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Abstract—The integration of sensing and communication func-
tions in one platform has become a pivotal use case in future
communication systems. This research investigated the optimal
integrated sensing and communication (ISAC) waveforms for
the purpose of vital signs detection. In order to incorporate
both functions in the system and make it favorable for sensing
the micro-doppler effect associated with vital signs, orthogonal
frequency division multiplexing (OFDM) and phase-coded fre-
quency modulated continuous wave (PC-FMCW) signals were
adopted and compared, and the performances were evaluated
against the system based on the classic frequency modulated
continuous wave (FMCW). Several phase coded FMCW signals
have been investigated and the simulated results indicated that
the Frank-coded PC-FMCW waveform exhibited an optimal
performance for vital signs detection in a line-of-sight setting.
The work is beneficial for search and rescue applications where
high-performance sensing such as vital signs detection and limited
communication capability is required.

Index Terms—Integrated sensing and communication, Line-of-
sight, Multipath, OFDM, Phase-coded FMCW

I. INTRODUCTION

V ITAL sign monitoring serves as a cornerstone of modern
healthcare, enabling early diagnosis of cardiovascular

abnormalities, respiratory disorders, and metabolic imbal-
ances through continuous tracking of heart rate, breathing
patterns, and body movement characteristics. In both clini-
cal and home care settings, millimeter-wave radar systems
have emerged as non-contact alternatives to wearable sen-
sors, maintaining measurement accuracy while eliminating
skin irritation risks. Conventional radar architectures encounter
fundamental limitations in line-of-sight (LOS) multipath en-
vironments—prevalent in urban canyons and confined in-
door spaces—manifested through prohibitive hardware costs,
system complexity, reliance on millimeter-wave frequencies,
and excessive bandwidth demands [1], [2]. These constraints
exacerbate power consumption and form-factor challenges,
critically hindering scalable deployment in clinical telemon-
itoring and consumer homecare applications.

Integrated Sensing and Communication (ISAC) systems
strategically overcome these barriers via shared hardware plat-
forms and dynamic spectrum utilization, enabling resource-
efficient joint functionality [3], [4]. Among the ISAC-
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compatible waveforms, orthogonal frequency division multi-
plexing (OFDM) and phase-coded frequency modulated con-
tinuous wave (PC-FMCW) have shown advantages in vital
signs detection. OFDM takes advantage of the quadrature and
cyclic prefixes of subcarriers to effectively suppress inter-
symbol interference (ISI) in dense multipath channels [5]. On
the other hand, FMCW signals can also be used to develop
radar-centric ISAC systems [6], [7]. PC-FMCW utilizes phase-
coded chirp signals to achieve interference suppression when
multiple radars exist in the area [8], [9]. The question of which
waveform is better suited for vital signs detection applications
remains unresolved. However, optimizing waveforms faces
several key challenges. There is a lack of unified experimental
frameworks to directly compare their performance under re-
alistic line-of-sight (LOS) multipath conditions. Then, insuf-
ficient analysis exists regarding the time-frequency resolution
trade-offs that critically affect the discrimination of cardiopul-
monary signals. These knowledge gaps collectively prevent the
development of robust, energy-efficient contactless monitoring
systems capable of meeting clinical-grade reliability standards
for next-generation healthcare.

This research investigated the optimal ISAC waveforms for
the purpose of vital sign detection within line-of-sight multi-
path scenarios. In this paper, an LOS multipath model with
vital signs effects was developed and validated by simulations
of typical indoor environments. Using the traditional FMCW
as a benchmark, we performed vital sign detection by using
both PC-FMCW (with 6 different codes) and OFDM signals.
Mean square error (MSE) quantifies waveform performance
in a controlled multipath configuration. More than 100 trials
performed under the same channel conditions ensured statisti-
cal significance. This work provides critical design for ISAC
waveform in 5G/6G medical systems operating in complex
electromagnetic environments.

II. SYSTEM MODEL

This section presents the system model employed in this
study. The complete model architecture is illustrated in Fig. 1.

A. Transmitted Signal Model

The transmitted signal uses OFDM and PC-FMCW wave-
forms.



Fig. 1: The conceptual setup of the ISAC system for vital
signs detection, the Tx and Rx moddules are colocated and
synchronized.

