




yc(t) = s1(t)s∗2(t), (11)

=
N∑

m,n=1

exp{−j2πf0
2Rn(t)

c
} exp{j2πf0[

2Rm(t)

c
− τm]},

=
N∑

n=1

exp{−j2πf0τn}+
N∑

n=1

N∑
m=1,m6=n

exp{j2πf0[
2(Rm(t)−Rn(t))

c
− τm]}.

B. The 2-D Velocity of Rotating Blades
An rotor is centered at origin of the body-fixed coordinates

rotating about the z-axis with an rotation rate Ω rad/s as shown
in Fig. 2. Note that the angular velocity ω is different from
the angular rotation rate Ω, where the former is measured
relative to the observing radar and the latter is referred to the
body-fixed coordinates. The interferometric radar is located
at the origin of the space-fixed coordinate (X,Y, Z). The two
receiving antennas locate on the Y-axis with positions (0, 0, 0)
and (0, D, 0). The radar observed elevation and azimuth angles
of the rotor rotation center are θ and φ. The distance between
the origins of the space-fixed and body-fixed coordinates is
R0. Consider a rotor with N blades, the position of the nth

Fig. 2. The geometry of the radar and the rotor(top view).

blade-tip point in the space-fixed coordinates at time instant t
is,

P(t) = [R0 cos θ cosφ+ L cos(εn + Ωt), (12)

R0 cos θ sinφ+ L sin(εn + Ωt), R0 sin θ]T ,

where L denotes the blade length and εn = ε0 +(n−1)2π/N
is the initial phase of the nth blade. Then the distance between
the blade-tip point and the origin of the space-fixed coordinate
Rn(t) can be expressed as,

Rn(t) ≈ R0 + L cos θ cos(εn + Ωt− φ), (13)

where assuming (L/R0)2 → 0 in the far field. Proceeding
from Eq. (13), the received signals by the first antenna located
at the origin of the space-fixed coordinate can be expressed
as,

s1(t) =
N∑

n=1

exp{−j2πf0
2Rn(t)

c
}, (14)

=
N∑

n=1

exp{−j 4π

λ
[R0 + L cos θ cos(εn + Ωt− φ)]},

where, the phase function is,

Φ1(t) =
4π

λ
L cos θ cos(εn + Ωt− φ). (15)

By taking the time derivative of the phase function Φ1(t) in
Eq. (15), the instantaneous frequency becomes,

fr(t) =

{
−2LΩ cos θ

λ
sin(εn + Ωt− φ), n = 1, . . . , N

}
.

(16)
The instantaneous frequency in Eq. (16) is referred to as micro-
Doppler frequency [6], which is induced by the radial velocity
of rotating blades relative to radar.

An interferometric radar consists of two receiving antennas
spaced by a baseline D as shown in Fig. 2. Taking the signal
received by the antenna located at the origin of the space-
fixed coordinate as a reference, the received signal by the other
antenna is then delayed by τ compared with that of the first
antenna. Proceeding from Eq. (14), the received signal by the
antenna located at (0, D, 0) can be expressed as,

s2(t) =

N∑
n=1

exp{−j2πf0(
2Rn(t)

c
− τn)},

=
N∑

n=1

exp{−j 4π

λ
[Rn(t)−D sinϕn(t)]}, (17)

where, ϕn(t) denotes the arrival angle of the nth blade-tip
with reference to the broadside as shown in Fig. 2. The sine
of the arrival angle can be written as [20],

sinϕn(t) =
R0 cos θ sinφ+ L sin(εn + Ωt)

R0 + L cos θ cos(εn + Ωt− φ)
,

≈ cos θ sinφ+
L

R0
r sin(εn + Ωt− α), (18)

where, tanα = (cos2 θ sinφ cosφ)/(1 − sin2 φ cos2 θ) and
r =

√
1 + cos4 θ sin2 φ− 2 sin2 φ cos2 θ, both determined by

the radar observed elevation θ and azimuth φ of the rotor. The
first-order Taylor approximation is deployed in the second line
of Eq. (18), which holds under the assumption that L/R0 is
small.

Combining Eq. (14) and Eq. (17), the correlation output
can be obtained by multiplying one with the conjugate of the
other, i.e.,

yc(t) = s1(t)× s∗2(t), (19)

=
N∑

n=1

N∑
m=1

exp{j 4π

λ
[Rn(t)−Rm(t)−D sinϕn(t)]}.
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Fig. 3. Block diagram of the dual-frequency interferometric radar.

