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A Ka-Band Microstrip Reflectarray with
Elements Having Variable Rotation Angles

John HuangSenior Member, IEEEand Ronald J. Pogorzelskgllow, IEEE

cophasal far-field radiation for a circularly polarized microstrip
reflectarray with elements having variable rotation angles. Two
Ka-band half-meter microstrip reflectarrays have been fabricated
and tested. Both are believed to be the electrically largest reflec-
tarrays ever developed using microstrip patches. One—a conven-
tional design—has identical square patches with variable-length
microstrip phase-delay lines attached. The other has identical
square patches with identical microstrip phase-delay lines but
different element rotation angles. Both antennas demonstrated | Jﬁ @

excellent performance with more than 55% aperture efficiencies, ! C%? @
but the one with variable rotation angles resulted in better overall b-----mmmmememem— 4
performance. A brief mathematical analysis is presented to val-

idate this “rotational element” approach. With this approach, a

means of scanning the main beam of the reflectarray over a wide

angular region without any RF beamformer by using miniature

or micromachined motors is viable.
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I. INTRODUCTION

HE most often used conventional high-gain antennas Eﬂ@; 1. Circu_larly polarized microstrip reflectarray with elements having
. . . variable rotation angles.
parabolic reflectors. Although they are efficient radiators,
due to their curved reflecting surface they are generally bulky
in size and large in mass. In addition, the main beam tmw-profile printed reflectarray is a fairly new concept [2]—[6]
a parabolic reflector can be designed to tilt or scan onilgat combines some of the best features of the printed array
a few beamwidths away from its broadside direction. As technology and the traditional parabolic reflector antenna. It
remedy, a flat or slightly curved reflector, namely the printegrovides the low-profile and beam-scanning [7] capabilities of
reflectarray, has recently been studied by many researchersaltzinted array and the large aperture with low-insertion loss
reflecting surface can be conformally mounted onto existirparateristic of a parabolic reflector. There are many forms
supporting structure with relatively small incremental massf printed reflectarray such as the ones that use identical mi-
and volume. With a proper phase design or phase changuargstrip patch elements with different length phase-delay lines
device incorporated into each element of the reflectarray, thitached [2], [3], [7], the ones that use variable-size printed
main beam can be tilted or scanned to large angles, e.y., Sdipoles [5], those that use variable size microstrip patches
from the aperture broadside direction. [6], and those that use variable size circular rings [8], [9].
A printed reflectarray antenna consists of two basic €Fhis paper presents a new approach for a circularly polarized
ements: an illuminating feed and a thin reflecting surfagceflectarray to achieve a far-field beam by using identical
that can be either flat or slightly curved. On the reflectingiicrostrip patches having different angular rotations [10]. To
surface there are many printed elements with no power dlustrate the concept, a few elements of the reflectarray are
vision network. The feed antenna illuminates these elemerghpwn in Fig. 1.
which are designed to reradiate the incident field with phasedt is known that if a circularly polarized antenna element
that are required to form a planar phase front. The nanwerotated from its original position by rad, the phase of
“reflectarray” represents an old technology [1]. However, thtbe element will be either advanced or delayed (depending

, _ _ on the rotation direction) by the samg rad. Hence, the
Manuscript received October 30, 1996; revised December 29, 1997. Thi

S . . . . .
work was carried out by the Jet Propulsion Laboratory, California InstituP@Chn'qu_e of rotating circularly po"?‘”ZEd elements to "?‘Ch|eve
of Technology, under Contract with the National Aeronautics and Spatle required phases for a conventional array to scan its beam

Administration. _ _ _ has been previously demonstrated [11]. This technique was
The authors are with the Jet Propulsion Laboratory, California Institute ofI d d f . h fl 12 h

Technology, Pasadena, CA 91109 USA. also emonstrate or a spiraphase re e<_:ta_rray [ _] where
Publisher Item Identifier S 0018-926X(98)03372-9. discrete and large spiral elements with limited switchable
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positions were used to scan the beam. Here, small- and low-

profile printed microstrip elements are used in a reflectarray

with continuously variable angular rotations to achieve far-

field phase coherence. When a miniature or micromachinggfermianon
motor is placed under each microstrip element, this microstrip
reflectarray can be controlled to scan its main beam to different

and wide angular directions.

