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Abstract—In this paper, a new technique which enables
communication data to be embedded into multiple-input
multiple-output (MIMO) radar waveforms is presented. A lin-
ear frequency modulated (LFM) signal is used for radar
sensing, and multiple phase-shift keying (PSK) symbols
or bit sequences are embedded into the LFM signal for
communications. Such waveforms are subsequently used
for radar sensing with MIMO beamforming. Orthogonality
between transmitters is ensured using either a time-division
multiplexing (TDM) or code-division multiplexing (CDM)
approach. The performance of these novel techniques is
demonstrated through both simulation and experimentation.

Index Terms— Dual function radar and communication, MIMO, PSK-LFM waveform.

I. INTRODUCTION

ADVANCED driver assistance systems (ADAS) have been
developed by placing multiple sensors around vehicles

in order to aid the human driver when driving and parking.
ADAS applications, such as adaptive cruise control, automatic
emergency braking, collision warning increase safety of jour-
neys and make it more comfortable. Radar is a compulsory
sensor in ADAS because it is the only sensor robust to
weather and lighting conditions which directly measures a
target’s range, angle and radial velocity. Depending on specific
ADAS requirements, the detection range of radar is divided
into three main groups: long-range radar (LRR) (10-250 m),
medium-range radar (MRR) (1-100 m) and short-range radar
(SRR) (0.15-30 m) [1]. The commercial standard allocated
frequency for LRR is 76-77 GHz whereas it is typically
77-81 GHz for MRR and SRR. Because of the high avail-
able bandwidth in the mm-wave frequency bands, automotive
radars can have a high range resolution of a few cm.
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Sensors operate over a limited range, a limited field of
view and require line of sight, thus limited coverage may
compromise vehicle safety [2]. It is, however, possible to
enhance situational awareness of the vehicle through the
communication of acquired information with other road users,
infrastructure etc., within a vehicle-to-everything (V2X) com-
munication network. In today’s intelligent transportation sys-
tem (ITS), a dedicated short-range communication (DSRC)
standard of 5.9 GHz is used for vehicular communications.
The Federal Communication Commission (FCC) in the US
has allocated 75 MHz bandwidth [3] whereas the European
Telecommunications Standards Institute (ETSI) has licensed
30 MHz for DSRC [4]. These standards were developed to
provide the vehicle-to-vehicle (V2V), vehicle-to-infrastructure
(V2I) or vehicle-to-everything (V2X) communications with a
maximum data rate of 27 Mbps [5].

Currently, there is strong interest in combining both radar
sensing and communications in the same system to use the
ElectroMagnetic spectrum more efficiently. Moreover, using
one hardware chipset for two different functionalities is a
desired approach for vehicles with increasingly dense sensors
packaging to provide higher levels of automation. Several
methods have been proposed to combine both the radar
and communication functions. The first method proposed
for automotive applications was the use of spread spectrum
techniques [6]. In such an approach, the host vehicle transmits
its own pseudo-noise code (PN-code), and the target vehicle
re-transmits the signal by multiplying the received signal from
the host vehicle with the communication message. Hence,
the host vehicle can simultaneously measure the distance
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between the host and target vehicle and receive the message
by demodulating the received signal from the target vehicle.
In [7]–[9], a single transceiver platform which operates in
both the radar and communication modes allocating different
time slots for each modality was proposed in order to
prevent interference between the systems. However, in such
an arrangement the radar cannot detect targets during the
communication mode, so radar performance may be affected
negatively. In the SLIMSENS project [10], [11], a combination
of simultaneous 76 GHz long and short-range radar mode and
63 GHz communication mode using a common aperture was
considered. In [12]–[15], the authors suggested sending data
via modulation of antenna sidelobes, whereas radar detection
was via the main lobe. The main drawback of this method is
that communication receivers must be always in the sidelobe
direction which is not always possible for automotive sensing.
Recently a number of research papers were published on
dual-function systems where communication waveforms
are utilized for joint radar and communication operations.
For instance, in [16] IEEE 802.11p standard, allocated
for vehicular communication was used in experiments to
demonstrate the performance of the targets’ range and
velocity estimation in two different environments: urban
and highway. In [17]–[20] orthogonal frequency-division
multiplexing (OFDM) waveforms are used for joint radar
and communication purposes. Although use of this waveform
does not result in range-Doppler coupling, it requires complex
signal processing. In [21]–[23], spread spectrum techniques
were employed, but the system design and implementation
in terms of time/frequency synchronization is complex and
expensive and utilization of spectrum is inefficient. Interest has
been shown in using PMCW (Phase Modulated Continuous
Wave) for joint radar and communication purposes due to
advantages such as a thumbtack-like ambiguity function,
robustness to interference and simplicity of implementation
[24]–[26]. However, automotive radars require high range
resolution as well as high unambiguous range and velocity.
In order to satisfy such requirements, the bit duration must
be short, and the code length must be large in PMCW.