By taking the time derivative of the phase function in Eq. (19),
the instantaneous frequency of the correlation output becomes,

fi(t) =

{
2LΩ

λ
[− cos θ sin(εn + Ωt− φ) + cos θ (20)

sin(εm + Ωt− φ)− Dr

R0
cos(εm + Ωt− α)],m, n = 1, . . . , N

}
.

Clearly that the total instantaneous frequency of the correlation
output consists of N2 components: N intra-correlation terms
and N(N − 1) inter-correlation terms. The intra-correlation
terms (that is n = m) are produced by the correlation between
the signals reflected by the same blade and determined by the
angular velocity of rotating blades only. The inter-correlation
terms (that is m 6= n) are produced by the cross-correlation
between different blades and involve with both the radial and
angular velocity, thus interfering the extraction of angular
velocity. Thus, it is necessary to suppress the inter-correlation
terms for angular velocity extraction when there are multiple
moving objects in the radar field of view.

III. THE PROPOSED MEASUREMENT METHOD

A. The Dual-Frequency Interferometric Radar

The dual-frequency interferometric radar comprises two
transmitting antennas and three receiving antennas as shown
in Fig. 3, which can be utilized to extract the 2-D velocity
information of moving objects. The dual-frequency means
that the radar can transmit continuous waveforms with two
different carrier frequencies f1Hz and f2Hz, where f1 < f2.
A up-converter is installed in the high-frequency channel for
frequency up-conversion. The baseline D between the two
receiving antennas corresponding to the carrier frequency of f1
is set as D = 60λ1. Three radio frequency (RF) switches are
utilized to connect the selected antennas with the following
processing channels. When the radial velocity measurement
mode is chosen, the antennas corresponding to the carrier
frequency of f2Hz are connected. If we choose the angular
velocity measurement mode, the antennas corresponding to
the carrier frequency of f1Hz antennas are connected.

B. The Proposed Measurement Method

Proceeding from Eqs. (1) and (16), we can observe that the
instantaneous frequency induced by radial velocity is inversely
proportional to the wavelength. Thus, high carrier frequency is

preferred in order to extract radial velocity information. Sim-
ilarly, the interferometric frequency shift induced by angular
velocity is inversely proportional to the wavelength, however
it is also proportional to the baseline length D from Eqs.
(7) and (20). Fortunately, the Doppler frequency terms are
only inversely proportional to the wavelength, while irrelevant
to the baseline. Thus, a low-frequency waveform can be
utilized to suppress the cross-terms, while the interferometric
frequencies can be preserved by increasing the baseline length
D simultaneously. The detailed method of measuring the 2-D
velocity is listed as follows.

1) Measuring the radial velocity:
• The two RF switches S1 and S2 connect the trans-

mitting antenna and one receiving antenna corre-
sponding to the carrier frequency of f2Hz to the
processing channels. The RF switch S3 connects to
the resistor.

• Perform a short-time Fourier transform to the re-
ceived signal to obtain the time-frequency spectrum.

• Extract the instantaneous frequency and calculate
the radial velocity according to vr = frλ2/2.

2) Measuring the angular velocity:
• The three RF switches connect the transmitting

antenna and two receiving antennas corresponding
to the carrier frequency of f1Hz to the processing
channels.

• Input two received signals into the interferometric
correlator to obtain the correlation output.

• Perform a short-time Fourier transform on the corre-
lation output to obtain the time-frequency spectrum.

• Extract the instantaneous frequency and calculate
the angular velocity according to ω = fiλ1/(2D).

IV. SIMULATION RESULTS

In this section, extensive simulation results are presented to
validate the effectiveness of the proposed measuring method.

A. The Simulation Results of a Rotor With Two Blades

The geometry of the radar and the rotor is shown in
Fig. 2. The two carrier frequencies are set as f1 = 6GHz
and f2 = 24GHz. The baseline between the two receiving
antennas corresponding to f1 is D = 3m. The rotor with two
blades rotates with a constant rate of 10π rad/s and the blade
length is 5 centimetres. The distance between the origins of
the space-fixed and body-fixed coordinates is R0 = 0.5m.
Without loss of generality, we set the elevation angle θ = 0,
the azimuth angle φ = 0 and the initial phase of the first
blade ε0 = 0. The maximum arrival angle of the rotor is
ϕm = arctan 0.1 ≈ 5.71◦, which satisfies the condition of
small angle approximation. The time-frequency spectrum of
the rotor induced by the radial and angular velocities are
measured through respective waveform of frequency f2 and f1,
and presented in Figs. 4 and 5. For comparison, we calculate
the instantaneous radial velocity from Eq. (16), that is

vr(t) = {LΩ sin(Ωt),−LΩ sin(Ωt)}. (21)

