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Abstract—In this study, a novel transmission scheme is pro-
posed to serve radar-sensing and communication objectives at the
same time and allocated bandwidth. The proposed transmitted
frame non-orthogonally superimposes two different waveforms,
which are frequency modulated continuous-wave (FMCW) for
radar-sensing and orthogonal frequency division multiplexing
(OFDM) for communication. Also, the receiver scheme that per-
forms channel estimation via radar-sensing functionality without
degrading data rate of communication operation is introduced.
As numerically evaluated, the proposed system achieves good
sensing accuracy even if the signal-to-noise ratio (SNR) is low,
and communication performance is only 0.6 dB less at the target
bit-error rate (BER) of 1% compared to the assumption of perfect
channel state information (CSI) without any pilot overhead over
OFDM subcarriers.

I. INTRODUCTION

Nowadays, evolved hardware such as antenna arrays, and
digital signal processing (DSP) chips; and software regarding
algorithms for detection and estimation capabilities lead radar
and communication systems to intersect in order to provide
efficient usage of resources. Making these two different worlds
to work in harmony may urge lots of promising applications
that pave the way for new techniques in wireless technologies.
Therefore, this trend attracts lots of interest from both industry
and academia [1].

With the usage of millimeter wave (mmWave) bands, di-
rected beams and larger bandwidths are served that improve
sensing accuracy and data rate. Most of papers pointing
convergence of communication and radar-sensing investigate
optimal waveform, which is called joint radar-communication
(JRC) waveform, to serve both two applications properly [2].
The aim is to combine radar-sensing and communication into
a single mmWave system that utilizes a standard waveform.
This kind of system is aimed to be optimized regarding
cost, size, power consumption, spectrum usage, and adoption
of communication-capable vehicles, for example, in case of
autonomous driving, which needs both radar and vehicle-to-
vehicle (V2V) communication [3].

One of the JRC waveform design has been studied in [4],
where the system associates part of orthogonal frequency
division multiplexing (OFDM) or spread spectrum resources
for radar processing by transmitting known sequences us-
ing these waveforms. The drawback of this scheme is the
lack of degrees of freedom leading to multiplexing of data
between known sequence assigned for radar and unknown

Fig. 1: System model needing both radar-sensing and commu-
nication functionality.

information sequence assigned for communication. Orthogonal
multiplexing or modification of one waveform serving both ap-
plications prevent the full exploitation of the time-frequency-
space resources in terms of spectral efficiency and radar-
sensing performance. Also, OFDM-radar systems lack high
resolutions compared to the frequency modulated continuous-
wave (FMCW) radars that are mostly used in automotive radar
[5].

Besides, some JRC waveforms modulate communication
messages on top of the radar waveforms, using phase mod-
ulation techniques in [6, 7]. However, compared to plain
OFDM modulation, these kinds of modulation schemes de-
grades spectral efficiency. Moreover, the JRC waveforms are
proposed by separating communication information via the
transmit beamforming vectors [8]. Similarly, these methods
suffer from low data rates since the communication signal
must be spread to avoid interference over the radar-sensing
functionality. A RadChat unit proposed in [9] includes two
different waveforms for radar and communication use cases,
which are FMCW and narrowband transmission, respectively.
However, the system does not transmit both waveforms at
the same time, the transmission is switched between radar
and communication. Reference [10] studies the interference of
linear-frequency-modulated radar on OFDM signal where two
different use-cases, communication and radar, are considered.
However, the transmission is not coordinated, and only the
interference issue is studied.

In this study, the proposed receiver is assigned as a bi-static
radar-sensing and communication receiver where the transmit-
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ter and receiver are not co-located like in Fig. 1. Although
many of the previous studies have addressed JRC assuming
vehicles equipped with mono-static radars supporting com-
munication capability [11], the bi-static radar system which
provides radar-sensing information to the receiver can be used
to improve communication functionality. We propose a novel
scheme that non-orthogonally overlaps two separate wave-
forms (OFDM and FMCW) peacefully serving two different
applications, as suggested in our previous work on waveform-
domain non-orthogonal multiple access (NOMA) investigating
the coexistence of two different waveforms for communication
functionality [12]. Here, we also perform channel estimation
via the FMCW waveform, which is offered for radar-sensing to
demodulate communication symbols in OFDM without using
any pilot overhead.

