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Symmetrical Four-Port Edge-Guided Wave Circulators

PIETRO DE SANTIS, MEMBER, IEEE, AND FIORAVANTE PUCCI

Abstract—Four-porf microwave-integrated-circuit (MIC) edge-
guided wave circulators (EGC) have been designed, fabricated, and
tested. A mathematical characterization of the strip conductor’s
shape as well as a precise mecharical control ¢f the bias inhomo-
geneity are provided. By means of these two techniques the repro-
ducibility of the device is greatly improved with respect to that of the
EGC obtained by the traditional cut-and-try methods.

X-band performance data are presented and related to the spatial
distribution of the effective magnetic permeability u.s in the ferrite
substrate. Experimental evidence is reported that an efficient cir-

culator action occurs when Beit < 0 at some point under the central
circular shield,

The spatial distribution of the RF électric field at the circulator’s
surface is mvestlgated by a miechanical probmg technique. It is
found that in the lower part of the operation band, RF fields of con~
siderable rampli'tude extend in the air in the region between the
guiding edge and the substrate’s edge.

I. INTRODUCTION

HE rigorous solution of a symmetrical four-port cir-

culator by using the Green’s function method [1]
requires three circulation conditions to be simultaneously
satisfied [2]. Each condition may be formulated in terms
of an infinite series of modes and subsequently approxi-
mated by a summation over a finite number of terms.

In [2] it is demonstrated that even if a large number
of modes are considered, only a few dlscrete frequencies
ex1st at whieh perfeet circulation is achieved. This result
is at variance with that of a three-port circulator for which
perfect circulation conditions may be met over a large
frequency band {37. Alternatively, it can be stated that
a four-port junction circulator is inherently narrow band
and no “continuous tracking principle’”’ [3] can be found
for it.

In light of these considerations, a study of the broad-
band performance of a four-port edge-guided wave cir-
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culator (EGC) [4] seems to be of particular interest.
Furthermore, since no difference exists in the basic
principles of operation of three-port and four-port EGC’s,
the experience on the former [5] could be usefully extended
to the latter.

~ Another motivation of the present work is the fact that
the results published so far on the subject [4] report on
EGC’s with a rather poor performance over a limited
bandwidth.

In the following section a brief presentation is made of
the physical principles which underlie the performance of
EGC’s. Subsequently, these results are applied to the
design of four-port circulators. In Section IV an experi-
mental investigation is presented on the nature of the
volume-wave modes which resonate under conditions of
positive effective magnetic permeability. In Section V the
performance data of varicus types of four-port symmetrical
EGC’s are displayed and compared to the theoretical
predictions. The paper is concluded by a study on the -
spatial distribution of the RF fields existing in a four-
port EGC.

II. PRELIMINARY CONSIDERATIONS

Ih a previous work [5] the present authors reported on
the construction of a three-port EGC. On that occasion
a precise definition of EGC’s was given in order to un-
derstand clearly how they differ from the traditional -
Y junction microwave-integrated-circuit (MIC) circu-
lators. .

Referring the reader to [5] for the details, hére we
simply recall that the distinguishing feature of an EGC
is the presence of a transversal field displacement effect
in the tapered sections of the device. This phenomenon
is absent in a traditional MIC circulator because the
impedance transformers are deposited on an isbtropic
substrate and is present here beeause the whole substrate
is made of a ferrite magnetized perpendicular to the
ground plane.
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In this work all the four-port EGC have a coupling
angle of v/4 (Fig. 1) and their strip conductor is a simply
connected structure, i.e., it does not contain any ‘“hole”
[6], [7] (Fig. 2). Under these circumstances all guiding
edges are curved and have a “concave’ profile.’

Because of the star-shaped geometry of the strip con-
* ductor, no simple modal analysis has yet appeared in the
literature. In .the absence of a rigorous analysis, the
design of EGC’s has been based, so far, on the physical
principles which underlie the edge-guided wave (EGW)
propagation in a semi-infinite microstrip structure. A
peculiar feature of the EGW propagation is that it
becomes leaky whenever the radius of curvature R of the
guiding edge is finite (R < ) and the effective magnetic
permeability of the ferrite is positive (uerr > 0) [8]. If
one transfers these results from the idealized situation.of