Two Ka-band half-meter-diameter circularly polarized mi-  maiN BEAM
crostrip reflectarrays have been developed. One has identical P'RECTION
square patches with variable length phase-delay lines. The
other uses identical patch elements with variable element ro- FEEN
tation angles. Although both antennas demonstrated excellent LOCATION
efficiencies, adequate bandwidths, and low average sidelobe
and cross-pol levels; the one with variable rotation angl&®. 2. Coordinate system for reflectarray pattern analysis.
achieved superior overall performance. It is believed that

these are electrically the largest microstrip reflectarrays (6924 later, the actual sidelobe and cross-pol radiations are

elements with 42 dB of gain) ever developed. It is also the fir§&0ng|y affected by the rotation of the elements due to the
time that circular polarization has been actually demonstratggl‘.meringS of the element structures.

using microstrip patch elements. Recently, Xand 0.75- £y conventional array theory, when a two-dimensional
m-diameter microstrip reflectarray [13] using variable Iengt'51|anar array withM x N patch elements is nonuniformly
phase-delay lines was developed. It demonstrated relativilyminated by a low-gain feed at;, as shown in Fig. 2, the

high efficiency of 70% with peak gain of 35 dB. Although it agiated field from the patches in an arbitrary direction
has dual-linear and dual-circular polarization capabilities, onlyi| pe of the form

linear polarization was demonstrated. A 27-GHz microstrip

reflectarray using variable size patches was recently reported M N _ _

[14]. It has a diameter of 0.23 m and achieved a gain of(u) = Z ZF(rmn 1 )A(T - thoJA(t - t)

31 dB with an efficiency of 31%. Although dual-linear and m=1n=i _ _ _

dual-circular polarizations can also be achieved by this form cexp{—jkol| T mn — 7| F Ton U+ jamn} (1)

of reflectarray, only a linear polarization result was reported.

One of the reasons that this 27-GHz reflectarray resulted\ifiere F' is the feed pattern function} is the pattern function

a relatively low efficiency is because its efficiency is moref the patch element; ,,,, is the position vector of thexnth
susceptible to the fabrication tolerance of the patch dimensigeatch, %, is the desired main beam pointing direction, and
at the high-millimeter-wave frequency since the desired phase. is the required phase delay of tmenth element. The
delays are achieved by varying these patch dimensions. Tadition for the aperture distribution to be cophasal in the
second reason for its lower efficiency is due to the extra lossdgsired directionu is

that occurred in the particular dielectric material used and a . L

nonoptimized feed horn. O = ko[| T mn — 7|+ T mn U] =207, n=0,1,2,---.

(2)

FLAT PLATE

CENTER OF
COORDINATE

Il. ANALYSIS For a circular aperture (as shown in Fig. 2), which is more

The analysis carried out here uses conventional array the@ggirable for better aperture efficiency (less spillover loss)
without considering mutual coupling and full-wave scatteringlan a rectangular aperture, the summation signs in (1) can
effects. It would not be economical (computation wise) tBe truncated (no calculation) for patches located outside the
employ a full-wave technique for thousands of patch elemeng#cular aperture. Equation (2) gives the phase delays of all the
Although all the patches are identical with identical phas&lements for a reflectarray to achieve a far-field cophasal beam.
delay lines, their angular rotations are different. These differehiie following analysis presents the amount of angular rotation
rotations do not have repeated pattern in any orthogomiieded by a circularly polarized (CP) element to achieve the
directions of a rectangular coordinate system; thus, the infinRbase delay required by (2).
array theory cannot be effectively applied here. Fortunately, Consider the case as shown in Fig. 3(a) where the two
mutual coupling effects have proven to be negligible in #ansmission phase-delay lines connected to the square patch
microstrip array where substrate thickness, dielectric consta@¢ of unequal lengthd, and I, but where the lengths
and beam-scan angle are not excessively large. Conseque#tl§, uniform across the reflectarray aperture. For now, let's
the analysis here is performed only to demonstrate that te@nsider that the two lines are short-circuit terminated and
far-field phases can be made cophasal with variably rotat€dl the reflectarray be illuminated by a left CP and normally
reflectarray elements and to determine the required phasesifiéident plane wave propagating in the negativelirection.
all the elements to achieve a far-field beam. No attempt T§is incident wave may be expressed as
made here to accurately calculate the far-field radiation pattern, _
especially the sidelobe and cross-pol radiations. As will be EM = (4, + ju, Jae= F eIt (3)
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Note that this reflected wave has both left and right circularly
polarized components and that the right circularly polarized
component is independent of the rotation angle of the elements.
If we now select transmission line lengths differing by a
X quarter wavelength (for examplé/,: = x/2 and ki,» = 0)
\\\v then the right circularly polarized component of the reflected

