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Abstract—This paper summarizes the development of a pro- power amplifiers. The inefficiency can result in severe thermal
totype 23.675-GHz linear 16-element scanning phased array an- management problems. Wide-band high-order modulation
tenna based on thin ferroelectric film coupled microstripline phase  {4mats (e.g., quaternary phase-shift keying) require significant
shifters and microstrip patch radiators. A new type of scanning re- backoff to i ’ i it d red bit te. furth
flectarray antenna is introduced. ackoff to improve linearity and reduce bit error rate, further

exacerbating the thermal problem. The potential for lower cost
stems from the simple lithography inherent to the coupled-line
ferroelectric phase shifter design and the anticipated economy
of straightforward material growth methods like sol-gel or
I. INTRODUCTION combustion chemical vapor deposition [17], [37]. In the case of
CANNING phased array antennas are desirable for Io tomotive applications, a cost target of perhaps $1SQ per radar
r the consumer market makes an elegant scanning phased

arth orbiting communications satellites, missile seeke g . . . .
automotive radar, and other remote sensing and industfi&Y solution elusive given conventional approaches. Other

applications because of swift and vibration-free tracking ngethods such as mechanical scanning and overlapped multiple

Index Terms—Ferroelectric devices, phase shifters, phased array
antennas, scanning antennas.

pability. A prototype scanning 16-element linear phased arr ams are being developed until a cost breakthrough is realized

. : . . 5].
using Ba 60Sro.40 TiO3 films on 0.3-mm-thick MgO has been ][ . . . .
; Competing phase shifter technology is based on ferrites,
I A f £3.5 GH h
developed. An operating frequencyo3.5 GHz was chosen (aaAs monolithic microwave integrated circuit (MMIC), and

because it is near the allocations for NASA's Tracking an

Data Relay Satellite (TDRS) H, 1, J systenks:-band forward microelec_tromechanical system (MEMS) designs. Ferrite
data service and traffic radar. Anticipated effective isotropical ase shifter technology has been very successiully employed

radiated power requirements for the former may approa military systems despite high cost and complicated current

39 dBW to support high-data-rate delivery (e.g. 155_62°é/vitching circuitry to generate the magnetic field. GaAs
MBPS) at wide scan anglds-42°) [1]. Automotive ré,ldar for switched-line phase shifters have demonstrated good phase and

intelligent cruise control or collision warning appears to requir%{npll'\;uéjselzeé;?r cqtn'[rr]ol [6]_(58]' These d.eS'ng ulge S:me;ﬁrom'
an angular resolution of 1.52®ith about 10 mW output power eter switches and varying microstrip fine lengths or

to deal with a cluttered multiple-target environment [2], [3]'??;;‘7 dlllsnes. But th?[(lns:rtmén Io(sjstrl]s g?hnerally 2 ?B Pterblb't
Frequency modulated continuous wave (FMCW) systems ) or more ati a-band, and thus they are not suitable

(& : . S th
76-77 GHz are under investigation because of hardware sﬁ Ereflect array transmit or receive applications. The cost of the
limitations and weather considerations, and it is an allocat

s material and process still seems too high for consumer
band. The novel phase shifters and array concept descril

sed array applications. MEMS-based designs have recently
in this paper may be attractive for both of these applicatiori%mgnsf“ated a fllgure of merlt_dof ;]'ﬂB at 40 GH.Z. [9|]' lIn ded
because of their potential for better performance and lower co rt] I\/(Ieéll\?lns s %OD an_?_Lwavggur:_ eline wgs ﬁé.lpac'w? 3{ d oa g
Later, a reflectarray antenna concept based on thin ferroelectfit riages. 1he S.W'FC Ing speed, ultimate yield, an
cost of such devices remain issues ,but the MEMS technology

films will be introduced that can in principle provide arbitrarily . ) .
high gain. Conventional manifold fed phased arrays Suﬁgparly can provide high-performance alternatives for frequency
d phase agile microwave electronics.

