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Ultrasonic Phased Array Device for Acoustic
Imaging in Air
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Abstract—An ultrasonic phased array device is developed
to provide mobility aid for visually impaired people. To per-
form acoustic imaging, two different linear transducer arrays
are constructed using commercially available transducers. The
transmitter and receiver arrays are formed with six and four
transducer elements, respectively. Individual transducer elements
are discrete components with a radius of 1.9 wavelengths and a
half-power beamwidth of 43◦ at 40.8 kHz center frequency. The
transmitter array is formed by aligning the transducers with
minimum spacing between the elements. Even this placement
leads to the occurrence of unwanted grating lobes in the array
response and decreases the Field of View to 30◦. To eliminate
these grating lobes, the elements of the receiver array are placed
with a different spacing. Forming the receiver and transmitter
arrays with non-identical element spacing makes the grating lobes
to appear at different places. Since the response of the overall
system is the product of the directivity patterns of receiver and
transmitter arrays, the grating lobes diminish for the overall
system and the Field of View increases.

Index Terms—Phased arrays, acoustic imaging, mobility aid
for blind, ultrasonic obstacle detector.

I. I NTRODUCTION

A COUSTIC imaging technology is widely used for med-
ical purposes, underwater imaging and nondestructive

testing applications [1]. In the past few decades acoustic
imaging in air became popular with advances in air coupled
transducers [2]. This led to the introduction of several elec-
tronic travel aid devices to improve the mobility of visually
impaired people. Early devices which were in practical use
include the Pathsounder [3], Sonic torch [4], Mowat sensor [5],
Sonic pathfinder [6] and Nottingham Obstacle Detector [7].
These are also called obstacle detectors or path indicators,
because they do not give guidance but only indicate the
presence of an obstacle.

Among recently developed electronic travel aid devices,
“Navbelt” and “GuideCane” get the highest attention. The
“Navbelt”, which was introduced by Shoval, Borenstein and
Koren in 1994 [8], consists of a belt equipped with ultrasonic
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 ultrasound
sensors but it is relatively small, light, and easy to use. The
working principle of both devices is based on array structure;
without scanning the environment, each transducer element
collects data from a single angle [10].

In 2002, a pocket PC based system was introduced by
Choudhury, Aguerrevere and Barreto [11]. The device consists
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of a SRF04 ultrasonic range sensors, a digital compass, a
PIC16xx microcontroller and a counter for measuring the
timing. The system transmits an acoustic pulse and measures
the time of flight for range detection. In 2004, another device
for detecting hanging objects was introduced by Debnath,
Hailani, Jamaludin and Aljunid [12]. This device also uses the
SRF04 Ranger kit for obstacle detection. The distance of the
object is measured and converted to discrete levels of one, two
and three meters. The SRF04 Ranger has the same ultrasonic
transducers used in this work [13].

Phased array principles have not been extensively applied
for acoustic imaging in air. A recent device that uses the
phased array technique is an ultrasonic obstacle detector
introduced by Strakowski, Kosmowski, Kowalik, and Wierzba
in 2006 [14]. The developed device only performs receive
beamforming by using a single ultrasound source and an array
of microphones.

In this work, we present the design and experimental
verification of an ultrasonic phased array device for acoustic
imaging in air. The device is composed of two separate
linear transmit and receive arrays and uses commercially
available transducers. The transmit and receive arrays usethe
phase beamforming technique [15] to electronically sweep the
acoustic beam and produce a sector scan for the detection of
proximate objects [16], as shown in Fig. 1.

The intended application of the device is giving mobility aid
to visually impaired people. Therefore, compactness and low
power consumption are important design criteria. The device
is built using 6 transmitter and 4 receiver elements and has an
angular resolution of4.23◦. The sampling angle is selected as
4◦ hence the acoustic beam is directed to 11 distinct angles
from −20◦ to 20◦. In order to eliminate the effect of grating
lobes, the inter-element spacing is set to2λ and 3λ for the
transmitter and receiver arrays, respectively. This placement
strategy increases the Field of View (FOV) beyond the half-
power beamwidth of individual transducer elements.

II. BACKGROUND INFORMATION

The operational principle of an acoustic phased array is
identical to that of a phased array antenna. The only differ-
ence is in the form of the radiated energy: while the latter
uses electromagnetic waves, the former radiates and detects
pressure waves. The radiation pattern of the array is shaped
by changing the relative phases of each array element. The
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Fig. 1. Device scans the environment by transmitting ultrasonic beams in
different angles and receiving reflecting echoes from objects

constructive and destructive interference among the signals
radiated by the individual elements determine the effective
radiation pattern of the array, which can be reinforced in a
desired direction and suppressed in undesired directions [17].