II. SYSTEM MODEL

The V2V scenario is considered as shown in Fig. 1, how-
ever, the proposed scheme is also applicable for different kinds
of use cases needing both radar-sensing and communication
activity. The general transmission and reception scheme can
be seen in Fig. 3.

A. Transmission Design

FMCW consisting of many chirps and OFDM waveforms
are utilized for radar-sensing and communication operations,
respectively. The complex equivalent time-domain representa-
tion of one chirp sweeping linearly across a total bandwidth
of B Hz during the 7-second is expressed as [13]

Senip(1) = /™I 0 <<, (1)

The FMCW waveform consisting of K chirps per frame is

K
semew (1) = VPrvcw Z Schirp (t = kT), 0<t<T, (2
k=0

where T and Prycw denote the total duration and power of
FMCW waveform, respectively.

Denote {d, fl\’: 61 as the complex symbols modulated via
quadrature amplitude modulation (QAM) drawn from a com-
plex symbol alphabet S. The OFDM signal in time-domain is
expressed as

N-1

sorpM (1) = VPofdm Z dpel?™AS T

n=0

0<t<Ts, (3)

where Ty, Af and POFDM denote one OFDM symbol
duration, the subcarrier spacing and the power of OFDM,
respectively.

A cyclic prefix (CP) of length 7, is prepended to each
OFDM symbol to keep OFDM subcarriers orthogonal by pre-
venting intersymbol interference (ISI) across OFDM symbols
and transform the linear convolution of the multipath channel
to a circular convolution which eases equalization [14]. After
the CP addition, the mth OFDM symbol can be expressed as

if0<t<T,,

5,0(1) = sorom (2 +Ts = Tg) @
" if Tg <t < TorbM>

sorpm (t — Tg)
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Fig. 2: Transmitted frame design for joint radar and commu-
nication functionality, (a) time-power representation, (b) time-
frequency representation.

where Torpm = Ty + T is the duration of one OFDM symbol
after CP addition. Having M OFDM symbols in a frame during
Tsym < T, the time domain OFDM signal can be represented
as

M-1
t —mT
Sormw(1) = Y 51 xreet [N 0 < <7y,
=0 OFDM

&)

Revisiting the expression of two different waveforms

OFDM and FMCW, the transmitted frame s(¢) for the ob-

jectives of multi-functional radar-sensing and communication
transmission is designed as follows:

s(t) _ {SFMCW(I) if0<tr<, ©)

SFMCW(t) + EOFDM(Z) ifr<t<T.

The transmitted frame can be seen in Fig. 2a where it
starts with a chirp following the superimposed OFDM symbols
and many chirps. The waveforms are superimposed in a way
that the allocated bandwidth is the same for each waveform
type. The time-frequency illustration of the superimposed
signal can be seen in Fig. 2b. It can be realized that the
OFDM signal is distributed along with the whole bandwidth,
whereas FMCW waveform patterns consecutive pulses whose
frequency increases linearly.

Then, the baseband signal s(7) is upconverted to the desired
radio frequency (RF) band, where the transmitted passband
analog signal becomes

x(1) = Ris(r)el P+, (7)

where R{.} denotes the real part of the complex quantity.
The notations f. and 6 are the carrier frequency in which
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Fig. 3: The transmit and receive diagram of the proposed scheme.

most automotive radars operate in 24 GHz or 76 GHz bands
[5], and the initial phase of the transmitted signal, respectively.

B. Channel Effect

The Doppler shift and flight time for the paths reflecting
from the targets are as shown in Fig. 1 and are assumed
to be fixed over a coherent transmission time 7. Under the
linear time-varying channel, the received passband signal is
represented as [15]

P
r(t) = Z ap R{x (1 - Tp)e]a”(f(““//p)(1—719)+f9+f'91>} +n(1), (8)

p=1
where a),, 7, and ¥, are the attenuation factor depending on
nonfluctuating radar cross section (RCS), time delay related
with the distance between the transmitter to target plus target
to the receiver (bi-static range) and phase error, respectively.
The notation ¥, = 1% s the Doppler frequency associated
with the pth path depending on relative speed v, and the
letter ¢ denotes the speed of light. The number P indicates the
number of radar targets; in other words, the number of specular
scatterer in the environment. Also, n(t) ~ CN (0, 0'2) denotes
the additive white Gaussian noise (AWGN). The attenuation
factor a, is proportional to the large-scale path-loss. Having
the path distance d between receiver and transmitter, the large-
scale path-loss G is given as

_ GrxGrxA?
 (4m)2aPt

where PL is the path-loss exponent, Gtx and Grx are the
transmit and receive antenna gain, respectively.

