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A method of estimating position of an obstacle of a plurality 
of obstacles with a radar apparatus. An azimuth frequency, an 
elevation frequency and a range of the obstacle are estimated 
to generate an estimated azimuth frequency, an estimated 
elevation frequency and an estimated range of the obstacle. A 
metric is estimated from one or more of the estimated azimuth 
frequency, the estimated elevation frequency and the esti 
mated range of the obstacle. The metric is compared to a 
threshold to detect an error in at least one of the estimated 
azimuth frequency and the estimated elevation frequency. On 
error detection, a sign of at least one of the estimated azimuth 
frequency and the estimated elevation frequency is inverted to 
generate a true estimated azimuth frequency and a true esti 
mated elevation frequency respectively. 
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ANTENNA CONFIGURATION FOR PARKING 
ASSIST RADAR 

TECHNICAL FIELD 

0001 Embodiments of the disclosure relate generally to 
communication antennas and more particularly to an antenna 
unit in radars that assists in vehicle parking. 

BACKGROUND 

0002. A vehicle has parking sensors to detect an obstacle 
behind the vehicle. The parking sensors determine a distance 
of the vehicle from the obstacle using ultrasonic signals when 
backing a vehicle. The parking sensor operates at ultrasonic 
frequencies. The parking sensor outputs an ultrasonic detect 
ing signal to detect whether any obstacle is behind the rear of 
the vehicle and receives an ultrasonic signal as reply from the 
obstacle. A vehicle generally requires multiple parking sen 
sors to cover the entire rear of the vehicle which makes it a 
cost intensive solution. Also, the ultrasonic parking sensors 
use a time division obstacle detecting method in which each 
sensor sends and receives ultrasonic detect signal in a defined 
time slot. Thus, the process of detecting obstacles using ultra 
Sonic sensors is time consuming which is unsafe in vehicles 
moving with high Velocity. 
0003 Ultrasonic parking sensors require the measurement 
and drilling of holes in the vehicle's bumper to install trans 
ducers. There are risks associated with drilling and mounting 
the transducers into the bumper. The performance of the 
Ultrasonic sensors is sensitive to temperature and atmo 
spheric conditions such as Snow and rain. The performance of 
ultrasonic sensors is severely degraded when the sensors are 
covered with snow. In addition, the range over which the 
ultrasonic sensors operates is limited. 
0004. The use of radars in automotive applications is 
evolving rapidly. Radars do not have the drawbacks discussed 
above in the context of ultrasonic sensors. Radar finds use in 
number of applications associated with a vehicle Such as 
collision warning, blind spot warning, lane change assist, 
parking assist and rear collision warning. Pulse radar and 
FMCW (Frequency Modulation Continuous Wave) radar are 
predominantly used in Such applications. In the pulse radar, a 
signal in the shape of a pulse is transmitted from the radar at 
fixed intervals. The transmitted pulse is scattered by the 
obstacle. The scattered pulse is received by the radar and the 
time between the transmission of the pulse and receiving the 
scattered pulse is proportional to a distance of the radar from 
the target. For better resolution, a narrower pulse is used 
which requires a high sampling rate in an ADC (analog to 
digital converter) used in the pulse radar. In addition, sensi 
tivity of a pulse radar is directly proportional to the power 
which complicates the design process of the pulse radar. 
0005. In an FMCW radar, a transmit signal is frequency 
modulated to generate a transmit chirp. An obstacle scatters 
the transmit chirp. The scattered chirp is received by the 
FMCW radar. A signal obtained by mixing the transmitted 
chirp and the received scattered chirp is termed as a beat 
signal. The frequency of the beat signal is proportional to the 
distance of the obstacle from the FMCW radar. The beat 
signal is sampled by an analog to digital converter (ADC). A 
sampling rate of the ADC is proportional to the maximum 
frequency of the beat signal and the maximum frequency of 
the beat signal is proportional to the range of the farthest 
obstacle which can be detected by the FMCW radar. Thus, 
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unlike in the pulse radar, the sampling rate of the ADC in the 
FMCW radaris independent of the range resolution, typically 
in the FMCW radar, multiple chirps are transmitted in a unit 
called as frame. A 2-dimensional (2D) FFT is performed on 
the sampled beat signal data received over a frame for range 
and relative velocity estimation of the obstacle. A bin is a 2D 
FFT grid that corresponds to a range and relative velocity 
estimate of an obstacle. A signal detected in a specific bin 
represents the presence of an obstacle with a predefined range 
and relative velocity. When multiple receive antennas are 
used to receive the scattered chirp, the FMCW radarestimates 
an elevation angle of the obstacle and an azimuth angle of the 
obstacle. In each frame, a 2D FFT is computed using the data 
received from each receive antenna. Thus, the number of 2D 
FFTs is equal to the number of the receive antennas. When an 
obstacle is detected in a specific grid of the 2D FFT grid, the 
value of the specific grid corresponding to each of the receive 
antennas is used to estimate the azimuth angle and the eleva 
tion angle of the obstacle. The FMCW radar resolves 
obstacles in the dimensions of range, relative Velocity and 
angle. To accurately estimate position of the obstacle, it is 
required that the obstacle is resolved in any one of these 
dimensions. Thus, if there are multiple obstacles at the same 
distance from the FMCW radar and travelling with same 
relative velocity, the FMCW radar is required to resolve these 
obstacles in angle dimension. Thus, angle estimation and 
angle resolution is an important factor in determining the 
performance of the FMCW radar. The resolution and accu 
racy of the angle estimation is directly proportional to the 
number of antennas in the FMCW radar. As FMCW radars are 
used in a broad range of applications, their design becomes 
more cost-sensitive. Each antenna used to receive the scat 
tered chirp has a distinct receiver path which includes ampli 
fiers, mixers, ADCs and filters. Thus, the number of antennas 
used in the FMCW radar is a key factor in determining the 
overall cost of the FMCW radar. Therefore it is important to 
minimize the number of antennas in the FMCW radar and at 
the same time maintaining optimum performance level and 
accuracy. 

SUMMARY 

0006. This Summary is provided to comply with 37 C.F.R. 
S1.73, requiring a Summary of the invention briefly indicating 
the nature and substance of the invention. It is submitted with 
the understanding that it will not be used to interpret or limit 
the scope or meaning of the claims. 
0007 An embodiment provides a radar apparatus for esti 
mating position of an obstacle of a plurality of obstacles. The 
radar apparatus includes an antenna unit. A signal processing 
unit is coupled to the antenna unit. The signal processing unit 
estimates an azimuth frequency, an elevation frequency and a 
range of the obstacle. The signal processing unit generates an 
estimated azimuth frequency, an estimated elevation fre 
quency and an estimated range of the obstacle. A grazing 
angle detection module is coupled to the signal processing 
unit and estimates a metric from one or more of the estimated 
azimuth frequency, the estimated elevation frequency and the 
estimated range of the obstacle. The metric is compared to a 
threshold to detect an error in at least one of the estimated 
azimuth frequency and the estimated elevation frequency. A 
grazing angle error correction module is coupled to the graz 
ing angle detection module and inverts a sign of at least one of 
the estimated azimuth frequency and the estimated elevation 
frequency on error detection. 
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0008 Another embodiment provides a method of estimat 
ing position of an obstacle of a plurality of obstacles with a 
radar apparatus. The method provides estimating an azimuth 
frequency, an elevation frequency and a range of the obstacle 
to generate an estimated azimuth frequency, an estimated 
elevation frequency and an estimated rge of the obstacle. A 
metric is estimated from one or more of the estimated azimuth 
frequency, the estimated elevation frequency and the esti 
mated range of the obstacle. The metric is compared to a 
threshold to detect an error in at least one of the estimated 
azimuth frequency and the estimated elevation frequency. On 
error detection, a sign of at least one of the estimated azimuth 
frequency and the estimated elevation frequency is inverted to 
generate a true estimated azimuth frequency and a true esti 
mated elevation frequency respectively. 
0009. Yet another embodiment provides a radar apparatus. 
The radar apparatus includes an antenna unit that transmits an 
outbound radio frequency (RF) signal to an obstacle of the 
plurality of obstacles and receive an inbound RF signal from 
the obstacle. A transmitter is coupled to the antenna unit and 
generates the outbound RF signal. A receiver is coupled to the 
antenna unit and receives the inbound RF signal from the 
antenna unit. The outbound RF signal is scattered by the 
obstacle to generate the inbound RF signal. A mixer is 
coupled to the receiver and to the transmitter and demodulates 
the inbound RF signal to generate a demodulated signal. An 
analog to digital converter (ADC) coupled to the mixer and 
generates a digital signal in response to the demodulated 
signal received from the mixer. An FFT(fast fourier trans 
form) module transforms the digital signal from time domain 
to frequency domain. A digital signal processor is coupled to 
the FFT module and processes the digital signal. The digital 
signal processor includes a signal processing unit that esti 
mates an azimuth frequency, an elevation frequency and a 
range of the obstacle and generates an estimated azimuth 
frequency, an estimated elevation frequency and an estimated 
range of the obstacle. A grazing angle detection module is 
coupled to the signal processing unit and estimates a metric 
from one or more of the estimated azimuth frequency, the 
estimated elevation frequency and the estimated range of the 
obstacle. The metric is compared to a threshold to detect an 
error in at least one of the estimated azimuth frequency and 
the estimated elevation frequency. A grazing angle error cor 
rection module is coupled to the grazing angle detection 
module and configured to invert a sign of at least one of the 
estimated azimuth frequency and the estimated elevation fre 
quency on error detection. 
0010. Other aspects and example embodiments are pro 
vided in the Drawings and the Detailed Description that fol 
lows. 