The proposed system performs imaging by determining the
acoustic reflectivity or opacity of objects in an acoustically
transparent medium. To scan the beam across the imaging area,
all elements of the phased array are driven with a variable
phase or time delay [18]. The phase delays are controlled
by software running on a microcontroller. The following
section describes how the array pattern and phase delays are
determined.

A. Array Factor

The array factor (AF ) is the directivity pattern of an array
formed by omni-directional radiating transducer elements. The
array factor for a uniform array can be calculated by summing
the contributions of each element [19]. The normalized array
factor is:

AFn =
1

N





sin
(

N
2 ψ
)

sin
(

1
2ψ
)



 (1)

whereψ is the relative phase between the array elements, and
is defined as

ψ = kd sin θ + β .

Hered is the spacing between the elements,θ is the observa-
tion angle in the far-field,N is the number of the elements
in the array,β is the phase delay between consecutive array
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Fig. 2. Normalized array factor for a uniform array with6 elements,d = 2λ
andβ = 0◦.

elements, andk 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

θn = sin−1

[

1

kd

(

−β +
2nπ

N

)]

, (2)

for n = ±1, 2, 3 . . . and n 6= N, 2N, 3N . . . .

Similarly, the maximum values appear at

θm = sin−1

[

1

kd
(−β + 2mπ)

]

, m = ±0, 1, 2 . . . (3)

wherem = 0 corresponds to the main beam. The nulls and
maxima of the normalized array factor (1) is shown in Fig. 2.

For a phased array, maximum radiation can be directed
towards the beamsteering angleθs by equalizing the relative
phaseψ to zero:

ψ = kd sin θs + β = 0

β = −kd sin θs (4)

The phase delay between consecutive array elements for a
particular beamsteering angle can be calculated using (4).
Fig. 3 shows the normalized array factor for an array with
6 elements,d = 2λ andθs = 0◦.

B. Element Factor and Array Directivity Pattern

The derivation of the array factor in (1) assumes that
individual array elements are point sources. When the array
is constructed using finite exciting sources, the element factor
(the directivity pattern of the single element) has to be taken
into account. The element factor is determined by the element
dimensions, presence and shape of focusing layer, and, for the
case of air-coupled transducers, by the size and shape of the
casing and protective cage. In this work, 400ST/R160 standard
open type transducers by Pro-Wave Electronic Corporation
(Chung Ho City, Taipei Hsien, Taiwan) are used [20]. Table I
lists the device parameters. Fig. 4 shows the element factor
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TABLE I
TRANSDUCERPARAMETERS

MANUFACTURER Pro-Wave Electronic Corp., Taiwan.

TYPE 400ST/R160 (piezoelectric)

FREQUENCY 40.8 kHz

PHYSICAL SIZE 16 mm (1.9λ)

HP BEAMWIDTH 43◦
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Fig. 3. Polar plot of the normalized array factor for a uniformarray with6
elements,d = 2λ andθs = 0◦.
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Fig. 4. Directivity pattern of single transducer: experimental (solid) and
analytically fitted (dashed). Sidelobes beyond±60◦ are omitted, since they
are out of the active imaging area.
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Fig. 5. The transmit radiation pattern of the array is the product of the
element and array factors. The array is formed with6 elements,d = 2λ and
θs = 0◦.

provided by the manufacturer together with an analytically
fitted curve which is used in calculations.

The directivity pattern of the array (Fig. 5) is the product of
the array factor (Fig. 3) and the element factor (Fig. 4) [19].
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Fig. 6. Directivity pattern of a uniform array with 6 elementsandd = 2λ.
For θs = 10◦ the first grating lobe appears at−20◦. The amplitude of this
lobe is smaller than the main beam due to the element factor.

III. M ETHODOLOGY

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 achieved,
but this increases the complexity of the system and power
consumption. In order to achieve a reasonable image quality,
an angular resolution of less than5◦ is targeted. The angular
resolution is determined by the half-power beamwidth of the
main beam. ForN = 5 andN = 6, the half-power beamwidth
is found as5.18◦ and 4.23◦, respectively. Consequently, the
minimum number of array elements that satisfy the angular
resolution condition is found as6. These calculations assume
that θs = 0◦.

