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Abstract: This paper analyzes the beneficial effects on phase detection arising from the motion of
an ac-coupled Doppler radar. Indeed, although the presence of an ac coupling stage suppresses
the dc offset after the receiver RF output, due to the coupling capacitor, a high-pass behavior is
introduced; the presence of a high-pass behavior leads to signal distortion, particularly for low
Doppler frequencies, which are typical in many biomedical or industrial applications. Since the target
displacement is usually extracted from the phase history, this effect might, in turn, worsen the overall
accuracy of the system. Moreover, if the target alternates stationary and moving time intervals, the
phase detection step becomes challenging. Indeed, during the stationary time, the output of the RF
front-end shows only noise fluctuations that, in turn, result in uncorrelated phases which might be
confused with the real target displacement. This negative effect might be avoided by keeping the
radar continuously moving, thus exploiting what is usually considered a state that is negative and
worthy of attention. In this contribution, this effect is addressed from a different perspective, and ad
hoc experimental case studies are shown to demonstrate the effectiveness of the proposed system.
This task has been accomplished through theoretical analysis and related experimental activity.

Keywords: ac-coupling; Doppler radar; low-frequency noise; phase analysis; radar self-motion

1. Introduction

Most microwave Doppler radars exploit a homodyne architecture with the task of
measuring the target phase history and to obtain information concerning the related
target displacement [1–8]. Although direct conversion receivers have demonstrated their
effectiveness and reduced phase noise, their performance is seriously affected by the ever-
present dc offset in the baseband section. As an example, the presence of dc offset might
reduce the dynamic range of the receiver by saturating the amplifiers in the baseband
stage [9–11]. In conventional continuous wave CW radars, the dc offset might occur mainly
for a twofold undesired reason: hardware imperfections and clutter presence [12,13]. The
former can be due to component mismatch, poor isolation and the related mixing between
the microwave signal and the local–oscillator (LO) path, either through the antennas or
from substrate coupling. The latter is due to the signals reflected by the stationary parts of
the target of interest or by additional stationary objects in the background.

Since the dc component can be several orders of magnitude larger than the amplitude
of the signal of interest, e.g., the low-level baseband signal related to the respiratory or
heart activity, it makes the extraction of the desired information with reasonable resolution
very challenging [14–17].

To remove the dc-offset directly, i.e., without implementing post-processing dc-offset
compensation techniques, many researchers and radar suppliers propose ac-coupled re-
ceivers whereby a high-pass filter removes the dc content. Although the filtering section
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is usually designed with the purpose of obtaining a cut-off frequency as low as pos-
sible to preserve the signal content, this is often not the case. In conventional radars,
signal distortion is introduced, particularly when the target motion has low Doppler
frequency components [1,18,19].

Moreover, if the target of interest alternates stationary and moving periods, the low-
frequency output of the RF front-end during the stationary time shows only noise fluctua-
tions, which in turn result in uncorrelated phases. This will lead to a wrong measured phase
history and consequently to a challenging detection of the desired target displacement [20].

Since the radar measures relative movements, regardless of whether the target or
the radar itself is moving, this negative effect might be avoided by keeping the radar
continuously moving. Indeed, in this case, the mixing between the LO and the received
signal will be always different from zero, except for the unlikely case of a target having
exactly the same speed as the radar. In the scientific literature, the radar motion is often
considered a negative state, e.g., for the task of vital sign detection while the radar is
mounted on a moving platform, as an unmanned aerial vehicle [21,22]. Indeed, when
the radar moves, the relative range detection is often many orders of magnitude larger
than the desired signal and needs to be corrected. This often requires implementing
techniques to obtain the movement of the radar itself which in turn can be subtracted from
measured data [23].

On the other hand, a small number of works deal with intentionally leveraging the
radar movement [24,25]. As an example, in [24], the authors take advantage of the radar
movement to find the target direction with a single-input single-output Doppler radar.
To clarify, the induced Doppler shift involves different Doppler returns from echoes at
different angles, which can, in turn, be exploited to obtain angle detection capabilities with
small aperture antennas.

In this paper, the effect of the radar motion during the measurement of small displace-
ments is investigated. To this purpose, a millimeter-wave radar is intentionally moved by
means of a controlled mini-actuator, while measuring the target displacement.

