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. RESULTS AND DiscUsSION

The sensitivities corresponding to a typical set of data are shown
in Table I. For the devices tested at the WAMI Laboratory, Uni-
versity of South Florida, Tampa, for instance, workers have long
recognized the input resistanfe as a notoriously unstable parameter
when determined numerically frofi-parameter measurements. Our
analysis pinpoints the difficulty. Table | shows a 97.80 sensitivity of
R: with respect to|S11| (for our device). Subject to the limitations Ming-yi Li and Kai Chang
and approximations described above, this would predict that a 1%
error in the parametelS::| causes an error of 98% in the element
R;. Since our equipment (a Hewlett-Packard HP8510B Network Abstract—This paper presents new tunable phase shifters using per-
Analyzer) typically exhibits errors in the range of 3%-5% in thigurbed dielectric image lines (DIL's). The propagation constant in the

parameter under the test conditidnB; clearly cannot be determined DIL was perturbed by a movable metal reflector plate installed in parallel
accurately fromS-parameter data ’ with the ground plane of the DIL. The phase shift was thus controlled

. . . . . and adjusted by varying the perturbation spacing between the DIL and
The least reliably determined circuit element is the time-delay movable reflector plate at a given operating frequency. A rigorous hybrid-
for which our calculations show enormous sensitivities to B6th| mode analysis was used for calculating the dispersion of propagation
and/S»;. The parametelS; |, as stated above, is subject to 3%-59g0nstants in the perturbed DIL, and then for designing tunable phase
measurement errors. The anglé-, for this data is approximately shifters. Ka-band tunable phase shifters have t_)een de5|gned, faprlqated,

2 d phase measurement errors typically run arouhd & and testgd. Measurer_nent results agree .weII with theoretlt_:al pred|ct|ons.
167, and p yp y The device is especially useful for millimeter-wave applications where
around 3%. (Indeed, phase errors are usually absolute, not relati@itional phase shifters are lossy.
guantities; one may wish to omit the normalizations in the phase . o . -

. - “Index Terms—Dielectric image lines, millimeter waves, tunable phase
factors for the phase condition numbers (3).) Thus, any determinatig{¥ers.
of 7 is completely swamped by its uncertainty. The difficulty in
establishing accurate values for the time delay fréaparameter

measurements is well known, and frequentlyis simply omitted |. INTRODUCTION

from the model. Dielectric image lines (DIL's) have reduced losses compared to
Condition-number analysis highlights the numerically unstabl@icrostrip lines at millimeter-wave frequencies since most of the
elements in the model, with respect to a specific experimentahnal travels in the low-loss dielectric region [1]. This structure
determination (i.e., ViaS-parameters). It identifies which partiCU'WaS recen’[iy proposed for feeding the aperture_coupied microstrip_
lar S-parameters limit the accuracy of the results, and it tells Lﬁﬁatch antenna arrays [2]_[4]‘ and overcomes the h|gh conduction
how accurately these must be measured in order to derive reliaJgs problem of microstrip lines at millimeter-wave frequencies. A
circuit element values. These sensitivities are due to ill Conditioﬁ‘hase shifter is one of the important control circuits used extensiveiy
ing of the mathematical equations relating the circuit elements # microwave and millimeter-wave frequencies. Traditional phase
the S-parameters. They are inherent in the model-plus-extractigRifters use solid-state or ferrite devices. In this paper, new tunable
procedure itself and are, therefore, algorithm independent. phase shifters using DIL’s are described. The DIL can be transformed
However, they do not imply that the model is unverifiable. Altg rectangular waveguide or microstrip line using transitions.
ternative experimental procedures could conceivably finesse thesg g DIL, the electromagnetic (EM) signal travels mainly inside
hlgh sensitivities. For instance, we found that the sensitivities me dielectric and can be perturbed in several ways. The Changing
this model's elements with respect to thieparameters were fairly of propagation constants of an EM field in the DIL can be applied
benign (thus, the villain in the piece was the ill conditioning of the
Y -parameters with respect to th®-parameters). IfY -parameters
could be measured directly, one could model nonlinear transistorqvIanuscript received July 17, 1997; revised May 5, 1998. This work
much more accurately. was supported by the NASA Lewis Research Center and the Texas Higher
Education Coordinating Board’s Advanced Technology Program.
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where L is the length of the DIL,3, = 27/}, is the propagation

[‘—LAL——qjl)—b constant in the DIL, andP, is the phase due to transitions and
Dielectric Image Line I | connections, which can be calibrated out using proper calibration
c—l \ techniques. The propagation constanin the DIL is changed when a
Movable Reflector Plate movable metal reflector plate is installed and the perturbation spacing
Regulated by Micrometer Head is varied. This results in a tunable phase shift
(@)
Ady = AL - AjJ, 2

Ground Plane . . . .
where AL is the perturbation length in the DIL, andj3, is the

Ny f perturbed propagation constant in DIL. The tunable range of the phase
- b shifter is controlled byAL andAj,, and may be raised by making

AL 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
easily controlled.