- x S I wave is eliminated and the remaining left circularly polarized

Ix component becomes

<
b 4
—— <

P SN
S
g
-

E™ = (u, — juy)ael ¥ emiwtediv, (10)

@) (b) Thus, the reflected wave has been delayed in phase (path
Fig. 3. Circularly polarized reflectarray patch element. (a) Reference eI_emﬁghgthened) by 2 rad due to element rotation by angle By
with 0° phase shift. (b)> degree rotated element withh2egree phase shift. carrying out the same derivation, one will note that a right CP
incident wave would be phase advanced upon reflection. If the
The reflected wave may be written in the form transmission lines had been terminated in open circuits instead
Ereﬂ _ (_axezjklz —ja, ezjk,y)ae,»kze_jm ) Ef short circui_ts, _the reflected wave would be opposite_in sign,
ut not opposite in sense, from that of (10). To summarize, (10)
where the minus signs arise from the reflection coefficientaplies that the needed phase delay ¢frad from a CP patch
of —1 at the short-circuit terminationsa™ is the amplitude element shown in Fig. 3 would require a counter-clockwise
and attenuation is assumed to be zero in the patch and #émgular rotation ot/ rad by the element.
lines. Note that whe#, = [, the incident left CP plane wave
is converted upon reflection into a right CP plane wave in IIl. ANTENNA DESIGN AND DEVELOPMENT
the usual manner by virtue of the reversal of the direction of

: . Two Ka-band, circularly polarized microstrip reflectarrays
propagation. Now, let one delay line be longer than the other . .
by 90, for example,kl, = ki, + 7/2. Then the reflected have been designed, fabricated, and tested at JPL. Each one

wave will be has a diameter of a half meter and 6924 square-patch elements.
_ One designed with the conventional approach has identical
Bt = ey (g, — ju, Jael 2 em it (5) patches, but with variable length phase-delay lines. The other
one, shown in a photograph in Fig. 4(a) with a close-up view
in Fig. 4(b), also uses identical patches but with variable patch
E)tation angles. Both antennas have patch elements etched on

which is a left CP wave just as was the incident wave.
Now let the element be rotated by angle [shown in

Fig. 3(b)] so as to align with the axes of a new coordina uroid substrates with 0.254-mm thickness and 2.2 relative

/ ! H H
system(z’, y .)' Th? excitation of each of the “’V.O OrthOgon.adielectric constant. With this substrate thickness and dielectric
component fields in each patch can be determined by proje&t)'nstant the predicted patch bandwidth is about 4%. Both
ing thew,. andw, field components onto the,: andu,. axes ' P P )

at = — 0. That is antenna_s were designed fqr broadside radiatio_n with the same
o f/D ratio of 0.75. /" being 37.2 cm long is the focal

Ei““|Z:0 = [(ty cos tp — . sinap) + (s sinp length and is the distance between the phase center of the
+ @ty cos )] ae ™It feed hor_n and the radlatlng plane of the patch _elemetﬂé. “

T R NS T is the diameter of the radiating aperture and is equal to 50

= (e’ + jity e’ )ae ‘ (6) cm. Each patch element has a square dimension of 2.946

The reflected wave now becomes mm and was designed and tested to resonate at 32.0 GHz.