BRIEF DESCRIPTION OF THE VIEWS OF 
DRAWINGS 

0011 FIG. 1(a) illustrates an antenna unit in a radar appa 
ratus; 
0012 FIG.1(b) illustrates a response of the antenna unit to 
an obstacle; 
0013 FIG. 1 (c) illustrates grazing angle ambiguity 
regions for the antenna unit; 
0014 FIG. 2(a) illustrates an antenna unit in a radar appa 

ratus; 
0015 FIG. 2(b) illustrates grazing angle ambiguity 
regions associated with the antenna unit; 
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0016 FIG.3(a) illustrates an antenna unit in a radar appa 
ratus, according to an embodiment; 
(0017 FIG. 3(b) is a flowchart illustrating a method of 
estimating position of an obstacle of a plurality of obstacles 
with an antenna unit, according to an embodiment; 
0018 FIG. 4 illustrates a graphical comparison of the 
antenna unit 200 and the antenna unit 300, according to an 
embodiment; 
0019 FIG. 5(a) illustrates the antenna unit placed on a 
bumper of a vehicle: 
0020 FIG. 5(b) illustrates an antenna unit placed on a 
bumper of a vehicle, according to an embodiment; 
0021 FIG. 6(a) illustrates a radar apparatus, according to 
an embodiment; 
0022 FIG. 6(b) is a flowchart illustrating a method of 
estimating position of an obstacle of a plurality of obstacles 
with a radar apparatus, according to an embodiment; 
0023 FIG. 6(c) is a flowchart illustrating a method of 
estimating position of an obstacle of a plurality of obstacles 
with a radar apparatus, according to an embodiment; 
0024 FIG. 6(d) is a flowchart illustrating a method of 
estimating position of an obstacle of a plurality of obstacles 
with a radar apparatus, according to an embodiment; 
0025 FIG. 7(a) illustrates an antenna unit in a radar appa 
ratus, according to an embodiment; 
0026 FIG. 7(b) illustrates the antenna unit placed on a 
bumper of a vehicle, according to an embodiment; and 
0027 FIG. 8 illustrates a radar apparatus, according to an 
embodiment. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

0028 FIG. 1(a) illustrates an antenna unit 100 in a radar 
apparatus. The antenna unit 100 is integrated in a radar appa 
ratus which is furtherintegrated in an industrial or automotive 
application. The antenna unit 100 includes a linear array of 
antennas arranged in a horizontal plane. The linear array of 
antennas includes a plurality of antennas, for example, 
antenna A1, A2 and A3. For the sake of simplicity and under 
standing, the plurality of antennas is represented in FIG. 1(a) 
by antennas A1-A3. The linear array of antennas is repre 
sented to be placed along the X-axis. The adjacent antennas in 
the linear array of antennas are separated by a spacing d. 
Typical value of d is 12, where w is an operating wavelength 
of the antenna unit 100. The antenna unit 100 is configured to 
transmit an RF (radio frequency) signal and receives a scat 
tered RF signal from an obstacle 102. The angle 104 (0) 
represents an azimuth angle between the obstacle 102 and 
antenna unit. The azimuth angle 104 (0) represents a direction 
of arrival of a scattered signal from the obstacle 102. 
0029 FIG. 1(b) illustrates a response of the antenna unit 
100 to an obstacle 102 when d is W/2. Graph. A represents the 
response of the antenna unit 100 when the obstacle 102 is at 
Y axis (normal incidence) i.e. 0 is Zero degrees. Graph B 
represents the response of the antenna unit 100 when 0 is 80 
degrees. As illustrated, graph Ahas only one peak represented 
as all while graph B has two peaks b1 and b2. When direction 
of arrival is zero degrees, the antenna unit 100 is able to 
correctly detect the position of the obstacle 102. However, 
when the direction of arrival is 80 degrees, the response of the 
antenna unit 100 show two peaks i.e. b1 and b2. This is 
referred to as grazing angle problem since the antenna unit 
100 cannot be used to estimate if the correct direction of 
arrival is around +80 degrees or -80 degrees, especially in the 
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presence of noise. The grazing angle problem occurs as the 
magnitude of the direction of arrival or 0 increases and 
approaches the grazing angle. For a given spacing d, the 
grazing angle is defined as +/-sin' ( /2d)). Ford–W2, the 
computations by the radar apparatus are severely impacted 
when 0 is 90 degrees. This problem is further compounded if 
the distance (d) between antennas A1-A3 is further increased 
i.e. if dis increased. FIG. 1 (c) illustrates grazing angle ambi 
guity regions for the antenna unit 100. The regions G1 and G2 
represents regions for which the antenna unit 100 will not be 
able to resolve the direction of arrival and hence will not be 
able to correctly detect the position of the obstacle 102. That 
is why these regions are termed as grazing angle ambiguity 
regions. 
0030 FIG. 2(a) illustrates an antenna unit 200 in a radar 
apparatus. The antenna unit 200 is integrated in a radar appa 
ratus which is furtherintegrated in an industrial or automotive 
application. The antenna unit 200 includes a linear array of 
antenna arranged in a horizontal plane. The linear array of 
antennas includes a plurality of antennas, for example, 
antenna A1, A2 and A3. For the sake of simplicity and under 
standing, the plurality of antennas is represented in FIG. 2(a) 
by antennas A1-A3. The linear array of antennas is repre 
sented to be placed along the X-axis. The adjacent antennas in 
the linear array of antennas are separated by a spacing d. 
Typical value of d is W2, where w is an operating wavelength 
of the antenna unit 200. The antenna unit 200 further includes 
an additional antenna B1 at an offset from at least one antenna 
in the linear array of antennas. An angle 204 (0) represents an 
azimuth angle between the obstacle 202 and the antenna unit 
200 and an angle 208 (cp) represents an elevation angle 
between the obstacle 202 and the antenna unit 200. The azi 
muth angle (0) 204 or the horizontal angle is defined as an 
angle between Y axis and a projection of a vector from the 
antenna A1 to the obstacle 202 on the XY plane. The elevation 
angle (cp) 208 is an angle between a vector from antenna A1 to 
the obstacle 202 and the XY plane. 
0031. The antenna unit 200 is configured to transmitan RF 
(radio frequency) signal and receives a scattered signal from 
the obstacle 202. The signal received at the antenna unit 200 
from the obstacle 202 is represented in equation 1 below. It is 
to be noted that the signal 'Y' represented in equation 1 
depicts a signal obtained after a signal processing unit pro 
cesses the signal received at the antenna unit 200. In an 
embodiment, the signal 'Y' depicts a signal obtained after 
performing 2D FFT on the signal received at each antenna in 
the antenna unit 200 from the obstacle 202. 

