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ABSTRACT To address the evolving demands of intelligent networks, integrated sensing and
communication (ISAC) has emerged as a focal area of research. This encompasses innovative signal
design, radar-based and communication hardware integration, and other vital directions. In particular, Linear
Frequency Modulated (LFM) signals have shown considerable promise in contactless health monitoring
applications. This paper presents an integrated radar system design leveraging Orthogonal Frequency
Division Multiplexing (OFDM) LFM signals, emphasizing the dual capabilities of communication and
sensing. Compared to traditional radar signals, the proposed design enhances information transmission
without sacrificing sensing performance. Initially, we developed an OFDM-LFM-MP signal by utilizing M-
sequences with strong auto-correlation properties for coding communication data. Subsequently, we conduct
MATLAB simulations to evaluate the sensing efficacy of the OFDM-LFM-MP signal in detecting heartbeats
and respiration alongside its communication performance. Theoretical analyses and simulation outcomes
demonstrate that the proposed radar-based integration design significantly improves the detection of
heartbeat and respiration while effectively transmitting high-rate information at a signal-to-noise ratio (SNR)
exceeding 20 dB.

INDEX TERMS Contactless health monitoring, high-rate information, ISAC, M-sequences, OFDM-LFM-
MP signal, radar-based integration design.

I. INTRODUCTION
With the exponential growth in the number and applications
of communication and wireless sensor devices, there is
an increasing shortage of spectrum resources, rising costs
of hardware, and significant energy consumption. Conse-
quently, the integrated design of sensing and communication
signals has garnered substantial attention and is emerging
as a critical enabler for the future of 6G networks [1]. The
capacity to collect sensory information from the surrounding
environment and transfer this information to other devices
is essential for future intelligent IoT networks. Potential
applications span numerous environments, including smart
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homes, smart factories, human-computer interactions, and
environmental monitoring.

Integrated Sensing and Communication (ISAC) can be
defined as a design methodology and corresponding tech-
nology that merges sensing and communication functions,
thus optimizing wireless spectrum resource utilization, min-
imizing hardware costs, and reducing energy consumption
to achieve integration gains [1], [2]. Since 1990, researchers
have explored the feasibility of implementing ISAC in radar
systems, notably through joint beamforming techniques.
The earliest instance involved Linear Frequency Modulated
(LFM) signals with5/4-DQPSKmodulation [3]. Subsequent
research has focused on modulating communication informa-
tion via LFM signals to yield an integrated waveform that
excels in both sensing and communication functionalities.
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Currently, ISAC-integrated signaling can be categorized
into two main frameworks: co-existence design and co-use
design. Co-existence designs may exhibit limited information
transmission capability, potentially compromising range
resolution for sensing applications [4]. Conversely, co-
use designs benefit from advancements in digital signal
processing and hardware integration, offering a variety
of waveform design solutions such as 2PSK-CDMA-LFM
signals [5], CPM-LFM signals [6], and PC-LFM signals [7].
However, these may still incur performance losses in either
radar sensing or communication capabilities.

OFDM presents a novel approach for developing inte-
grated waveforms [4], [8]. Currently central to 4G and
5G communications, OFDM—paired with LFM signals—
is predominantly utilized in radar for wireless sensing.
Remarkably, communication and sensing devices have
evolved in similar directions over the past decade, leveraging
high-frequency bandwidth and large-scale millimeter-wave
antenna arrays, thereby enhancing the development of ISAC
applications [1], [9], [10]. Consequently, various OFDM-
LFM-based integrated signal designs have emerged. For
instance, multiple modulation methods have been explored,
including OFDM-LFM-QPSK [11], OFDM-LFM-BPSK,
OFDM-LFM-MSK, OFDM-LFM-16QAM [12], OFDM-
LFM-CPM [13], OFDM-LFM-64QAM [14], etc. While
these OFDM-integrated methods demonstrate improved per-
formance, high peak side lobe levels may still adversely
affect sensing capabilities [8]. Therefore, further exploration
of diverse modulation techniques is warranted to enhance
communication capabilities for practical applications.

