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Ultrasonic Phased Array Device for Acoustic
Imaging in Air

Sevan Harput, and Ayhan BozkuMember, IEEE

Abstract—An ultrasonic phased array device is developed of a SRFO04 ultrasonic range sensors, a digital compass, a
to provide mobility aid for visually impaired people. To per- PIC16xx microcontroller and a counter for measuring the
form acoustic imaging, two different linear transducer arrays timing. The system transmits an acoustic pulse and measures

are constructed using commercially available transducers. The . . : .
transmitter and receiver arrays are formed with six and four the time of flight for range detection. In 2004, another devic

transducer elements, respectively. Individual transducer elments  for detecting hanging objects was introduced by Debnath,
are discrete components with a radius of 1.9 wavelengths and a Hailani, Jamaludin and Aljunid [12]. This device also udess t

half-power beamwidth of 43" at 40.8 kHz center frequency. The SRF04 Ranger kit for obstacle detection. The distance of the
transmitter array is formed by aligning the transducers with  ,yiect js measured and converted to discrete levels of aie, t

minimum spacing between the elements. Even this placement .
leads to the occurrence of unwanted grating lobes in the array and three meters. The SRF04 Ranger has the same ultrasonic

response and decreases the Field of View to 30To eliminate transducers used in this work [13].

these grating lobes, the elements of the receiver array are plade =~ Phased array principles have not been extensively applied
with a different spacing. Forming the receiver and transmitter  for acoustic imaging in air. A recent device that uses the
arrays with non-identical element spacing makes the grating lobes phased array technique is an ultrasonic obstacle detector

to appear at different places. Since the response of the overall - - : -
system is the product of the directivity patterns of receiver am introduced by Strakowski, Kosmowski, Kowalik, and Wierzba

transmitter arrays, the grating lobes diminish for the overall in 2006 [14]. The developed device only performs receive
system and the Field of View increases. beamforming by using a single ultrasound source and an array

Index Terms—Phased arrays, acoustic imaging, mobility aid of mlcrqphones. . .
for blind, ultrasonic obstacle detector. In this work, we present the design and experimental
verification of an ultrasonic phased array device for adoust
imaging in air. The device is composed of two separate
l. INTRODUCTION linear transmit and receive arrays and uses commercially
COUSTIC imaging technology is widely used for medavailable transducers. The transmit and receive arrayshase

ical purposes, underwater imaging and nondestructip8ase beamforming technique [15] to electronically swéep t
testing applications [1]. In the past few decades acousB€oustic beam and produce a sector scan for the detection of
imaging in air became popular with advances in air couplédfoximate objects [16], as shown in Fig. 1.
transducers [2]. This led to the introduction of severatele The intended application of the device is giving mobilitd ai
tronic travel aid devices to improve the mobility of visyall to visually impaired people. Therefore, compactness and lo
impaired people. Early devices which were in practical ug®@wer consumption are important design criteria. The devic
include the Pathsounder [3], Sonic torch [4], Mowat senspr [ is built using 6 transmitter and 4 receiver elements and has a
Sonic pathfinder [6] and Nottingham Obstacle Detector [7angular resolution 0d.23°. The sampling angle is selected as
These are also called obstacle detectors or path indicatdrs hence the acoustic beam is directed to 11 distinct angles
because they do not give guidance but only indicate th@®m —20° to 20°. In order to eliminate the effect of grating
presence of an obstacle. lobes, the inter-element spacing is set2to and 3\ for the

Among recently developed electronic travel aid device§ansmitter and receiver arrays, respectively. This presd
“Navbelt’ and “GuideCane” get the highest attention. Thétrategy increases the Field of View (FOV) beyond the half-
“Navbelt’, which was introduced by Shoval, Borenstein anBower beamwidth of individual transducer elements.

Koren in 1994 [8], consists of a belt equipped with ultrasoni
sensors and a small computer worn as a backpack. In 1997,
the “GuideCane” was introduced by Borenstein and Ulrich [9]
Similar to the Navbelt, GuideCane uses an array of ultragdoun
sensors but it is relatively small, light, and easy to usee Th
working principle of both devices is based on array struetur
without scanning the environment, each transducer elementhe operational principle of an acoustic phased array is
collects data from a single angle [10]. identical to that of a phased array antenna. The only differ-

In 2002, a pocket PC based system was introduced Bjce is in the form of the radiated energy: while the latter

Choudhury, Aguerrevere and Barreto [11]. The device ctmsiéiSes electromagnetic waves, the former radiates and sletect
pressure waves. The radiation pattern of the array is shaped

A. Bozkurt is a faculty member in Sabanci University. by changing the relative phases of each array element. The
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elements, and: is the wave number. Detailed derivation of
the array factor is shown in the appendix.