Y=Af1e dire d2xe draf (1) 

Where, 

w=(2J/A)d sin(0)cos(p) (2) 

w==(2J/A)(B sin(p) (3) 

w is referred to as azimuth frequency and w is referred to as 
elevation frequency. A is the complex amplitude correspond 
ing to the obstacle. In equation 1, the component e” repre 
sents a factor as a result of the antenna A2, the component 
e-'" represents a factor as a result of the antenna A3 and the 
component e" represents a factor as a result of the addi 
tional antenna B1. The azimuth frequency w and the eleva 
tion frequency w are estimated and then the azimuth angle 
(0) 204 and the elevation angle (cp) 208 are calculated using 
the above equations. If multiple obstacles are identified by the 
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antenna unit 200, then multiple pairs of w and w are esti 
mated by the antenna unit 200. Thus, the azimuth angle (0) 
204 and the elevation angle (cp) 208 for the obstacle 202 can be 
estimated using the antenna unit 200. 
0032 FIG. 2(b) illustrates grazing angle ambiguity 
regions associated with the antenna unit 200. The regions G1 
and G2 represent regions for which the antenna unit 200 will 
not be able to correctly detect the position of the obstacle 202. 
The regions Hand H2 represent regions for which the antenna 
unit 200 will not be able to correctly detect the position of the 
obstacle 202. That is why these regions are termed as grazing 
angle ambiguity regions. Due to the grazing angle problem in 
the azimuth angle (0) 204 an obstacle located around region 
G1 can be wrongly estimated to be located in region G2. 
Likewise, due to the grazing angle problem in the elevation 
angle (cp) an obstacle located around region H1 can be 
wrongly estimated to be located in region H2. Additionally 
the pair (G1, G2) and (H1, H2) are termed as ambiguous 
region pairs. 
0033 FIG. 3(a) illustrates an antenna unit 300 in a radar 
apparatus, according to an embodiment. In an embodiment, 
the antenna unit 300 is integrated in a radar apparatus which 
is further integrated in an industrial or automotive applica 
tion. The antenna unit 300 includes a linear array of antennas. 
The linear array of antennas includes a plurality of antennas, 
for example, antenna A1, A2, A3 and AN, where AN is the N" 
antenna and N is an integer. For the sake of simplicity and 
understanding, the plurality of antennas represented in FIG. 
3(a) will be represented as A1-AN further in the description. 
The linear array of antennas A1-AN is represented to be 
placed along the X-axis. The adjacent antennas in the linear 
array of antennas A1-AN are separated by a spacing di.e. the 
antennas A1 and A2 are placed at d distance from each other. 
The antenna unit 300 further includes an additional antenna 
B. The additional antenna B1 is at a predefined offset from at 
least one antenna in the linear array of antennas A1-AN. The 
predefined offset is (C., B) from the antenna A1 in the linear 
array of antennas A1-AN as illustrated in FIG. 3(a). C. is a 
distance of the additional antenna B1 from the Z axis in the 
XZ plane and B is a distance of the additional antenna B from 
the X axis in the XZ plane. In one embodiment, the additional 
antenna B1 is not in XZ plane and a perpendicular distance of 
the additional antenna B1 from the XZ plane is Y. In one 
embodiment, C. and B are multiples of W/2, where w is an 
operating wavelength of the antenna unit 300. In an embodi 
ment, d is W2, C. is W4, B is w/2 and Y is 0. 
0034) For ease of understanding, we consider an embodi 
ment in which the linear array of antennas consists of three 
antennas (A1, A2 and A3). The antenna unit 300 is configured 
to transmit an RF (radio frequency) signal and receives a 
scattered signal from an obstacle 302 of the plurality of 
obstacles. The signal received at the antenna unit 300 from the 
obstacle 302 is represented in equation 4 below. It is to be 
noted that the signal 'Y' represented in equation 4 depicts a 
signal obtained after a signal processing unit processes the 
signal received at the antenna unit 300. In an embodiment, the 
signal 'Y' depicts a signal obtained after performing 2D FFT 
on the signal received at each antenna in the antenna unit 300 
from the obstacle 302. 

Y = A 1 e-wr ei2% tw."2") (4) 
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where, A is the complex amplitude corresponding to the 
obstacle 302. w is referred to as azimuth frequency and wis 
referred to as elevation frequency, defined as: 

w(2J/A) sin(p) (6) 

In equation 4, the component e” represents a factor as a 
result of the antenna A2, the component ef" represents a 
factor as a result of the antenna A3 and the component com 
ponent 

(wet we) 

represents a factor as a result of the additional antenna B1. 
The azimuth frequency w is estimated from the linear array 
of antennas A1-AN to obtain estimated azimuth frequency 
w, . In one embodiment, the signal processing unit 
coupled to the linear array of antennas A1-AN is configured to 
estimate the azimuth frequency w using a suitable angle 
estimation algorithm known in the art to obtain estimated 
azimuth frequency w, 
0035 An angle 304 (0) represents an azimuth angle 
between the obstacle 302 and the antenna unit 300 and an 
angle 308 (cp) represents an elevation angle between the 
obstacle 302 and the antenna unit 300. The azimuth angle (0) 
304 or the horizontal angle is defined as an angle between Y 
axis and a projection of a vector from the antenna Alto the 
obstacle 302 on the XY plane. The elevation angle (cp) 308 is 
an angle between a vector from antenna A1 to the obstacle 
302 and the XY plane. The azimuth angle (0) 304 and the 
elevation angle (cp) 308 are estimated using the following 
equations. 

es 

zest ) (7) 
(27. / )(3 

xest ) (8) 
(27. / )dcos(i) 

(i) = sin ( 

8 = sin' 

sin'?- e, , )=sin() 
(2/Adcostsin (i. ) 

C 9 
where, W., est = i - wrest (9) 

