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Microwave Bistability in a Magnetostatic
Wave Interferometer with External Feedback

Yuri K. Fetisov, Senior Member, IEEEand Carl E. Pattonfellow, |IEEE

Abstract—Microwave bistability has been obtained for the
first time in a magnetostatic wave (MSW) interferometer with
external magnetic field feedback. The interferometer contained
a magnetostatic surface wave transmission line with a 7.pm-
thick epitaxial film of yttrium iron garnet magnetized with an
external static magnetic field of 1048 Oe, a variable attenuator in
a parallel reference channel, and external feedback in the form
of an additional static field derived from the line output. Bistable
and multistable output power versus input power responses are
derived from the frequency dependence of the interferometer 0 2) 0
transmission and the MSW wave number dependence on the Pin Pin
static magnetic field. Typical bistable and multistable output
versus input power hysteresis loops were obtained under constant

frequency operation in the range 4.9 to 5.2 GHz, and for input rig 1 Characteristic output powe?..; versus input powe:, response

powers from —30 to +10 d|_3m- The bi_5t3b|e response dt_apen_ds for a bistable system. Bistable behavior occurs for input powers in the range
on the frequency of the microwave signal, the attenuation in p(* . p . p

the reference channel, and the gain of the feedback loop. An ™ i
analysis based on linear MSW theory agreed with experiment.

App_lications of MSW minOWaVe blStabllltylnClUde power limiter tion of MSW Signa's of different frequencies and different
devices and basic microwave logic elements. wave numbers, and synchronization of the modes to form
Index Terms—Bistable circuits, ferrite devices, ferrite films, short microwave pulses, among others. These effects have also
magnetic microwave devices, magnetic resonance. been used to advantage in the design of microwave signal
processing devices [2].
The objective of this work was to investigate a new effect in
I. INTRODUCTION MSW systems, bistable, and multistable behavior produced by

HE characteristics of magnetostatic wave (MSW) excf_eedbaclf. The basi_c trqnsmission characteristic of a bistable
tations in yttrium iron garnet (YIG) films depend on theyStem is shown in Fig. 1. The output powét,; is a
size and orientation of the external static magnetic field. THeultivalued function of the input powef;,. As the input
MSW frequency band may be tuned over a range of 1-P@Wer increases from zerd,,; increases smoothly andlthen
GHz and the excitation wave number and group velocity m&xperiences an abrupt jump to higher valuesPat = Py
be changed by an order of magnitude or more simply WBf/the input power is decreased from some value abBi\(@,
changing the magnetic field by tens of Oe. This controllabilitgne follows the upper branch of the response down to an input
of MSW properties as well as the relatively low microwav@ower atP,, = Piff) and thenP,,; jumps back to the lower
loss in YIG provide a unique opportunity for the investigatiobranch.
of wave phenomena which are difficult to observe for acoustic As shown in [3] for optical systems, two conditions must
or optical waves in solids. be satisfied for bistability to exist in a wave based system.
Many effects have been observed in MSW structures de@st, the transmission or reflection coefficient of the system
to magnetic field modulation during launch or propagatiomust have some characteristic dependence on the frequency or
of these waves in YIG film devices [1]. These include th@ave number of the excitation. Second, some sort of feedback
dynamic compression of wave packets, the parametric interagast exist which can change some characteristic of the signal,
such as the wave number or damping coefficient, as a function
Manuscript received May 13, 1998; revised June 11, 1998. This work wgl the _transmltted or reﬂeCteq power. One has_ a dispersive
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some other control parameter which, in turn, depends on the

power. Computer Amplifier Detector

This report describes a hybrid dispersive multistable system Helmholtz i : Py
based on magnetostatic waves in a YIG film. The variation colls _
in output power with wave number derives from an interfer- T Fmssw[ ] . l\gﬁm:\rle
ometer arrangement with the MSW element in parallel with) Microwave KX
a second reference line. Feedback is applied in the for?ansgggcseOA - b c G =
of a static magnetic field which is controlled by the output " A Directional| ot
power from the interferometer circuit. This type of bistable A coupler
MSW device, for which the system parameters can be easifmicrowave Attenuator
controlled over a wide range, is of interest for microwave T/{:gijtz'gp

3

applications. It also provides a convenient arrangement for 'a
first investigation of bistable and multistable processes in YIfGy. 2. Block diagram of the MSW interferometer, feedback, and microwave
film microwave devices. measurement systems. The interferometer contains a MSSW transmission line

; ; g A ; i «ti1 the upper arm and a variable attenuatoin the lower arm, with an input
Theoretical issues related to intrinsic dispersive MSW bISt%ilower dividerD and output power combingr’. The feedback loop consists

bility in periodic structures are discussed in [4]. There has a microwave amplifier of gair7, directional coupletf, the microwave
also been a recently observed absorptive bistability in MS¥Wpde detector, the dc current amplifier, and the pair of Helmholtz coils. Data

: : : btained through the microwave transition analyzer and the computer. The
oscillators [5]. These topics are outside the scope of the presgﬁfmeterﬂ and L indicate the total magnetic field applied to the MSSW

work. line and the transmission coefficient of the line, respectively.
Section Il describes the MSW interferometer with the mag-

netic field feedback and the experimental set up for the . . . -
measurements. combinerC' and applied to a microwave amplifier of gaif

Section III-A presents the measured frequency respor@@rt of this output signal is then routed to a diode detector and
and dispersion characteristic for the MSW transmission lifedC current amplifier. This amplifier drives a pair of Helmholtz
taken by itself and for the entire interferometer, but withofO!lS t0 provide magnetic field feedback to the MSSW device.

feedback. Section IlI-B describes the effect of the externBRrt Of the output signal is picked off from the directional

feedback on the interferometer frequency response as a fuffUPler£ and routed to the microwave transition analyzer for

tion of the input microwave power level. Section Ill-C therflata analysis. _ o

gives representative bistability response curves for the device! Ne three important power points are noted in Fig. 2. The
for different signal input frequencies, different interferometdPPUt POwWerr;, is measured at the input to power divider
conditions, and different levels of feedback. Some peculiaritid§® OUtput powerFs,; is measured at the takeoff from the
of pulsed operation of the bistable MSW interferometer affirectional coupler. The microwave power at the detector
considered in Section IlI-D. is noted asly.