According to (1), the nulls of the array are found as
. . . " . . .1 1 2nm
Fig. 1. Device scans the environment by transmitting ultrisbeams in 0, = sin — | -8+ — , (2)
different angles and receiving reflecting echoes from cisje kd N

for n=+1,2,3... and n# N,2N,3N ... .

constructive and destructive interference among the Egn&imilarly, the maximum values appear at
radiated by the individual elements determine the effectiv 1
radiation pattern of the array, which can be reinforced in a #6,, = sin™* [ (ﬁ+2m7r)} ,m==20,1,2... (3)
desired direction and suppressed in undesired directibris [ hd

The proposed system performs imaging by determining théherem = 0 corresponds to the main beam. The nulls and
acoustic reflectivity or opacity of objects in an acoustical maxima of the normalized array factor (1) is shown in Fig. 2.
transparent medium. To scan the beam across the imaging are&or a phased array, maximum radiation can be directed
all elements of the phased array are driven with a varialdlewards the beamsteering andgle by equalizing the relative
phase or time delay [18]. The phase delays are controllpbasey to zero:
by software running on a microcontroller. The following .
section describes how the array pattern and phase delays are Y= kdsinb,+5 =0

determined. B = —kdsind, (4)
The phase delay between consecutive array elements for a
A. Array Factor particular beamsteering angle can be calculated using (4).
Fig. 3 shows the normalized array factor for an array with

The array factor AF') is the directivity pattern of an array
formed by omni-directional radiating transducer elemenite 6 elementsg
array factor for a uniform array can be calculated by summing
the contributions of each element [19]. The normalizedyarr®. Element Factor and Array Directivity Pattern

=2\ andé, = 0°.

factor is: N The derivation of the array factor in (1) assumes that
1 | S (71/’) individual array elements are point sources. When the array
AF, = N W @) is confstruqtt_ad using finite excit_ing sources, the elemestbfa
2 (the directivity pattern of the single element) has to bestak
wherey) is the relative phase between the array elements, dREP account. The element factor is determined by the elémen
is defined as dimensions, presence and shape of focusing layer, anchéor t
b= kd sinf + 3. case of air-coupled transducers, by the size and shape of the

casing and protective cage. In this work, 400ST/R160 stahda
Hered is the spacing between the elemeritss the observa- open type transducers by Pro-Wave Electronic Corporation
tion angle in the far-fieldN is the number of the elements(Chung Ho City, Taipei Hsien, Taiwan) are used [20]. Table |
in the array, is the phase delay between consecutive arréigts the device parameters. Fig. 4 shows the element factor
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TABLE |
TRANSDUCERPARAMETERS

MANUFACTURER  Pro-Wave Electronic Corp., Taiwan.
TYPE 400ST/R160 (piezoelectric)
FREQUENCY 40.8 kHz

PHYSICAL SIZE 16 mm (1.9\)

HP BEAMWIDTH  43°

-90

Fig. 3. Polar plot of the normalized array factor for a unifoamay with 6
elementsd = 2\ and6s = 0°.

90 -90

Fig. 4. Directivity pattern of single transducer: experi@n(solid) and
analytically fitted (dashed). Sidelobes beyof@0° are omitted, since they
are out of the active imaging area.

90 -90

Fig. 5. The transmit radiation pattern of the array is the pobdf the
element and array factors. The array is formed witelementsd = 2\ and
0s = 0°.

90 -90

Fig. 6. Directivity pattern of a uniform array with 6 elemertsdd = 2.
For 65 = 10° the first grating lobe appears at20°. The amplitude of this
lobe is smaller than the main beam due to the element factor.

IIl. METHODOLOGY

Imaging quality and system complexity are conflicting de-
sign parameters. By increasing the number of elements in an
array better and sharper directivity patterns can be aetiev
but this increases the complexity of the system and power
consumption. In order to achieve a reasonable image quality
an angular resolution of less thaf is targeted. The angular
resolution is determined by the half-power beamwidth of the
main beam. FoV = 5 and N = 6, the half-power beamwidth
is found asb5.18° and 4.23°, respectively. Consequently, the
minimum number of array elements that satisfy the angular
resolution condition is found a& These calculations assume
thatd, = 0°.

