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TIME-DOMAIN SIMULATION OF SHORT-PULSE OSCILLATIONS
IN A GUNN DIODE SYSTEM WITH TIME-DELAY MICROSTRIP COUPLING

L.V. YURCHENKO AND V.B. YURCHENKO

Time-domain simulations of active systems with Gunn diodes connected by sections of microstrip
transmission lines (TL) are carried out. Self-generation of Gunn diodes mounted in various ways in the TL
circuits has been investigated. Complex dynamics of electromagnetic field radiated into an open end of the
TL are observed. Trains of high-frequency pulses are shown to emerge when active devices are separated
from compact resonant circuits by extended sections of the TL providing a time-delayed feedback.
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1. INTRODUCTION

We perform time-domain computer simulations
of nonlinear self-oscillations in distributed microstrip
transmission line systems with active devices specified
by negative differential resistance (NDR) of current-
voltage characteristics such as of Gunn diodes and
similar structures. There are two main goals of this re-
search which concern both the theoretical and practi-
cal aspects of the problem:

1) Developing mathematical models, numerical
techniques and computer codes for the efficient self-
consistent time-domain simulation of high-frequency
excitation in distributed systems with a strong time-
delayed coupling between active devices connected
by sections of transmission lines;

2) Investigating available options of microstrip
implementation of nonlinear power combining (su-
perlinear in the number of devices) and non-con-
ventional spectral effects (ultra-wideband chaotic
oscillations etc) for possible practical applications in
high-frequency electronic systems (ultra-short pulse
generation, noise radars, etc).

Microwave power combining has been investi-
gated for a long time. Initially, there were lumped cir-
cuits being considered. Later on, waveguide network
[1, 2] and quasi-optical array systems [3, 4] have been
proposed. Despite numerous achievements [4, 5], ef-
ficient power combining remains a challenging prob-
lem. There are important physical reasons for this,
such as the distributed character of systems whose size
is large compared to the wavelength (especially, when
considering open radiating systems), broadband and
multi-frequency dynamics of oscillations, etc.

Nowadays, the major goal is the power combin-
ing in the THz bands where the power output of indi-
vidual devices is intrinsically limited by the physical
processes involved (the main relaxation channels in
both the devices and the environment occur precisely
in this domain). In the meantime, conventional de-
sign and simulation techniques (e.g., the impedance
analysis method) are insufficient for these systems [6,
71, being only valid in a small-signal approximation
for narrow-band applications. On the other hand,
exact numerical methods (such as finite-difference
time-domain ones [8]) require huge computational
resources and are inappropriate in many cases.
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The active character of devices characterized by
instability and nonlinearity makes common simulation
tools (e.g., Flomerics Micro-Strips, etc) inadequate for
the rigorous modeling of such systems. Other software,
such as SPICE, cannot cope with distributed systems
where the wave propagation between the devices is an
essential part of system operation. A promising ap-
proach is the use of hybrid numerical methods [9] that
combine both the frequency-domain and the time-do-
main computations, though they also suffer from vari-
ous limitations (narrow-band approximation etc).

For these reasons, the design of active structures is
usually split in two separate stages dealing with either
linear or nonlinear parts of the system. In this method,
the attention is focused on passive components whose
design is carried out in much detail. As a price for this
simplification, some assumptions are supposed to be
met such as the operation of the system in the narrow
band or in a given set of a few narrow bands, etc.

In this work, we choose an alternative approach
and focus our attention on the nonlinear part of the
problem, while the linear part is chosen to be rela-
tively simple. In this approach, the aim is the accurate
self-consistent modeling of nonlinear effects through
rigorous solutions of governing equations and, spe-
cifically, accurate time-domain simulations of non-
linear oscillations and non-conventional dynamics
(chaos, pulses) emerging in various conditions [10-
13]. As a practical issue, nonlinear power combining
is investigated in a rigorous manner.

By reducing the linear part of the problem to the
simplest form, we arrive at a set of discrete devices
connected by sections of one-dimensional transmis-
sion lines, e.g., microstrips. Microstrips excited by
solid-state devices are rather practical solutions for
various applications. A study of one-dimensional
models provides also a benchmark for testing various
computational methods ranging from analytic ap-
proximations to advanced numerical tools.

