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Analysis and Optimization of a Phase Shifter
Controlled by a Piezoelectric Transducer
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Abstract—This paper introduces a method for analyzing and
optimizing a phase shifter controlled by a piezoelectric transducer Up &
(PET). To analyze the multilayer microstrip structure of the
PET-controlled phase shifter, new equivalent single-layer (ESL) Y
equations for the phase shift and loss calculations are developed
and confirmed with spectral-domain analysis (SDA) of the mo-
ment method. A parametric analysis is accomplished with ESL
equations and SDA, and optimization guidelines are suggested.
An optimized PET phase shifter is demonstrated to operate up
to 40 GHz with a maximum total loss of 4 dB and phase shift of
480°. Measured results agree very well with calculations showing
substantially smaller control voltage, size, and dispersion, as
compared to previously published data. This new analysis and
optimization technique for the PET-controlled phase shifter
should be useful in the design of phased-array antennas and
tunable microwave circuits.

Perturber

Index Terms—Multilayer microstrip, perturbation, phase
shifter, piezoelectric transducer.

. INTRODUCTION

for beam steering and beam forming in phased-array an-
tenna systems, as well as timing recovery circuits and phase
equalizers for data channels. Since phased-array antennas typi- g,=
cally consist of several thousands of phase shifters, the amount
of which is about 45% of the total system expense, low cost and
low-complexity phase-shifter designs are very important issues o= 1 > W | H,
[1]. Published results on monolithic microwave integrated cir- £ o
cuit (MMIC) [2], ferroelectric [3], solid-state [4], and photon-
ically controlled [5] phase shifters are typically narrow-band,
lossy, or providing only a small phase shift. Recently, a new ®)
phase shifter was presented using dielectric image-line pert%-. 1. New phase shifter controlled by a PET on a microstrip line.
bation at/a-band [6]. This idea can be improved by replacings) configuration. (b) Microstrip-line-like multilayer structure.
the image-line with a microstrip line. The use of microstrip line
is very useful because of its quasi-TEM mode without cutoffonally impedance-matching circuit is required for broad-band
frequency and easy fabrication with no waveguide transition rgperation [7].
quired. Other transmission lines such as a coplanar waveguideypree perturbation methods for phase shifting are possible.
coplanar strip, and slot line can also be employed. A dielectric9he perturber may move horizontally in theaxis direction and
metal plate perturbs the electromagnetic fields of the transmjgrate or move vertically in the-axis direction, as shown in
sion line. This perturbation changes the distributed capacitanggy 1. The feasibility of phase shifting with the vertical move-
which corresponds to a variation of the effective permittivityyent was successfully demonstrated using a metal-disc per-
and propagation constant and, thus, the phase shift. The chgfner regulated manually by a micrometer head [6]. In this
acteristic impedancez) is only slightly affected and no addi- paper, rather than using manual control, a piezoelectric trans-
ducer (PET) or piezoelectric actuator is used to control the per-
Manuscript received November 30, 2000. This work was supported in partﬂ'yber vertically along the-axis, as shownin Fig. 1(a). The PET
the National Science Foundation and by the U.S. Air Force. is a piezoelectric ceramic, deflected by an applied voltage [8]. A
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Texas A&M University, College Station, TX 77843-3128 USA (e—mall:dC control voltage. The center shim is sandwiched by two oppo-
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other polarity. The perturber attached to the PET may consistpdrturbed £,.3 # 1) and unperturbed:s(s = 1) microstrip, re-
metal, dielectric, or metal-covered dielectric. Since the dielespectively.sL;(f) is calculated from the K-J closed-form for-
tric perturber experimentally showed the lowest loss, only tiaula. However, there are no closed-form equationg{gf /)
dielectric perturber is used in this paper. and, therefore, it is calculated by the following theoretical and
The new PET-controlled phase shifter, its applications for tiggnpirical derivation procedure. The modified K-J formula for
voltage tuned resonator, and the low-cost multiline phase shiftBg multilayer microstrip-line dispersion equation is given by
for the phased-array antenna were recently reported [7], [9], €eq(f) — cem(0)
[10]. The calculated results in these papers were based on static cen(f) = cealf) = Tp(f) ©)
variational analysis without considering the dispersive chara&—h e
teristic of a multilayer microstrip line. The variational analys'%ingle-layer (ESL) relative permittivity,P(f) is the fre-
results did not agree very We||'WIth measurement at frequenc' ency-dependent term of the K—J formula, which is dependent
above about 10 GHz [10_]. This paper proposes new d!spers_ W/H,, f - Hy, and e.(f) [20]. The static quasi-TEM
formulas and a parametric angly5|s for the multllayer MicrostriBe ctive permittivity e.¢(0) and characteristic impedance
structure of the PET phase shifter. These new equations are cafyy) are obtained by calculation of the static line capacitances
firmed with experimental results and the spectral-domain angking variational analysis with the transverse transmission-line
ysis (SDA) of the moment method [11]. From the parametrigTL) method [21]-[23].
analysis, an optimum PET phase shifter is designed and meagsing these results foren(0), ecq(0), and Z.(0), the ESL
sured, which shows much improved results compared with thermittivity ., ( f) is obtained by iterative optimization, which
previously reported data [7], [9], [10] and comparable resulis finally given by
with distributed varactor and microelectromechanical system