During the experimental activity, the stationary and movement periods of the radar
have been alternated to highlight the issue arising from the uncorrelated phase histories
during the stationary periods and how the detection can be effectively and successfully
achieved during the movement periods. This contribution can be useful for those re-
searchers interested in continuous monitoring via ac-coupled radars of targets alternating
moving and stationary periods, both to further investigate the issue and to enhance de-
tection if a moving radar platform is available. Indeed, when the radar moves, the noisy
zero-Doppler outputs are suppressed and thus the random phase histories are too.

In Section 2, a theoretical description of the main working principle required to
enhance the phase detection with ac-coupled Doppler radars is provided, whereas the
experimental characterization of the scenario is reported in Section 3. The conclusive
remarks are finally drawn in Section 4.

2. Analysis of Target Detection with Moving Radar

Figure 1 shows the typical architecture of an ac-coupled quadrature Doppler radar. If
the demodulated in-phase sI(t) and quadrature sQ(t) (IQ) signals are far enough from the
filter cutoff frequency, they can be written as shown in (1) and (2).

sI(t) = σR cos
(

∆φ± 4πx(t)
λ

)
, (1)

sQ(t) = σR sin
(

∆φ± 4πx(t)
λ

)
, (2)

where σR is the amplitude of the down-converted signal, ∆φ is the residual phase, λ is the
wavelength and x(t) is the target displacement.
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period, the presence of noise fluctuations after the ac-coupling stage will generate uncor-
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2. Figure 2a shows a target with nonzero velocity from 2.2 s to 3.2 s. This is evident by 
observing the related higher dynamic of the signal which suggests the presence of a mov-
ing target in the scenario. However, since after the phase extraction step, the information 
concerning the signal amplitude is lost, and it is no longer possible to separate movement 
and stationary times and, consequently, correct random displacements. The constellation 
graphs, reported in Figure 2b,c, highlight this concept. Indeed, although both graphs show 
a rotating complex signal, only the phasor reported in Figure 2b, which is extracted during 
a 10 ms motion time, includes a correct phase. The phasor shown in Figure 2c, which is 
extracted during 10 ms of stationary time, exhibits an uncorrelated phase. 
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history resulting from the stationary or movement periods cannot be separated. As a con-
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measured phase during target motion periods unrecognizable but modifies also the initial 
phase of the target motion periods, shifting the entire level of the displacement. 

When the target is moving, i.e., between 2.2 s and 3.2 s, the displacement would be 
properly detected, e.g., by applying the arctangent demodulation [26,27]. 
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Figure 1. Block diagram of a continuous-wave ac-coupled radar system with quadrature mixer.

When the target is stationary, the null-Doppler shift will result in a dc level at the
outputs of the mixer. The ac-coupling stage behaves as a high-pass filter, thus cutting
the dc level together with the lower portion of the frequency spectrum. During the sta-
tionary period, the presence of noise fluctuations after the ac-coupling stage will generate
uncorrelated phases, which in turn will result in wrong displacement estimation.

This concept might be better explained by observing the IQ signals shown in Figure 2.
Figure 2a shows a target with nonzero velocity from 2.2 s to 3.2 s. This is evident by
observing the related higher dynamic of the signal which suggests the presence of a moving
target in the scenario. However, since after the phase extraction step, the information
concerning the signal amplitude is lost, and it is no longer possible to separate movement
and stationary times and, consequently, correct random displacements. The constellation
graphs, reported in Figure 2b,c, highlight this concept. Indeed, although both graphs show
a rotating complex signal, only the phasor reported in Figure 2b, which is extracted during
a 10 ms motion time, includes a correct phase. The phasor shown in Figure 2c, which is
extracted during 10 ms of stationary time, exhibits an uncorrelated phase.
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Figure 2. (a) In−Phase (blue solid line) and Quadrature (red dotted line) signals vs. time. IQ signals
in a constellation graph during 10 ms of (b) motion time and (c) stationary time.

The effect on the phase history can be observed in Figure 3, from which the phase
history resulting from the stationary or movement periods cannot be separated. As a
consequence, the stationary time leads to wrong evaluations that not only make the correct
measured phase during target motion periods unrecognizable but modifies also the initial
phase of the target motion periods, shifting the entire level of the displacement.
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When the target is moving, i.e., between 2.2 s and 3.2 s, the displacement would be
properly detected, e.g., by applying the arctangent demodulation [26,27].