from beam-forming loss that places considerable burden 8HI | i . . o
nterest in ferroelectric-based agile microwave circuits is

mounting because of their high power-handling capability [10],
Manuscript received March 6, 2000; revised August 23, 2000. This work wit1], negligible dc power consumption, and potential for low
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poor as 0.01 with a peak relative dielectric constant6000.
The dielectric constant also tends to exhibit a broad maximum
with temperature as opposed to bulk material. The differences @
in behavior have been attributed to domain wall motion,
compositional inhomogeneities, interface layers between the
film and electrodes, and lattice mismatch induced stress. Anc
tan 6 tends to increase with film thickness [14]. The Curie
temperature can be tailored for a specific operating temperaturt
by adjusting the composition of B&r; ., TiOs (BST) where
0< z <1 and for room temperature =~ 0.60. Devices are
usually operated in the paraelectric phase slightly above the
Curie temperature where hysteresis effects are small. Attempt:
to reducetan 6 have included annealing and the use of dopants
[15]-{18]. Tunable oscillators, filters, and antennas have been
demonstrated af(u-band and higher frequencies [12], [13],
[26]. Several ferroelectric phase shifters have been develope:
with varying degrees of success. A strip-line circuit with a BST
capacitor provided a differential phase shift of It X -band
with a biasing field of 70 kV/cm [19]. In that same work, a_. i _ _ _ _
. - . . Fig. 1. Four-section Ba . Sr,TiO3; coupled microstrip phase shifter on
center-wire bias waveguide phase shifter produced more th,’_a&_mm MgO. The circuit measuresd 1 cm. L = 457 gm, s = 10 yum, and
360 of phase shift af{u-band by changing the bias betweerw = 56 um.
the wire and waveguide walls from 0 to 2500 V. A planar
microstrip phase shifter was reported in [20] that provideghode, the phase shift per unit length is maximized, and by using
20°/kV at 2.65 GHz. A phase shift of 16@t 2.4 GHz with only  thin ferroelectric films, the effects of high loss tangent are min-
3 dB loss and a bias of 250 V was obtained from a microstrigized compared to microstrip patterned directly on a ferro-
on a thin BST slab synthesized using a sol-gel technique [2g]ectric slab. Selecting the strip spacindgnvolves a compro-
A 40-GHz phased array antenna that used radiating slotspifise among minimizing insertion loss, simplifying lithography,
waveguide and a BST film sintered onto a MgO substraggd minimizing the tuning voltage. Strip widths are chosen to
was discussed in [22]. Voltage applied across a periodic setgifproximate a 5@ characteristic impedance. The impedance
electrodes changed the dielectric constant of the BST from 70&kiation as a function of bias is generally below 25%, resulting
to 1500, and aan 6 of 0.05 was reported. A ferroelectric Iensm good voltage standing-wave ratio ovel0% bandwidths.
that uses BST slabs sandwiched between conducting plates Wagse coupled microstrip devices rival the performance of their
proposed in [23]. The approaches advanced thus far have g&ficonductor counterparts &tu- and K-band frequencies.
been able to simultaneously address low cost, low loss, and |ﬁYgertion loss for room-temperature ferroelectric ‘Bq‘sﬂlase
bias voltage. In some cases, the impedance variation, duesfigfters atk-band can be 6 dB or better [24]-[26]. A photo-
widely changing permittivity, poses additional difficulties. Weyraph of a four-section phase shifter patterned on MgO is shown
have developed phase shifters that use coupled microstriplifegig. 1.
as dc electrodes to polarize a thin( um) ferroelectric film.  The multilayer phase shifters have been analyzed using a
With YBa,Cu;07_s electrodes and 2.pm-thick SrTiQ;  computationally efficient variational method to calculate the
films, we obtained a figure of merit approaching our goal d&dven and odd mode capacitance [27], [28]. If a quasi-TEM
12(r/dB at 40 K [24]. At room temperature using Au electrodegpe of propagation is assumed, the propagation constant and
and 400-nm-thick Ba .S, TiO3 films, some devices haveimpedance can be completely determined from line capac-
demonstratec=70°/dB [25]. These planar phase shifters argance. Since the cascaded coupled line circuit resembles a
compact, low loss, easy to fabricate, and can provide® 368eries of one-pole bandpass filters, as the dc bias increases,
of phase shift with bias voltages under 350 V. Such devicgge dielectric constant of the BST film decreases, causing the
can enhance conventional (direct radiating) phased arfg¥ssband to rise in frequency (and thei§ of the BST to
performance or enable a new type of reflectarray antenna [2@ecrease). The impedance matrix of the cascaded network can
be derived by well-known coupled line theory using the super-
position of even and odd mode excitation. Then an equivalent
S-parameter model can be extracted and used to predict the
The phase shifters are based on a series of coupled microstp@gssband characteristics of the phase shifter. Modeling and
lines of length! and separatios patterned over pulsed laserexperiment has shown that the differential phase shift is roughly
deposited BggoSro 40 TiO3 films nominally 400 nm thick. The proportional to (film thicknes$)®7 but beyond=:0.5 um, the
maximum coupled voltage occurs when the coupled sections i crystal quality generally degrades. A schematic of the
a quarter wavelength long (i.63] = 90°). Bias up tor350 V  phase shifter cross-section is shown in Fig. 2. The bandwidth
is applied to the sections via printed bias-tees consisting otampression from tuning is evident in Fig. 3, which shows data
quarter-wave radial stub in series with a very high impedanfrem an eight-section phase shifter on 0.3-mm MgO using a
quarter-wave microstrip. By concentrating the fields in the odtD0-nm Ba ¢Sl 40 TiO3 laser ablated film.

