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Abstract: Radar-based vital sign monitoring has gained attention due to its non-contact
and non-invasive nature, offering advantages over traditional methods such as ECG
electrodes and camera-based systems. This paper presents the lIterative Adaptive
Approach (IAA) for robustly estimating respiration rate using BGT60LTRIIAIP, and
BGT60TRI3C from Infineon and IWR6843ISK from Texas Instruments, which are
respectively, SISO, SIMO, and MIMO radar demo boards. By adaptively refining signal
processing, through experimental analysis the proposed method steps to mitigate the
impact of environmental disturbances and enhance the fidelity of vital sign measurements.

1. Introduction

The demand for reliable and user-friendly health monitoring systems has increased significantly.
Traditional methods, such as electrocardiogram (ECG) electrodes and photoplethysmograph
(PPG) sensors [1], although effective, require physical contact with the user and are often
intrusive. Camera-based systems [2], although non-contact, rely on visual data, which can
be affected by lighting conditions and user positioning, leading to inconsistent results. Radar
sensors, in contrast, offer a unique advantage in that they operate independently of light
conditions and do not require direct contact, making them an ideal choice for monitoring vital
signs in everyday environments.

Radars such as Pulse Doppler and frequency modulated continuous wave (FMCW) systems [3]
have shown promise in capturing physiological signals. These radars utilize the received signal
phase information to detect subtle chest movements caused by respiration and heartbeat [4, 5].
Despite advancements, radar-based vital sign monitoring faces challenges, including signal
interference, noise, motion artifacts, and the complexity of extracting vital signs from raw
radar data. Existing approaches often rely on classical signal processing techniques, such as
Fourier transform-based spectral analysis, which can be limited by resolution and sensitivity
to noise. Parametric methods, which assume specific statistical models for the signal, can
improve resolution but are often sensitive to model assumptions and require high computational
resources [6].
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To address these challenges, this paper investigates the use of Iterative Adaptive Approach
(IAA) for vital sign monitoring using Pulse Doppler and FMCW radars. IAA’s foundation lies in
solving a Weighted Least Squares (WLS) problem iteratively to estimate signal amplitudes and
phase and was introduced in the application of source localization and sensing [7]. The approach
has been applied in different signal processing applications, as a few examples are sidelobe
suppression and migration correction of migrating targets [8], Multiple-Input Multiple-Output
(MIMO) imaging with extrapolation for automotive radars [9], multiple object localization and
vital sign monitoring using Ultra-Wideband (IR-Ultra Wideband (UWB)) MIMO radar [10],
and vital signs detection with dual-band Continuous Wave (CW) radar [11]. This approach
enhances signal fidelity and ensures robust estimation of breathing and heart rates, while
mitigating the effects of noise and interference. In this paper, we apply IAA to radar data
collected using three distinct hardware platforms: the Infineon BGT60LTR11 Pulse Doppler
radar [12] as a Single-Input Single-Output (SISO) system, the Infineon BGT60TR13C radar
[13] as a Single-Input Multiple-Output (SIMO) FMCW radar, and the IWR6843ISK radar from
Texas Instrument (TI) [14] as a MIMO FMCW radar. These systems provide a diverse set of
configurations to evaluate the performance of IAA in vital sign monitoring applications.

The paper is organized as follows. The system model is described in Section 2. The Radar Setup
is in Section 3. The measurement results are presented in Section 4. The conclusion is given in
Section 5 !

