




The second step in (8) consists of retrieving the target
angle term. This can be achieved using digital beam forming
technique (DBF) [8], multiplying the data from (7) with
a window function w(l) and applying a second FFT. The
windowing and the FFT are applied this time along the antenna
elements

X(kr, kθ,m) =
L−1∑
l=0

X(kr, l,m) w(l) e−
j2πlkθ
L , (8)

with kθ = 0, 1, ...,Kθ − 1, where Kθ is the number of angle
bins.

Finally, a third FFT is applied along the slow time dimen-
sion to compute the Doppler information for each frame. The
Hanning window function w(l) is applied to the data cube
obtained from (8). This is given by (9)

X(kr, kθ, kd) =
M−1∑
m=0

X(kr, kθ,m) w(m) e−
j2πmkd
M , (9)

with and kd = 0, 1, ...,Kd − 1, where Kd denotes the number
of Doppler bins.

B. Target Detection

After the 3D processing of the received beat signal, a
Doppler bin magnitude maximum search is performed over
the power spectral density (PSD). This means that the bin
search is carried out along the Doppler bin dimension of the
3D spectrum cube obtained from (9), for each range and angle
bin pair (kr, kθ). The resulting two dimensional (2D) matrix
is X(kr, kθ, kdmax), where

kdmax ∈ max |X(kd)| ∀(kr, kθ), (10)

is a fixed Doppler bin. Next, a 2D cell average-constant false
alarm rate (CA-CFAR) [9] is applied to the 2D spectrum
matrix in range and angle, to discriminate target peaks from
clutter. This is done by calculating an adaptive threshold of the
2D Peaks, using a sliding window which is centered at every
(kr, kθ) cell in the 2D matrix. The threshold is then computed
by averaging and scaling the neighboring PSD cells of the
center cell. After the target discrimination, dense detections
output by the CA-CFAR algorithm are merged into clusters
by the Density-based spatial clustering of applications with
noise algorithm (DBSCAN) to yield K targets.

C. High Resolution 3D Spectral Estimation Using RELAX

To achieve accurate height estimations using Doppler Beam
Sharpening, the target 3D parameters have to be estimated
as accurately as possible. In this work, a 3D RELAX was
implemented to allow for high resolution range, angle and
Doppler estimation. After target extraction, a high resolu-
tion 3D PSD is obtained from the beat signal in (6) using
3D RELAX. RELAX [7] is a parametric high resolution
algorithm which relies on a nonlinear regression model to
estimate the frequencies present in a signal as well as their
respective amplitudes. To estimate the 3D parameter of the

extracted K targets, RELAX assumes that received radar
signal SIF (n, l,m) in (6) can be modeled as the sum of
multiple weighted complex exponentials plus noise, so that
SIF (n, l,m) can be described by the following model

yn,l,m =
K∑
k=1

ak e
j2πfknej2πf

0
klej2πf

00
km + en,l,m. (11)

Where n = 0, 1, ..., N − 1, l = 0, 1, ..., L − 1 and
m = 0, 1, ...,M − 1. L, N and M denote the number of
received channels, the number of samples per chirp and the
number of ramps per frame respectively. The variable ak
denotes the unknown complex amplitude, and fk, f ′k and f ′′k
are the unknown range, angle and Doppler frequencies of the
k-th harmonic respectively. for k = 1, 2, ...,K; en,l,m denotes
the noise. The sinusoidal parameters {f̂k, f̂ ′k, f̂ ′′k , âk} can be
obtained by recursively minimizing the following nonlinear
least-squares cost function

Cl({fi, f ′i , f ′′i , ai})Ki=0 = ‖y −
K∑
k=1

akW (fk)‖2, (12)

where ‖.‖ denotes the Euclidean norm, y is
the N x L x M 3D beat signal cube in (6) , and W (fk) =
[Wn,l,m] is a rank 3 tensor, such that

Wn,l,m = wn(fk). wl(f
′
k). wm(f ′′k ), (13)

where w(fk), w(f ′k) and w(f ′′k ) are given by

w(fk) = [1 ej2πfk ... ej2πfk(N−1)]T ,

w(f ′k) = [1 ej2πf
0
k ... ej2πf

0
k(L−1)]T ,

w(f ′′k ) = [1 ej2πf
00
k ... ej2πf

00
k (M−1)]T .

(14)

Let yk be given by

yk = y −
K∑

i=1,i6=k

âiW (f̂i), (15)

where {f̂i, âi}Ki=1,i6=k are assumed to be given then, minimiz-
ing the cost function in equation (12) with respect to fk and
ak gives

(f̂k, f̂ ′k, f̂
′′
k ) = max

fk,f 0
k,f

00
k

|< W ∗(fk), yk >|2 , (16)

and
âk =

1

NLM
< W ∗(fk), yk >, (17)

where < ., . > denotes the sum over all element-wise products.
The estimate of (f̂k, f̂ ′k, f̂

′′
k ) can be obtained as the location of

the dominant peak of the periodogram, which can be efficiently
computed by the 3D-FFT of the data cube yk, using zero
padding. Finally the range R = fk fs c T

2B , the DOA angle
θ = arcsin(

f 0
k λ
d ) and the Doppler velocity vr = f ′′k

c
2fc T

,
are extracted from (f̂k, f̂ ′k, f̂

′′
k ). Where c denotes the speed of

light, fs denotes the sampling frequency, and B denotes the
radar bandwidth. The output of the 3D Relax is shown in Fig.3
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Fig. 2. Cartesian Map computed using 3D-FFT.
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Fig. 3. 3D-Relax output showing the same Cartesian map in Fig. 2, the Z-axis
corresponds to the radial velocity of each target in the Cartesian map.

