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Beam-Pattern Analysis of Multi-Beam High Peak Power IR-UWB
Transmitter Tag for Indoor Positioning and Tracking System

Md Arif Hussain Ansari* and Choi Look Law

Abstract—The precise positioning of an autonomous robot in the wireless sensor network with a
high refresh rate is important for well-ordered and efficient systems. An orthogonally transmitted
simultaneous multi-beam system improves the geometric dilution of precision (GDOP) and expedites the
refresh rate of the system. In this paper, the beam-pattern analysis of an electronically steerable multi-
beam impulse radio ultra-wideband (IR-UWB) transmitter tag is presented and demonstrated. The
multi-beam transmitter tag is optimized to improve the real-time positioning accuracy of an autonomous
robot for an indoor positioning and tracking system. Two linear arrays of four elements with an inter-
element spacing of 18 cm and 10.2 cm are proposed and optimized. The array with spacing 10.2 cm
is intentionally configured to produce orthogonal beams, which eventually provides better geometric
dilution of precision. The beam steering-angle analysis is performed to better utilize the steering
delay range and scanning angle range. The radiation intensity in the direction of the transmitted
beam is calculated. Consequently, an intensity table for the Gaussian-modulated multi-cycle IR-UWB
beamforming array is proposed. The intensity table gives an easier way to calculate the peak intensity
and the number of cycles of the radiated IR-UWB pulse in the transmitted beam direction. The
proposed beamforming transmitter arrays are observed to achieve the scanning range from −60◦ (−90◦)
to +60◦ (+90◦) with a scanning resolution of 5◦ and 8◦ in the measurements.

1. INTRODUCTION

Impulse Radio Ultra-wideband (IR-UWB) is a promising technology for short-range wireless
communication applications due to its inherent properties, such as low power consumption, low cost,
and pulse communication like radar [1, 2]. These attractive features of an IR-UWB system make it
a strong candidate for short-range wireless sensor network (WSN) applications [3–5]. In 2002, the
Federal Communication Commission (FCC) authorized the use of UWB technology for commercial
applications under the unlicensed spectrum. The average power spectral density level of the authorized
spectrum is below −41.3 dBm/MHz for high pulse repetition frequency (PRF) systems, which can be
met by arbitrary high EIRP power level by lowering the system PRF. To limit interferences to other
narrowband systems sharing the same frequency band, FCC set the peak power spectral density limit of
0 dBm/50MHz [6]. Under this limit, the peak power level of the low PRF system depends on the pulse
shape and increases with 20Log10(B), where B is the bandwidth of the UWB pulse. EIRP can be as
high as 32 dBm for pulse shape that occupies 2GHz bandwidth [6–8]. After the declaration of unlicensed
spectrum, IR-UWB technology has drawn the attention of researchers around the globe for wide-range
of promising applications such as indoor positioning and tracking [9–11], vital sign detection [12–14],
ultra-fine infant movement detection [15], real-time monitoring of highways and bridges, and other
civil infrastructures [1, 16, 17]. However, there are some limitations with the existing IR-UWB systems,
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which restrict the technology to encompass an even bigger market size. The major limitation associated
with the current state of the art technology is limited output peak power [17–22].

Limited output peak power causes mainly two issues a) it restricts the range of sensor network:
example, in the case of indoor positioning and tracking system, deployment of multiple IR-UWB
receivers is needed to cover the larger area such as warehouses, airports, train stations, and shopping
malls. The performance severely degrades for non-line-of-sight (NLOS) conditions [18, 21, 23], which is
very common for such areas of application. b) It directly affects the signal-to-noise ratio of the paths
in the channel impulse response. For example, in the case of a radar system, the lower signal-to-noise
ratio degrades the quality of received echo signals at various delays, which introduces errors in the final
outcomes. The signal to noise ratio plays an important role where ultra-fine movement detection is
required such as medical and healthcare applications [24]. While correlation in a high PRF system can
be used to improve the paths SNR, it imposes more time for this process which can have a significant
impact on the latency. Addition to these, power consumption is always an issue for a WSN system, which
increases the maintenance cost and makes the system expensive [25, 26]. Therefore, a high voltage, high-
efficiency IR-UWB transmitter with low power consumption is desirable for a robust system. The open
literature has several publications, which sufficiently addressed the generation of the finer pulse-width
with low power consumption [27–30]. These are required for a robust IR-UWB based indoor positioning
system. However, the critical requirement for an NLOS indoor positioning system with good precision is
to generate an IR-UWB pulse with high peak-to-peak voltage (Vp-p) amplitude [18, 21, 23]. In addition
to this, a multi-beam IR-UWB system is desirable for the precise indoor positioning system [31]. Such
a system will direct the energy to the direct path and suppresses multipath energy that produces range
bias errors.