Section IV-A gives a qualitative explanation of the The MSSW transmission line is of standard design and has
bistability mechanism for the MSW interferometer an®€en described elsewhere [6]. The line contains a long and
describes a method for calculation of bistability respond&mow 2 mm by 20 mm rectangular YIG film of thickness
curves. Section IV-B then presents some representati¢® #m. The film was grown by standard liquid-phase-epitaxy
results from numerical simulations. These results illustraf@ethods on a gallium-gadolinium-garnet substrate of thickness
possibilities for the control of the transmission characteristi€s® mm. The film was provided by Dr. J. D. Adam of the
of a bistable MSW interferometer and provide a comparisd#orthrop Grumman Research and Development Laboratories,
with experiment. Section VI-C provides basic workind®ittsburgh, Pennsylvania. The film had a nominal YIG sat-
equations for the analytical understanding of the bistabiation induction of 1750 G and a 9.3 GHz half power
response. ferromagnetic resonance line width of 0.98 Oe, measured with

the static magnetic field in plane. For the purposes of this
[l. BISTABLE INTERFEROMETERSYSTEM paper, all magnetic parameters will be expressed in Gaussian

A diagram of the MSW interferometer, the feedback at!nits.
rangement, and the microwave measurement system is showhhe MSSW transmission line circuit consists of two mi-
in Fig. 2. The interferometer consists of the two parallel arn@ostrip transducers of 5am width and 3 mm length deposited
in the center of the diagram, with the magnetostatic surfag8 the surface of a 0.5 mm thick alumina substrate at a distance
wave (MSSW) YIG film device in the upper arm and thél = 6 mm apart from each other. The YIG film was placed
variable attenuator with attenuatioh in the lower arm. The across and in close contact with these elements. The entire
MSSW structure is described below. The labBland L refer structure was placed in a uniform static external magnetic field
to the total magnetic field applied to the MSSW device antls = 1048 Oe, applied in the film plane and perpendicular to
the MSSW line power transmission coefficient, respectivelthe long film axis and the MSSW propagation direction. The
Both parameters will be important for the analysis below. Helmholtz coil pair was positioned to provide an additional
The interferometer is driven by the microwave source deedback magnetic field » parallel to the static fieldZs.
the left side of the diagram through the power dividerThe The interferometer response is controlled by the delay and
output from the interferometer is obtained from the poweattenuation for the MSSW signal in the upper arm and the
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level of attenuation in the lower arm of the interferometer
in Fig. 2. The variable attenuator provided an attenuation
from 0 dB to—18 dB. The interference condition between the
MSSW signal and the reference signal in the lower arm will
be critical to the bistable response.

Turn now to the feedback elements. The microwave ampli-
fier at the output of the interferometer is a monolithic GaAs
amplifier with a frequency bandwidth of 2-8 GHz, a low
power gain coefficientZ = 34 dB at 5 GHz, and a maximum
output power level of 1 W. The external feedback loop in
Fig. 2 contains the directional couplér with a coupling
coefficient B = —20 dB and forward insertion loss of 0.5 dB,
a microwave diode, a dc current amplifier with a maximum
output current of 0.4 A, and the Helmholtz coil pair. This
coil had a resistance of 40¢I. Referenced to the microwave
power at the diode inpuf,, this arrangement provided a
nearly linear response for the magnetic fidij-. The field

responseAHp /AP, was 1.9 Oe/mW for power levels up toFig. 3. (a) Power transmission coefficidhversus frequency and (b) wave
P; = 40 mW. numberk versus frequency for the MSSW transmission line described in
. the text. The solid lines show experimental data and the dashed lines show
A Hewlett Packard model 83 650A synthesized sweeper Wagejated responses as described in the text. fihpoint at 4950 MHz is
used as a source for continuous wave (CW) microwave powesr the maximum of the transmission.
in the 4—-6 GHz frequency band and at power levels up to 20

dBm. A Hewlett Packard model 70 820A microwave transition
The calculated curve for MSSW wave numberversus
analyzer was used to measure the frequency response, phase . . . .
r?guencyf was obtained from the dispersion equation for

:)efsfhoensse’sti?g g(r)l\gefrorreﬂsrﬁgn(sjinf;;h%e\fgﬁgf’necﬁtr;poc;nfﬁagnetostatic surface waves in a ferrite film of infinite extent,
Y ! After the work of Damon and Eshbach [7]. The Damon and

various characteristics of the microwave pulses. All data WeIE_%hbach MSSW dispersion relation may be written in the form
collected and analyzed through a personal computer.
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The parameter! denotes the film thickness. The frequency
parameterfy expresses the static field in frequency units
A. CW Characteristics of the MSSW Interferometer according to fy = |y|H, where |y| = 2.8 MHz/Oe is
tWee absolute value of the gyromagnetic ratio._ The frequency
power transmission coefficiedt and wave numbek versus parameterfy; expresses the ferrite saturation inductin/

frequency f for the MSSW transmission line taken alone!" frequency units as well, according a; = |y|4rM. Note

The measurements were carried out with an input microwa%at (1) yields a low frequency band edgekat= 0, denoted

power level of—10 dBm and a frequency sweep time of 36)y fp. given by

Ill. EXPERIMENTAL RESULTS

Fig. 3 shows typical measured and calculated values of

s. The static magnetic field was 1048 Oe. The dependence of fp = /7f fr+ far)- )
the MSSW wave number on frequency was found from the B SERRLY
measured phase response of the line. This band edge is seen to change with the static fiéld

The theoretical curves were obtained from basic MSSWpplied to the device.
theory for isotropic films [7] and for an adjusted static mag- Fig. 3(a) shows that for the given operating parameters,
netic field value of 1067 Oe. This adjustment was needed MSSW signal transmission was supported over a frequency
position the calculated MSSW frequency band over the safmand from about 4850 MHz to 5400 MHz. This band is
range as the data. The discrepancy between this magnetic figkdl above the frequency region where nonlinear saturation
and the experimental field is due to demagnetizing effects aofithe wave power could take place [9]. The frequency point
anisotropy. for minimum loss was at about 4.95 GHz. The transmission

The calculated transmission coefficient results in Fig. 3(apefficient at this frequency wasl2.7 dB. This frequency will
were obtained as described in [8]. The various dimensiohe denoted ag, and taken as the nominal operating frequency
of the transmission line structure, the magnetic parametéos many of the results to be considered shortly. This operating
cited above, the nonuniform distribution of microwave currenfmint is indicated by the arrow labelef] in Fig. 3(a).
across and along the strip line transducers, impedance matchFhe transmission response in Fig. 3(a) also shows a distinct
ing conditions, and the MSSW magnetic propagation lossestch near the low frequency edge of the band. This notch
were all taken into account. The magnetic loss was basedisrdue to a distortion of the MSSW dispersion characteristic
a measured ferromagnetic resonance half power linewidthkecause of the metallization on the back side of the alumina
0.98 Oe at 9.3 GHz, taken to scale linearly with frequency.substrate [10]. This effect is not critical for the present work.
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This interaction was ignored in the calculations described 10+
above and shown in Fig. 3. 0.8 4
Note from Fig. 3(b) that over the frequency band for appre- s 064 (a)
ciable MSSW signal transmission, the MSSW wave number E -
moves from zero at the low frequency edge of the band up f) 047
to & values in excess of 800 rad/cm at the top of the band. e 027
This variation in wave number with frequency at fixed field, z 00 ' ' - . T r
or conversely, with field at fixed frequency, provides a phase g 4800 5000 5200 5400
change in the MSSW transmission line output signal. This 'é 1.07
phase change, in combination with the reference signal from 5 084 (b)
the bottom arm of the interferometer, leads to an interference © 06
at the output. This response, in turn, will be used to produce 0.4 4
the desired bistability. 0.2 1
From the results in Fig. 3, one can see that the basic surface 00 | . ! . . .
wave theory can account quite well for the characteristics 4800 5000 5200 5400

of the MSSW transmission line taken alone. The shape of
the measured frequency response and the dispersion were not
affected by increases in the line input power level up to 109- 4 (a) Measured and (b) calculated frequency responses of the MSSW
hi y limit of P” P k P ]interferometer without feedback. The input CW power was 1 mW. The
dBm This _power imit of 10 dBm will be te_‘ en as an uppeEperating parameters for the MSSW arm were the same as for Fig. 3. The
limit for a linear MSSW response for the line. attenuator settingd for the lower arm of the interferometer in Fig. 2 was
Fig. 4 shows corresponding response curves for combined* dB.