2. System Model

Radar-based vital sign monitoring relies on detecting chest movement caused by respiration.
The phase shift of the received radar signal, proportional to displacement, is expressed as:

palt) = T TTO), 1)
where d, is the initial radar-target distance, z(¢) represents chest movement, and A = % 1S
the radar wavelength. To extract this phase information with radar, the received radar signal
is processed through In-phase (I) and Quadrature (Q) demodulation and then digitized by an
analog to digital converter (ADC), as shown in Figure 1a. For the Pulse Doppler radar, the signal
undergoes filtering and down-conversion to observe Doppler shifts caused by chest movement,
providing a detailed analysis of respiratory patterns. For the FMCW radar, the beat signal
is processed using a range-Fast Fourier Transform (FFT) [15], enabling identification of the
target’s range bin. The slow-time signal, extracted from radar echoes over time and sampled at
the pulse repetition frequency (Pulse Repetition Frequency (PRF)), provides slow-time I and Q
for vital signs estimation.

In SIMO and MIMO configurations (BGT60TR13C and IWR6843ISK radars), beamforming is
employed to direct the radar’s sensitivity toward the target location. This enhances the isolation

'Notation: R"V denotes the N-dimensional real vector space. We use bold-face uppercase X for matrices and
bold-face lowercase x for vectors. || - ||? is norm-2 of a matrix. The transpose operator is denoted by (-)7". The sets
of complex numbers, real numbers, and Hermitian operations are denoted by CN, RN, ()H , respectively.




of vital sign signals, particularly respiration, while reducing the impact of environmental
interference. After beamforming, the discrete signal at the range bin of interest can be modeled
as (for BGT60LTR11AIP this would be the signal after filter and direct digital synthesizer
(DDS) block as illustrated in Figure 1a):

yln] = I[n] +j@Qn] + Win], )

where Win| = Wyln] + > ,_; Wiln]. Here, Wy[n] represents independent and identically
distributed (IID) Gaussian noise, while W;[n] accounts for environmental noise observed during
in-lab measurements. To ensure accuracy, I and Q imbalance compensation are applied as
described in [16]. For breathing rate estimation using BGT60LTR11AIP, BGT60TR13C and
IWR6843ISK radars, the angle of the complex-valued signal y[n], derived from the radar
echoes, is first unwrapped to mitigate phase discontinuities. The unwrapped phase is then
filtered within the predefined breathing rate frequency band of [0.2,0.65] Hz. This filtering
isolates the respiratory components of the signal. Subsequently, IAA is applied to accurately
estimate the breathing rate at each time interval. The experimental setup is depicted in Figure 1b,
which also illustrates the laboratory environment for data collection. To validate the radar-based
breathing rate measurements, the NeuLog Respiration Monitor Belt [17] was utilized as the
ground truth device.
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Figure 1: (a) Block diagram for human breathing rate estimation using IAA (b) Laboratory
environment for breathing rate estimation using all three radars.

2.1. Iterative Adaptive Approach Based on Weighted Least Square

Let us assume gzg[n] is the filtered unwrapped phase of the received signal at discrete time
of n; i.e., slow-time signal for BGT60TR13C and IWR6843ISK, and a downsampled signal
for BGT60OLTR11AIP. So, ¢, = [¢[1],...,¢[M]]T € RM is the entire sequence of one
snapshot from the filtered unwrap phase, where M is the total number of incidents. Finding
out the most powerful peaks in the frequency domain based on IAA method [10, 18], Let us
assume that the phase vector, ¢, has M samples. Let ay;(w) = [1, e/, ... edM-De)T ¢ CM




denote the steering vector where w € [0, 27) represents the frequency. A uniform frequency
grid with N grid points can be considered as w, = 2”7", n=201....,.N—1and Ay, =
[an(wo), anr(wi), ..., ap(wy_1)] € CM*N. So, the received unwrapped phase signal can be
modeled as &M = Ayxy + ey, where xy = [z, 21, . . . ,IN_l]T e CV, with z,, denoting the
amplitude with complex value corresponding to w,, and e, denoting the noise part. Given ¢~) M

and A/, IAA is minimizing the following weighted least square cost function,
||$M_aM(wn)xn||2*1 ) TLZO,L...,N—L (3)
Q]M (wn)