Based on these considerations, it is worth noting that if the radar is instead moving
during the measurement, the expressions of the IQ signals change as reported in (3) and (4).

sI(t)
′ = σR cos

(
∆φ± 4πx(t)

λ
± 4π r(t)

λ

)
, (3)

sQ(t)
′ = σR sin

(
∆φ± 4πx(t)

λ
± 4π r(t)

λ

)
, (4)

where r(t) is the displacement introduced by to the continuous radar motion.
The presence of the term r(t) imposes an ever-present signal at the output of the

mixers, involving correct measured phase histories. Of course, the radar motion affects the
displacement detection by adding an additional apparent target movement that needs to
be corrected.

3. Continuous Phase History Detection

The system has been tested with the experimental setup shown in the picture in Figure 4.
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In detail, a 120 GHz radar based on the TRA_120_002 by Indie Semiconductor has been
mounted on an actuator moving at a constant speed of 10 mm/s for a total measurement
time of 5 s [28]. The millimeter-wave radar, mounted on the moving actuator, is shown
on the right side of Figure 4. The TRA_120_002 is an integrated chip including both the
transceiver and the transmitting and receiving antennas. The presence of antennas-on-
chip allows us to impressively reduce the dimension of the radar. The front-end board is
connected to an analog-to-digital conversion board which collects the data and sends it
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out to a laptop for the relative signal elaboration. The small dimensions of the radar, due
to the high working frequency, are very beneficial for reducing the weight of the system,
thus minimizing possible unwanted vibrations during the motion periods. The target is a
20 cm × 20 cm metallic plate, shown on the left side of Figure 4.

Due to the presence of the wavelength in Equations (1)–(4), it is worth analyzing
the performance dependance on the frequency stability. The output frequency of the
TRA_120_002 can be controlled by four voltage-controlled oscillator (VCO) tuning inputs.
The stability of the chip output frequency deserves considerations based on its dependance
on the supply voltage and temperature. The dependance on the supply voltage can be
neglected. Indeed, the supply voltage is the output of a stable voltage regulator, and the
chip exhibits an average output frequency shift lower than 100 MHz for a 0.3 V voltage
drift, which is of course an overestimate value for a voltage regulator.

On the other hand, the dependance on the temperature is usually considered a critical
factor for the stability of the output frequency. The chip exhibits a 1 GHz average output
frequency shift for quite a wide temperature range, i.e., from 10 ◦C to 90 ◦C. However,
although the output frequency dependance on the temperature seriously affects the per-
formance of FMCW radars, it can be also considered negligible in this scenario [29–34].
Indeed, by considering a target moving at the maximum unambiguous speed, the phase
change across the measurement is π, i.e., a λ

4 displacement change. According to the
component’s datasheet, the frequency shift is around 15 MHz for each 1 ◦C of temperature
drift. As an example, by considering an excessively negative scenario, i.e., 1 ◦C temperature
drift for each second, since the data are acquired each 10 ms, the frequency shift will be
approximately 150 kHz for each measurement.

As a consequence, the wavelength shift will be approximately 3 nm for each measure-
ment and the resulting error on the displacement will be approximately 0.76 nm for each
measurement, which is a negligible value in this context.

The controlled radar movement is measured from the echo of a stationary target and
subtracted from the next measurements, thus removing the effect of the radar motion on the
displacement and correcting the desired data. Figure 5a shows two different measurements,
both performed on a stationary target, to test the effectiveness and the repeatability of
the procedure. According to the previous analysis, since the radar is moving for the first
5 s and, later, it is instead stationary during the next 3 s, different results on the phase
extraction are expected.
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Figure 5. (a) First (blue solid line) and second (red dotted line) displacement from a stationary target
and (b) difference between the two measurements.

To clarify, during the radar movement, i.e., up to 5.2 s, the correct zero-displacement
can be extracted after the removal step, i.e., after removing the displacement due to the
radar motion itself. When the radar is also stationary, i.e., from 5.2 s, both measurements
show random and uncorrelated phase histories that in turn result in the wrong displacement
detection of the last part of Figure 5b.
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Thereafter, the system has been tested to detect a moving target, i.e., a metallic plate
moving 1.2 cm back and forth. Due to the continuous radar motion throughout the entire
measurement, a down-converted signal is always present and the phase history extraction
with the arctangent demodulation always makes sense. This can be noticed from Figure 6,
where the radar moves during the entire measurement and, after removing the effect of
the radar motion from the data, the desired results are obtained. The maximum distance
covered by the plate is highlighted by means of markers in Figure 6.
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It should be observed that, since imposing mechanical movements can be expensive or
impractical to produce in some environments, modifying the radar signal to digitally create
an effect similar to a real radar movement might represent a more efficient way to solve
the issue. As an example, for a constant-velocity linear motion, a possible solution might
consist of applying a frequency offset between the transmitted and the LO signals, that, in
turn, will result in a fixed tone after the mixer. The related absence of noise fluctuations after
the ac-coupling stage will avoid the occurrence of uncorrelated phases, whereas the correct
phase can be again obtained after subtracting the phase corresponding to the artificial tone
from the measured phase.