signals from the MSSW arm and the lower reference arm of the

interferometer in Fig. 2, but still without feedback. Fig. 4(a), = 4950 MHz, for example, an increase in the attenuation
shows the results of measurements and Fig. 4(b) shows modfrom 0 dB to —14 dB yields a change in from 60% to
eling results which were obtained under the same assumptia@®os. For 5.2 GHz, the same changeAnyields a change
and approximations as used for the Fig. 3 calculations. DetaﬂJ}s77 from 15% to 50%.
of the modeling will be considered below. For the data of |t js important to note that the overall frequency response
Fig. 4(a), the input power to the interferometer was set atot the interferometer in Fig. 4 may be shifted up or down
mW and the attenuator setting for the lower arm was-14 i frequency through an increase or decrease of the magnetic
dB. The MSSW line parameters were the same as for Fig. feld H, in accordance with the band edge condition of (2).
The results in Fig. 4 show that the interference of th&s will be shown shortly, both this field dependence of the
MSSW signal and the reference microwave signal results inflerferometer response, and the possibility to control the
deep modulation of output power level with frequency. Eaghagnitude of the modulation level of the output, are important
modulation cycle corresponds to a change in the phase of #ihsiderations for the formation of a bistable device.
output MSSW signal relative to the input signal af.2ZThe  Turn now to the details of the calculated interferometer
corresponding change in the MSSW wave numbefor a response shown in Fig. 4(b). The equations given here will
single modulation cycle is®/A, whereA is the length of the also be important for the bistability calculations to be con-
MSSW propagation path. sidered later. One assumes a CW microwave input signal
The fact that the variation it with frequency shown in of frequencyf. Based on the various parameters introduced
Fig. 3(b) has positive slope and is concave upward meagsove, along with power divider coefficients of one half for the
that the change in frequency for one modulation period withput divider D and the output combinef, one may obtain

decrease with frequency. The results in Fig. 4, when expand@é interferometer power response functibk) as
in scale, yield a decrease in the modulation period from about P GB
out

9 MHz near the bottom of the MSSW transmission band up  7(k) =
to about 3 MHz at the top of the band. b 4
The level of the modulation may be defined as the peak-tRecall thatP,, is the power at the input to divideb and
peak amplitude of the power oscillation divided by the peak,.,; is the power at the directional coupler take off in Fig. 2.
power at the very top of a modulation cycle, and multiplied@he phase shift of the signal at the MSSW line output was
by 100 to yield a percentage modulation factorlt is clear taken to be equal téA, while the phase shift of the signal in
from the results in Fig. 4(a) that, apart from the initial rapithe reference arm channel was taken to be zero. The MSSW
up and down changes in the modulation near the bottomwéve numberk depends on the frequency in accord with
the MSSW band, the modulation facteidecreases rapidly asthe dispersion relation of (1). The MSSW line transmission
the frequency moves up from th& point in Fig. 3(a). This coefficient L. also depends on the frequency. The gain and
decrease is due to the characteristic increase in the insertétenuation factorés, A, and B were taken to be independent
loss with frequency for frequencies aboyg on the frequency within the MSSW frequency band. The
The modulation level could be easily controlled by changingpsine argument and phase angle will be denoted ad.
the attenuatiomd in the reference arm of the interferometerThis angle will be an important parameter for the analysis of
For the minimum insertion loss operating point frequency &ection IV.

FREQUENCY f (MHz)

[A Y L+2vVAL cos(kA)] G
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From (1) and (3), in combination with the measured fre-
guency dependence of the MSSW line transmission coefficient
L and the values of’,, A4, B, GG, and A already cited, one
obtains the output power response shown in Fig. 4(b). One
can see that the experimental frequency response is matched
reasonably well by the theory. The working equations given
above reproduce both the decrease in the modulation level and
the decrease in the frequency period for the modulation with
frequency above th¢, operating point. Note that the actual
level of P,,; depends on the attenuator settidgand the gain
coefficient@ of the amplifier, so that th&,,,,; / P, ratio may be
smaller or greater than unity. As with the results in Fig. 3, the
notch in the experimental frequency response near 4900 MHz T T T
is due to the effect of the substrate metallization on the MSSW 4950 4955 4960
dispersion. The additional variations in the experimental power FREQUENCY f(MHz)
envelope versus frequency in Fig. 4(a) which do not followig. 5. Measured frequency response curves over a single modulation cycle
the somewhat smoother theoretical result are likely due g the MSSW interferometer with feedback. The feedback magneticHigld

. . . was configured to subtract from the static magnetic fild applied to the
uncontrolled reflections in the system which were not takgfssw line. The input powe®;, values for the four traces were (a)23

into account in the modeling. dBm, (b) —19 dBm, (c)—15 dBm, and (d)-13 dBm. The other operating
parameters for the MSSW arm were the same as for Figs. 3 and 4 and as
described in the text. The specific operating points A through D shown on
trace (a) are discussed in the text.

SCALED OUTPUT POWER

B. Frequency Response with Feedback

As indicated above, the input microwave power level do?ﬁ level is | T by f hat hiah
not affect the frequency response of the interferometer withoyf POWEr Ievel s low. race (b), ora somewhat higher power
external feedback, at least for power levels below 10 dBm BF FPin = —19 dBm, shows a sm.all Sh'ft FO lower frequency
so. The addition of the feedback magnetic fiélg:, however, and the developmer_1t of some dlstortlon_m the response from
produces a significant change in this frequency response.t § simple harmonic form n (3) and in trace (a). Traces
one might expect from the feedback arrangement of Fig'H%e and (d) show the dramatic effect of higher POWErs on
higher powers produce bigger effects. The change in t response. The increase fy, to —15 dBm, as in trac_e
frequency response with power is the basis of the bistat(@’ results in a sawtooth wave response. For .these particular
operation to be considered in the next section. This sectigStem parameters, one has an abrupt jump in output power

presents results on the frequency response for increasfigiPout 4955 MHz. When the power is further increased to
powers. —13 dBm, as in trace (d), the step frequency shifts down by

