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Abstract—A phased-array test platform for studying the
self-adapting capabilities of conformal antennas is developed

and presented. Specifically, a four-port 2.45-GHz receiver with

voltage controlled phase shifters and attenuators is designed

along with four individual printed microstrip patch antennas

attached to a conformal surface. Each antenna is connected to

the corresponding receiver port with a flexible SMA cable. It is

shown that with appropriate phase compensation, the distorted

radiation pattern of the array can be recovered as the surface

of the conformal array changes shape. This pattern recovery

information is then used to develop a new self-adapting flexible 1

4 microstrip antenna array with an embedded flexible sensor

system. In particular, a flexible resistive sensor is used to measure

the deformation of the substrate of a conformal antenna array,

while a sensor circuit is used to measure the changing resistance.

The circuit then uses this information to control the individual

voltage of the phase shifters of each radiating element in the

array. It is shown that with appropriate phase compensation, the

radiation properties of the array can be autonomously recovered

as the surface of the flexible array changes shape during normal

operation. Throughout this work, measurements are shown to

agree with analytical solutions and simulations.

Index Terms—Adaptive antennas, conformal antennas, mi-
crostrip arrays, phased arrays and planar arrays.

I. INTRODUCTION

F OR many years, conformal antennas have been used ex-

tensively for wireless applications that require an antenna

to operate on a surface that is not flat [1]–[8] (i.e., a singly or
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doubly curved surface [4]). For much of this work (with the

exception of [1]), it was assumed that the conformal surface

was fixed (rigid) during normal operation of the antenna. This

assumption is useful; however, many applications could ben-

efit from a conformal antenna that can operate on surfaces that

change shape.

Wearable antennas [9]–[17] are good examples of conformal

antennas that are required to operate over a wide range of sur-

face deformations. Only recently have textile (or wearable) an-

tennas received considerable attention for light weight body

worn applications. Results from these studies have shown that

conductive textiles and unique manufacturing techniques can be

used to develop antennas embedded in clothing and composite

materials with 1) dual band characteristics [9], [10]; 2) ultra-

wideband operation [13] and 3) load bearing capabilities [16],

[17]. However, it has also been shown that conformal antennas

designed for a specific surface cannot be applied to different

conformal surfaces without significantly affecting the matching

and radiation properties [1], [2], [4], [7], [8]. In fact, it ap-

pears that the results reported in [1] are among the first attempts

to study conformal antennas on a surface that changes shape

during normal operation. This early work developed a three el-

ement array consisting of horn antennas connected to a flexible

steel strip. One end of the steel strip was fixed and the remaining

portion consisting of the horn antennas was subjected to small

spacial changes (i.e., minor surface deformations). The antenna

array presented in [1] was innovative and unique; however, the

mechanical and electrical limitations restricted the linear array

to surfaces with only slight changes. Many modern array appli-

cations require a much smaller conformal antenna design that

can autonomously adapt to conformal surfaces with many dif-

ferent shapes. In more recent work, field calibrations [18], [19],

control circuit encoding [20], orthogonally encoded monopulse

techniques [21], and beamforming [22]–[27] have been devel-

oped and presented to accurately calibrate and control the ampli-

tude and phase of each element across an array aperture to com-

pensate for errors caused by thermal variations (for example,

seasonal variations and space-based antennas), aging effects, el-

emental failures, and vibrations. The work presented in [22] and

[26] describe computational models to predict the radiation pat-

tern distortion of a conformal phased-array antenna located on a

deformed structure. These models are based on physical optics,

incremental theory of diffraction and numerical computations

of compensated array factors and take into account imperfec-

tions of antenna elements and vibrations. Furthermore, the work

reported in [24], [25], and [27] describes passive structures,

phase-sensing circuitry, and digital signal processing techniques

0018-926X/$31.00 © 2012 IEEE
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to control the amplitude and phase of the voltage driving the ele-

ment of the conformal antenna to counteract the effects of defor-

mation and vibrations on array antennas by means of adaptive

or synthetic beamforming. The research presented in [22] and

[24]–[27] provided a considerable amount of ground breaking

information on how the radiation pattern of a conformal array

can be distorted for various surfaces as well as circuitry for dif-

ferent compensation techniques; on the other hand, some of the

compensation circuitry requires extensive DSP computations

and RF circuitry beyond phase- and amplitude-tapering devices.