4. Conclusions

In this paper, the intentional radar motion is exploited to extract the real target dis-
placement. Indeed, a noisy contribution is usually present at the output of the receiver for
ac-coupled Doppler radars while echoes from stationary targets are received. This leads
to wrong displacement detections which are difficult to correct. This negative effect is
suppressed by keeping the radar continuously moving, thus positively exploiting what
is usually considered a negative condition. This work can be useful for those researchers
interested in the continuous monitoring of targets with ac-coupled radars, both to further
investigate the issue and to enhance the detection.
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18. Lubecke, V.; Borić-Lubecke, O.; Ishrak, M.S.; Wu, T.; Cai, F. Radar Monitoring in Sleep Medicine. In Proceedings of the 16th
International Conference on Advanced Technologies, Systems and Services in Telecommunications (TELSIKS), Nis, Serbia, 25–27
October 2023; pp. 109–113. [CrossRef]

19. Gu, C.; Li, R.; Zhang, H.; Fung, A.Y.; Torres, C.; Jiang, S.B.; Li, C. Accurate respiration measurement using dc-coupled continuous-
wave radar sensor for motion-adaptive cancer radiotherapy. IEEE Trans. Biomed. Eng. 2012, 59, 3117–3123. [CrossRef] [PubMed]

20. Ferro, L.; Scandurra, G.; Li, C.; Cardillo, E. Robust Doppler displacement measurement resolving the uncertainty during target
stationary moment. In Proceedings of the IEEE Radio & Wireless Week (RWW2024), San Antonio, TX, USA, 21–24 January 2024;
pp. 57–60.

21. Islam, S.M.M.; Oba, L.; Lubecke, V.M. Empirical Mode Decomposition (EMD) for platform motion compensation in remote life
sensing radar. In Proceedings of the 2022 IEEE Radio and Wireless Symposium (RWS), Las Vegas, NV, USA, 16–19 January 2022;
pp. 41–44. [CrossRef]

22. Islam, S.M.M.; Lubecke, L.C.; Grado, C.; Lubecke, V.M. An adaptive filter technique for platform motion compensation in
unmanned aerial vehicle based remote life sensing radar. In Proceedings of the 2020 50th European Microwave Conference
(EuMC), Utrecht, Netherlands, 12–14 January 2021; pp. 937–940. [CrossRef]

https://doi.org/10.1109/BioWireless.2012.6172739
https://doi.org/10.1109/TMTT.2004.823552
https://doi.org/10.1109/IEMBS.2008.4649389
https://doi.org/10.1109/IMS37964.2023.10187979
https://doi.org/10.23919/APMC55665.2022.9999764
https://doi.org/10.1109/TMTT.2023.3329707
https://doi.org/10.1109/MWSYM.2016.7540113
https://doi.org/10.3390/s18082565
https://www.ncbi.nlm.nih.gov/pubmed/30082587
https://doi.org/10.1007/s10470-020-01679-w
https://doi.org/10.1109/ACCESS.2019.2908218
https://doi.org/10.3390/s21196376
https://www.ncbi.nlm.nih.gov/pubmed/34640697
https://doi.org/10.1109/TMTT.2020.3039780
https://doi.org/10.1109/IMS30576.2020.9223859
https://doi.org/10.1109/TMTT.2007.895653
https://doi.org/10.23919/USNC/URSI49741.2020.9321670
https://doi.org/10.1109/ITC-CSCC.2019.8793413
https://doi.org/10.1109/LMWC.2017.2775143
https://doi.org/10.1109/TELSIKS57806.2023.10316075
https://doi.org/10.1109/TBME.2012.2206591
https://www.ncbi.nlm.nih.gov/pubmed/22759434
https://doi.org/10.1109/RWS53089.2022.9719920
https://doi.org/10.23919/EuMC48046.2021.9338011


Electronics 2024, 13, 772 8 of 8

23. Cardillo, E.; Li, C.; Caddemi, A. Vital sign detection and radar self-motion cancellation through clutter identification. IEEE Trans.
Microw. Theory Tech. 2021, 69, 1932–1942. [CrossRef]