1) OFDM Signal: OFDM waveforms demonstrate superior
flexibility for both sensing and communications compared
to alternative dual-functional modulated signals [10], making
them particularly suitable for ISAC applications. The complex
baseband time-domain OFDM signal is formulated as [11],

s(t) =

M−1∑
m=0

Nc−1∑
k=0

Xm,ke
j2πk∆f(t−mTsym) · rect

(
t−mTsym

Ts

)
,

(1)
where M represents the total number of OFDM symbols in a
time frame, Nc denotes the total number of subcarriers, and
Xm,k ∈ C corresponds to the complex modulation symbol al-
located to the k-th subcarrier of the m-th OFDM symbol. The
subcarrier spacing and symbol duration are denoted by ∆f
and Ts, respectively, and ∆f = 1/Ts. Each symbol extends
to Tsym = Ts + Tcp through cyclic prefix insertion, where Tcp
denotes the guard interval duration. The rectangular window
function rect(τ) satisfies rect(τ) = 1 for 0 ≤ τ < 1 and
rect(τ) = 0 otherwise, ensuring strict temporal confinement
of individual OFDM symbols.

2) PC-FMCW Signal: The PC-FMCW signal combines
linear frequency modulation (chirp) with various phase coding
sequences. Within each chirp duration Tchirp, the transmitted
PC-FMCW signal is expressed as,

sPC(t) =

Nchirp−1∑
n=0

cn exp

(
j2π

(
fct+

B

2Tchirp
t2
))

, (2)

where fc is the carrier frequency (2.4 GHz), B is the band-
width (1 MHz), and Nchirp is the number of chirps determined
by the simulation duration and chirp duration (20 ms). Specif-
ically, the phase codes cn employed include:

• Barker codes: Known for minimal sidelobes, beneficial
for clear signal detection. The Barker code of length 7 is
given by

[1, 1, 1,−1,−1, 1,−1]. (3)

• Golomb codes: Offer favorable autocorrelation properties
enhancing signal robustness, typically generated from
primitive polynomials. The length utilized here is 11.

• Gold codes: Exhibit strong cross-correlation resistance,
reducing interference in multipath scenarios. A Gold code
of length 31 is applied, constructed from two preferred
m-sequences.

• Costas codes: Provide optimal ambiguity function char-
acteristics suitable for radar ranging and Doppler detec-
tion. A Costas array of length 7 is adopted.

• Frank codes: Possess superior Doppler resolution prop-
erties, generated by arranging elements into an L × L
matrix, given by,

F (m,n) = exp

(
j
2π

L
mn

)
, m, n = 0, 1, ..., L− 1.

(4)
Here, the Frank code with size L = 4 is utilized.

• Zadoff-Chu codes: Characterized by ideal periodic au-
tocorrelation, minimizing interference. The Zadoff-Chu
sequence used is defined as,

ZC(n) = exp

(
−jπu

n(n+ 1)

N

)
, n = 0, 1, ..., N − 1

(5)
with parameter u = 1 and length N = 13.

B. Line-of-Sight Multipath Channel Model

Figure 1 illustrates the measurement setup for the heartbeat
and respiration scenario, which is equipped with a single
transmit antenna and a single receive antenna. The channel
model of this setup can be modeled as a multi-path channel,
where the propagation path is influenced by respiration and
heartbeat, such that Doppler shifts are introduced to the
reflected signal due to the respiration and heartbeat of the
target. The multipath channel impulse response is given by
[12],

H(t, τ) =

L∑
l=1

blδ(t− τl)e
−j(2πfD,lt+φl), (6)

where L is the total number of multi-path components, with
each path l having complex amplitude bl and propagation delay
τl, and δ() is the impulse response. The Doppler shift fD,l =
2vlfc/c results from target radial velocity vl, where fc is the
carrier frequency and c is the speed of light, φl is the phase
variation of the lth path.

The chest movement-induced phase due to the heartbeat and
respiration is modeled as [13],

φ(t) =
4πd0
λ

+
4πx(t)

λ
− φ1

(
t− 2d0

c

)
, (7)

where d0 represents the nominal distance to the thorax and
λ is wavelength. x(t) = Ar cos(ωrt) + Ah cos(ωht) mod-
els the time-varying chest displacement, where Ar and Ah

represent amplitudes of respiratory and cardiac displacement,
with the angular frequencies ωr = 2πfr and ωh = 2πfh
corresponding to the rates of breathing and heartbeat. The
term φ1(·) accounts for phase perturbations during signal



propagation, incorporating effects of tissue heterogeneity and
environmental factors. Assuming that the line-of-sight (LOS)
path carries the heartbeat and respiration information due to
the LOS measurement setup, including the micro-Doppler
effects induced by the heartbeat and respiration, the modified
channel model becomes

H(t, τ) = b1δ(t− τ1)·

exp

(
−j2πfD,1t− j

4π

λ
(d0 + x(t))− jφ1

(
t− 2d0

c

))
+

L∑
l=2

blδ(t− τl) exp (−j (2πfD,lt− ϕl)) ,

(8)

where τ1 = 2d0/c represents the round-trip delay, and ϕl(t)
captures both static phase offset and time-varying perturba-
tions of the lth path. The time-varying phase disturbance ϕ1(t)
introduces nonlinear distortions from environmental perturba-
tions and tissue dielectric variations.