©))

III. MULTI-FUNCTIONAL RECEPTION

In this section, the receiver scheme for radar-sensing and
communication operations is investigated. Since the receiver
performs both functions, the knowledge obtained from one
process can be leveraged to another to improve the perfor-
mance.

A. Bi-static Radar Functionality and Channel Estimation

Down-converting the received passband signal r(z) into
baseband and sampling with the frequency of Fy = NAf, the
discrete-time signal becomes

P

y[n] = Z hpx (n/Fy —1,) e2™r!Fs 4 3p(n), n € N¥, (10a)
p=1

and

hp _ a,pe—j27r(fc+z//,,)'r,,+j(9+jﬂ,,’ (10b)
where h, is the complex channel gain of target p. Then,
the stretch processing is employed in the discrete domain
for the superimposed signal to get delays and Doppler shifts
estimations. The processed signal in one chirp time interval
can be written as

y[n'l = y[n'] x e ImB([Fs) T n=12,...,7F;, (11)
and dechirping process is repeated for each chirp time interval.
Remember that stretch processing is generally done in time
domain with down-conversion. However, here it is assumed
that the occupied bandwidth of FMCW is the same as OFDM
bandwidth, therefore, the sampling rate Fy for both radar and
communication is taken as equal to each other.

The first step is to form a fast-time/slow-time coherent pro-
cessing interval (CPI) matrix. Fast time samples are obtained
at the rate of F from the points on each chirp, which are called
range bins. Slow-time samples are taken from the points on
every chirp at the same range bins, which are called Doppler
bins. The range-Doppler matrix is obtained by 2D-FFT over
CPI matrix yielding peaks at the intersection of 7, and
for each pth target. Well-known algorithms such as constant-
false alarm rate (CFAR) processing and space-time adaptive
processing (STAP) can be used to determine the threshold for
the target detection properly [5]. However, the investigation of
these algorithms is not the scope of this paper. The threshold
is determined after several Monte-Carlo simulations.

Estimation of complex attenuation factor /2, for every pth
scatterer (target) is done in the first chirp with the least-square
estimation [16]. It is worth to stress that first chirp in the
transmitted frame is interference-free as seen in Fig. 2a. Let the
vector ye £ [y[1],y[2],...,y[7Fs]]T be the samples of the
received signal throughout the time 7, the estimated complex
attenuation coefficients h £ [A[1], A[2],..., h[P]]T become

h = arg min(y. - Bh)” (y - Bh), (12)
h
where B is a (7F; — 1) X P matrix whose rows corresponds
to different shifts of the transmitted chirp where shift values
are determined according to estimated range value of the pth
scatterer (target). The offset value 7 € N depends on the
maximum range requirement of the system. Also, the selection
of higher value for 71 decreases fluctuations in the estimation of
h depending on Doppler shifts along with one chirp, whereas
the maximum range is reduced. By differentiating with respect
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Fig. 4: Distance-velocity plot of the targets where SNR equals
to 20dB.

to h and setting the result equal to zero, the least-square
estimation of the channel becomes

h= BB) 'Bfy. (13)
Besides the estimation of delays 7, and Doppler shifts i, the
matrix h completes the process to recreate the channel matrix
H with some estimation errors.

B. Communication Functionality

Here, the communication symbols are decoded using the
estimated channel in the previous section. Let the channel
gain of the kth sample of the transmitted signal during the
reception of the nth sample denote as £, . Also, if the discrete
channel convolution matrix along one OFDM symbol duration
with Noppm samples is shown as H € C(Nomm)x(Norow) - the
element in the kth column of the nth row of H is h, . Firstly,
the FMCW sequence is removed from the total received signal
by using estimated channel matrix H as follows:

yorpm = ¥ — Hspmcw, (14)

where yorpm = [Y1,Y2,...,ym] and y,, is the mth OFDM
symbol in the received vector y. The CP addition matrix A €
RNorowxN s defined as

