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Abstract—The phase coded FMCW and its properties for
joint sensing and communication are studied. Two different
receiver structures for the sensing properties of this waveform
are compared theoretically and experimentally. It is shown
both by simulations and experiments that the phased coded
FMCW combines communication capabilities of PMCW and
sensing capabilities of FMCW while using a realizable hardware
complexity for an automotive radar.

Index Terms—Phase coding, FMCW, PMCW), joint sensing and
communication, phase coded FMCW.

I. INTRODUCTION

The joint sensing and communication systems have gath-
ered a growing interest in autonomous driving as the ra-
dio frequency spectrum is densely occupied [1], [2]. The
conventional autonomous driving systems use radar sensors
for sensing and separate communication wireless systems
to provide vehicle-to-vehicle (V2V) communication. Both of
these two functionalities use the available spectrum and hence
operating multiple autonomous driving vehicles on the road
causes spectral congestion [3]. To cope with this problem,
various waveform designs are investigated to combine sensing
and communication functions [4]-[7]. One of the cost efficient
solutions is to use available radar waveform on autonomous
driving systems and modulate it with the communication
signal to provide joint sensing and communication.

The frequency modulated continuous waveform (FMCW)
has been commonly used in automotive radar applications
due to its low sampling requirements and simple hardware
design. The FMCW automotive radar uses dechirping receiver
where the received signal is mixed with the transmitted signal
to obtain the beat signal. Subsequently, range and velocity
information of the targets are extracted from the beat signal
using two-dimensional Fourier transform [8]. Despite provid-
ing good sensing performance, FMCW radar is weak against
radar to radar interference and its detection performance is
degraded in presence of interference [9].

The phase modulated continuous waveform (PMCW) owns
high robustness of the radar against interference [10]. More-
over, the PMCW has ability to carry information and has been
mostly used for communication purposes [11]. In PMCW, the
phase of the transmitted waveform is changed according the
code sequence. The received signal is downconverted to the
baseband and match filter is applied. However, the PMCW is
sensitive to the Doppler frequency shift (no Doppler tolerant)

and requires high sampling frequency of the receiver. These
limitations of PMCW prevent its wide usage in automotive
radars [11].

Lately, the phase coded frequency modulated continuous
waveform (PC-FMCW) has received remarkable attention due
to combining the advantages of both FMCW and PMCW [12].
Applying phase coding to FMCW provides unique features
such as enabling joint radar-communication (RadCom) coex-
istence [13] and improving resilience to mutual interference
[14]. However, the experimental investigation about the impact
of coding on sensing and communication has not been studied.

In this paper, we investigate phase coded FMCW and
demonstrate its applicability for both sensing and communica-
tion. We analyze and compare two different receiver structures
for the sensing capability of PC-FMCW. The simulation and
experimental results show that the PC-FMCW radar can ensure
similar sensing performance of uncoded FMCW for a short-
range radar while providing V2V communication with a
realizable hardware complexity for an automotive sensor.

The rest of the paper is organised as follows. Section II
provides the signal model while Section III explains the
waveform properties. Section IV illustrates the experimental
results and Section V presents conclusion remarks.

II. SIGNAL MODEL
The linear frequency modulated continues waveform
(LFMCW) can be written as

xrem(t) = cos <27cht + 71'?752) , t€[0,T) (1)

where f,. is the carrier frequency, B is the bandwidth and 7' is
the sweep duration of the signal. In PC-FMCW case, a code
sequence is used to modulate the phase of the signal [12] such
that

x7(t) = cos (27rfct + ﬂth + qS(t)) , 2)

where ¢(t) is the instantaneous phase. We chose binary phase
shift keying (BPSK) as code modulation scheme where phase
changes between {0,7}, then the transmitted PC-FMCW
signal can be represented as
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where L. is the code length, T, = T/ L. is the chip duration
and rect is the rectangle function. The received signal reflected
from target can be obtained as

L¢
aRr(t) = Z el¥nrect (t —r-(n= 1/2)TC)
n=1 4

Te

X COS (27rfc(t —-7)+ W?(t — 7')2> )

where 7 is the round trip delay between radar and target. In
the following subsections, we will investigate two different
receiver structures for sensing performance of PC-FMCW.

A. Matched filtering

In the matched filtering, the received signal is convoluted
with the complex conjugate of the transmitted signal to max-
imize the signal to noise ratio (SNR) as

1
Tm(t) = / ar(m)xzr (t —m)dm, %)

1

where * denotes the complex conjugate. The range and veloc-
ity information of the targets can be extracted from the output
of the matched filter.