C. Time-Domain Received Signal

The baseband received signal incorporating both vital sign
modulation and environmental multipath effects is formulated
as,

r(t) =

∫ ∞

−∞
H(t, τ)s(t− τ)dτ + n(t), (9)

where H(t, τ) represents the time-varying channel impulse
response defined in (8), s(t) denotes the transmitted waveform,
and n(t) ∼ CN (0, σ2

n) denotes the complex additive white
Gaussian noise (AWGN) with noise variance σ2

n. Due to
the first term of the channel model, corresponding to the
LOS path, given by (8), the received signal r(t) contains the
vital sign information through chest displacement modeled by
x(t) = Ar cos(ωrt) +Ah cos(ωht).

III. EXPERIMENTAL PROCEDURE

To ensure the effectiveness of the experiment, this study
constructs a verification framework from three core dimen-
sions: firstly, the real environment characteristics are con-
structed through the coupled multipath attenuation model, and
the actual propagation scenario of weak direct signal and com-
plex multipath reflection is accurately simulated; Secondly,
based on the carrier phase modulation mechanism of sub-
millimeter thoracic motion, the small physiological displace-
ment is converted into the carrier phase shift, which requires
the system to have high-precision phase tracking ability to
capture subtle changes. At the same time, the standardized
100Hz uniform downsampling rate and second-order Butter-
worth filter parameter configuration are used to ensure the
data comparability between different experimental protocols.
The framework strikes a balance between theoretical rigor and
engineering achievability and provides a scientific benchmark
for cross-scenario performance evaluation through systematic
technical path design. Key system parameters utilized in the
simulation and analysis are summarized in Table I.

TABLE I: System Parameters and Configurations

Parameter Value Unit Description

Basic System Parameters

fs 1 MHz Sampling rate
fc 2.4 GHz Carrier frequency
Ttotal 30 s Total simulation time
Npaths 5 – Number of multipath components

OFDM Parameters

Nsub 64 – Number of subcarriers
Ncp 16 – Cyclic prefix length
Tsym 80 µs OFDM symbol duration
Dpilot 10 symbols Pilot insertion interval
MQAM 4 – QAM modulation order

PC-FMCW Parameters

Tchirp 80 µs Chirp duration
B 1 MHz Chirp bandwidth
K 12.5 MHz/µs Chirp slope
Nchirps 125 – Number of chirps per frame

Vital Sign Parameters

fresp 0.2 Hz Respiration frequency
fheart 1.0 Hz Heartbeat frequency
∆dresp 10 mm Chest displacement (respiration)
∆dheart 2 mm Chest displacement (heartbeat)

Receiver Processing

N 100 – Total iteration number
fs,ds 100 Hz Downsampling rate
Nfilt 2 – Butterworth filter order
BWresp [0.15, 0.5] Hz Respiration bandpass range
BWheart [0.8, 2] Hz Heartbeat passband range
NFFT 1024 – FFT size for spectral analysis

A. Signal Generation and Modulation

The experiment involves generating and processing two
types of wireless signals: OFDM and Phase-coded FMCW
(PC-FMCW), with classical FMCW serving as a baseline.
The signal generation process is structured as follows:

For OFDM signals, a 64-subcarrier configuration is adopted,
with a cyclic prefix length of 16 and a total of 15,625
symbols calculated dynamically for a 30-second simulation.
Pilot symbols composed of all-ones sequences are inserted
every 10 symbols to facilitate channel estimation. Data streams
are modulated using QPSK and mapped to non-pilot sub-
carriers. Time-domain waveforms are generated through the
IFFT, followed by cyclic prefix insertion to mitigate multipath
delay spread. Transmit power is normalized to 1.0 via standard
deviation scaling to ensure fair comparison.

PC-FMCW signals are constructed using linear frequency-
modulated chirp pulses (80µs duration, 1 MHz bandwidth)
with six coding schemes: Barker7, Golomb11, Gold31,
Costas7, Frank codes, and Zadoff-Chu codes. Each chirp
pulse is phase-modulated cyclically using these sequences. For
instance, Frank codes generate orthogonal frequency matrices
for phase transitions, while Zadoff-Chu codes leverage con-
stant envelope-zero autocorrelation properties for multipath
suppression. The frame structure ensures integer multiples
of chirp pulses per coding period for complete sequence
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Fig. 2: The estimated respiration response in the frequency
domain after applying the passband filter (0.1-0.5 Hz).

coverage. Classical FMCW signals are generated using iden-
tical chirp parameters but omit phase coding, serving as a
performance benchmark.