re e.q(f) is the frequency-dependent equivalent

Eeq(O) — &pl

(MEMS) phase shifters [12]-[15]. The PET-controlled phas&eq(f) =¢eq(0) — — (4)
shifter and its simple method of analysis should be useful in ] £ (Ertfera) W/ (Hs [20)
microwave and millimeter-wave applications. 095+ 1.2f

Il. FORMULATION OF FREQUENCY-DEPENDENTPHASE SHIFT fp :ZC—(O) Efm (5)

. . o o o Hi\/eeg(0) H
The mleOStl’Ip transmission Ilne IS dlsperswe In nature. H ! EH( ) !

Many rigorous theoretical formulations have been reportdf1€reer: is the larger relative permittivity,., is the smaller one

in the literature to characterize the dispersion effect of t Fweens,,l ands_,{_),, andzo IS the permea_b|_llt_y in free space in
units of henry/millimeterf, is set to zero if it is less than zero.

multilayer structure of the microstrip line [16]-[18]. However, . .
such formulations require accurate full-wave field analys%\s Equations (4) and (5) at.(f) are found from the following.

that are not directly suitable for use in computer-aided desigﬁntgz Zraelgﬂgr:% Srgze[gz]esﬁéﬁ:?rre)roua::fsﬁég’ WZ;;‘
(CAD). Closed-form dispersion models for specific multi- ' d y a5

proaches the larger permittivity,.() betweene,; ande,s.

. X .
layer microstrip structures have been proposed [19] usqjg. . :

. ; ! . ing an inflation frequency, [25] as a frequency normal-
the Kirschning—Jansen (K-J) model [20] with an equwaleri*LLta ign factor, the bas?c forrr)fpisch(}) _ Eeq((% - (siq(()) _

single-layer substrate. This analysis adequately characteriég /(1 + f,/f). The original f, had only the first term in

thg dispgrsiqn effect of th? shielded microstrip "”?' suspend , which ir];cludes the effects cffthe linewidth (indirectly from
microstrip line, composite substrate, and shielded com- () substrate thicknesgf ), and substrate permittivity (in-
posite-substrate microstrip line. However, the structure of traﬁ:irecﬂy frome.(0)). A second term is added to account for the
PET phase shifter, shown in Fig. 1(b), consisting of a substrgigcrease in the inflation frequency as the air gapincreases.
(relative permittivitye,1), microstrip line, air gape2 = 1), The perturber permittivity and thickness variation effects are
and perturbere(.3), requires new closed-form models becausgonsidered as ratio forms. Several constant numbers were ob-
it is different from those configurations previously analyzedained from trial and error.

Dielectric and metal losses and PET deflection equations areThe new ESL equations for the PET-controlled phase

also included in the analysis. shifter, i.e., (3)—(5), are optimized to operate over
. _ . . 2.33 < (g1 or £,3) < 108,05 < W/H; < 1.55,
A. Equivalent-Single-Layer Dispersion Model Hs/H; > 0.6, andf < 40 GHz, for the dielectric perturber.
The differential phase shifh¢ caused by the perturbation isEach range of parameters will be used for the following
calculated as parametric analysis. The accuracy of the ESL dispersion model

was verified by comparing with SDA [11] data as follows:

Ap=L, A8 1)

N 2
1 €e A, — €e .
where L,, is the length of perturber andj, the difference accuracy = 4| E {( I5DAs, HESL )} . (6)
between the unperturbed and perturbed propagation constants n=1 CeflSDA,

along the microstrip line, is given by Obtained rms accuracy over 160 points is 1.65%.

