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22.5. Tapered fins, with a gap separation of 0.6 mm in the waveguidelmproved Design of Broad-Band Latching Ferrite Phase

were used to make radiation pattern measurements at 75 &Hmd Shifter in a Reduced-Size Grooved Waveguide

H -plane radiation patterns of these measurements are shown in Figs. 5

and 6, along with calculated patterns. We conclude from these figurédfenquan Che, Edward Kai-Ning Yung, Wen Junding, and Kan Sha

that the radiation patterns get narrower for the horn with the big flare

angle, which corresponds to a big aperture area. We can also see that . . . )

the patterns measured at 94 GHz are narrower than the ones meas[%é%?wam_m this paper, an improved design of a broad-band latching
t

S . . . . rite phase shifter in grooved waveguide is discussed. The elimination
at 75 GHz, which is expected since the electrical dimensions of thenique for the insertion-loss peak is also introduced. The little gaps be-

aperture become relatively large compared to the wavelength at high@fen the metal bars and waveguide wall are beneficial to suppress the
frequencies. From our measurements of the radiation patterns of high-order modes caused by the filling of high constant dielectric in the
finned structure at 94 GHz, we concluded that using the fins lowertgjrite toroid. The theoretical and measured results have shown that the

' . . L anges in differential phase shift with frequency remains less than 2.2%j;
the cutc_>ff_frequency of the Wavegu@e without any significant effect e insertion loss and voltage standing-wave ratio of the device are good
the radiation patterns. The comparison between the measured and & the band 2~4 GHz.

culated patterns shows, in general, a good agreement. ) ) )
P 9 g 9 Index Terms—Broad-band phase shifter, ferrite, grooved waveguide.

VI. CONCLUSIONS
. . . . . |. INTRODUCTION
W -band micromachined waveguides and horn antennas were fabri-

cated using EDP anisotropic etching of silicon. Measurements of the! "€ development of a phased-array electronic-warfare system re-
dispersion curves were taken for finned waveguides with different ffi/ires that the ferrite phase shifters have improved performance, such
separations. These measurements were compared to those calcuftefiorter switch time, higher figure-of-merit, higher power-handling
using the FEM technique, and the comparison showed a good ag,f‘e%qaglty, as well as broader t_)andW|dth. T_hough the fluctuation of
ment with an error in cutoff frequency of less than 3%. Radiation pdfSertion loss and voltage standing-wave ratio (VSWR) for broad-band
tern measurements of horns were taken at 94 GHz before using i@iéité phase shifters are not critical in the system, many problems
fins, then at 75 and 94 GHz after using fins in the structure to lower tHgVe existed in the design of the broad-band ferrite phase shifter [1],
cutoff frequency of the waveguide. Comparison between the measu[%]d For example, there have been se\(ere fluctuations of.the insertion
and calculated patterns showed a good agreement. The fin structure!@8# @nd a big slope of phase shift with frequency. In this paper, we

be transitioned into the coplanar waveguide for integration with monBr€Sent an improved design of the broad-band latching ferrite phase
lithic system components. shifter in reduced-size grooved waveguide. Suitable selection of geo-

metrical dimension and ridge height can result in smoother differential
phase shift versus frequency; the little gaps existed in the innovative
grooved waveguide are beneficial to suppress the high-order modes,

The authors wish to express their gratitude to Dr. Yong Guo, TRWhich caused high loss peak. Furthermore, the coaxial-waveguide

Inc., Redondo Beach, CA, for his collaboration in the formative Stagggpedance-matching structure filled with dielectric can help to obtain
of this paper. good VSWR characteristic over the broad band. The experimental

and theoretical results all show that, compared with the broad-band
ferrite phase shifter in rectangular waveguide, the insertion loss of the
ferrite phase shifter in grooved waveguide is decreased by-121%x0,
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Fig. 1. Restraining technique for the higher modes of the ferrite phase shifter ir
rectangular waveguidel: ferrite toroid.B: foam used to support the resistance »
sheetC: resistance sheet. -~ a >