Fig. 5 shows four experimental curves of output powétPProximately 2 MHz. This power dependent step response
versus frequency. The static fielfls, the amplifier gairG, and  €an be used to _advantage to a_chleve blstaple operation.
the attenuatiod were the same as for Fig. 4. There are four 1he change in the modulation cycle with power shown
differences, however. First, the frequency scale is expandBdFig- 5 could be obtained over almost all of the MSSW
to show only one modulation cycle or so. These particul@@ssband. Empirically, it was found that the precise input
data are for frequencies from 4950 to 4962 MHz, close RPWer level needed to obtain the sawtooth type response
the operating point frequencf, for maximum transmission. Shown in Fig. 5(c) could be reduced in one of two ways,
Second, the four traces are for different values of the inp@ither by decreasing the attenuatidnin the fixed arm or by
power P,,. The P,, values are—23 dBm for (a),—19 dBm increasing the operating point frequency. Both actions serve
for (b), —15 dBm for (c), and—13 dBm for (d). Third, the to reduce the level of the modulation response.
data are scaled so that the traces show about the same peak Idi€ distortion in the harmonic interferometer frequency
peak response. The graphs show no vertical numerical sc&&sponse as the input power is increased, and the sawtooth
The points of comparison concern the change in the shape'®$ponse which occurs at high powers, may be explained in
the frequency response with power. terms of the feedback effect for different operating frequency

The fourth and most important difference between tHeoints on a given modulation cycle. Four such points are
Figs. 5 and 4 data is that the magnetic field feedback is imdicated by the labels A, B, C, and D on trace (a) of Fig. 5.
place. The Helmholtz coils are connected so that any givéhese same frequency points will be used as operating points
level of output power produces an additional magnetic field order to demonstrate bistable power response characteristics
Hy which subtracts from the static fieldfs. The basic in connection with Fig. 6, to be discussed shortly. Note that
effect of higher power, therefore, is to shift the interferometguoint D is located at an output power minimum on trace (a).
response to lower frequencies. Points C, B, and A are positioned at successively higher power

The traces in Fig. 5 demonstrate clearly the effect of feelvels and at successively higher frequencies. Note also that
back on the power versus frequency response for a sintfe feedback produces a magnetic fiégfd- which subtracts
modulation cycle. Trace (a), faP, = —23 dBm, shows that from the static fieldHs. The feedback, therefore, will serve
feedback has essentially no effect on the output response wherneduce the net field applied to the MSSW line and shift the
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0 - - - the kink response moves from the low frequency side of
204 ' the transmission maximum in trace (a) of Fig. 5 to the high
pus (@) frequency side, the kink moves up in frequency as the power is
e increased. The sawtooth response in trace (c) is also reversed.

That is, one obtains a jump in power with decreasing frequency

§ o7 rather than with increasing frequency as in Fig. 5. This jump
"g -20 -/é(b) point will move up in frequency as the power is increased,
; 40 4 rather than down in frequency.
w T T T 1
= C. Bistable Power Response
% 40 () Fig. 5 showed the response of the system as a function of
o 7 : : : : frequency for different fixed power levels. If the device is oper-
0- ated at fixed frequency and the power is continuously changed,
20 one may obtain the kind of bistable response characteristics
(d) which are the objective of this work.
-40 A Fig. 6 shows several examples of such a bistable power
30 _2'0 _1'0 (') 1‘0 response. Graphs (a), (b), (c), and (d) in Fig. 6 show curves of

output powerF,,; versus input powet’, for four different
operating point frequencies, as listed in the caption. The
]lfig-hG- Tsygicaé_outgﬁtlpowlce&m vers%s input powgPin resngnje curves sequence of graphs from (a) to (d) correspond to frequency
o e e (S s Sore=0ofiberating poinis which match the frequency points labeled
4955 MHz, respectively. The interferometer reference arm attenuator settii@mM A to D in Fig. 5(a). These data were all obtained for
was A = —14 dB. a reference arm attenuator settidg= —14 dB and with the
feedback magnetic fieldl» configured to subtract from the
overall frequency response shown in Figs. 3 and 4 to lowstatic field Hs. All other operating parameters were the same
frequencies. as established above. The cycle time for the measurement of
For point D, the output power is at a minimum point on thene power cycle was 30 s. The arrows in (a) indicate directions
modulation cycle in trace (a). Any initial increase in the inpubf power changes along the individual portions of the cycle, as
power produces only a small increaseifify and essentially will be discussed below. Arrows are not shown on the other
no shift in the overall frequency response. Note that until thltagrams.
sawtooth response is formed for trace (c), the minimum outputFig. 6(a) corresponds to an operating point frequency of
power frequency position at D in trace (a) remains essential957 MHz, the same as point A in Fig. 5(a). The data in
unchanged at about 4954 MHz. Fig. 6(a) show that as the input power is initially increased
This situation is maintained for relatively small increases iftom a low value of —30 dBm, the output power increases
the input power as one moves up the response curve in traoenewhat and then saturates at abeR2 dBm. As indicated
(a). The portion of trace (b) for frequency points D, C, and By the arrows, this leg of the cycle is entirely reversible as long
has about the same shape as in trace (a). as P, does not exceed about7 dBm. If the input power is
However, as the frequency point is moved from point Bicreased above7 dBm, there is an abrupt jump in the output
to point A, the increase in the output power is sufficient tpower from—22 dBm to about-4 dBm, and a further gradual
produce a kink in the output power response shown in trace (lcrease as”,, approaches the-10 dBm limit for nonlinear
The peak in the output power in trace (b) is now shifted doweffects. As P, is then decreased, th&,,; level only drops
in frequency to a point just above point A. This is becausdowly, does not retrace the previous jumpiat == +7 dBm,
the feedback fielddr is now increased sufficiently with inputand finally rejoins the initial response curve @t ~ —11 to
power to produce a significant shift in the overall modulatior12 dBm or so. This return path is indicated by the arrows
response to lower frequency. As the input power is furthéeside the top response curve. There are also several smaller
increased, the continued increase A causes the kink to jumps which decorate thi#,,; versus P, response curve
shift and accentuate. At some threshold power, as in trace @cle.
the feedback magnetic field is sufficient to change the simpleThe data in Fig. 6(a) demonstrate clearly the hysteretic na-
kink into an abrupt jump in output power, and the overature of theF,,; versusP,, response for the MSSW interferom-
frequency response is transformed to a sawtooth charactger with magnetic field feedback. This response corresponds,
Further increases in power serve simply to shift the sawtoatioreover, to a bistable output. For an input power in the range
response to lower frequency. —12dBm < P, < +7 dBm, one has two different possible
The response shown in Fig. 5 can be reversed by reversirajues ofP,,;. This is precisely the transmission characteristic
the sign of the feedback fielf . In this case, any increasewhich is typical for a bistable system of the sort shown in
in output power produces a feedback field which adds Eg. 1. The presence of humerous minor jumps on the overall
the static fieldHs and serves to shift the MSSW responsbistable response curve provides further signatures of system
curves in Figs. 3 and 4 to higher frequency. In this caskistability.