The demand for health monitoring has significantly
increased in recent years, with the assessment of respiration
and heart rate emerging as essential components in evaluating
overall health status. Measuring heart and respiration rates is
critical in detecting conditions such as sleepiness, apnea, car-
diac arrest, and other health issues [15], [16], [17]. Traditional
monitoring devices, including oximeters and patch-based
ECG signal detectors, are predominantly contact-based. This
requirement for physical contact limits their convenience for
daily use and poses challenges for monitoring newborns or
patients with burn injuries [18], [19], [20].
Consequently, there is growing interest in non-contact

monitoring solutions [21], such as EverOnTM [22] and sens-
ing radars [16]. Many researchers have explored algorithms
for contactless radar detection of vital signs using LFM
signals [17], [23], [24]. However, in specific scenarios,
such as earthquakes and battlegrounds, the scarcity of
spectrum and power resources necessitates the use of OFDM
combined with LFM signals, which can facilitate both
communication and vital human signal detection while
conserving resources—an approach of vital importance for
the future.

Nowak et al. [25] introduced a hybrid modulation tech-
nique for LFM-MP signals using M-sequences and Intended
Modulation on Pulse (IMOP). While this method enhances

the communication performance of integrated signals, it does
not effectively improve radar sensing capabilities. This paper
proposes a novel signal based on the LFM-MP signal,
employing phase-coded modulation with the OFDM tech-
nique [26], [27]. We call it the (orthogonal frequency division
multiplexing—linear frequency modulated -M sequences-
phased) OFDM-LFM-MP signal. Our integrated signal
prioritizes communication transmission efficiency while
concurrently enhancing radar sensing performance.

Subsequently, we evaluate the OFDM-LFM-MP signal
using MATLAB to assess its ability to monitor breathing
and heartbeat. A schematic of the proposed system is
illustrated in Fig. 1, where the transmitter simultaneously
sends information to the receiver while receiving the
reflected OFDM-LFM-MP signal from the human body,
which is then processed to extract respiration and heart
rates. This way does not need the other controllers and
hubs (network equipment), which can reduce dealing time
consumption and security concerns for traveling over the
network.

The structure of this paper is organized as follows:
Section II outlines the inference process for the OFDM-
LFM-MP signal model and presents the waveforms for
LFM, LFM-MP, OFDM-LFM, andOFDM-LFM-MP signals.
Section III evaluates the performance of the OFDM-LFM-
MP signal in communication and sensing functions and
its complexity analysis, respectively. Section IV simulates
a health monitoring system utilizing the OFDM-LFM-MP
signal to investigate its application in the health sector.
Finally, conclusions are drawn in Section V.

FIGURE 1. A diagram of the OFDM-LFM-MP signal health monitoring
system.
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II. SIGNAL MODELING
A. LFM SIGNAL MODELING
LFM signals, commonly used in modern radars, have a
linear correspondence between time and frequency. We first
present the mathematical model expression for the LFM chirp
signal [3], [28], as in

xL(t) = A(t) exp(j2π f0t + jµt2π + jθ ), 0 ≤ t ≤ T (1)

where A(t) is the amplitude of the LFM chirp signal, f0
the start frequency, µ the chirp rate, θ a phase constant of
the chirp signal, and T the duration of a chirp pulse. The
frequency range of the LFM chirp signal is from f0 to fc, and
fc is the cut-off frequency that can be given by

fc = f0 + µT . (2)

BLFM is the chirp bandwidth, which is defined as

BLFM = |µ|T . (3)

The waveform of the LFM chirp signal in the time domain
is shown in Fig. 3(a).

B. LFM-MP SIGNAL MODELING
M-sequence is an excellent method for modulating infor-
mation into the LFM signal, which can be defined as the
binary sequence. Its advantages include long periods, good
autocorrelation properties, good inter-correlation properties,
good randomness, good immunity to jamming, and good
immunity to multipath fading [29], [30]. By using preferably
more than one M-sequence, we can increase the number
of bits to carry the information. As a consequence, the
mathematical expression of the LFM-MP signal [25] is
represented by

xLMP(t) =

P−1∑
i=0

M−1∑
µ=0

Pc(t − iTb − µTc)

× Ac cos(2π f0t + µt2π + (b1i c
1
µ

+ b2i c
2
µ−Q)θI + θ ). (4)

The waveform of the LFM chirp signal in the time domain
is shown in Fig. 3(b).