Fig. 2. Improved geometry of the broad-band latching ferrite phase shifter.
tial phase shift versus frequency depends on the width of the waveguitiderite toroid €. = 16.0). B: loading dielectric (. = 32.0). C': Metal
and ridge height significantly. Based on the calculation, we choose tf iqol‘o'ttfr%aﬁi ?(\)/\(/;t(csh;nlg?vgrga75: 22.85,b'/b = 0.625,0, = 3.0,
cross section of the grooved waveguide 22.86 mrh0.16 mm, ridge ' ' o
height ratioy’ /b = 10/16, reduced from the original rectangular wave-
guide whose cross-sectional dimension being 72.04xn84.0 mm.
Furthermore, a dielectric with a high dielectric constant £ 32.0)
fills the ferrite toroid, which increases the differential phase shift si
nificantly.

2) Choice of the Ridge HeightDue to its excellent performance, E
the latching ferrite phase shifter in grooved waveguide, which first a|g
pearedinthe 1970’s [3], has seen its wide application. The experime§ aor —_
have proven that, wheii /b = 0.5, the insertion loss is nearly two %' - \'\'\———\
times of that wherd' /b = 0.625. Field distribution analysis using a g ag
tensor finite-element method [7] indicates that there exists serious ¢&
formation of the electric field whebl /b < 0.5. Thus, we choose the A
ridge height ratid’ /b = 0.625. The measured results show that the 36
figure-of-merit of the device has been improved significantly. L . 1 . 1 . L . 1
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B. Consideration of Elimination Technique of Higher Order Modes

The theoretical results of the insertion loss calculated accordingRig. 3. Differential phase shifts versus frequency of the broad-band device.
the formula in [3], [4], and [6] show that, over a broad band, the in-

sertion loss versus frequency is relatively smooth. However, the me 20T
sured insertion loss has indicated that there exists one high wide-ba
loss peak, which is very difficult to eliminate with normal ways. Actu- 16+
ally, earlier in 1960’s, a loss peak problem in the ferrite phase shifte —Olddevice
in which a dielectric with a high dielectric constant was filled was re- g [~~~ Improved device
ported [8]. It is obvious the nonuniformity and nonsymmetry of the % 1.2 -
ferrite phase shifter caused by the loading dielectric have excited sor é L
higher modes. We have made the following experimental studies. & === S
. . . 30871 o a—
1) We put the resistance sheets besides the two side of the fe & ‘\._t\ -
rite toroid [9]. The geometry is illustrated in Fig. 1. The re- ]
sistance sheets are parallel to the magnetic-field plane of tt 0.4
dominant mode; the loss peak cannot be removed. Actually
the position of insertion loss peaklb$E andLSM modes de- 0.0 \ . \ ) , ) , ) ,
pends on the electrical length of the ferrite toroid. To realize 2.0 25 3.0 35 40
good impedance matching, a dielectric toroid with the sam Frequency(GHz)

dielectric constant as ferrite, which is also filled with dielec-
tric (=, = 32.0) in the toroid, is cascade connected with ferFig. 4. Insertion losses versus frequency of the broad-band device.
rite toroid. It is found that the position of the loss peak has not

changed. It indicates that the high order mode iSIIE ¢, electric loading £, = 32.0) has excited evanescent waves in
LSE;2, or LSE;; mode, and it is not a transmitting mode. the ferrite phase shifter, which resulted in the high loss peak.
2) We changed the propagation direction of the microwave Instead of the original ridge waveguide, four metal bars are
signal; the loss peak remained still. Believing that the loss put in the rectangular waveguide wall with screws, as shown
peak is resulted from the TEM mode being resonant in the in Fig. 2. Obviously, the waveguide is not a strict grooved
switching line, we took it out and the loss peak was still there. waveguide, but it is equivalent to it. From the measured results
Obviously, it is not due to TEM mode coupling. shown in Fig. 3, we can see that the loss peak has disappeared.
3) When another dielectricz{ = 16.0) was filled in the fer- Clearly, the little gaps between the metal bars and waveguide
rite toroid, the insertion loss peak did not appear. Based on wall have cut off the current of the high order modes caused

the preceding study, it is believed that the high constant di- by the filling of high constant dielectric in the ferrite toroid.
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Fig. 6. Measured VSWR of the broad-band device.

