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Active Magnetostatic Wave Delay Line

Yuri K. Fetisov, Senior Member, IEEE, Pavel Kabos, Senior Member, IEEE, and Carl E. Patton, Fellow, IEEE

Abstract— Two configurations for an active microwave delay
line with feedback to improve the loss per unit delay time have
been made and characterized. The lines utilized thin yttrium iron
garnet (YIG) film, magnetostatic wave (MSW) passive elements,
a microwave amplifier, and a variable attenuator connected in
a feedback loop. The two delay line setups used a surface wave
(MSSW) configuration with a single YIG element and a nondis-
persive configuration with MSSW and backward volume wave
(MSBVW) delay lines in series. For each setup, a sequence of
delayed pulses at the output is observed when a single microwave
pulse is fed to the input. The one-pass delay time 7" of the pulse
through the MSW delay line and the number n of circulations
in the feedback loop defines the total delay time nT’ for the nth
pulse. The feedback resulted in a reduction in the output pulse
decay rate and longer useful delay times. For a passive delay
line with no feedback, typical values of the loss p.u. delay time
L and useful delay time (nT)y were —110 dB/ps and 0.1-0.2
ps, respectively. With feedback for the MSSW delay line, a 4.5-
GHz operating frequency, and 40 ns input pulses, L and (nT)y
were —19 dB/us and 0.6 pus, respectively. Feedback with the
nondispersive delay line gave L and (»T)y values of —12 dB/us
and 3 pus, respectively, for 4.5-GHz, 40-ns input pulses.

Index Terms—Active delay line, dispersive delay line, electroni-
cally controlled delay line, magnetostatic backward volume wave,
magnetostatic surface wave, magnetostatic wave, microwave de-
lay line, microwave feedback, nondispersive delay line, passive
delay line, variable delay line, yttrium iron garnet.

NOMENCLATURE
MSW Magnetostatic wave.
YIG Yttrium iron garnet.
fo Operating point carrier frequency.
T MSW delay line one pass delay time.
1 MSW delay line one pass insertion loss.
Hoyt Static external magnetic field.
A Length of the MSW propagation path.
Vy MSW group velocity.
Lp Propagation losses per unit time.
AH Uniform mode ferromagnetic resonance half-

power line width.
c Loss coefficient on the order of unity defined by
Lp [dB/us] ~ —76CAH [Oe].
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Ferromagnetic resonance.

Magnetostatic surface wave,

Magnetostatic backward volume wave.
Attenuation of feedback loop variable attenuator.
Gain of microwave amplifier in feedback loop.
Coupling coefficient of input directional coupler.
Coupling coefficient of output directional coupler.
Gallium gadolinium garnet.

Magnetostatic forward volume wave.

Input microwave pulsewidth.

Input microwave pulse peak power.

Output microwave pulse peak power.

Number of passes through the YIG film delay line.
Output microwave pulse peak power after n
passes.

Total delay time after n passes.

Total gain in the feedback loop without interfer-
ence effects.

General magnetostatic wave frequency.

General magnetostatic wavenumber.

Dispersion relation function defined by fi =
F(k).

Operating point carrier wavenumber.

Operating point carrier wavelength.

YIG film thickness.

Nonlinear Schrodinger equation.

Propagation direction.

Time.

Complex scalar envelope function which repre-
sents the MSW wave packet dynamic magnetiza-
tion amplitude.

Dynamic magnetization response for the MSW
signal.

Saturation magnetization of the YIG material.
Temporal MSW relaxation rate.

Electron gyromagnetic ratio.

Dispersion coefficient defined according to D =
2wd?F(k)/0k?|, and evaluated at the operating
point (f,, ko).

Nonlinear coefficient defined by N =
2mOE(k,|u|?)/0|u|?|, and evaluated in the
u — 0 limit and at the (f,, k,) operating point.
Internal static field in frequency units parameter
defined according to fg = (|vy|/2n)H.
Magnetization in frequency units parameter de-
fined according to far = (|y|/27) - 47 M.

Static internal magnetic field.

MSSW lower band edge frequency and MSBVW
upper band edge frequency in the £ = 0 limit,
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given by fr = [fu(fu + fa)V2

L Total loss per unit delay time.
(nTYy Cumulative useful delay time.
Uo (1) Gaussian scalar envelope function for the time

dependent input pulse launched at z = 0 with a
peak at ¢ = 0.

Yo Peak amplitude of u,(t) Gaussian input pulse.

A, Width parameter for u,(t) Gaussian input pulse.

Z Position of detection of Gaussian pulse relative to
position of peak at launch at ¢ = 0 and to 2 = 0.

T Time of detection of the peak of the Gaussian input
pulse u,(t) at z = Z. '

Ty Dispersion time.

Ur(t) Complex time profile for propagated Gaussian
pulse at z = Z with a peak at ¢t = 7.

A Width parameter for . (¢) pulse.

tr Peak amplitude of u.(¢) pulse.

Fourier frequency distribution W (f) for a square
pulse of amplitude p,, width T, and with carrier
frequency fo.

I. INTRODUCTION

AGNETOSTATIC wave (MSW) signals in thin YIG

films have properties that are useful for the design
of planar ferrite microwave-signal processing devices. In the
1-20 GHz microwave-frequency regime, for example, the
group velocity and wavelength of MSW signals are smaller
than the velocity and wavelength of electromagnetic waves
in coaxial cable or dielectric waveguides by several orders
of magnitude. For this reason, MSW excitations in strip
line device structures are very promising for the design of
miniature microwave delay lines. During recent years, many
detailed investigations of MSW characteristics -in strip line
device structures have been carried out [1], [2]. Different
types of MSW delay lines have been designed. These include
dispersive delay lines [3], nondispersive delay lines [4], and
electronically controlled delay lines with a variable delay time
[5].

The most important characteristics of such MSW delay lines
are the operating point carrier frequency f,, the one-pass delay
time 7', and the insertion loss I. Choices for f, depend on
the ferrite structure parameters, the design of the line, and the
magnitude and direction of static-external magnetic field Hoy.
A change of H.y from 0.1 to 10 kOe, for example, allows
fo to be changed from several hundreds of megahertz to 30
GHz or so. The delay time is determined by the length of
the propagation path A and the magnitude of the MSW group
velocity V. For a typical A-value of 1 cm or so and |V, | in
the 105-10%-cm/s range, delay times in the 10 ns—1 us range
are possible.

The total insertion loss of MSW delay lines comprises three
main contributions: The microwave input.to MSW conversion
losses, the MSW propagation losses in the ferrite film, and
the MSW to microwave output conversion losses. Methods
developed for MSW excitation and detection with narrow strip
line transducers [6] allow the conversion losses to be as low as
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—1-—10 dB, depending on the frequency band and the MSW
configuration.