The authors of this paper have developed a high voltage IR-UWB pulse generator which is
fabricated using 2µm GaAs HBT, and details can be found in [22]. The reported pulse generator
can produce an IR-UWB pulse with 10.2 V (24.15 dBm) peak-to-peak voltage amplitude (Vp-p), which
is the highest reported value to the best of the authors’ knowledge. However, increasing the output
voltage causes the breakdown of transistor junctions. Hence, either an alternative fabrication process
or beamforming can overcome the issue. In this paper, an electronically steerable multi-beam IR-UWB
beamforming transmitter array is adopted. The multi-beamforming system not only increases the
output peak power level but also helps to get better positioning accuracy. The beamforming network
works on the principle of true-time tunable delay cell based beamformer. There is published literature
which uses a similar delay-based beamformer for the IR-UWB transmitter array [32–35]. A similar
concept has also been implemented at the receiver end [36, 37]. The reported works typically focus
on a single beam array. However, there is insufficient research work done on simultaneous multi-beam
IR-UWB transmitter array, which is critical for getting accurate positioning information inside the
densely cluttered environment [31, 38]. Furthermore, the beamforming will save the radiated power
from unwanted direction and improve radiation power efficiency. The proposed beamforming system
effectively improves the directional peak power level and produces multiple beams in desirable directions,
which helps to reduce range bias error. The multiple steerable beams facilitate the positioning system in
obtaining simultaneous multiple ranges. The multiple ranging information speeds up the self-localization
process.

In this paper, the beam-pattern synthesis and analysis are performed for a multi-beam IR-
UWB transmitter tag operating inside the indoor environment. The proposed transmitter arrays are
prototyped and demonstrated for multi-beam beam-pattern measurements. The main contribution of
this paper is summarized in the bullet point as given below,

• An electronically steerable multi-beam IR-UWB transmitter array based on a true-time tunable
delay cell is proposed and demonstrated for multi-beam beam-pattern measurements.

• Two different arrays are proposed and optimized, in which one array is configured to produce
orthogonal beams. The orthogonal beams are intentionally formed to get a better geometric dilution
of precision (GDOP) [39, 40].

• In-depth beam steering-angle analysis is performed for the proposed transmitter arrays. This
analysis facilitates better utilization of the steering delay range and scanning angle range.

• The intensity table of the proposed transmitter array is explicitly derived to get the information of
radiation intensity and pulse cycle in the beam direction.
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• Finally, the measurement setup for time-domain radiation pattern measurement is discussed. The
measurement results of the IR-UWB transmitter arrays and the comparison with simulation results
are presented, which show a great match.

The rest of the paper is organized as follows. Section 2 describes the problem statement of an
IR-UWB based indoor positioning and tracking system for autonomous robot updating its position
continuously in a densely cluttered environment. In Section 3, time-domain IR-UWB beamforming
theory and simulation are provided. In addition, an in-depth steering-angle analysis and radiation
intensity table of the steered beam is provided. The measurement results and comparison with
simulation results are also provided in this section. Last, concluding remarks of the proposed work
are provided in Section 4.

The notations with its meaning used throughout the paper are summarized as follows. ΔT =
relative steering delay, d = separation between the transmitting nodes, θ0 = steering angle, f =
fundamental frequency, T = time period of fundamental frequency, λ = wavelength of fundamental
frequency, P = main beam, Sp = Secondary beam at positive angle side, Sn = secondary beam at
negative angle side. TxT1 and TxT2 are the transmitter Tag 1 and 2 respectively; A1 and A2 are
Anchors 1 and 2, respectively; σ is the standard-deviation of range measurement error; σx and σy are
the standard-deviations of x and y axis components of the tag position estimation; AG(θ) is the angular
gain of antenna; JR(i) and kR(i) are the random error in steering delay and IR-UWB pulse amplitude.