a semi-infinite geometry to the actual case of a device

with a strip conductor of finite size, one may recognize
that the leaky EGW’s become volume-wave modes of the
structure under consideration [5]. It then turns out that
in any practical EGW device with curved guiding edges,
unwanted volume-wave-mode resonances are present
whenever p.s > 0 unless suitable steps are taken to kill
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Fig. 1. (a) Coordinate axes and guiding edge profile in the hyper-
boli¢ circulator. d = D — 2 (millimeters). (b) Coordinate axes
and guiding edge profile in the parabolic circulator. p; and p: are
the limit values of the radius of the central shield (delimited by
the dotted line). .
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Fig. 2. Photo of some four-port EGC. From left to right: 4, hyper-
bolie; B, eut and try; C, parabolic with p = 5.23 mm; D, para-
bolie with p = 6.5 mm; K, rectilinear.

them. These volume-wave resonances may be regarded
as the geometrical quantization of the radiation field
associated with the leaky EGW, due to the finite size of
the “resonator” contained between the strip conductor .
and the ground plane.

We proposed a means of suppressing the spurious
resonances in a three-port EGC by using an inhomoge-
nous magnetic bias [5]. Such a bias guarsntees that
sert < 0 in the central region of the circulator at those
frequencies where volume-wave resonances occur. In this
respect, this mode suppression technique differs from other
techniques [97] based on the dissipation of the energy
associated with the unwanted resonating modes. In the
following sections we shall illustrate how an inhomoge-
neous magnetic bias also can be usefully exploited in the
construction of symmetrical four-port EGC’s.

I1I. THE DESIGN OF A FOUR-PORT EGC

The design concepts of a four-port EGC are the same
as those of a three-port EGC. They can be summarized
by saying that a tradeoff is to be found in order to meet
simultaneously the following conflicting conditions: gradual
taper sections, short guiding edges, large shield diameter,
and small substrate diameter. The importance of a gradual
taper has been experimentally checked by a number of
authors [47], [10]. It guarantees a smooth transition
between a microstrip quasi-TEM mode and an EGW
mode.

In practice such a condition can be satisfied only on an
empirical basis since no theory exists as yet which prediets
the electromagnetic (EM) field in the tapered sections of
an EGW device [117], [12]. Note that a slow tapering
rate requires a minimum length of the tapered sections
below which the excitation of the EGW becomes very
poor. Also, as a consequence, the circulator’s substrate
has a minimum diameter below which no- efficiant circula-
tion is observed.

The advantage of short guiding edges is due to the fact
that the attenuation of an EGW is proportional to the
length of the guiding edge. If the guiding edge is rectilinear,
dielectric and magnetic losses in the substrate as well as
ohmic losses in the metal conductors are largely respon-
sible for the attenuation. They have been calculated
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[117-[13] by formally introducing into the results of the
lossless analysis complex values for the constitutive param-
eters of the ferrite material and a finite value for the
conductivity of the metal conductors. Typically [117, for
a semi-infinite microstrip on a ferrite substrate (relative
dielectric constant e = 14.5, dielectric tan & = 2 X 10—,
saturation magnetization 4 # Ms = 1 kOe, AH s = 5 Oe,
thickness A = 2 mm, applied magnetic bias Ho = 1.3 kOe)
an attenuation of 0.03 dB/em was calculated for fre-
quencies between 4 and 10 GHz. If the guiding edge is
concave and pess is positive, mode conversion into volume-
wave modes is an additional source of loss. However, no
quantitative evaluation of this type of loss has yet ap-
peared in the literature. Only the radiation loss of an
EGW propagation along the concave edge of a semi-
infinite microstrip circuit was calculated [8]. Typically,
an attenuation of 0.04 dB/cm was found at 10 GHz in
YIG microstrip with a radius of curvature of 8 ecm. The
condition requiring a large shield diameter guarantees that
the EGW has a transversal decay under the metallization
sufficiently rapid to avoid the excitation of other edges.
Although the validity of such a condition can be easily
ascertained by extending to the circulator the results
found for the isolator [10], an exact evaluation of the
transversal decay rate of an EGW in a circulator requires
the solution of the boundary value problem relative to the
structure under consideration. Sinece no such solution as
yet exists, the diameter of the central shield also is
chosen, in general, on an empirical basis.

The last condition requires a small substrate diameter.
This condition is directly related to the size and weight
of the device. In an EGC the whole substrate is, in fact,
magnetized and the permanent magnet’s diameter is at
least equal to that of the substrate.

