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Abstract—The phase-attached radar-communications (PARC)
framework was recently proposed as a means to realize both
functions via an FM waveform structure that is amenable to high-
power transmitters. This implementation promotes the operation
of both functions simultaneously without sacrificing transmission
resources (i.e. power, time, frequency) needed for the primary
radar mission. Here, the PARC framework is extended to an
FM continuous-wave (FMCW) operation which maximizes both
data throughput and energy on target. The FMCW PARC
waveforms are tested in a open-air environment for ground-based
moving target indication (MTI) and the results compared against
traditional FMCW stretch processing. As with the original
pulsed version of PARC, it is found that the FMCW version
introduces Doppler-spread clutter resulting from range sidelobe
modulation (RSM), thus necessitating subsequent steps be taken
to compensate.

Index Terms—FMCW, stretch processing, radar/communication
co-design, range sidelobe modulation

I. INTRODUCTION

As wireless technologies become more pervasive, so does
their demand for spectral access. This demand has created
tremendous pressure to move away from traditional spectrum
allocations, which is particularly problematic for radar opera-
tion [1]. In recent years this limitation has spurred research
into dynamic spectral access where multiple users coexist
within the same band while minimizing interference between
the different user functions [2], [3]. In contrast, if multiple
RF functions are performed concurrently by the same system
(e.g. radar and communications), spectral congestion can also
be addressed via co-design of these different functions to more
efficiently use a particular band [4]-[14].

An example of dual-function co-design is phase-attached
radar-communications (PARC) in which these different modes
are combined into a single, frequency modulated (FM) wave-
form through a summation of two continuous phase structures
[9]. The radar phase structure remains unchanged over a coher-
ent processing interval while the communication phase struc-
ture is uniquely generated based on the data to be transmitted.
The latter is implemented via a continuous phase modulation
(CPM) framework that is known to be power efficient and
well-contained spectrally [15]. This CPM-based formulation
is a general framework that includes the implementations
of [7] and [8] as special cases. The PARC framework has
been extensively studied from a pulsed perspective [9], [16]—
[20], though in such an arrangement the data throughput is
inherently limited by the duty cycle.

Here, PARC is extended to a frequency modulated
continuous-wave (FMCW) implementation (denoted as

FMCW PARC) where it can also be coupled with stretch
processing [21]. The “always on” and constant-modulus
nature of FMCW PARC allows both data throughput and
energy on target to be maximized. Stretch processing is
employed so that the radar function is capable of supporting
large bandwidths and thus very fine range resolution can be
achieved. Consequently, FMCW PARC could be employed in
automotive applications to simultaneously support collision
avoidance and a vehicle-to-vehicle communication network. It
could likewise facilitate the incorporation of a data broadcast
component into some forms of synthetic aperture radar
(SAR).

The unique data embedded in each FMCW radar sweep
results in a waveform-agile transmission mode whereby the
same sweep is never repeated. However, over a coherent
processing interval (CPI), the unchanging radar phase structure
maintains a baseline level of coherence, any deviations from
which depend on the parameters of the communication phase
structure. This waveform-agile structure does produce a range
sidelobe modulation (RSM) from sweep to sweep, which
subsequently translates into a Doppler smearing of clutter that
is not adequately addressed by standard clutter cancellation
[17], [19]. However, residual clutter in Doppler due to RSM
can be mitigated through appropriate receive filtering [18],
[19] or through modification of communication parameters;
specifically the data rate or modulation index [9].

Here, the FMCW PARC instantiation is developed and
subsequently experimentally tested in an open-air environment
for a ground-based moving target indication (MTI) radar
mode. The RSM effect is observed for the resulting range-
Doppler responses for various modulation indices and data
rates. The analog receive chain employs stretch processing to
reduce the waveform transmit bandwidth (here 500 MHz) to
a much smaller intermediate frequency (IF) bandwidth (here
40 MHz). Leveraging the approach developed in [22] to facili-
tate waveform-diverse stretch processing, the radar reflections
received during each sweep are then range compressed using
the appropriate compensation transformation.