In quasi-optical applications, parallel coupling
of active devices in a single array is used for increas-
ing the power output [4] (in microwaves, similar ideas
were implemented in the waveguides by K. Kurokawa
[1]). A one-dimensional analogue of this system is the
parallel connection of transmission line circuits, with
microwave power being radiated into an open infinite
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section of the line (the latter models the radiation of
the electromagnetic waves from the antennas into free
space in three-dimensional open systems).

As an alternative system, a series connection
of active devices in a sufficiently long transmission
line (a ladder-type oscillator) represents a simplified
model of an open active structure with distributed ele-
ments that could be used for the spectrum modifica-
tion of THz radiation. Our simulations of a chain of
Gunn diodes [10] revealed complicated dynamics of
the electromagnetic field in this system, though more
detailed analysis of this structure is needed.

The interest in the systems of this kind is justified
by their potential applications as the sources of chaotic
signals for the emerging field of the noise radar technol-
ogy [14]. This technology provides a number of ben-
efits such as an ultra-wideband spectrum of radiation,
simultaneous detection of the position and the veloc-
ity of the target, operation below the noise level of the
environment, and other advantages. For these reasons,
THz applications and, especially, MMIC implemen-
tations of these systems are of particular interest.

2. SIMULATION OF PARALLEL TIME-DELAY
NETWORK OF ACTIVE DEVICES

Simulation approach outlined above was applied
earlier to a few kinds of time-delay circuits with active
devices (Gunn diodes) of relatively simple configura-
tions [10-13]. They were mostly series networks of a
few devices with time-delay microstrip coupling or
single-diode systems with time-delay feedback where
complicated dynamics of high-frequency radiation
field have been predicted [10-13].

Here we consider another system, which is a par-
allel time-delay network of active devices as shown in
Fig. 1, a. All active blocks in this network (n=1,...N)
are identical, being of the kind shown in Fig. 1, b.
A common passive block (#=0) is of the kind shown in
Fig. 1, c. The block operates as a remote resonator for
the given set of active devices and, in the same time,
as a resonant antenna that transmits electromagnetic
radiation into an open (infinite) section of microstrip
line as shown in Fig. 1, a.

Microstrip lines of length d, and d; provide
time-delay coupling and feedback in this system.
They are supposed to be sufficiently long as compared
to characteristic wavelength of emerging radiation.

Formulation of the problem is provided by the set
of equations consisting of

— the wave equations for the current i, (t,x)
and voltage e, (t,x) in each section of the microstrip
transmission line;

— the circuit equations for each circuit n written
in terms of the current #,(t) and voltage e,(t) defined
appropriately for each circuit as shown in Figs. 1 (e.g.
for active circuits the circuit currents and voltages are

=iy =i
=i =lg +ic , €,=¢e; +e, —eg);

— the boundary conditions for the wave equa-

tions at the points of microstrip connections to the

circuits (x, =x, +0) which establish the link between

+

€, =€, —€,
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the microstrip currents and voltages at the points x;,
(i;(v)=i(t,x;), e (tv)=e,(1,x,)) and the circuit
currents and voltages i,(t) , e,(t) asshown in Fig. 1.
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Fig. 1. (a) A network of active circuits connected by
sections of microstrip transmission lines and schematics
of (b) active circuits used in the network and (c)

a resonant circuit used as an antenna node n=0

The set of equations is completed by the radia-
tion condition at x=-o (no incoming waves from
the open end of the transmission line) and the short-
circuit condition that leads to the occurrence of re-
flected waves from the ends of the stub sections d .

Despite apparent simplicity of circuits consid-
ered, self-consistent time-domain modelling of these
distributed systems is a complicated problem.