The propagation losses are related to the ferrite film and
substrate properties as well as to the MSW loss and propa-
gation characteristics. These losses are controlled mainly by
the magnetic damping in the film. Expressed in terms of loss
per unit (p.u.) delay time, these losses may be approximated
as Lp [dB/us} ~ —76 CAH [Oe]. The AH parameter is the
uniform-mode FMR half-power line width. The C' parameter
is a coefficient on the order of unity that depends on the
frequency band and the MSW configuration [7]. It follows that
MSW delay lines based on YIG films with narrow FMR line
widths in the 0.5-1-Oe range will have a total insertion loss
of —50 to —100 dB/us. In practice, it is the level of insertion
loss that limits the maximum useful delay time. Typically, the
maximum useful delay time for MSW delay lines is in the
100-300-ns range.

The above limitations are severe. Microwave delay lines
with delay times of 1-10 ps or more, at reasonable levels
of insertion loss, are required for many applications. Such
requirements provide a strong motivation for further inves-
tigation of the loss characteristics of MSW delay lines as well
as development of new methods to decrease or compensate
for such losses. Several approaches are possible. One solution
would be simply to connect a microwave amplifier to the
delay line output. One could then obtain, in principle, a small
net loss and large delay times by combining two or more
MSW delay line-amplifier units in series [8]. This approach,
however, introduces numerous complications into the design of
the overall device and does not represent an optimum solution.

A more promising approach is to produce an active MSW
delay line containing a passive MSW delay line and a mi-
crowave amplifier connected in a feedback loop. In such a
scheme, a microwave pulse applied to the line input creates a
sequence of microwave pulses at the line output with a pulse-
to-pulse separation equal to the one-pass delay time T for
the passive device alone. One can obtain reduced decay for
the overall output pulse train and large overall delay times by
adjusting the gain in the feedback to a value that is close to
unity but still below the threshold for self-oscillation.

Similar recirculating delay line schemes have been used in
optical communication systems [9]. These lines use a single-
mode nondispersive low-loss optical fiber to delay the pulses
and an Er-doped optical fiber amplifier to compensate for
propagation losses. A maximum delay time of about 30 us
for optical pulses of 1 ns duration has been obtained in linear
operation [10]. Delay times up to 100 us have been obtained
for optical solitons [11].

Until now, however, the application of this approach to
microwave MSW delay lines has been limited. Microwave
feedback schemes have been investigated only for those cases
in which the total small signal loop gain exceeded unity
and stable self-oscillations took place. Low noise electrically-
tuned microwave oscillators for the 1-20-GHz frequency range
have been designed on this basis [12], [13]. To the authors’
knowledge, the use of feedback to produce an active MSW
delay line has not been investigated, either theoretically or
experimentally. The objective of this paper was to undertake
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such an investigation. This paper describes the principle of
operation, the design, experimental results, and various theo-
retical implications for an active microwave delay line with a
passive MSW delay line and a microwave amplifier connected
in a feedback loop.

Section II gives an overview of the active MSW line ar-
rangement, gives design considerations for the passive MSW
delay line element, explains the principle of formation for the
microwave pulse train at the active line output, and describes
the experimental setup for the measurements.

Section III presents results on the magnetostatic surface
wave (MSSW) configuration. In Section III-A, results are
presented on the loss and delay characteristics for a passive
MSSW delay line. In Section III-B, these results are extended
to an active delay line configuration with the passive MSSW
delay line in the feedback loop. The influence of the total loss
in the loop, the dispersion of the MSSW signal, the MSSW
line-frequency response, and input microwave pulsewidth on
the active line characteristics are considered.

Section IV presents additional resuits for an active delay
line with a nondispersive MSW delay line in the feedback loop.
In order to eliminate dispersion effects, a two-stage passive
delay line was used. This line consisted of one magnetostatic
backward volume wave (MSBVW) line and one MSSW line
connected in series.

Overall, the results indicate that feedback may be used to
achieve a reduced loss per unit (p.u.) delay-time performance
factor and longer useful delay times.

II. AcTivE MSW DELAY LINE DESIGN, PRINCIPLE
OF OPERATION, AND MEASUREMENT DETAILS

A. Design Considerations

The design of the active MSW delay line is shown schemat-
ically in Fig. 1. The device contains a variable attenuator of
attenuation A, a microwave amplifier of gain G, and a passive
MSW YIG delay line with insertion loss I connected in a
feedback loop. Two microwave directional couplers (DC’s)
with coupling coefficients B;, and B, are used to couple
microwave pulses in and out of the device. Note that the
loop circulation is counterclockwise and the propagation of
the MSW pulse through the passive delay line element is
from right to left. The diagram shows one input pulse and
a sequence of output pulses to indicate schematically the
regenerative nature of the circuit. The delay time between
individual -output pulses is controlled by the passive MSW
delay line characteristics. The decay or loss in output-pulse
amplitude is controlled by the insertion loss of the passive
delay line and the net gain in the feedback loop.

A single passive MSW-YIG film delay line element is
shown in more detail in Fig. 2. This delay line contains a
long and narrow YIG film strip on a gadolinium gallium
garnet (GGG) substrate. Two strip line transducers on an
alumina substrate are used to convert the input microwave
signal into a propagating MSW signal in the YIG film and
then to detect the MSW signal at the output. The YIG film
is placed in close contact with the transducers. The entire
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Fig. 1. Schematic diagram of the active MSW delay line with an attenuator,
an amplifier, and a passive MSW-YIG film delay line in a feedback loop, and
with directional couplers for input and output. The parameters I, A, G, Bip,
and B4 denote the gain or attenuation factors, or coupling coefficients, for
the indicated elements.

Ground Plane

Direction of Field :
MSBVW

Fig. 2. Schematic diagram of the passive MSW delay line, with a YIG film
on a GGG substrate, input and output transducers on a dielectric substrate
with a bottom ground plane, and input and output microwave pulse signals
as indicated. The three directions of the external static magnetic field shown
in the bottom diagram correspond to the three basic kinds of excitations,
MSSW, MSBVW, and MSFVW.

delay line structure is placed in a uniform static-external
magnetic field H.x¢. The vector diagram below the delay line
diagram indicates the three basic MSW configurations for the
device. Propagating MSSW signals and MSBVW signals result
for in-plane fields when the field direction is perpendicular
and parallel to the propagation direction, respectively [14].
Propagating MSFVW signals result when the static field is
perpendicular to the YIG film [15]. The useful frequency band
for the MSW signals depends on the magnitude of the field and
the configuration. The MSSW and MSBVW configurations
will be used for the devices described below. For the device
presented in Section III, a single MSSW element was used.
For the Section IV configuration, an MSSW and an MSBVW
device were used in series to produce a passive line with a
nondispersive delay characteristic. The relevant properties of
MSSW and MSBVW excitations will be introduced as needed
in these sections.

As indicated above, there are three important parameters for
the passive delay line: the operating-point carrier frequency
fo, the one-pass delay time 7', and the insertion loss I. For
the analysis here, it is assumed that the input microwave
pulsewidth 7}, is much larger than the period of the microwave
oscillation 1/ f,, where f, is in hertz. It is also assumed that
f, is within the MSW passband and no closer than 1/T, or
$0 to either band edge. Under these conditions, T is given by
T(fo) = A/V4(fo), where A is the transducer separation and
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V4(f,) is the MSW pulse group velocity. The insertion loss,
taken as I(f,), is also frequency-dependent. This is because
longer delay times lead to more decay. These parameters will
be considered in more detail below.