II. FMCW PARC WITH STRETCH PROCESSING

The original pulsed PARC structure [9], [16]-[20] is ex-
tended for CW operation for a radar function that exhibits
a sawtooth wave in instantaneous frequency. When stretch
processing is performed in the radar receiver, the mixer output
signal is modulated by the PARC communication data. In
[22], it was shown that compensation transform (instead of
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the standard fast Fourier transform (FFT)) can be used to fully
compress the data on receive as part of stretch processing for
a nonlinear FM transmit scenario (as long as the waveform
is relatively chirp-like). Here we leverage this approach for
FMCW PARC as well.

A. FMCW PARC Signal Model
The passband FMCW PARC waveform can be defined as

5(t;x) = cos (Y (t) + e (t; %)), (1)

where 1,(t) is the (passband) phase of the radar component
and 1.(t;x) is the phase of the communication compo-
nent. The communication phase component is obtained by
modulating the M —ary symbol sequence x = [xgx1 xg - -]
with CPM, where z,, € {£1,43,--- ,£(M — 1)} and m =
logy M is the number of bits per symbol. The radar phase
component is defined as the integral of the radar instantaneous
frequency f:(t) as

Ue(t) =27 [ fr(7)dr. 2)
/

Here, the shape of f(¢) follows a down-chirped sawtooth
wave. For the ith sweep of duration T, the instantaneous
frequency is defined as

fr(iTsw <t< (Z + 1)qu) = fO - K(t - iﬂw)a 3)

where f is the starting (passband) frequency and k = B/Tyy
is the chirp rate for B the swept bandwidth.

The communication phase component during the ith sweep
is given by' [9], [15]

t (i+1)N.—1
Ye(t;x) = 7rh/ Z zy, g(T — nTy)dr, “)
0 n=0
where 7; is the symbol interval, N, = TT“ is the number

of symbols per sweep, h (a rational numBer) is the CPM
modulation index, and g(t) is the CPM shaping filter (also
known as a "frequency pulse” in the CPM literature [15]). The
communication symbol rate is thus B, = % symbols/s and
the data rate is mB, bits/s. The CPM parameters h, Tt, g(t),
and M uniquely specify the spectrum of the communication
phase component v (t;x), and hence the additional receiver
bandwidth required to fully capture a given range profile.
As such, the CPM parameters are chosen such that the
receiver bandwidth does not significantly increase as a result
of embedding the communication symbols. Here we focus on
full-response CPM [15] with a rectangular shaping filter of
duration T, (and amplitude 1/7;), which is also known as
continuous phase frequency shift keying (CPFSK) [23]. In
addition, the communication symbol sequence is chosen to
be binary, i.e. x,, = £1, so that the system performance can
be evaluated as a function of h and T.

Here, the CPM modulator does not reset to a state known to the
communication receiver in the beginning of each sweep.

The modulation index h is an important system parame-
ter from a CPM perspective as it controls the total phase
change due to a communication symbol transmission, which
occurs over 1. The total phase change due to symbol z,
is therefore hmx,, such that the maximum phase change is
+hr(M — 1), which becomes +hn with binary CPM. For
pulsed PARC [9], [17], [19] it was shown that & also controls
the degree of similarity across the pulse-to-pulse changing
radar/communication waveforms. Greater similarity translates
to enhanced coherence across the sets of range sidelobes in the
CPI, and thus reduced clutter RSM [4], [17]. This relationship
between the modulation index value and the severity of RSM
is expected to hold for the FMCW PARC instantiation as well.

B. Communication Performance

From a communication perspective, FMCW PARC wave-
forms have some rather unique properties. First, since radar
transmitters are high power devices, the communication re-
ceive processing (e.g. channel estimation and synchroniza-
tion) would likely be performed in the high SNR regime.
Second, the transmitted waveforms are partially known at the
communication receiver due to the presence of the baseline
radar component in (1). By exploiting this structure, channel
estimation as well as timing, frequency, and phase offset
estimation can be performed in a decision-directed fashion
once initial estimates are obtained.