To preserve the characteristics of the antenna during opera-

tion, real-time information on the antenna topology is essential.

In particular, for antenna arrays attached to a conformal sur-

face, accurate knowledge of the surface curvature is critical,

especially if the surface changes shape (i.e., curvature) with

time. The objective of this work is to implement a low-cost

yet accurate technique for the autonomous self-correction (i.e.,

without any human intervention) of an antenna array due to sub-

strate flexing or structural strain. Furthermore, this new tech-

nique is not dependent on RF components, is achievedwithmin-

imal system complexity, and can be embedded directly into the

design of an antenna array (i.e., has minimal volume require-

ments which are essential to spacecraft systems). This antenna

differs from the aforementioned work in the sense that locally

based sensors and simple analog circuitry are used to both detect

and correct the effects of antenna deformations. In particular,

this effort is focused on the development of an autonomously

self-adapting antenna for continuously varying surface defor-

mations with localized sensors embedded into the conformal

substrate. With these features, this antenna array can thus main-

tain its direction of maximum radiation toward the original di-

rection of its main beam in real-time (or toward another direc-

tion if required) when the surface that the conformal antenna is

attached to changes shape.

To understand and demonstrate the self-adapting capabilities

of a conformal antenna, the phased-array antenna test platform

shown in Fig. 1 was initially developed. It consists of a four-port

receiver and four individual microstrip patch antennas attached

to each port with a flexible SMA cable. Using LabVIEW [29],

the voltage controlled attenuators and phase shifters can be indi-

vidually controlled on each port. This antenna system was then

used to investigate the practical limitations of implementing an-

alytical expressions for correcting the radiation pattern of a con-

formal array. From this information and understanding, a new

self-adapting flexible microstrip patch antenna array was devel-

oped and is presented here. A schematic of the array is shown

in Fig. 2. In particular, a 1 4 array with an embedded sensor

network is developed on a flexible grounded substrate for con-

formal applications. The embedded sensor system consists of a

flexible resistive sensor for measuring antenna surface deforma-

tion and a sensor circuit used to control individual phase shifters

in the array. By controlling the individual phase shifters in the

array in a particular manner, the radiation pattern can be au-

tonomously recovered as the surface of the conformal antenna

changes shape. For this work, the SELF-adapting FLEXible an-

tenna array will be denoted as the SELFLEX array.

This paper is organized in the followingmanner. In Section II,

background on radiation pattern correction (or compensation) is

Fig. 1. Schematic of the antenna test platform.

Fig. 2. Schematic of the 1 4 Self-adapting flexible (SELFLEX) array with
embedded sensor circuitry.

presented using analytical expressions. Section III presents fur-

ther work on the development of the microstrip array with the

four-port receiver consisting of the voltage controlled attenua-

tors and phase shifters and the analytical results are compared

to measurements of the antenna test platform on conformal sur-

faces with different shapes. Section IV describes the develop-

ment and measurements of the 1 4 SELFLEX array. Finally,

discussion on the development of both arrays and a conclusion

will be presented in Sections V and VI, respectively.

II. ANTENNA ARRAYS ON SINGLY CURVED SURFACES

The projection method presented in [28] will be adopted for

this work and will be used to describe the behavior of the con-

formal antenna array being developed. For discussion, consider

the problem where the conformal array in Fig. 3 is bent from the

flat position (original reference plane) and placed on the singly

curved surface shaped as a wedge with an angle . The po-

sition of each element on the wedge is represented as a solid

black dot with the outline of the surface illustrated as a black

line. For this case, if each antenna element is excited with volt-

ages that have the same phase, the E-field radiated from each

element will have the same phase. However, when the fields

from the elements arrive at the new reference plane,1 the

phase will be different than the fields radiated from elements

. This phase difference is due to the free-space propagation

in the -direction. Because these phases are not the same, the

radiation may not necessarily be broadside to the array (i.e., in

the -direction with ).

1The new reference plane in Fig. 3 was defined only for discussion purposes.
The same concepts and understanding could be applied to understand the radi-
ation with the original reference plane. However, the new reference plane will
be used for the remainder of this work.
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Fig. 3. Phase compensation of a linear array on a single curved surface shaped
as a wedge.

