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Magnetostatic-Forward-Volume-Wave-Based
Guided-Wave Magneto-Optic Bragg Cells
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Alrsfracf — In this paper realization of magnetostatic forward volume

wave (MSFVW) based guided-wave magneto-optic (MO) Bragg cells and

their applications to communications and signal processing are reported.

First, Bragg diffraction of guided optical waves from the MSFVW in a

noncollinear coplanar geometry is analyzed. The design of microstrip line

transducers that facilitate wide-band MO Bragg cliff raction with electroni-

cally tunable microwave carrier frequencies (2.0 to 12.0 GHz) is then

briefly discussed. Subsequently, the experimental results obtained with the

resulting Bragg cells in both pure and bismuth-doped YIG waveguides and

a comparison to the theoretical predictions are presented. Finally, applica-

tions of the MO Bragg cells to light beam modulation, scanning/switching,

and RF spectralanalysisare presentedin detail.

I. INTRODUCTION

M

AGNETO-OPTICS in waveguide structures [1]-[3],

especially in those made of garnet films. was among

the subject areas actively pursued during the early phase of

research in guided-wave optics. A revival of interest in this

subject area has taken place since. For example, various

nonreciprocal guided-wave magneto-optic (MO) devices,

e.g., the isolators and mode converters using yttrium iron

garnet -gadolinium gallium garnet (YIG-GGG) wave-

guides [1], [2], have been proposed and demonstrated
[3]-[12].

In the meantime, a variety of linear (low-power) and

nonlinear (high-power) microwave devices [13], [14] that

utilize magnetostatic waves (M SW’S) in epitaxially grown

YIG films on GGG substrates are currently going through

engineering development. The maturity in the technology

for excitation of the MSW’S together with that for guided

optical waves (GOW’S) in the same substrate has also

facilitated various studies on the interactions between the

GOW’S and the MSW’S, and the resulting guided-wave
MO devices [15]–[25]. The situation is similar to the re-

search activity on the interactions between the GO W’s and

the surface acoustic waves (SAW’s), and the resulting

guided-wave acousto-optic (AO) devices in the mid 1970’s

[26].
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Similar to the guided-wave AO interactions in which the

SAW induces a moving optical grating through the photoe-

lastic effect [26], the guided-wave MO interactions result

from the moving optical grating induced by the MSWS

through the Faraday and Cotton-Mouton effects [16] -[18].

Of particular interest to us is a noncollinear coplanar

geometry of the type shown in Fig. 1, in which a portion of

an incident guided lightwave is Bragg-diffracted and

mode-converted (TE to TM mode and vice versa). The

Bragg-diffracted light is scanned in the waveguide plane as

the frequency of the MSW is tuned. We had earlier ob-

tained a bandwidth of 480 MHz in such an interaction

geometry with magnetostatic surface waves (MSSWS) in a

pure YIG waveguide using a single microstrip line trans-

ducer together with a fixed homogeneous dc magnetic field

[16] -[18]. As in the AO Bragg diffraction, in which the

resulting modulator is called the AO Bragg cell, the result-

ing MO modulator is called the MO Bragg cell [27], [28].

We have recently obtained a very large bandwidth using

the same interaction geometry with magnetostatic forward

volume waves (MSFVW’S) in a pure YIG waveguide, again

using a single microstrip line transducer together with a

fixed homogeneous dc magnetic field [27]. For example, a

3 dB bandwidth of 1.03 GHz with the tunable carrier

frequency centered at 6.0 GHz was obtained at the optical

wavelength of 1.317 pm. We have also used the resulting

wide-band MO Bragg cells to perform light beam deflec-

tion and RF spectral analysis, and have obtained large

numbers of deflected light spots and RF spectral analysis

[28]. In a continuing effott we have most recently suc-

ceeded in the realization of X-band MO Bragg cells of

superior performances in bismuth-doped YIG waveguides.