D. Target Height Estimation Using Doppler Beam Sharpening

Based on the vehicle velocity, the target range, azimuth
angle and Doppler information obtained from the RELAX high
resolution 3D PSD, the entrance gate height can be estimated.
For each target, the computed azimuth DOA angle θ and radial
velocity vr are used to obtain the radial velocity component
vrel , which is dependent on the target elevation angle ε. This
is achieved based on (3). Next, the target height is calculated
from (5) using vrel , v, R and hs.

V. EXPERIMENTAL RESULTS

This section describes the radar measurement setup, then
summarizes and discusses the height estimation results of the
DBS height finding algorithm.

2D-CA-CFAR

Target Height DBS Model

   Doppler BinWindowing 3D-FFT3D-Time Signal

3D-RELAX

Search

Fig. 4. A block diagram showing the processing steps of the Doppler beam
sharpening height-finder algorithm.

A. Measurement Setup

In the following experiment, a 77 GHz mid-range MIMO
radar with 300 MHz bandwidth was used, the radar is a time
division multiplexed (TDM) system with two transmitting (Tx)
co-located antennas and 10 receiving (Rx) antennas. The Tx
antennas are each capable of sending 128 fast ramps per cycle,
the radar sensor was mounted on the front of the car 0.5 m
above the ground. The vehicle drove towards a facility entrance
at a velocity varying between 11.11 m/s and 13.33 m/s. The
entrance gate, which was illuminated by the radar sensor, has
an upper edge height of 5m and a lower edge height of 4.5m.
For each measurement cycle, 256 target echoes, the vehicle
velocity, and the corresponding echo and velocity time stamps
were recorded. The velocity of the car was provided by an
Automotive Dynamic Motion Analyzer (ADMA) device in the
vehicle. Hence, the received data for each measurement cycle
consisted of 10 x 512 x 256 samples, where the first dimension
is the number of channels, the second dimension is the number
of time samples per channel, and the third dimension is the
number of chirps per channel. To achieve a higher accuracy
and resolution of azimuth DOA estimation, a larger virtual
aperture is constructed from the original cube to yield a 3D
cube containing 19 x 512 x 128 data samples. The height of
the entrance gate was estimated by processing the received 3D
data cube and the corresponding vehicle velocity data at each
cycle.

Fig. 5. The entrance gate of the facility (target). The gate is 16.5 m wide
and 4.5 m high (lower edge height). The radar sensor was mounted at 0.5 m
above the ground on the front of the vehicle. The car drove at a velocity
between 11, 11 m/s and 13.33 m/s towards the gate while echoes of the
target were simultaneously being recorded.

B. Results

Fig. 6 summarizes the height results, estimated by the
proposed Doppler beam sharpening algorithm. During the
measurement campaign, the vehicle drove toward the entrance
gate three times. Hence, three datasets were collected and
processed by the height finding algorithm. After processing,
target heights measured at the same range cell were averaged.
the cell size was set to 1 m To suppress detections of
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targets other than the gate entrance, two field of view (FOV)
thresholds were set depending on the target measured range
and the sensor azimuth and elevation field of view. Thus,
heights of objects out of the FOV were not considered. As
illustrated in Fig. 4, the proposed algorithm can measure the
gate height with high accuracy. In the first dataset (blue color),
a root mean square error (RMSE) of 0.8m was measured. The
largest mean error measured was 1.14 m at 61.5 m range. At
48.5 m range, the RMSE was 0.95 m. In the second dataset
(orange color), the RMSE was 0.63m, with a largest mean
error of 1.08 m below ground truth at 54.5 m range. An
RMSE of 0.26 m was calculated for the third dataset (yellow
color), with a largest measured deviation of 0.82 m at 49.5 m
range. Fig. 6 shows also a discrepancy at some range bins
between measured height results of the third dataset and the
results of both the first and the second dataset. This difference
could be related to many factors such as engine induced car-
body vibrations, vehicle acceleration, steep grounds or the
coherency of the received ramps. The impact of these factors
on the accuracy of the DBS height-estimation algorithm will
be investigated in future work.
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Fig. 6. Measured target height outputs of the proposed DBS algorithm. The
figure shows three curve extensions of three datasets (blue, orange, yellow),
corresponding to three runs towards the entrance gate. starting at a maximum
range of 64 m and stopping at a range of 19 m

VI. CONCLUSION

In this work, a Doppler-based height finder algorithm using
a 77 GHz mid range FMCW radar was proposed. Radar echoes
of a 4.5 m high gate were recorded during different driving
trials, processed, and the corresponding height measurement
results were presented and discussed. It can be concluded that
height estimation of extended targets can be resolved with
high accuracy by exploiting the frequency shift of radar waves,
caused by the Doppler effect, while approaching targets. The
presented height results show that the proposed algorithm can
determine whether a detected target is traversable or not.
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