After constructing the transmitter array with 6 elementd an
2\ inter-element spacing, the directivity measurements show
that element spacing larger than the Nyquist distance sause
grating lobes inside the imaging area. If identical reaeive
and transmitter arrays were used, the FOV would be limited
with 30°, which is the angle between the main beam and the
first grating lobe. However, the selected transducer elémen
can be used for a scanning range48f (Table 1), which is
larger than the30° limit for the FOV imposed by the array
configuration. This limitation can be alleviated by apptyin
different placement strategies for the receiver and tratesm
arrays.

A. Placement Strategy

The transmit radiation pattern of a 6 element uniform array
with d = 2\ is shown in Fig. 6. The grating lobe appears at
—20° for a beamsteering angle af)°. As this grating lobe
is one of the maximum points in the array response other
than the main beam, the location of the first grating lobe is
found by solving thed,,, in (3) for m = £1. For this array
configuration, the grating lobe follows the main beam with
nearly 30°. When the array is focused tt5°, the grating
lobe appears approximately at15°. Scanning beyond the
boundary of+£15° will result in ghost images if the same

provided by the manufacturer together with an analyticalyrray configuration is used for receiving. For this reasbe, t

fitted curve which is used in calculations.

receiver array is formed with a different placement strateg

The directivity pattern of the array (Fig. 5) is the produtt o The effect of the first grating lobe in the transmitter array
the array factor (Fig. 3) and the element factor (Fig. 4) [19Fesponse can be reduced by adjusting the inter-elemernihgpac
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Fig. 8. Directivity Pattern of overall system (TX RX) for 6, = 10°.

Fig. 7.  Directivity patterns of the transmitter and receiarays for
6s = 10°. Transmitter array is formed with 6 elements ahe 2. Receiver
array is formed with 4 elements amtl= 3.

of the receiver array so that this grating lobe is alignechwi
one of the nulls of the receiver array response. The spac
between receiver array elements is found by equatipgof 8
(3) for the transmitter array t@, of (2) for the receiver array. &

1
0,, = sin ! [ (—Biz + 277)} ,form=1
kdy
-1 1 2nm
0, = sin kd —Bra + N ;n==%1,2,3,... Fig. 9. Picture of the developed phased array device shothimgransmitter
i e and receiver arrays.
For 0,, = 0,,, the receiver element spacing, is found as:
1 1 2nm . . .
kd (=Btz +27) = d —Bra + N Pattern multiplication causes the grating lobes of trattemi
te re e and receiver array to disappear, consequently increasi@ag t
dra - " (5) FOW.
dia Nrg After analyzing the directivity patterns above, the reeeiv

The array factor of the receiver has., — 1 nulls between
consecutive maxima. Therefore, valuesnothat would place
the transmitter’'s grating lobe to a null which is farthesinfr
both peaks isn = (1/2 + k)N,, wherek = 0,1,2,....
The solution fork = 0 is not feasible as this results in
dy. = di/2 = X, which requires a spacing smaller than
the transducer diameter. Solving (5) fbr= 1, we find the
smallest realizable spacing ds, = 1.5d;, = 3\.
By using a spacing di), the FOV of the overall system can
not be larger thar-15° with identical receiver and transmitter IV. MEASUREMENTS
arrays. Settingl,,, = 3\ moves the first grating lobe of the In general, the directivity pattern of an acoustic trangdus
overall system tat30° and increases the FOV #0°. This measured in an anechoic chamber. In this work, the measure-
value exceeds the limit imposed by the half-power beamwidthents are done in a sufficiently large room, where no external
of an individual transducer element and makes the gratingise source exists at the working frequency of transducers
lobes to appear outside of the active imaging area. For testing the performance of the system, the directivity
Number of elements of the receiver array is determined Ipatterns of the transmitter and receiver arrays are medsure
the angular resolution requirement. The half-power bealthwi The directivity pattern of the overall system is calculatgd

and transmitter arrays are constructed with the mentioned
placement strategy. Two linear arrays are realized by usiag
transducers with the features shown in Table I. Fig. 9 shows
a picture of the constructed arrays.

of the main lobe is a function of theaperture size,
D = (N —1)d. Consequently,

(er - 1)drm = (Nta: - 1)dtm P

for which the nearest integer solution 4§.,, = 4.

multiplying the measured array responses.