where ||C||?Q’1( ) = ¢"Qyf (w)¢, and Qur(w,) = Ras — ppan(w,)all(wy), is the TAA
M \Wn
interference (other signals at the frequency grid points in addition to w,) and the noise

covariance matrix. p, = |z,|* is considered as the signal power at grid point w,. Moreover,
the TAA covariance matrix has the expression Ry, = AP NA]\H4, where P is a diagonal
matrix with diagonal entries from the vector py = [po,p1,--.,pn_1]7 denoting the signal

power corresponding to the frequency which is w,. Minimizing equation (3) considering z,,
n=0,1,...,N —1lisas

aﬁ (wn)Q]_V[l (wn)(gM

aff (wn) Qyy (wn)an (wn)’

l‘[AA(TL): :071,...,N—1. (4)

3. Spectrum of transmitted signal

Table 1 presents the principle characteristics of three radar modules used in this paper: Infineon
BGT60LTR11AIP, Infineon BGT60TR13C, and Texas Instruments IWR6843ISK. The table
shows the available frequency range of operation based on the datasheet, the maximum number
of receive (Rx) antennas, the maximum number of transmit (Tx) antennas, and the type of radars
and manufacturers. BGT60LTR11AIP, is a pulse radar used for motion detection. Based on the
feasible frequency range of this radar as mentioned in Table 1, the frequency is set to 61.04 GHz.
Moreover, the pulse repetition frequency is set to 4000 Hz, while the down conversion rate is 200
samples, therefore, the vital sign sampling frequency for this radar is 20 Hz. BGT60TR13C, is a
SIMO FMCW radar. The operating frequency range is 58.0 — 63.5 GHz for this radar. Azimuth
and elevation field of view for this sensor is 90°. It has 3 Rx and 1 Tx antennas. In this research,
the sampling rate for this radar was set to 20 Hz. IWR6843ISK is also a MIMO FMCW radar
from Texas Instruments operating in the range of 60 GHz to 64 GHz. This mmWave radar
contains 4 Rx and 3 Rx antennas with 120° azimuth field of view and 30° elevation field of
view. The sampling rate of this radar is also set to 20 Hz.

Table 1: Comparison of Radar Characteristics

Radar system BGT60LTR11AIP [12] | BGT60TR13C [13] | IWR6843ISK [14]
Frequency Range 61 GHz-61.5 GHz 58 GHz-63.5 GHz 60 GHz-64 GHz
Number of Antennas (max) Rx=1,Tx=1 Rx=3,Tx=1 Rx=4Tx=3
Radar type Pulse Radar SIMO FMCW MIMO FMCW
Manufacturer Infineon Infineon Texas Instruments




Measurement setup As a first step in this work, we performed an analysis of the transmitted
signal of the three radar sensors in terms of spectrum parameters. The experimental setup
for spectrum analysis is depicted in Figure 2. The transmitted radar signals are captured by
a horn antenna (Mi-Wave 261V 25/385 [19]), which features 25 dBi gain and operates in
the V-band, i.e., 50 - 75 GHz. The captured signal is then passed to the downconversion
stage. In the downconversion stage, the FS-Z75 mixer [20] is employed. The mixer converts
the high-frequency radar signal to an intermediate frequency (IF). The MXG N5183B signal
generator provides the required local oscillator [21]. The local oscillator frequency used during
the measurements here is 9.95 GHz in the case of the Infineon CW and TI FMCW radar, and
it is 9.56 GHz in the case of Infineon FMCW radar . The downconverted signal is in the range
of approximately DC - 6 GHz depending on the LO and it is directed to the FSV3030 ROHDE
& SCHWARZ spectrum analyzer [22]. The entire system is calibrated using a vector network
analyzer (VNA) and a second horn antenna as reference source.