- : : o o The element spacing is 0.58 free-space wavelength which

BTN = (i e M iy €M Jael el eI Y (7) g determinedpto asoid grating Iobez. This elemer?t spacing

where, again, the minus sign arises from the reflections W@s also determined to allow appropriate real estate for the

the transmission line short-circuit terminations. Finally, rerotation of the elements so that no two neighboring elements

expressing the reflected field in terms of the origimahnd Will physically interfere each other. The widths of all the

y components yields microstrip phase-delay lines are identical and are 0.075 mm,
- ' which was designed to result in an impedance of IkO
E™M = —[(t, cos ¢ + w, sin yp)e™ e The input impedance of the square patch was measured to
+ j (=, sin ¢ + 1, cos ¥)e? Flv'] be 230%. Although it is not critical, the line impedance
el b emiwt gt i 2hly 8) should be as close to the input impedance of the patch as

possible so that mismatch and multiple reflections within the
which, via some algebraic manipulation, can be written in thie are minimized. If the lines were significantly mismatched
form to the patch (such as approaching an open circuit) then the
Frefl — _ (2 — &2 My )(q, — fit, )e™ patch_ would not be circularly polarizec_zl ar?d the rotational
ikl i bl s v iy okl technigue would not work. To have a line impedance equal
+ (e 4 eV ) (U 4 Juy)]ae’ eI 14 2300 would yield an extremely thin line width at théa-
(9) band frequency, which would present serious reliability and

1
2
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Fig. 4. (a) Photograph of the half-meti€n-band microstrip reflectarry with elements having variable rotation angles. (b) Close-up view of the reflectarray
with variably rotated but identical patch elements.

fabrication issues. Too thin a line could be easily scratchefficient and accurate computer aided design tool and, thus,
or delaminated. In addition, due to etching tolerance, it woutglantization is not necessary here. However, in the event
be more difficult to maintain uniformity of line width acrossthat phase quantization is needed in certain cases, three-
the large aperture if the lines were too thin. Consequently bé resolution would be adequate. Because of the very large
compromising 15 line was selected. The etching toleranceumber of elements involved here, the averaging effect implies
achieved across the entire aperture for both patch and phtsi the performance factors of the reflectarray such as sidelobe
delay line is+=0.008 mm. A great deal of effort was spent idevel will not be significantly impacted.
assuring the achievement of this tolerance.

To assure good antenna efficiency and avoid unduly high
sidelobes, the radiating aperture of the reflectarray should IV. MEASUREMENT RESULTS
maintain a flatness of at least 1/30th of a Wavelength, which iSFor the sake of Convenience, from here on the reﬂectarray

0.3 mm. In order to achieve this flatness across the half-mejgth patches having variable length phase-delay lines is named
aperture, the thin Duroid substrate is supported by a 1.9-cranit 1” and the one with patches having variable rotation
thick aluminum honeycomb panel. To each side of the paneldfgles is named “unit 2.” The radiation pattern of unit 1
bonded a 0.5-mm-thick graphite epoxy face sheet. The etchfglasured at 32.0 GHz is given in Fig. 5, which shows a peak
copper-clad Duroid substrate is then bonded onto one fagigelobe level of-22 dB and all other sidelobes except the
sheet. The feed horn, which is a circularly polarized corrugatéigst two are well below—30-dB level. This indicates that
conical horn, is precision fastened above the honeycomb patt®) undesirable backscattered fields (from patches, phase-delay
by four 1-cm-diameter aluminum rods. This feed horn wdmes, ground-plane edges, etc.) are insignificant compared to
designed to illuminate the reflectarray aperture with@®dB the desirable reradiated field. This, in turn, indicates that the
edge taper. The-3- and—9-dB beamwidths of the feed hornpatches are well matched in impedance to the phase-delay
are 41 and 69 respectively. The purpose of the feed horn’ines and the fabrication accuracy is well controlled. The two
corrugation is to reduce sidelobes for lower spillover loss atigh sidelobes adjacent to the main beam are believed to
to minimize cross-pol levels for better polarization efficiencyhe caused by the feed structure blockage. All the cross-pol
This well designed feed horn is one of the primary reasonsdiations in Fig. 5, except within the main-beam region, are
that the reflectarray achieved good overall antenna efficiengyell below —40-dB level. The relatively high cross-pol of
The different phases needed for the different elements ar@2 dB in the main-beam region is caused by the cophasal
not quantized in this design. The design is done by vebgehavior of the cross-pol components of the patches and the
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Fig. 5. Measured radiation pattern of unit 1 reflectarray with patches havikgg. 6. Measured radiation pattern of unit 2 reflectarray with patches having
variable length phase-delay lines; frequerey32.0 GHz. variable rotation angles; frequeney 32.0 GHz.

