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Abstract—This paper presents new tunable phase shifters using per-
IV. CoNcLusIioN turbed dielectric image lines (DIL's). The propagation constant in the

Analysis and numerical computation of EM coupling betweeRIL Was perturbed by a movable metal reflector plate installed in parallel
ith the ground plane of the DIL. The phase shift was thus controlled

a circular loop antenna with different orientations and a fulI-sca‘%d adjusted by varying the perturbation spacing between the DIL and
human-body model from 50 to 400 MHz have been performeghovable reflector plate at a given operating frequency. A rigorous hybrid-
The body has the highest absorption rate of the radiated powesde analysis was used for calculating the dispersion of propagation
from the z-oriented loop antenna. Hence, theoriented loop may constants in the perturbed DIL, and then for designing tunable phase

: . . s . ifters. Ka-band tunable phase shifters have been designed, fabricated,
be suitable for the hyperthermia-applicator application to aChle\Z%d tested. Measurement results agree well with theoretical predictions.

efficient power deposition. Thg- and z-oriented loop antennas arethe device is especially useful for millimeter-wave applications where
suitable for personal wireless-communication applications by consighditional phase shifters are lossy.
ering the radiation efficiency and power patterns. Numerical result%ndex Terms—Dielectric image lines, millimeter waves, tunable phase
for the antenna input impedance, radiation patterns/polarization levgliers. ' '
radiation efficiency, and power gain are important for the applications
of different aspects.
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Port 1 Port2 C — C'. A movable metal reflector plate is installed in parallel with

co Ground Plane the ground plane of the DIL to form a DILWRP structure. The
— ‘ perturbation spacing between the DIL and movable reflector plate
R - Ib o is controlled and precisely adjusted using a micrometer head. For
+ testing purposes, the signal is coupled to the DIL from the waveguide
I‘—LAL——’iJP-b through transitions. Proper design of DIL dimensions allows single-
Dielectric Image Line I | mode propagation for a considerable range of frequency [1]. The
c- \ phase shift between ports 2 and 1 of the structure without a movable
Movable Reflector Plate reflector plate depends on the length of the DIL and the propagation

Regulated by Micrometer Head constant in the DIL
(@) )
Py =L-3,+ Do 1)

Ground Plane

where L is the length of the DIL,3, = 27/}, is the propagation
1 constant in the DIL, andb, is the phase due to transitions and
> '--‘8.}»"2- “|b connections, which can be calibrated out using proper calibration
R l techniques. The propagation constanin the DIL is changed when a
movable metal reflector plate is installed and the perturbation spacing
is varied. This results in a tunable phase shift

Adoy = AL - A/’#‘q (2)
\Movable Reflector Plate where AL is the perturbation length in the DIL, andj3, is the
(b) perturbed propagation constant in DIL. The tunable range of the phase

. . . shifter is controlled byAL and Aj3,, and may be raised by making

E'%Si'_seg?oﬁgf\cﬁg\c\?% i%’)?ble phase shifter using a perturbed DIL. () ¢ larger and increasing the perturbation of propagation constants
Apj,. The structure of tunable phase shifters given above is simple,
low-cost, easy to fabricate, and reliable. The phase shifts can be

was recently proposed for feeding the aperture-coupled microstrgasily controlled.

patch antenna arrays [2]-[4], and overcomes the high conduction

loss problem of microstrip lines at millimeter-wave frequencies. 4

phase shifter is one of the important control circuits used extensively . . .

at microwave and millimeter-wave frequencies. Traditional phaseAccurate computation of propagation constants apdn the per-

shifters use solid-state or ferrite devices. In this paper, hew tunaﬂl‘ébed DIL with a movable reflector plate is required for theoretically

phase shifters using DIL's are described. The DIL can be transform@rc?diCting _the _phase shifts. A rig_orous hy_brid-m_ode analysis [.7]
to rectangular waveguide or microstrip line using transitions. was used in this paper for calculating the dispersion of propagation

In a DIL, the electromagnetic (EM) signal travels mainly insig&onstants in the DILWRP and then for designing tunable phase

the dielectric and can be perturbed in several ways. The chang ﬁersé is th f. . f a DIL of widtRa. heightd d

of propagation constants of an EM field in the DIL can be applied 9. 2 1S the con guration of a of widti2a, el tb, an

to vary the phase difference. This paper reports the perturbationrg tive dielectric constant,,. A movable perfect electric reflector
a

propagation constant in the DIL by a movable metal reflector pIaP te is placed at a distanc® (= = ._D) in parallel with the
g(round plane(z = 0). The perturbation of the reflector plate to