d represents the spacing between the adjacent antennas in the 
linear array of antennas A1-AN and up represents a phase of a 
signal received from the obstacle 302 at the additional 
antenna B1.5 represents a metric. The phase of the signal ii at 
the additional antenna B1 is measured. The elevation fre 
quency w is estimated from the phase of the signal up at the 
additional antenna B1, the predefined offset and the estimated 
azimuth frequency w as represented in equation 9 to 
obtain an estimated elevation frequency w . 
0.036 A process for grazing angle detection and grazing 
angle error correction is now explained, according to an 
embodiment. The metric 4 is configured to be estimated from 
the estimated azimuth frequency w, ... and the estimated 
elevation frequency W. ... An error is detected in the esti 
mated azimuth frequency w, ..., when the metric S is above a 
threshold. In one embodiment, the threshold is a function of 
signal to noise ratio (SNR) of the signal received at the 
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antenna unit 300. The metric is an estimate of a sine function 
of the azimuth angle (0) 304. When the metric is above a 
threshold, an error is detected in the estimated azimuth fre 
quency w, ... If the metric S is above a threshold, a sign of 
the estimated azimuth frequency w is inverted to generate 
a true estimated azimuth frequency. Thus, if the metric S is 
above the threshold and the estimated azimuth frequency is 
+w, a true estimated azimuth frequency will be (-w, ). 
Similarly, if the metric S is above the threshold and the esti 
mated azimuth frequency is (-w, ), a true estimated azi 
muth frequency will be (+w, ). Thus, the magnitude of the 
true estimated azimuth frequency is same as estimated azi 
muth frequency w, ... If the metric S is below the threshold, 
the estimated azimuth frequency w, ... is the true estimated 
azimuth frequency. 
0037. The elevation frequency w for the obstacle 302 is 
re-estimated from the true estimated azimuth frequency. The 
elevation frequency w is re-estimated from the phase of the 
signal up at the additional antenna B1, the predefined offset 
and the true estimated azimuth frequency using equation 9 to 
generate a true estimated elevation frequency. The elevation 
angle (cp) 308 between the antenna unit 300 and the obstacle 
302 is estimated from the true estimated elevation frequency 
as represented in equation 7. The azimuth angle (0) 304 
between the antenna unit 300 and the obstacle 302 is esti 
mated from the elevation angle (cp) 308 and the true estimated 
azimuth frequency as represented in equation 8. In an 
embodiment, when plurality of obstacles are identified by the 
antenna unit 300, then azimuth frequency w is estimated 
from the linear array of antennas A1-AN to obtain estimated 
azimuth frequency w, ... for each obstacle of the plurality of 
obstacles. Also, phase of a signal received at the additional 
antenna B1 from each obstacle of the plurality of obstacles is 
measured. Thereafter, the true estimated azimuth frequency, 
the true estimated elevation frequency, the azimuth angle (0) 
304 and the elevation angle (cp) 308 is estimated for each 
obstacle of the plurality of obstacles using the similar 
approach discussed with reference to the obstacle 302. 
0038. Thus, the additional antenna B1 in the antenna unit 
300, besides estimating the angle of elevation (cp) also helps in 
alleviating the grazing angle problem for azimuth angle (0). 
This is explained with the help of the following example, with 
reference to an embodiment of the antenna unit 300 in which 
d=B-W/2, O=24 and in which an obstacle is approaching the 
antenna unit 300 with an azimuth angle (0) close to grazing 
angle (i.e. 90 degrees) and elevation angle (p) close to Zero 
degrees. The azimuth frequency w is estimated from the 
linear array of antennas A1-AN to obtain estimated azimuth 
frequency w, ... The elevation frequency w is estimated 
from the phase of the signal at the additional antenna B1, 
the predefined offset and the estimated azimuth frequency 
w, as represented in equation 9 to obtain an estimated 
elevation frequency w. The metric S is estimated from the 
estimated azimuth frequency w, ... and the estimated eleva 
tion frequency w . As illustrated in equation 7 and 8, an 
increase in absolute value of cp will result in increase in the 
value of metric S. At grazing angles (i.e. angles close to 90 
degrees) the metric S will increase beyond 1, which is an 
undefined value of sine function (equation 8). Thus, an error 
is detected in the estimated azimuth frequency w, ... There 
fore a sign of the estimated azimuth frequency w, ... is 
inverted to generate the true estimated azimuth frequency. 
Subsequently, the elevation frequency w for the obstacle 

es 
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302 is re-estimated from the true estimated azimuth fre 
quency to obtain true estimated elevation frequency. 
0039 Thus the antenna unit 300 is able to address the 
grazing angle problem as the antenna unit 300 would be able 
to determine azimuth angle (0) accurately using the above 
mentioned approach. The antenna unit 300 will not have the 
grazing angle ambiguity regions G1 and G2 discussed with 
reference to FIG. 2(b) earlier in the description. The antenna 
unit 300 uses a computationally simple approach to detect 
and correct the grazing angle problem that can work in con 
junction with any angle estimation algorithm for estimating 
the azimuth and elevation frequencies of a plurality of 
obstacles. 

0040 FIG. 3(b) is a flowchart illustrating a method of 
estimating position of an obstacle of a plurality of obstacles 
with an antenna unit 300, according to an embodiment. At 
step 350, an azimuth frequency associated with the obstacle is 
estimated to obtain an estimated azimuth frequency. As illus 
trated for antenna unit 300, the azimuth frequency w is esti 
mated from the linear array of antennas A1-AN to obtain an 
estimated azimuth frequency w, . At step 355, a phase of 
the signal received from the obstacle at the additional 
antenna, for example additional antenna B1 in the antenna 
unit 300, is measured. At step 360, the elevation frequency w 
is estimated from the phase of the signal up at the additional 
antenna B1, the predefined offset and the estimated azimuth 
frequency w, ... as represented in equation 9 to obtain an 
estimated elevation frequency w . The metric S is esti 
mated from the estimated azimuth frequency w, ... and the 
estimated elevation frequency w at step 365. At step 370, 
a condition check is made if the metric is above a threshold. In 
one embodiment, the threshold is a function of signal to noise 
ratio (SNR) of the signal received at the antenna unit 300. If 
the metric is above the threshold, an error is detected in the 
estimated azimuth frequency. A sign of the estimated azimuth 
frequency is inverted to generate a true estimated azimuth 
frequency, at step 375. If the metric is below the threshold, the 
system proceeds to step 380 where the estimated azimuth 
frequency is the true estimated azimuth frequency. At step 
385, the elevation frequency for the obstacle is re-estimated 
from the true estimated azimuth frequency to obtain a true 
estimated elevation frequency. At step 390, an elevation angle 
and an azimuth angle associated with the obstacle are esti 
mated from the true estimated azimuth frequency and the true 
estimated elevation frequency. 
0041 FIG. 4 illustrates a graphical comparison of the 
antenna unit 200 and the antenna unit 300, according to an 
embodiment. d=B-2/2, C.-W4 and Y=0 is considered for this 
analysis. The graph depicts the error in azimuth angle (0) 
estimation on Y axis against the azimuth angle (0) on X axis. 
Curve A represents the response of the antenna unit 200. As 
illustrated in curve A, the error in the estimation of azimuth 
angle (0) increases as the azimuth angle (0) approaches 90 
degrees. Thus the error in the estimation of azimuth angle is 
large when an obstacle is approaching a vehicle comprising 
the antenna unit 200 at angles in the range of 70 degrees to 90 
degrees. This is because of the grazing angle problem, in 
which the antenna unit 200 is notable to resolve if the correct 
azimuth angle has a positive sign or a negative sign for 
example +80 degrees or -80 degrees. Curve B represents the 
response of the antenna unit 300. As illustrated in curve B, the 
antenna unit 300 is able to detect the correct position of 
obstacle even when the azimuth angle (0) is approaching 90 
degrees. This is because the antenna unit 300 with the help of 
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additional antenna B1 is able to identify the azimuth angle (0) 
accurately. Thus, the error in azimuth angle (0) estimation is 
minimal in the antenna unit 300 as compared to the error in 
the antenna unit 200 as seen in the graphical comparison in 
FIG. 4. 