Fig. 4. Phase compensation of a linear array on a single curved surface shaped
as a cylinder.

Fig. 5. Picture of the four-port receiver.

When the conformal array in Fig. 3 is attached to the singly

curved surface, an - and -translation from the original flat

position is associated with each antenna element. The amount

of free-space phase introduced by the propagation of the wave

from elements to the new reference plane can be computed

by [4]

(1)

where is the free-space wave number and is the loca-

tion of the element in the linear array. As mentioned before,

for this work, it is assumed that the scan angle is .

This then simplifies (1) to

(2)

Then, using the definition of in Fig. 3, the required phase

compensation can be computed as

(3)

where is the bend angle of the array, the

superscript is used to denote a wedge-shaped surface, and

is the element spacing in wavelengths. The expression in (3)

is the phase difference between the adjacent antenna elements

required to correct the radiation pattern of the array and this

expression is derived specifically for a wedge-shaped surface

with a bend angle . An expression can also be derived for the

curved surface in the shape of the cylinder shown in Fig. 4. By

denoting the position of the element in the array as ,

the amount of required phase compensation can be computed as

(4)

where is the radius of the cylinder. Again, the expression in

(4) assumes a scan angle of .

III. FOUR-ELEMENT CONFORMAL ANTENNA ARRAY

TEST PLATFORM DESIGN

The development of a 2.45-GHz conformal antenna array test

platform to practically implement the phase compensation ex-

pressions (3) and (4) is presented next. In particular, the an-

tenna test platform, shown schematically in Fig. 1, consists of

a four-port receiver, four printed microstrip antennas, and four

identical coaxial cables with SMA connectors to connect the an-

tennas to the receiver. By printing individual antennas, this test

platform can be used to test many different conformal antenna

configurations. A picture of the manufactured four-port receiver

board is shown in Fig. 5. The receiver was manufactured on

a 60-mm-thick Rogers RT/duroid 6002 substrate ( ,

) [30].

A. Four-Port Receiver Design

The receiver in Fig. 1 consists of four input ports and a

single output port. Each port has an LNA (denoted by gain

), a voltage controlled attenuator (denoted as dB), and a

voltage controlled phase shifter (denoted as ) that feeds the

power combiner. The LNAs (part number: PMA-545+), the

voltage controlled attenuators (part number: RVA-3000+), and

power combiner (part number: WP4R+) are manufactured by

Mini-circuits [31], and the voltage controlled phase shifters

(part number: HMC928LP5E) are manufactured by Hittite Mi-

crowave Corporation [32]. The voltage controlled attenuators

and phase shifters are used to control the amplitude and phase,

respectively, of the incoming signal on each individual port.

In particular, the attenuators were set to the lowest attenuation

value to provide the LNAs with incoming signals that have

similar amplitudes. Then, the voltage controlled phase shifters

were used to introduce the phase compensation computed using

(3) and (4).

B. Digital-to-Analog Board Design

The voltage controlled attenuators and phase shifters in the

four-port receiver were controlled individually with a Texas In-

struments (TI) DAC7718S Low-power 12-bit Octal digital-to-

analog converter (DAC) [33]. LabVIEWwas used to communi-

cate serially with the TI DAC to control the eight analog output

voltages (channels) from 0 to 15 V.
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Fig. 6. a) Picture of the 1 4 antenna test platform attached to a nonconducting
flat surface; b) picture of the 1 4 antenna test platform attached to a noncon-
ducting wedge, and c) picture of the 1 4 antenna test platform attached to a
nonconducting cylinder.

Fig. 7. Measured of the 1 4 antenna test platform.

C. S-Parameter Measurements and Scanning Properties

To evaluate the performance of the antenna test platform, the

antennas were initially attached to a flat surface and the S-pa-

rameters and scanning characteristics were measured. A picture

of the test setup in the anechoic chamber is shown in Fig. 6(a).

The antennas were designed in Momentum [34] and were man-

ufactured on a 60-mm-thick Rogers RT/duroid 6002 substrate.