cross-pol of the feed horn. In other words, the cross-pol fields, 80T T 7 T
similar to the co-pol fields, are all cophasally directed to the L
same direction by the same set of phase-delay lines. This |
phenomenon can be verified by the results of unit 2 whose
measured pattern is presented in Fig. 6. This unit 2 also shogs 45 B
a peak sidelobe of-22 dB, which is expected due to thet,
same feed-structure blockage. All the other sidelobes except
the first few are well below—40 dB and are significantly ¢
lower than those of unit 1. The cross-pol radiation of unit 25
except one cross-pol lobe at28 dB, are all below-30 dB.
It seems that the single high cross-pol lobe in the main beam
of unit 1 has now disappeared in unit 2 and is distribute® 35 i
over a wide angular region at lower levels outside the main-
beam region. One major reason that unit 2 achieves lower -
sidelobe and cross-pol levels than those of unit 1 is the diffuse,
instead of the cophasal, scattering by the near randomly rotatedse [, , o 1+ | 1 4 | |
patches. Although the rotations of all patches have electrically  31.0 31.5 32.0 32.5 33.0
a unique pattern for the co-pol field, they appear physically to FREQUENCY (GHz)
be randomly rotated to the structurally scattered fields aF—'E_I;. 7. Measured bandwidth characteristics of unit 1 reflectarray with
the cross-pol field. The sidelobes of Fig. 5 are formed Ipatches having variable length phase-delay lines. The curve with small
several contributors: feed blockage, illumination taper, edg@ngular markers represents the gain plot and the one with small circles
diffraction, and scattering from the patches and delay lindgPresents the efficiency plot.
Since the scattering components from the patches and delay
lines are randomized in terms of polarization and phase by
the elements’ rotations, the far-out sidelobes of Fig. 5 a@sO become resonant at a particular frequency since they
suppressed as shown in Fig. 6. The few near-in sidelobes @€ length dimensions close to those of the patches. This
primarily generated from the feed blockage and, thus, are ntllustrated in a close-up view of the reflectarray elements in
affected by the rotations of the elements. Fig. 8. The resonances of these lines add “in-and-out” of phase
At 32.0 GHz, the measured3-dB beamwidth of unit 1 is With the resonance of the patches over the above frequency
1.18 and the measured gain is 41.75 dB, which correspondg@nge and may thus cause the oscillatory behavior. One way
an overall antenna efficiency of 53%. For this unit, the patter® avoid this oscillatory behavior is to place the phase-delay
and antenna gains were measured over the frequency raﬁw behind the ground plane in an additional substrate layer.
between 31.0 and 33.0 GHz. Across this frequency randggrtainly, by using patches with variable sizes without any
all the patterns (except toward the high end where significagielay lines [6], the oscillatory behavior can also be avoided.
pattern degradation starts to occur) exhibit features similar Amother way, to be detailed later, is to use the rotational
those shown in Fig. 5. At 31.5 GHz, unit 1 achieved its highettchnique adopted in unit 2. Fig. 7 exhibitsdal dB gain
gain of 42.75 dB, which translates to an efficiency of 69%. THaround a nominal gain of 41.75 dB) bandwidth of 1.0 GHz,
measured antenna gain and efficiency versus frequency cunich is about 3% and a3-dB gain (from the peak gain of
for unit 1 are presented in Fig. 7 where an oscillatory respond2.75 dB) bandwidth of 1.8 GHz, which is about 5.6%.
is observed for each curve. It is believed that in addition to Unit 2 has a—3-dB beamwidth of 1.2 at the designed
the resonance of the patches, some of the phase-delay lioester frequency of 32.0 GHz where the measured gain is 41.7

T T T T 1100
1
1
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EASUR
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Fig. 9. Measured bandwidth characteristics of unit 2 reflectarray with
patches having variable rotation angles. The curve with small triangular
markers represents the gain plot and the one with small circles represents
the efficiency plot.