The purposes of this paper are to present new results

and to provide a more detailed account of some of those

reported most recently. First, Bragg diffraction of guided

optical waves from the MSFVW with noncollinear copla-

nar geometry in YIG–GGG substrate is analyzed. The

design of the microstrip line transducers that facilitate

realization of wide-band MO Bragg cells with electroni-

cally tunable center frequencies (from 2.0 to over 12.0

GHz) is then briefly discussed. The detailed results ob-
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tained with the experiments on MO Bragg diffraction in

both pure and bismuth-doped YIG waveguides and a

comparison to the theoretical predictions are presented

subsequently. Finally, applications of the resulting Bragg

cells to light beam modulation, scanning/switching, and

RF spectral analysis are presented and discussed.

II. THEORETICAL ANALYSIS OF NONCOLLINEAR

COPLANAR GUIDED-WAVE MAGNETO-OPTIC

BRAGG DIFFRACTION

Fig. 1 shows the noncollinear coplanar interaction con-

figuration to be analyzed. An incident lightwave of either

TMO mode or TEO mode is to propagate in the planar
(slab) YIG-GGG waveguide along the X axis. A dc

magnetic field HO is applied in the Z axis to saturate the

sample and a single-element microstrip line is used to

excite the Y-propagating MSFVW. In the following a

coupled-mode analysis similar to the one which we previ-

ously developed in conjunction with noncollinear coplanar

MO interaction with MSSW’S [29] is presented. The RF

magnetizations mx and m ~ of the Y-propagating MSFVW

are given by
1

mx=lmxlcos(Q~—~-.~)= —Imxl [e~(Qr–~.i)+e–i(Qr–F”F)]
2

(la)

(lb)

where the amplitudes Imx[ and Im ~I are ass~med to be

significantly smaller than MO, and Q and K designate,

respectively, the radian frequency and the wave vector of

the MSFVW. Finally, F denotes the position vector. The

total changes in the permittivity tensor, A< induced by the

RF magnetizations of the MSFVW and the saturation

magnetization MO via the Faraday and the Cotton–

affects are given as follows:

o iflA40 – if ~m~

— ifl M. o iflm ~

[f i ~mY — iflmx o
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where fll, f12, and fdd are the three independent compo-

nents of the linear or second-order magnetic birefringence

(Cotton-Mouton effect) in which Af - fll – f,, – 2fa; f,

is the circular or first-cn-der magnetic birefringence (Fara-

day effect) and is approximately equal to 2&@r/( kOMO)

in which c, and +r are, respectively, the relative permittiv-

ity and the Faraday rcjtation of the YIG film, and kO =

(2 T/AO) is the wavenumber of the lightwave in which AO

is the light wavelength in free space; COis the permittivity

of free space; and i designates the imaginary number.

It is seen from (2) that both the dynamic Faraday effect

and the dynamic Cotton–Mouton effect will cause cou-

pling between the undiffracted (incident) light in the TMO

mode and the diffracted light in the TEO mode, and vice

versa. Since the uniaxial anisotropy induced by the static

Cotton–Mouton effect can be directly incorporated in the

calculation for the TE and TM normal modes of the

YIG-GGG waveguide,, only the dynamic effects induced

by the MSFVW are to be considered in the following

analysis. Thus, the second term of (2) is omitted hence-

forth. Furthermore, only the dominant transverse electric

field component of the TMO mode is considered together

with the transverse electric field of the TEO mode. It

should be noted, however, that the coupling effect from

the weaker longitudinal electric field component of the TM

modes can also become significant in specially designed

multilayer magneto-optic waveguide structures [30].