The initial estimates can be obtained in a data-driven
fashion by transmitting radar-only sweeps (no communication
symbols) during predetermined time intervals, during which
the transmitted waveform is completely known at the commu-
nication receiver. It is also important to note that the radar
signal component possesses some desirable features from an
estimation perspective such as high Doppler tolerance.

Third, the received FMCW PARC waveforms have a much
larger bandwidth than the communication signal components.
As a result, multipath between the radar transmitter and the
communication receiver can be resolved at time scales that
are much finer than the communication symbol interval. Thus,
existing spread spectrum receiver processing approaches (e.g.
Rake receiver [24]) should be applicable due to the large
ratio of the received signal bandwidth to the communication
bandwidth. Determination of the best approaches for commu-
nication channel equalization and synchronization for FMCW
PARC waveforms is a topic of ongoing research.

Given knowledge of the radar signal component x(t), the
communication system parameters, and appropriate channel
equalization and synchronization, demodulation at the com-
munication receiver can be performed by multiplying the in-
cident signal y(t) by cos(¢,(t)) and — sin(¢;(¢)) and lowpass
filtering which realizes the complex lowpass equivalent signal

7(t;x) = v/ Prx exp {jv.(; %) } + 1 (¢), 3)
with real (in-phase) and imaginary (quadrature) components
71(t;x) = Srer {cos (¢x(t)) y(1)}

= Oppp {COS (e(t)) (\/ 2Prx cos (¢ (t) + e (t;x)) + n(t)) } , ©)



Tq(t;x) = @rer {—sin (¢r(t)) y(t)}

y 7
= Py { —sin (U0(1)) (V2Prx cos (6i(t) + be(t: %)) + (1)) }

where ®; pr{e} represents the lowpass filtering operation. Here
Prx is the received power, n(t) is a white complex Gaussian
noise process with power spectral density Ny, and 7(t) is
the resulting noise process. The optimal determination of x,
which requires maximum likelihood sequence detection, is
then achieved by applying the Viterbi algorithm [25] based
on a 2u—state trellis, for v the denominator of h.

Consider a communication receiver located at azimuth angle
0o and distance R, and a radar transmitter with peak power
Prx. The receive power at the communication receiver can be
expressed by

P — <>\2GR,XPTX> Grx(0o)
RX =

1672 Rz ®

m

where X is the free-space wavelength, Grx is the receive
antenna power gain, and Grx(fp) is the transmit antenna
power gain for azimuth angle 6y. The terms aside from the
transmit power gain and distance can be grouped into the
constant y. Therefore, the BER of full-response CPM with
a rectangular shaping filter can be approximated as [23]

BER(h, Tc, PTX) 903 R? NO) ~
sin 2hm &)
1-— )
2hm

0 <\/2MTCGTX(90)PTX <

R2Ny

where Q(z) = [ \/% exp{—.t2/2}dt. We refer to the
argument of the square root inside the @) function as the
effective communication SNR, or simply the effective SNR.

It follows that, from a communication performance perspec-
tive, it is desirable to increase h. Specifically, it can be shown
that for small % the effective SNR decreases approximately by
a factor of 4 if & is divided by 2 (a 6 dB loss). Conversely,
per (9), increasing 7. increases the effective SNR, and hence
reduces the BER. However, increasing 7. also reduces the
symbol rate B.. If channel coding is employed, the code
blocklength should be chosen as large as possible, as doing
so increases the maximum achievable coding rate (expressed
as the number of information bits per symbol) that satisfies a
given probability of decoding error constraint [26], [27].

Lowering h therefore decreases the maximum achievable
coding rate to satisfy a given probability of decoding error
constraint [27]. Increasing 7, allows for a higher coding
rate, while at the same time reducing the code blocklength
given that channel coding is performed over a fixed number
of sweeps. Thus, whether increasing 7. actually improves
communication performance depends on the particular imple-
mentation.