2. PROBLEM STATEMENT

The detection and precise localization of distributed nodes in WSN are one of the key requirements [41–
43]. The IR-UWB pulse generator generates a very short time pulse [16, 18], which leads to a precise and
ultra-fine temporal resolution for the Real-Time Locating System (RTLS). This is the main reason that
researchers around the world are interested to develop an IR-UWB system targeted for the RTLS. The
RTLS is an electronic system that can track and identify the location of moving objects, mobile peoples,
and assets in real-time. In RTLS, readers and tags are arranged in the targeted area of application,
where readers receive signals from the transmitting tags and collectively determine the positions of
moving objects consisting of the tag [44, 45]. However, in a clutter indoor environment, the existence
of multipath is common due to the presence of reinforced concrete walls, wooden blocks, large metallic
objects (such as machines), and humans. The presence of these mediums causes enormous attenuation
to the IR-UWB signal [18, 21]. The attenuation due to different mediums with different thicknesses
is provided in [46]. A typical indoor positioning environment with possible propagation conditions is
presented in [47].

A practical example of the autonomous robot in a densely cluttered environment such as industrial
warehouse is depicted in Figure 1. There are multiple receiver systems (Anchor Points) mounted at
different known positions to cover the complete area of a warehouse. The placement of the anchors can
be estimated as per the environment scenario and application requirements [39, 48]. Let us examine the
proposed system in the mentioned scenario (in Figure 1) and understand the advantages of a multi-beam
system over a conventional omnidirectional system. There are mainly two types of information needed
for the robots to complete the assigned task efficiently and accurately. First, estimate the orientation
of a robot at the beginning of the task. The orientation information helps to plan for collecting the
consignment efficiently and estimate the possible execution paths. Second, the precise real-time location
information helps the robot to follow the desired path accurately and avoid a collision.

The estimation of the orientation of a robot at the beginning of the task without any movement
is almost impossible with the conventional omnidirectional system. The proposed multi-beam (three
beams in this case) system can identify the orientation of the robot with the help of a prescribed mode
of propagation. In order to know the orientation, it must transmit data in three consecutive modes of
propagation with a time-division scheme. The first mode is to transmit beams (red shaded) with no
additional steering delay after initial scanning operation as shown in Figure 2(a). The second mode
is to transmit with the additional steering delay of T (T = 1/f = time period of the fundamental
frequency), which will point only two beams as shown in Figure 2(b). The third mode is to transmit
with an additional steering delay of −T as shown in Figure 2(c). The decipher data at the anchor point
will give the information of the beam. The decipher data strings [1 1 1], [1 1 0], and [1 0 1] represent
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Figure 1. Sketch of a real-world condition, where autonomous robots are moving within the industrial
warehouse in order to complete the assigned task.

(a) (b)

(c) (d)

Figure 2. Three modes of propagation (a) initial beams (black) and scanning beams (red), (b) scanning
beams (green) with an additional steering delay of T , (c) scanning beams (blue) with an additional
steering delay of −T , (d) all three modes of propagation for determination of orientation.

primary beam “P”, secondary beam on the positive side “Sp”, and secondary beam on negative side
“Sn”, respectively as shown in Figure 2(d). The beam steering-angle information and predefine anchor
positions collectively estimate the orientation of the robot at the beginning. The accuracy of orientation
depends on the beamwidth, narrower the beamwidth higher the accuracy.

Next, the path following precision depends on the accuracy of the positioning information, which
is better in the case of multiple-beam systems exploiting the GDOP technique [39, 49]. The accuracy
of tag positioning depends on the GDOP value as given in Eqs. (1) and (2) [40]. σx and σy are the
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standard-deviations of the x and y axis components, which is a function of the tag position with respect
to the direction of the anchors for a given range measurement error σ as illustrated in Figure 3. The
desired ranging beams to the anchors should be orthogonal as illustrated in Figure 3(a).

ΔRange = GDOP ·ΔError (1)

GDOP =

√
σ2
x + σ2

y

σ
+ 1 (2)

In Figure 3(a), the position of tag “TxT1” is measured by the range calculated by anchors “A1”

(a) (b)

Figure 3. Graphical illustration of the geometrical dilution of precision (GDOP). The annulus shows
the standard deviation error bounds of the range corresponding to the anchors and the overlapped
region in red shows the standard deviation of the expected area of the tag position. (a) GDOP = 1.73,
(b) GDOP = 4.26.