978-1-7281-1679-2/19/$31.00 ©2019 IEEE



Time-Frequency Spectrum Induced by Radial Velocity
(  = 0°    = 0°)

0 0.2 0.4 0.6 0.8 1
Time(s)

-400

-300

-200

-100

0

100

200

300

400
Fr

eq
ue

nc
y(

H
z)

-25

-20

-15

-10

-5

0

Fig. 4. The time-frequency spectrum induced by radial velocity of the rotor
with two blades.

Time-Frequency Spectrum Induced by Angular Velocity
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Fig. 5. The time-frequency spectrum induced by angular velocity of the rotor
with two blades.

The instantaneous angular velocity relative to the radar is

ω = {LΩ

R0
cos(Ωt),−LΩ

R0
cos(Ωt)}. (22)

The two instantaneous velocities are plotted in Fig. 6 and Fig.
7, respectively.

We can observe that the instantaneous spectra induced by
the radial and angular velocity are both a pair of sinusoids. As
we reduce the carrier frequency, the instantaneous frequency
induced by the radial velocity are negligible such that we
can hardly see the cross-terms. The maximum instantaneous
frequency shifts induced by the radial and angular veloc-
ities are 251Hz and 377Hz respectively, corresponding to
the maximum instantaneous radial and angular velocities of
1.57 m/s and 3.14 rad/s. Furthermore, the radial and angular
velocities of rotating blades are complementary, that is when
the radial velocity reaches the maximum, the angular velocity
completely diminishes and vice versa.

B. The Simulation Results of Two Point Sources

Next, assume that two point sources move along a straight
line parallel to the x-axis towards an opposite direction with a
constant velocity of v1 = 6m/s and v2 = 10m/s, respectively,
as shown in Fig. 8. The two points are initially located
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Fig. 6. The instantaneous radial velocity of the rotor with two blades.
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Fig. 7. The instantaneous angular velocity of the rotor with two blades.

at (0.6, 4, 0)m and (−1, 4, 0)m. The radar is located at the
origin of the space-fixed coordinate. The maximum arrival
angles of the two objects are ϕ1 = arctan 0.15 ≈ 8.53◦

and ϕ2 = arctan 0.25 ≈ 14.04◦, respectively, both satisfying
the small angle approximation condition. The time-frequency
spectrum induced by the radial and angular velocities are
measured through waveforms with different frequencies and
shown in Fig. 9 and Fig. 10, respectively. The instantaneous
Doppler frequency induced by radial velocity decreases in the
negative zone and then increases again in the positive zone.
When the two points arrive at the middle, the radial velocity
is zero. The farther the point source is from the radar, the

V=6m/sV=10m/s

radar X

Y

Point1 Point2

Fig. 8. The geometry of the two point sources and the radar.
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Fig. 9. The time-frequency spectrum induced by the radial velocity of two
point sources.

Time-Frequency Spectrum Induced by Angular Velocity
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Fig. 10. The time-frequency spectrum induced by the angular velocity of two
point sources.

larger the radial velocity becomes, as shown in Fig. 9. In
contrast, the instantaneous interferometric frequency induced
by angular velocity increases first and then decreases. When
the objects reach the middle, the instantaneous interferometric
frequency reaches the maximum, as shown in Fig. 10. In
summary, the proposed dual-frequency interferometric radar is
capable of measuring the 2-D velocities of arbitrary moving
objects, thus enhancing the performance of target detection
and classification with the obtained extra motion information.

V. CONCLUSIONS

The linear velocity vector of moving objects comprises two-
dimensional, complementary velocity information, referred to
as the radial and angular velocity. When there were multiple
moving objects in the radar field of view, cross-terms induced
by inter-correlation among different objects existed in the in-
terferometric response, thus interfering the direct measurement
of angular velocity. A new measuring method of the 2-D
velocity based on a dual-frequency interferometric radar was
proposed, where the radial velocity could be measured by high
frequency carrier waveform and the angular velocity could be

measured by the low-frequency interferometric array. Through
reducing the carrier frequency, the nuisance cross-terms could
be suppressed and the angular velocity of each separate object
can be measured directly. Thus, the proposed dual-frequency
interferometric radar was capable of providing a complete 2-
D velocity information of moving objects regardless of the
trajectory.
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