C. FMCW PARC Range Compression via Compensated
Stretch Processing

The FMCW PARC signal can be fully compressed in
range using a compensated form of stretch processing recently
developed in [22]. The analog portion of the stretch processing
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Fig. 1. Analog portion of stretch processing.

system model (see Fig. 1) consists of mixing the received
signal with a standard reference s¢(t) down to an intermediate
frequency (IF) fip, which is subsequently bandpass filtered
(BPF), further mixed down to baseband, and then lowpass
filtered (LPF).

Given an IF bandwidth Byr and chirp rate «, the range swath
that can be observed after stretch processing is

CBH:

Ar = ,
2K

(10)

for c the speed of light. The particular location of the range
swath is established by time and frequency shifting the ref-
erence waveform relative to the transmitted signal so that the
mixed product falls inside the IF band of the receiver which
is demarcated by [fir — %, fir + %], where these limits
correspond to the near and far edges of the range swath and are
denoted as rpeyr and 7y, respectively, with Ar = rge — Tear

For standard stretch processing that employs an LFM wave-
form, reference signal s.f(t) is simply a time and frequency
shifted version of the transmitted waveform. Here we set sy (%)
to be a time/frequency shifted version of cos(t),(t)) so that the
difference in frequency between s(t) and s¢(¢) is minimized
for all range delays [22]. Defining the time-shift with respect
to an alignment range r, (where r, lies between 7pe,r and rgy,),
the reference waveform can therefore be expressed as

) (11)

where f, is the IF frequency corresponding to range r, and

Sref(t) = cos (27Tfa (t— %) + ot — 223

fao=fip — B 4 Dl B (12)

The range 7, corresponds to the time delay where the sawtooth
structure of the reference and received signals are aligned. Af-
ter compensated stretch processing, this range has the highest
signal-to-noise ratio (SNR) and the finest range resolution, and
thus r, is the range of highest interest for the radar function.

Because of the additional communication component in
waveform s(t), the sampled response (per Fig. 1) is not a tonal
structure (i.e. a weighted sum of complex sinusoids) and thus
cannot be fully compressed via FFT as is typically applied
at the last stage of standard stretch processing. In [22], this
effect was addressed (for pulsed, nonlinear FM waveforms)
by determining the sampled response at each particular delay
and collecting them into the columns of a matrix that forms a
compensation transform.
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Fig. 2. Field of view for FMCW PARC experimental demonstration for 12.3°
transmit and receive antenna beamwidth.

For scattering at range r, the complex signal response (in
the absence of noise) prior to I/Q sampling can be expressed
as

p(t,r;x)=Prp @BP%Sref(t)S (t— %; x)}exp(—jwa[Ft)}, (13)

where ®ppp{e} represents the bandpass filtering operation in
Fig. 1, respectively. The response in (13) can then be sampled
at the receiver sampling rate (denoted f;) for each range bin,
normalized as appropriate, and then applied to the sampled
data as the matched filter for that particular range.
Processing the data in this manner accounts for the
communication-based signal variations in the transmitted
waveform at the cost of a modest increase in computational
complexity (due to matrix multiplication instead of the more
efficient FFT application). Subsequent Doppler processing
across the range compressed sweeps will induce RSM of
the clutter due to the sidelobe variations that arise from the
changing communication component. Of course, mismatched
filter formulations such as considered in [19], [28] could
potentially be employed in this FMCW context as well.