INPUT POWER P, (dBm)
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The remaining power response curves in Fig. 6 show the 0
change in the bistable response characteristics which result
for different operating point frequencies. Graphs (b), (c), and 20 (@
(d) correspond to operating point frequencies of 4956 MHz, %0
4955.5 MHz, and 4955 MHz, respectively, the same as the B, 2 o- ' ' ' '
C, and D frequency points indicated in Fig. 5(a). The effect g
of these changes in frequency is to develop a second bistable 5 -20 (b)
region for lower input power levels which opens up abruptly ;L
and merges with the main bistable power hysteresis loop. g A0 ' ' ' '
The beginnings of this second region are evident in Fig. 6(b) g 0
by the small region neaP,, = —18 dBm with an increased > 20 ©
slope. As the operating point frequency moves lower, to point 5
C in Fig. 5(a), this small region of increased slope first opens © 40 . . , .
up slightly, as in Fig. 6(c). As the operating point frequency 0—/
moves to the bottom of the Fig. 5(a) response curve at point
D, the new part of the bistable response opens up completely -20 1 @
and merges with the initial bistable response. This result is 40 . . , .
shown in Fig. 6(d). -30 20 -10 0 10
A further decrease in the operating point frequency shifts INPUT POWER P, (dBm)

the operating point into the Fig. 5(a) response region to the left ) .
. . e e e . . Elg. 7. Typical output powei?,,¢ versus input power’,response curves

of point D. This shift initially results in a further broadening Ofior the MSSW bistable interferometer. Curves (), (b), (c), and (d) correspond

the second hysteresis loop. As the operating point continuesnterferometer reference arm attenuator settings-b4 dB, —10 dB, —5

to move down in frequency and up the response curve Qﬂ: and zero dB, respectively. The operating point frequency was 4957 MHz.

Fig. 5(a), one observes a smooth transition back to a bistable

response of the sort in Fig. 6(a) and the cycle then repeatsof attenuation in the feedback loop just before the detector in

The bistable character demonstrated above is a resultg. 2 resulted in a shift in the bistable response characteristic
the interferometer response in combination with magnetig 3 whole by about of 10 dB to higher input power levels.
field feedback derived from that response. The amount of thein summary, the data of Figs. 6 and 7 clearly show that the
realized bistability for a given operating point frequency cagmsSSw interferometer with external feedback can be used to
be controlled through a change in the attenuation in the lowgioduce a bistable or multistable output versus input power
arm of the interferometer. A decrease in the attenuation, f@fsponse. The character of the response can be controlled
example, will serve to reduce the level of modulation and thﬁrough the choice of the operating point frequency position
modulation factorp defined above. This, in turn, will reducerelative to an individual interferometer response without feed-
the level of the overall bistable response with feedback iack. The level of the bistable or multistable response can
place. be controlled by the attenuation in the reference arm of the

This effect is demonstrated in Fig. 7. Bistable power rénterferometer. The position of the response can be controlled
sponse curves are shown in the same format as in Fig. 6. b9rthe level of the feedback response.
these data, however, the operating point frequency was held
constant at 4957 MHz, just at point A in Fig. 5(a), and the _
level of the attenuation in the reference arm of the MSSW- Bistable Power Response for Pulsed Experiments
interferometer was changed. Graphs (a), (b), (c), and (d) areThe abrupt jumps in output power which produce the
for values of the attenuation A in Fig. 2 614 dB, —10 bistable response profiles in Figs. 6 and 7 were obtained during
dB, —5 dB, and zero dB, respectively. Without feedback, th&utomatic input power scans controlled by the microwave
modulation factor; ranged from 100% a#l = —14 dB to transition analyzer (MTA) unit in Fig. 2. The MTA unit, when
60% atA = 0 dB. operated in a power scan mode, works in the same way as a

The response curves in Fig. 7 show that a decrease in #agnpling oscilloscope. The unit cyclé}, up and then down
attenuation, and the corresponding decrease in the modulatibnough the specified input power range over and over. During
leads to three effects. First, there is a shift in the bistabfach cycle, the sample time is incremented in such a way as
power response curve as a whole to lower input power valués.obtain response curves shown in Figs. 6 and 7. Implicit in
Second, the power hysteresis loop becomes narrower. Thithés procedure is a sample time per step. Based on the MTA
there appears a large number of small jumps in the outmédt up for the measurements shown, the abrupt up and down
power for both the increasing input power and decreasing inguinps in Figs. 6 and 7 occurred over times which were below
power legs of the cycle. about 120 ms.

One would expect that the range of input power values overlf the bistable microwave response presented above is to
which the bistable response takes place could be shifted bpe useful for radar applications, whatever actual device is
change in the amount of feedback. For the set up used hateyeloped will most likely be operated in a pulsed mode. The
it was found that a decrease in the dc current amplifier gadhief drawback of the demonstration system described here
by a factor of 10 or the introduction of an additionral0 dB is in the large time constant for any change in the feedback
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S 4o At the high end of the range of available powers, one
£ (@) obtains the type of response shown in graph (b). Here, the
,E 0.2 - output power exhibits a rapid oscillation during the rise time
x of the feedback current and magnetic field. The amplitude of
% 0.0 | | 1 this oscillation decreases with time and the period increases.
- 5 Note that the Helmholtz coil inductance limited response time
g of the feedback shown in graph (c) was about 0.3 ms. The
% 1 oscillation response clearly tracks this feedback. The decrease
0 in amplitude of the oscillation is due to the down shift in the
g 400 ~ MSSW frequency response as the feedback field grows and
g (c) the corresponding increase in the MSSW insertion loss. The
é 200 4 increase in the period of the oscillation is due to the gradual
T 0 leveling off of the feedback current and field.
O T T | u The data in Fig. 8 demonstrate that the frequency shifts
-1 0 1 2 3 and power response which leads to bistability are dominated
TIME (ms) by the response time of the feedback magnetic field. There

Fig. 8. Graphs (a) and (b) show output power,; versus time responses aré ways in which this response time could be reduced. One
to 2 ms wide input pulses at the input pow@y, values indicated. The input could, for example, use a broadband high current dc amplifier
pulse commenced at time zero on the scale of the graphs. The input pylse o mpination with low inductance coils or a microstrip
carrier frequency was 4950 MHz. The reference arm attenuator setting was .. . .

—14 dB. Other experimental parameters were the same as for previous figdf@1smission line to produce the feedback field [1]. A feedback
and given in the text. Graph (c) shows the time dependence of the currfigtld response up to about 100 @s/could be achieved in
which drives the Helmholtz coils used to provide the feedback magnetic f'eriS way. In this limit, the characteristic time of the bistable
magnetic field produced by the Helmholtz coil. Measuremeriggstem will be determined by the MSSW response time. This
in a pulsed mode of operation have been made to demonsttéRe could be well below Ius, depending on the operating
that the response time limitation for bistability is due to theoint and MSSW parameters.