We shall derive in the following the coupled-mode equa-

tions for TM O-mode incident light being Bragg-scattered at

small angles by the MSFVW. The transverse electric field

component of the TM ,O-mode undiffracted light, E,, and

that of the TEO-mode diffracted light, EY, can be written

as follows:

E=(x, y,z) = jA(.x)ez(z) ei[’’’”F~Oi]+C +C.C. (3a)

EY(X>Y, Z) ‘:~(X)Ey(Z)e
i[udr–~~~il + C.C. (:~b)

(dynamic Faraday effect)

o

o 0

(static Cotton-Mouton effect)

(dynamic Cotton-Mouton effect)

(2)
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Fig. 1. Noncollinear coplanar interaction between guided
( MSFVW’S) in YIG

Here A(x) denotes the complex amplitude of the zm-

diffracted light with wave vector ~~& and angular fre-

quency tiU, and D(x) is the complex amplitude of the

diffracted light with wave vector ~~~~ and angular fre-

quency tid. The quantities eZ(z ) and CY(z ) are, respec-

tively, the normalized transverse functions of the TMO and

the TEO modes of the waveguide. The wave equation under

perturbation by the MSFVW’S can be written as follows:

(4)

where p is the permeability and c = ~,~~ is the unperturbed

permittivity. After substituting (la), (lb), (3a), and (3b)