C. OFDM-LFM SIGNAL MODELING
OFDM signaling is a method of frequency multiplexing
in which the transmitted signal is transmitted in parallel
over several orthogonal subcarriers. OFDM has a lower
symbol rate than the single-carrier regime with a defined data
rate, but several signals can be transmitted simultaneously.
The OFDM modulation technique separates the signals
by modulating the data on orthogonal sub-carriers and
transmitting the modulated signals. The receiver achieves
the separation of each signal by means of the orthogonality
between the sub-carrier frequencies.

In this paper, the OFDM signal expression is used as
follows

xO(t) =

Ns−1∑
h=0

Nc−1∑
k=0

rect(t − hTs) × exp(j2π(f0 + k1f )t)

(5)

where Ns is the symbolic number, Nc the number of sub-
carriers, rect(t) the rectangular window, Ts the modulating
the timewidth occupied by 1 bit,1f the sub-carrier frequency
interval.

Then, we can get the routine joint OFDM-LFM signal [31]
by (5) shown as

xOL(t) =

NS−1∑
h=0

Nc−1∑
k=0

rect(t − hTs)

× exp(j2π(f0 + k1f )t + jµt2π + jbh,kθO−L) (6)

where bh,k is the hth bipolar bit information modulated on
the kth sub-carrier, θO−L is the phase of the modulation
on the sub-carrier. The waveform of the OFDM-LFM signal
in the time domain is shown in Fig. 3(c).

D. OFDM-LFM-MP SIGNAL MODELING
From the result of (4) and (6), we can get the new joint
signal which is named OFDM-LFM-MP. It’s mathematical
expression is

xOLMP(t) =

Ns−1∑
h=0

Nc−1∑
k=0

Z−1∑
z=0

rect(t − hTs − zTm)

× exp(j2π(f0 + k1f )t + jµt2π

+ jb1h,kθO−LM1,z + jb2h,kθO−LM2,z) (7)

where Z is the length of M1 and M2 [25], b1h,k the hth bit in
the information stream b1 modulated on the kth sub-carrier,
b2h,k the hth bit in the information stream b2 modulated on the
kth sub-carrier, M1,z the zth value in the M1 sequence, M2,z

FIGURE 2. Time-frequency diagram of the OFDM-LFM-MP signal.
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FIGURE 3. Four kinds of signal waveforms in the time domain.

the zth value in the M2 sequence, Tm the unit length of time-
width occupied by one communication bit. The waveform of
the OFDM-LFM-MP signal in the time domain is shown in
Fig. 3(d).

The structure of the time-frequency diagram of the OFDM-
LFM-MP integrated signal is shown in Fig. 2, which makes
it clearer to understand this new signal. OFDM technology
increases the bandwidth of the LFM-MP signal that the new
bandwidth BOLMP can be expressed as

BOLMP = NC × BLFM . (8)

E. SIGNAL WAVEFORM SIMULATIONS
These four signal waveforms in section II are presented in
Fig. 3.

III. OFDM-LFM-MP SIGNAL PERFORMANCE
EVALUATION
The radar-communication integrated signal is the signal
applied in the radar-communication integrated system that

can simultaneously realize radar target detection and com-
munication information transmission. Due to the different
functions of radar and communication systems, their signal
requirements are also different. When designing a radar-
communication integrated signal, it is necessary to take
into account the different signal requirements of radar and
communication systems. In this section, we evaluate the
performance of the newly synthesized OFDM-LFM-MP
signals in Matlab in terms of their performance in the
communication and sensing domains. The parameters of the
evaluations are expressed in the Table 1.

A. COMMUNICATION ANALYSIS
1) COMMUNICATIONS RATE
In this paper, the bit rate of information transmission
rate is used as a criterion for judging the communication
transmission rate, i.e., the number of bits of information
transmitted per unit of time. The communications rate’s
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mathematical expression is

RATE = RB logE2 (bit/s) (9)

where E denotes the encoding mechanism (the M-sequence
in this paper is a binary system, E=2) and RB indi-
cates the number of code elements transmitted per unit
of time.

In order to provide a sufficient signal-to-noise ratio,
we used a 6-order linear shift register to generate the M-
sequence. The period of this M-sequence is shown in

P = 2n − 1

= 26 − 1 = 63. (10)

That is, a communication bit occupies a time width of Tb

Tb = P ∗ Ts
= 63 × 2.5 = 157.5(ns). (11)

The time width of the OFDM-LFM-Comm beam is Tp

Tp = (Ns − 1) × Ts
= 8191 × 2.5 = 20.4775(µs) (12)

so that the bits of information can be modulated on each sub-
carrier by a pair of M-sequences is BP

BP = 2 × (Ns/P)

= 2 × (8192/63) = 260(bit). (13)

As a result, we can get the communication rate in the
following equation by the (9)

RATE = Nc ×
1

Tp/Dc
× BP × logE2

= 243.78(Mbit/s). (14)

TABLE 1. OFDM-LFM-MP simulation parameters.