The majority of automotive radars use chirp signals, and
extensive research has been done, where an LFM waveform
was used as a signal for encoding communication information.
Saddik et al. [27] proposed that each transmitted pulse carries
one symbol via phased shift keying. In [28] this was extended
into the MIMO radar concept by embedding one PSK symbol
in each orthogonal waveform. However, this technique
achieves very low data rates. In order to increase the data
rate, [29]–[31] suggested embedding a sequence of bits into
the LFM pulse with the BPSK m-sequence, the minimum
shift keying and BPSK respectively. However, in [29] and [31]
only communication aspects were considered. In [32], [33],
communication sequences were modulated using continuous
phase modulation and phase-attached to a polyphase coded
frequency-modulated radar waveform. In [34], two different
message channels were employed where the binary PSK
m-sequence was used to encode a single LFM pulse, and
the effect of the code embedding on the radar performance
was investigated in terms of the ambiguity function. MIMO
beamforming for LFM radar however was not considered

in either [29]–[34]. Yet, MIMO beamforming is one of the
powerful tools to provide improved angular resolution and
improved beam control of modern imaging radar systems
designed to deliver situational awareness for semi- and
fully-autonomous driving [35].

In this paper, for the first time, we investigate, analytically
and experimentally, the feasibility of MIMO PSK modulated
LFM waveform dual-function system, where vehicular com-
munication data are embedded into radar waveforms using
PSK symbols without significant degradation of radar detec-
tion or beamforming performance. To achieve this, the sweep
time of the LFM signal is divided into smaller sub-units, and
within each sub-units the signal carries a PSK symbol. Hence,
multiple symbols are embedded into each chirp. Also, PSK
communication can be coded using either an m-sequence or
Barker code. In this way, orthogonality of multiple transmitted
signals can be maintained so MIMO transmitters can oper-
ate simultaneously. The achievable data rate depends on the
sub-unit duration, the sweep time, the pulse repetition interval
(PRI), the size of the PSK constellation and the number of
transmitters operating, which in its turn depends on waveform
orthogonality. Importantly, the proposed technique is used in a
MIMO configuration in order to gain improved angular resolu-
tion. In this paper, orthogonality between MIMO transmitters
is provided by TDM and CDM techniques, where each trans-
mitter sends a different message from the others. A message is
embedded into an LFM signal using PSK in a TDM implemen-
tation and an m-sequence or Barker code is utilized to embed
signals into an LFM waveform in a CDM case. These methods
are compared, through both simulation and experimentation to
assess their radar and communication performance.

To demonstrate the viability of the concept, the experiments
were conducted at a frequency of 2 GHz, due to available
laboratory equipment. However, without loss of generality the
results are scalable to automotive radar frequencies (24 GHz,
77 GHz and 79 GHz) and beyond.

The rest of this paper is organized as follows. Section II
describes the proposed technique mathematically. System
parameters based on BER are explained in Section III.
The simulation results including ambiguity functions are
presented in Section IV, and the experimental results are
shown in Section V, where results are also discussed. Finally,
conclusions are formulated in Section VI.

II. PROPOSED TECHNIQUES

In this section, specific methods to embed communication
data into a radar waveform are presented with the aim of
obtaining an enhanced data rate consistent with the needs of
vehicular communications. The orthogonality between trans-
mitters in MIMO is provided by using TDM or CDM. The
proposed joint radar and communication scenario is demon-
strated in Fig. 1. We assume that the radar transmitter and
receiver antenna elements are co-located, the radar waveform
carries communication data and the communication receiver
is located in the far-field.

A. Time Division Multiplexing (TDM)
Here, LFM is used as a radar waveform, with sweep time

divided into a number of sub-units as shown in Fig. 2 (a).
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Fig. 1. The proposed joint radar and communication scenario.

Fig. 2. (a) The demonstration of dividing sweep time into multiple
sub-units and (b) an example of embedded data into the radar signal.

The phase of each sub-signal is defined within each sub-unit
as illustrated in Fig. 2 (b) according to the chosen phase shift
keying modulation such as BPSK, QPSK etc.