into (4) and utilizing the orthonormal properties of the

normal modes of a well-confined slab waveguide [31], and

the approximations given by (5a) and (5b) in all slow

varying (phase insensitive) terms,

~~~~ = ~~~0 = ko~ (5a)

ud=tiu*fl=(.Ju (5b)

the following coupled-mode equations [32] that relate the

diffracted light and the undiffracted light for the case

involving a TM O-mode incident light are obtained:

-[ Hd A*(X) o
dx D*(x) = (K1Tfc2)exp( -iAx)

optical waves and magnctostatic forward volume waves

(K;{; waveguide.

lowing phase-matching condition and frequency relation-

ship [32] have been imposed in arriving at (6):

(8a)

&Jd=LJu*il (8b)

where A designates the mismatch between the three wave

vectors fi-~~O, ~-~~~, and K? As indicated previously, due to

the static Cotton–Mouton effect, the wavenumbers \@.&l

and I~-~~ I differ by a small amount from those in the

paramagnetic state (i.e., 4TM0 = O). For the other case

involving a TEO-mode incident light, the corresponding

coupled-mode equations are obtained from (6) by replac-

ing A * with D ~, and D * with A ~, where A + (x) and

D +(x) designate, respectively, the complex amplitudes of

the TEO-mode undiffracted and the TM O-mode diffracted

light. The corresponding phase-matching condition is ob-

tained by replacing ~~~, with ~~~o, and ~$~} with ~~d~,

in (8a).

For a pure YIG film such as the one used in our earlier

work the following data are available [33]: 4nM0 ~=1750 G,

&=2.2, X(, =1.3 pm, f1=2.44X10-’ G-’, fll-fl, =

1[ 1-(ic1~K2) exp(+ilix) A*(x)

o D+(x) “
(6)

Also, the following coupling coefficients K, and Kz are identified:

K1= &(fl) (dynamic Faraday coupling coefficient) (7a)

X2 =

‘O::y’(2f~+:Afl
(dynamic Cotton-Mouton coupling coefficient) (7b)

where A *(x) and D *(x) designate, respectively, the com- 8.76x 10-9 G-2, fu=5.84x 10-9 G-2, Af = –2.92x

plex amplitudes of the TM O-mode undiffracted and the 10-9 G-2, 471rnX[ =47 G, and 4n-lmYl = 46 Cr for the

TEo-mode diffracted light. The + and – superscript signs MSFVW power in the 155 mW range. Therefore, it is

designate, respectively, the situations for anti-Stokes (with calculated that K1 = 2.870/cm and K2 = 1.56°/c]m. AS to

frequency up-shifted diffracted light) and Stokes (with fre- the Bi-doped YIG film used in our experiment th(e follow-

quency down-shifted diffracted light) interactions. The fol- ing data are available: 4mMo = 1800 G, & = 2.47,, A.= 1.3
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pm, ~1= –2.88x10”5 G-l, .fll-.f12= 8.76 x10-9 G-2,

~a=5.84x10-9 G-2, A~= -2.92 x10-’ G-’, 47i-lrnXl=

68 G, and 47rlrnYl =68 G for the MSFVW power in the
60 mW range. Therefore, it is calculated that K1 =

– 43.680/cm and K2 = 2.110/cm.

Since for the pure YIG films K1 and K2 are both positive

and comparable in value, (6) clearly shows that for the

case with a TM O-mode incident light the coupling between

the undiffracted and the diffracted light in the Stokes

interaction is much stronger than that in the anti-Stokes

interaction. In contrast; for the case with the TEO-mode

incident light the coupling in the anti-Stokes interaction is

much stronger than that in the Stokes interaction. The

resulting asymmetry in diffracted light intensity was con-

firmed in the experiments to be presented in Section IV. It

is to be noted that such asymmetrical diffraction in bulk-

wave MO interaction was reported previously [34]–[36].
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We now return to the case in which the incident light is

of the TMO mode, i.e., A+(x=O) =AOand D*(x=O)=

O. The explicit solutions for the undiffracted TM O-mode

light, A * (x), and the diffracted TEO-mode light, D * (x),

are found as follows:
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Finally, the mode-conversion efficiency q*, defined as the

ratio of the diffracted light intensity (at the output x = L)

to the incident light intensity (at the input x = O) under

perfect phase matching, is given as follows:

~+=sin2(K*L). (lo)

(b)

Fig, 2 (a) Diffraction effic]cncws versus aperture of MSFVW for Stokes

and anti-Stokes magneto-optic interactions m pure YIG waveguide.

(b) Diffraction efficiencies versus aperture of MSFVW for Stokes and

anti-Stokes magneto-optic interactions in Bi-doped YIG wavegulde

From (10) we again see that both the dynamic Faraday

effect and the dynamic Cotton–Mouton effect contribute

to the mode conversion. Parts (a) and (b) of Fig. 2 show

the calculated plots of the mode-conversion efficiencies q +

and q – versus the aperture of the MSFVW with K+ and

K – as parameters together with experimental data for the

pure YIG and the Bi-doped YIG waveguides, respectively.

It is seen that for the former the mode-conversion effi-

ciency in the Stokes interaction is much higher than that in