0042 FIG. 5(a) illustrates the antenna unit 200 placed on 
a bumper of a vehicle. The regions G1, G2, H1 and H2 
represent grazing angle ambiguity regions for the antenna 
unit 200. The antenna unit 200 can have one or more grazing 
angle ambiguity regions. The regions G1, G2, H, and H2 
represent regions for which the antenna unit 200 will not be 
able to correctly detect the position of an obstacle. Each of the 
grazing angle ambiguity regions correspond to regions close 
to a specific azimuth and elevation angle. For example, the 
grazing angle ambiguity region G1 corresponds to the region 
close to azimuth angle of -90 degrees and the elevation angle 
of 0 degrees. Similarly the regions G2. H1, H2 corresponds to 
the regions close to the azimuth angle and the elevation angle 
of (90 degrees, 0 degrees), (0 degrees, 90 degrees) and (0 
degrees, -90 degrees) respectively. It is convenient to refer to 
these angle pairs in terms of their azimuth frequency and 
elevation frequency. The grazing angle ambiguity points for 
the regions G1, G2, H1, H2 are defined as (-pi/2.0), (pi/2.0), 
(0.pi/2) and (0,-pi/2) respectively, where the first element in 
the ordered pair refers to the azimuth frequency in radians and 
the second element in the ordered pair refers to the elevation 
frequency in radians. These 4 grazing angle ambiguity points 
corresponding to the regions G1.G2.H1.H2 in terms of fre 
quency are denoted by (Wyal Wal), (Wya2. Wa2). (Wya. 
Ws), (W, 4, W-4) respectively. 
0043 FIG. 5(b) illustrates an antenna unit 500 placed on a 
bumper of a vehicle, according to an embodiment. The 
antenna unit 500 is similar in function and operation to the 
antenna unit 200 explained with reference to FIG. 2(a). How 
ever, the antenna unit 200 is rotated by an angle L to obtain 
antenna unit 500. Note that in the present discussion, for the 
ease of understanding and calculations, this rotation also 
rotates the X axis and the Z axis, and thus the azimuth angle 
and the elevation angle are also suitably rotated. In one 
embodiment, angle u for the antenna unit 500 is 45 degrees. 
For the antenna unit 500, the rotation by an angle u moves a 
significant portion of the grazing angle ambiguity regions H2 
and G2 (denoted as H2 and G2) below the ground. However 
an obstacle below the ground is outside a region of interest of 
a moving vehicle, since obstacles that are likely to be encoun 
tered by the moving vehicle are going to be above the ground. 
In an embodiment, the region of interest is a region which is 
above the ground and within a definite distance from the 
vehicle. An obstacle detected by the antenna unit 500 in the 
grazing angle ambiguity regions H2 and G2 are mapped to 
their complementary locations above the ground i.e. H1' and 
G1' respectively. 
0044. A process for grazing angle detection and grazing 
angle error correction is now explained, according to an 
embodiment. In an embodiment, a signal processing unit is 
coupled to the antenna unit 500. The signal processing unit 
coupled to the antenna unit 500 is configured to estimate an 
azimuth frequency, an elevation frequency, and a range of an 
obstacle of a plurality of obstacles to generate an estimated 
azimuth frequency, an estimated elevation frequency and an 
estimated range of the obstacle. The estimated azimuth fre 
quency, the estimated elevation frequency and the estimated 
range of the obstacle are used to determine the co-ordinates of 
the obstacle which is then used to determine if the obstacle 
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lies outside the region of interest. If it is determined that the 
object lies outside the region of interest then the following 
procedure is adopted. A first difference between the estimated 
azimuth frequency and an azimuth frequency at each grazing 
angle ambiguity region of the one or more grazing angle 
ambiguity regions is estimated. A second difference between 
the estimated elevation frequency and an elevation frequency 
at each grazing angle ambiguity region of the one or more 
grazing angle ambiguity regions is estimated. A metric is 
estimated from a sum of an absolute value of the first differ 
ence and an absolute value of the second difference for each 
grazing angle ambiguity region. In an embodiment, the met 
ric (Y) is given as 

Y-min.(10a-0, es+(0-a-0, est) (10) 

0045. The metric (Y) is calculated for i=1, 2, 3, and 4 and 
compared with a threshold to detect an error in the estimated 
azimuth frequency and the estimated elevation frequency. In 
one embodiment, the threshold is a function of signal to noise 
ratio (SNR) of the signal received at the antenna unit 500. In 
one embodiment, the metric is a function of the first differ 
ence and the second difference. When the metric (Y) is below 
a threshold for any given value of i, a grazing angle error is 
detected and it is ascertained if the obstacle is outside the 
region of interest. If the obstacle is outside the region of 
interest, the grazing angle error is detected. Once the grazing 
angle error is detected, grazing error correction process is 
commenced to map the obstacle to a complementary loca 
tions above the ground. In the grazing angle error correction 
process, a sign of at least one of the estimated azimuth fre 
quency and the estimated elevation frequency is inverted to 
generate a true estimated azimuth frequency and a true esti 
mated elevation frequency respectively, when the metric (Y) is 
below the threshold. The estimated azimuth frequency and 
the estimated elevation frequency are the true estimated azi 
muth frequency and the true estimated elevation frequency 
respectively, when the metric (Y) is above the threshold. In one 
embodiment, a sign of the estimated azimuth frequency and 
the estimated elevation frequency is inverted to generate a 
true estimated azimuth frequency and a true estimated eleva 
tion frequency respectively. As an example, in FIG. 5(b), an 
obstacle detected at location P' in the region G2' is mapped to 
the corresponding location P in the region G1'. Thus the 
antenna unit 500 addresses the grazing angle problem to a 
significant extent. The above described technique of rotation 
of antenna can be applied to any antenna unit to address the 
grazing angle problem. This method is computationally 
simple and works in conjunction with any angle estimation 
methods known in the art. The angle estimation method can 
run independent of any mathematical constraints imposed by 
the region of interest. Further, the method of grazing angle 
error correction does not require the angle estimation proce 
dure to be repeated. 
0046 FIG. 6(a) illustrates a radar apparatus 600 according 