B. Dechirping and decoding

In decirping and decoding receiver structure, the received
signal is mixed with uncoded LFMCW signal for dechirping
(downconversion) process and low pass filtered (LPF) to
eliminate high frequency terms [14]. The filtered mixer output
gives the coded beat signal as

Lc
be(t) = Z e/Prrect <t —T—(n- 1/2)Tc>
(6)

Te

n=1

T

In the decoding process, the coded beat signal is multiplied
with the complex conjugate of the code to correct the phase
changes initiated by the phase code. It is not possible to apply
one decoding signal since each coded beat signal has different
time delay due to being reflected from a target at a particular
range. However, this can be corrected by aligning the received
beat signals either in frequency [13] or time domain [14]
processing. Finally, the decoded beat signal can be written
as

B B,
X cos | 27w f.1 + QWTTt —m=7"].

T

Here, the second term is known as the beat frequency
fo = 7B/T in which range and velocity information of the
target embedded. This target information can be extracted by
applying spectral estimation techniques in traditional range-
Doppler processing.

b(t) = cos (27rfc7' + 277%# — 7r372> ) @)

TABLE I
SYSTEM PARAMETERS

Bandwidth B 40MHz
Chirp duration T 1ms
Sampling frequency fs 400MHz
Intermediate frequency | fig 125MHz
Carrier frequency fc 3:315GHz

Number of pulse Np 128
Code length Lc 1024
Chip duration Te 0:97 s

Chip bandwidth Bc | 1:024MHz

III. WAVEFORM PROPERTIES
A. Sensing Performance

In this section, we evaluate the sensing performance of
the PC-FMCW by investigating its ambiguity function. The
ambiguity function corresponds to the outcome of matched
filter and it determines range-Doppler resolution of the trans-
mitted signal. The ambiguity function of PC-FMCW can be
calculated as

a1
(7 fa) | = \ / o) (G- e, @

where f; represents the Doppler frequency. The ambiguity
function of the PC-FMCW with parameters given in Table I
is presented in Figure 1. As we are interested in automotive
radar application, we select parameters appropriate for such
application but scaled them down to S-band. Note that the
1 kHz Doppler frequency corresponds to a target with radial
velocity 1.9 m/s at 79 GHz and 45 m/s at 3.3 GHz.

For sensing property of PC-FMCW, different range profiles
can be obtained depending on the code length and code family
[15], [16]. In this paper, we used zero-correlation zone (ZCZ)
codes and we simulate the range cuts of the ambiguity function
with various code lengths. As seen in Figure 2, the sidelobes
level is raising as the code length increases. The impact of the
code length on the sidelobes is investigated with the integrated
sidelobe level (ISL) [16]

a1
ISLz/llx(Taéo;fd:ondr- ©)

In Figure 3, the ISL is shown as the function of the code
lengths and the ISL increases up to —47 dB for L. = 1024.
However, sidelobes level is similar to FMCW for short range
radar applications where the maximum range is 100 m.
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Fig. 1. Ambiguity function of the phase coded frequency modulated waveform
for Lc = 1024.
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Fig. 3. Integrated sidelobe level vs the code lengths

B. Communication

Below, we illustrate the communication capability of PC-
FMCW. To extract the communication signal, the delay be-
tween transmitted and received signal needs to be compen-
sated. In [7], synchronized LFMCW signal is generated to
minimize the delay by using GPS. Similarly, we assume the
synchronized LFMCW is obtained in the receiver and used for
dechirping as shown in Figure 4. The synchronized LFMCW
can be written as

zr(t) = cos (27rfc(t —-7)+ ﬂ'%(t — 7)2> ) (10)

The received signal is mixed with synchronized LFMCW
signal and filtered to get rid of the chirp signal. At the
outcome of mixer, the beat frequency signal will have either
zero carrier frequency for stationary transmitter and receiver or
small (in comparison to the modulated frequency) frequency

Synchronized
LFMCW signal

XT ®)

xp(t) +n(t c(t—1) +n(t -
’ 0@ N Delay | J Bandpass || g 16O,
Received compensation Filter

signal

Fig. 4. Block diagram of communication
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Fig. 5. Received communication signal; after band-pass filter (blue), after
threshold (red)

offset for mutually moving transmitter and receiver. After LPF,
the received communication signal with delay is obtained as

we(t) = [zr(t) + n(t)] Zr(t)

L
e o —(n—1/2)T.
= E e?Prrect (t T (; /2T

) +a(t) (11)

n=1
=c(t — 1) +n(t),

where n(t) and 7i(t) represent the additive white Gaussian
noise and ¢(t — 7) denotes the delayed communication signal.
After delay compensation, we apply base-band filter and
threshold to reconstruct the transmitted communication signal
which carries up to 1 Mbit/s information, as shown in Figure
5.