installed in parallel with the ground plane of the DIL. The phase shi field ies in th be ad d by chanai h
was controlled and adjusted by changing the perturbation spacing QA leld properties in the DILWR,P can be adjuste y changing the
IstanceD. DILWRP structures will become DIL wheP increases

tween the DIL and movable reflector plate at an operating frequency: finity. Th . . ith DIL under th d
The movement can be controlled mechanically or electromechanicafly " "?'ty' _e_CrOSS'SECt'On reg|on_W|t under the groun
ne is subdivided into four subregions I-IV. A complete set of

using a motor or piezoelectric materials. The tunable range of pha; > ) ) )
shifters principally relies on the dispersion property of EM-wavE® d solutions is derived for each subarea. The dependence of field

propagation constants in DIL’s. The structure is simple, Iow-cos‘ff)mpo,n,ents on: can be assumed to _be an exponentigl function as
easy 1o be fabricated, stable, and reliable exp(£jiq2). 84 is the phase propagation constant and is the same in
The DIL was genérally aﬁalyzed using the effective dielectri@II these four subregic_m@.— _andz-dependencies of fields in regic_;r_ls
constant (EDC) method [1], [5], [6]. It is an approximate caIcuIatioJTlV are formulated using eigenfunctions, so that boundary conditions
and cannot be used to analyze the perturbed DIL structure witrLe fulfilled on defined boundaries. All modes are classified as TM
movable reflector plate (DILWRP). In this paper, a rigorous hybri and TE with re_spect to the-direction. Fl_elds In every subregion can
mode analysis was used for calculating the dispersion of EM-fieff expressed in terms of_s_calar potential fun_ctlons for TM anq TEto
propagation constants in the perturbed DIL structures, and then féFnOdeS' Bou_ndary c_ond_ltlons_ are enforced_ independently. Flna_lly, a
designing tunable phase shiftera-band tunable phase shifterscomplex matrix equatlon_ls derlve_d.AII_matrlx gleme_nts are funct_lons
using a DILWRP have been designed, fabricated, and tested_oqtfrequencyf, perturbathn spacmg?, image line SIZ€s, _dlelectrlc
had good impedance match, wide frequency operation, and la stant,, and propagation constasij. All data except, in these

tunable ranges. Experimental results agree very well with theoreti frix el_ements can be_ calculated V\_'hﬁnD‘ image line sizes, and
predictions. €2 are given. Propagation constagitsin the DILWRP are computed

by determining the zeros of the determinant of the whole complex
matrix equation. The effect of different perturbation spacigon
II. CONFIGURATIONS propagation constants, is then accurately computed.
Fig. 1(a) shows the structure of a tunable phase shifter usingFor a given operating frequency and DILWRP structure characteris-
a perturbed DIL, and Fig. 1(b) shows the cross-sectional view t@ts, the determinant of the complex matrix is computed and examined

RIGOROUSHYBRID-MODE ANALYSIS AND THEORETICAL RESULTS
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Fig. 4. Computed propagation constanis for the Ka-band DILWRP with
different distanceD at 29.0 and 35.0 GHz. Image line sizes: 1.27 nxm
25 254 mm, g0 = 10.5. —e—: 29.0 GHz, ®—: 35.0 GHz, hybrid mode

analysis:x EDC methodx: H-guide theory.
I
« 2T
2
3 3 154+ theory agrees well with the results calculated using the EDC method
£ % and H-guide theory for these two special cases.
ﬁ —g 1 1
EV IV. EXPERIMENTAL RESULTS
09_ 05T Operating frequency range, propagation constagtin the DIL,
S perturbation spacing?, and the effect of differentD on 3, are
0 26 T 3‘0 T 3‘ T several key parameters for designing tunable phase shifters using the
4 38 DILWRP. They determine the tunable range of a phase shifter. Ide-
Frequency (GHz) ally, the DIL should be kept as large as possible at a given operating

frequency range, especially for millimeter-wave applications, in order

to ease fabrication problems and lessen the effects of size variations
on the guide wavelength and scan angle. At the same time, single-
mode operation must be maintained in the propagation of the signal in

. : . . the DIL in order to achieve accurate phase shifts. The unit ratio of the
for its zero crossing for3, in the range betweert, and Go+/cr2. . . - .
g for, 9 0 JoyiEr IL size of a/b = 1 provides the maximum bandwidth [1]. For good

Propagation constants, are then determined. The complex double . . . )
hag 1 P ield containment and single-mode operation, the following formula

precision is used in calculating the determinant. A sufficient numbggn be used to select unit aspect ratjo, for DIL structures:

of imaginary roots has to be solved and used, and the right imaginary

Fig. 3. Calculated propagation constantg for the Ka-band DILWRP.
Image line sizes: 1.27 mm 2.54 mm,z,» = 10.5, D = 10.0 mm.