Af = i—t <\/€gﬂ(f) - \/eeﬂ(f)> (2) B. Losses

where), is the wavelength in free spacgis the frequency,and  Mostlosses are contributed by dielectric and conductor losses
eer(f) andel 5 ( f) are the effective relative permittivities of theassuming that the radiation loss is small because of the perturber
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Fig. 2. Dielectric perturbation with no air gaglt, = 0), .5 = 2.33/6.15/10.8, H; = 125/50/50 mil, L, = 1.03in, &, = 2.33, H; = 20 mil, and
W = 22 mil. (a) Differential phase shift. (b) Effective relative permittivity.

overlay. The dielectric loss caused by the finite conductivity of The PET plate or cantilever is composed of two oppositely

the dielectric layers is given by poled plates. The deflectignat the end of the cantilever is given
27.3 {<sgﬂ — 1) s by [8]
ad = €r1 tan oy
Aor/Ee g1 — 1 L?
! . o h=dds 5V (12)
+ <u> £r3 tan 53} @)
er3 — 1 where dsz; is the mechanical strain coefficient of 2.8%

where static values are used for all relative permittivitieg( 10~7 mm/V, V is the applied voltagel, is the length of PET,
el g, €01, @nde,3) [26], andtan §; andtan 63 are the loss tan- andt is the thickness of PET, are 57.2 and 0.5 mm, respectively.

gents of the substrate and perturber, respectively. The deflection ) or air gap {-) linearly depends on the PET
The conductor losg,. is obtained from [27] control voltage.
Qe = 1 ZRS/'a—L (8) [ll. PROPERTIES OFPET RHASE SHIFTER
2N0 Zc - J 871]» . )
J The substrates used for the following experiments and cal-

where L denotes the inductance of the microstid{d,/dn; is culations are RT/Duroid 5870 and 6010.8 with of 2.33 and
the derivative ofl, with respect to the incremental recession of0.8, H; of 20 and 25 mil, and¥ of 50 and 22 mil, respec-
the conductor wallj, n; is the vector normal to this wall, andtively. The microstrip linewidths are designed for a character-
R,; is the surface resistance of the wally, is modified by a istic impedanceX.) of more than 552 to compensate for the

correction factor due to the strip roughness [28] as decrease due to dielectric perturbation. At the maximum pertur-
9 bation, i.e., when the dielectric perturber is placed on the mi-

o =a. |1+ 2 tan—! {1_4 <é> H (9) crostrip line,Z. is close to 5X2. With its supporter, the PET

¢ 4 b has a size of 2.75 ix 1.25 in x 0.085 in with a composi-

wheres, is the skin depth and is the rms surface roughness.ﬁon of lead-zirconate—titanate (PZT) and can be deflected over
The final form of the loss calculation is a function Bf, &;, +1.325 mm atto0 V.

metal thickness, strip conductivity, frequendg, of the mul-
tilayer microstrip line, and strip metal surface roughness. T
total loss in unit of decibels for a perturbed lengttigf is given

hAé Parametric Analysis

In Fig. 2, the effects of three different dielectric perturbers are
analyzed. Foe,.3 > .1 with H, = 0, the previous model [29]

by did not account for the inversion of power that flows from sub-
Loss = (o, + ag) L. (10) strate to superstrate. As shown in Fig. 2(a), the proposed ESL
model shows very good accuracy in comparison with measured
and SDA results for the differential phase shift. These results
C. Characteristic Impedance and Deflection of PET predict that a higher perturber permittivity results in a larger
An approximate calculation for the frequency-dependelbase shift without air gapH> = 0). The effective dielectric
characteristic impedance is used from [28] constants in Fig. 2(b) agree very well with SDA results. The ef-
fective dielectric constant moves closestg as the frequency
Z(f) = et(f) —1 [eer(0) (11) increases. The small difference between measurements and cal-

eet(0) — 1V eer(f) culations may be due, in part, to the fact that the nonzero metal
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Fig. 3. Effect of the air gapH-) with ¢,.3 = 10.8, H, = 0/50/200/500 ¢m (corresponds to PET voltage of 0/3.4/13.6/34 K}, = 50 mil, L, = 1.0 in,
g1 = 10.8, H; = 25 mil, andW = 22 mil. (a) Phase shift versus frequency. (b) Effective relative permittivity and characteristic impedance versus PET voltage

at 40 GHz.

thickness, the frequency-dependent variation of the dielectric
constant for the real substrate and perturber, and the disconti-
nuity at the boundary of the perturber are not considered in cal-
culations.