The measured S-parameters at the port connected to the power

combiner of the test platform are shown in Fig. 7, and a good

10-dB impedance match is observed at 2.45 GHz. Next, with an

element spacing of , the scanning capabilities of the array

were measured and are shown in Fig. 8 for 30 , 0 and

30 . Also shown in Fig. 8 are the analytically computed array

patterns for a uniformly excited, equally spaced linear array

(UE,ESLA) [35]. Good comparison is observed between the

predicted and measured radiation patterns. These results show a

good match and that the phase shifters in the four-port receiver

are all operating correctly.

Fig. 8. Measured and analytical scanned patterns in the – plane for the 1
4 antenna test platform on a flat surface 0 .

D. Phase Compensation and Pattern Correction Results

To implement the phase compensation expressions in (3) and

(4), the antenna test platform was attached to the nonconducting

wedge-shaped conformal surface shown in Fig. 6(b) and the

nonconducting cylinder shown in Fig. 6(c). Then, the phase

compensation values were computed analytically and the volt-

ages on the phase shifters were adjusted manually using Lab-

VIEW to introduce the computed phase shift compensation.

1) Analytical Computations and the Shifted Gain Values: To

analytically compute the corrected (compensated) radiation pat-

tern and validate the measurements of the antenna test platform

on the conformal surfaces, the following compensated array

factor AF was used:

AF AF (5)

where is the phase compensation term for the free-space

phase delay computed using (3) and (4) and the array factor (AF)

expression for antennas on conformal surfaces is [4]

AF (6)

Equation (6) assumes a spherical coordinate system where

, , ,

, is the elevation steering angle, is

the azimuth steering angle, and is the complex weighting

function. For this work, an element factor of

was defined and each complex weighting function was defined

as , where was the voltage angle used to scan

the array, and the attenuator was used to control the amplitude

of each element.

A metric for determining what constitutes the pattern re-

covery of an antenna array is defined next. First, the reference

gain is defined in a certain direction for the antenna

attached to a particularly defined surface. Next, the compen-

sated gain in the same direction after the surface has been

deformed and phase compensation is implemented is defined
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Fig. 9. Measured and analytical patterns at 2.45 GHz in the – plane for the
1 4 antenna test platform on a wedge with 30 .

as . Then, the gain shift in a particular direction due to

phase compensation is defined as

(7)

This computed gain shift value can then be compared to mea-

surements to determine if the antenna pattern is recovered or

corrected. As mentioned before, the gain broadside to the an-

tenna will be measured, and the reference surface used to eval-

uate is assumed to be flat 0 .

2) Phase Compensation Results: First, the antenna test plat-

form was attached to the wedge-shaped conformal surface in

Fig. 6(b) with bend angles 30 and 45 . Element spacing

was , and the operating frequency was set to 2.45 GHz. The

radiation pattern was then measured in the – plane for both

the compensated and uncompensated cases and the results are

shown in Figs. 9 and 10 for 30 and 45 , respectively. The

uncorrected results represent the case when the phase shifters

are all set to the same value (i.e., same voltage) to give 0

and the corrected results are for the case in which the phase is ad-

vanced on elements . The computed phase advance values

were found using (3). By defining the new reference plane in

Fig. 3 to include elements , the voltage on the phase shifters

feeding these elements could be fixed. This then provided a ref-

erence phase and then only the voltage on the phase shifters

feeding elements had to be adjusted for phase advance-

ment. The antenna factor terms in (5) and (6) were used next

to compute the pattern of the array on both wedge-shaped con-

formal surfaces. In particular, the uncorrected antenna patterns

were computed using (6), and these results are shown in Figs. 9

and 10, and the corrected antenna patterns were computed using

(5), and these results are also shown in Figs. 9 and 10. In all

cases, fair agreement between the measurements and the ana-

lytical computations can be observed.

The antenna test platform was then attached to the noncon-

ducting cylinder shown in Fig. 6(c). The radius of the cylinder

was 10 cm, the element spacing was at 2.45 GHz and the

required phase compensation was computed using (4). Themea-

sured corrected and uncorrected radiation patterns are shown to

Fig. 10. Measured and analytical patterns at 2.45 GHz in the – plane for the
1 4 antenna test platform on a wedge with 45 .