After constructing the transmitter array with 6 elements and
2λ inter-element spacing, the directivity measurements show
that element spacing larger than the Nyquist distance causes
grating lobes inside the imaging area. If identical receiver
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 elements
can be used for a scanning range of43◦ (Table I), which is
larger than the30◦ limit for the FOV imposed by the array
configuration. This limitation can be alleviated by applying
different placement strategies for the receiver and transmitter
arrays.

A. Placement Strategy

The transmit radiation pattern of a 6 element uniform array
with d = 2λ is shown in Fig. 6. The grating lobe appears at
−20◦ for a beamsteering angle of10◦. 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 theθm in (3) for m = ±1. For this array
configuration, the grating lobe follows the main beam with
nearly 30◦. When the array is focused to15◦, the grating
lobe appears approximately at−15◦. Scanning beyond the
boundary of±15◦ will result in ghost images if the same
array configuration is used for receiving. For this reason, the
receiver array is formed with a different placement strategy.

The effect of the first grating lobe in the transmitter array
response can be reduced by adjusting the inter-element spacing
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Fig. 7. Directivity patterns of the transmitter and receiverarrays for
θs = 10◦. Transmitter array is formed with 6 elements andd = 2λ. Receiver
array is formed with 4 elements andd = 3λ.

of the receiver array so that this grating lobe is aligned with
one of the nulls of the receiver array response. The spacing
between receiver array elements is found by equatingθm of
(3) for the transmitter array toθn of (2) for the receiver array.

θm = sin−1

[

1

kdtx
(−βtx + 2π)

]

, for m = 1

θn = sin−1

[

1

kdrx

(

−βrx +
2nπ

Nrx

)]

, n = ±1, 2, 3, . . .

For θm = θn, the receiver element spacingdrx is found as:

1

kdtx
(−βtx + 2π) =

1

kdrx

(

−βrx +
2nπ

Nrx

)

drx
dtx

=
n

Nrx
(5)

The array factor of the receiver hasNrx − 1 nulls between
consecutive maxima. Therefore, values ofn that would place
the transmitter’s grating lobe to a null which is farthest from
both peaks isn = (1/2 + k)Nrx where k = 0, 1, 2, . . ..
The solution fork = 0 is not feasible as this results in
drx = dtx/2 = λ, which requires a spacing smaller than
the transducer diameter. Solving (5) fork = 1, we find the
smallest realizable spacing asdrx = 1.5dtx = 3λ.

By using a spacing of2λ, the FOV of the overall system can
not be larger than±15◦ with identical receiver and transmitter
arrays. Settingdrx = 3λ moves the first grating lobe of the
overall system to±30◦ and increases the FOV to60◦. This
value exceeds the limit imposed by the half-power beamwidth
of an individual transducer element and makes the grating
lobes to appear outside of the active imaging area.

Number of elements of the receiver array is determined by
the angular resolution requirement. The half-power beamwidth
of the main lobe is a function of theaperture size,
D = (N − 1)d . Consequently,

(Nrx − 1)drx = (Ntx − 1)dtx ,

for which the nearest integer solution isNrx = 4.
Fig. 7 shows the transmit and receive directivity patterns

for θs = 10◦. The directivity pattern of the overall system
in Fig. 8 is the product of the directivity patterns of the
transmitter and receiver arrays. This is also referred to as
pattern multiplication for arrays of identical elements [19].
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Fig. 8. Directivity Pattern of overall system (TX× RX) for θs = 10◦.

Fig. 9. Picture of the developed phased array device showingthe transmitter
and receiver arrays.

Pattern multiplication causes the grating lobes of transmitter
and receiver array to disappear, consequently increasing the
FOV.

After analyzing the directivity patterns above, the receiver
and transmitter arrays are constructed with the mentioned
placement strategy. Two linear arrays are realized by usingthe
transducers with the features shown in Table I. Fig. 9 shows
a picture of the constructed arrays.

IV. M EASUREMENTS

In general, the directivity pattern of an acoustic transducer is
measured in an anechoic chamber. In this work, the measure-
ments are done in a sufficiently large room, where no external
noise source exists at the working frequency of transducers.
For testing the performance of the system, the directivity
patterns of the transmitter and receiver arrays are measured.
The directivity pattern of the overall system is calculatedby
multiplying the measured array responses.