the anti-Stokes interaction. However, for the latter the
difference between the two efficiencies is much smaller.

interest is several orders of magnitude larger than that of

the SAW’s [26]. Accordingly, for a given apertu~ (L) the

angular spread ( = A/L) of the wave vector (K) for the

MSFVW is larger than that for the SAW by several ordlers

of magnitude. Thus, the resulting MO Bragg bandwidth

will also be larger than the resulting AO Bragg bandwidth

by the same order of magnitude. For example, one of the

MO experiments to be described later utilizes the MSFVW

with an aperture of 8.8 mm at the frequency range of 2 to

7 GHz. The calculated plots in Fig. 3 show that the

corresponding wavelengths for the MSFVW range from

1.86 mm to 45 pm [4C1],[41]. Thus, the angular spread of

the wave vector ranges from 12° to 0.30. This angular

spread is clearly much larger than that with the SAW at

the same range of frequencies. In short, this large angular

B. Interaction Bandwidth

We now turn to the bandwidth inherent in the MO

interaction involved. It is known that the range of the

wavelength (A) for the MSFVW in the frequency range of
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Fig. 3. Computer-generated wavenumbers and wavelengths of MSFVW
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spread of the wave vector with the MSFVW facilitates

wide-band phase matching and thus very large MO band-

widths that were measured in the experiments to be dis-

cussed in Section IV.

III. DESIGN OF WIDE-BAND MICROSTRIP

LINE TRANSDUCER

The intrinsic bandwidth of the MSFVW, which is inde-

pendent of the YIG film thickness and the transducer

geometry, is given by the difference between the lower

frequency limit ~L (at the wavenumber K + O) and the

upper frequency limit ~u (at K + m) of the dispersion

relation [42]. For example, for pure YIG (47rMo =1750 G

and anisotropic field HA =150 Oe), this intrinsic band-

width can be as large as 1.71 GHz at the operating

frequency range of 2 GHz, and 2.2 and 2.36 GHz at the

operating frequency of 10 and 30 GHz, respectively.

However, in order to capitalize on this large intrinsic

bandwidth of the MSFVW, a transducer for its excitation

must be properly designed. To date, the single-element

shorted microstrip line transducer has demonstrated large

bandwidth capability in MSW delay line applications.

Moreover, thus far, only the single-element shorted mi-

crostrip line transducer can be modeled relatively accu-
rately using computer simulations [43], [44]. Therefore, we

have used computer simulation in the analysis and design

of wide-band transducers of the shorted microstrip line

type. Through computer simulation we have found the

three key parameters that determine the ultimate band-

width of the transducer for applications in MO Bragg

diffraction: width of the microstrip line, thickness of the

YIG layer, and ferromagnetic resonance (FMR) line width

of the YIG layer. For example, Fig. 4 shows the frequency

response of transducer insertion loss generated using com-

puter simulation for the frequency range of 5.7 to 7.1 GHz

for the set of geometrical and physical quantities that

o
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match the device that was used in one of the MO experi-

ments to be presented in Section IV.

IV. EXPERIMENTS ON MAGNETO-OPTIC

BRAGG DIFFRACTION

A number of measurements were carried out with both

pure and Bi-doped YIG waveguides using the setup shown

in Fig. 5. The YIG guiding layers were grown on the GGG
substrate by liquid phase epitaxy. A light source at a

wavelength of either 1.317 pm or 1.303 pm was edge-cou-

pled into the YIG waveguide to excite either a TM O-mode

or a TEO-mode guided light propagating in the X direction.

The MSFVW was generated using a single-element shorted

microstrip line transducer of proper width and length that

was deposited on a quartz substrate and brought to near

contact with the YIG waveguide. Efficient excitation of

the MSFVW was accomplished over frequency bands by

tuning a homogeneous dc magnetic field from 2000 to

4100 Oe. Appropriate beam-shaping optics was used to

spatially separate the diffracted light from the undiffracted
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light, and thus facilitate detailed measurements on mode-

conversion (or diffraction) efficiency and bandwidth.

A. Pure YIG Waveguides

A 9-pm-thick YIG guided layer and a microstrip line 24

pm in width and 8.8 mm in length were used initially. As

reported previously, a 3 dB bandwidth as large as 1.03

GHz centered at 6.0 GHz was obtained for a TMO-mode

incident light at a wavelength of 1.317 pm [27]. A 3 dB

bandwidth of 0.78 GHz centered at 2.5 GHz was also

measured with the same device. As indicated previously,

