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Schematic of E-plane circulator,
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Fig. 2. Mode chart of 3-port junction containing unmagnetized disks.

is a minimum. Mode charts may, therefore, be constructed by deter-
mining the frequency at which the VSWR is exactly 2. This approach,
although well known, appears to be little used in the formal literature
of junction circulators [8], [9]. Its simplicity will be demonstrated
in this contribution in connection with the adjustment of the E-plane
circulator,

The geometry used is shown in Fig. 1. This geometry has been
studied in [2], [3], and [7]. It consists of two ferrite disks placed
against the narrow walls at the plane of symmetry of a symmetrical
3-port E-plane waveguide junction. The two variables used to obtain
the mode chart were the ferrite thickness and the spacing between the
two disks. The spacing between the ferrite disks was adjusted by
introducing metal inserts as shown in Fig. 1. The thickness of the
metal disks does not appear as a variable in the mode chart because
the frequency of the junction is only determined by /, d, and R. The
diameter of the ferrite disk was held constant at 1.20 cm. The inside
dimensions of the X-band waveguide used were 2.286 by 1.016 cm.
The mode charts were plotted over the full frequency range appropri-
ate to the waveguide size. The material used was a garnet one with a
saturation magnetization of 0.16 Wh/m? and a relative dielectric
constant of 15.1.

The relation between the frequency and the spacing between the
two ferrite disks for parametric values of ferrite thickness js shown
in Fig. 2. It is seen from this illustration that two modes are obtained
within the X-band frequency range. The frequency of one mode de-
creases as the spacing between the two ferrite disks increases. The
frequency of the other one increases as the spacing increases. Both
modes become independent of ferrite spacing when the spacing is
large. It is also seen that the frequency of each mode is proportional to
ferrite thickness.

Fig. 3 shows the performance of a circulator obtained by simply
magnetizing the first mode using ferrite disks 0.195 cm thick spaced
0.87 cm apart. The magnetic field used was about 3100 A/m. The
center frequency obtained with this arrangement is 9,40 GHz which
isin close agreement with the prediction of the mode chart. The band-
width of the resultant circulator is about 400 MHz wide at the 20-dB
points. The insertion loss between ports 1 and 2 is 0.40 dB. It shouid
be emphasized that equally good performance can be obtained any-
where on the mode chart.
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Fig. 3. Frequency response of E-plane circulator using first circulation mode.

The circulator obtained by magnetizing the other mode using the
same geometry was one in which circulation occurred in the opposite
direction. A similar result has been mentioned in [3].
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Phase Corrections for Weighted Acoustic Surface-
Wave Dispersive Filters

HENRY M. GERARD, G. W. JUDD, axp
MELVIN E. PEDINOFF

Abstract—Phase errors incurred by a surface acoustic wave
propagating through or generated by an apodized interdigital array
have been found to cause severe distortions of the filter response.
The amount of error is a function of the piezoelectric coupling con-
stant of the delay material and it is found that the distortions are
most severe in high-coupling materials. A simple modification to the
current method of array design is presented which corrects this phase
error. Experimental results for a pulse-compression loop using
apodized lithium-niobate surface-wave filters are presented which
demonstrate the effectiveness of this method of phase correction.
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Numerous recent efforts have demonstrated the feasibility of
using acoustic surface waves in the synthesis of dispersive filters
[1], [2]. In general most of the successful results have been obtained
using weakly piezoelectric acoustic media, such as quartz. Some
degradation in response has been experienced in these filters, how-
ever, when amplitude weighting, or apodization, is introduced. The
degradation is more severe when strong coupling acoustic media, such
as lithium niobate, are used.

This correspondence describes a particular difficulty encountered
when the filters are apodized and reports a modification to the array
design which led to the successful synthesis of weighted pulse-
compression filters on lithium niobate.

Fig. 1(a) shows the electrode pattern for a typical weighted pulse-
compression filter. The filter is composed of interdigital electrodes
with spacing that varies along the array. An applied RF voltage
results in surface-wave generation by the electrodes which are syn-
chronous to the surface wave at the applied frequency. Amplitude
weighting can be achieved by apodization, i.e., by varying the overlap
distance of the electrodes within the array. The filter in Fig. 1(a) is
designed to produce a maximum amplitude signal at the midband
frequencies, which correspond to the widest section of the array. The
acoustic wave generated in this section propagates along the axis of
the array through the region of nonuniformly overlapped electrodes.
Wavefront phase distortions occur in this region as a result of the
effect of the metal electrodes upon the propagation of the surface
wave,

It has been shown that the presence of an electric shorting plane
at the surface of a piezoelectric crystal reduces the acoustic surface-
wave velocity {3], [4]. The magnitude of the velocity change is pro-
portional to k2, the effective surface-wave electromechanical coupling
constant for the material [5], [6]. It follows that the velocity along
an electroded, or partially metallized, piezoelectric surface is similarly
reduced the velocity change in this case being determined by both
k? and the relative extent of the metallization. Differential velocity

(a) Typical weighted filter pattern without phase-compensating electrodes. (b) Phase-compensation weighted filter pattern.

changes in long interdigital arrays resulting from variable overlap
electrode patterns can lead to severe wavefront phase errors in the
output signal from these arrays. For example, consider the surface
wave excited at the center of the array in Fig. 1(a). The propagation
velocity along the midline of the beam is characteristic of one-quarter
wavelength shorting strips spaced by one-half wavelength, while the
velocity at the beam edge is characteristic of one-quarter wavelength
strips spaced by a full wavelength. Since the phase difference between
the center and edges of the acoustic beam is proportional to velocity
difference and path length, the difference between the velocities need
be only a fraction of a percent in order to give large cumulative phase
distortions in a long array.