B. Principle of Operation

Turn now to the feedback and coupling elements shown
in Fig. 1 and the basic operation of the active delay line.
For this analysis, it is assumed that the feedback amplifier is
wideband and has a frequency-independent gain coefficient G
within the MSW passband. The attenuation A and the coupling
coefficients B;, and B, will also be taken to be independent
of frequency. All gain or loss factors will be specified in dB,
unless otherwise indicated, such that a negative value denotes
a gain factor less than unity and a positive value denotes a
gain factor greater than unity.

The microwave pulse with carrier frequency f,, puise
duration 7,, and peak power Fi, is applied to the input DC.
For clockwise circulation as shown in Fig. 1, this input signal
is first applied to the passive delay line. This pulse is picked up
by the MSW-YIG film delay line input transducer and excites
an MSW packet that propagates in the YIG filmstrip. The
output transducer then picks up the MSW signal and converts
it back to a microwave pulse. This first pass-delayed pulse is
then coupled to the output port with an output pulse amplitude
F,ut. This signal is also routed around the feedback loop
amplifier and attenuator and back to the delay line. As the
circulation continues, additional output pulses are produced.
Note that both the pulse shape and pulsewidth may be modified
from the input pulse due to the characteristics of the passive
MSW delay line, the power level, etc. For this discussion, it is
assumed that the input pulsewidth 7}, is less than the one-pass
delay time T. The electronic delay times, due to the cables,
amplifier, etc., are relatively short compared to the delay from
the YIG film device and these times are not included here.

It will be important to keep track of the output pulse delay
and power as a function of the number of passes through the
YIG film delay line. Let this number of passes be denoted as
n. The peak power of the output pulse after n passes will be
denoted as P,ui(n). For n passes through the passive delay
line, there will also be a cumulative pulse delay of nT. The
power versus time diagram in Fig. 3 shows the basic output
pulse sequence relative to the input pulse. In order to keep the
diagram simple, the pulsewidth and pulse shape are taken to
remain unchanged throughout the sequence. The first output
pulse that experiences no delay due to the YIG film device is
indicated with dashed lines and starts at time zero. The delayed
sequence of output pulses occur at T, 2T, ---,nT, (n+ 1)T,
etc., and with amplitudes Poyi(n).

Simple considerations of the gain and attenuation factors for
the circuit in Fig. 1 can be used to obtain the peak power for
a given output pulse which is formed after n passes through
the passive delay line and is delayed from the input pulse
reference by a delay time of nT '

Pout(n)

= P BinAGBow|(1 = Bin)(1 — Bow)AGI(£,)]™ 1. (1)
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Fig. 3. Simplified illustration of a sequence of microwave pulses generated
from the active MSW delay line by an input microwave pulse. The time T
is the one-pass delay time, » is the number of passes through the feedback
loop, and Poyt(n) denotes the output peak power for the nth pulse.

The I, G, A, B;,, and B, parameters were-defined above.
When written in product form as in (1), the I, 4, B;,, and
Byt attenuation parameters will be numbers between zero and
one and the amplifier gain parameter G can range from zero
upward. The ratio of peak powers for two pulses in sequence
after (n + 1) and n passes is the same as the gain for the
complete feedback loop '

Pout(n + 1)
Pout('n)

It follows from (2) that one can reduce the pulse-to-pulse
decay of the sequence of delayed pulses and realize a large
usable delay time by adjusting the total gain I' in the feedback
loop to a value that is close to unity but below the threshold
for self-oscillation. One may achieve this condition with an
amplifier of sufficient gain G and an appropriate adjustment of
the attenuation A. A microwave pulse with the desired delay
time may then be extracted from the output pulse sequence
through the use of a clock-synchronized microwave switch.

There are several peculiarities of MSW delay lines and
microwave amplifiers that can significantly affect the response
characteristics of the passive and active devices described
above. The discussion below will introduce the basic effects
and parameters that are needed to describe these influences.
Specifics for the MSSW and MSBVW configurations will be
introduced as needed in the sections which follow.

First, there are the purely linear effects at very low-power
levels. The linear delay-line response comes mainly from the
lowest order MSW dispersion branch for the configuration of
interest. This dispersion branch is characterized by a frequency
fr versus wavenumber % dispersion relation defined by fi =
F(k), where F'(k) is a particular function for the configuration
of interest. A chosen f, within the MSW passband selects
out a particular operating point at f, = f, and k = k,.
Any variation in f, results, therefore, in a change in the
MSW carrier wavenumber %,, the wavelength A\, = 27/k,,
and the pulse signal group velocity Vy(f,) = 2n0F (k)/0k|,.
The subscript “0” indicates that the derivative is evaluated at
k= k.

There are two basic low-power effects. First, the change
in the MSW carrier wavelength ), with frequency results in
a variation in the strip-line transducer conversion efficiency
between the input and output microwave signal and the MSW
excitation. Second, the frequency-dependence of V, results
in a variation of the MSW propagation loss. A lower V

=T(fo) = (1 = Bin)(1 = Bout)AGI(fo). (2)
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means a longer propagation time and, hence, more decay
due to relaxation. As a result of all these variations, the
overall insertion loss I of the MSW delay line will depend
on frequency. This is the motivation for the use of I(f,) in
(1) and (2). Typically, the frequency response of the MSW
delay line will have one maximum within the passband.

There are additional considerations when narrow pulses
are propagated. For narrower pulses, more Fourier frequency
components are needed to construct the pulse. These different
frequency components travel at different phase velocities and

.lead to dispersion-broadening. The same frequency-broadening

for narrow pulses gives rise to additional distortion because
of the frequency-dependent coupling and loss considerations
noted above. Narrow pulses also present the possibility of
cutoff effects. If the frequency spectrum of the microwave
pulse extends beyond the & = 0 edge of the MSW band, this
part of the pulse signal is rapidly attenuated and lost.

In addition to these linear effects, MSW excitations can
exhibit strong nonlinear effects at relatively low microwave
power levels. For example [16], in the low microwave fre-
quency regime below 3.3 GHz for MSBVW signals and below
about 4 GHz for MSSW excitations with small wavenumbers
such that kS < 1 is satisfied, where S denotes the thickness of
the YIG film, the nonlinear response for YIG results in a sharp
increase in the losses for input power levels on the order of
I mW or so. The dynamic nonlinear response can also result
in a power-dependent MSW frequency [17]. It is important
to work at sufficiently low-powers to avoid such effects for a
purely linear MSW device.

