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Abstract—In this paper, we have built and tested a mixerless subterahertz (sub-THz) Doppler radar consisting of just a continuous
wave (CW) source and a Schottky diode intensity detector based
on optical interferometry technique. The reference arm features
an oscillating mirror to modulate the low-frequency-band (LFB)
Doppler signature to the high-frequency-band (HFB) centered at
the reference arm frequency. The reference arm frequency needs
to oscillate at a frequency that is higher than twice the Doppler frequency of the object to avoid overlapping of the LFB and HFB signals. Rigorous mathematical formulas have been derived to solve
for both the amplitude and the unambiguous phase of the Doppler
signal, by using both LFB and HFB signals. The unwrapped phase
can be obtained in two ways: a simply phase unwrapping process
and a universal fitting process. The Doppler frequency signature of
a moving object can be obtained from the Fourier transform of the
phase. Computer simulation was first used to show the validity of
the derived mathematical formulas. Then a prototype at 0.15 THz
was built and tested using a ball pendulum as target. Experimental
scenarios for phase span of less than
and greater than
were
studied. The measured amplitude and phase have been shown to
agree well with the set up experimental parameters.
Index Terms—Continuous wave (CW), Doppler, interferometry,
radar, sub-THz.

I. INTRODUCTION

D

OPPLER RADARS at microwave (MW) frequency
[1]–[7] and millimeter-wave (mmW) frequency [8]–[13]
have been extensively investigated in the past. At MW frequencies, Doppler radar is usually realized through the use
of I-Q (quadrature) mixers. Doppler radar at mmW has also
attracted a lot of attention in different applications [8]–[11].
Also recently, we have built and tested a 94-GHz Doppler
radar based on I-Q mixer for remote monitoring of vital signs
[12], [13]. Doppler radar at higher frequency (e.g., sub-THz
and THz) calls for optical interferometry technique, due to
either the lack of effective I-Q mixer at these frequencies
or the simple implementation of interferometry architecture
[14]–[17]. In our preliminary research in [18], we have built
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and tested a mixerless mmW (94 GHz) interferometric Doppler
radar with a Continuous Wave (CW) source and a Schottky
diode intensity detector only. Here we extend it to sub-THz
range with a 0.15-THz prototype, taking into account of the
background signal. The sub-THz Doppler radar employs a fast
oscillating reference arm at a frequency greater than twice
the maximum Doppler frequency. The detected intensity is
the coherent addition of the reference beam and the reflected
signal, which features a fast reference modulation on a slow
modulation induced by the object. We have derived a rigorous
mathematical formulation to solve for both the amplitude and
the ambiguous unwrapped phase simultaneously, taking into
account of the background scattering. Numerical simulation
has been performed to confirm the validity of the mathematical
formulas. We further built and tested a 0.15-THz prototype
with a ball pendulum target of phase span of less than
and
greater than
to study the performance of the interferometric
sub-THz Doppler radar.
The paper is organized as follows. The principle and architecture of the interferometric sub-THz Doppler radar is presented in Section II, followed by the numerical simulation in
Section III; experimental results in Section IV, discussion in
Section V, and conclusions in Section VI.
II. PRINCIPLE OF THE INTERFEROMETRIC DOPPLER RADAR
A. Architecture of the Interferometric Doppler Radar
Fig. 1 shows the architecture of the studied sub-THz Doppler
radar, which is based on the interferometry optics technique
using a 0.15-THz CW source and a Schottky diode intensity detector. The source wave is first collimated into a parallel beam,
which is then split into two beams, with one propagating towards the moving object and the other serving as the reference
beam modulated by an oscillating mirror mounted on an oscillating motor driven by a power amplifier controlled by a function generator. The reflected Doppler signal by the moving object (blue beam in Fig. 1) is then combined with the reference
beam (green beam in Fig. 1) and detected by the Schottky diode
intensity detector.
B. Fundamental Principle
Mathematically, the intensity detector detects the combined
reflected signal from the object
and the reference beam
, plus the background ,
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where Jacobi–Anger expansion [19] has been used. is Bessel
.
function of the first kind with order 0 and
1) LFB Signal: The LFB signal from (4) is given by

(5)
Similarly, the following term in (2) has a LFB signal of

(6)

Fig. 1. Schematics of the proposed interferometric sub-THz Doppler radar architecture with just a CW source and an intensity detector.