In addition to these geometrical conditions, the ferrite
material must have suitable physical properties. In par-
ticular the linewidth AH must be small and the saturation
magnetization 4 7 Mg must be large.

The importance of having a small AH is obvious. The
usefulness of a large 4 = Mg has been pointed out in [10]
and [14] in connection with EGW isolators, and is ex-
pected to be valid also in the present case. For X-band
performance it was decided that a YIG material with
47 Ms = 1780 Oe and a relative dielectric constant
¢ = 14 was a suitable one. ‘

As far as the shape of the strip conductor was con-
cerned, our choice was in favor of guiding edges with a
spatially variable radius of curvature. Circulators with
both hyperbolic and parabolic profiles were constructed
and tested. The choice of these particular types of profile
was dictated by the fact that they were amenable to an
exact mathematical characterization. The ratio W/h of
the strip conductor’s width at the four ports to the sub-
strate’s thickness was chosen as if the ferrite were a
dielectric with ¢, = 14 and pers = 1 [15]. Although this is
not always true in our circulators because within the
operation band p.ss changes from ~1 to large negative
values, previous experience on three-port EGC’s has
shown that this choice is a good one. The diameter D of

the substrate was chosen to be 30 mm. This value was
found to be the minimum value which would guarantee
a good performance of the circulator. It was slightly larger
than that of a three-port EGC which was 22 mm. The
height of the ferrite substrate was, in general, chosen to
have the standard value of 0.6 mm although a circulator
with A = 0.95 mm was also fabricated. Once the three
quantities W, h, and D are fixed, and each circulator’s arm
begins with a rectilinear segment of length 1 mm to
guarantee good contacts, the hyperbolic profile is uniquely
defined by the equation [Fig. 1(a)]

wd

Yy ="

" 1)

where d/2 = D/2 — 1 mm. The parabolic profile, on the
other hand, may be chosen, within the set of curves
[Fig. 1(b)]

22 (d+ W) —8p
B (d — W)?

22+ p (2)

where p is-a parameter representing the radius of the
central shield of the circulator (dotted line in Fig. 1)
which may vary between the limit values

. .
YO (d + 3W)
and
(2)1r2
4

P2 = (d+W).

These two values, respectively, define a circulator with
|dy/dx | = 1 at the points 4 and A’, of Fig. 1(b) and a
“square’’ circulator.

Fig. 2 is a photograph of some circulators which have
been constructed by usual MIC photolithographic tech-
niques. The strip conductor’s profile is: A, hyperbolic;
B, obtained by cut-and-try to lie between cases A and C
without any mathematical characterization; C, parabolic
with p = 5.23 mm; D, parabolic with p = 6.5 mm; E,
rectilinear. The substrate thickness is A = 0.64 mm in
all cases.

IV. THE HOMOGENEOUS MAGNETIC BIAS

In order to observe the spurious volume-wave resonances
in a four-port EGC, the structures of Fig. 2 were immersed
in a homogeneous magnetic bias Hy, = 3150 Oe, applied
perpendicular to the ground plane, i.e., along the coordi-
nate Z axis. Under these circumstances the insertion loss
between two adjacent ports (the remaining two being
matched to a 50-Q load) behaves as shown in Fig. 3.
Here the zero-dB insertion loss points are represented by
the thin solid line. A vertical dashed line is also drawn
at pers = 0 to highlight the fact that spikes exist only
when pess > 0. The numbers between parentheses indicate
the area in square millimeters of the central shield of the
circulators. Fig. 3 clearly shows that as the “resonator’s”
volume is increased by increasing the area of the strip
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Fig. 3. Insertion loss versus frequency diagrams for the structures
A,C,D,E of Fig. 2 immersed in a dc magnetic field of 3150 Oe.

conductor, the number of resonances in the frequency
range 9-12 GHz also increases. No such phenomenon
oceurs if the resonator’s volume is changed just by in-
creasing the substrate’s thickness and keeping the area
of the central shield unaltered. This confirms the known
result that all the observed spikes are Z-independent
volume-wave resonances whose frequencies are determined
by the geometrical dimensions of the central shield. As
previously anticipated, the observed resonances can be
suppressed by using a suitable inhomogeneous magnetic
bias. Fig. 4 shows three among various magnetic bias
profiles which were tried in our circulators. Here r in-
dicates the distance in millimeters from the axis of the
circulator. Since H, enjoys a rotational symmetry, it is
measured by just displacing a Hall probe in a radial
direction slightly above the RF conductor. During the
feasibility studies of the device, the inhomogeneous
magnetic bias was generated by suitably shaping the
pole pieces of the electromagnet [Fig. 5(a) ].