C. Measurement Details and Response Analysis

The experimental setup for the low-power delay line mea-
surements is indicated by the block diagram in Fig. 4. This
setup was used for the characterization of the passive MSW de-
lay line in the MSSW, MSBVW, and hybrid MSBVW/MSSW
configurations as well as the various active delay line con-
figurations. The microwave source was a Hewlett Packard
Model 83650A synthesized sweeper. This unit was used to
generate continuous-wave (CW) microwave power at a carrier
frequency from 4 to 6 GHz and at power levels up to 16
dBm. The microwave switch was custom-produced by Alpha
Industries, Inc. The rise time was below 1 ns and the isolation
was 25 dB. The pulse generator was a Hewlett Packard
Model 8161A programmable pulse synthesizer. The switch-
pulse generator combination was used to produce microwave
pulses with durations of 5-100 ns, rise times below 1 ns, and
a dynamic range of about 25 dB.

As indicated by the block items on the right side of
Fig. 4, the system was used for two types of measurements.
Measurements of the insertion loss / and the one-pass delay
time T versus frequency for the various passive delay line
configurations were made with CW microwave excitation by
means of a Hewlett Packard Model 8510C network analyzer.
Time domain measurements of input and delayed microwave
pulse characteristics and measurements of the power response
of the various components of the feedback system were made
with a Hewlett Packard Model 70 820A microwave transition
analyzer. All data were collected and analyzed through a PC.
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Fig. 4. Block diagram of the microwave measurement system.

The analysis of MSW wave packet propagation is often
based on the nonlinear Schridinger (NL.S) equation [18]. For
an MSW packet in a thin ferrite film, the NLS equation may
be written as [19]

[Ou du 1._80%u 9
Z{E-FVgé;—(—nu}%-%Dé?—NIUIu—O. G

Wave propagation is taken to be in the z-direction. The
function u(z, t) comprises a complex scalar envelope function
that describes the MSW wave packet dynamic magnetization
amplitude as a function of time ¢ and propagation coordinate
z. This function is typically normalized, so that |u(z, )| is on
the order of |m|/M,, where m is the dynamic magnetization
response for the MSW signal and M, is the saturation magne-
tization of the YIG material. For YIG, 47 M, is typically 1750
G. For the linear or small signal regime, |m|/M; is typically
well below 0.01. For nonlinear waves, this ratio may be well
above 0.01. For the work presented below, |m|/M, is well
below this limit.

The square bracket term on the left-hand side of (3), taken
alone, describes dispersionless propagation of a MSW packet
envelope with group velocity V,; and temporal relaxation rate
n. Typical values of |V,| and n are in the 10°~107 cm/s and
106107 rad/s range, respectively. Apart from numerical fac-
tors on the order of unity that depend on the specific geometry,
7 is related to the usual FMR half power linewidth AH by the
relationship AH = 2n/|y|. The electron gyromagnetic ratio -y
is specified by |yl/2n = 2.8 MHz/Oe. The D term in (3)
leads to a spreading out and drop in peak power for the MSW
packet as it propagates. The D parameter is the dispersion
coefficient, defined according to D = 2x9%F (k)/0k?|,. The
dispersion coefficient is evaluated at the chosen operating point
in frequency and wavenumber (f,, k).

The N term brings in the effect of the nonlinear response
on the MSW wave packet propagation to lowest order. The
experiments discussed below have been limited to power levels
well below those for which nonlinear effects are important.
Equation (3) with N set to zero will be the basis for the
analysis of the various MSW pulse propagation results to be
presented in the sections that follow.
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III. PASSIVE AND ACTIVE MSSW DELAY LINE

A. Passive Delay Line Properties

Consider first the CW signal frequency characteristics of
the passive MSSW delay line. The MSSW line utilized a
long, narrow YIG filmstrip, which was 2.16 mm wide, 16 mm
long, and 15.7 pm thick. The transducer structure consisted
of two shorted strip line transducers 50 pm in width and
2.5 mm in length placed apart by a distance A = 1 cm on
separate single ground plane alumina substrates. These strip
lines were used to excite and detect the MSSW signals in the
film. The entire transducer structare and YIG film assembly
was placed between the poles of an electromagnet in a uniform
static magnetic field Hoy. For the CW and pulse MSSW
measurements, the field was set at Heyy = 950 Oe. This field
value was chosen to give MSSW propagation in a 4-5 GHz
frequency passband and with minimal nonlinear effects for
powers below 10 mW or so.

The measured frequency-dependences of the insertion loss,
the one-pass delay time for the passive MSSW delay line, and
the resulting insertion loss p.u. delay response parameter L, are
shown in Fig. 5(a)—(c), respectively. The solid lines denote the
results of the measurements. The solid dots show the results
of theoretical modeling to be considered shortly. The data in
Fig. 5(a) clearly show the MSSW passband between 4.5 and
5 GHz. This passband has a minimum insertion loss of about
—8.8 dB at a frequency of 4565 MHz. This frequency will
be taken as the operating frequency point f, for the pulse
experiments to be considered shortly. The insertion loss over
the passband is smoothly varying and is not decorated by deep
notches characteristic of YIG films with pinned surface spins.
The films utilized for all the passive MSW devices considered
in this and succeeding sections had unpinned surface spins.

Fig. 5(b) shows the wide variations that occur for the delay
time over the SW passband. These changes are due to the
shape of the dispersion curve of frequency versus wavenumber
for surface waves. This dispersion results in a change in the
MSW wave packet group velocity from a large value on the
order of 1 x 10% t0 5 x 10% cm/s near the lower edge of the
passband to much smaller values at frequencies approaching 5
GHz. The decrease in V, for frequencies approaching 5 GHz
'leads to the large delay times and the large insertion loss as
well. The shape of the frequency profiles shown in Fig. 5(a)
and (b) were independent of power up to 16 dBm or so. This
provided good evidence for linear operation. Keep in mind
that for the pulse measurements, a pulsewidth of 40 ns or so
will correspond to a frequency spectral width on the order of
100 MHz. For frequencies within 50 MHz of the 4565-MHz
operating point, the delay time only varies from about 83 to
100 ns. For narrower pulses, the large spectral width can lead
to problems related to dispersion and filtering. These points
will be considered in more detail in the next section.

The solid dots in Fig. 5(a) and (b) show theoretical results.
For these calculations, the well-known dispersion relation
for the MSW surface mode frequency fi versus in-plane
wavenumber % for a insulating magnetic film of infinite lateral
extent was used [14]. In this configuration, of course, the static
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Fig. 5. Characteristic response curves for the passive MSSW delay line
described in the text. (a)—(c) show the insertion loss, the delay time, and the
loss p.u. delay time parameter L versus frequency, respectively. The solid lines
show the data and the solid dots indicate the results of theoretical modeling
as described in the text. The YIG film had a thickness of 15.7 um and the
in-plane static magnetic field was 950 Oe.
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magnetic field is in-plane and perpendicular to the propagation
direction. The MSSW frequency for an infinite film is given by

2
Jo=F(k) = \/f% + fafu+ fTM(l — e 2kS). (&)

In the above, fy and fu, are frequency parameters defined
by fa = (|vl/2n)H and far = (|y|/2n) - 4w M, where H is
the static internal magnetic field and S is the thickness of the
film. After differentiation to obtain the group velocity V,(fo,),
an analytical expression can be obtained for the MSSW one-
pass delay time 7" for an operating point central frequency f,
and a propagation distance A

A 1A fo
) =, = S v P/ -T2
Numerical values |v|/27 = 2.8 MHz/Oe and 4xM; = 1750 .
G, typical for YIG and as cited above were used for the
numerical evaluations of the delay time. The static internal
field H for the calculations was set at 947 Oe to adjust the
theoretical value for the low-frequency edge of the MSSW
band, given by fz = [fu(fm + fu)]*/?, to the observed
band edge of 4475 MHz from the data in Fig. 5. The small
difference between experimental value of the static external
field of 950 Oe and this H-value is due to demagnetizing

&)
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effects. For the film thickness and film width used here, the
demagnetizing field can be on the order of 10 Oe.