where
,
, and
are the amplitudes of the reflected
signal, the reference beam and the background respectively;
,
and
are their corresponding phases. The detected intensity is thus given by

.
where
Hence the intensity given in (2) has the LFB signal of

(7)
(2)

2) HFB Signal: The amplitude of the HFB signal of the following term in (2) is given by

C. LFB and HFB Signals
The intensity signal given in (2) can be separated into LFB
low-frequency-band (LFB) and high-frequency-band (HFB)
signals. To illustrate this, let us decompose the reference phase
into Fourier series,

(8)
Similarly, the following term in (2) has HFB signal amplitude
of

(3)
(9)
Now let’s consider the following term given in (2),
Hence the intensity given in (2) has the HFB signal of

(10)
D. LFB and HFB Signals Without Background
The LFB and HFB signals without background interference
[18] is obtained from (7) and (10)

(4)

(11)
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E. Analytical Amplitude and Phase
The amplitude and phase of the object can be solved from the
LFB signal in (7) and HFB signal in (10),
(12)
where we have the following definitions:

Fig. 2. Simulated intensity

.

H. Doppler Signature

(13)
The variable

After we obtain the reflected sub-THz signal complex
field (amplitude and phase), we can analyze the Doppler frequency signature of the moving object. The Doppler frequency
from the carrier frequency is given by
(17)

can be solved from (12),
(14)

Combining (13) and (14), we obtain the amplitude and phase

is the object velocity and is the speed of light. The
where
Doppler frequency is closely related to the phase
of the
reflected signal for the object displacement
,
(18)

(15)

where is the carrier wavelength. Equation (18) has taken into
account the round trip of the carrier wave.

F. Unwrapped Phase
We note that (15) only gives wrapped phase within
.
There are two ways to do that: 1) phase unwrapping, i.e., we
can obtain the unwrapped phase in (15) by using one-dimensional unwrapping algorithm and 2) fitting of (11), i.e., we can
obtain the unwrapped phase directly by using fitting algorithm
such as Levenberg–Marquardt algorithm [12] to fit both LFB
and HFB signals in (11). The initial guess could be the wrapped
phase obtained from (15) after some band-pass filter operation
around the Doppler frequency to reduce the
phase jumps of
the wrapped phase. Finally, a more universal way to solve (11)
is to fit all experimental parameters and the unwrapped phase
at the same time, which requires more sophisticated algorithm
such as LM algorithm [12] and initial values.

III. NUMERICAL SIMULATION
Before the experiment, we did some numerical simulation to
confirm the mathematical derivation given in Section II. The
following parameters are used for numerical simulation:

(19)
where
rand
is the added noise so that the SNR
is 10 dB during the simulation. The intensity
plot is shown
in Fig. 2. The calculated LFB and HFB signals are shown in
Fig. 3. The reconstructed amplitude
and phase
are shown as red circles in Fig. 4, with very good agreements
with the initial values (blue lines) in (19).

G. Amplitude and Phase Without Background
When background is absent [18], the coefficients in (13) are
given by

(16)

IV. EXPERIMENTAL RESULT
A. Experimental Description
To test the performance of the proposed interferometric
Doppler radar, we built a 0.15-THz prototype using Gunn oscillator as a source and Schottky barrier (SB) diode as an intensity
detector. The reference mirror is oscillating at a frequency
of 190 Hz with amplitude of
mm, much
smaller than the wavelength of
mm. This corresponds to
the following parameters in (4):
,
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Fig. 3. LFB and HFB signals of
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in Fig. 2.

Fig. 4. Amplitude
and phase
obtained from LFB and HFB
signals in Fig. 3: comparisons between reconstructed values and initial values
in (19).

Fig. 5. (Top) measured intentisty
for a ball pendulum of small amplitude;
and (bottom) zoom view of the first 0.5 second and the corresponding theoretical
fitting (red circles).