Compared with the LFM-MP signal, which only has one
sub-carrier with a lower communication rate of 3.81 Mbit/s
in the same environment, their relationship is shown as

RATE = Nc × RLFM . (15)

From the communications rate analysis, it is clear that
as the number of sub-carriers increases, the communication
transmission rate increases.

2) BANDWIDTH UTILIZATION
Bandwidth utilization is an indication of the communication
efficiency of different communication systems and is defined
as the ratio of communication rate to bandwidth. Its
mathematical expression is

Bµ =
RATE
BT

× 100%

= 63.5% (16)

which shows that the integrated OFDM-LFM-MP signal in
this paper has high spectrum utilization.

3) BIT ERROR RATE
The bit error rate(BER) is an essential criterion to measure
the communication performance of a signal. The BER(Pe) is
defined as the ratio between the number of code elements
that are demodulated incorrectly by the communication
receiver(Pw) and the total number of transmitted code
elements(PT ) and is given by the expression

Pe =
Pw
PT

. (17)

In this part of the evaluation, we use random binary
numbers as the transmission sequence. As a result, the
example of the reception sequence at a Signal-to-noise
ratio(SNR) of 15dB is shown in Fig. 4, where we can observe
the bit error in the red circle.

FIGURE 4. Example of the bit error at an SNR of 15dB.

However, the trend of BER has an increasing number of
sub-carriers. The number of sub-carriers is taken as 64, 128,
and 512, and the simulation results are shown in Fig. 5.
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FIGURE 5. The diagram of the BER curve in three kinds of sub-carrier
number.

From the BER analysis, under a certain number of carriers,
the BER of the communication increases with the increase
of the SNR. Under the same SNR condition, the BER of the
communication increases with the number of OFDM-LFM-
MP sub-carriers, which is consistent with the actual situation.
In order to achieve a BER of less than 10−2, the design signal
requires an SNR is about 20dB higher than that required for
OFDM-LFM-MP phase-modulated signals.

The designed OFDM-LFM-MP signals have the form
of OFDM signals and retain the advantages of OFDM
signals to achieve high-speed communication transmission,
high spectrum utilisation and high communication accuracy.
In order to make the integrated signal communication
performance better, the parameter design should try to make
the communication rate higher and the BER lower and for the
radar system, its primary purpose is to detect the target, so we
also need to explore its sensing ability.

B. SENSING ANALYSIS
1) AMBIGUITY FUNCTION ANALYSIS
The ambiguity function of the radar is one of the crucial
references for the design of the sensing signal [32], [33],
which of the radar can be used to briefly analyze the signals
of the designed transmitter signals and the corresponding
filters to analyze the signal in terms of resolution, fuzziness,
parameter estimation accuracy, and clutter suppression ability
so as to quantitatively obtain the resolution of the radar to
detect the target.

The conventional ambiguity function of the sensing signal
x(t) has a mutual correlation between the signal and its
time-delayed version [34], [35], [36], in which mathematical
expression is shown as

|χs(τ,Fd )| =

∣∣∣∣∫ ∞

−∞

x(t)x∗(t − τ ) exp(j2πFd t)dt

∣∣∣∣ (18)

where τ is the relative time delay between the two targets,
Fd the relative Doppler frequency-shift, and x∗(t − τ ) is the
conjugate of the x(t) time-delayed signal.

We first investigate the nature of the ambiguity function of
the LFM signal by (1) and (18), as given in

|χs−LFM (τ,Fd )|

=

∣∣∣∣∫ ∞

−∞

xL(t)xL∗(t − τ ) exp(j2πFd t)dt

∣∣∣∣
=

{ ∣∣∣(1 −
τ
T

) sin(πT (Fd+µτ)(1− τ
T ))

πT (Fd+µτ)(1− τ
T )

∣∣∣ , |τ | ≤ T

0, |τ | > T
. (19)

and the ambiguity function result is shown in Fig. 6(a).
According to the ambiguity function as shown in (19),

we can pay more attention to its two properties, which are
the Doppler cut at zero range and the Doppler cut at zero
delay [34].