to an embodiment. The radar apparatus 600 includes an 
antenna unit 605. A signal processing unit 608 is coupled to 
the antenna unit 605. A grazing angle detection module 610 is 
coupled to the signal processing unit 608 and a grazing angle 
error correction module 615 is coupled to the grazing angle 
detection module 610. The radar apparatus 600 may include 
one or more additional components known to those skilled in 
the relevant art and are not discussed here for simplicity of the 
description. It is noted that the radar apparatus 600 is one of 
the many ways of implementing radar apparatus and varia 
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tions, and alternative constructions are apparent and well 
within the spirit and scope of the disclosure. 
0047. In the following flowcharts, the specifically dis 
closed operations, sequences, and formats are provided to 
explain the logical flow of the methods and are understood not 
to limit the scope of the present disclosure. 
0048 FIG. 6(b) is a flowchart 630 illustrating a method of 
estimating position of an obstacle of a plurality of obstacles 
with a radar apparatus, according to an embodiment. The 
flowchart 630 is illustrated with the radar apparatus 600. At 
step 632, the signal processing unit 608 estimates an azimuth 
frequency, an elevation frequency and a range of the obstacle 
and generates an estimated azimuth frequency, an estimated 
elevation frequency and an estimated range of the obstacle. In 
an embodiment, the step 632 is performed in a logic unit in the 
radar apparatus 600. At step 634, the grazing angle detection 
module 610 estimates a metric from one or more of the 
estimated azimuth frequency, the estimated elevation fre 
quency and the estimated range of the obstacle. At Step 636, 
the metric is compared to a threshold to detect an error in at 
least one of the estimated azimuth frequency and the esti 
mated elevation frequency. In one embodiment, the threshold 
is a function of signal to noise ratio (SNR) of the signal 
received at the antenna unit 605. At step 638, the grazing 
angle error correction module 615 on error detection, inverts 
a sign of at least one of the estimated azimuth frequency and 
the estimated elevation frequency to generate a true estimated 
azimuth frequency and a true estimated elevation frequency 
respectively. In one embodiment, when the error is not 
detected in at least one of the estimated azimuth frequency 
and the estimated elevation frequency, the estimated azimuth 
frequency and the estimated elevation frequency are the true 
estimated azimuth frequency and the true estimated elevation 
frequency respectively. 
0049 FIG. 6(c) is a flowchart 650 illustrating a method of 
estimating position of an obstacle of a plurality of obstacles 
with a radar apparatus, according to an embodiment. The 
flowchart 650 is illustrated with the radar apparatus 600. At 
step 652, the signal processing unit 608 estimates an azimuth 
frequency, an elevation frequency and a range of the obstacle 
and generates an estimated azimuth frequency, an estimated 
elevation frequency and an estimated range of the obstacle. In 
an embodiment, the step 652 is performed in a logic unit in the 
radar apparatus 600. At step 654, the grazing angle detection 
module 610 estimates a metric from the estimated azimuth 
frequency and the estimated elevation frequency. The metric 
is an estimate of a sine function of an azimuth angle associ 
ated with the obstacle. In one embodiment, the metric is a 
function of an estimate of the azimuth angle. At step 656, the 
metric is compared to a threshold to detect an error in the 
estimated azimuth frequency. In one embodiment, the thresh 
old is a function of signal to noise ratio (SNR) of the signal 
received at the antenna unit 605. When the metric is above the 
threshold, the error is detected in the estimated azimuth fre 
quency and the system proceeds to step 658. At step 658, the 
grazing angle error correction module 615 inverts a sign of the 
estimated azimuth frequency to generate a true estimated 
azimuth frequency. In an embodiment, the step 658 is per 
formed by a logic unit in the radar apparatus 600. At step 660, 
when metric is below the threshold i.e. the error is not 
detected, the estimated azimuth frequency is the true esti 
mated azimuth frequency and the system proceed to step 662. 
At step 662, the elevation frequency is re-estimated from the 
true estimated azimuth frequency to obtain true estimated 
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elevation frequency. At Step 664, an elevation angle and the 
azimuth angle associated with the obstacle are estimated from 
the true estimated azimuth frequency and the true estimated 
elevation frequency. 
0050 FIG. 6(d) is a flowchart 680 illustrating a method of 
estimating position of an obstacle of a plurality of obstacles 
with a radar apparatus, according to an embodiment. The 
flowchart 680 is illustrated with the radar apparatus 600. At 
step 682, the antenna unit 605 is rotated by a predefined angle 
Such that one or more grazing angle ambiguity regions asso 
ciated with the antenna unit 605 are outside a region of inter 
est. In an embodiment, the rotation of the antenna unit 605 is 
performed only once at the time of mounting the antenna unit 
605 on a vehicle. It is preferable to choose the angle of 
rotation Such that at least one of the grazing angle ambiguity 
regions in each ambiguous region pair is outside the region of 
interest. In one of the embodiment, the antenna unit 605 is 
rotated by 45 degrees. At step 684, the signal processing unit 
608 estimates an azimuth frequency, an elevation frequency 
and a range of the obstacle and generates an estimated azi 
muth frequency, an estimated elevation frequency and an 
estimated range of the obstacle. In an embodiment, the step 
684 is performed in a logic unit in the radar apparatus 600. At 
step 685, it is determined if the estimated location of the 
obstacle is outside the region of interest. The estimated loca 
tion of the obstacle is computed using the estimated azimuth 
frequency, the estimated elevation frequency and the esti 
mated range of the obstacle. If the estimated location of the 
obstacle is outside the region of interest, the system proceeds 
to step 686. Otherwise, the system proceeds to step 694. At 
step 686, the grazing angle detection module 610 estimates a 
first difference between the estimated azimuth frequency and 
an azimuth frequency at each grazing angle ambiguity region 
of the one or more grazing angle ambiguity regions that are 
outside the region of interest. At step 688, a second difference 
between the estimated elevation frequency and an elevation 
frequency at each grazing angle ambiguity region of the one 
or more grazing angle ambiguity regions that are outside the 
region of interest. The metric is estimated from a Sum of an 
absolute value of the first difference and an absolute value of 
the second difference for each grazing angle ambiguity 
region. In one embodiment, the metric is a function of the first 
difference and the second difference. At step 690, the metric 
is compared with a threshold to detect an error in at least one 
of the estimated azimuth frequency and the estimated eleva 
tion frequency. In one embodiment, the threshold is a function 
of signal to noise ratio (SNR) of the signal received at the 
antenna unit 605. When the metric is below the threshold, an 
error is detected in at least one of the estimated azimuth 
frequency and the estimated elevation frequency and the sys 
tem proceed to step 692. At step 692, the grazing angle error 
correction module 615 inverts a sign of at least one of the 
estimated azimuth frequency and the estimated elevation fre 
quency to generate a true estimated azimuth frequency and a 
true estimated elevation frequency respectively. In one 
embodiment, a sign of the estimated azimuth frequency and 
the estimated elevation frequency is inverted to generate a 
true estimated azimuth frequency and a true estimated eleva 
tion frequency respectively. At step 694, when the metric is 
above the threshold, the estimated azimuth frequency and the 
estimated elevation frequency are the true estimated azimuth 
frequency and the true estimated elevation frequency respec 
tively and the system proceeds to step 696. At step 696, the 
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elevation angle and the azimuth angle are estimated from the 
true estimated azimuth frequency and the true estimated 
elevation frequency. 
0051 FIG. 7(a) illustrates an antenna unit 700 in a radar 
apparatus, according to an embodiment. In an embodiment, 
the antenna unit 700 is integrated in a radar apparatus which 
is further integrated in an industrial or automotive applica 
tion. The antenna unit 700 includes a linear array of antenna 
arranged in a first horizontal plane. The linear array of anten 
nas includes a plurality of antennas, for example, antenna A1, 
A2, A3 and AN, where AN is the N" antenna and N is an 
integer. For the sake of simplicity and understanding, the 
plurality of antennas represented in FIG. 7(a) will be repre 
sented as A1-AN further in the description. The linear array of 
antennas A1-AN is represented to be placed along the X-axis. 
The adjacent antennas in the linear array of antennas A1-AN 
are separated by a spacing di.e. the antennas A1 and A2 are 
placed at d distance from each other. The antenna unit 700 
further includes an additional antenna B1 in a second hori 
Zontal plane and a second additional antenna B2 in a third 
horizontal plane. The first horizontal plane is parallel to the 
second horizontal plane and the third horizontal plane. The 
additional antenna B1 is at a predefined offset from at least 
one antenna in the linear array of antennas A1-AN. The pre 
defined offset is (C., B) from the antenna A1 in the linear array 
of antennas A1-AN. a is a distance of the additional antenna 
B1 from the Z axis in the XZ plane and B is a distance of the 
additional antenna B1 from the X axis in the XZ plane. In one 
embodiment, the additional antenna B1 is not in XZ plane and 
a perpendicular distance of the additional antenna B1 from 
the XZ plane is Y. In one embodiment, the predefined offset is 
a multiple of W/2, where w is an operating wavelength of the 
antenna unit 700. In an embodiment, C. is W/4 and f is W2. In 
an embodiment, the spacing d between adjacent antennas in 
the linear array of antennas is a multiple of W2. The second 
additional antenna B2 is at a second predefined offset from at 
least one antenna in the linear array of antennas A1-AN. The 
second predefined offset is (Ö, e) from the antenna A1 in the 
linear array of antennas A1-AN. 8 is a distance of the second 
additional antenna B2 from the Z axis in the XZ plane and e 
is a distance of the second additional antenna B2 from the X 
axis in the XZ plane. In one embodiment, the second addi 
tional antenna B2 is not in XZ plane and a perpendicular 
distance of the additional antenna B1 from the XZ plane is m. 
In one embodiment, the second predefined offset is a multiple 
of W2, where w is an operating wavelength of the antenna unit 
700. In an embodiment, Ö is W4 and e is W/2. In one embodi 
ment, C. is equal to 6 and is equal to e. In an embodiment, the 
additional antenna B1 and the second additional antenna B2 
are in a same vertical plane for example as illustrated, the 
linear array of antennas A1-AB, the additional antenna B1 
and the second additional antenna B2 are in XZ plane. 
0.052 The operation of the linear array of antenna A1-AN 
and the additional antenna B1 is similar to the antenna unit 
300 and is therefore not explained again for brevity reasons. 
FIG. 7(b) illustrates the antenna unit 700 placed on a bumper 
of a vehicle, according to an embodiment. The regions G1. 
G2, H1 and H2 represent grazing angle ambiguity regions for 
the antenna unit 700. These regions represent a range for 
which the antenna unit 700 will not be able to resolve the 
direction of arrival and hence will not be able to correctly 
detect the position of an obstacle 102. However an obstacle 
below the ground is outside the region of interest of a moving 
vehicle, since obstacles that are likely to be encountered by 
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the moving vehicle are going to be above the ground. An 
obstacle detected by the antenna unit 700 in the grazing angle 
ambiguity regions H2 and G2 are mapped to their comple 
mentary locations above the ground i.e. H1 and G1 respec 
tively. As an example is FIG. 7(b), an obstacle detected in the 
region G2 is mapped to the corresponding region G1. Thus 
the antenna unit 700 addresses the grazing angle problem to a 
significant extent. 
0053 FIG. 8 illustrates a radar apparatus 800 according to 
an embodiment. The radar apparatus includes an antenna unit 
805. A transmitter 810 and a receiver 820 are coupled to the 
antenna unit 805. A control module 815 is coupled to the 
transmitter 810. A mixer 825 is coupled to the receiver 820 
and to the transmitter 810. An analog to digital converter 
(ADC) 830 is coupled to the mixer 825 and an FFT (fast 
fourier transform) module 835 is coupled to the ADC830. A 
digital signal processor (DSP) 850 is coupled to the FFT 
module 835. The DSP 850 includes a signal processing unit 
837, a grazing angle detection module 840 and a grazing 
angle error correction module 845 coupled to the grazing 
angle detection module. In an embodiment, all the compo 
nents of the radar apparatus 800 are integrated on a chip. In 
other embodiment, all the components of the radar apparatus 
800 except the DSP 850 are integrated on a chip. The radar 
apparatus 800 may include one or more additional compo 
nents known to those skilled in the relevant art and are not 
discussed here for simplicity of the description. 
0054 The operation of the radar apparatus 800 illustrated 
in FIG. 8 is explained now. The antenna unit 805 is analogous 
to at least one of the antenna unit 300, antenna unit 500 and 
antenna unit 605 in connection and operation. The antenna 
unit 805 transmits an outbound RF (radio frequency) signal to 
an obstacle of the plurality of obstacles and receives an 
inbound RF signal from the obstacle. The control module 815 
provides a control signal to the transmitter 810. The transmit 
ter 810 generates the outbound RF signal and the receiver 820 
receives the inbound RF signal from the antenna unit 805. In 
one embodiment, the antenna unit 805 includes one or more 
transmit antennas coupled to the transmitter 810 and one or 
more receive antennas coupled to the receiver 820. In an 
embodiment, the antenna unit 805 is analogous to the antenna 
unit 300 and thus includes a linear array of antenna and an 
additional antenna. Each antenna in the linear array of 
antenna and the additional antenna will have a separate 
receiver path comprising receiver, mixer and ADC. Each 
receiver path will be coupled to the digital signal processor 
850. 

