optical pulses

Finally, we consider a time-delay version of an interesting oscillator that uses the
laser diode driven by the resonant tunneling diode. The original form of the oscillator
was proposed in [32, 33]. The RTD-LD circuit could generate optical (infrared) LD
signals (pulses, oscillations, or chaos) when the RTDwas excited by the external radio
frequency (RF) bias. The authors made up the oscillator operating at the frequencies
up to 2 GHz [33] and analyzed it with numerical simulations as a lumped unit.

The LD used in [33] was an optical communication laser operating at around
1550 nm IR radiation wavelength with an average output power of 5 mW. The RTD-
LD hybrid circuit was produced with a minimal length of bonding wires b accessible
with manual manufacture (b � 1 mm) so as to minimize the inductance of the
system. Using the RTDs of small capacitance, the authors observed self-oscillations
at the frequencies of 350–400 MHz, 550–590 MHz, and 1.82–2.17 GHz, depending
on the bonding wire length b and other parameters. The authors made numerical
simulations of their lumped oscillators and obtained a sufficiently good coincidence
with experimental results [33]. The lumped circuit model is perfectly valid at these
oscillator sizes and oscillation frequencies.

We considered a distributed version of the circuit that transforms the latter into
an open system of the kind as shown in Figures 1 and 2 of Sections 5 and 6, where
the Gunn diode is replaced by a monolithic RTD-LD unit and the remote resonator
block A0 is used as a resonant antenna [25]. At the non-zero length D of the
microstrip section connecting the RTD-LD unit and the resonant antenna, the
circuit operates as a time-delay oscillator in a self-excitation mode when the RTD
bias voltage falls in the NDR domain of the RTD unit.

Under the oscillation conditions, when using appropriate values of circuit
parameters and, particularly, choosing the RTD operating at sufficiently high fre-
quencies, e.g., up to 1 THz [34, 35], one can make the circuit to generate a train of
short EHF pulses UA, which are emitted into an open microstrip section and,
eventually, radiated into the free space. At the same time, if the LD is also a high-
speed device [36], a similar train of optical pulses would be emitted, which are
correlated in a perfectly synchronous manner with original EHF pulses.

The trains of both the EHF and optical pulses can be rapidly turned on and off by
the external bias digital signal applied to the RTD so as to produce relatively short

Figure 11.
Frequency spectrum of the waveform presented in Figure 8 [23].
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pieces of trains of EHF pulses. This property, along with a possibility of synchro-
nous generation of both the EHF and optical pulses, can make the dual EHF-optical
oscillators of this kind attractive for potential applications in various forms of close
range radar systems. The optical power output of these systems can be increased
when making reasonably large chip-on-board LD arrays of, e.g., 20 elements or so
in a way similar to conventional high-power LED arrays.

There is an optimal range of the length of microstrip section D when the oscilla-
tor generates both the optical and EHF pulses being of a good shape, at the maxi-
mum EHF frequency, and the maximum light intensity. For example, at the device
frequency fG ¼ fA ¼ 7:6 GHz, the entire range where the effect exists is D ¼ 1� 20
mm and the optimal D is about D ¼ 5 mm (d ¼ 5 at the unit length a ¼ 1 mm).

In addition to the basic form of dual EHF-optical pulse oscillations presented
above, there is another, a more interesting mode of operation. When having a
sufficiently large excess in the operation speed of the RTD-LD unit as compared to
the duration of separate pulses, each optical pulse can also be modulated in power
by the RTD EHF current. This makes both the EHF and optical pulses carrying the
same EHF signal, Figure 12.

Figure 12 shows an example of the EHF pulse radiated by the RTD-LD circuit
and the relevant EHF-modulated optical pulse. Pulse oscillations have been com-
puted when both the RTD-LD and the resonator circuit intrinsic frequencies are
fG ¼ fA ¼ 76 GHz assuming ωC ¼ ωCA

¼ 1, ωL ¼ ωLA
¼ 1, and d ¼ 1. In this case,

the LD electron lifetime parameter is chosen to be tn ¼ 10 ps so that the LD optical
output could follow more frequent oscillations of the RTD circuit. These values
assume sufficiently small capacitance and inductance of the devices. At the given
parameters, they should be about C ¼ CA ¼ 55 fF and L ¼ LA ¼ 80 pH. Despite
being extremely small, these values become accessible with modern RTD
technology [34, 35]. When using, instead, the parameters ωC ¼ ωCA ¼ 10 and
ωL ¼ ωLA

¼ 0:1, we get C ¼ CA ¼ 5:5 fF and L ¼ LA ¼ 0:8 nH that makes, possibly,
a more realistic system. In this case, we can produce a single oscillation within a
pulse and a short burst of the EHF oscillations at the pulse length tP ¼ 25 ps and
tP ¼ 50 ps, respectively [25].

Detection of the EHF modulation of optical (IR) pulses is yet another issue.
Direct detection of the EHF modulation of optical pulses is expected to become
possible with an RF optical heterodyne photo-detector proposed in [37].

Figure 12.
Excitation of (a) the EHF pulse and (b) the EHF-modulated optical pulse when G0 ¼ 0:5, d ¼ 1,
fG ¼ fA ¼ 76 GHz, and tP ¼ 0:2 ns [25].
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9. Conclusions

We presented time-domain simulations of distributed time-delay oscillators,
which show complicated nonlinear dynamics of electromagnetic oscillations gener-
ated by these systems.

We considered the models that consist of discrete lumped circuits of active and
passive devices and distributed sections of microstrip lines connecting the lumped
circuits. The active devices were presented by the Gunn diodes and the resonant
tunneling diodes operating in the EHF frequency band. Parallel and series connec-
tions of microstrip sections with active devices have been simulated. Other struc-
tures like a 2D microwave cavity with a wall covered with active devices and a 1D
open resonator made by a similar wall and a thin dielectric mirror have also been
investigated.

Simulation models were developed, which rely on the method that reduces
the problems for the wave equations in structures with active devices to the
problems with time-delay equations of difference-differential kind. A Dormand-
Prince method of the (5,3) order of accuracy for ordinary differential
equations was applied and extended for solving time-delay equations arising in
simulation.

Time-domain simulations revealed a diversity of dynamical effects in time-
delay oscillators being considered. A possibility of chaotic or quasi-chaotic
oscillations was observed in a 2D cavity with active devices and in some cases
of parallel connection of microstrip sections with Gunn diode circuits.

Self-excitation of trains of the EHF pulses in microstrip structures with
Gunn diodes and remote resonators have been discovered. A similar kind of
trains of either the baseband or the EHF pulses were also observed in a more
simplified model of a 1D cavity with an active layer and a dielectric mirror.
Bistability in the generation of either the continuous waves or the trains of
the EHF pulses in the Gunn diode systems with remote resonator was discov-
ered and hysteresis in switching between these generation modes was
observed.

A dual kind of the EHF-pulse and the EHF-modulated optical pulse
generator using an RTD-LD time-delay oscillator has been proposed and investi-
gated.

The approach based on the splitting of oscillator systems on discrete parts of
active circuits and distributed parts of propagation sections makes it possible
time-domain simulations of complex oscillatory structures. The approach has a
major advantage over exact modeling with common engineering software. It
allows one to address the problems of time-domain simulation of distributed
systems with limited computational resources. This makes the analysis of this kind
of systems feasible that, otherwise, would be out of reach with conventional
simulation tools.
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