Fig. 10 shows the transmit radiation pattern of the ultrasonic
phased array device. The dashed line is the theoretical array
response and the solid line shows the measured directivity
pattern of the transmitter array for a beamsteering angle of16◦.
As expected, a grating lobe appears approximately at−14◦,
whose amplitude is even larger than the main beam.

For measuring the directivity pattern of the receiver array,
a single transmitter element is placed in front of the receiver
array and receive beamforming is performed. In Fig. 11, the



IEEE SENSORS JOURNAL, VOL. X, NO. X, FEBRUARY 2008 5

  0.2
  0.4

  0.6
  0.8

  1

−60

−30

0

30

60

90 −90

Fig. 10. Directivity pattern of transmitter array: measured (solid) and
simulated (dashed). The transmitter array is formed with6 elements, has
a spacing ofd = 2λ and focused toθs = 16◦. A grating lobe appears at
−14◦.
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Fig. 11. Directivity pattern of receiver array: measured (solid) and simulated
(dashed). The receiver array is formed with4 elements, has a spacing of
d = 3λ and beamforming is performed forθs = 16◦. Two grating lobes
appear at−4◦ and−24◦.
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Fig. 12. Directivity pattern of overall system forθs = 16◦: measured (solid)
and simulated (dashed). The directivity pattern of the system is calculated by
multiplying the measured directivity patterns of transmitterand receiver array.

dashed line shows the theoretical array response, and the solid
line shows the measured directivity pattern of the receiver
array, for a beamforming angle of16◦. For the receiver array,
grating lobes appear approximately at−4◦ and−24◦.

Finally, the directivity pattern of overall system is found
by multiplying the directivity patterns of transmitter array
(Fig. 10) and receiver array (Fig. 11), which is shown in
Fig. 12.

TABLE II
EXPERIMENTAL PARAMETERS

PARAMETER VALUE

SCANNING RANGE 0.2m to 3.5m

FIELD OF V IEW 40◦

DISTAL RESOLUTION ∆r ≈ 3.35 cm (4λ)

SAMPLING ANGLE ∆θ = 4◦

WORKING FREQUENCY f = 40.8 kHz

ADC SAMPLING SPEED 600 kSps

PULSE WIDTH 8 cycles (196µsec)

o

Fig. 13. Experiment-I Setup

Fig. 14. Experiment-I Result

V. EXPERIMENTS

To measure the performance of the developed phased array
device, experiments are performed on a set of objects with
various shapes placed at different locations. The processor
used in the developed device is an ADuC7024, an ARM based
microcontroller produced by Analog Devices, Inc. Identical
device settings and firmware code are used in all of the
experiments. Beamsteering is performed in a range of−20◦ to
20◦. The sampled echo by the ADC is transferred to a personal
computer via an RS-232 link. Receive beamforming is done by
using Matlab (The MathWorks Inc.) in1◦ angular steps. The
image is formed by first converting the polar beamforming data
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Fig. 15. Experiment-II Setup

Fig. 16. Experiment-II Result

to Cartesian coordinates and then finding the missing pixels
by interpolation. In all of experimental results, the device is
at coordinate(0, 0) of the image.

A. Experiment I

In this experiment, a 10 cm wide wooden block is placed
150 cm away from the device at an angle of−14◦, as shown
in Fig. 13. If identical receiver and transmitter arrays with
an inter-element spacing of2λ were used, a grating lobe
would appear at−14◦ for a beamsteering angle of16◦. This
would result in a ghost object appearing at16◦ for this
experimental setup. The result shown in Fig. 14 does not have
any ghost objects. Consequently, this experiment proves that
the presented placement strategy is successful in canceling the
effects of grating lobes.

B. Experiment II

Two different wooden blocks are used in this experiment
as shown in Fig. 15. A 10 cm wide block is placed 100 cm
away from the device with an angle of−12◦. Another block
of 40 cm width is placed at15◦ with a distance of 200 cm.
Both objects are detected successfully and they can be easily
separated from each other as seen in Fig. 16. The observed

Fig. 17. Experiment-III Setup

Fig. 18. Experiment-III Result

width of the object atr1 = 1 m is approximately18 cm, so
the object is widened by4.5◦. This value is within the angular
resolution of the system. The object boundary is observed to
have a thickness of6.7 cm which corresponds the width of
the transmitted pulse (8λ). The location of the real object can
be estimated as the midpoint of the object in the image. This
results in an error of6.7/2 = 3.35 cm, which is the distal
resolution of the device. Again, no ghost objects are present
in the image.