The measured and theoretical results indicate that the differential phase
shift is improved by 20% 30%. However, there existed a high inser-
tion-loss peak, which is depicted as Fig. 4. At abgut 3.05 GHz,

the insertion loss is as high as 1.5 dB. After an extended study, four
metal bars are putin the rectangular waveguide to replace the traditional
grooved waveguide. Itis very fortunate that the high insertion-loss peak
disappeared. The insertion loss versus frequency, also shown in Fig. 4,
is relatively smooth. Clearly, the little gaps between the waveguide wall
and ridges (i.e., metal bars) cut off the currents of the higher order
Fig. 5. Waveguide-coaxial impedance transformer in the broad-band devit@des, and thus they cannot be excited.

(a) Cross section. (b) Longitudinal sectiotr. dielectric €, = 16.0). B: inner

conductor of the axial line. C. Wide-Band Characteristic in Terms of VSWR

) _ o In order to achieve wide-band VSWR characteristics, the waveguide-
Thus, the insertion loss versus frequency of the device is cagbaxial impedance transformer is adopted. Furthermore, the dielectric

siderably smoother. with the same dielectric constant as that of the ferrite toroid fills the
waveguide, which is plotted in Fig. 5. It is very clear this kind of struc-
I1l. BROAD-BAND IMPEDANCE-MATCHING TECHNIQUE ture is in favor of reducing the difficulty of impedance matching. The

The broad-band ferrite phase shifter utilizes reduced-size grOovneﬁasured result depicted in Fig. 6 shows that the VSWR characteristic

waveguide. If the Chebyshev step impedance transformer is adop ei]el %hase shifter is good over the wide band. In the banti GHz,
to realize the broad-band characteristics of the ferrite phase shiffer=
it will enlarge the volume of the device greatly. Instead, we select
a waveguide-coaxial impedance transformer loaded with dielectric
(- = 16.0). The experimental result indicates that the VSWR |mproved design of the broad-band latching ferrite phase shifter in
characteristic of the device (including transformer) is good over theduced-size grooved waveguide has been presented in this paper. An
broad ban@®.0 GHz ~ 4.0 GHz. effective technique to eliminate the high loss peak has also been in-
troduced here. The elimination of the higher order modes is due to
IV. RESULTS AND DISCUSSION the gaps between the metal bars and waveguide wall. Over the wide
2~4 GHz band, the insertion loss is relatively low, VSWR character-
istics are good, and the change of the differential phase shift with fre-
The experimental and theoretical studies all show that, if the widffuency is less than 2.2%. The theoretical and measured results indicate
of the waveguide is too large, the slope of the differential phase shiffat if we select a suitable design scheme, it is possible to manufacture
versus frequency is positive, while if the width of the waveguide is tagigh-quality broad-band ferrite phase shifters with higher figure-of-
small, the slope is negative. Considering the slope of the phase shirit, bigger power-handling capacity, and smaller volume. These ad-

versus frequency and the insertion loss, etc., the geometrical dimgpess the critical needs of the phased-array antenna of an electric—war-
sions are decided and given in Fig. 2. The theoretical results of thge system.

differential phase shift calculated from the phase constant transcend

[3, eq. (1)] together with the experimental results are plotted in Fig. 3. REFERENCES
They indicate that the change of differential phase shift with frequency
is less than 2.2% in the whole banfl € 2.0 GHz ~ 4.0 GHz).

V. CONCLUSION
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was obtained for the singularity order in the general cagé dielectric
wedges and a perfectly conducting one.