Making Fd=0 in (19) gives the Doppler cut at zero range

|χs−LFM (τ, 0)| = |sin c [πµτ (T − τ )]

×

(
1 −

τ

T

)∣∣∣ , |τ | ≤ T (20)

Making τ=0 in (19) gives the Doppler cut at zero delay

|χs−LFM (0,Fd )| = |sin c(πTFd )| , |τ | ≤ T (21)

where sin c(x) = sin(x)/x is the one-dimensional normalised
Singh function.

The nature of the ambiguity function of the LFM-MP
signal by (4) and (18), as given in

|χs−LMP(τ,Fd )|

=

∣∣∣∣∫ ∞

−∞

xLMP(t)xLMP∗(t − τ ) exp(j2πFd t)dt

∣∣∣∣ (22)

because the LMF-MP signal carries modulated random com-
munication information, the exact mathematical formulas are
inconvenient to derive. However, since the performance of
the radar is not significantly affected by small changes in
the addition of short duration discrete phase, its ambiguity
function is very similar to that of the LFM signal [25], and
the ambiguity function result is shown in Fig. 6(b).
The nature of the ambiguity function of the OFDM-LFM

signal by (6) and (18), as given in

|χs−OL(τ,Fd )| =

∣∣∣∣∫ ∞

−∞

xOL(t)xOL∗(t − τ ) exp(j2πFd t)dt

∣∣∣∣
= | exp(−j2πµτ 2)

×

∫ Ts−|τ |

0

Nc−1∑
k1=0

Nc−1∑
k2=0

exp(j2π(f0 + k21f )τ )

× exp(j2π(k1 − k2)1ft)

× exp(j2π(Fd + µτ )t)dt|

= |χauto(τ,Fd ) + χcross(τ,Fd )| , |τ | ≤ Ts
(23)

which χauto(τ,Fd ) is the auto-correlation component of
each sub-carrier, and χcross(τ,Fd ) is the cross-correlation
component between the sub-carriers [37], and the ambiguity
function result is shown in Fig. 6(c).
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Making k1=k2 gives the ambiguity function of auto-
correlation

∣∣χk1=k2 (τ,Fd )∣∣ =

Nc−1∑
k1=0

Nc−1∑
k2=0,k1=k2

sin c((Fd − µτ )

× (Ts − |τ |)) × (1 −
|τ |

Ts
), |τ | ≤ Ts.

(24)

Making k1 ̸= k2 gives the ambiguity function of cross-
correlation∣∣χk1 ̸=k2 (τ,Fd )∣∣

=

Nc−1∑
k1=0

Nc−1∑
k2=0,k1 ̸=k2

sin c((Fd + (k1 − k2)1f − µτ )

× (Ts − |τ |)) × (1 −
|τ |

Ts
), |τ | ≤ Ts. (25)

Then, we can obtain the Doppler cut at zero range and the
Doppler cut at zero delay of OFDM-LFM signal, respectively,
as

|χs−OL(τ, 0)| = |χauto(τ, 0) + χcross(τ, 0)| , |τ | ≤ Ts
(26)

|χs−OL(0,Fd )| = |χauto(0,Fd ) + χcross(0,Fd )| , |τ | ≤ Ts.

(27)

The nature of the ambiguity function of the OFDM-LFM-
MP signal by (7) and (18), as given in

|χs−OLMP(τ,Fd )|

=

∣∣∣∣∫ ∞

−∞

xOLMP(t)xOLMP∗(t − τ ) exp(j2πFd t)dt

∣∣∣∣ (28)

which is similar to the LMF-MP signal with modulated
random communication information, and the sensing perfor-
mance of the OFDM-LFM-MP signal is also very similar to
the OFDM-LFM signal, and its ambiguity function result is
shown in Fig. 6(d).
The normalized comparison of four signals in Doppler

cut at zero range and Doppler cut at zero delay is shown
in Fig. 7. From the range ambiguity image and the velocity
ambiguity images in Fig. 7, we can find that the radar
detection ability of the LFM signal is similar to the LFM-MP
signal, and it of the OFDM-LFM signal(64-carriers) is also
similar to the OFDM-LFM-MP signal(64-carriers). However,
the ambiguity function images can only give a rough idea
of the radar detection performance but cannot evaluate
the integrated signal’s target resolution quantitatively. The
specific analysis needs to describe the radar detection
performance of the proposed integrated signal using peak-to-
sidelobe ratio (PSLR) and integrated sidelobe ratio (ISLR)
[38], [39].