Il. FERROELECTRICPHASE SHIFTERS
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Fig. 2. Cross-section of the coupled microstripline phase shifter showing .
the odd-mode electric field configuratiok; andY’, represent the admittance .

looking in the positive and negativedirection, respectively, from the charge 0 | | |
plane. The thickness of the ferroelectric layeiris while the host substrate 0 100 220 300 400
has thicknes#.. Bias voltage, V

0 Fig. 4. Insertion phase shift for different phase shifters used in the 16-element
[ linear array. Some phase shifters were coated with paraffin or teflon to increase
the voltage breakdown strength.

Il. LINEAR PHASED ARRAY DESIGN

The 23.675-GHz array consists of a monolithic 1:16 mi-
crostrip beam forming manifold constructed on 0.25-mm-thick
Duroid 6010, 16 ferroelectric phase shifters patterned on 1
0.75 cm MgO substrates, and a monolithic set of microstrip
patch radiators patterned on 0.25- mm-thick Duroid 5880.
/ ) Interelement spacing is 7.49 mm, which corresponds to about
Start Stop 0.59 free-space wavelengths. A photograph of the array is

15 GHz 25 GHz shown in Fig. 5 [29]. The original manifold, which had each
successive branch of the divider networks separated by only
Eig'ogg') Mealsudred_inserttipn I?]ss (incrl]l_chtiing SMA Iaulnchlers) of zleitgzt'iggﬁ‘l% mm, experienced severe coupling problems resulting in
Eai,eoériii%ii)g m(')cnrosogp_rﬁmasfﬂgso' e e e evoltage%ns.iderable loss and asymmetry between ports. The distance
L = 350 um, s = 7.5 um, andw = 30 um. Markers 1, 2, 3, and 4 Was increased to 4 mm and resulted in a uniform insertion loss
are at—5.75 —5.38 —6.00, and—6.49 dB, respectively. of about 13.0+ 0.25 dB.