these large bandwidths are in agreement with both the

large calculated angular spreads of the wave vector of the

MSFVW involved and the very large bandwidth of the

microstrip line transducer used. These are by far the largest

bandwidths that have been accomplished in guided-wave

MO interactions.

The measured TM O–TEO mode-conversion efficiencies

for Stokes interaction are 0.54 and 0.50%, respectively, at

the two center frequencies (6.0 and 2.35 GHz) under the

RF drive power of 2.5 W. A linear dynamic range of about

12 dB was measured. The corresponding mode-conversion

efficiencies for the anti-Stokes interactions were found to

be much lower. As indicated in Fig. 2(a), the measured

efficiency at 2.35 GHz (indicated in solid dot) is found to

be in fair agreement with that predicted by the coupled-

mode analysis. Slightly higher efficiencies were also mea-

sured in the experiments involving an incident lightwave of

the TEO mode and the diffracted lightwave of the TMO

mode.

B. Bismuth-Doped YZG Waveguides

The MO diffraction efficiency may be greatly improved

by using Bi-doped YIG layers, as such materials possess

much higher MO coefficients [45], [46] than the pure YIG

layers. In the experiment, a cylindrical lens was used to

focus a 100 mW collimated light beam from a 1.303 pm

diode laser upon the Y-Z end face of the Bi-doped

YIG-GGG substrate (furnished by Shin-Etsu Chemical

Co. Ltd.) and excite a TEO mode propagating along the X

axis. The refractive indices of the Bi-doped YIG and the

doped GGG layers were measured directly using end-fire

coupling to be 2.47 and 2.01, respectively. A Faraday

rotation coefficient as large as – 23130/cm was measured.

It is to be noted that this measured Faraday rotation

coefficient is more than a tenfold increase over that of

pure YIG layer [1], [2] and is in close agreement with that

furnished by Shin-Etsu Chemical Co. Ltd., namely,

– 23000/cm. As in the pure YIG waveguide, the Y-propa-

gating MSFVW with an aperture of 5.0 mm would cause a

coupling between the incident light of the TEO mode and

the diffracted light of the TMO mode. However, since the
magnitude of the Faraday rotation coefficient in the Bi-

doped YIG layer was much larger than that of the Cot-

ton–Mouton coefficient, the acute asymmetry in polar-

ization-dependent diffraction between the Stokes and

anti-Stokes diffracted beams in pure YIG waveguides [27]

was no longer observed. Rather, diffracted beams of com-
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parable intensity from both the Stokes and anti-Stokes

directions were observed.

Fig. 6 shows in dB the measured relative diffraction

efficiency versus the RF drive power at the center fre-

quency of 10.0 GHz. In this figure, the reference level

(relative diffraction efficiency = O dB) corresponds to a

diffraction efficiency of 0.847J measured at an RF drive

power of 21 dBm (126 mW). A transducer conversion

efficiency of – 15.5 dB (or 2.8%) was measured. The return

loss was measured to be – 11 dB, indicating that most of

the input drive power was used in generating the MSFVW.

The measured diffraction efficiency was derived by using

the following definition:

diffraction efficiency (%)

diffracted light intensity
. Xloo.

undiffracted (transmitted) light + diffracted light intensity

Note that the total light intensity in the denominator is

identical to the transmitted light at the output of the

modulator when the RF drive power is off. It is seen that a

linear dynamic range of 40 dB was accomplished. For IRF

drive power higher than 21 dBm, some deviation from

linearity between the diffraction efficiency and the IRF

drive power was observed. However, a diffraction effi-

ciency as high as 12!% was measured at an RF drive power

of 2 W (or a corresponding calculated MSFVW power of

56 mW based on the cme-way transduction loss measure-

ment). As shown in Fig. 2(b), the measured efficiency

(indicated in solid dot) is in good agreement with the

predicted value. The main causes of’ the transduction loss

in a Bi-doped YIG M() Bragg cell include the microwave
to MSFVW coupling lCSS, FMR line width loss, microstrip

reactive loss, and exchange loss. The above diffraction

efficiency and dynamic range represent, respectively, an

improvement of 100 times and 28 dB over that previously

obtained with the pure YIG Bragg cell of larger aperture

(8.8 mm) at higher RF drive power (2.5 W), as described in
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Fig. 7. Relative mode conversion efficiency versus the carrier frequency
of MSFVW centered at 10.5 GHz for Bi-doped YICJ MO Bragg cell.

subsection IV-A. It is to be noted that the large increase in

diffraction efficiency was a result of the large Faraday

rotation coefficient associated with the Bi–YIG–GGG