In case of a small spatial dispersion of microstrip
line the linear part of the problem is simplified sig-
nificantly so as the wave propagation in the waveguide
sections is described by a well-known Riemann-
D’Alembert solution to the one-dimensional wave
equation. In our modelling, we use this approach for
time-domain simulation of linear part of the problem
while the nonlinear part is modelled in full, in distinc-
tion from a more traditional approach. It allows us to
reduce the problem described with complicated partial
differential equations to a problem with an equivalent
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set of ordinary differential-difference equations with
time delay (the equations with deviating argument).
Despite the remaining complexity caused by
delay, the equations can be solved by available nu-
merical methods [15]. In the explicit form, differen-
tial-difference equations for electromagnetic waves
in a network of transmission lines with active blocks
(n=1...N) described above are presented as follows:

U;(Sn):_})n"(gn _dn)+

oy e ()+20, [S)(9, ~2dg )~ 0

_Ur,t(gn)]_mé,, [Un(‘gn)'i—})n(sn _dn)_Gn(eCﬂ)]a

where

F,(8,-d,)=U,8,-2d,)-ec (1-d,)-U,(x-d,); (2)
Sn(sn)zUn(Sn)+Prt(9n_dn)_Sn(Sn_2dSn); (3)
e; =ey, +2S,(8,-2d,)-U,(9,)]-

_TL,, [Ul"t(sn)+l)rl’(8n _dn)]~

In these equations, U,(3,), P,(3,), 0,(,),
S,(38,) and U ,(r) are the amplitudes of the waves
propagating in the corresponding sections of the line
(Fig. 1a) presented as functions of time variables
9,=t+d,=1+x,, 95 =9,+dg; =1+xg and the
current time < in such a manner that ’

i1 (1)=5,(9-2ds ) +5,(9,),
e} (1)==S,(9-2ds ) +5,(9,).
iy (0=U,(9,)+ P,(8,~d,),
e, (1)=-U,(3,)+ P,(8,~d,), 5)
i (0=U,(9,-d,)+P9,),
el (0=-U,(3,-d,)+P,(9,),
i () =U,(x),

e, (1)=-U (1.

The index A designates the variables associated
with the antenna element (see designations on Figs.
la, 1c), and the value U ,(t) describes the wave radi-
ated into the open section of TL towards the infinity.

Notice that all the equations in this work are
written in terms of dimensionless normalized vari-
ables such as the relative coordinate x=X/a,,
time rt=ct/a,, voltage e,=V,/V,and current
i,=2,1,/V,, where a is the spatial scale used for
normalization, ¢ is the speed of wave in the transmis-
sion line, Z, is the intrinsic impedance of the line,
V, is the normalization voltage. In a similar way, we
introduce other dimensionless parameters such as
1 =cZ,C,/a, 1, =cL, /(Z,a), v, =2n(t, rcn)‘/z,
oc =1/t , o, =1/1, and o, —(u)L(oC) , etc.

The Gunn diodes are simulated in terms of the
given current-voltage characteristics with negative
differential resistance (NDR) as shown in Fig.2. This
approximation assumes the limited space-charge ac-
cumulation (LSA) mode of operation of Gunn diodes.
This allows a rather broadband functioning of the de-
vices, with the maximum-to-minimum frequency

4)
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ratio exceeding a decade. The approximation means
an instant response of the diodes to the external field
neglecting the modelling of strong-field domains in
the diode structures. Instead, characteristic times of
intrinsic processes specific for the diodes are repre-
sented by the equivalent capacitance C, and the in-
ductance L, of the devices and their connections to
the circuits. The current-voltage characteristic of the
diodes is given by the approximation [16] typical for
GaAs and GaN structures

G,=G,(e)=G [(e+0.2¢*) /(1+0.2¢*)+0.05¢], (6)

where G, =Z,I, /V, is the dimensionless diode
current parameter 1, and ¥V, are the characteristic
absolute current and voltage specifying the diodes
(e.g., forthe L-band GaN THz Gunn diodes de-
scribed in [17], we have [, ~84, V, =30V ), and, fi-
nally, e=|e; | isthe dlmensmnless voltage applied to
the diode (Fig.2).

The model of this kind became an engineering
norm for the time-domain calculations and applied,
for example, in the well-known circuit design soft-
ware HSPICE.

G — e

T
i=1*Zy/V,

0 1 2 3 4 5 6
e=V/V,
Fig. 2. The Gunn diode current-voltage characteristic
G,=G,e), g,(e)=dG,(e) / de — the differential
conductance, and the load lines at the bias resistance r,

The electromagnetic self-excitation appears in
the system when the Gunn diodes are biased to the
NDR region. The oscillations develop in response to
a small fluctuation of the bias voltage, once the volt-
age is in this region, or as a result of switching the bias
from the stable to this unstable domain.