Fig. 10 shows the transmit radiation pattern of the ultrason
phased array device. The dashed line is the theoreticay arra
response and the solid line shows the measured directivity
pattern of the transmitter array for a beamsteering anglé of

Fig. 7 shows the transmit and receive directivity patternss expected, a grating lobe appears approximately &t°,
for 6, = 10°. The directivity pattern of the overall systemwhose amplitude is even larger than the main beam.
in Fig. 8 is the product of the directivity patterns of the For measuring the directivity pattern of the receiver array
transmitter and receiver arrays. This is also referred to assingle transmitter element is placed in front of the remeiv
pattern multiplication for arrays of identical elements [19].array and receive beamforming is performed. In Fig. 11, the
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TABLE Il
EXPERIMENTAL PARAMETERS

PARAMETER VALUE
SCANNING RANGE 0.2m to 3.5m
FIELD OF VIEW 40°
DISTAL RESOLUTION Ar = 3.35 cm (4))
SAMPLING ANGLE AO = 4°
WORKING FREQUENCY f = 40.8 kHz
ADC SAMPLING SPEED 600 kSps
PULSE WIDTH 8 cycles (196usec)
90 -90
Fig. 10.  Directivity pattern of transmitter array: measureslifl) and 10C
simulated (dashed). The transmitter array is formed witelements, has r=1.50m Object &
a spacing ofd = 2\ and focused t@s = 16°. A grating lobe appears at 0=-14°
_ o
14°. /
/
/
/
0 /
/ r
/
0/

Device [

Fig. 13. Experiment-l Setup

90 -90 Intensity

300

Fig. 11. Directivity pattern of receiver array: measuredi@and simulated 08
(dashed). The receiver array is formed withelements, has a spacing 250

d = 3\ and beamforming is performed fék = 16°. Two grating lobes 0.8
appear at-4° and —24°.

0.7
200

0.6

150 - 0.5

distance (cm)

0.4

100
0.3

50 0.2
0.1

-100 -50 o] 50 100
distance (cm)

90 -90 Fig. 14. Experiment-I Result

Fig. 12. Directivity pattern of overall system féy = 16°: measured (solid)
and simulated (dashed). The directivity pattern of the systecalculated by

multiplying the measured directivity patterns of transmitad receiver array. V. EXPERIMENTS

To measure the performance of the developed phased array
device, experiments are performed on a set of objects with
) i various shapes placed at different locations. The processo
anhEd line shows the theore_t|cal_ array response, and ﬁue_sﬁsed in the developed device is an ADuC7024, an ARM based
line shows the measured directivity pattern of the receivicrocontroller produced by Analog Devices, Inc. Ideritica
array, for a beamforming angle a6°. For the receiver array, yeyice settings and firmware code are used in all of the
grating lobes appear approximately-at® and —24°. experiments. Beamsteering is performed in a range2sf to
Finally, the directivity pattern of overall system is found20°. The sampled echo by the ADC is transferred to a personal
by multiplying the directivity patterns of transmitter ayr computer via an RS-232 link. Receive beamforming is done by
(Fig. 10) and receiver array (Fig. 11), which is shown insing Matlab (The MathWorks Inc.) ih® angular steps. The
Fig. 12. image is formed by first converting the polar beamformingdat
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to Cartesian coordinates and then finding the missing pixelgdth of the object aty = 1 m is approximatelyl8 cm, so
by interpolation. In all of experimental results, the devis the object is widened by.5°. This value is within the angular

at coordinatg(0, 0) of the image. resolution of the system. The object boundary is observed to
have a thickness 0.7 cm which corresponds the width of
A. Experiment | the transmitted pulsedf). The location of the real object can

In this experiment, a 10 cm wide wooden black is place%e estimated as the midpoint of the object in the image. This

150 cm away from the device at an angle-ef4°, as shown results_in an error 05'7/2 = 3.35 cm, WhiCh. is the distal

in Fig. 13. If identical receiver and transmitter arrays hNit.resqut]on of the device. Again, no ghost objects are presen
: : . in the image.

an inter-element spacing dfA were used, a grating lobe

would appear at-14° for a beamsteering angle @6°. This _

would result in a ghost object appearing B° for this C- Experiment Il

experimental setup. The result shown in Fig. 14 does not haveAn L-shaped object is placed 180 cm away from the device,

any ghost objects. Consequently, this experiment provas ths shown in Fig. 17. The perpendicular sides of the L-shaped

the presented placement strategy is successful in cagadkn object form false-paths, due to which the exact shape of the

effects of grating lobes. object can not be determined. Although the image quality
is poor, the collected object data can give the user enough
B. Experiment II information to avoid the obstacle (Fig. 18).