The phase distortions can be prevented by making the array
appear to be transversely homogeneous. Fig. 1(b) shows how this can
be accomplished without altering the original amplitude weighting
scheme. “Dummy” electrodes are inserted into the positions corre-
sponding to missing electrode sections in Fig. 1(a). These electrodes
are separated electrically from the active electrodes by small gaps so
that no acoustic signal is generated by the “dummy” electrodes. The
effective electrode overlap pattern is, therefore, not altered, but the
electric shorting effect is made uniform throughout the array.

The use of “dummy” electrodes to correct phase distortion has
been demonstrated experimentally. Weighted pulse-expansion and
pulse-compression filters were fabricated on y-cut z-axis propagating
lithium niobate. One set contained compensating “dummy” elec-
trodes; the other did not. The array patterns were photoetched from
a 500-A thick aluminum film. In subsequent experiments 1000-A
thick patterns were tested and the results were not noticeably differ-
ent.

The filters had 5-MHz bandwidth centered at 30 MHz with a
differential time delay of approximately 4 us. The expansion filter
was designed to generate a linear FM chirp waveform. The matched
compression filter incorporated Hamming weighting for sidelobe sup-
pression. Both filters were driven using tuned periodic transducers,



190 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, FEBRUARY 1972

1.0 ps/div
(a)

1.0 ps/div
(b)

Fig. 2. Measured impulse response of uncompensated expansion and compression filters. (a) Expansion filter. (b) Compression filter.
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as illustrated in Fig. 1(a) and (b). The dispersive array was positioned
with the high-frequency end nearest to the periodic transducer, so as
to generate a down-chirped waveform in the expansion line and com-
press an up-chirped signal in the weighted compression line. A mixer
was used to spectrally invert the expanded waveform (and thus con-
vert it to an up-chirped signal) prior to compressing it in the weighted
compression line.

Fig. 2(a) and (b) show the measured impulse response of the
uncorrected expansion and compression filters. Fig. 3(a) and (b) show
the corresponding characteristics for the corrected arrays. A relatively
small degree of amplitude weighting was required in the expansion
filter in order to achieve a flat response. However, considerable
weighting was employed in the compression filter for sidelobe sup-
pression. The experimental results indicate that phase compensation
improved the response of both the expansion and compression filters.
It is also worth noting that the improvement is most dramatic in the
filter with the larger variation in electrode overlap distance.

The effectiveness of the phase compensation is demonstrated by
the marked improvement in the recompressed waveform produced
by the pair of corrected filters as compared to that obtained with the
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Measured impulse response of phase-compensated expansion and compression filters. (a) Expansion filter. (b) Compression filter,
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Recompressed waveform for dispersive filters. (2) Uncompensated. (b) Phase corrected.

uncompensated filters. Fig. 4(a) shows the compressed pulse produced
by the uncorrected filters, and Fig. 4(b) shows the compressed pulse
for the phase-corrected paif. No weighting was used in the measure-
ments other than that resulting from the filter apodization. The
waveform in Fig. 4(b) illustrates that 28-dB sidelobe suppression is
attained in the Br=20 phase-corrected filters on ¥z LiNbO;. This
represents a 12-dB improvement over the sidelobe level obtained with
the uncompensated filters. Furthermore, the midband insertion
losses of the expansion and compression filters were measured to be
only 20 dB and 15 dB, respectively.

Quantitative data showing the extent of the wavefront phase
distortion and the effectiveness of the phase compensation were ob-
tained using an electrical probe technique [7]. The phase profiles of
the acoustic output of the compensated and the uncompensated com-
pression filters described above were measured and compared. RF
pulses of 2.0-ps duration and near midband frequency were intro-
duced into the apodized arrays, which are shown schematically in
Fig. 5(a) and (b). With the aid of a variable phase shifter and a phase
detector the acoustic phase at the probe position was measured while
the probe was drawn across the acoustic beam. Fig. 5(a) shows the
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Measured wavefront phase distortion across the acoustic beam. (a) For uncorrected weighted dispersive filter,

(b) For phase-compensated weighted dispersive filter,

measured phase versus probe position for the uncompensated filter.
The measurement demonstrates that the phase is not constant over
the beam cross section. The decrease in phase away from the midline
indicates that the wave velocity increases at the edges of the array
pattern. The difference in velocity between the edge and axial acous-
tic paths in the uncompensated array can be estimated from (1),
using the phase data in Fig. 5(a),

Tedge — Vaxial —~ (¢ax1s - ‘isedge)v
7 - 2nfz

where  is the unshorted surface-wave velocity, f is the frequency of
excitation, and sz is the distance of propagation from the region of
excitation (at frequency f) to the end of the array. Using the mea-

€]

sured phase difference of 240 degrees and z equal to half the length of
the array; i.e., 1 cm, at 30 MHz gives a velocity difference of only
about 0.7 percent. The difference in velocity between the kalf meial-
lized axial region and the one-guarier metallized edge region is, there-
fore, approximately one-quarter of the difference between the fully
metallized and free surface velocity [4].