Values of a,b,c corresponding to the various bias pro-
files are shown in Fig. 4. In the final version of the device
the inhomogeneous magnetic bias has been obtained by
suitably shaping the ground plane as shown in Fig. 5(b).
Here (D is two permanent magnets, @ is a soft-iron sup-
port, ® is an annulus of brass, @ is the ferrite microstrip

cireuit, and (& is a layer of low dielectric constant. A
control of the bias profile was achieved by varying the
diameter of the small soft-iron cylinder. In the following
section it will be shown that a proper choice of the bias
profile allows the construction of a broad-band four-port
ECC circulator.

V. EXPERIMENTAL RESULTS

In this section the performance data are presented of
the structures shown in Fig. 2 immersed in an inhomoge-
neous magnetic bias of the type shown in Fig. 4. All the
circulators under test have h = 0.64 mm, W = 0.42 mm,
D = 30 mm, and are connected to the external circuit by
means of coaxial-to-microstrip Tek Wave transitions
APC7.

The measurements are at X band and include the inser-
tion loss between two adjacent ports, the isolation between
uncoupled ports, and the VSWR at each port. The
measured values are considered to be “good’ if they are,
respectively, smaller than 1 dB, higher than 20 dB, and
smaller than 1.25.

The hyperbolic circulator displayed a good performance
only over a limited bandwidth of the order of 1 GHaz.
This result was obtained by using the magnetic bias @
of Fig. 4. Every attempt to broad-band thz device by
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means of a different magnetic bias caused a higher inser-
tion loss. ; :

The cut-and-try circulator has a slightly larger opera-
tional bandwidth. The parabolic circulator with p = 5.23
presents a fairly goo‘d performance over the whole X band
when H, has the profile @ of Fig. 4. Its performance has
the following typijcal values: insertion loss, 1 dB; isolation
(adjacent ports), 30 dB; isolation (opposite ports), 20 dB;
VSWR ~1.25. |

The parabolic 3circulat0r with p = 6.5 immersed in the
magnetic bias © of Fig. 4 yielded the best results and its
performance: dataj, are shown in Figs. 6 and 7. Every
attempt to eliminate the volume-wave resonances in the
“square” circulator was unsuccessful.

0,029, 7, 3
SHAABERRRL

CRRAERAL J
bode;

505 3
69476 %0 %% e 0 2e%

(b)

Fig. 5. Pole pieces used to shape the applied dc magnetic field.
(a) Electromagnet. (b) Permanent magnet.

In Figs. 6 and 7 the dashed thin curves are calibration
curves. In the isolation versus frequency diagram of Fig. 6,
the continuous heavy curve is relative to opposite ports
whereas the heavy dashed curve is relative to adjacent
ports. ' ‘

In the diagram of Fig. 7 the four curves represent the
input VSWR at the four ports of the circulator. The
results display a good fourfold symmetry. A comparison
between the insertion loss curve and the corresponding
curve in Fig. 3 reveals how the chosen inhomogeneous
magnetic bias efficiently kills all the spurious resonances.
The fact that the insertion loss is always below 1 dB, the
connectors’ loss being included, validates a posteriori the
criterion presented in Section IIT of choosing W/h ac-
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Fig. 7. VSWR at the four ports of the circulator of Fig. 6.

cording to Schneider’s curves [15]. In order to gain a
deeper physical insight into the performance of a circu-
lator with an inhomogeneous magnetic bias, the spatial
inhomogeneity of H, was related to the spatial behavior
of the effective magnetic permeability p.s: of the ferrite’s
substrate. For the parabolic circulator with p = 6.5 this
was done graphically by means of the composite diagram
of Fig. 8. The diagram is subdivided into three parts
labeled with roman numerals. Part I represents half of
the circulator. The drawing’s scale is 1: 0.375. In part I
the experimental values of Ho(r) which gave the best
circulator performance are reported. Part III is the first
quadrant of the H, versus f coordinate plane, f being the
operation frequency. The two oblique heavy lines represent

the locii where pet = 0,90. For completeness we recall
that they are defined by the equations

Ho=f/’Y“—47rMs+Hd (3)
f/v =[(Ho — H))? + (Ho — Hy)4 7 Mg (4)

where H; = 4 # Mg = 1780 Oe is the dc¢ demagnetizing
field and v is the gyromagnetic ratio. Thes: two lines
partition the coordinate plane into three zones wherein
et May be either positive or negative. More specifically,
pott < 0 between the two lines and p.sr > 0 elsewhere.