PSLR indicates the radar’s ability to detect different
targets. The mathematical expression of the PSLR is

given as:

PSLR = 20 log
|PS |
|pM |

(29)

where PS is the highest value of the sidelobe peak, and pM is
the highest value of the mainlobe peak.

ISLR measures the energy leaking from the target’s
mainlobe as a function of the impulse response. The
mathematical expression of the ISLR is given as:

ISLR = 10 log

∫
−τI
−∞

|χ (τ, o)|2dτ +
∫

+∞

τI
|χ (τ, o)|2dτ∫ τI

−τI
|χ (τ, 0)|2dτ

(30)

where τI is the mainlobe boundary value.
Besides, a smaller PSLR result means a smaller value for

the peak of the sidelobe. Similarly, the smaller the ISLR
result, the more the signal energy is concentrated in the
mainlobe. This paper detects the PSLR and ISLR results of
several signals, as shown in Table 2. As we know in Fig. 5, the
OFDM-LFM-MP signal with 64 sub-carriers has the better
BER, so we choose the OFDM-LFM signal and OFDM-
LFM-MP signal with the same number of sub-carriers, and
we also compare the PSLR and ISLR of OFDM-LFM-MP
signals with other numbers of sub-carriers.

It can be seen in Table 2 that the OFDM-LFM signal with
64 sub-carrier has the best range resolution and the second-
best velocity resolution, but it is easy to be jammed. The
LFM signal has the fourth-best range resolution and the best
velocity resolution and has good immunity to interference.
With the increasing number of sub-carriers of the OFDM-
LFM-MP signal, its PSLR of range and velocity ambiguity
function are much higher. In theory, the auto-correlation
of the OFDM chirp waveform is the sum of the auto-
correlation and inter-correlation of all the sub-carriers, and
the sub-carriers in the same sub-band have a high degree of
inter-correlation. Therefore, the general waveform with more
sub-carriers has a higher PSLR, severely limiting the radar
detection performance [40]. Although the OFDM-LFM-MP
signal does not consistently exhibit superior performance
in the sensing capability evaluation, it demonstrates a more
balanced and comprehensive performance than the LFM,
OFDM-LFM, and LFM-MP signals. The OFDM-LFM-MP
signal with 64 sub-carriers has the second-best distance
resolution and the third-best speed resolution, which has good
radar detection capability in addition to good communication
capability.

2) SIGNAL COHERENCE
In the actual radar signal processing process, to improve the
target detection performance, the accumulation of multiple
pulses can generally effectively improve the signal-to-noise
Ratio(SNR), thus improving the radar’s target detection
capability [41], [42]. In the OFDM-LFM-MP ISAC signal
designed in this paper, the randomly modulated communi-
cation information leads to different phase shifts of different
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FIGURE 6. Ambiguity function chart of four signals.

FIGURE 7. Range & Velocity ambiguity function comparison.

TABLE 2. Ambiguity function performance comparison.

inter-pulse signals, which does not allow for strict phase
coherent accumulation. To analyse the influence of the
communication modulation phase term on the radar phase-
coherent processing, we design the vector synthesis process
for different phase shift signals, as shown in Fig. 8(a).
In Fig. 8(a), we assume the modulus of the single signal

to be 1; signal 1 and signal 2 are the signals of the single
signal after phase shift, and the modulus is the same as the
original signal; θ1 and θ2 denote the absolute magnitude of
positive and negative phase shifts. Vector synthesis of signal
1 and signal 2 is performed, and the mathematic modulus of
the synthesised signal is calculated using the cosine theorem
as

√
2 + 2 cos(θ1 + θ2). When θ1 and θ2 are both zero or

θ1 and θ2 are equal, the modulus of the synthesized signal
is 2. That is to say, it indicates that the phase shift brought
by the communication modulation phase term is the same
between different pulses. At this time, the communication
modulation will not affect the phase coherence of the signals,
and the radar can realize the Phase coherent accumulation.
When θ1 and θ2 are not equal, the modulus values of the
synthesized signal will be smaller than the modulus values of
the signal after coherent accumulation. The radar is unable to
achieve strict phase-coherent accumulation, which will result
in accumulation gain loss.