The variation of the air gap is investigated in Fig. 3. Curved
data lines are caused by the dispersion. The characteristic
impedanceZ. is found to be relatively insensitive to the
air-gap variation, which gives fairly good impedance matching
without the requirement of matching networks. This is a
major advantage of this type of phase shifter. Even so, the
effective dielectric constant drastically changes with the air-gap
variation, which results in a significant phase change. In this
case, the most phase shift occurs wih less than 50Q:m,
which corresponds to the PET control voltage of less than
35 V. Varying perturber thickness also slightly affects the phase 400 b o o v
shift, as shown in Fig. 4. The thin dielectric perturber allows 0 10 20 30 40
part of the electric field to be in the air above the perturber. Frequency [GHz]

Thus, the effective dielectric constant and phase shifting are

not as significantly increased as with the thicker perturber. Th@. 4. Variation of dielectric perturber thickness with; = 10.8, Hs =
thicker perturber produces the larger phase shifts. However, %ﬁé?/zgor{“lloo mil, L, = 1.01in, &, = 10.8, H, = 25 mil, H; = 0, and
phase shift is not improved much beyoHd/H; > 2 because, N '

in that case, most of the electric fields are confined within the

substrate and perturber. In addition, the thicker perturber rgerturber £¢,1 ande,s); 2) thicker perturber Ks/H; > 2);
quires a higher PET control voltage for the phase shift closer3p narrower strip width¥); and 4) thinner substratéi( ).

zero. The strip widthV strongly affects the phase shift at 0 V, In addition, having a higher permittivity of the perturteg

as shown in Fig. 5(a) for the fixed values Bf . The narrower than that of the substrate; should tremendously increase the
strip width results in a larger phase shift, caused by the smalanount of phase shift. However, in this case, it is possible to
effective permittivitye(f). Unfortunately, the larger phasedegrade the phase-shifter performance by becoming very lossy
shift is paid for with a large¥., thus degrading the return lossat a high-frequency range due to leaky-wave-mode generation
For one of the most important parametric analyses, Fig. 5@1)7]

shows the effect of varying the substrate thicknégswith

the width W designed to maintain a charapterist_ic ir_npedanq—; Hysteresis Loop

of about 55¢2. As H; decreases whil&.(0) is maintained at

55 2, the phase shift is much improved without degrading . The hysteresis loop is a very important electrical character-
One more advantage obtained is, for example, the possibilityigfic of the ferroelectric ceramic material used to fabricate the
decreasing the control voltage to around 10 V. This voltage cRET. The PET deflection of (12) and PET control voltage re-
be improved with more optimizations in other parameters. sponses in the preceding analysis were assumed without hys-

From the above parametric analysis, the phase shift cantbeesis. The real PET phase shifter shows a hysteresis charac-
maximized by having: 1) higher permittivity of substrate anteristic. There are two curves depending on the control voltage
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Fig.5. Phase shifts at 40 GHz with; = 10.8, H; = 50 mil, L, = 1.0in, and= .5 = 10.8. (a) Strip-width effect withi; = 25 mil, W = 12.5/22/37.5 mil,
andW/H; = 0.5/0.88/1.55.(b) Substrate thickness effect wiffy, = 5/15/25 mil, W = 3.3/12.4/22 mil, andW/H, = 0.66/0.83/0.88.