From this diagram one determines the algebraic sign of
ett at 8 given frequency in a given point of the circulator.
For example, if one wants to know the algebraic sign of
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Fig. 8. Diagram used to find the algebraic sign of uess at various
points of the parabolic circulator with p = 6.5 mm. Ho(r) is the
bias profile whmh gives the best results.

pett for the points under the central shield one must refer
to the shaded area in part III. Fig. 9 shows the spatial
distribution of st as derived from Fig. 8.

At the limit frequency f; = 8 GHz, ot = o along the
circumference iﬂdicated by a dashed line in Fig. 9(4d).
This means that, heavy magnetic losses are present in the
central region of the guiding edges, and consequently the
device displays a large insertion loss (see Fig. 6).

As the operatlon frequency increases from fi to fs, the
lossy region associated to the w.: = % condition moves
toward the center of the central shield [Fig. 9(b)]. In
this frequency range, however, the measured insertion
loss is small, indicating that the EGW transversal decay
under the metallization is so rapid that most of the RF
power flows outside the lossy region. In the following
section we shall report experimental data showing that at
these frequenciesa considerable amount of RF power exists
in the air just above the unmetallized part of the substrate.
All these observations tend to demonstrate that in this
frequency range most of the RF power flows outside the
central shield. Whether this is still an EGW mode remains
to be established and the reader is referred to the next
section for a further discussion on this point. For fre-
quencies between f; and f3, pete < O at all points under the
central shield. The situation is depicted in Fig. 9(c). For
frequencies between f; and f, the ferrite material has
petr < 0 1n a disk-shaped region under the central part of
the shield [Fig.: 9(d)]. As frequency increases such a
region shrinks, and eventually disappears at f = f.. At the
upper limit frequjency fo = 12.5 GHz all the ferrite under
the shield has wer > 0 and efficient circulation ceases to
exist (see Figs. 6.and 7). For operation frequencies higher
than 12.5 GHz, in fact, the whole substrate has a positive
et and resonating volume-wave modes start being ob-
served. From what follows one can recognize that the bias

8 GHz [ pett>o0
V2D Petf < O
———=  Pett=00
——  Jeff=0
9 GH2

Ho (r) As SHOWN
(b) IN FIG.8

105 GHz
(e)
0
11.5 GHz
D
‘ (d)
@ 12.5 GHz

(e)
Fig. 9. Spatial distribution of ue: as derived from Fig. 8.

profile Hy(r) which gives the best results is the one which
guarantees poee < 0 at some point under the central shield,
i.e., in that region where volume-wave modes may resonate.

VI. THE RF FIELD DISTRIBUTION

In the previous section it was shown that at a given
frequency Mot THAY be either positive or negative in dif-
ferent regions of the ferrite’s substrate. In a cylindrical
geometry this is equivalent to saying that the spatial
distribution of the RF fields may be either oscillatory or
decaying in different regions of the ferrite’s volume.
Unfortunately, no mechanical probing of the RF fields
can be made within the ferrite volume. One can only probe
the RF fields in the air just above the substrates’s surface.
Previous authors [16], [17] have used this type of probing,
in connection with Y- junction MIC circulators, and found
that a new mode, the “wall-affected’” mode, is responsible
for the broad-band operation of the device. We have
carried out a similar type of probing in our four-port
EGC’s. Fig. 10 displays a set of recorded patterns as
obtained by a vertical electric probe displaced parallel to
and just above the circulator’s substrate. In Fig. 10 the
scanning line is radial, midway between two adjacent
ports (dashed line in the insert. of Fig. 10). From this
diagram and from the RF field profiles probed in various
regions of the circulator surface, the conclusion is reached
that the amplitude of the RF fields between the substrate’s
and strip conductor’s edges in the frequency range 8-9.5
GHz is much larger than for frequencies higher than 9.5.
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Fig. 10. Probed RF electric field at the circulator’s surface. The dotted line in the insert is the scanning line. "“he
numbers indicate the frequency in gigahertz.