Two different wooden blocks are used in this experiment )
as shown in Fig. 15. A 10 cm wide block is placed 100 cri- Experiment IV
away from the device with an angle ef12°. Another block A 3 mm wide plastic cable is hung 60 cm away from the
of 40 cm width is placed at5° with a distance of 200 cm. device at an angle d2.5°, as shown in Fig. 19. Plastic is a
Both objects are detected successfully and they can be/eabid reflector and the cross-section of the object is quitdlsma
separated from each other as seen in Fig. 16. The obsergethpared to the width of the main beam. This results in a
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Fig. 21. N element array with uniform geometry
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a complete system, the device must be combined with a user
interface, such as an earphone or tactile display [21],, [22]
convey the imaging data to the visually impaired person. The
o7  future research will focus on real-time imaging, since an of

s line imaging scheme is not practical for an electronic trave
= aid device.
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e g - The major advantage of the developed device is its ability
80 194  to scan the imaging area using the phased array technique. An
60 - 03  array to achieve the same angular resolution without sognni
10 4 - would require approximately the same number of transducers

: but individual elements have to be as wide as the apertuee siz
20 91 of the phased array. Consequently, the developed phasad arr

0 e a0 20 o0 20 40 s &0 device is more compact than an array of transducers.
distance (cm)

Fig. 20. Experiment-1V Result
APPENDIX
ARRAY FACTOR
significant degradation in the SNR. To improve the quality,

the image in Fig. 20 is formed by pixel-wise adaptive Wiener 1o array factor 4 F) is the directivity pattern of an array
filtering with neighborhoods of siz& x 3. formed by omni-directional radiating transducer elements

AF is a function of element spacing in wavelength, number
VI. CONCLUSION pacing g

of elements and phase delay between the elements. If the

In this work, we presented the design and experimeni@@ements are spaced periodically and phased linearly with
verification of a phased array device for ultrasonic imagng same amplitude, the array is called uniform. Fig. 21 shows
air. The device was constructed using commercial transducg uniform array, wherd is the Spacing between the elements
for ranging applications, which had a half-power beamwafth and ¢ is the observation angle in the far-field. The array
43°. As the dimension of the transducers werg\, the array factor can be calculated by summing the contributions oheac
response had grating lobes in an imaging aredf This glement:
problem was solved by adjusting the inter-element spacing
of the arrays. By forming the transmitter array with and

receiver array wittB\ inter-element spacing, the first grating AR =1 + e+J(de1n_9+m RO
lobe was suppressed, and the FOV was extendeito + eI (kdsing+0)
We performed a set of experiments to verify the function- N J(n—1)(kd sin 0+5)
ality of the device. Results prove that the applied placgmen AF = Z € :
strategy for the array elements is successful in suppigsisen n=1

grating lobes as no ghost objects appear in the images. The i , )

angular and distal resolution specifications were alsfzdi. Here, V is the number of the elgments in the arrayjs

The achieved imaging quality was sufficient to be used int@e Phase delay between consecutive array elements; and

mobility aid device. 27 /). Relative phase between the elemenitsjs defined as:
This research targeted the development of the imaging

section of an electronic travel aid device. In order to have 1 =kd sinf+ (.
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After simplification, AF" reduces to: [8]
eINv

(N/2) _ o—i(N/2)0
i[(N—1)/2 el €
_ lv-ny ]w( ) 201

(/2% _ o—i(1/2)%

= JN=D/2Y M

: [11]
sm(%w)
If the reference point is set to the physical center of thayarr
the array factor becomes: [12]
sin (%@
AF = ——+ [13]
sin (§¢) [14]

and the normalized array factor is

N [15]
! N sin (%1/)) ' el
The nulls of the array appear at [17]
[18]

. Ny Ny _ -
SIHT_O = 5 = nr ,n==x1,2,3... [19]

N(kd sin@ + ) = 2nn« ,n#N,2N,3N ...

[20]
L 1 2nm
0, = sin~! {kd (—ﬂ—l— N)} . [21]
Similarly, the maximum values occur when 22]
Y _kdsmbr5 01,2,
2 2
0,, = sin™! L (=0 + 2mmn)
"o kd '
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