The bias voltage e, (t) is specified by the function

eg(t)=ep +0epfp(t/15)—8epfp((t—15)/5),

where e, is the steady-state voltage in the “off” po-
sition below the threshold e, when no self-oscilla-
tions are excited (the oscillations appear if e; >e B )
ey =ey +0ey is the steady-state voltage in the “
position when self-oscillations are being developed
(ep >ep ), fz(t/15) is the bias switch function
which describes the switching on and off process be-
ginning at the moment t=0 and t=1,, respective-
ly, and developing during the characteristic time t

(0<fp<1, f=0at t<0, fp=1at t>1y).
As

a switch function, we  choose
fp=(anh(u)+1)/2, with the  substitution
u=s/(1-s%), s=2t/t5 -1, defined in the interval
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|s|<1 where 0< fp <1 (fy=0 at s=-1, fp=1 at
s=1), while outside of this interval we assign f; =0
at s<-1 (t<0)and fp=lat s>1 (t>1g).

This definition of the switch function f; allowsus
to confine the duration of switching on and off within
the finite time interval 0 <t<tg, with both df} /dt
and d’f, /d<* beingzeroat t<0 and t> 1. Notice,
the condition df, /dt=d*f, /di* =0 at t<0 is nec-
essary for the consistency of time-delay equations at
1< 0 with the trivial initial conditions on the unknown
functions at the time-delayed intervals while assuming
no time variations before the switching on begins.

In a similar way, we write the equations for the
resonant antenna circuit (z=0) schematically shown
in Fig. 1, a and c. As a result, we obtain a complete
system of N +1 second-order differential-difference
equations, which describe the electromagnetic field
evolution in the given microwave circuit of trans-
mission lines with active Gunn-diode devices. They
account for both the nonlinearity of devices and the
delay of coupling between the devices due to the time
needed for the wave propagation along the transmis-
sion lines. This property makes the system prone to
non-conventional dynamics such as the dynamical
chaos and other nonlinear effects that could be useful
for various applications.

3. NUMERICAL REZULTS

We obtain numerical solutions of the equations
in by using the integration methods presented in [15],
particularly, the Dormand-Prince method of the
8(5+3) order, which we extended for the case of time-
delay equations specific for our problem. Being direct
time-domain computations, accurate solutions of
these nonlinear equations are rather time-consuming.
Time sequences of the field evolution were, typically,
found for many thousands of intrinsic periods 7, as
defined by the system parameters, with the accuracy
of solutions specified at the level £¢=107...107'% [15]
sufficient for obtaining stable and reproducible solu-
tions as verified by more accurate test simulations.

When considering a network with a single active
circuit (N =1) , we found a possibility for the system to
generate a train of high-frequency pulses radiated into
an open section of microstrip line (Fig. 3). The pulses
are excited when the bias voltage E, is increased
above a threshold value (the system is turned on) and
cease when Ej is reduced below the threshold.

A characteristic feature of the effect is that the
pulse duration tp equals to the time interval between
the pulses Azp and each of them is close to the dura-
tion of the round trip of a signal from the active device
(n=1) tothe remote resonator (n=0)and back to the
active device (n=1) . Thus, the spatial length of each
pulse in an infinite microstrip line L,=ct, (¢ is the
speed of wave in the line) is about twice the length of
the microstrip section, L, =2d, .

The carrier frequency of each pulse o is deter-
mined by the intrinsic frequency of active circuits,
and the optimal condition for the formation of a clear
sequence of pulses is the coincidence of intrinsic
frequencies of the remote resonator (n=0) and the
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active circuit (n=1), while the length of microstrip
section d, that provides a time-delay coupling is re-
quired to be large enough for the pulse duration 1, to
be much greater than the oscillation period t=2nw.
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Fig. 3. A train of high-frequency pulses radiated from the
system of one Gunn-diode active circuit (curves 1) and
two identical active circuits (curves 2) when the circuits
are connected to the antenna node n=0 by microstrip
transmission lines of length d, =200 (in relative units
where the pulse radiation wavelength is A=9.0)
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The formation of train of pulses and the main
conditions for this could be explained as follows. If the
active circuit is designed so that oscillations are excit-
ed when no resonator is present at the antenna node
n=0, the oscillations arise and exist for the duration
of time tp until the feedback signal returns from the
remote resonator (n=0) to the active node (n=1).
Then, if the design of the entire system including both
the active circuit and the remote resonator is of such
a kind that oscillations cannot exist in the entire sys-
tem, the oscillations cease for the period of time Af,
when active circuit receives a feedback from the node
n=0 and, in this way, “feels” the presence of remote
resonator. After that time, the feedback disappears,
the active circuit does not “feel” any remote resona-
tor again, and a new pulse of oscillations arises.