Figure 4. Graphical flow chart diagram of the proposed approach.
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and “A2”, which is in orthogonal (intersection angle 90◦) directions to the tag position thus giving best
GDOP. With the multiple beam system as illustrated in Figure 2, beams “Sn” and “Sp” are operating
simultaneously to the anchors in orthogonal directions thus speeding up the positioning process with
good GDOP. The flowchart diagram of the proposed approach is shown in Figure 4, which summarizes
the complete process.

From the above discussions, it is clear that the proposed multi-beam high peak power IR-UWB
transmitter array is pertinent for the application explained above. Nonetheless, the multi-beam IR-
UWB transmitter array for the indoor positioning and tracking of moving objects in the densely
cluttered environment has not been explored considerably. The proposed work utilizes an energy-
efficient, high voltage IR-UWB pulse generator and implements electronically steerable multi-beam
IR-UWB transmitter arrays, which significantly minimizes the technology-gap for the aforementioned
application.

3. IR-UWB BEAMFORMING

The transient approach is preferred for the impulse radio ultra-wideband beamforming study and beam
pattern analysis [50, 51]. The basic principle of the time-domain beamforming is to delay the IR-UWB
pulses with finite time, which spatially superimpose each other in the aligned direction. The mechanism
of the beamforming is illustrated in Figure 5. The steering angle of the beam depends on the steering
time delay between the IR-UWB pulses and the separation between the transmitting elements. The
steering angle of the beam “θ0” is defined in Eq. (3) for a linear array, where ΔT represents the relative
steering delay time between transmitting pulses; “d” is the separation of antennas; and “c” is the
velocity of the electromagnetic wave [33].

θ0 = sin−1

(
ΔTc

d

)
(3)

The realization of the delay elements using RF phase shifter is common [33, 35]. However,
the phase shifter is inherently narrowband, and designing an UWB phase shifter is practically

Figure 5. Proposed electronically steerable IR-UWB beamforming network with a graphical illustration
of multi-cycle IR-UWB beamforming transmitter array operation.
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problematic [32]. Therefore, tunable true-time delay cell based beamformer would be the right choice for
IR-UWB beamforming [32–37]. A block diagram of the proposed electronically controlled beamforming
transmitter array is shown in Figure 5. The digital data pulse is first fed to tunable delay cells (Block
D in Figure 5), which provides a finite time delay (steering delay) to the data pulses. The IR-UWB
pulse generator (Block PG in Figure 5) uses the falling edge of delayed data pulses and generates
corresponding delayed IR-UWB pulses [22]. The delayed IR-UWB pulses are transmitted through
equally spaced antennas, which superimpose spatially to form a focused IR-UWB beam in the steered
direction. The improvement in the directional peak power level of the beamforming transmitter array
is expected to increase by 20 log10(N) = 12 dB for N = 4 [33, 35].

3.1. Simulations and Analysis

A linear transmitter array with four (N = 4) equally spaced isotropic radiating elements is realized
in MATLAB for time-domain beamforming analysis. The time-limited Gaussian-envelope multicycle
IR-UWB pulse in Eq. (4) is used to approximate the generated pulse as reported in [22]. The pulse given
in Eq. (4) is plotted in Figure 6, indicating each crest and trough. The peaks (crests and trough) of the
time-limited IR-UWB pulse (shown in Figure 6) are Gaussian-modulated. The resultant received signal
in the far-field at any arbitrary angle of observation is given in Eq. (5) for N number of transmitting
elements, where AG(θ) is the angular gain of the transmitting antenna [52]. Since the spatial interference
of IR-UWB pulses at some observation angle θ may produce dominant positive peak values and another
angle it may produce dominant negative peak values. Hence, the peak-to-peak amplitude has been
chosen for the radiation pattern plot to eliminate the ambiguity as shown in Eq. (6) [32].

x(t) =
1

σ
√
2π

e
−
(

t2

2σ2

)
(cos 2πft) (4)

y(θ, t) = AG(θ)

N∑
i=1

x

(
t− (i− 1)

d

c
(sin θ0 − sin θ)

)
(5)

BP (θ, t) =
|yP -P (θ, t)|

|yP -P (θ, t)|max

(6)

In the case of monocycle IR-UWB pulse, there would not be any grating radiation beams even if
the separation between the transmitting elements exceeds one wavelength “λ” [52]. However, the spatial
summation of the multi-cycle IR-UWB pulse may produce multiple additional lobes if the separation
(d in Figure 5) is larger than a wavelength. This condition is intentionally achieved in the proposed
beamforming transmitter array in order to form multiple beams. The number of transmitting beams

Figure 6. An approximated time-limited Gaussian-envelop multi-cycle IR-UWB pulse used in
MATLAB simulation as given in (4), indicating peaks.
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will be equal to (2K +1), where K is the integer part of d/λ. The steering angle of the multiple beams
can be evaluated using Eq. (7) for m = 0,±1,±2, ...,±K [53]. It is important to note [from Eq. (7)]
that the number of transmitting beams depends on the separation (d); however, the steering of beams
depends on ΔT .