Fig. 11. Measured and analytical patterns at 2.45 GHz in the – plane for the
1 4 antenna test platform on a cylinder with a radius of curvature of 10 cm.

agree with the analytical results computed using (5) and (6) in

Fig. 11.

To determine the phase-compensation performance of the an-

tenna, the measured gain shift values were compared to ana-

lytical computations. The analytical gain shift values were first

computed by projecting the antenna elements in Fig. 3 for

30 and 45 onto the -axis with the same phase. This then re-

sulted in a new projected linear array with a spacing of .

Then, using the analytical gain expressions for a linear array re-

ported in [3], the new gain of the project array could be com-

puted for various values of . Using the flat antenna array with

an interelement spacing of , the reference gain was

computed and then subtracted from the gain of the projected ar-

rays for 30 and 45 . The results from these computations

are shown in the second column of Table I. Next, the calibrated

gain of the array wasmeasured in the flat position and subtracted

from the calibrated gain of the compensated array for 30

and 45 . These values are shown in the third column of Table I

and agree with the analytical computations, indicating that the

array is operating correctly. A negative value for the gain shift
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TABLE I
GAIN SHIFT VALUES FOR THE ANTENNA TEST PLATFORM

Fig. 12. Picture of the manufactured 1 4 SELFLEX array prototype (
2.0 mm, 35.6 mm, 19.8 mm, 11.0 mm, 1.3 mm,
33.4 mm, and 43.6 mm).

was observed for each test case. This is because when the array

is projected onto the -axis for 30 and 45 , the spacing

between the elements is less than (which was the interele-

ment spacing for the flat case), which results in an array with

less gain [36]. The projected spacing values are also reported in

Table I for 30 and 45 . Finally, the analytical gain shift

is shown in Table I for the antenna on the cylindrical surface

in Fig. 6(c). This analytical value was computed using the gain

expressions presented in [3] for a nonuniformly spaced array.

The gain shift value on the cylinder is in between the values

of 30 and 45 , which seems reasonable because 1) the

overall length of the projected array is 1.29 , which is approxi-

mately the length of the array projected from the wedge-shaped

surface with and 2) when the elements of the array

on the cylinder are projected onto the -axis, the interelement

spacing is not uniform.

The results in Figs. 9–11 and Table I show that with appro-

priate phase compensation, an adaptive array can be developed

that has a similar radiation pattern when placed on different con-

formal surfaces. In the following section, the techniques devel-

oped from this test platform will be adopted to synthesize a 1

4 SELFLEX array.

IV. FOUR-ELEMENT SELFLEX ARRAY DESIGN

The SELFLEX antenna is a new type of self-adapting

conformal antenna array. The principles of conformal array

compensation presented in the previous section, flexible re-

sistive sensors and analog circuitry are combined to develop

the 1 4 SELFLEX prototype antenna shown in Fig. 12. The

SELFLEX array operates in the following manner. A flexible

resistive sensor is attached to the ground plane of the SELFLEX

array. This sensor changes resistance as the SELFLEX antenna

changes shape (curvature). The analog sensor circuitry then

measures this change in resistance and uses this information to

control the phase shifters in the array. By controlling the phase

shifters in the appropriate manner, the SELFLEX antenna

autonomously compensates the radiation pattern for various

surface deformations. The elements in the array are designed

to operate at 2.47 GHz on a thin and flexible 20-mm Rogers

RT/duroid 6002 substrate and have a spacing of .

A. The Resistive Sensing Circuit

The analog sensor circuit is shown in the bottom right-hand

corner of the SELFLEX prototype in Fig. 12, and the schematic

of the circuit is shown in Fig. 13(a). The OpAmp is an AMP04

precision single-supply instrumentation amplifier manufactured

by Analog Devices [37], and the flexible resistive sensor is man-

ufactured by Spectra Symbol [38]. For the first test case, the

SELFLEX prototype is attached to the wedge-shaped conformal

surface used in the previous section for the antenna array test

platform. The required phase compensation can be computed

analytically using (3) (which is plotted in Fig. 14 for various

values of ).