Movable Reflector Plate lll. RIGOROUSHYBRID-MODE ANALYSIS AND THEORETICAL RESULTS

(b) Accurate computation of propagation constants &pdn the per-
Fig. 1. (a) Structure of a tunable phase shifter using a perturbed DIL. (rbed DIL with a movable reflector plate is required for theoretically
Cross-sectional view af — C’. predicting the phase shifts. A rigorous hybrid-mode analysis [7]

was used in this paper for calculating the dispersion of propagation
constants in the DILWRP and then for designing tunable phase

to vary the phase difference. This paper reports the perturbationSGffters. . . . .
propagation constant in the DIL by a movable metal reflector plateFig- 2 is the configuration of a DIL of widtiza, heightb, and
installed in parallel with the ground plane of the DIL. The phase shif¢ative dielectric constant,». A movable perfect electric reflector
was controlled and adjusted by changing the perturbation spacing B&te is placed at a distanc® (» = —D) in parallel with the
tween the DIL and movable reflector plate at an operating frequen@yound plane(z = 0). The perturbation of the reflector plate to
The movement can be controlled mechanically or electromechanicafl! field properties in the DILWRP can be adjusted by changing the
using a motor or piezoelectric materials. The tunable range of pha¥gtanceD. DILWRP structures will become DIL whed increases
shifters principally relies on the dispersion property of EM-wavé infinity. The cross-section region with DIL under the ground
propagation constants in DIL's. The structure is simple, Iow-cosﬁ,'ane is subdivided into four subregions I-IV. A complete set of
easy to be fabricated, stable, and reliable. field solutions is derived for each subarea. The dependence of field
The DIL was generally analyzed using the effective dielectrig®mponents on: can be assumed to be an exponential function as
constant (EDC) method [1], [5], [6]. It is an approximate calculatiof*P(FJJg). 4 is the phase propagation constant and is the same in
and cannot be used to analyze the perturbed DIL structure witt% these four subregiong- and z-dependencies of fields in regions
movable reflector plate (DILWRP). In this paper, a rigorous hybrid=1V are formulated_ using elgenfgnctlons, so that boundar_y_condltlons
mode analysis was used for calculating the dispersion of EM-fieRi€ fulfilled on defined boundaries. All modes are classified as TM
propagation constants in the perturbed DIL structures, and then f8ld TE with respect to the-direction. Fields in every subregion can
designing tunable phase shifter€a-band tunable phase shiftersb® expressed in terms of scalar potential functions for TM and TE to
using a DILWRP have been designed, fabricated, and tested.z1fnodes. Boundary conditions are enforced independently. Finally, a
had good impedance match, wide frequency operation, and la plex matrix equation is derived. All matrix elements are functions

tunable ranges. Experimental results agree very well with theoreti frequencyf, perturbatiqn spacind, image line sizes, _dielectric
predictions. constant», and propagation constasy. All data except, in these

matrix elements can be calculated wh&nD, image line sizes, and
.2 are given. Propagation constagitsin the DILWRP are computed
II. CONFIGURATIONS by determining the zeros of the determinant of the whole complex
Fig. 1(a) shows the structure of a tunable phase shifter usimmatrix equation. The effect of different perturbation spaciigon
a perturbed DIL, and Fig. 1(b) shows the cross-sectional view pitopagation constants, is then accurately computed.
C — C'. A movable metal reflector plate is installed in parallel with For a given operating frequency and DILWRP structure characteris-
the ground plane of the DIL to form a DILWRP structure. Theics, the determinant of the complex matrix is computed and examined
perturbation spacing between the DIL and movable reflector pldt® its zero crossing for3, in the range betweeri, and 3q,/z.2.
is controlled and precisely adjusted using a micrometer head. Rmopagation constant$, are then determined. The complex double
testing purposes, the signal is coupled to the DIL from the waveguigeecision is used in calculating the determinant. A sufficient number
through transitions. Proper design of DIL dimensions allows singlef imaginary roots has to be solved and used, and the right imaginary
mode propagation for a considerable range of frequency [1]. Theots have to be chosen in order to get convergent and accurate
phase shift between ports 2 and 1 of the structure without a movahl@merical results. The correct way to choose real and imaginary roots
reflector plate depends on the length of the DIL and the propagatibas been studied and found in this paper. Accurate results and fast
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Fig. 3. Calculated propagation constanig for the Ka-band DILWRP.
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Image line sizes: 1.27 mmx 2.54 mm,e» = 10.5, D = 10.0 mm.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 9, SEPTEMBER 1998