The theoretical insertion loss curve in Fig. 5(a) was calcu-
lated by the method described in [20]. The various dimensions
of the delay line structure, the magnetic parameters cited
above, the nonuniform distribution of microwave currents
across and along the strip line transducers, accurate matching
conditions, and the MSSW magnetic propagation losses are
all taken into account through the modeling procedure of [20].
The magnetic loss was based on a measured ferromagnetic
resonance half-power linewidth AH of 0.8 Oe at 9.3 GHz.

For the active MSSW delay line measurements, this de-
lay line configuration will be used with an operating point
frequency f, of 4565 MHz. As noted above, this point
corresponds to minimum insertion loss. This frequency is
about 100 MHz above the low-frequency band edge at fz. This
separation was deemed adequate to support the full frequency
content of the 10-50 ns pulses used for the active MSSW
delay line experiments. At this operating point frequency, the
measured and calculated insertion losses were —9.0 and —9.5
dB, respectively. The measured and calculated delay times
were 89.9 and 90.0 ns, respectively. The small differences
between these measured and calculated values near the high
frequency edge of the MSSW band may be related to the over-
simplistic dispersion relation of (4) for narrow YIG filmstrips
and the related nonuniformity in the static-internal magnetic
field near the film edges. More accurate calculations of the
MSSW dispersion in YIG film that take into account such
effects could be carried out by the methods described in [21].

Fig. 5(c) shows measured and calculated results on the
passive MSSW delay line loss p.u. delay time parameter L,
in dB/us, versus frequency. These results were obtained by
dividing the corresponding insertion loss and delay time results
in the upper parts of the figure. Note that the experimental
loss p.u. delay time is practically independent of frequency
over most of the entire MSSW passband. The average L is
close to —100 dB/us. The increase of insertion loss and the
increase of delay time with increase in the frequency almost
completely compensate each other. The calculated dependence
for L [dB/us] shows the same result. The theoretical limiting
best case value of L, as estimated from the FMR linewidth [7],
is on the order of —50 dB. The extra loss p.u. delay in Fig. 5(c)
is likely due to paramagnetic losses in the GGG substrate [22]
and additional MSSW scattering due to film surface roughness
[23]. The main point of reference to be derived from Fig. 5
and the above discussion is that a benchmark loss p.u. delay
parameter L for typical passive MSSW delay lines is in the
—50 to —100 dB/us range. It will be important to compare
corresponding values of L for active delay line configurations
with this benchmark.

B. Active MSSW Delay Line

The passive MSSW delay line described above was then
used in the feedback arrangement shown in Fig. 1 to produce
an active delay line. The feedback amplifier was a GaAs
monolithic amplifier with the gain coefficient G of 31 dB
and maximum output power of 0.5 W within the 2.5-6-GHz
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amplifier passband. The variable microwave attenuator in the
feedback loop provided control of the overall feedback from
changes in the attenuation A from 0 to —120 dB. The coupling
coefficients of the directional couplers labeled B;, and B, in
Fig. 1 were both —3 dB. The passive MSSW delay line was set
up with the same parameters as given in the previous section.

This active delay line was used to generate sequences
of output pulses as described above for a range of input
pulsewidths from 10 to 50 ns and for an input peak power of
10 mW. The input pulse repetition period was 1 ms. The input
pulse carrier frequency was set at the operating point already
indicated, f, = 4565 MHz. This frequency corresponds to the
middle of the MSSW passband region with a flat frequency
response and a minimum insertion loss.

Fig. 6 shows example output pulse sequences for different
values of the feedback attenuator setting A. Fig. 6(a)—(c) is for
A=-21dB, A = -17dB, and A = —13 dB, respectively.
The input pulsewidth for these results was 40 ns. The time
axis is referenced to the leading edge of the first-pass output
pulse. The second pulse in each sequence has a delay time T'
that corresponds to the second pass through the MSSW delay
line; the third pulse has a delay time of 27", and so forth. The
limiting value of the attenuation A for any pulse output was
about —50 dB. As the graphs in Fig. 6 show, one obtains a
gradual decrease in the pulse-to-pulse decay as the attenuation
A is decreased. Fig. 6(c) for A = —13 dB represents the
lowest practical value of attenuation for which a sequence
of pulses could be obtained without the circuit going into
oscillation. In Fig. 6(c), one can distinguish about nine well-
separated undistorted pulses with a cumulative useful delay
time of about 0.6 us. This useful delay time, over which
the delayed pulses maintain their integrity, will be defined
as (nT)y. For cumulative delay times longer than (nT)y,
the pulse train shows significant degradation. The individual
pulses are still resolvable for times above 1 us or so, but it is
clear that severe distortion and overlap are beginning to affect
the pulse train integrity. As discussed below, this degradation
is due to the strong dispersion of MSSW delay line.

The effect of dispersion on the pulse broadening and the
decrease in the peak power for successive pulses in the
feedback sequence will be an important consideration. These
effects may be estimated by considering the propagation of a
low-power Gaussian pulse with the loss parameter n and the
nonlinear parameter N in (3) set to zero. Let the initial pulse
be described by a scalar function u,(¢) of the form

Uo(t) = poe™ (1289 ©)

where p, is the initial pulse amplitude, A, is a Gaussian width
parameter and the peak of the pulse is taken to be at time
t = 0 for a position z = 0. Note that the 1/e temporal width
of the power profile [u,(#)]? is equal to 2A,. Standard Fourier
techniques may be used in conjunction with (3) in the limit
of zero loss and no nonlinear response to obtain a complex
scalar time-dependent amplitude function u,(t) for the pulse
at some position Z. The subscript 7 denotes the propagation
time for the pulse maximum from the point of launch at 2 = 0
to position Z. This time is given simply by 7 = Z/V/,.
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Fig. 6. Traces of output power versus time which show representative output
pulse sequences for the active MSSW delay line described in the text. The
static external field was 950 Oe, the input pulsewidth was 40 ns, the carrier
frequency was 4645 MHz, and the input pulse peak power was 10 mW. (a)—(c)
are for different values of the feedback attenuation A, as indicated. Time is
referenced to the leading edge of the input pulse.