Helmholtz coil. If faster rise time fields can be produced, the

response time for bistable operation will be limited only by IV. BISTABLE RESPONSEANALYSIS
the relaxation time of the MSSN signal. This time is typically
in the 100 ns range. A. Load Line Analysis of the Bistable Response

These pulse measurements were made with 2 ms wide . _
microwave pulses of rectangular shape with a rise time ofAn understanding of the bistable response of the MSSW

less than 0.Js and a peak power up @, = 20 dBm. These interferometer presented above can be obtained from a graph-

pulses were formed by a internal modulator which is part of tﬂcéal approach similar to that used in [11] for nanlinear optical
Iesonators. For the MSSW interferometer, one starts with the

MTA unit. The operating point carrier frequency of the pulse . o
un perating pol : gquency pu irferometer response function of (3) fB¢k). It is important

was set at 4950 MHz. The reference arm attenuation was 56 L ) .
eep in mind that (3) describes the interferometer response
ne, with no explicit consideration of feedback.

at —14 dB and the feedback magnetic field was connectg%i
to produced a shift of the interferometer frequency respon@é) .

In the presence of feedback, one must take into account
second condition or’(k), based on the fact that the

curve to lower frequencies. B
Fig. 8 shows three time traces. Graphs (a) and (b) sh . " "
g phs (a) ®) interferometer output results in an additional magnetic field
which, under constant frequency conditions, will serve to shift

output power versus time for a low,, value of—1 dBm and
a relatively highP;, value of+9 dBm, respectively. Graph (c)dr}8 MSSW wave number. This shift may be expressed as

shows the time dependence of the feedback current applie

the Helmholtz coil which corresponds to the power response k =k, + BPu ()
of graph (b). The leading edge of the input microwave pulse '
signal occurs at time zero on the scale of Fig. 8. where & is the shifted wave numbel, is the operating

For input peak powers below aboutlO dBm, the output point wave number in the limit of very low powers, and
pulse response strictly reproduced the rectangular shapepsofs a feedback coefficient. The size of the paramegtes
the input signal. Above-10 dBm, one observes modulationcontrolled by the detector, the amplifier, and the field-current
effects at the beginning of the pulse for relatively low powersalibration of the Helmholtz coil which define the feedback
and extending over the entire pulse for high powers. Graplart of the circuit in Fig. 2, as well as the MSSW operating
(a) is typical of the output power response for relatively loyoint itself. The sign of3 is determined by the manner in
input peak power levels above thel0 dBm threshold. Here, which the feedback is connected. If the feedback magnetic
one finds a periodic modulation at the very beginning of tHeeld is opposite to the static magnetic field, the feedback
pulse, followed by a constant power output to the end of thll cause the wave numbek to increase under constant
pulse. This type of response is clearly related to the rapictquency conditions an@ would be positive. Values of,
rise in the input signal. It occurs too fast to be related tand 8 appropriate for the experimental set up and operating
the feedback magnetic field response shown by the curr@aint conditions for the previous section are 127 rad/cm and
response in graph (c). 700 rad- mW/cm, respectively.
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move down thel; curve in a smooth and reversible manner.

0 . é 1'0 1'5 of the PS) line. Note that for the same input power, point

WAVE NUMBER SHIFT (k- k; ) (rad/cm )

<

E 3- P This behavior will continue until the input power is sufficient
& AN to reach point. ThePifﬂl) line and point) represent the highest

E) / R input power for a smooth, continuous, and reversible output
L2 / \\ p power versus input power response from the lowest power
3 2 k ! levels

O ea / y : . D .

Z 1_‘\ e , As soon as the input power reachéﬁ , there will be a

7 o N\ T discontinuous jump in th& coefficient from point to point

% s e c. This jump is indicated by the arrow on thiec segment

<

14

'_

¢ corresponds to a large jump in output power. From point

¢, now consider the effect of reducing the input power. One

Fig. 9. Response functions for the transmission coefficersts a function would now follow theZ; curve from pointe in the direction

of wave numbek for the MSSW interferometer with feedback. Wave numbegf increasingT values as indicated by the arrow, until point

is shown as the shift from the operating point wave numbegrin the . ] ] ]

absence of any feedback magnetic field. The dashed curve shows the MS%\A; reaCh_ed' At this point, the reverse of the Jum_p process

interferometer response from (3). The straight solid lines represent load lijest described would occur and there would be a jump back

for T' versus(k — k,) for two different critical input power levels?”  to point ¢ on thea-b segment of thel; curve. This jump is

and Pi(f) as described in the text. The MSSW operating point and oth@mdicated by the arrow on théc segment of thd’if) line.

system parameters on which the plots are based are given in the text, as i _ _ o

the significance of the labeled points and arrows. ﬁ-he e-b and thec d_ segments _Of thet; mterferometer
response curve constitute one bistable region for kg

versusP,, response. These segments are sandwiched between

From (4), one may readily obtain the second condition Qfyo specific input power dependent load |ine§1’(nl) and

T(k). This condition is given by Pif). These two power levels and the corresponding load line
Pw k-—k, segments constitute the jump points for the bistable response.
P, = 8P (5) The process depicted in Fig. 9 may also lead to a multistable

response as well. One could, for example, continue to increase

For a given input power level, and with feedback in places ‘after the initial jump fronb to . In this case, the operating
LPour must be such that both (3) and (5) are satisfied. 7fhepoint on the7; curve would continue to move to the right

dependence df" in (3) is oscillatory. Thek dependence I’ il the next jump point is reached close to the bottom of

in (5) i§ linear, and the ;Iope of the response is inverseﬂp(e second minimum region on the curve néar- k,) ~ 13
proportional to P, Equation (5) provides a load line of 5q/cm If one continued to increag,, this process would be

sorts with which to select out valid operating points on threepeated cycle by cycle. A similar scenario takes place when

oscillatory response from (3). The interplay of these tW@in is decreased from some high value. In this case, the jumps

dependences provide a direct way to understand multistabilggCur near the maximum points on tiecurve, as from points

. t.he MSSW interferometgr with feedback. ) dtoein Fig. 9, and serve to decreafevhen the jump occurs.
Fig. 9 shows representative plots Bfk) as a function of

the wave number shiftc — k,) from (3) and (5) for thek, and
;3 values given above, and an attenuatidn= —7 dB. The
other relevant experimental parameters as the same given ifXPlicit bistable and multistable response curvesiof:
previous sections. The two solid lines Iabel&&) and Pif) versus_Ph[1 for the MSSW _interferometer can be evaluate_d
illustrate theT'(k) constraint from (5) for two different input "uMerically. Such evaluations are based on the load line
power levels. The significance of these lines will be consider&jd interferometer response considerations given above, the
shortly. The dashed; curve represents (3). This sinusoidal SSW wave number versus frequency characteristic given
curve is just the interferometer response considered in tHe(1), and the actualy(F..) response of the feedback
previous section. The maxima on the sinusoid correspond{5Cuit- The results presented below are based on an empirical
kA phase angles which are an integer multiple of Zhe determination ofx(Fou:) obtained as
minlim;';\ cofrrespond to phase angles which are an odd integng(pout)
mu Ipe ot 7. - —2P i [mW