0055. The mixer 825 receives the inbound RF signal from 
the receiver 820 and generates a demodulated signal. The 
ADC830 receives the demodulated signal from the mixer 825 
and generates a digital signal in response to the demodulated 
signal. The FFT module 835 receives the digital signal from 
the ADC 830 and is configured to transform the digital signal 
from a time domain to a frequency domain. The DSP 850 is 
configured to process the digital signal received from the FFT 
module 835. The signal processing unit 837 estimates an 
azimuth frequency, an elevation frequency and a range of the 
obstacle and generates an estimated azimuth frequency, an 
estimated elevation frequency and an estimated range of the 
obstacle. The grazing angle detection module 840 estimates a 
metric from one or more of the estimated azimuth frequency, 
the estimated elevation frequency and the estimated range of 
the obstacle. The metric is compared to a threshold to detect 
an errorin at least one of the estimated azimuth frequency and 
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the estimated elevation frequency. In one embodiment, the 
threshold is a function of signal to noise ratio (SNR) of the 
signal received at the antenna unit 805. The grazing angle 
error correction module 845 is coupled to the grazing angle 
detection module 840 and inverts a sign of at least one of the 
estimated azimuth frequency and the estimated elevation fre 
quency on error detection. The process of estimating position 
of the obstacle with the grazing angle detection module 840 
and the grazing angle error correction module 845 have been 
explained in the flowcharts in FIG. 6(b), FIG. 6(c) and FIG. 
6(d) and therefore is not included hereinforsake of brevity of 
description. 
0056. In the foregoing discussion, the terms “connected 
means at least either a direct electrical connection between 
the devices connected or an indirect connection through one 
or more passive intermediary devices. The term “circuit' 
means at least either a single component or a multiplicity of 
passive or active components, that are connected together to 
provide a desired function. The term “signal' means at least 
one current, Voltage, charge, data, or other signal. Also, the 
terms “connected to’ or “connected with (and the like) are 
intended to describe either an indirect or direct electrical 
connection. Thus, if a first device is coupled to a second 
device, that connection can be through a direct electrical 
connection, or through an indirect electrical connection via 
other devices and connections. 
0057. It should be noted that reference throughout this 
specification to features, advantages, or similar language 
does not imply that all of the features and advantages should 
be or are in any single embodiment. Rather, language refer 
ring to the features and advantages is understood to mean that 
a specific feature, advantage, or characteristic described in 
connection with an embodiment is included in at least one 
embodiment of the present disclosure. Thus, discussion of the 
features and advantages, and similar language, throughout 
this specification may, but do not necessarily, refer to the 
same embodiment. 
0058. Further, the described features, advantages, and 
characteristics of the disclosure may be combined in any 
suitable manner in one or more embodiments. One skilled in 
the relevant art will recognize that the disclosure can be 
practiced without one or more of the specific features or 
advantages of a particular embodiment. In other instances, 
additional features and advantages may be recognized in 
certain embodiments that may not be present in all embodi 
ments of the disclosure. 
0059. One having ordinary skill in the art will understand 
that the present disclosure, as discussed above, may be prac 
ticed with steps and/or operations in a different order, and/or 
with hardware elements in configurations which are different 
than those which are disclosed. Therefore, although the dis 
closure has been described based upon these preferred 
embodiments, it should be appreciated that certain modifica 
tions, variations, and alternative constructions are apparent 
and well within the spirit and scope of the disclosure. In order 
to determine the metes and bounds of the disclosure, there 
fore, reference should be made to the appended claims. 
What is claimed is: 
1. A radar apparatus for estimating position of an obstacle 

of a plurality of obstacles comprising: 
an antenna unit; 
a signal processing unit coupled to the antenna unit, the 

signal processing unit configured to estimate an azimuth 
frequency, an elevation frequency and a range of the 
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obstacle and configured to generate an estimated azi 
muth frequency, an estimated elevation frequency and 
an estimated range of the obstacle; 

a grazing angle detection module coupled to the signal 
processing unit and configured to estimate a metric from 
one or more of the estimated azimuth frequency, the 
estimated elevation frequency and the estimated range 
of the obstacle, wherein the metric is compared to a 
threshold to detect an error in at least one of the esti 
mated azimuth frequency and the estimated elevation 
frequency; and 

a grazing angle error correction module coupled to the 
grazing angle detection module and configured to invert 
a sign of at least one of the estimated azimuth frequency 
and the estimated elevation frequency on error detection. 

2. The radar apparatus of claim 1, wherein the antenna unit 
further comprises: 

a linear array of antennas configured to estimate the azi 
muth frequency associated with the obstacle to generate 
the estimated azimuth frequency; and 

an additional antenna at a predefined offset from at least 
one antenna in the linear array of antennas, wherein the 
elevation frequency is estimated from the predefined 
offset, the estimated azimuth frequency and a phase of a 
signal received from the obstacle at the additional 
antenna, to generate the estimated elevation frequency. 

3. The radar apparatus of claim 2, wherein a spacing is 
defined between adjacent antennas in the linear array of 
antennaS. 

4. The radar apparatus of claim 2, wherein the predefined 
offset is a multiple ofhalfofan operating wavelength of the 
antenna unit and the spacing between adjacent antennas in the 
linear array of antennas is a multiple of half of the operating 
wavelength of the antenna unit. 

5. The radar apparatus of claim 2, wherein the grazing 
angle detection module configured to estimate the metric 
from the estimated azimuth frequency and the estimated 
elevation frequency, wherein the metric is an estimate of a 
sine function of an azimuth angle. 

6. The radar apparatus of claim 5, wherein the grazing 
angle error correction module configured to invert a sign of 
the estimated azimuth frequency to generate a true estimated 
azimuth frequency when the metric is above the threshold 
and, wherein the estimated azimuth frequency is the true 
estimated azimuth frequency when the metric is below the 
threshold. 