waveguides, and that the significant increase in dynamic

range was also due to the relatively high output power of

the laser diode. Comparable diffraction efficiency and

linear dynamic range were measured by replacing the IR

camera with a Ge photodetector as the center frequency of

the MSFVW was tuned from 3.7 to 12.0 GHz, and the

corresponding dc magnetic field was varied from 1430 to

4050 Oe. Finally, as shown in Fig. 7 at a fixed dc magnetic

field of 3637 Oe, a 3 dB MO bandwidth of 150 MHz and a

null-to-null MO bandwidth of 1.40 GHz were measured.

These measured MO bandwidths are consistent with the

calculated bandwidths of the microstrip line transducer

employed. A significantly larger MO bandwidth should be

achievable by careful tailoring of a single transducer or

multiple transducers [10].

V. APPLICATIONS OF GUIDED-WAVE

MAGNETO-OPTIC BRAGG CELLS

The wide-band MO Bragg cells referred to above have

been utilized to perform light beam modulation, scanning,

and switching as well as RF spectral analysis. It should be

noted that a number of studies on bulk-wave MO interac-
tions involving unguided light waves and spin and/or

magnetoelastic waves were reported in the late 1960’s and

early 1970’s [34]–[39]. To the best of our knowledge,

however, work neither on light beam deflection nor on RF

spectral analysis using such bulk-wave MO interactions

has been reported. A summary of the results obtained with

such applications now follows:

A. Light Beam Modulation

By using the Bi-doped YIG MO Bragg cell, high-speed

modulation of a guided light beam was demonstrated for

the first time. In this experiment, a p-i-n switch that

Fig. X. Waveform of pulse-modulated guided light at 1.302 ~m by

lli-doped YIG MO Bragg cell (carrier frequency of MSFVW = 10.5
[; Hz, //0 = 3551 Oc, time scale = 20 ns per cm).

provided pulse modulation of the carrier at 10.5 GHz with

approximately 10 ns rise time and 15 ns minimum pulse

width was inserted between a microwave sweep generator

and the input transducer of the MO Bragg cell. The

aperture of the incident light beam was set at 0.5 mm. The

diffracted light was then detected directly using a Hama-

matsu 30 GHz optical sampling oscilloscope. Comparable

rise times of 11 ns and 10.6 ns were measured, respectively,

by using square-wave modulated pulses of 40 ns and 150

ns durations, as limited by the switching speed of the p-i-n

switch. However, an optical pulse of triangular waveform

as short as 12.4 ns (FWHM) was observed when a square-

wave modulated pulse of 15 ns duration was used (Fig. 8).

The modulated optical waveforms obtained correspond to

the spatially integrated cross-correlation waveforms be-

tween the profile of the incident beam and the moving MO

grating created by the pulse-modulated carrier at 10,5

GHz. Based on the group velocity of the MSFVW in-

volved, a switching time of 15 ns has been calculated,

which is, therefore, in good agreement with the experimen-

tal data. It should be noted that while the MO Bragg cells

can provide a switching time faster than 10 ns per mm of

the incident light beam aperture, the AO Bragg cells pro-

vide a much slower switching time, namely, on the order of

1 ps per mm of the incident light beam aperture.

B. Light Beam Scanning/Switching

Two types of light beam scanning experiments were
carried out: one with the frequency of the MSFVW tuned

continuously from the center frequency while keeping the

dc magnetic field fixed, the other with the dc magnetic

field tuned continuously while keeping the frequency of

the MSFVW fixed. The photographs of the deflected light

spots obtained with a pure YIG Bragg cell in the first

experiment at the center frequency of 2.5 GHz, and in the

second experiment with the frequency fixed at 2.2 GHz

were presented earlier [28]. The photographs were taken

from a video display through an IR camera. For the first

experiment the diffracted light was scanned a total of 4°
when the MSFVW frequency was tuned from 2.22 to 3.06
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Fig. 9. (a) Deflected light spots obtained by varying the carrier fre-

quency of MSFVW around 6 GHz using pure YIG MO Bragg cell.
(b) Deflected light spots obtained by varying the carrier frequency of
MSFVW around 10 GHz using bismuth-doped YIG MO Bragg cell,

Fig. 9(b) shows a photograph of the deflected light spots

obtained for an incident light 1.0 mm wide using the

Bi-doped YIG Bragg cell by varying the carrier frequency

around 10 GHz at a fixed dc magnetic field of 3660 Oe.

The maximum measured angles of deflection for the

diffracted light for the first and second types of experi-

ment were 6° and 5.3°, respectively. Further measurements
showed that the diffracted light beam was scanned over