The corresponding probe measurement for the phase-com-
pensated array is shown in Fig. 5(b). The data confirm that the use
of “dummy” electrodes successfully produce a relatively constant
phase across the beam. The phase increases appreciably only near the
edges corresponding to acoustic propagation under the contact pads.

The performance of the phase corrected 30-MHz arrays demon-
strates that high coupling materials can be used successfully in
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surface-wave filter applications. The results indicate, however, that
the presence of the electrodes cannot be neglected even at low fre-
quencies where the electrode thickness is negligible compared to the
acoustic wavelength. The results further suggest that at high fre-
quencies, where the mass of the electrodes might affect the surface-
wave velocity, similar phase-compensating electrodes would be
required even in low coupling materials.
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An Accurate Junction Circulator
Design Procedure

STEVEN J. SALAY axp HARRY J. PEPPIATT

Abstract—A two-step design procedure for the accurate synthesis
of a junction circulator is given. The procedure is accurate to within
a few decibels for isolation in the 20- to 40-dB range.

The theory of the stripline junction circulator [1], [2] has been
useful to the designer in a qualitative way, but it falls short of pre-
dicting the broad-band performance required in many applications.
Bosma [3] has proposed a broad-band circulator model involving
three coupled gyrators connected as shown in Fig. 1. Zi: is the im-
pedance related to the resonant modes coupled by the gyrators and
the gyrator impedance, as indicated. For the stripline junction circu-
lator, Bosma [3] has obtained the following relation for Ze:

1 3 J!
o[V _ 71
Zci, X J 1 (x)
2zR
x = o \/Ell«e
R 1/;07 1
=4dr— 4/ — 1
"IV e n (W + DY/ W+ D] @
where
Jilx), ' (x) first-order Bessel function and its derivative,
e effective permeability,
€ dielectric constant of ferrite,
R radius of ferrite pucks,
W,D, T width, height, and thickness of the stripline coupled

to the pucks.

A more general result applicable to microstrip and other line
couplings is obtained by replacing 5 by »’ where

. R € @
K WZ, €Edfte
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Fig. 1.

Circulator model proposed by Bosma. Xer is the imaginary part of Zgir.
The real part of Zgir is the gyrator impedance of each gyrator.
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Fig. 2. Block diagram of the measuring setup for determining Z’m.

and

e effective dielectric constant of the line,
Zy the characteristic impedance of the line.

Bosma [3] and others [5] have indicated that the circuit of
Fig. 1 gives only qualitative agreement with measured performance,
especially for below resonance circulators. This correspondence is an
attempt to show that the model itself is quite accurate and that dis-
crepancies arise due to the inaccuracy in the boundary value solution
for Z.:. Also, a two-step design procedure for accurate circulator
synthesis is given.

It is easily shown (Fig. 1) that if the complex conjugate of Z. is
used as the load at port 2, ideal isolation is obtained between the
driven port, port 1, and port 3. In this condition, the input impedance
at port 1 is Zeir. With an experimental setup? shown in Fig. 2 a point-
by-point measurement of Z;: versus frequency can be made by first
adjusting the double stub tuner for maximum isolation at each fre-
quency. Since Z;: is the input impedance at the outer radius of the
ferrite pucks, and from (2), one would suspect Z.;; to be dependent
on line dimensions; the measurement should be made for a few dif-
ferent line couplings. The results of such measurements are shown in
Fig. 3. The tuning stubs were adjusted to give isolation (port 1 to 3)
of greater than 40 dB at each frequency in this octave bandwidth.
Note that the measured change in Zg;, with the line dimension W is
perhaps less than expected, a fact which facilitates the design proce-
dure.

The experimental measurement of Z.. is then used in a computer
analysis program [5] (based on the model) which computes forward
loss, return loss, and isolation. Arbitrary networks can be inserted
at each port for matching purposes. With this program, one can
optimize the performance to the specifications required.

A comparison of the computed and measured isolation of a circu-
lator is shown as an example in Fig. 4. The measured circulator (a
compact design using a dielectric ring) was fabricated directly from
the data supplied by the computer program without any fine tuning.
The agreement is within the accuracy associated with .S parameter
and time domain reflectometer equipment used in normal transmis-
sion line impedance measurements.

1 This setup is similar to that used by Simon [4].