B. Signal Processing

OFDM demodulation begins with cyclic prefix correla-
tion for symbol synchronization. After FFT-based subcarrier
demapping, continuous phase variations are extracted via un-
wrapped arctangent operation ϕ(t) = unwrap(∠r(t)). Down-
sampling to 100 Hz precedes bandpass filtering (0.15–0.5 Hz
for respiration, 0.8–1.2 Hz for cardiac signals).

PC-FMCW processing employs Hilbert transform-
derived analytic signals for phase extraction
ϕ(t) = unwrap(∠H(r(t))). Coherent accumulation across
chirp periods enhances SNR before identical downsampling
and filtering. Classical FMCW skips phase decoding but shares
subsequent processing steps. All extracted signals undergo
amplitude normalization to eliminate scaling discrepancies,
with strict temporal alignment to reference sinusoids (0.2 Hz
and 1.0 Hz) for error-free metric computation.

C. Performance Evaluation Metrics

The Mean Squared Error (MSE) measures the average
squared difference between the estimated vital sign frequencies
and the ground truth frequencies associated with vital signs.
100 iterations have been simulated for generalization. It is
calculated as:

MSEresp =
1

N

N∑
k=1

(fk,1 − fresp)
2
, (10)

MSEheart =
1

N

N∑
k=1

(fk,2 − fheart)
2
, (11)

where fk,1 is the estimated frequency for respiration in the kth
iteration, and fk,2 is the estimated frequency for heartbeat in
the kth iteration, fresp and fheart are the baseline frequency for
respiration and heartbeat respectively, N is the total iteration
number.
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Fig. 3: The estimated heartbeat response in the frequency
domain after applying the passband filter (0.8-2 Hz).

IV. RESULTS

The received time domain signal was transformed into
the frequency domain first. Then, two passband filters were
applied to investigate the vital signs characterized by two
baseline frequencies. Fig. 2 shows the signal after the lower
passband (0.1-0.5 Hz) was applied, whereas Fig. 3 illustrates
the signal after applying the higher passband filter (0.8-2 Hz).

It is observed in Fig. 2 that all signals after the low passband
filter showed a peak at the baseline frequency of 0.2 Hz,
which coincides with frequency of the baseline respiratory
signal. The received signal based on Barker7 coding displayed
the narrowest bandwidth among all waveforms. However, it
does not translate into an obvious advantage for frequency
determination compared with other waveforms such as Frank
coding and OFDM. On the other hand, the received singal
based on Costas7 coding exhibited some substantial harmonic
components, few secondary spectrum peaks being observed.
These harmonics may affect the vital signs detection as their
spacing in frequency is close. It appears that the FMCW
system with the Costas7 coding gave the worst performance
for respiratory sign determination.

As observed in Fig. 3, all signals after applying the high
passband filter except those using Costas7 coding exhibited a
main peak at 1.0 Hz, a baseline frequency for the heartbeat
response. Similarly to the respiratory, the filtered signal based
on the Costas7 coding showed few harmonics, which may
obscure the main peak related to heartbeat sign determination.
The existence of secondary spectrum peaks in the received
signal makes it a chanllenge to make accurate estimation for
vital signs detection.

As observed in Fig.4, which presents the MSE of estimated
vital signs frequency in comparison to the hypothesis fre-
quencies of vital signs by adopting various waveforms for
sensing. It is shown that Frank-coded FMCW achieved the
lowest MSE, followed by Barker7-coded FMCW. On the other
hand, Costas7-coded FMCW has the highest MSE, and OFDM
showed the second highest MSE. These findings suggest that
Frank-coded FMCW waveforms are favorably suited for vital
signs detection applications, followed by Barker coding. It is
noted that the system based on OFDM where random signals
were modulated onto subcarriers.



Fig. 4: MSE of estimated vital signs frequency in comparison
to the hypothesis baseline frequencies of vital signs by adopt-
ing various waveforms for sensing. The baseline frequency for
respiratory is 0.2 Hz and 1 Hz for heartbeat.

V. CONCLUSION

This study explores various ISAC waveforms for vital signs
detection. OFDM and PC-FMCW signals were adopted in the
established scenario for sensing performance evaluation, PC-
FMCW signals were optimized via phase-coding and the ob-
tained performance were compared against the classic FMCW
and OFDM-based systems. Numerical simulations indicated
that Frank-coded PC-FMCW signals is most promising for
vital signs detection, whereas OFDM waveforms showed
only moderate performance for sensing. It demonstrated that
the PC-FMCW signals are favorable for micro-Doppler de-
termination compared with conventional FMCW or OFDM
signals. The simulation study was based on a line-of-sight
setting with only one human subject being considered, and
the communication function was not investigated. In future
research, multi-targets with motion interference under non-
line-of-sight conditions and communication capability will be
examined together.
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