When connecting two identical branches of ac-
tive circuits in parallel to the antenna node, we ob-
tain a similar train of pulses radiated from the system,
though of slightly different parameters (Fig. 3, b).
With increasing the number of branches, the oscil-
lations may not cease completely between the pulses
and the entire process becomes more complicated.

Keeping in mind the explanation of the effect
given above, we may consider the networks of multi-
ple time-delay branches of different length of micro-
strip sections. With account of different times of ar-
riving time-delay feedbacks from different circuits
and nonlinear mixing of oscillations in active devices,
we can expect the development of complicated and,
potentially, chaotic or quasi-chaotic oscillations that
could be of interest for certain applications [14].
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Consider now the network of two branches of
identical active circuits of the kind shown in Fig. 1,
though of different and, preferably, non-commensu-
rable length of time-delay microstrip sections d,, .

' L L T . L L O O L T B L . T
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v
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e “‘Z‘??;),relifm e

Fig. 4. A quasi-chaotic signal radiated from a system
of two active circuits connected to the antenna node
by transmission lines of length ¢, =200 and d, =266.67 ,
respectively, when the basic radiation wavelength
at the emerging carrier frequency is A =8.6

In this case, despite the relative simplicity of
active system, there will be a complicated mixing of
time-delay feedbacks in different branches of active
devices, thus, providing a complicated (virtually,
quasi-chaotic in the lower frequency bands) nonline-
ar oscillations as shown, e.g., in Fig. 4 (a similar effect
should also arise in the networks of dispersive trans-
mission lines because of different propagation time of
different frequency components).

In this example, even though there is a certain
carrier frequency due to intrinsic oscillations of active
circuits, the entire waveform that corresponds to the
lower frequency band as compared to the carrier fre-
quency, is rather chaotic and remains so for a long pe-
riod of time being simulated (here we choose the length
parameters d, =200 and d, =266.67 in relative units,
while the carrier oscillation period is 1=8.6.

Quasi-chaotic character of low-pass-band signal
radiated from the system is well illustrated by the plots
of auto-correlation function and Poincare section
computed for the emerging oscillations (Figs. 5—6).

When comparing auto-correlation functions
(Fig. 5) of train of pulses and quasi-chaotic signal,
one can see a reversal of correlation over the period of
pulse repetition (at T~ 840 in Fig. 5) and a significant
loss of correlation in quasi-chaotic signal at all times
exceeding the period of oscillations (t=8.6).

In a similar way, Poincare sections (Fig. 6) clearly
show the presence of periodicity in the train of pulses
over a long period of time and the lack of long-term pe-
riodicity in quasi-chaotic signal of Fig. 4. The frequency
spectrum of the quasi-chaotic signal is shown in Fig. 7.
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Fig. 5. Auto-correlation function of (a) train of pulses
of Fig. 3 and (b) quasi-chaotic signal of Fig. 4 computed
over the time interval ¢=1000-9000
and 7=2000-20000, respectively
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Fig. 6. Poincare section U vs dU /dt of (a) train of pulses
of Fig. 3 and (b) quasi-chaotic signal of Fig. 4 computed
over the time interval 7 =4000-8000
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Fig.7. Frequency waveform radiated from time-delay TL
circuit (N =2) with d, >1
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4. CONCLUSIONS

Time-domain simulations of distributed networks
of active circuits connected by sections of microstrip
transmission lines have shown a possibility of generation
of trains of high-frequency pulses radiated into an open
section of transmission line. The trains of pulses can
emerge when active devices are separated from com-
pact resonant circuits by extended sections of transmis-
sion lines providing a time-delay feedback. When using
a few branches of active circuits with different length
of time-delay transmission lines, a complicated quasi-
chaotic signal can be generated by the system that could
be of interest for emerging applications.
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MojeMpoBaHHe BO BPEMEHHON 00J1aCTH KoJedaHuii
BbICOKOYACTOTHBIX HMITYJIbCOB B MUKPOTIOJI0CKOBBIX JIMHUAX
3ajepxkku ¢ auoaamu I'anna / J1.B. FOpuenko, B.b. IOp-
yeHko // TlpukianHasi paauo3JIeKTPOHUKA: HAy4.-TEXH.
xKypHai. — 2013. — Tom 12. — Ne 1. — C. 45-50.