In order to understand the bistable response characteristic = {?O(rl oo YO8, P <04 mW (6)

. ) . . ) . 52.5 Oe, P,y > 0.4 mW.

from Fig. 9, consider first the situation for very low input
power levels. In this limit of very lowP,, values, the load The Hr(F,,) response of (6) has an accuracy of a few
line represented by (5) will be nearly vertical, and painn  percent, with P,,; values specified in mW andiz values
Fig. 9, indicated by the filled diamond symbol, will mark theobtained in Oe.
intersection point of this line and the dash@&dcurve. This With Hr now known for a given?,,; value, (1) yields the
intersection determines the transmission coefficierind the shift in the wave numbek from the valuek, at Hr = 0 for
P,/ P, ratio in the very low power limit. a given operating point frequency and static field. Based on

As the input power is increased, the slope of the load linke above, one now has the wave numbas a function of
will decrease, and, as indicated by the arrow, one will begin f8,,,;. One may now evaluat®,, as a function ofP,,; from

T(k) =

B. Calculated Bistable Response
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Fig. 10. Computed’,, — FPout response function for the MSS winterfer- 2= 201 (b)
ometer with feedback. The operating point frequency was taken to be 4955 @ 3
MHz and the interferometer reference arm attenuatiowas taken as-12.5 N
dB. Other parameters were the same as for the experiment. The dashed lines Q w 10
and arrows show jumps which would correspond to the measured bistable or = .
multistable response for the experiment. 'IH’].\(;%) andPi(,f) labels indicate the a2 9 :“i"; :
power levels for the two major jumps from the low-to-high and the high-to-low 8 3 4950 4955 4960

power states, respectively.
FREQUENCY (MHz)

Fig. 11. Graph (a) shows the change in the values of the input power at
the Pisf) and Pi(nz) jump points in Fig. 10 with operating point frequency.
4Fout 7) Graph (b) shows the amount of the jump Ry, at the P jump point,

a variation of (3)

= . 7 in
GB[A + L(k) + 2/ AL(k) cos(kA)] I}(ulrllp_out, versus the operating point frequency. All results are based on

. . omputed curves of the sort shown in Fig. 10. The vertical dashed line denoted
The dependence of the MSSW line transmission loss on min indicates the frequency at the point of a minimum in the output power

wave number, specified explicitly in (7) dgk), is calculated with no feedback which corresponds to point D in Fig. 5.
numerically by the method given in [8], as in Section II-A
above. Once this is done, one may piaj on the horizontal gmqj sequential jumps i, of the sort which decorate the
axis and I,y on the vertical axis to obtain the responsgjsiaple response data of Figs. 6 and 7. If one were to take
function which generates bistable and multistable behavior | the jumps which would occur at all of the extrema shown
Such_ aPin — Pou response function plot is _shown bYin Fig. 10, these jumps and the continuous response regions
the soI|0_I curve in Fig. 10. This curve was obtained for ap petween would form a bistablE,. versusP,, curve very
attenuationd = —12.6 dB and a frequency’ = 4955 MHz.  ginjlar to the one shown in Fig. 6(d), for example.
All other parameters are the same as given prewously. Noterpe computed response in Fig. 10 demonstrates the origin
that the parameters chosen for this evaluation are closeqf0, pistable response for the MSSW interferometer with
those which apply to Fig. 6(d). The dashed lines, arrows, apdyghack. Additional computations were used to explore more
other labels are intended to designate various peculiaritiesgktematically the effect of frequency on the bistable response.
th_e response function which lead to bistability. These featur¢ge main bistable response parameters are (a) the spacing in
will be considered shortly.. . input power between the jump poinlﬁ(nl) and Pif), and (b)
Recall from the mechanics of the calculation that the r?ﬁe size of the jumps iP 2t PV and P? . some selected
i i i out in in *
sponse s obtained as a functional dependend,pon Fou:. results are shown in Fig. 11. Graph (a) shows the effect of

Viewed in this way, it is seen that the response curve consiaﬁ: ) . . -
L . .. different operating point frequencies on the position of the
of many peaks, some pointing to the right and some pointin

. . 1 . .
to the left on aF,,; versuspP, plot of the sort shown in h(f]gh .powerjump. pomlPifﬂ) fgr an mcreag)e IFou: and on th?
Fig. 10. With P, as the control parameter for an experimenf0sition of the high power jump poinf,™ for a decrease in
the practical effect of this response curve is to produce jumpsut- Graph (b) shows the amount of the jumpfiy,; at Py,
in Fou. These jumps will be in the direction of larger outputienoted aﬂfﬁlp_out, with frequency. The vertical dashed line
power levels at the point(s) for whicF,, is increasing and at f.,;,, shows the frequency point for minimum output power
reaches an extremum which points to the right. One such junmathe case of no feedback, as at point D in Fig. 5(a). The range
occurs at the upward pointing vertical arrow |abe[é>§1), of frequency values examined in Fig. 11 correspond to one full
The jumps will be in the direction of smaller output powegycle for the response without feedback shown in Fig. 5.
levels at the point(s) for whicl#’,, is decreasing and reaches One can see from Fig. 11(a) that the jump poiﬁf)
an extremum which points to the left. A jump of this sorexceeds the jump poinPif) by about 30-35 dB when the
occurs at the downward pointing vertical arrow labeled igignal frequency is far below the minimum transmission point
Piff) Fig. 10. at fuin. As the operating point frequency approach&s.,,

The jumps atPi(nl) and Pif) are associated with the twothe PS) jump point decreases rapidly and produces a severe
extrema on the response curve in Fig. 10 with the biggest searowing in power of the bistable loop. If the frequency is
aration inP,; values. As the figure shows, the total responsecreased further, the loop widens abruptly back to 35-40 dB
curve consists of many right and left pointing extrema, sonte so after a frequency change of only 1 MHz or so. This
of which are rather closely spaced. These extrema give risectumpletes one response cycle.

in
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Fig. 11(a) shows a continuous narrowing in the width of thgoint ¢ may now be written as
bistable response hysteresis loop as one approacheg,the

(e)
point from lower frequencies, due to thel" change with P(zlll; _GB [AJFL — 9, /ALcos(ch)} (9)
frequency just discussed. In contrast, Fig. 11(b) shows that the P, 4

height of the bistable response increases to a sharp maximum © )

which exceeds 20 dB at a frequency just belgw,. The WhereF, is the output power at point _
combined effect of these two responses is the achievement ofquation (5) yields one final result for this analysis. Note
the largest overall bistable response, in terms of both width aftt the phase angl.. is simply equal to the change in the
height, at some select frequency operating point just beldi Product from pointh to point c. Equation (5), therefore,

Fmin- yields a simple expression f(QrPéfﬁ - Péﬁ%) = Fg(ulglp_out
The numerical analysis also showed that the main effect 0
of a change in frequency is on the width and height of the P - PY) = fg(jﬁlp_out = AL/; (10)
major parts of the bistable response. Changes in frequency
had little effect on the higher order steps evident from Fig. 1Qecall thatPj(ulxz]p-out is the jump in output power at input

werPifﬂl) considered in Fig. 11(b). Equation (10) provides
" immediate indication of the considerations needed to opti-
ze the size of the bistable jump in output power. The jump
power will be largest when both the MSSW propagation
ath lengthA and the feedback field response coefficignt

re small. It is clear from the previous discussions, however,
hat the feedback field is the cause of the bistability in the first
Calculat P P fth t sh . place. The feedback produces the bistability. The above result
_~-aleuiations Oous VETSUSL, CUTVES OTINE SO SNOWN N gy, q that more and more feedback also serves to diminish
Fig. 10 were also done for values of the attenuatibfrom . : .