Fig. 8. Close-up view of unit 1 reflectarray showing some elements with
phase-delay lines having similar linear dimensions as the patch.

the —40-dB level and most of its cross-pol radiation is

below the—30-dB level. A peak efficiency of 60% has been
dB for an efficiency of 52%. This unit, similar to unit 1, seem@chieved. By utilizing the rotatioqal technique pre'sented he're,
to operate better at slightly lower than the design frequencN0Vel beam-scanning method is proposed. By incorporating
Over the frequency range of 31.0-33.0 GHz, unit 2 showsdgminiature or mlgromachlngd motor underneath each element
peak gain of 42.2 dB at 31.7 GHz. This gain corresponds to &1d: thereby, actively rotating all the elements, a circularly
antenna efficiency of 60%, which, as a large array of seveRfflarized microstrip reflectarray can have its main beam
thousand elements at théa-band frequency, is considered>¢@nned to wide angles. With this scanning method, very
quite good. The bandwidth behavior of this unit is presented iflé insertion loss will be added to the system such as that
Fig. 9 where a-1-dB gain bandwidth of 1.1 GHz (3.5%) and®f the phase shifter Ioss' in a conventional phased array.
a—3-dB gain bandwidth of 1.7 GHz (5.4%) are demonstrateffonseduently, the expensive T/R modules and lossy diodes
Except for the oscillatory behavior of unit 1, the bandwidth@at are generally needed in a conventional phased array
of both units are very similar and are quite adequate for mG¥Stém may not be needed here at the element level and
telecommunication applications Ke-band. Wider bandwidth & Single transmitreceive amplifier such as a traveling-wave
[10] can be achieved by redesigning the patch elements, us?H?e_ (TWT) can be placed at the feed-horn location. Thus, a
larger f/D ratio or employing time-delay instead of phase™® atively lower cost a}nd more efficient beam-scanning array
delay lines. One major difference between the curves of Figs@?teénna may be realized.
and 9 is that the oscillatory behavior of the curves for unit
1 has diminished in the curves for unit 2. This is because

not on]y do all the patches of unit 2 have identical phase The authors would like to thank G. Boreham, J. Cardone,
delay lines but also they appear to be randomly rotated. As a

result, it is not likely that the phase-delay lines of unit 2 coul Nd G. Hickey for their excellent fabrication and assembly

. . . skills and R. Beckon and W. Pickett for their dedicated
resonate with the patches in-and-out of phase many times

. . measurement efforts.
across a frequency band. To summarize, the unit 2 antenna

has achieved overall better performance than that of unit 1.
By using rotational elements, the unit 2 microstrip reflectarray
has demonstrated lower sidelobes, lower cross-pol radiatiofy; p. . Berry, R. G. Malech, and W. A. Kennedy, “The reflectarray

and better bandwidth behavior. antenna,”IEEE Trans. Antennas Propagaipl. AP-11, pp. 645-651,
Nov. 1963.
[2] R. E. Munson and H. Haddad, “Microstrip reflectarray for satellite
communication and RCS enhancement and reduction,” U.S. Patent
V. CONCLUSION 4684952, Washington, DC, Aug. 1987.

A Ka-band high-gain circularly polarized microstrip reflec- [3] J. Huang, “Microstrip reflectarray antenna for the SCANSCAT radar

. ... application,” Jet Propulsion Lab., Pasadena, CA, no. 90-45, Nov. 1990.
tarray antenna has demonstrated superior performance wi . “Microstrip reflectarray,” inlEEE AP-S Symp.London, ON.

variably rotated elements. Its sidelobes are mostly below canada, June 1991, pp. 612-615.
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