The patch array was originally fabricated on high dielectric

onstant materiale,, = 10.2). However, when the resonant

tributed to on-chip bias circuit effects. The bias circuits ha gequency of each patch was measured using a HP 8510C auto-

a 25um-wide 1.83-mm-long high impedance line connected matic network analyzgr, a large di;crepancy was seen between
a radial stub with flare angle of 78nd radius 1.17 mm each one. The variation was attributed to dielectric constant

tolerances. Indeed, substrate tolerances are known to cause

lefe_rentlal phase shift data is given in Fig. 4 for films 9rOWIL o rious errors in phased array performance [30]. To circumvent

by various groups. The data is for eight_—se_ctio_n phase Sh_'ft?lrl problem, a low dielectric constant homogenous material
on 0.3-mm _MgO ground 23.5 GH_Z' Var|_at|on_ is due to Sllgr“/as selected. When the array was redesigned on 0.25-mm-thick
differences in device lengths and film uniformity. , Duroid 5880, the variation in resonant frequency was much
Table I summarizes several important parameters 8imgle g gjer, about 5%, and the bandwidth was adequate. Fig. 6 de-
coupled microstrip section dn, = 0.3mm MgO(e = 9.7) de-  picts the measured frequency response. The patch dimensions
rived using the quasi-TEM analysis wheteandh; correspond gre:7, — 427 mm, W = 6.40 mm, and$ = 1.04 mm. The gap
to Fig. 2. The insertion phase is designatedpasthe com- petween the feed inset and patch was 0.38 mm. No particular
posite dielectric loss as,, and the characteristic impedance agttention was given to reducing sidelobe levels or reducing
Zo = [Zoc%00]'/?. In all cases, the loss tangent of the host sulpurious radiation from the manifold or feed.
strate was 0.001 and the loss tangent of the ferroelectric film ofThe measured far-field radiation patterns zad with an in-
thicknessh; was taken as 0.05, 0.028, and 0.005fpequal to  cremental 128phase shift are shown in Fig. 7. Measured cross-
2500, 1000, and 500, respectively. polarization at boresight in given in Fig. 8. Tl&plane corre-
The net phase shift is 2.2 times greater for then2-film sponds to the elevation direction, and tHeplane corresponds
compared to the 500-nm film. to the azimuth direction. Amplitude variations, due to failures

The rolloff at the upper end of the frequency range is a
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METHOD DESCRIBED IN[25] AND [26]. L = 350, s = 10, AND w = 30 gm

TABLE |
THEORETICAL PROPAGATION CHARACTERISTICS OF ASINGLE COUPLED MICROSTRIPSECTION ON 0.3-mm MgO B\SED ON THE QUASI-TEM

2507

€ h, =2 um h,=1pum h, =0.5 um
& ° od 20 (Q) O ° od Zo (Q) o ° od Z0 (Q)
(Np/m) (Np/m) (Np/m)
2500 65.9 66.3 29.7 50.5 45.3 37.9 40.0 30.7 46.7
1000 46.6 225 40.7 374 15.3 49.6 31.2 10.3 58.4
500 373 3.0 49.7 31.2 2.2 58.4 271 1.6 66.4

~-— F-plane, co-polar
———  H-plane, co-polar
H-plane, scanned

-
£

Normalized amplitude, dB

I T O O
-100 -80 -60 -40 -20 0 20 40 60 80 100
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Fig. 5. A K-band 16-element linear phased array antenna using
Bay 60Sr 40 TiO3 on 0.3-mm MgO phase shifters and microstrip rectangular
patch radiators. The array is 11.9 cm long. Some of the devices are protegtgyl 7.
with a thin layer of photoresist.

Measured far-field@-plane (elevation) and -plane (azimuth) pattern
of the 16-element array at 23.675 GHz and 0 and® 12€remental phase shift.

Cross-polar

E-plane
H-plane

I l I

=25
Start Stop
20 GHz 24 GHz

Fig. 6. Measured resonant frequency of patch radiators on 0.25-mm Duroid
5880(¢c, = 2.2), 1-0z Cu clad material.