ITI. OPEN-AIR DATA COLLECTION AND RESULTS

The FMCW PARC waveforms were tested in an open-air
environment to observe the relationship between the radar
performance and the CPM communication parameters of
modulation index and symbol rate. Here the evaluated data
product is the range-Doppler response that is generated for
a traffic intersection in Lawrence, KS that is approximately
1.1 km from the collocated transmitter and receiver located
on the roof of Nichols Hall at the University of Kansas.
Figure 2 shows the field of view and geometry for this data
collect. Two S-band parabolic dish antennas with a half-
power beamwidth of 12.3° (illustrated in Figure 2) were
used to simultaneously transmit the FMCW PARC waveforms
and receive the backscattered response. These waveforms and
associated reference signals were generated using a Tektronix
AWGT70002A arbitrary waveform generator. The backscattered
returns (after mixing to IF) were then captured using a Rohde
and Schwarz FSW 26 real-time spectrum analyzer.

The instantaneous frequency f;(¢) of the radar com-
ponent of the transmitted FMCW PARC waveform fol-

TABLE I
FMCW STRETCH PROCESSING PARAMETERS

[ Description | Variable | Value |

FMCW type - sawtooth
FMCW slope - down-chirp
Start frequency fo 3.85 GHz
Tx bandwidth B 500 MHz
Sweep time Tsw 500 ps
Chirp rate K 1 MHz/ps
Intermediate freq. fir 300 MHz
IF bandwidth Bip 40 MHz
Range swath Ar 6000 m
Near range Tnear 0 m
Far range T far 6000 m
Alignment range Ta 1050 m
Rx sampling rate fs 50 MHz
CPI - 100 ms

lows a down-chirped sawtooth with starting and end-
ing frequencies of 3.85 GHz and 3.35 GHz, respectively
(B = 500 MHz bandwidth), for a Ty, = 500 pus sweep time
and k =1 MHz/us chirp rate. The intermediate frequency
was set to fip = 300 MHz with Bjr = 40 MHz bandwidth
(range swath of Ar = 6000 m), thus the receiver bandwidth
requirements on receive were reduced 12.5 times relative
to the transmit bandwidth via stretch processing. The near
and far ranges were set t0 7peyr = 0 m and g = 6000 m,
respectively. The alignment range was chosen as r, = 1050 m
(fa = 287 MHz) so that the maximum SNR and finest range
resolution were achieved near the middle of the intersection.
The data was sampled at 50 MHz after the mixing and filtering
stages. A total of 200 sweeps were captured in the CPI for
a total duration of 100 ms. The stretch processing parameters
are shown in Table I. To facilitate a fair comparison, all test
cases were transmitted back-to-back to illuminate the same
approximate scene.

Figure 3 shows the range-Doppler response for two trans-
mission cases: (a) no communications symbols, and thus
traditional FMCW stretch processing; and (b) FMCW PARC
with modulation index of h = 1/s and 2 Mb/s data rate for a
total of 2 x 10° symbols transmitted in the CPIL. The radar-only
case is processed using standard FFT-based stretch processing
while the case with the additional communication function
is processed using the compensated transform of [22] formed
from (13). The zero-Doppler clutter is removed using a simple
projection (since the platform is stationary), and a Hamming
window is applied across the pulses to lower the Doppler
sidelobes.

The residual clutter due to the RSM effect, which is clearly
visible in Figure 3(b), cannot be removed using typical clutter
rejection methods?. The RSM residue establishes an interfer-
ence floor across Doppler that could result in false detections
or masked targets. While there are methods to reduce the effect
of RSM for pulsed emissions (see [6], [16], [18], [19]), this is-
sue is a topic of ongoing research for waveform-diverse stretch
processing. Thus for the compensated transform approach con-

2Note that coupled range-Doppler processing [18] can also be applied to
address the RSM at the cost of increased computational complexity.



Velocity (m/s)
Fig. 3. Range-Doppler response for the cases of (a) radar signal only and (b)
PARC with h = 1/8 and 2 Mb/s data rate.

sidered here, which is effectively a range-dependent matched
filter, it is necessary to control the RSM through appropriate
parameter selection for the communication function.