We evaluate whether the OFDM-LFM-MP signal enables
the radar to achieve coherent processing by comparing

4028 VOLUME 13, 2025



Z. Dong et al.: Integrated Detection of Respiration and Heartbeat With Communication Capabilities

FIGURE 8. Coherent accumulation test.

FIGURE 9. Target detection test.

the modulus values of 100 output signals (output signals
after matched filtering of the coherent accumulated OFDM-
LFM-MP signals corresponding to random communication
sequences) of the matched filter at the radar receiver, all other
things being equal. In this paper, the degree ofmatching of the
modulus values of each output signal is defined as TCM; the
smaller the difference in the output signals’ modulus values,
the larger the TCM and the smaller the accumulated gain loss.
The coherence of the modulus match of the OFDM-LFM-
MP signal test result is shown in Fig. 8(b); we can find that
TCM is stable around 97.5% and the mean value of 100 TCM
tests is 97.5080%, which means that the OFDM-LFM-MP
signal is not affected toomuch by communicationmodulation
after coherent accumulation with a little accumulation gain
loss.

3) PROBABILITY OF TARGET DETECTION
The primary task of radar is to find a target and to further
explore the radar detection performance of OFDM-LFM-
MP signals after coherent accumulation; this paper designs a
target detection probability experiment, as shown in Fig. 9(a).
In this experiment, the false alarm rate Pfar is 10−4 and σ 2

is the total power of noise, then we can get the constant
threshold T in (31) [43], [44].

T =

√
−σ 2 ln(Pfap) (31)

This paper uses the target detection probability Pd
corresponding to different SNRs under the determined false
alarm rate Pfar as an evaluation criterion for radar target
detection performance evaluation standard through a single
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OFDM-LFM-MP signal and coherent accumulated OFDM-
LFM-MP signals. The number of coherent accumulating is
100, and the Monte Carlo count is 1000. The result is shown
in Fig. 9(b), where we can find that the coherent accumulated
OFDM-LFM-MP signal has a higher Pd than the single
OFDM-LFM-MP signal at the same SNR, which means
that the OFDM-LFM-MP signal can approximate coherent
accumulation and the random modulated communication do
not affect the sensing ability seriously.

C. COMPLEXITY ANALYSIS
In exploring the computational intricacies of M-sequences,
phase-modulated information, and OFDM modulation,
a layer of heightened complexity emerges. Table 3 promi-
nently dissects the computational complexity [45] of LFM,
LFM-MP, OFDM-LFM, and OFDM-LFM-MP signals. The
analysis accentuates the substantial influence of synthesizing
M-sequences, modulating data with phase information, and
adjusting the number of sub-carriers on overall complexity
metrics. While orchestrating enhanced communication and
sensing capabilities within the amalgamated OFDM-LFM-
MP signal, its computational demands outpace those
of the other three signal variants. Despite this, these
operations predominantly entail low-level processes, leading
to negligible impacts on time and space complexity.

IV. OFDM-LFM-MP SIGNAL SIMULATED IN HEALTH
MONITORING
After analyzing the performance of OFDM-LFM-MP signals,
we started to simulate its sensing application and information
transmission function in the health field in MATLAB.

A. MONITORING HEALTH SYSTEM PRINCIPLES AND
DESIGN
From Section II and Table 1, we can obtain this system’s
basic parameters, and then We load the OFDM-LFM-MP
signal onto the 30GHz carrier. We also know that the
frequency range of normal human respiration is 0.1-0.5Hz,
the mico-movement of the chest by respiration is 1-12mm, the
frequency range of normal human heartbeat is 1-2Hz, and the
mico-movement of the chest by heartbeat is 0.1-0.5mm [46];
so we assume that a respiratory motion with a displacement
of 5mm and a frequency of 0.25Hz and a heartbeat motion
with a displacement of 0.3mm and a frequency of 1.5Hz occur
in the chest at d0=1.2m and that radar detects this mixed
motion S(t).
A realistic radar component would mix and filter the

transmitted and received signals to produce a new signal at
a new frequency. Fig. 10 shows the TX and RX OFDM-
LFM-MP pulse as a function of time for a single detected
object. Note that the RXOFDM-LFM-MP signal is a delayed
version of the TX OFDM-LFM-MP pulse, where the delay τ

is expressed in (32), and the IF signal is a single-frequency
signal with a constant frequency Sτ .