B cTaThe OBLIO BBIITOJTHEHO MOIEIMPOBAaHNE BO Bpe-
MEHHOI 00JIaCTM aKTUMBHBIX CHUCTEM C AuomamMu [aHHa,
COCIMHEHHBIX CEKLMUSIMUA MMKPOIIOJOCKOBOM JIMHUU
rnepenayn. BbuTo McclieIoBaHO CaMOBO30OYKIEHUE UO-
noB ['aHHa, BMOHTMPOBAHHbBIX Pa3IMUHBIMU CIIOCOOAMU
B LieNb JUHUU ntepeaaurt. OGHapyKeHa CJI0XKHast IMHAMU-
Ka 3JIEKTPOMArHUTHOTO TIOJIsI, U3JYYEHHOTO B OTKPBITYIO
CEKIIMI0 MHUKPOIIOJIOCKOBOM mHUU. [ToKa3zaHa BO3MOX-
HOCTb TIOSIBJICHUSI CEPUU BBHICOKOYACTOTHBIX WMITYJIbCOB
B clly4yae, KOrJa akTUBHBIC OJIOKM OTIEIeHBI OT KOMITaKT-
HBIX PE30HAHCHbIX 3JIEMEHTOB MPOTSKEHHBIMU CEKLIMSIMU
JIMHUY TIepeIavuy ¢ 3a7epKKOi 00paTHOM CBS3U.

Knroueswie cro06a: BICOKOYaCTOTHBIC UMITYJIBCHI, AUO]I
laHHa, TMHUY 3a0ePXKKU, CUCTEMA C 3aIla3IbIBAHUEM.
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MogenoBaHHsl Y Y4aCOBOMY NMPOCTOPi KOJMBAHb BUCO-
KOYACTOTHUX IMIYJIbCIB y MiKPOCMYTOBIii JiHii 3aTpUMKH 3
niogamu T'anna / JI.B. FOpuenko, B.b. FOpuenko // [lpu-
KJIaJHa pamioesIeKTpOoHiKa: HayK.-TexH. KypHai. — 2013, —
Tom 12. — Ne 1. — C. 45-50.

Y crarTi OyJI0 BUKOHAHO MOJEIIOBAaHHS Y YaCOBOMY
MIPOCTOPi aKTUBHUX CUCTeM 3 miogamu ['aHHa, 3’eagHaHMX
CeKIIisIMM MiKpOCMYTOBOI JIiHil TTepenadi. byio gocmimke-
HO caMo30yaXeHHs aioniB ['aHHA, BMOHTOBAHUX Pi3HUM
YMHOM Y JIAHLIOXKOK JIiHii Iepemavi. 3HaliieHa CKiIamgHa
NMHAaMiKa eJIeKTPOMArHiTHOTO TOJIsl, 110 BUTTPOMiHIOETh-
cs 'y BIIKPUTY CeKlil0 MiKpocMyroBoi JiHii. [loka3zaHa
MOXJIMBICTh TOSIBA Cepil BUCOKOYACTOTHMX IMIIYJIBCIB Y
BUIAJAKY, KOJIW aKTUBHI OJIOKM BiZIIEHI BiJi KOMITAKTHUX
PE30HAHCHUX €JEMEHTIB MOJOBXEHUMM CEKLisIMU JIiHii
repeaayi 3 3aTPUMKOIO 3BOPOTHOTO 3B’ SI3KY.

Karouoei croéa: BACOKOYACTOTHI iMITyJIbcH, ioa ['aH-
Ha, JIiHisl 3aTPUMKM, CUCTEeMa 3 3aIli3HIOBAaHHSIM.

In. 07. bi6aiorp.: 17 Haiim.
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