It will prove convenient to define a so-called dispersion time
Ty according to Ty = +A2V?/D. The + sign corresponds
to positive or negative D, respectively, so that Ty is always
positive. The physical significance of T; will be apparent
shortly. The complex u,(t) function for the propagated pulse
at z = Z is obtained as

. Ho —[(t=7)2 /242 (1FiT/Ty)]
Up(t) = —————¢ ° . (7
( ) A/ 1 F 7 /Td )

It follows from (7) that a pure Gaussian pulse subject only to
dispersion will maintain its shape during propagation, but will
have a width that increases and a peak power that decreases.
The temporal width parameter A, and the peak amplitude 1,
for the pulse that passes position z = Z at time 7 will vary
according to

A \?
T 1 ot
A, + <Td> ()
and

1/4

R :
Hr T
— =1 1+ (——) . ©
Mo / Td )
Equation (8) provides a basis upon which to estimate the time
for an MSW pulse train to degrade to a point where the

individual pulses are no longer discernable. From Fig. 6(c),
this time appears to be somewhat greater than 1 us.
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The dispersion time 7y may be evaluated for the operating
point and pulse conditions applicable to the data. First, eval-
uate the group velocity V, and the dispersion coefficient I at
the operating-point carrier frequency f, and wavenumber k,
for the given field value H and other parameters as specified
above. This may be done from the dispersion equation of (4) or -
the time delay result of (5). These parameters may be obtained
directly from the delay time data of Fig. 5 as well. The group
velocity is simply the transducer separation A divided by the
delay time T at the operating point. The dispersion coefficient
D may be obtained as D = (1/27)(A2/T*[0T(f)/1]ly.-
For the operating point of 4565 MHz, the data in Fig. 5 yield
a delay time of 90 ns and a 9T/8f response of 0.17 ns/MHz.
In combination with the A-value of 1 cm, V, = 11.1 x 10°
em/s and D = —3.71 x 10* cm?/rad-s are obtained. If 40
ns is taken as the width T, for the input pulse used for the
data in Fig. 5 to correspond to the 1/e width for the initial
normalized power profile [u,(2)]%, A, = T,/2 = 20 ns and a
corresponding dispersion time Ty of 1330 ns result. For a delay
time between pulses of 90 ns, the time for pulses to overlap
would correspond to an increase in pulsewidth from 40 ns to
about 90 ns, or a factor of 2.25. From (8), this corresponds to
a propagation time of about 5.4 ps. This estimated time for
overlap is about a factor of three to four times greater than
the time scale in Fig. 6(c) and is about the right time inferred
from those data for complete overlap.

The input microwave pulses in the experiments were square
pulses rather than Gaussian. For a Gaussian pulse given in the
form of (6) with a power profile [u,(¢)]? 1/e width of T, as
used above, the 1/e width of the Fourier frequency distribution
is approximately equal to 0.9/T,. For a square pulse of width
T, and carrier frequency f,, the Fourier frequency distribution
W(f) is of the form

A, sin[r(f — f,)Ts)
\/ﬂ W(f_ fO)TO

The width of this square pulse frequency distribution at the
first zero and second zero crossing points is 2/7T, and 4/7,,
respectively. The factor of 2-4 wider frequency distributions
for the square pulse would indicate a dispersion decay for
square pulses that is several times more rapid than obtained
from simple Gaussian estimations [24]. Decay diie to damping
has also been neglected in the analysis. The simple estimation
given here, therefore, may be considered to be in reasonable
agreement with the observed degradation after 1 us or so.
Measurements of pulse decay similar to the results shown in
Fig. 6 were used to determine a loss p.u. delay time parameter
L as a function of the feedback loop gain. Fig. 7 shows the
variation of this loss p.u. delay time parameter L in dB/us
as a function of the feedback loop attenuator setting A. This
loss per delay parameter L will be the key measure of the
active delay line performance. The L-values shown in Fig. 7
were obtained from amplitude decay rate measurements over
a limited delay time range of 0-0.5 us to avoid false decay
values for times where pulse overlap occurs. The operating
parameters for the results in Fig. 7 were the same as for
Fig. 6. The horizontal dashed line at —100 dB/us indicates
the nominal —100 dB/us L-value shown in Fig. 5 for the

W(f) = (10)
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Fig. 7. Loss p.u. delay time parameter L as a function of the feedback loop
attenuation A, based on pulse decay data of the sort shown in Fig. 6. The
L-values are based on the drop in pulse amplitude over a delay time range
from 0 to 0.5 us. The frequency, field, input pulsewidth, and other operating
parameters were the same as for Fig. 6. The input pulsewidth was 40 ns. The
dashed lines provide reference points as discussed in the text. The indicated
Lmax value represents the largest value of L at the smallest attenuation that
could be achieved experimentally before oscillation occurred.

passive MSSW device. The solid line represents a linear best
fit to the data. The horizontal dashed line at O dB/us indicates
the maximum theoretical possible, L-value of 0 dB/us, which
would occur just before oscillation occurs.

The maximum value of L that could be achieved experimen-
tally was somewhat smaller than the 0 dB/us theoretical limit,
as indicated by the L., = —19 dB/us value in the figure.
This L.« value was obtained at A = —12.5 dB. The change
in L with A is well described by the straight line fit. The slope
of the linear best fit response is 18.6 us—!. Extension of the
linear best fit line to the theoretical limiting case zero loss line
gives an A value of —11.4 dB. Therefore, the experimental
limit on A before oscillation took place is about 1.1 dB below
the theoretical limit.

It is also seen that the feedback at A =~ —16.7 dB produces
a loss p.u. time performance factor of —100 dB/us, the L-
value for the passive device. This value is 5.3 dB below the
—11.4 dB value of A at the theoretical zero decay limit. This
gives a total loop loss of —5.3 dB.

The results in Figs. 6 and 7 are for an input pulsewidth of 40
ns. A few brief comments are in order concerning the effect of
pulsewidth on the response characteristics of the active delay
line. Measurements similar to those of Fig. 7 show that as
the input pulsewidth is increased above 30 ns or so, the L-
parameter levels off at values close to those shown in Fig. 7.
For input pulsewidths below 30 ns, one observes a sharp
decrease in L. There are two main origins for this drop in
the L-parameter with decreasing input pulsewidth. The first is
dispersion. The second involves band-pass filtering effects. As
discussed above, the dispersion time scales with the square of
the input pulsewidth. At a nominal input pulsewidth of 40 ns,
the dispersion time as defined above is approximately 1300 ns.
If the input puisewidth is reduced by a factor of 4-10 ns, the
dispersion time drops to about 80 ns. This results in rapid
dispersion-broadening and a more rapid decrease in the peak
power of the short microwave pulses as well.
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Filtering effects occur because of the increased spectral
width for short pulses in combination with the limited width
of the useful part of MSSW frequency passband. From the
above discussion on frequency distributions, a 40 ns pulse has
a frequency spectrum that is about 100 MHz wide. For the
situation in Fig. 5, with the MSSW frequency operating point
at 4565 MHz, the passband low-frequency cutoff at 4475 MHz,
and an increase in insertion loss for frequencies above 4700
MHz or so, a 40-ns wide pulse can pass through the delay line
without additional distortion. On the other hand, a rectangular
pulse of 10-ns duration has a frequency width of about 400
MHz. Because of the higher insertion loss in the passband for
frequencies above the flat top region of the frequency response
shown in Fig. 5 as well as the close proximity low-frequency
band edge cutoff, the high- and low-frequency components
of this 10-ns pulse are attenuated. This results in additional
broadening of the output pulse signal and a more rapid decay.