θm = sin−1

(
ΔTc

d
−m

c

fd

)
; −90◦ ≤ θm ≤ +90◦ (7)

In a practical realization, the maximum possible relative steering time delay (ΔT ) and delay
resolution are fixed by the digitally tunable delay cell D in Figure 5. Assuming that the maximum
possible relative steering time delay is ±600 ps for the maximum steering angle of ±90◦, the separation
between the transmitting antenna elements is 18 cm using Eq. (3). Hence, an array with four
transmitting elements (N = 4) with the separation 18 cm is taken for the study. The number of
transmitting beams in this case for a center frequency of f ≈ 4GHz (λ ≈ 7.5 cm) will be 2K + 1 = 5.
The peaks of each cycle in the Gaussian-envelope IR-UWB pulse are not equal as shown in Figure 6.
Therefore, the time-domain summation of four IR-UWB pulses, relatively partially delayed by one
carrier cycle (at first grating beam) will produce peak-to-peak amplitude that is smaller than the
summation with no relative spatial delay (at main beam). Similarly, the resultant peak-to-peak value for
the Gaussian-envelope pulse (Figure 6) at the second grating beam (relatively spatially delayed by two
carrier cycles) will be smaller enough than the main beam to be neglected. Hence, the four transmitting
elements separated by 18 cm will be approximated to produce three dominant beams, appearing at 0◦
and ±23.5◦ for no relative steering delays (ΔT = 0), calculated by Eq. (7) for m = 0,±1 and f ≈ 4GHz.
The intensity along all the transmitted beams is calculated and explained in Subsection 3.2 with great
details.

The steering-angle analysis of the array of four transmitting elements with 18 cm separation is
performed for better utilization of steering delay range and scanning angle range. The variation of
steering angle with the variation of steering delay (ΔT ) between the transmitting IR-UWB pulses is
plotted for the array spacing with 18 cm in Figure 7. It can be seen that one beam transmitter array
needs ±525 ps steering delay difference to scan the area ranging from −61◦ to +61◦ (red line plot in
Figure 7) without significant change in beamwidth. It can scan up to ±90◦, which requires ±600 ps
relative steering delay. However, the beamwidth becomes significantly wider at higher angles. It can
also be noted from Figure 7 that almost equal area (−59◦ to +59◦) can be scanned with three beams
transmitter array without significant change in beamwidth, which needs only ±275 ps steering delay
range. The reduction in steering delay tuning range improves the refresh rate of the system. In addition

Figure 7. Steering angle variation of beams with the steering delay for the array of 4-elements with
spacing 18 cm.
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to this, the area between ±27◦ will be scanned twice, which makes the system more reliable. However, an
indoor positioning system with better GDOP requires the IR-UWB beams spatially apart, and ideally,
it should be at orthogonal direction as explained in Section 2 [39, 40].

Therefore, in order to improve the GDOP, another transmitter array is optimized. The required
separation between the transmitting elements of an array with 4-elements is calculated as 10.2 cm using
Eqs. (3) and (7), which can produce three beams at 0◦ and ±45◦ for no relative steering delay (ΔT = 0).
The normalized radiation patterns [using Eq. (6)] of the array with 18 cm separation (blue) and array
with separation 10.2 cm (red) are plotted in Figure 8. It is evident that the array with separation
10.2 cm has beams at 0◦ and ±45◦ which will eventually improve the GDOP.

Similar to the array with spacing 18 cm, the steering-angle analysis for the array with 10.2 cm
spacing is performed. The steering angle variations with relative steering delay (ΔT ) are plotted in
Figure 9. Results indicate that ±250 ps is required to cover the area between ±58.5◦ without significant
change in beamwidth. Additionally, it scans the area between ±20◦ thrice and the rest of the area
twice, which makes the system more reliable. However, for a fast processing system, the array can tune
the steering delay variation from 50 ps to −250 ps or −50 ps to 250 ps to cover the area between ±58.5◦;

Figure 8. The simulated normalized radiation pattern of the arrays with spacing 18 cm (Blue) and
10.2 cm (Red).