On,xn  In,

A= , (15)

INoroum
and the CP removal matrix is generated as B = [ONxNgIN]
where N is the total sample number during CP duration 7.
The matrix @ € CV*N is the complete channel frequency
response (CFR) matrix which equals to

0 = FyBHAFY, . (16)

The diagonal components of (16) are the channel coefficients
scaling the subcarrier in interest collected in a vector 8 =
diag (@) and off-diagonal components are not zero due to

TABLE I: Simulation Parameters

Parameter i Value
Carrier frequency (f) 28 GHz
Bandwidth (B) 100 MHz
Sample Rate (Fy) 122.88 MHz
Chirp duration (7) 2.4 ps
FMCW duration (T") 2ms
Subcarrier spacing(A ') 60kHz
Number of FFT(N) 2048
Number of allocated subcarriers 1666
Range of targets 15m, 90m and 180 m
Relative velocity of targets 0ms™T, 22ms™T and -33msT

Doppler effect from the channel causing ISI. Finally, estimates
of data symbols consisting of information bits are obtained as:

dy = ((diag (6 ©6") " (diag (0) )FwBxyn).  (17)

This equation finalizes the proposed receiver structure without
introducing pilots on the OFDM subcarriers to estimate the
channel.

IV. NUMERICAL RESULTS

In this section, the radar-sensing and communication perfor-
mance of the proposed scheme is demonstrated. Simulation
parameters depending on radar and communication require-
ments are shown in Table I. It is assumed that the maximum
delay 7 caused by targets is smaller than the CP length of
each OFDM symbol. Even if the bandwidth of FMCW is
set as equal to the bandwidth of OFDM, it can be higher
to increase radar-sensing resolution and serve multi-user in
communication. It is assumed that the channel includes 3
targets, as shown in Fig. 1. The power delay profile (PDP)
of the channel is determined as an exponentially decaying
function where the power of channel coefficient is set as
|hp (y)|? = ne™"P. Let 5 be the normalization factor, p be the
target index, y = 1 be the decaying factor; and the amplitude of
each tap follows Rayleigh distribution. During the simulation,
powers of waveforms Porpym and Prvicw equal to each other.

In Fig. 4, the radar-sensing performance is demonstrated
when the signal-to-noise ratio (SNR) is (20dB). Velocity and
range of three different targets can be estimated with a proper
threshold level. After evaluating the complex attenuation factor
h, denoted in (10b), the estimation of channel matrix H is
created by using the obtained values of Doppler shifts and de-
lays which is done previously via FMCW waveform. Finally,
this channel estimation is used to demodulate communication
symbols in the OFDM waveform.

Mean-square error (MSE) is calculated considering non-
zero elements of H and H matrices, 0'3 = EI[EF‘T—;S'Z], where
E[-] denotes the expected value. MSE performance of the
proposed channel estimation scheme can be seen in Fig. 5a,
which degrades as SNR increases. It is worth noting that the
complex attenuation factors for each target are estimated using
the first chirp, while delays and Doppler shifts are estimated
using the FMCW waveform.

The BER performance of the information bits transmitted
in the OFDM waveform with channel estimation step done in
the FMCW waveform can be seen in Fig. 5b. The information
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bits are encoded via convolutional codes with interleaving
to get rid of the deep fading effect of the channel. The
proposed scheme is compared with the presence of perfect
channel state information (CSI), which means the FMCW
waveform is totally removed from the superimposed signal
without affecting the OFDM waveform. The SNR difference
is 0.6 dB at the target BER of 1%, without requiring any pilot
symbols over the OFDM symbols.
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VI. CONCLUSIONS

In this paper, a novel joint radar-sensing and communication
transmission-reception frame is proposed. This frame offers
the peaceful coexistence of two different waveforms, such
as OFDM and FMCW. This scheme is coordinated at the
transmitter, and channel knowledge obtained from the FMCW
waveform is used to demodulate OFDM waveform carrying
communication information. A promising future research di-
rection is to investigate multi-user implementation with higher
bandwidth allocation that could help to increase the range res-
olution of radar-sensing functionality. Also, more sophisticated
algorithms might be studied to confine the transmitted scheme

in the desired band and separate waveforms more efficiently
that can pave the way for being a part of the future 6G and
radio access standards. REFERENCES
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