approximately 30 fully resolved spot positions in the first

type of experiment and 27 in the second type of experi-

ment. The wavenurnbcr–frequency and wavenumber--dc

magnetic field plots given in parts (a) and (b) of Fig. 10

show that the experimental data agree well with the calcu-

lated results.

GHz. For the second experiment, the diffracted light was

scanned a total of 2.7° when the dc magnetic field was

tuned from 2175 to 1962 Oe. The dispersive (nonlinear)

relationship between the frequency and the wavenumber of

the MSFVW was also clearly demonstrated [28]. The

diffracted light beam was scanned into more than 32 fully

resolved spot positions in the first type of experiment and

into more than 30 in the second type of experiment. Fig.

9(a) shows a series of deflected light spots obtained using

the same pure YIG Bragg cell as the carrier frequency was

varied from 6 GHz.
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C. RF Spectral Ana@is

As in guided-wave AO beam deflection, one of the

potential applications of such wide-band MO beam deflec-

tion concerns real-time spectral analysis of wide-band RF

signals [26], [28]. This application was readily demon-
strated by simultaneously applying two RF signals of

various frequency separation and power to the transducer

of the Bi-doped YIG Bragg cells. Fig. n(a) shows the

profiles of two diffracted light spots obtained using the

Beamscan Optical Profiler system (manufactured by Pho-

ton Inc.) instead of the IR camera as two carrier frequen-

cies of 7.302 and 7.245 GHz were applied simultaneously.

Similar results were obtained with the experiments per-

formed at the center frequencies of 3.2 and 6.0 GHz.

Finally, Fig. 1l(b) shows the profiles of the two diffracted

light spots obtained as two signals at 10.925 and 10.975

GHz were applied simultaneously to the Bi-doped YIG
Bragg cell. Further measurements showed that a – 1 dB

frequency resolution of 30 MHz was achieved. By varying

the relative power between the two signals by 10 dB, the

diffracted light caused by the lower power signal could still

be detected. Similar results were obtained at the carrier

frequencies of 11.995 and 12.025 GHz. The measurable

dynamic range was currently limited by the capability of

the available hardware with the Beamscan Optical Profiler

system. To the best of our knowledge, this experiment

represents the highest frequency that has been used in RF

spectral analysis using guided-wave optics. As mentioned

in our earlier publications, MO Bragg cells with such high

and tunable carrier frequencies permit direct processing at

the carrier frequency and wide-band RF signals rather

than indirect processing via frequency down-conversion, as

is required with the AO Bragg cells. The latter necessarily

results in more hardware and complexity in the receiver

system. and thus higher cost.

VI. CONCLUSION

A number of significant advancements have been made

in MSW-based guided-wave magneto-optics in recent years.

These advancements include the growth of high-quality

pure YIG-GGG waveguides; quality improvements in Bi-

doped YIG-GGG waveguides; design and fabrication of

efficient and wide-band transducers for the MSW’S; theo-

retical analysis on noncollinear coplanar guided-wave MO

interaction; construction of wide-band MO Bragg cells and

demonstration of their applications in light beam modula-

tion and scanning/switching and RF spectral analysis;

fabrication of waveguide lens pairs; and the availability of

high-field plate magnets. These advancements have paved

the way for the realization of MSW-based integrated MO

device modules such as high-speed optical scanners, multi-

port optical switches, and wide-band RF spectrum analyz-

ers and correlators. Thus, the current status of develop-

ment in the field is similar to guided-wave acousto-optics

in the late 1970’s. In comparison to their AO counterparts,

the future MSW-based integrated MO device modules may

possess the following unique advantages:

1) A much larger range of tunable carrier frequencies (2

to 20 GHz, for example) may be readily obtained by

varying a dc magnetic field. Such high and tunable carrier

frequencies with the MO device modules allow direct pro-

cessing at the carrier frequency of wide-band RF signals

rather than indirect processing via frequency down-conver-
sion, as is required with the AO device modules.

2) A large MO bandwidth may be realized by means of

a simpler transducer geometry.

3) Much higher and electronically tunable modulation/

switching and scanning speeds are possible as the velocity

of propagation for the MSW is higher than that of the

SAW by one to three orders of magnitude, depending

upon the dc magnetic field and the carrier frequency.
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