24. Chordas-Ewell, N.; Xu, K.; Kadlimatti, R.; Fam, A.T.; Choi, J.H. Vibrating antenna Doppler radar. In Proceedings of the 17th
European Radar Conference (EuRAD), Utrecht, Netherlands, 10–15 January 2021; pp. 242–245. [CrossRef]

25. Liu, J.; Zhang, Y.D.; Amin, M.G. Target localization in moving radar platform exploiting range and Doppler information through
semidefinite relaxation. In Proceedings of the Wireless Sensing, Localization, and Processing V SPIE 7706, Orlando, FL, USA, 28
April 2010. [CrossRef]

26. Li, J.; Chen, Y.; Yao, S.; Li, P.; Yin, K.; Wu, Q. Harmonic suppression phase gradient demodulation for vital sign monitoring. IEEE
Trans. Instrum. Meas. 2024, 73, 4000716. [CrossRef]

27. Sameera, J.N.; Ishrak, M.S.; Lubecke, V.M.; Boric-Lubecke, O. Enhancing beat-to-beat analysis of heart signals with respiration
harmonics reduction through demodulation and template matching. IEEE Trans. Microw. Theory Tech. 2024, 72, 750–758.
[CrossRef]

28. Indie Semiconductor; Silicon Radar GmBH. Datasheet_TRA_120_002 120-GHz Highly Integrated IQ Transceiver with Antennas on
Chip in Silicon Germanium Technology, Revision 0.8; Silicon Radar GmBH: Frankfurt, Germany, 2018.

29. Zhou, M.; Liu, Y.; Wu, S.; Wang, C.; Chen, Z.; Li, H. A novel scheme of high-precision heart rate detection with a mm-wave
FMCW radar. IEEE Access 2023, 11, 85118–85136. [CrossRef]

30. Yang, M.; Chen, J.; Shan, C. Phase locked-loop design of high-order automotive frequency modulated continuous wave radar
based on fast integration structure. IEEE Access 2024, 12, 11926–11935. [CrossRef]

31. Hadidian, B.; Khoeini, F.; Hossein Naghavi, S.M.; Cathelin, A.; Sarabandi, K.; Afshari, E. A 194-238 GHz fully on-chip self-
referenced frequency stabilized radiator for high range resolution imaging. In Proceedings of the 2023 IEEE Custom Integrated
Circuits Conference (CICC), San Antonio, TX, USA, 23–26 April 2023; pp. 1–2. [CrossRef]

32. Arai, T.; Usugi, T.; Murakami, T.; Kishimoto, S.; Utagawa, Y.; Kohtani, M.; Arai, C.; Arai, T.; Yamaura, S. A 77-GHz 8RX3TX
transceiver for 250-m long-range automotive radar in 40-nm CMOS technology. IEEE J. Solid-State Circuits 2021, 56, 1332–1344.
[CrossRef]

33. Wu, J.; Deng, W.; Chen, Z.; Zheng, W.; Liu, Y.; Wang, S.; Qi, N.; Chi, B. A 77-GHz mixed-mode FMCW generator based on a
vernier TDC with dual rising-edge fractional-phase detector. IEEE Trans. Circuits Syst. I Regul. Pap. 2020, 67, 60–73. [CrossRef]

34. Shen, Z.; Li, H.; Jiang, H.; Zhang, Z.; Liu, J.; Liao, H. A 12-GHz all-digital calibration-free FMCW signal generator based on a
retiming fractional frequency divider. In Proceedings of the 2019 IEEE Asian Solid-State Circuits Conference (A-SSCC), Macau,
4–6 November 2019; pp. 287–290. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/TMTT.2021.3049514
https://doi.org/10.1109/EuRAD48048.2021.00069
https://doi.org/10.1117/12.850856
https://doi.org/10.1109/TIM.2023.3341135
https://doi.org/10.1109/TMTT.2023.3324444
https://doi.org/10.1109/ACCESS.2023.3303335
https://doi.org/10.1109/ACCESS.2023.3344997
https://doi.org/10.1109/CICC57935.2023.10121310
https://doi.org/10.1109/JSSC.2021.3050306
https://doi.org/10.1109/TCSI.2019.2946277
https://doi.org/10.1109/A-SSCC47793.2019.9056984

	Introduction 
	Analysis of Target Detection with Moving Radar 
	Continuous Phase History Detection 
	Conclusions 
	References