τ =
2dis
c

(32)

where dis is the distance between the radar and the human’s
chest.

The fact that the phase of the IF signal is susceptible to
small movements is the basis for respiratory and heartbeat
detection. A micro-movement of the human chest moves
1dis causes the round-trip delay 1τ to change it, and then
the phase of the IF signal also changes 1ϕ [46]:

1ϕ = 2π fc1τ =
4π1dis

λ
(33)

1dis =
λ1ϕ

4π
(34)

where fc is the carrier frequency and λ is the wavelength.
In this simulation, the reflected signal RS(t) will carry phase-
modulated heartbeat and respiration information; we use 1ϕ

of the phase difference to detect the heart and respiratory
frequency in RS(t). Received OFDM-LFM-MP IF signal
RSIF (t) after a down-conversion of frequency from RS(t) is
expressed as:

RSIF (t) = cos(2πSτ t + θ +
4πS(t)

λ
+ 18(t)) (35)

FIGURE 10. IF Signal Frequency Constant.
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TABLE 3. Complexity analysis of four signals.

where θ is the phase shift of mixers and antennas, and
18(t) is the phase noise. Then, we can obtain the received
phase 1φreceived of the RSIF (t), which compares with the
transmitted phase 1φtransmitted of the modulated OFDM-
LFM-MP signal to get the phase difference 1φ:

1φ = 1φreceived − 1φtransmitted . (36)

Finally, we utilize (34) and the bandpass filter to handle
the phase change 1ϕ of 1φ to get the heart and respiratory
frequency.

B. MONITORING HEALTH SYSTEM SIMULATION RESULT
This section gives the results of applying the OFDM-LFM-
MP signal in this simulation monitoring health system to
detect human health information and transmit communica-
tion information. Noise signals are incorporated to evaluate
and simulate the efficacy of OFDM-LFM-MP signals in the
presence of real-world disturbances like body movements,
postural changes, and personnel shifts. The SNR quantifies
the relationship between the strength of the noise signal and
that of the test signal.

Fig. 11 shows the sensing correctness rate of heartbeat
and respiration and the random communication information’s
BER. The set heartbeat frequency and respiratory frequency
in this experiment will not change. For sensing ability, we can
find that the correctness rate of respiration is stable and

FIGURE 11. Sensing and communication results at different SNRs.

higher with the increasing SNR around 99.75% because
of the strong breathing amplitude that is easier to detect.
The weak heartbeat signals are more difficult to detect until
the SNR is greater than 15 when the heartbeat correctness
rate stabilized at 91.33%. Regarding communication ability,
the BER decreases from an SNR of 13. At an SNR of
20, the BER is already as low as about 103, which can
be accepted and corrected by the communication system.
In this experiment, when the SNR is more than 20dB, the
OFDM-LFM-MP signal performs well for monitoring human
health information and realizing communication functions
simultaneously.

V. CONCLUSION
Integrated sensing and communication (ISAC) represents a
significant trend in the evolution of 6G technology, forming
the core of future wireless systems. ISAC offers advantages
such as low hardware costs, reduced power consumption,
and high efficiency in wireless resource utilization, which
are critical for advancements in human health monitoring.
This paper presents a novel radar communication system, the
OFDM-LFM-MP, developed through phase modulation of
the OFDM-LFM beam using a spread spectrumM-sequence.
Performance analysis demonstrates the advantages that the
proposed OFDM-LFM-MP signal significantly enhances
data transmission rates within communication systems while
accurately allowing radar systems to have target and velocity
resolutions without performance degradation. While the
computational complexity of the integrated OFDM-LFM-MP
signal slightly surpasses that of LFM, LFM-MP, and OFDM-
LFM signals, it offers a crucial advantage by enabling the dual
functionality of communication and sensing within a single
signal. This integration occurs without significant increases
in time and space requirements, providing considerable flex-
ibility for specific scenarios. For further research, we focus
on designing a comprehensive health monitoring system
utilizing the OFDM-LFM-MP signal for simultaneous health
information detection and data transmission. The monitoring
outcomes illustrate that when the SNR of the simulated
environment exceeds 20 dB, the OFDM-LFM-MP signal
exhibits robust sensing and communication functionalities
performance.
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