Figure 9. Steering angle variation of beams with steering delay for the array of 4-elements with spacing
10.2 cm.
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however, the covered area will be scanned by only one of the three beams in the specified regions. It will
make the scanning less reliable but eventually speed up the processing time. This is required for the
applications with a high refresh rate, where self-localization of moving objects is needed. Furthermore,
it consists of two orthogonal beams and does not have any minor lobes as compared to an array with
d = 18 cm, shown in Figure 8. However, the beamwidth increases as compared to an array with 18 cm
spacing. Therefore, one has to take the trade-off according to the specific application scenario. In this
paper, both arrays have been realized, and measurement results are presented. The measurement noise
is added in the simulation to see the change in the radiation pattern of the proposed array. The received
pulse at the receiver in the far-field incorporated with the measurement noise (variation in the steering
delay and the amplitude of IR-UWB pulse) is given in Eq. (8). A random jitter “JR(i)” of ±25 ps in
the steering delay and random variation of amplitude “kR(i)” of IR-UWB pulse by 10% is incorporated
into the simulation as measurement noise. The normalized beam-patterns with the above-mentioned
random noise are plotted in Figure 10.

y(θ, t) = AG(θ)
N∑
i=1

[1− kR(i)] ·
[
x

(
t− JR(i)− (i− 1)

d

c
(sin θ0 − sin θ)

)]
(8)

Figure 10. Normalized radiation pattern of the proposed array with a random noise range of
0 < kR(i) < 0.1 and −25 ps < JR(i) < +25 ps.

3.2. Radiation Intensity Calculation

In this section, an intensity table is proposed to calculate the radiation intensity and the number of
cycles of the radiated multi-cycle IR-UWB pulse along the transmitting beams. The intensity table of
the N elements Gaussian-modulated transmitter array along the main transmitting beam is shown in
Table 1. The first column of Table 1 indicates the time and corresponding electrical lengths. The pulse
generated by each transmitting element (Block PG in Figure 5) is converted into the peak’s values
corresponding to each electrical length indicated in column 1 of Table 1 (as indicated in Figure 6).
Similarly, the N number of pulses is represented by the consecutive columns of Table 1. The last
column represents the resultant received pulse in the far field, which is the summation of all peak values
in a row corresponding to each electrical length indicated in column 1 of Table 1. In the direction of
the main transmitting beam, there will be no relative spatial delay between the transmitted pulses.
Therefore, all the pulses shown in Table 1 are aligned with time. The resultant pulse in the last column
is the summation of all the aligned pulses. The amplitude of the resultant received pulse will be N -time
of the individual transmitted pulse; however, the number of cycles of the resultant received pulse along
the main beam will be the same as the pulse transmitted by individual pulse generators as shown in
Table 1.

The intensity table for the radiation along the first grating beam of an array with four transmitting
elements is shown in Table 2. At first grating beam (Sp beam as shown in Figure 8), the relative spatial
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Table 1. Intensity table for the radiation along the main beam of transmitter array with N transmitting
elements.

Electrical

length (Time)
1st Pulse 2nd Pulse 3rd Pulse 4th Pulse Nth Pulse

Resultant

Pulse

−7λ/2(−7T/2) - - - - - - - - - - - - - -

−3λ(−3T ) - - - - - - - - - - - - - -

−5λ/2(−5T/2) −V51 −V52 −V53 −V54 - - −V5N −V5R

−2λ(−2T ) V41 V42 V43 V44 - - V4N V4R

−3λ/2(−3T/2) −V31 −V32 −V33 −V34 - - −V3N −V3R

−λ(−T ) V21 V22 V24 V24 - - V2N V2R

−λ/2(−T/2) −V11 −V12 −V13 −V14 - - −V1N −V1R

0 V01 V02 V03 V04 - - V0N V0R

λ/2(T/2) −V11 −V12 −V13 −V14 - - −V1N −V1R

λ(T ) V21 V22 V23 V24 - - V2N V2R

3λ/2(3T/2) −V31 −V32 −V33 −V34 - - −V3N −V3R

2λ(2T ) V41 V42 V43 V44 - - V4N V4R

5λ/2(5T/2) −V51 −V52 −V53 −V54 - - −V5N −V5R

3λ(3T ) - - - - - - - - - - - - - -

7λ/2(2T/2) - - - - - - - - - - - - - -

Table 2. Intensity table for the radiation along the first grating beam of the array with four transmitting
elements.