The sensor circuit was designed to control the phase shifters

in a manner that introduces the required phase compensation

for various values of . To do this, a test fixture consisting of a

flexible resistor attached to a wedge-shaped conformal surface

was constructed. The sensor circuit was then connected to the

resistive sensor and the output control voltage of the cir-

cuit was connected to a prototype board consisting of a single

Hittite voltage controlled phase shifter. The test fixture was then

used to bend the resistive sensor at various angles of , and the

phase shift was measured at 2.47 GHz using a network analyzer.

The measured normalized phase shift values agree well with the

analytical computations as shown in Fig. 14. Finally, the same

Hititte phase shifters used in the antenna test platform in the

previous section are also used in the prototype SELFLEX array

design in Fig. 12.

B. S-Parameter and Pattern Measurement Results

For comparison and discussion purposes, a 1 4 microstrip

array without phase shifters was designed, manufactured, and

measured. The dimensions of the array were the same as the

SELFLEX array in Fig. 12 except the feed-network had mi-

crostrip transmission lines in place of the phase shifters. The

array was then placed on a flat surface (reference position) and

the values were measured to determine the resonant fre-

quency. The measured values are shown in Fig. 15 and a

resonant frequency of 2.47 GHz was observed. The of the

array without the phase shifters will be used to show that the

max gain enhancement of the SELFLEX antenna is occurring

in the 10 dB BW.

Next, for the radiation pattern measurements, the SELFLEX

array (with the phase shifters) was attached to a wedge-shaped

conformal surface in the anechoic chamber. A picture of the

test setup for 30 is shown in Fig. 16(a), and a picture

of the flexible resistor used to measure the surface deformation

is shown in Fig. 13(b). The values for 30 and 45 are

shown in Fig. 15. Measurements show that a good impedance

match at 2.47 GHz is achieved for both bend angles. These
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Fig. 13. a) Schematic of the sensor circuit used to measure the resistance and
control the phase shifters ( 15 V, 4.7 k , and
0.4 V) and b) a picture of the flexible resistive sensor used for measuring

surface deformation.

Fig. 14. Measured output of the phase shifter controlled by the sensor circuit,
where is the bend angle and is the phase compensation for the
antenna element in the array.

Fig. 15. Measured of the 1 4 SELFLEX array for various conformal
surfaces.

values were measured with the sensor circuit controlling

the phase shifters to compensate for surface curvature (i.e., the

antenna is autonomously correcting the radiation pattern). The

compensated and uncompensated radiation patterns were then

Fig. 16. a) Picture of the 1 4 SELFLEX array attached to a nonconducting
wedge and b) picture of the 1 4 SELFLEX array attached to a nonconducting
cylinder.

Fig. 17. Measured and analytical uncorrected patterns at 2.47 GHz in the –
plane for the array with the embedded sensor circuit on a wedge with 30 .

Fig. 18. Measured and analytical corrected patterns at 2.47 GHz in the –
plane for the array with the embedded sensor circuit on a wedge with 30 .

measured in the – plane for both bend angles. The results for

30 and 45 are shown in Figs. 17–20 at 2.47 GHz.

For validation, the measured results were compared to the an-

alytical computations using (5) and (6) and simulation results

from HFSS [39]. The results from these computations and sim-

ulations are also shown in Figs. 17–20. Good agreement can be

observed over the main lobe and fair agreement is shown with

the sidelobes.
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Fig. 19. Measured and analytical uncorrected patterns at 2.47 GHz in the –
plane for the array with the embedded sensor circuit on a wedge with 45 .

Fig. 20. Measured and analytical corrected patterns at 2.47 GHz in the –
plane for the array with the embedded sensor circuit on a wedge with 45 .

Fig. 21. Measured and analytical uncorrected patterns at 2.47 GHz in the –
plane for the array with the embedded sensor circuit on a cylinder with a radius
of curvature of 10 cm.

Fig. 22. Measured and analytical corrected patterns at 2.47 GHz in the –
plane for the array with the embedded sensor circuit on a cylinder with a radius
of curvature of 10 cm.

Fig. 23. Measured calibrated gain of the 1 4 SELFLEX array for various
conformal surfaces.