C. Experiment III

An L-shaped object is placed 180 cm away from the device,
as shown in Fig. 17. The perpendicular sides of the L-shaped
object form false-paths, due to which the exact shape of the
object can not be determined. Although the image quality
is poor, the collected object data can give the user enough
information to avoid the obstacle (Fig. 18).

D. Experiment IV

A 3 mm wide plastic cable is hung 60 cm away from the
device at an angle of2.5◦, as shown in Fig. 19. Plastic is a
bad reflector and the cross-section of the object is quite small
compared to the width of the main beam. This results in a
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Fig. 19. Experiment-IV Setup

Fig. 20. Experiment-IV Result

significant degradation in the SNR. To improve the quality,
the image in Fig. 20 is formed by pixel-wise adaptive Wiener
filtering with neighborhoods of size3 × 3.

VI. CONCLUSION

In this work, we presented the design and experimental
verification of a phased array device for ultrasonic imagingin
air. The device was constructed using commercial transducers
for ranging applications, which had a half-power beamwidthof
43◦. As the dimension of the transducers were1.9λ, the array
response had grating lobes in an imaging area of40◦. This
problem was solved by adjusting the inter-element spacing
of the arrays. By forming the transmitter array with2λ and
receiver array with3λ inter-element spacing, the first grating
lobe was suppressed, and the FOV was extended to60◦.

We performed a set of experiments to verify the function-
ality of the device. Results prove that the applied placement
strategy for the array elements is successful in suppressing the
grating lobes as no ghost objects appear in the images. The
angular and distal resolution specifications were also satisfied.
The achieved imaging quality was sufficient to be used in a
mobility aid device.

This research targeted the development of the imaging
section of an electronic travel aid device. In order to have

Fig. 21. N element array with uniform geometry

a complete system, the device must be combined with a user
interface, such as an earphone or tactile display [21], [22], to
convey the imaging data to the visually impaired person. The
future research will focus on real-time imaging, since an off-
line imaging scheme is not practical for an electronic travel
aid device.

The major advantage of the developed device is its ability
to scan the imaging area using the phased array technique. An
array to achieve the same angular resolution without scanning
would require approximately the same number of transducers
but individual elements have to be as wide as the aperture size
of the phased array. Consequently, the developed phased array
device is more compact than an array of transducers.

APPENDIX

ARRAY FACTOR

The array factor (AF ) is the directivity pattern of an array
formed by omni-directional radiating transducer elements.
AF is a function of element spacing in wavelength, number
of elements and phase delay between the elements. If the
elements are spaced periodically and phased linearly with
same amplitude, the array is called uniform. Fig. 21 shows
a uniform array, whered is the spacing between the elements
and θ is the observation angle in the far-field. The array
factor can be calculated by summing the contributions of each
element:

AF = 1 + e+j(kd sin θ+β) + e+j2(kd sin θ+β) + ...

+ e+j(N−1)(kd sin θ+β)

AF =

N
∑

n=1

ej(n−1)(kd sin θ+β) .

Here,N is the number of the elements in the array,β is
the phase delay between consecutive array elements, andk =
2π/λ. Relative phase between the elements,ψ, is defined as:

ψ = kd sin θ + β .
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After simplification,AF reduces to:

AF =
ejNψ − 1

ejψ − 1

= ej[(N−1)/2]ψ

(

ej(N/2)ψ − e−j(N/2)ψ

ej(1/2)ψ − e−j(1/2)ψ

)

= ej[(N−1)/2]ψ

(

sin(N2 ψ)

sin(1
2ψ)

)

If the reference point is set to the physical center of the array,
the array factor becomes:

AF =
sin
(

N
2 ψ
)

sin
(

1
2ψ
)

and the normalized array factor is

AFn =
1

N





sin
(

N
2 ψ
)

sin
(

1
2ψ
)



 .

The nulls of the array appear at

sin
Nψ

2
= 0 ⇒

Nψ

2
= nπ , n = ±1, 2, 3 . . .

N(kd sin θ + β) = 2nπ , n 6= N, 2N, 3N . . .

θn = sin−1

[

1

kd

(

−β +
2nπ

N

)]

.

Similarly, the maximum values occur when

ψ

2
=

kd sin θ + β

2
= mπ ,m = ±0, 1, 2 . . .

θm = sin−1

[

1

kd
(−β + 2mπ)

]

.
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