,
,
;
,
,
. During the experiment, a
swinging ball pendulum with length
cm is used
as the Doppler object, giving a swing frequency [20] of
Hz. The full swing distance
of the swinging pendulum was set to a value much smaller than
the carrier wavelength of
mm.
B. Experimental Result and Analysis
Here we show results for two typical cases: 1) phase change
smaller than
and 2) phase change larger than .
1) Phase Change Smaller Than
: In this case, the
full swing distance of the swinging pendulum was set to
mm. The measured intensity
has a SNR
of 8 dB, which is shown in the top plot of Fig. 5 and the zoom
view of the first 0.5 s is shown in the bottom plot of Fig. 5,
together with comparison with the theoretical fitting following
(2). The LFB signal given in (7) and HFB signal given in (10)
are shown in the top and bottom plots of Fig. 6, respectively.
With LFB and HFB signals obtained in Fig. 6, both amplitude
and phase can be obtained by solving (12)to (14); Fig. 7 shows
the obtained amplitude
and the phase
of the object. The full-swing phase, i.e., difference between the phase
maximum
and the phase minimum
, is
obtained as
, which corresponds to a full-swing distance
of
mm, agreeing well with the experimentally set value of
mm. Doppler frequency
signature can be obtained through Fourier transform of

Fig. 6. (Top) HFB signal in (10); and (bottom) LFB signal in (7).

Fig. 7. (Top) amplitude

; and (bottom) phase

.

given in Fig. 8, which is shown in Fig. 7. The obtained pendulum
frequency is
Hz, agreeing well with the aforementioned theoretical calculated value of
Hz.
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Fig. 8. Frequency signature obtained through Fourier transform of
given in Fig. 7.
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Fig. 10. (Top) HFB signal in Eq. (10), and (bottom) LFB signal in Eq. (7).

Fig. 11. (Top) amplitude

, and (bottom) phase

.

Fig. 9. (Top) measured intentisty
for a ball pendulum of large amplitude;
and (bottom) zoom view of the first 0.5 second and the corresponding theoretical
fitting (red circles).
Fig. 12. Frequency signature obtained through Fourier transform of
given in Fig. 11.

2) Phase Change Larger Than : In this case, the full swing
distance of the swinging pendulum was set to
mm. The measured intensity
is shown in top plot of
Fig. 9 and the zoom view of the first 0.5 s is shown in the bottom
plot of Fig. 9, together with the theoretical fitting following (2).
The LFB signal given in (7) and HFB signal given in (10) are
shown in top and bottom plots of Fig. 10, respectively.
With LFB and HFB signals obtained in Fig. 10, both amplitude and unwrapped phase can be obtained by solving (12)to
(14); Fig. 11 shows the obtained amplitude
and the
phase
of the object. The full-swing phase, i.e., difference between phase maximum
and phase minimum
, is obtained as
, which corresponds to a

full-swing distance of
mm, agreeing well
with the experimentally set value of
mm.
Doppler frequency signature can be obtained through
Fourier transform of
given in Fig. 12, which is
shown in Fig. 11. The obtained pendulum frequency is
Hz, compared with the theoretical calculated
value of
Hz.
V. DISCUSSION
We have shown that our novel interferometric Doppler architecture can obtain unwrapped phase in both less and greater
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than scenarios by solving (11). There are two ways to unwrap
the phase: 1) phase unwrapping followed by solving the analytical formulas in (15); and 2) a universal fitting process using sophisticated algorithms such as LM method to extract the experimental parameters and the unknown unwrapped phase. In both
ways, we need to know the exact or approximate values of the
experimental parameters such as
, and
. In case 1),
the accuracy of obtained unwrapped phase is very sensitive to
these parameters. Fortunately, they can be carefully calibrated
through standard procedure, e.g., using a known vibrating reference. In case 2) the initial values can vary somewhat within
the convergence bound. Though better initial values make the
algorithm converge faster. Finally, the
dB can be improved by some band-pass filtering operation on the measured
intensity, which is important for the analytical formula given by
(15).
VI. CONCLUSION
We have successfully built and tested a mixer-less interferometric 0.15-THz Doppler radar. The sub-THz Doppler radar architecture consists of just a CW source and a Schottky diode intensity detector. A motorized oscillating reference mirror is used
to modulate the intensity at a frequency higher than twice the
object’s Doppler frequency. We have derived a rigorous mathematical formulation to extract both the amplitude and the unambiguous phase of the Doppler signal by decomposing the measured intensity into LFB and HFB signals. The unwrapped phase
can be obtained in two ways: phase unwrapping and parameters
fitting. We first showed the validity of the mathematical analysis using computer simulation. Then a 0.15-THz prototype was
built and tested using a ball pendulum for two scenarios: phase
span less than
and greater than .
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