1st Pulse 2nd Pulse 3rd Pulse 4th Pulse Resultant Pulse

−7λ/2(−7T/2) - - - - - - - - - -

−3λ(−3T ) - - - - - - - - - -

−5λ/2(−5T/2) −V51 - - - - - - −V8R

−2λ(−2T ) V41 - - - - - - V7R

−3λ/2(−3T/2) −V31 −V52 - - - - −V6R

−λ(−T ) V21 V42 - - - - V5R

−λ/2(−T/2) −V11 −V32 −V53 - - −V4R

0 V01 V22 V43 - - V3R

λ/2(T/2) −V11 −V12 −V33 −V54 −V2R

λ(T ) V21 V02 V24 V44 V1R

3λ/2(3T/2) −V31 −V12 −V13 −V34 −V0R

2λ(2T ) V41 V22 V03 V24 V1R

5λ/2(5T/2) −V51 −V32 −V13 −V14 −V2R

3λ(3T ) - - V42 V23 V04 V3R

7λ/2(7T/2) - - −V52 −V33 −V14 −V4R

4λ(4T ) - - - - V43 V24 V5R

9λ/2(9T/2) - - - - −V53 −V34 −V6R

5λ(5T ) - - - - - - V44 V7R

11λ/2(11T/2) - - - - - - −V54 −V8R

6λ(6T ) - - - - - - - - - -

13λ/2(13T/2) - - - - - - - - - -
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Figure 11. The resultant received pulse along the first grating beam of Gaussian-modulated four-
element beamformer as obtained in the last column of Table 2.

delay will be one carrier cycle T (T = 1/f). Therefore, all the pulses are shifted by a relative delay of
T in Table 2. Similarly, the Sn beam (shown in Figure 8) can be obtained by shifting the column with
a relative delay of −T . The received resultant pulse along the first grating beam (Sp beam as shown
in Figure 8) is obtained by the summation of all peaks in a row corresponding to the time shown in
column 1 of Table 2. Since the peak value of the cycle is Gaussian-modulated, the maximum peak-to-
peak value will be smaller than the received pulse along the main beam as shown in Table 1. In addition,
the number of cycles in the received pulse will increase. The simulated resultant received pulse along the
first grating beam is shown in Figure 11. It is evident from Figure 11 that the peak-to-peak amplitude
is less than the pulse transmitted along the main beam, and the pulse is broadened as compared to
the transmitted pulse (Figure 6). However, the most important thing to notice here is that the pulse
radiated at the first grating beam (Sp beam as shown in Figure 8) not only is time-broadened but also
provides an offset to the peak time stamp by 3T/2 as shown in Table 2 and Figure 11. Similarly, it
will cause −3T/2 offset shift for the first grating beam (Sn beam as shown in Figure 8). Hence, it is
important to compensate the offset time stamp in the algorithm while calculating the positions of an
autonomous robot after identifying the beams as explained in Section 2. The intensity table along higher
order grating beam can also be calculated in a similar way, but the intensity along the higher-order
grating beam will be smaller than the main beam for the IR-UWB pulse shown in Figure 6. Hence, the
intensity along the higher-order grating beam is neglected.

3.3. Measurement Results

The proposed transmitter arrays have been prototyped using commercially available delay IC
“SY100EP195V ”, which has a total programmable delay range of 10 ns with a fine increment of 10 ps.
The proposed beam-steering sub-circuit is shown in Figure 12. In order to verify the steering delay
difference between IR-UWB pulses, firstly the output of four pulse generators is directly fed to an
oscilloscope through a 50Ω coaxial cable as indicated in Figure 12. The IC delays are first calibrated
to eradicate the offset between the IR-UWB pulses. Afterward, the output of each IR-UWB pulse
generator is fed through an antenna for array radiation pattern measurements as depicted in Figure 13.