0.03 T T

0.025 B
.: component from base emitter resistance x
o : component from base emitter capacitance x
0oz * : component from base collector capacitance %
>
= + : component from alpha x
g| x : total collector emitter voltage at 2w2-w1 x
Fo0.015 N
o x
[0
:5 x
>
0.01F x .
x
x
x
X
0.005- « il
< X
x o ©
x %X 000°?
x X 0000 P
0 OV - TNl NN B B R AVEVIN S i 3 4
0 0.05 0.1 0.15 0.2 0.25 0.3

input voltage {V)

Fig. 4. Computed propagation constants for the Ka-band DILWRP with
different distanceD at 29.0 and 35.0 GHz. Image line sizes: 1.27 mxm
254 mm,e,2 = 10.5. —e—: 29.0 GHz, ®—: 35.0 GHz, hybrid mode
analysis:x EDC method,*: H-guide theory.

IV. EXPERIMENTAL RESULTS

Operating frequency range, propagation constagtin the DIL,
perturbation spacing?, and the effect of differentD on 3, are
several key parameters for designing tunable phase shifters using the
DILWRP. They determine the tunable range of a phase shifter. Ide-
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
DIL size ofa/b = 1 provides the maximum bandwidth [1]. For good
field containment and single-mode operation, the following formula
can be used to select unit aspect ratjo\, for DIL structures:

a 0.32 3)
X Vee-1

The relative dielectric constant., of the DIL should be chosen not
too small in order to get enough dispersion in DIL's, and then to

convergence can be achieved using only five TE modes and five Tdalize large phase-shift ranges: = 10.5 is a good choice for the
modes, which include four real modes and one imaginary mode. Ka-band frequency range from our experience.

Fig. 3 shows calculated results for Ka-band DILWRP structures.

The rigorous hybrid mode analysis was used to design the

The relative dielectric constant of the DIL in all cases was 10.RILWRP. RT-Duroid material of relative dielectric constant =
Image line sizes were 1.27 mr2.54 mm. The perturbation distancel(.5 was used to make the DIL. The€a-band DIL had2a = 3.00

D was chosen as 10.0 mm. Five TE modes and five TM modasn andb = 1.27 mm. A diameter of 6.0 mm of the movable
were used in all computation with a calculation accuracy better theeflector disk was installed in parallel with the ground plane of the
1%. Results of propagation constanis were found to increase DIL to form a DILWRP. The perturbation length L was then equal
when the operating frequency increased. Propagation consiantsto 6.0 mm. A micrometer head was used to precisely control the
in the DILWRP have been seen to be different when the perturbatiparturbation distance to an accuracy of 1 mil.

distanceD changes. Fig. 4 gives numerical resultsgfin the Ka-
band DILWRP for different distanc® at 29.0 and 35.0 GHz3,,

The Ka-band tunable phase shifter showed good input impedance
match, low insertion loss, wide frequency operation, and large tuning

was found to increase 11.5% at 29.0 GHz and 5.71% at 35.0 Gplaase-shift range. Fig. 5 gives satisfied measurement results of the
when distanceéD decreased from 10.0 to 1.3 mm. The EDC methoihsertion loss in arkKa-band tunable phase shifter. Less than 2.0-dB
is an approximate method and can be used only for an image lingertion loss was realized, which included losses in the DIL with
without reflector plate, which is the special case of the DILWRP wita length of 110 mm and in two waveguide-to-DIL transitions.
an infinitive perturbation spacingy. The H-guide is another special The movable reflector plate did not deteriorate the performance of

case of the DILWRP whe is equal to the thicknedsof the DIL.

insertion loss and return loss even when the perturbation spacing

Calculated results using the EDC method [1], [5], [6] and H-guideD —b) was close to 1 mm. Fig. 6 shows experimental and theoretical
theory [1] are also given in Fig. 4 for comparison. It can be seen thassults of phase shifts for different perturbation spacidgy — b)
theory agrees well with the results calculated using the EDC methatdl35 GHz. Tuning ranges approximately’9@ere reached for the

and H-guide theory for these two special cases.

perturbation lengthAL = 6.0 mm when the perturbation spacing
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performance of insertion loss and return loss of the phase shifter even
when the perturbation spacind — b) was close to 1 mm. Tuning
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Fig. 5. Experimental insertion loss results of tHa-band tunable phase

shifter, which includes all losses in the DIL and in two waveguide-to-DIL
transitions.
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Fig. 6. Phase shifts for different perturbation spaciig— b) at 35 GHz.
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(D — b) changed from 25 to 1 mil. The tuning range of phase shifts
can be increased further using longeL. Measurement data agreed
well with theory prediction in all operating frequencies.

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

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