IV. EXPERIMENT RESULTS

The experimental study of PC-FMCW has been done using
PARSAX radar [17]. We use ZCZ codes and select the system
parameters as shown in Table I to detect both stationary and
moving targets.

A. Stationary Target Experiment

We start with observing the chimney as stationary target
which is 1185 m away from the radar. For dechirping and

This paper's copyright is held by the author(s). It is published in these proceedings and included in any archive
such as IEEE Xplore under the license granted by the "Agreement Granting EurAAP Rights Related to

Publigatiacy Mfershanlas mM¥@tk- Tu Delft Library. Downloaded on May 17,2021 at 09:10:17 UTC from IEEE Xplore. Restrictions apply.



120

glzz 3 F | |
% Z mwWWMWWWW‘WWM WM vw w WV “ WWW WW
ﬂ”éwj@gwm iy
ooy

X 1185
Y 111.7

120

100

©
o

Amplitude (dB)
o
o

N
o

N
o

i
)
=]

100

Amplitude (dB)
o o
o o

IN
S

N
o

K ’j ,E W W ﬁ
WWW WM e WWN]WW WW L WWWW WW

900

I I
1200 1400

Range (m

I I
1000 1100 1300

M

“WW il

W\M

Ey
ol

20—

I
900

I
1000

I
1100

I
1200

I
1300

I
1400

I I
1200 1300

Range (m)

. .
900 1000 1100 Range (m)

Fig. 6. Decoding simulation with the reference code away from the target; ) R =5m,b) R=50m, ¢c) R =100 m, d) R = 150 m

Amplitude (dB)

N N )
[} e} (=] N B
o O O O o

i
i
o

X 1185
Y 203

X 1065
m WWWWW

900

1000

1100

1200

1300

1400

240
220 >< 1185
g Y 199.1
5207 f 3‘7‘: X 1065
Sisol Y 1729
£
g 160 \W\AHN
140 -
1000 1200 200 1300 1400
Range (m)
1400
~ 1300
E
% 1200 =
c
& 1100

1000

900
-20 -15 -10 -5 0 5 10 15 20
Velocity (m/s)

Fig. 7. Dechirping and decoding with reference delay R = 50 m for
stationary target; range and range-Doppler map

decoding receiver structure, each coded beat signal has dif-
ferent time delay and thus they need to be aligned for ideal
decoding. However, the time delay can be negligible if the
target is very close to the radar. To mimic short range radar
scenario with this experimental setup, we can use the reference
transmitted signal which is close to the target. As seen in
Figure 6, range profiles after decoding are still tolerable with
a target up to R = 100 m away from the reference transmitted
signal while the target location is completely lost when a target
is at R = 150 m away. This relation can also be observed with
the sidelobes of coding signal shown in Figure 2 d. In the
following experimental results for dechirping and decoding
receiver structure, we consider short range radar application
and use the reference transmitted signal for decoding at
R = 50 m away from the target. As shown in Figure 7, the
peak location of the target is obtained at 1185 m when we
decode with reference delay. Note that we have 10log;o(N)
processing gain where N is the number of pulses used for

Range (m)

-20 -15 -10 -5 0 5 10 15 20
Velocity (m/s)

Fig. 8. Matched filter response for stationary target; range and range-Doppler
map

Doppler processing. For the second receiver structure, the
received signal is processed by the matched filtering. The
range profile acquired by the matched filter process is similar
to its ambiguity function and the peak location of the target
is obtained at 1185 m as demonstrated in Figure 8. Note that
the dynamic ranges of both receivers (ratio between peak to
first sidelobe ratio) are similar.

B. Moving Target Experiment

At the next stage, we observe a moving car with a radial
velocity 15 m/s and located 1178 m away from the radar.
For dechirping and decoding receiver structure with reference
delay, the peak location of the moving target is observed
at 1178 m as illustrated in Figure 9. Finally, we apply the
matched filter to obtain the range-Doppler map of the moving
target. As seen in Figure 10, we obtain the peak location of the
moving target at 1178 m. Likewise to stationary target case,
the dynamic ranges of both receivers are similar.
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V. CONCLUSION

The properties of the phased coded FMCW for sensing
and communication purposes have been studied analytically
and verified experimentally. We have demonstrated that the
integrated sidelobe level of the ambiguity function grows with
the increase of data rate. For a short-range radar application
with the maximal range of 100 m, the investigated waveform
provides a communication data rate up to 1 Mbit/s and
sensing capabilities comparable to LFMCW. The hardware
and software complexity, in particular the ADC sampling rate,
remains at a realizable level for an automotive radar. The
higher communication capabilities can be achieved with the
price of higher range sidelobes or with the increase of ADC
sampling rate.
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