_ . the size of the bistable jump.
0 to —14 dB. The results showed a clear narrowing in the : . 1
. . , .~ Equations (8)—(10) may be readily solved fb‘f . The
bistable response, in agreement with the observed narrowmg . n
. result is

shown in Fig. 7.

with the response scenario discussed in connection with Fig.
At very high powers, the straight line response constraipr}i
will have a very small slope and will lead to jump pointsin
which derive from higher order response cycles well to t
right of the cycle shown. These higher order jump poin
will be relatively insensitive to the precise frequency o
operation.

and from the data in Figs. 6 and 7. This result is consiste&é
al

(1) _ %i 1 . (11)
" ABGB2VAL[1 — cos(6y.)]

The results shown in Figs. 10 and 11 are representatiVB€ first factor on the right-hand side of (11) is just the
of the load line model given in Section IV-A. The detailedjump-ou: €XPression from (10). The various parameters of
bistable response characteristics of a given MSW device wile MSSW circuit all enter in the denominator. An increase
depend, of course, on the explicit parameters of the set dfp,any of these parameters, therefore, can serve to push the
the feedback response, etc., and should be calculated for 88t power jump point to lower values. One could perform
specific case. However, the simple load line model of (3)-(8) Similar analysis for the jump froni to ¢ and obtain very
and Fig. 9 allows one to make several observations which &ignilar equations foP(Z) .. andP. Itis clear that a wide

C. Operational Considerations

of general applicability. range of bistable response regimes are possible.
Consider the dashed line sinusoidal interferometer transmis-
sion response curve in Fig. 9 faf(k), based on (3), and V. COMMENT ON APPLICATIONS

the position of theP{’ load line. It is clear from Fig. 9 The above results deal exclusively with the microwave mag-
that the jump point) is generally positioned on the dasheghetic considerations and principles of operation of an MSW
line sinusoid at a point which is close to the first minimumpased bistable microwave power device. From the nature of
This minimum point corresponds to a value of tha, the the specific feedback and the results of Fig. 8, it is clear that
wave number-transducer separation product, which is Sog@ device in its present form would be useful only for slow
odd integer multiple ofr. To a good approximation, therefore,speed applications. The use of Helmholtz coils to provide
the T'(k) condition at pointb from (4) may be written as  the feedback magnetic field gives a response time limitation
of a millisecond or so. It is likely that fast response times

Péﬁ) GB will be an important consideration for device applications. A

P(l; -4 [A +L- 2\/ﬂ} (8) relatively fast bistable MSW device, for example, would open

n the possibility to switch rapidly the level of a given microwave
signal between two different steady state values simply by

wherePéfﬁ is the output power at poirit. applying an additional input pulse of the right power. Such a

Similar considerations may be applied to painFrom the device could form the basis for microwave power logic.
topology of the interferometer response sinusoid andeﬁé Two alternative feedback approaches might be considered.
load line, it is clear that the change in tih&. phase angle One approach would be to use feedback to modify the oper-
from pointb to pointc will be betweenr and 2r. This change ating temperature in some way. The temperature dependence
in phase angle will be denoted 8g.. The 7(k) condition at of the ferrite magnetization and anisotropy field is known to
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bring about a shift in the ferromagnetic resonance [12]. This A Separation of input and output microstrip trans-
shift would also occur for MSW signals and could lead to a ducers for the YIG film MSSW transmission
bistable response of the same sort as documented above. Such line.
a thermally driven mechanism might also have response timeH g Static external magnetic field applied to MSSW
limitations, although this is not a foregone conclusion for thin device.
films. Hyp Feedback magnetic field applied to MSSW
The second approach could involve the nonlinear response device.
of the ferrite film. A frequency shift of MSW signals due to the FE Directional coupler to sample output power
intrinsic nonlinear response of the system has been observed from overall device.
experimentally [13]. These processes, if they could be used ad’; Microwave power at diode input point in feed-
a means for feedback, could be used to design a simple bistable back loop.
MSW device. The response time limitation in this case would & Magnetostatic wave wave number.
be on the order of the spin wave relaxation time, which is f Magnetostatic wave frequency.
typically in the 100 nanosecond range. |7v] Absolute value of the gyromagnetic ratio.
fu Frequency parameter for the static magnetic
field defined byy = |v|H.
VI SummARY 4 M Saturation induction.
Microwave bistability and multistability in a hybrid mag- fa, Frequency parameter for the saturation induc-
netostatic spin wave interferometer have been observed and tion defined byfy, = |v|4nw M.
investigated. The interferometer contained an MSSW transmis-fz Low frequency MSSW band edge defined by
sion line, an attenuator in the reference channel, and a feedback fB=fullfa+ fm).
signal in the form of an additional static magnetic field applied f, Operating point carrier frequency.
to the MSSW line. This feedback field was driven by the power 7 Percentage modulation factor.
response of the MSSW interferometer. Feedback resulted in & (k) Interferometer power transmission coefficient.
dramatic nonlinear distortion of the interferometer frequency 6 Phase angle defined y= Ak.
response and gave rise to an appearance of typical bistable gk, Operating point wave number in limit of low
multistable response characteristics for output power versus power.
input power at constant frequency. Possibilities to control the 3 Feedback coefficient.
bistable response by changing the frequency of microwavel; Interferometer response curve without feed-
signal, the attenuation in the reference channel, and sensitivity back.
of the feedback loop were demonstrated experimentally ande(ulglp_out Size of jump in output power at the input power
confirmed theoretically. A simple method for the calculation jump point ‘Pigal)'
of these bistable response characteristics was also developeg, . Frequency for minimum transmission coeffi-
Both the data and the theoretical response analysis show cient without feedback.
various ways to control the bistable response. r® Output power at the start of the jump in output
power at pointh in Fig. 9.
APPENDIX Oy Change in the phase ang:lejuri_ng th_e ju_mp in
DEFINITIONS OF SYMBOLS AND ACRONYMS (¢) output power from poinb to poch n F'g' 9.
) P Output power at the end of the jump in output
MSW Magnetostatic wave. power at pointc in Fig. 9.
YIG Yttrium iron garnet.
Pout Output power.
Pin1 Input power. ACKNOWLEDGMENT
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MSSW Magnetostatic surface wave.
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