Figure 4 shows the range-Doppler responses for modulation
indices of (a) h = 1/32 and (b) h = 1/2 while fixing
the data throughput at 2 Mb/s. A decrease in modulation
index from h = 1/8 in Fig. 3(b) to h = 1/32 in Fig. 4(a)
corresponds to a smaller phase transition from symbol to
symbol, and therefore a smaller deviation from the sawtooth
sweep of the radar function resulting in less RSM. However,
the effective communication SNR is approximately 12 dB
lower for h = 1/32 than it is for h = 1/s. Thus, the
improved radar performance with h = 1/32 is achieved at
the expense of reduced communication performance in the
form of higher BER. Conversely, the h = 1/2 case (Fig. 4(b))
increases the deviation from the radar sawtooth wave resulting
in significantly greater RSM.

Now fixing the modulation index to h = 1/32, Fig. 5 shows
the FMCW PARC cases for data throughputs of (a) 500 Kb/s
and (b) 8 Mb/s. Compared to the 2 Mb/s case depicted in
Fig. 4(a), the increase (or decrease) of the data rate does not
significantly effect the RSM relative to the 2 Mb/s case. In fact,
the maximum deviation from the radar sawtooth instantaneous
frequency is the same for the cases of h = 1/8 and 2 Mb/s (Fig.
3(a)) and h = 1/32 (8 Mb/s) (Fig. 5(b)), though by inspection
the h = 1/32 case has a lower RSM power. The increase in
symbol rate for a fixed h likewise increases the BER of the
transmission scheme, while an increase in modulation index h
decreases the BER. Therefore, as previously observed in Fig.

Velocity (m/s)
Fig. 4. Range-Doppler response for the cases of (a) PARC with h = 1/32
and 2 Mb/s data rate and (b) PARC with h = 1/2 and 2 Mb/s data rate.

4, the reduced RSM for h = 1/32 and data throughput of 8
Mb/s comes at the cost of a higher BER.

The passband content of the FMCW PARC waveform from
(1) can be viewed as a convolution between the radar and
communication signal components in the frequency domain.
Thus, after reference mixing and down-conversion, the result-
ing signal content is comprised of a superposition of range-
dependent, frequency-shifted versions of the communication
signal. This spectrum is further compressed using the com-
pensation transform formed from (13). Figure 6 shows the es-
timated baseband power spectral densities (PSDs) of different
communication scenarios normalized to have equal average
power. The h = 1/2 case occupies the largest bandwidth,
and as the modulation index is decreased the PSD becomes
better contained. Recall that the h = 1/8 (2 Mb/s) and the
h = 1/32 (8 Mb/s) cases have the same maximum deviation of
instantaneous frequency, though the h = 1/8 case has a larger
spectral breadth than the h = 1/32 case. While lowering h does
increase the BER (for a fixed symbol rate),it also reduces RSM
as seen in Figures 3, 4, and 5.

IV. CONCLUSIONS

The PARC framework has been extended for use in an
FMCW mode so that higher data rates can be achieved. Due
to the high bandwidths involved with the radar component,
stretch processing is necessary to reduce the bandwidth of the
received signal prior to sampling. However, the use of PARC
necessitates replacing the final FFT stage of stretch processing
with a compensated transform that was recently developed to
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Fig. 5. Range-Doppler response for the cases of (a) PARC with h = 1/32
and 500 Kb/s data rate and (b) PARC with h = 1/32 and 8 Mb/s data rate.
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Fig. 6. Estimated power spectra of just the communication component (after
reference mixing) for PARC of h = 1/32 and 8 Mb/s (blue), h = 1/2 and
2 Mb/s (red), h = 1/8 and 2 Mb/s (yellow), h = 1/32 and 2 Mb/s (purple),
and h = 1/32 and 500 kb/s (green).

address deviations from the reference signal, which in this case
are imposed by incorporating a communication component.
As with the pulsed PARC implementation, RSM is found to
worsen with increasing symbol rate and modulation index.
Based on the power spectral densities after reference mixing, it
has been observed that lower modulation indices exhibit better
spectral containment which, in this context corresponds to less
RSM degradation.
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