In closing this section, consider the effect of interference
between dispersed overlapping pulses after a long delay time.
This interference results in a frequency-dependent decay rate
for the active device. Both measurements and simple interfer-
ence calculations give a frequency spacing of about 10 MHz
between interference maxima for the output pulse amplitude
after long delay times. This interference is one possible source
of the premature onset of oscillation before one is able to attain
the theoretically possible L. = 0 dB/us condition for the active
device at the A-value corresponding to G = 0. Recall from
the results in Fig. 7, for example, that it was not possible to
attain the theoretical limit at L = 0 dB/us due to the onset of
oscillation for A-values below —11.4 dB. Due to the periodic
change in the overall loop gain with frequency discussed
above, oscillation starts before one reaches the L = 0 dB/us
point. ,

It is important to note that the broadening and interference
effects discussed above are cumulative. The distortions that
result cannot be circumvented through the use of cascaded
passive delay lines to make up an active delay line with a
longer single-pass delay time and additional amplifiers to make
up the overall gain [8].

IV. ACTIVE NONDISPERSIVE DELAY LINE

The active MSSW delay line device presented in the pre-
vious section demonstrates the principle, the possibilities, and
the limitations of the active feedback concept for long delay
times at respectable decay rates. The limitations on device
performance derive primarily from dispersion. In order to
eliminate the detrimental effects of dispersion, a second active
delay line has been developed that utilizes a nondispersive
passive MSW delay line following the principle suggested
by Sethares er al. [25]. The passive delay line consisted
of two separate delay lines connected in series. The first
individual delay line was an MSSW line of the sort used in the
previous section. As shown in Fig. 5, the MSSW dispersion
is such that the delay time increases with frequency. This
dispersion was the source of the problems at long delay
times. The second individual delay line was an MSBVW line.
For magnetostatic backward volume waves, the dispersion is
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such that the delay time decreases with increasing frequency.
Through a suitable combination of these two different types
of delay lines, with appropriate static magnetic fields, YIG
film thicknesses, and transducer separations, it is possible to
match the frequency passbands and achieve a delay time that
is essentially independent of frequency.

The MSSW delay line for this hybrid device was the same
as described above, but with a static magnetic field of 915 Oe.
The MSBVW delay line was similar to the MSSW line, except
that the static magnetic field was parallel to the direction of
propagation. This MSBVW configuration is shown in Fig. 2
and discussed in Section II. This device made use of a second
15.7 pm thick YIG film. This filmstrip was 2 mm x 25 mm
in size and had the same material properties as described
above. Two shorted strip line transducers 50 ym wide and 2.5
mm long were placed 0.6 cm apart on the alumina substrate.
This structure, with the YIG film on top, was placed between
the poles of a permanent SmCos magnet such that the static
magnetic field was parallel to the long direction of the film
strip and the propagation direction of the MSW signal. Near
the central part of the film, the static magnetic field was 992
Oe.

The passive device characterization procedure was the same
as for the MSSW delay line. The insertion loss and the one-
pass delay time for the passive MSBVW line decrease with
frequency, as expected for the inverted dispersion character.
These characteristics are standard and will not be presented
in detail. The usable MSBVW passband was between about
4400 and 4600 MHz. The minimum insertion loss was about
—22 dB at about 4530 MHz. As in the previous section, this
response is characteristic of YIG films with unpinned surface
spins. The delay time decrease over the passband was from
120 to 80 ns. As in the MSSW case, the frequency profiles of
loss and delay time were independent of power up to 16 dBm
or so. These loss and delay profiles could be tuned by changing
the position of the delay line structure in the inhomogeneous
field of the permanent magnet used for the static magnetic
field bias. This adjustment was used to tune the performance
of the MSBVW delay line to achieve the desired nondispersive
response for the overall two-stage delay line. The combined
results on insertion loss and delay time gave a loss p.u. delay
time parameter which peaked at about 4530 MHz and had a
value close to —240 dB/us.

The insertion loss, delay time, and loss p.u. delay time
profiles for the MSSW delay line at H = 915 Oe were similar
to the results shown in Fig. 5. There was a small downshift
in frequency, of course, due to the decrease in the static field.
This shift was needed in order to match up the profiles for the
MSSW and MSBVW delay lines to produce the nondispersive
delay line to be considered below.

The measured frequency dependences of the insertion loss,
the one-pass delay time, and the resulting insertion loss p.u.
delay response parameter L for the hybrid MSSW/MSBVW
delay line are shown in Fig. 8(a)—(c), respectively. The format
is the same as for Fig. 5. The solid lines denote the results of
the measurements and the solid dots show the results of the
theoretical modeling. The data in Fig. 8(a) show the combined
passband from 4400 to 4600 MHz and the passband insertion
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Fig. 8. Characteristic response curves for the hybrid MSSW/MSBVW delay
line described in the text. (a)—(c) show the insertion loss, the delay time,
and the loss p.u. delay time parameter L versus frequency, respectively. The
solid lines show the data and the solid dots indicate the results of theoretical
modeling as described in the text. Parameters for the hybrid structure are
given in the text.

loss of about —15 to —25 dB. Fig. 8(b) shows the delay time
over the passband. Here, in contrast with both the MSSW case
and the MSBVW case, the delay time is essentially constdnt
over the passband. If one selects an operating point frequency
at f, = 4530 MHz, which corresponds to the minimum
insertion loss frequency for the hybrid structure, the delay
time is equal to 186 % 3 ns for a 200-MHz band around this
point. The loss p.u. delay time parameter L as a function of
frequency for the hybrid device is shown in Fig. 8(c). The
hybrid device has a minimum L-value of about —185 dB/us,
which is relatively constant over the device passband. While
the L-parameter was also relatively frequency-independent for
the MSSW delay line of Section III, this property was due to a
compensation between the growth in insertion loss and growth
in the time delay with frequency. For the hybrid delay line, all
three parameters are more-or-less frequency-independent and,
in particular, the time delay is frequency-independent.

As in the MSSW delay line case, the solid dots show the
results of simple device modeling calculations. Here, as in
the MSBVW case, the discrepancy between the measured
and calculated characteristics of the combined nondispersive
MSSW/MSBVW line is due to the nonuniformity in the
external magnetic field for the MSBVW line which was not
taken into account in the calculations. Note that the delay time
prediction is quite close to the measurement. The shapes of the
theoretical response for the insertion loss and loss p.u. delay
time graphs follow the shape of the data but with a lower loss.
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Fig. 9. Traces of output power versus time which show a representative
output pulse sequence for the active hybrid MSBVW/MSSW delay line
described in the text. The input pulsewidth was 100 ns, the carrier frequency
was 4525 MHz, the input pulse peak power was 10 mW, and the feedback
attenuation 4 was —2.5 dB.