O IV. OPTIMIZED RESULTS

The above analysis and parametric study are used to optimize
the phase-shifter design. With considering a limitation of fabri-
1 cation accuracy, the optimized microstrip is designed with the
1 substrate of,; = 10.8, H; = 10 mil, andW = 5 mil, which
I gives a characteristic impedance of 8%t 40 GHz. The sub-
strate used has a metal thickness ofii with rms surface
roughness of 0.3-14m. It is shown in Fig. 7(a) that th&-pa-
rameter magnitudes of the phase shifter are not much affected at
the maximum dielectric perturbation at 90 V. This indicates that
the phase is changed while the characteristic impedance is kept
fairly constant during the perturbation. Thru-reflect-line (TRL)
calibration is used to remove the effect of the coaxial-to-mi-

-100

-200

Differential Phase shift [deg]

800 Lot crostrip line transitions. Up to 40 GHz, the maximum pertur-
0 20 40 60 80 bation-added loss is about 1.5 dB, and the total loss is about
Voltage [V] 4 dB for a phase shifting of 480as shown in Fig. 8. The return
_ _ _ loss Sy, is less than-10 dB over most of the frequency range.
Fig. 6. Measured hysteresis loop of the PET phase shifter at 10 GHz. In Fig. 7(b), the calculated loss based on Section Il shows very

direction, i.e., up or down, as shown in Fig. 6. This phenongood agreement with the measured data if the mismatch loss
enon may be measured by the Sawyer—Tower method or othees 10log(1 — |S11]?)) is considered. The small discrepancy

at a very low frequency of less than 100 Hz [8]. The proposettar 40 GHz between expected and measured results may be
phase shifter controlled by PET can be used as a new metlpadtly caused by an imperfect calibration, surface-mode gener-
for measuring the hysteresis at high frequency. However, thgon from the microstrip line, and/or the radiation loss at the
hysteresis may not be desirable for some applications. Theesturber boundary due to the abrupt transition.

are several ways to escape it. First, in the lanthanum-modifiedrig. 8 shows measured differential phase shifts with varying
PZT material b, _, La,(Zr, T4, _y)1 /403, PLZT) system, frequencies and PET voltages. There is no deflection (or no per-
different composition ratios exhibit diverse shapes of the hysirbation) at 0 V and full downward deflection (or maximum
teresis loop. This means that the hysteresis loop can be illpgrturbation) at 30 V. This is called a top-down alignment, the
trated as one curve or straight line for a specific compositioreverse of the bottom-up alignment used in [7] and [10]. The cal-
The smaller deflection is, however, a tradeoff to pay for it. Thisulated phase shift agrees very well with measured data at each
method depends on the material itself without external circuRET control voltage. Between 30-90 V of the control voltage,
Another method was suggested using external proportional, the additional phase shifts becomes small. Thus, the dc bias is
tegral, and differential (PID) control or compensation circuiteequired only up to 30 V. This dc voltage can be further de-
[30], [31]. This paper does not deal with these antihysteresiseased if the alignment is improved or a narrower microstrip
methods, as well as aging and temperature effects. In the tivee and thinner substrate are used.

paths of the hysteresis loop, the transition curve going from 0 toFrom Figs. 7 and 8, the optimized PET phase shifter has three
90 V was used in our experiments. advantages compared with the previously reported authors’ re-
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Fig. 7. Optimized PET phase shifter with; = 10.8, H; = 50 mil, L, = 1.2in, &,, = 10.8, H; = 10 mil, andW = 5 mil. (a) S-parameters with and
without dielectric perturbation. (b) Loss comparison between measured and calculated data. The calculated results modified by the mismetclvdtissitig
the measured data.
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Fig. 8. Measured differential phase shifts versus: (a) frequency at different PET voltages and (b) PET control voltages at different freqnengies 1itS,
H; =50mil, L, = 1.21in,e,y = 10.8, H; = 10 mil, andW = 5 mil.

sults [7], [10]: the bias voltage range is reduced from 90 to 30 Rique to operate at up to 40 GHz with a maximum loss of 4 dB
the size is reduced from 1.8 to 1.2 in, and the phase-shift cunasl a phase shift of 480Measured results agreed very well
are more linear versus frequency, even thougtbtparameters with calculations. The optimized phase shifter has the advan-
and phase-shifting performance are similar. In addition, a phaages of smaller control voltage, smaller size, and better lin-
shift/insertion loss ratio of 228B at 25 GHz and 287dB at earity, as compared with the previously published data.

35 GHz are achieved. The results are better than those reported
in [12] and [13]. ACKNOWLEDGMENT
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