BGT60LTR11AIP IAFEnTa ® detector
Mi-Wave ® Spectrum Analyzer
58.7 cm — o
-

<« Local Oscillator
261v 25/ MXG ROHDE &SCHWARZ
TI68431SK 385 F$-275 N51838 FSV3030

BGT60TR13

Figure 2: Experimental setup for the characterization of the radiated signal of the radar systems

Results The spectrum of the transmitted radar signal is expressed in terms of effective
isotropically radiated power Pg;rp. This includes the conducted power of the radar chip,
properties of the Tx antenna and path losses in the feeding lines. The spectrum for the three
radars is shown in Figure 3. The radiated power Pg;rp ranges from 5.82 dBm to 8.99 dBm
for the BGT60TR13C (Infineon FMCW) radar which is fairly consistent, and from 7.72 dBm
to 13.67 dBm for the IWR6843ISK (TI FMCW) radar, which is a larger variation. Non-ideal
matching of the antennas to the chip, reflection losses in the feeding network or a less stable
Radio Frequency (RF) source in the chip can be the reasons for this large variation in the latter
radar. The radiation of all Tx channels contributes to the result of the acquired signal since the
sweep time is 10 seconds, which is sufficiently long in proportion to the time. We note that the
variation in the noise floor is due to the artifact of the measurement system. The noise floor
of the spectrum analyzer is generally almost constant, but since it is combined with a passive
mixer, the noise floor is affected by the mixer conversion loss and LO settings. However, in all
cases, the noise floor is low enough to make the transmitted radar signal discernible, i.e., less
than 3 dBm below the weakest features of the radar signal. More dynamic range can be achieved
using active mixers instead.
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Figure 3: The spectrum of the radiated radar signal in terms of effective isotropically radiated
power Pprrpp for the three radar systems (a) BGT60LTR11AIP (b) BGT60TR13C (c) and
IWR68431ISK.

4. Measurement

The radars are kept at a 75 cm distance from the user for the experimental breathing rate
measurement within the laboratory. The sampling frequency of the radars is 20 Hz, and for the
Neulog belt (benchmark) it is considered 10 Hz. Using the IAA method for spectral estimation,
it accurately estimates the breathing rate as shown in Figure 4. The amount of Root Mean

Square Error (RMSE) is computed as £ = \/ % >y |A; — F;|?, where n is the total length
of the signal, A; is each element of the ground-truth signal captured from the Neulog belt in
time, and F; is the signal captured from the radars. The amount of root mean square error for
these three radars is equal to 1.59 bpm for Pulse Doppler radar (BGT60LTR11AIP), 1.43 bpm
for SIMO FMCW radar (BGT60TR13C) and 1.42 bpm for TI FMCW radar IWR6843ISK).
As a result, the radar mentioned last has the best accuracy compared to the other two radars. In
addition, Figure 5 indicates RMSE for four participants measured under laboratory conditions.
Based on that, IWR6843ISK and BGT60TR13C as a FMCW radar perform the best compared
to BGT60LTR11AIP.
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Figure 4: The comparison of the estimated breathing signal using IAA with the ground-truth
signal for (a) BGT60LTR11AIP (b) BGT60TR13C and (c) IWR68431SK.

5. Conclusion

In this paper, we characterize three different mm-wave radar sensors (BGT60LTRI11AIP,
BGT60TR13C and IWR68431ISK) using horn antennas, down-converter and spectrum analyzer.
To estimate the breathing rate of the participants in a controlled laboratory environment,
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Figure 5: Root mean square error for 4 participants sitting still in the laboratory condition,
measured with three types of radars.

we used the TAA technique. We compared the radar-based breathing rate estimates with
the ground-truth signal captured from the Neulog sensor. The results showed that radar
sensors, when combined with the IAA algorithm, could successfully estimate the breathing
rate with high accuracy, demonstrating their potential for non-invasive biometric monitoring
in health-related applications. Moreover, although it is expected that the radar with the
maximum bandwidth will perform the best, among the radars mentioned, IWR6843ISK and
BGT60TR13C which are FMCW radars perform the better compared to BGT60LTR11AIP.
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