The hybrid MSBVW/MSSW device was then used as the
passive delay line element for a second active delay line con-
figuration. The overall setup was similar to the setup shown in
Fig. 1, but with several modifications. The delay line element
now consisted of two passive delay lines in series, the MSSW
delay line followed by the MSBVW line. The Bj, and B,
coupling coefficients were —16 and —20 dB, respectively.
In addition to the feedback amplifier shown in Fig. 1, a
second amplifier was placed between the MSSW and MSBVW
line elements to compensate for the additional insertion loss.
This amplifier was a low power GaAs monolithic microwave
amplifier with ¢ = 23 dB and a maximum output power of
20 mW over the 4.2-6-GHz passband. For the active delay
line measurements, 100-ns wide microwave pulses with an
input peak power of 10 mW and a time separation of 1 ms
were used. The operating-point carrier frequency was set at
fo = 4525 MHz, the frequency for the minimum insertion
loss for the hybrid MSBVW/MSSW passive delay line.

Fig. 9 shows a sequence of delayed pulses from the active
nondispersive MSW line for an input pulsewidth of 100 ns and
an attenuator setting A = —2.5 dB. The format is the same
as for Fig. 6, with output power on the vertical axis and time,
relative to the leading edge of the input pulse, on the horizontal
axis. The input power was 10 mW. Here, about 20 well-
separated delayed pulses with cumulative useful delay time of
about 3 us can be seen. The significant enhancement in pulse
integrity in Fig. 9 in comparison with the data in Fig. 6(c)
is clear. Due to the lack of dispersion spreading, the pulses
conserve their shape almost to the limit of the data shown. It
is clear from these data that the dispersion time is much greater
than the 4-us time scale of the horizontal axis. The main source
of pulse distortion for delay times greater than 3 us is probably
the narrow passband and filtering effects. The narrow passband
shown in Fig. 8(a) results in a cutoff for sidelobe harmonics
in the microwave pulse spectrum and a distortion of the pulse
edges. The loss p.u. delay time parameter L for the pulse data
in Fig. 9 is about —12 dB/us. Recall that the attenuator setting
for these pulse measurements was at A = —2.5 dB. This value
of A was close to the smallest attenuation for which pulses
could be obtained without circuit oscillation.

Fig. 10 shows experimental results on the variation of the
L parameter with the attenuator setting A. The format is the
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Fig. 10. Loss p.u. time parameter L as a function of the feedback loop
attenuation A for the hybrid MSBVW/MSSW active delay line described in
the text, based on pulse decay data of the sort shown in Fig. 9. The L-values
are based on the drop in pulse amplitude over a delay time range from 0
to 0.5 ps. The operating parameters were the same as for Fig. 9. The input
pulsewidth was 100 ns and the operating point frequency was 4525 MHz. The
dashed lines provide reference points as discussed in the text. The indicated
Lmax value represents the largest value of L at the smallest attenuation that
could be achieved experimentally before oscillation occurred.

same as for Fig. 7 and the procedure for the L-determinations
was also the same. Amplitude decay rate measurements over
a limited cumulative delay time range of 0-0.5 us were used.
The parameters were the same as for Fig. 9. The horizontal
dashed line at ~185 dB/us indicates the nominal L-value
shown in Fig. 8 for the passive hybrid delay line. The solid
line shows a linear best fit to the data. The horizontal dashed
line at O dB/us shows the maximum theoretical possible L-
value of 0 dB/us which should occur just before the onset of
oscillation. '

As with the MSSW device, the maximum value of L that
could be achieved experimentally was somewhat smaller than
the 0 dB/us theoretical limit, as indicated by the L, .x =
—11.96 dB/us value in the figure. This Ly, value was
obtained at A = —2.4 dB. The change in L with A is well
described by the straight line fit. For this hybrid device, the
slope of the linear best fit response is 4.85 ps~!. Recall that the
slope of the L versus A response for the MSSW active device
was 18.6 pus~!. The less rapid response for the hybrid device
allowed for more precise tuning of A to obtain the maximum
L. Extension of the linear best fit line to the theoretical limiting
case 0 dB/us loss line gives a theoretical limiting A value
of +0.2 dB for the active hybrid device. The experimental
limit on A of —2.4 dB before oscillation took place was about
2.6 dB below the theoretical limit. For the MSSW device,
this difference was 1.1 dB. As before, this difference can be
attributed to interference effects.

The intersection of the linear best fit line to the —185-dB/us
reference line indicates the A-value at which the active device
produces a loss p.u. delay time performance factor that is just
equal to the L-value for the passive hybrid device. For the
hybrid device, this equivalence occurs at A = —37.7 dB. This
value may be compared to the +0.2-dB value of A at the
theoretical zero decay limit to set the total loss in the loop at
—37.9 dB.

The above results demonstrate the improvements to the ac-
tive delay line which can be obtained through the utilization of
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a nondispersive passive delay line. The remaining limitations
derive mainly from the lack of a flat frequency response for
the hybrid passive delay line. The use of broadband, flat-
response, nondispersive delay lines will allow an even better
performance factor and the achievement of large delay times
and low decay rate active devices.

V. CONCLUSION

The results presented above demonstrate the possibility
to design an active MSW delay line which may be used
to provide long delay times with a reduced decay rate for
short microwave pulses. The active line consists of a passive
MSW delay line and a microwave amplifier connected in
the feedback loop. Microwave pulses are delayed in the
passive MSW line while the amplifier compensates for the
insertion loss. Two active delay line configurations have been
considered, one based on a passive MSSW delay line and
one based on a hybrid MSBVW/MSSW nondispersive passive
delay line. The best-case result was for the nondispersive line,
with a loss p.u. delay time parameter of —12 dB/us and a
maximum useful delay time of 3 us or so, compared with
typical L-values of —50 to —100 dB/us and useful delay times
of about 0.2 us for passive MSW delay lines. These results
were obtained for microwave pulses 10-100 ns in width for a
carrier frequency in the 4-5-GHz range.

In order to further decrease the loss p.u. delay time and
increase the useful delay time of the active MSW line, it
will be necessary to: 1) eliminate broadening of MSW pulses
during the multiple pass circulation in the passive delay line
and 2) adjust the total loss coefficient of the feedback loop
as close to unity as possible, but below the threshold for self-
oscillation. The dispersion spreading of delayed pulses may
be considerably decreased through the use of a nondispersive
passive MSW delay line or the propagation of MSW solitons
in the passive MSW line. In order to decrease the total loss in
the feedback loop, one should use a broadband passive MSW
line with flattop response and utilize feedback amplifiers which
provide linear operation over the range of powers needed
for the feedback signals. The broadband, flattop response is
especially important for short microwave pulses or pulses with
a significant frequency modulation, both of which result in
signals with a wide frequency power spectrum.
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