Normalized amplitude, dB

|
100

of several phase shifters at high bias voltages that were replacet
with microstrip attenuators, resulted in poorer than expected
scanning performance.

However, as can be seen in Fig. 9, the phase front was eqy 8. Cross-polarization pattern of the 16-element at boresight.
herent at the nominal 36can angle. The reliability and repro-
ducibility of ferroelectric films remains the subject of doggedperational amplifier buffer (OPA547) was inserted between the
research. Preliminary life tests on some of our devices indicat&fD outputs and Pico Electronics model 12Av500 encapsulated
no significant performance degradation aftet ¥0ltage cycles dc—dc converters. A 1-W 1-M resistor is strapped across the
between 0 and 350 V [31]. There may be a correlation betwegansformers output to prevent a no-load condition.
device robustness and doping. Since the dc input resistance of the phase shiftessid<?,

An electronic module was designed and built to control thee applied voltage is essentially the programmed voltage. A
array [27]. It consists of 16 independently addressable dc-to-@d:F capacitor rated at 1 KV provides some filtering. Finally,
converter channels. A model AOB 16/16 analog to digital com light-emitting-diode status indictor on each channel senses
verter interfaces the controller with a PC. Since the analog-t@hether a thermal overload condition is present. The controller
digital converter (A/D) could only source 5 mA per channel, aboard is shown in Fig. 10. It consumes about 25 mA per channel

-100
-100 -80 -60 40 -20 0

20 40 60 80
Angle from boresight, deg
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Fig. 9. Measured far-fieldH-plane pattern corresponding to a 120 Fig. 11. A 2832-element 19-GHz ferroelectric reflectarray concept.
incremental phase shif. The callout shows a 16-element subarray patterned on ax331 cn¥,

0.25-mm-thick MgO substrate. The array diameter is 48.5 cm. The unit cell
area is 0.604 c# and the predicted boresight gain is 39 dB.

with the desired polarization direction and of varying length are
attached to the radiating elements to effect phase shift. Inci-
dent energy from the primary feed propagates down the stub,
where it reflects from the open end, and reradiates with a delay
corresponding to twice the electrical length of the stub. A pas-
sive 16-element microstrip reflectarray was reported in [34].
A circularly polarized microstrip reflectarray with 55% effi-
ciency was reported in [35]. A square patch array with improved
cross-polarization and high efficiency was reported in [36]. Poor
cross-polarization was traced to leakage from the delay lines.
To reduce the effect, the stubs were arranged in mirror sym-
metry instead of being collinear. Overall efficiency as high as
70% was measured. None of these were active scanning phased
arrays. The ferroelectric phase shifters described in this paper
can be integrated with microstrip patch radiators to form such
a phase agile antenna [27], [37]. Because the antenna elements
and phase shifters can be defined using a two-step lithography
process, the ferroelectric reflectarray holds promise to dramati-
cally reduce manufacturing costs of phased array antennas and
alleviates thermal management problems associated with mi-
crowave integrated circuittransmit arrays. A receive reflectarray
has been designed at 19 GHz and is pictured in Fig. 11. The
Fig. 10. High —voltage controller board for the 16-element phased array. Tg@verning design assumption is a phase shifter insertion loss of
board measures 19 14.5 cm. It accepts a 0-10 V signal from a 16-channeg 4B, about 40% better than we have consistently demonstrated
digital-to-analog converter and outputs a linear 0—400 V control signal. from Ba,Sr;_, TiOs films on LaAlOs and MgO substrates. A

. . ircular rture w roxim rranging 177 rr
under normal conditions. An improved controller that uses a s reular aperture was approximated arranging subarrays as