roots have to be chosen in order to get convergent and accurate a 032 3)
numerical results. The correct way to choose real and imaginary roots Ao Vem -1

has been studied and found in this paper. Accurate results and
convergence can be achieved using only five TE modes and five
modes, which include four real modes and one imaginary mode.
Fig. 3 shows calculated results for Ka-band DILWRP structures. . - 4 frequency range from our experience

The relative dielectric constant of the DIL in all cases was 10.5. The rigorous hybrid mode analysis was Ljsed to design the
Image line sizes were 1.27 mrm2.54 mm. The perturbation diStanceDlLWRP. RT-Duroid material of relative dielectric constant —

D was chqsen as 10.0 mm. '_:'Ve TE mod_es and five TM modgg 5 \yas used to make the DIL. THéa-band DIL had2a = 3.00
were used in all computation with a calculation accuracy better thaty, ands = 1.97 mm. A diameter of 6.0 mm of the movable

1%. Results of propagation constanis were found to increase (efiecior disk was installed in parallel with the ground plane of the

when the operating frequency increased. Propagation constantsp)| tg form a DILWRP. The perturbation length Z was then equal
in the DILWRP have been seen to be different when the perturbatigN g o0 mm. A micrometer head was used to precisely control the

distanceD changes. Fig. 4 gives numerical results&fin the Ka- perturbation distance to an accuracy of 1 mil.

band DILWRP for different distancé® at 29.0 and 35.0 GHz3, The Ka-band tunable phase shifter showed good input impedance
was found to increase 11.5% at 29.0 GHz and 5.71% at 35.0 Ghhatch, low insertion loss, wide frequency operation, and large tuning
when distanceD decreased from 10.0 to 1.3 mm. The EDC methoghase-shift range. Fig. 5 gives satisfied measurement results of the
is an approximate method and can be used only for an image lidgertion loss in arka-band tunable phase shifter. Less than 2.0-dB
without reflector plate, which is the special case of the DILWRP witimsertion loss was realized, which included losses in the DIL with
an infinitive perturbation spacing. The H-guide is another speciala length of 110 mm and in two waveguide-to-DIL transitions.
case of the DILWRP whei® is equal to the thicknedsof the DIL. The movable reflector plate did not deteriorate the performance of
Calculated results using the EDC method [1], [5], [6] and H-guidsertion loss and return loss even when the perturbation spacing
theory [1] are also given in Fig. 4 for comparison. It can be seen th@ —&) was close to 1 mm. Fig. 6 shows experimental and theoretical

{lﬁé relative dielectric constant., of the DIL should be chosen not
00 small in order to get enough dispersion in DIL’s, and then to
realize large phase-shift ranges; = 10.5 is a good choice for the
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V. CONCLUSIONS

New tunable phase shifters using perturbed DIL's have been
presented in this paper. The propagation constant in the DIL was
perturbed by a movable metal reflector plate installed in parallel with
the ground plane of the DIL. A micrometer head was used to precisely
control the perturbation spacing. The phase shift was adjusted by
varying the perturbation spacing at a given operating frequency. A
rigorous hybrid-mode analysis was used for calculating the dispersion
of propagation constants in the DIL, and then for designing tunable
phase shifters. The structure is simple, low-cost, easy to fabricate,
stable, and reliable.

Ka-band tunable phase shifters using the DILWRP have been
designed, fabricated, and tested. Tunable phase shifters showed good
impedance match, low insertion loss, wide frequency operation, and
large tuning phase-shift range. Less than 2.0-dB insertion loss was
realized, which included all losses in the DIL and in two waveguide-
to-DIL transitions. The movable reflector plate did not deteriorate the

Fig. 5. Experimental insertion loss results of tke-band tunable phase Performance of insertion loss and return loss of the phase shifter even
shifter, which includes all losses in the DIL and in two waveguide-to-Dilwhen the perturbation spacin@ — b) was close to 1 mm. Tuning

transitions.
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Fig. 6. Phase shifts for different perturbation spaciig— b) at 35 GHz.
- theoretical, e—: experimental.

results of phase shifts for different perturbation spacifiy — b)

at 35 GHz. Tuning ranges approximately’9@ere reached for the

perturbation lengthAL = 6.0 mm when the perturbation spacing
(D — b) changed from 25 to 1 mil. The tuning range of phase shift
can be increased further using longeL. Measurement data agreed

well with theory prediction in all operating frequencies.

ranges approximately 90were accomplished for the perturbation
lengthAL = 6.0 mm, and could be increased further using longer
AL. Measurement data agreed well with theoretical predictions.
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