A low noise amplifier (LNA) and bandpass filter (BPF) are used at the receiving side to amplify the
IR-UWB pulse and minimize the noise power level before being measured into a 50Ω oscilloscope. The
patch antenna used as transmitting and receiving nodes is shown in Figure 14 along with the measured
time-domain radiation pattern. The radiation pattern is plotted by observing the peak-to-peak voltage
of the time-domain IR-UWB pulse. A picture of the measurement environment is shown in Figure 15.
The normalized measured beam-patterns with the simulated beam patterns of the proposed transmitter
array of 4-elements with spacing 18 cm are shown in Figure 16, and the array with spacing 10.2 cm is
shown in Figure 17.
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Figure 12. Proposed beam-steering sub-circuit realized using true-time delay element cells.

Figure 13. Schematic representation of the radiation pattern measurement setup.

Figure 14. Patch antenna and the corresponding measured time-domain radiation pattern (solid blue)
with the simulation radiation pattern (dotted red).

There are three dominant beams in Figure 16(a), which correspond to the array with spacing 18 cm
with no relative steering delay (ΔT = 0). The normalized radiation pattern of the array with spacing
18 cm steered by ΔT = −50 ps is shown in Figure 16(b). It can be noticed that there are additional
beams with significantly less radiation at higher angles as explained in Section 3, which is undesirable. In
comparison, the measured normalized radiation pattern [Figure 17(a)] corresponding to the array with
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Figure 15. Complete measurement setup for the radiation pattern with the transmitting array and
the receiving antenna connected to an oscilloscope.

(a) (b)

Figure 16. Normalized radiation patterns of the proposed transmitter array of 4-elements with spacing
18 cm. (a) No relative steering delay (ΔT = 0) and (b) ΔT = −50 ps.

Table 3. Comparison of IR-UWB beamforming with current state-of-the-art technology.
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(a) (b)

(c) (d)

Figure 17. Normalized radiation patterns of the proposed transmitter array of 4-elements with spacing
10.2 cm. (a) No relative steering delay (ΔT = 0), (b) ΔT = −50 ps, (c) ΔT = +50 ps, and (d)
ΔT = +250 ps.

d = 10.2 cm and ΔT = 0 eradicates the additional beams. In addition, two beams focus at orthogonal
directions which will help to get better GDOP. The steered radiation pattern corresponding to the
relative steering delay ΔT = −50 ps, ΔT = +50ps, and ΔT = +250 ps are shown in Figures 17(b),
(c), and (d), respectively. The radiation pattern in Figure 17(d) is similar to Figure 2(b), which can
be used to determine the orientation of an autonomous robot as explained in Section 2. The observed
differences between measured and simulated radiation patterns [Figures 16 and 17] are attributed to the
antenna element radiation pattern. The radiation pattern of a single antenna element in the simulation
compared with the measured time-domain radiation pattern of the opted antenna element is shown in
Figure 14.

A comparison table of the proposed transmitter array with state-of-the-art technology is shown in
Table 3. It can be seen from Table 3 that the proposed design is able to scan the area ranging from
−60◦ to +60◦ without significant change in beamwidth, which only requires ±250 ps. More significantly,
multiple beams are formed which will speed up the localization refresh rate and help to achieve precise
indoor positing of the autonomous robots.

4. CONCLUSION

In this paper, an attractive way of achieving better accuracy in the case of an autonomous robot
deployed in the industrial environment is presented. A multi-beam IR-UWB transmitter array is
proposed, implemented, and related measurement results are provided. The beam steering-angle analysis
is presented. The radiation intensity calculation is performed, and an intensity table is provided, which
helps to determine the intensity of the radiated pulse and quantify the broadening of pulse in terms of
the number of carrier cycles present in the pulse. Eventually, two transmitter arrays with separation
18 cm and 10.2 cm are optimized and demonstrated. The array with spacing 10.2 cm is found better for
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the case explained in the paper. The optimized arrays are tuned to different steering angles, and time-
domain radiation patterns are plotted. The comparison between the simulated and measured radiation
patterns is provided, which shows a great match. The true-time digital delay cell is exploited, and the
steering range from −60◦ (−90◦ to +60◦ (+90◦ with a scanning resolution of 5◦ and 8◦ is achieved and
demonstrated.

The future work may include the development of an algorithm for indoor positioning and tracking.
The algorithm will utilize the beam steering-angle analysis discussed in the paper to efficiently identify
beams and consequently calculate the high accuracy positions of the tag. In addition, future work
may also include the implementation of the overall system for indoor positioning and tracking of an
autonomous tag moving in the cluttered environment.
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