7. The radar apparatus of claim 6, wherein the elevation 
frequency, is configured to be re-estimated from the true 
estimated azimuth frequency to generate a true estimated 
elevation frequency and, wherein an elevation angle and the 
azimuth angle are configured to be estimated from the true 
estimated azimuth frequency and the true estimated elevation 
frequency. 

8. The radar apparatus of claim 1 further comprising rotat 
ing the antenna unit by a predefined angle Such that one or 
more grazing angle ambiguity regions associated with the 
antenna unit are outside a region of interest. 

9. The radar apparatus of claim 8, wherein the grazing 
angle detection module configured to estimate: 

a first difference between the estimated azimuth frequency 
and an azimuth frequency at each grazing angle ambi 
guity region of the one or more grazing angle ambiguity 
regions; and 
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a second difference between the estimated elevation fre 
quency and an elevation frequency at each grazing angle 
ambiguity region of the one or more grazing angle ambi 
guity regions, wherein the metric is estimated from a 
sum of an absolute value of the first difference and an 
absolute value of the second difference for each grazing 
angle ambiguity region. 

10. The radar apparatus of claim 9, wherein 
the grazing angle error correction module configured to 

invert a sign of at least one of the estimated azimuth 
frequency and the estimated elevation frequency togen 
erate the true estimated azimuth frequency and a true 
estimated elevation frequency respectively, when the 
metric is below the threshold; and 

the estimated azimuth frequency and the estimated eleva 
tion frequency are the true estimated azimuth frequency 
and the true estimated elevation frequency respectively, 
when the metric is above the threshold. 

11. The radar apparatus of claim 10, wherein the elevation 
angle and the azimuth angle are re-estimated from the true 
estimated azimuth frequency and the true estimated elevation 
frequency. 

12. A method of estimating position of an obstacle of a 
plurality of obstacles with a radar apparatus comprising: 

estimating an azimuth frequency, an elevation frequency 
and a range of the obstacle to generate an estimated 
azimuth frequency, an estimated elevation frequency 
and an estimated range of the obstacle; 

estimating a metric from one or more of the estimated 
azimuth frequency, the estimated elevation frequency 
and the estimated range of the obstacle, wherein the 
metric is compared to a threshold to detect an error in at 
least one of the estimated azimuth frequency and the 
estimated elevation frequency; and 

inverting, on error detection, a sign of at least one of the 
estimated azimuth frequency and the estimated eleva 
tion frequency to generate a true estimated azimuth fre 
quency and a true estimated elevation frequency respec 
tively. 

13. The method of claim 12, wherein the radar apparatus 
comprises an antenna unit, the antenna unit further com 
prises: 

a linear array of antennas configured to estimate the azi 
muth frequency associated with the obstacle to generate 
the estimated azimuth frequency; and 

an additional antenna at a predefined offset from at least 
one antenna in the linear array of antennas, wherein the 
elevation frequency is estimated from the predefined 
offset, the estimated azimuth frequency and a phase of a 
signal received from the obstacle at the additional 
antenna, to generate the estimated elevation frequency. 

14. The method of claim 13 further comprising estimating 
the metric from the estimated azimuth frequency and the 
estimated elevation frequency, wherein the metric is an esti 
mate of a sine function of an azimuth angle 

15. The method of claim 13 further comprising: 
inverting a sign of the estimated azimuth frequency to 

generate the true estimated azimuth frequency when the 
metric is above the threshold and, wherein the estimated 
azimuth frequency is the true estimated azimuth fre 
quency when the metric is below the threshold; 

re-estimating the elevation frequency from the true esti 
mated azimuth frequency to generate a true estimated 
elevation frequency; and 
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estimating an elevation angle and the azimuth angle from 
the true estimated azimuth frequency and the true esti 
mated elevation frequency. 

16. The method of claim 12 further comprising rotating an 
antenna unit by a predefined angle Such that one or more 
grazing angle ambiguity regions associated with the antenna 
unit are outside a region of interest. 

17. The method of claim 16 further comprising: 
estimating a first difference between the estimated azimuth 

frequency and an azimuth frequency at each grazing 
angle ambiguity region of the one or more grazing angle 
ambiguity regions; and 

estimating a second difference between the estimated 
elevation frequency and an elevation frequency at each 
grazing angle ambiguity region of the one or more graz 
ing angle ambiguity regions, wherein the metric is esti 
mated from a sum of an absolute value of the first dif 
ference and an absolute value of the second difference 
for each grazing angle ambiguity region. 

18. The method of claim 16 further comprising inverting a 
sign of at least one of the estimated azimuth frequency and the 
estimated elevation frequency to generate a true estimated 
azimuth frequency and a true estimated elevation frequency 
respectively, when the metric is below the threshold, and 
wherein the estimated azimuth frequency and the estimated 
elevation frequency are the true estimated azimuth frequency 
and the true estimated elevation frequency respectively, when 
the metric is above the threshold. 

19. A radar apparatus comprising: 
an antenna unit configured to transmit an outbound radio 

frequency (RF) signal to an obstacle of the plurality of 
obstacles and receive an inbound RF signal from the 
obstacle: 

a transmitter coupled to the antenna unit and configured to 
generate the outbound RF signal; 

a receiver coupled to the antenna unit and configured to 
receive the inbound RF signal from the antenna unit, 
wherein the outbound RF signal is scattered by the 
obstacle to generate the inbound RF signal; 

a mixer coupled to the receiver and to the transmitter and 
configured to demodulate the inbound RF signal togen 
erate a demodulated signal; 

an analog to digital converter (ADC) coupled to the mixer 
and configured to generate a digital signal in response to 
the demodulated signal received from the mixer, 

an FFT(fast fourier transform) module configured to trans 
form the digital signal from time domain to frequency 
domain; and 

a digital signal processor coupled to the FFT module and 
configured to process the digital signal, the digital signal 
processor further comprising: 
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a signal processing unit configured to estimate an azi 
muth frequency, an elevation frequency and a range of 
the obstacle and configured to generate an estimated 
azimuth frequency, an estimated elevation frequency 
and an estimated range of the obstacle; 

a grazing angle detection module coupled to the signal 
processing unit and configured to estimate a metric 
from one or more of the estimated azimuth frequency, 
the estimated elevation frequency and the estimated 
range of the obstacle, wherein the metric is compared 
to a threshold to detect an error in at least one of the 
estimated azimuth frequency and the estimated eleva 
tion frequency; and 

a grazing angle error correction module coupled to the 
grazing angle detection module and configured to 
invert a sign of at least one of the estimated azimuth 
frequency and the estimated elevation frequency on 
error detection. 

20. The radar apparatus of claim 19, wherein the antenna 
unit further comprises: 

a linear array of antennas configured to estimate the azi 
muth frequency associated with the obstacle to generate 
the estimated azimuth frequency; and 

an additional antenna at a predefined offset from at least 
one antenna in the linear array of antennas, wherein the 
elevation frequency is estimated from the predefined 
offset, the estimated azimuth frequency and a phase of a 
signal received from the obstacle at the additional 
antenna, to generate the estimated elevation frequency. 

21. The radar apparatus of claim 20, wherein the grazing 
angle detection module configured to estimate the metric 
from the estimated azimuth frequency and the estimated 
elevation frequency, wherein the metric is an estimate of a 
sine function of an azimuth angle. 

22. The radar apparatus of claim 20, wherein the grazing 
angle error correction module configured to invert a sign of 
the estimated azimuth frequency to generate a true estimated 
azimuth frequency when the metric is above the threshold 
and, wherein the estimated azimuth frequency is the true 
estimated azimuth frequency when the metric is below the 
threshold. 

23. The radar apparatus of claim 20, wherein the elevation 
frequency is configured to be re-estimated from the true esti 
mated azimuth frequency to generate a true estimated eleva 
tion frequency and, wherein an elevation angle and the azi 
muth angle are configured to be estimated from the true 
estimated azimuth frequency and the true estimated elevation 
frequency. 