TFurthermore, from Fig. 10 one can appreciate how between
8 and 9.5 GHz the electric field at the substrate’s edge
is still of appreciable magnitude. This behavior is very
similar to that observed by Miura and Hashimoto [16],
[177] and seems to be present in MIC circulators with an
all-ferrite substrate. The exact nature of the wall-affected
mode and how it relates to the edge-guided modes remains
to be established and deserves further attention.

VII. CONCLUSIONS

It has been demonstrated that by use of a suitable
magnetic bias the broad-band performance characteristics
of a three-port EGC can be extended to a four-port EGC.

In this paper a number of improvements have been
introduced in the study and construction of an EGW
device. In particular, a mathematical characterization of
the strip conductor’s shape as well as a precise mechanical
control of the magnetic bias profile have been achieved.

With reference to a ferrite substrate of diameter D =
30 mm and thickness A = 0.64 mm it has been shown that
the best X-band performance is obtained by means of
parabolic strip conductor profiles with p = 6.5 mm and
magnetic bias profiles with Hy . = 4500 Oe and Ho i =
1440 Oe. A deeper physical insight into the mechanism
which allows a correct circulator action over a large
bandwidth has been gained by finding the spatial distribu-
tion of peir(r) In correspondence to Hy(r). It has been
shown that unwanted volume-wave resonances are effi-
ciently killed whenever u.sr < 0 at some point under the
central shield. This result evidences the substantial dif-

ferenece between this mode-suppressing technique and the
stagger-tuning phenomena present in MIC cireulators
biased by an inhomogeneous de magnetic field [187].

As compared to the three-port EGC, the constructed
four-port cireulator presents both a larger diameter and
a higher bias. However, no optimization studizs have been
undertaken eoncerning these two quantities.

Although the preceding experimental results demon-
strate that a good MIC four-port EGC is feasible at X band
the theory of this device seems to be at a rather early
stage. In particular, a modal analysis of a star-shaped
MIC circuit is still lacking and no exact knowledge exists
on EGW propagation in transversally inhomogeneous
transmission lines.

Finally, we believe that additional attention should be
given to the problem of finding a relation between the
wall-affected mode and the EGW mode.
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Rate Effects in Isolated Turtle Hearts Induced by
o Microwave Irradiation

CHARLES E. TINNEY, JAMES L. LORDS, ano CARL H. DURNEY, MEMBER, IEEE

Abstract—Microwave irradiation at 960-MHz CW of isolated
poikilothermic hearts in Ringer’s solution causes bradycardia.
Tachycardia is usually produced by generalized heating, suggesting
the possibility of a’ different mechanism in this case. The effect
occurs only over a narrow power range of approximately 2~10 mW /g
absorbed by the heart. It is hypothesized that microwave radiation
causes neurotransmitter release either by excitation of the nerve
remnants in the heart, or by some other mechanism, producing brady-
cardia over a restricted range of power absorption. Drugs which can
change the response of the heart to transmitter substances have
been used, and the results support a neurotransmitter release hy-
pothesis. A generalized heating effect, causing tachycardia, is pre-
dominant at higher levels of absorbed power.

T. INTRODUCTION

N a previous publication [17] we presented a series of
experiments which were specifically designed to help
further understand microwave biological interactions.
Those experiments indicated a necessity for further work
to consider interactions in a power range where generalized
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heating of the whole organism could not have been the
principal mechanism of interaction. The present paper
further deseribes effects that cannot be explained by
generalized heating and might lead to a better understand-
ing of mechanisms of interaction between electromagnetic
fields and biological systems.

Our previous work led us to hypothesize that possible
neural effects could be detected in microwave experi-
ments performed on isolated poikilothermic heart systems.
In those experiments isolated turtle hearts submerged in
Ringer’s solution were exposed to CW, 960-MHz micro-
wave irradiation while both heart rate and force of con-
traction were being measured. The stability of the prepara-
tion and the size of the turtle heart made manipulations
simple and also made the detection of any small perturba-
tions to the system appear as reliable indicators. Agar-—
KCl electrodes were used as mounts to avoid possible
artifacts introduced by concentration of electromagnetic
fields, which occur with metal electrodes [27].

We found that microwave irradiation at approximate
absorbed powers of 2-10 mW/em? caused bradycardia
(decrease in heart rate), while generalized heating caused
tachycardia (increase in heart rate). At approximate
absorbed power levels of 16-40 mW /em?, we found that
microwave irradiation produced tachycardia. Several