TABLE II
GAIN SHIFT VALUES FOR THE SELFLEX ARRAY

Next, the SELFLEX antenna was attached to the conformal

surface in the shape of a cylinder. Again, the radius of the

cylinder was 10 cm, and a picture of the antenna being mea-

sured in the anechoic chamber is shown in Fig. 16(b). The

measured values are shown in Fig. 15 illustrating that

the SELFLEX antenna has a good match at 2.47 GHz. The

analytical pattern results computed using (5) and (6) and the

simulated patterns in HFSS are also shown to agree well over

the main lobe with the measured patterns in Figs. 21 and 22 at

2.47 GHz.

The calibrated gain values were also measured for 30 ,

45 and the 10-cm disk. These results are shown in Fig. 23 for

the uncorrected and corrected cases. Even though multiresonant

points can be observed in Fig. 15, the results in Fig. 23 show

that the improvement in the max gain (due to phase correction)
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is occurring in the 10-dB BW of the antenna. It is believed that

this multiresonant nature is due to the voltage controlled phase

shifters not having circuitry to improve the matching. Further-

more, the measured, analytically computed, and simulated (in

HFSS) gain shift values are shown in Table II, indicating a re-

covered radiation pattern.

The uncorrected radiation patterns shown in Figs. 17, 19, and

21 are for comparison purposes. In all cases, the radiation pattern

is much broader for the uncorrected cases. These uncorrected

results are similar to the results reported in [2] and [4] on cir-

cular arrays. Broadening of the array pattern is expected because

the conformal antenna resembles the shape of a circular array.

Overall, the main beam pattern results for the SELFLEX proto-

type in Figs. 17–22 comparewellwith the pattern results from the

antenna test platform presented in Section III. Finally, it should

be mentioned that the patterns were also measured in the –

plane andwere similar to the fields from a 1 4microstrip array.

V. OVERALL DISCUSSION

This work leads to the following useful results.

1) The results in Figs. 9–11 and Table I show that with appro-

priate phase compensation, the radiation pattern of a con-

formal antenna can be recovered for various surface de-

formations. When compared to the gain of the array on a

flat surface, this pattern recovery came at the cost of only a

0.6- to 1.8-dB reduction in the overall gain of the array (i.e.,

the gain of the compensated array was only 0.6 to 1.8 dBi

lower than the gain of the array on a flat surface with the

phase shifters all set to the same value).

2) The measurements in Fig. 15 show that an autonomously

self-adapting array can be developed to have good

matching characteristics while being subjected to various

surface deformations.

3) The radiation pattern measurements shown in Figs. 18,

20, and 22 and Table II show that a sensor circuit can

be embedded into the design of a 1 4 phased-array an-

tenna to develop a new SELFLEX antenna that can auto-

matically recover the radiation pattern for various surface

deformations.

4) The measured calibrated gain of the SELFLEX array on a

flat surface was 5.9 dBi, the simulated gain (without the

phase shifters) in ADS was 8.7 dBi, and the measured

gain (without the phase shifters) was 8.0 dBi. This lower

gain value of the SELFLEX array is expected and is due

to mismatches, the 2–3-dB insertion loss of the phase

shifters and the finite ground plane. The measured gain

of the SELFLEX array on 30 was 5.0 dBi, on

45 was 4.5 dBi, and on the cylinder was 4.7 dBi.

The gain of the SELFLEX antenna can be improved by

simply inserting LNAs between the antenna elements and

the phase shifters; however, since the scope of this work

was to characterize and improve the radiation pattern of

an antenna array using phase compensation, an LNA was

not used in the design of the SELFLEX array.

VI. CONCLUSION

The properties and development of self-adapting conformal

antennas are studied and presented in this paper. Initially, an

antenna test platform was developed to practically implement

analytical phase compensation values used to recover the radi-

ation pattern of an antenna attached to various conformal sur-

faces. It was shown using measurements and analytical results

that with appropriate phase compensation, the radiation pattern

can indeed be recovered. Then, a conformal 1 4 microstrip

phased-array antenna with an embedded sensor circuit was de-

veloped. The sensor circuit was used to measure the surface

deformation of the conformal array and to control the phase

shifters in the array. By designing the sensor circuit in an ap-

propriate manner, it was demonstrated that this array can be

attached to various conformal surfaces and autonomously pre-

serve its radiation pattern. This novel SELF-adapting FLEX-

ible antenna has been denoted as a SELFLEX antenna. Finally,

throughout this work, measurements are shown to agree with

simulations and analytical computations.
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