: : . ; S wn to improve th rture efficiency.
rial regulator and low-current rail-to-rail operational amphﬁeré own to improve the aperture efficiency

is expected to reduced power consumption to less than 1 m\/\;rhe array un_der development was designed to scan pasta 45
per channel angle with an interelement spacing of 0.52 wavelengths. The

callout shows 16 4-section phase shifters coupled to a square
patch antenna with a 9thybrid coupler. The phase shifter is
terminated abruptly in an open circuit and is used in a reflec-
In 1963, Berry introduced a new class of antennas that utilizédn mode. One output of the coupler has an addition&l 45
an array of elementary antennas as a reflecting surface [32]. Thierostrip extension to feed the orthogonal edges of the patch
“reflectarray” has the potential to combine the best attributes 8 out of phase. For right-hand circular polarization, the phase
a gimbaled parabolic reflector, low cost and high efficiency, arghifter is attached to the left port of the coupler so the vertical
a direct radiating phased array vibration-free beam steering edlge of the patch receives the reflected energy witiPal@tay.
key advantage is the elimination of a complex corporate fe®dhile a triangular grid pattern permits the fewest elements per
network. The reflectarray consists of a two-dimensional apernit area, it was simpler to fit the phase shifters in a square unit
ture characterized by a surface impedance and a primary ramiH. The governing assumption in the designis that a 3-dB inser-
ator to illuminate that surface. A microstrip reflectarray was praion loss phase shifter can be consistently reproduced. Indeed,
posed in 1978 [33]. In a microstrip reflectarray, stubs aligndtle phase shifter performance drives the performance and cost

IV. FERROELECTRICREFLECTARRAY
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of the entire array. Even with a 3-dB loss device, assuming a3]
receiver noise figure of 2 dB, the system noise temperature ex-
ceeds 800 K. Because the phase shifter is inserted between trr
antenna terminals and the low-noise amplifier, it has the same
effect as a feed line with equivalent loss in the determination[®]
of noise. The array noise does not increase with the number of
elements since the noise is noncoherent but the signal at each
element is correlated [38]. Assuming an aperture efficiency of[®]
70% and a scan loss that falls off as 6%, the gain-to-noise 7]
temperature rati¢G /T) of the array is estimated at3.1 dB/K.

If the phase shifter loss could be reduced to 2 dB, the number[

of elements could be cut approximately in half. 8]

[9]
A prototype lineark-band phased array has been demon-[m]
strated using novel coupled microstrip thin-film ferroelectric[11]
phase shifters. The phase shifters capitalize on odd mode prop-
agation to maximize phase tuning and minimize insertion loss.
Despite a fairly common misconception that ferroelectric mateft2]
rials have too high a loss tangent for practical microwave ap-
plications, these devices can outperform their semiconductqgt3]
counterparts by several decibels. The phased array realized with
these phase shifters holds promise to significantly reduce maiy)
ufacturing costs of phased arrays because the phase shifters are
lithographed using a simple two-step process. The finest feehS]
ture size is the strip spacing, about A, compared to per-
haps a 0.5#m gate for a MESFET phase shifter at the same[16]
frequency. Batch-to-batch uniformity of epitaxial films must be
improved, though, for our devices perfect crystallinity may not
be optimal. This follows since higher crystal quality results inl17
larger peak permittivity, tunability, and loss tangent. The films
may ultimately be tailored to maximize the ratio of tunability to [18]
loss tangent. Coatings to increase voltage breakdown are desir-
able. So far paraffin and photoresist have been used with sonfo]
success. To the best of our knowledge, this is the first demon-
stration of akK'-band phased array based on ferroelectric films,q;
A new type of scanning phased array antenna called the ferro-
electric reflectarray has been introduced. The ferroelectric rény
flectarray holds promise to dramatically reduce manufacturing
costs of scanning antennas and alleviates the thermal manag@ -
ment problems inherentto MMIC arrays, and can provide highe
gain because of quasi-optical beam forming.

V. CONCLUSION

(23]
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