It is well known that the field singularities can be modeled for
numerical computations in order to speed up convergence and reduce
memory. In fact, direct numerical solutions to such problems require

A General Approach to Edge Singularity Extraction Near large numbers of basis functions and well-refined domain discretiza-

Composed Wedges in Boundary-Element Method tion [7], [8]. Alternatively, solutions can be achieved incorporating
suitable edge-expansion functions into the numerical schemes [5],

Pierluigi Cecchini, Fernando Bardati, and Rodolfo Ravanelli  [9]-{13]. In problems that can be modeled by an integral equation over
the interval— L, L], the edge condition can be expressed by means of
a suitable entire-domain expansion

b

P'S
=
-

Abstract—A general approach, based on the two-dimensional boundary-
element method (BEM), has been proposed to extract the electromagnetic-

field singularities in the presence of composed wedges, i.e., those formed by 1 b W /T
adjacent dielectric and conducting bodies. The method requires the knowl- Flz)= +——= Z cn Py (f)
edge of the field singularity order and is based on solution factorization [1 — (;c/L)Q] n=0

into both a regular part and a singular one. Only the regular part has to
be determined after extraction. No restrictions are imposed on position and

order of singularities since each edge is treated independently of the others. -, . 8 .
Moreover, the method does not require the solution of further equations or whereF'(x) represents a singular field componente (0, 1) is the

use of special basis functions. It naturally extends the conventional BEM Order of the singularity as a function of the distapdeom the tip (i.e.,
approach, improving its accuracy and convergence performances. Exam- the field behaves ak/p®), and P> («/ L) are orthogonal polynomials
ples are given for a microstrip transmission line with a strip of finite thick-  over [— L, L] with respect to the weighting functidi — (J./L)Z]o,
ness. The results show practicability and advantages of the new approach. g ,ch as Chebyshéw = 0.5) or Gegenbauer polynomials. This ap-

Index Terms—BEM, edge singularity. proach properly works when the unknown function exhibits a symmet-
rical singular behavior at the end points of the interval.

On the other hand, sub-domain edge functions can only be used near
edges, with the advantage that each edge can be treated in a different
The electromagnetic-field behavior near composed wedges, formiay. However, additional work may be necessary to implement dif-
by adjacent dielectric and conducting bodies, has been widely invedgrent kinds of basis functions over each sub-domain and to link the

gated by several authors. Adjacent wedges of different dielectric magelutions [5], [14]. A further technique, based upon the boundary inte-
rials, as well as a conducting one, having the tip in common, compa@@l equation [9], consists in approximating the field near an edge by
the angular domain. Static solutions for this problem can be foundtine first/V terms of the Meixner series, with unknown coefficients. The
[1]-[6]. Meixner investigated the time-varying case [1] and postulatg@sulting linear problem has more unknowns than equations and further
that the field near an edge can be locally expressed as a series, wiagpggoximate conditions\| — 1 per edge) have to be imposed at suit-
first term takes the singular behavior into account. In his analysis, table points away from the edge. In [9], an indirect BEM approach to
results for the static case are presented as the zero-frequency limit oftaedle square-root edge singularities has been presented with reference
dynamic one. The static solution characterizes the local field behaviormicrostrips. It is based on the extraction of fac{gi — (2z/w)?

even in a time-varying case, which can be imagined as the quasi-stéin the charge density over the strip (of widtf) and leads to a linear

limit in a region whose dimensions, compared with the wavelength, s#gstem involving the remaining regular charge density factor.

In this paper, we generalize the last approach, developing a tech-
nigue, suitable for BEM, to extract the field singularities, whose order
has already been determined in the proximity of composed wedges. The
method is able to solve problems with singularities of general order

Manuscript received April 10, 2000. . _ __and position; it does not require the solution of additional equations
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R. Ravanelli is with the Alenia Aerospazio, 00131 Rome, Italy. wedge and regular boundary. Therefore, the present procedure can be
Publisher Item Identifier S 0018-9480(01)02426-7. easily implemented as an extension of a standard BEM code. It can
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