The up-chirp LFM signal is given by:
s(t) = e j (φ+2π fct+π B

Tm
t2), 0 < t ≤ Tm (1)

where φ is the initial phase, fc is the center frequency, B is
the bandwidth, Tm is the sweep time.

The initial phase, φ, is constant during the transmitted
signal in a pure LFM signal. However, the phase can be
near instantaneously switched at the start of sub-unit segments
according to the phase shift modulation sequence of the
communication signal. The PSK-LFM signal becomes

sradcom(t) = e j (φdata(t)+2π fct+π B
Tm

t2)
, 0 < t ≤ Tm (2)

where φdata(t) is the phase shift keying data which is embed-
ded into LFM signal, and it contains Nsym different symbols.
Nsym is equal to Tm/tsub, and tsub is the sub-unit which
expresses the symbol period.

φdata(t)=
�

φ[t − i tsub] ∈ [ 0, 2π], i tsub < t ≤ (i + 1)tsub

0, otherwise

(3)

where i = 0, 1, · · · , Nsym − 1, and φdata(t) depending
on PSK constellation will have a finite number of discrete
phases, in particularly: two for BPSK and four for QPSK.
The dimension of φdata(t) in discrete time is (1 × Nsample),
where Nsample is the number of samples per pulse.

When a co-located MIMO array is used, orthogonality of
transmitted signals must be ensured to avoid mutual interfer-
ence and here, TDM is utilized. Assuming a MIMO array with
NT transmit and NR receive antenna elements, the transmit
and receive steering vectors, a(θ) and b(θ) respectively, are
given by

a(θ) = [1 e jkdT sinθ · · · e jk(NT −1)dT sinθ ]T
NT ×1 (4)

and

b(θ) = [1 e jkdRsinθ · · · e jk(NR−1)dRsinθ ]T
NR ×1 (5)

where θ is the azimuth angle of the target, k is the wave
number (2π/λ), [·]T stands for transpose, dT and dR are the
transmitter and receiver element spacings, respectively.

Each transmitter sends different symbols from the other,
and the transmitted data per frame, φ̃data f

(t), can be
represented as:

φ̃data f
(t) = [φdata1(t) φdata2(t) · · · φdataNT

(t)]T (6)

where φdatan(t) is the transmitted data from nth transmit
element, n = 1, 2, · · · , NT . The dimension of φ̃data f

(t) is
(NT × Nsample) in discrete time.

Hence, the transmitted signals per frame, sradcom f (t), can
be expressed as

sradcom f (t) = [sradcom1(t) sradcom2(t) · · · sradcomNT
(t)]T (7)

where sradcomn (t) is the transmitted PSK-LFM signal from
nth transmit element, n = 1, 2, · · · , NT . The dimension of
sradcom f (t) is (NT × Nsample) in discrete time.

1) Radar Receiver Part in TDM: In a co-located MIMO radar,
at the receiver the signal reflected by L targets is calculated as:

xrad(t) =
L�

l=1

βlbc(θl)a∗(θl)e
j (φ̃data f

(t−τl )+2π fc(t−τl )

· · ·+π B
Tm

(t−τl )
2) + �(t) (8)

where βl is the reflection coefficient of the lth target, a(θl)
and b(θl) are transmit and receive steering vectors of the lth

target, τl is the delay time of lth target and �(t) is zero-mean
white Gaussian noise. Symbols [·]c and [·]∗ denote the
complex conjugate and the conjugate transpose, respectively.
Discrete version of equation (8) will result in xrad(t) being
an array of (NT NR × Nsample).

Each received signal is matched filtered using corresponding
transmitted signal as in (9). When a pure LFM signal is used,
both matched filtering and stretch processing can be applied
to the received signal. Matched filtering only gives the correct
range information in the case of PSK-LFM signal.

y(t) =
� Tm

0
xrad(t)sc

radcom f
(t)dτ (9)

The size of the range compressed data is (NT NR ×Nsample),
where NT NR is the number of virtual array elements and
Nsample defines the number of range bins. Finally, a range-
angle map is generated by taking a Fourier transform along
the azimuth direction.
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2) Communication Receiver Part in TDM: It is assumed that
communication receiver is in the far-field of the radar trans-
ceiver, and contains just one receive element. The received
signal at the communication receiver is the time delayed
version of the transmitted signal sent from the nth transmit
element and is given by

xcomn (t)=a∗
n(θc)e

j (φdatan (t−τc)+2π fc(t−τc)+π B
Tm

(t−τc)
2)+w(t)

(10)

where τc is the time delay between the transmit antenna and
the communication receiver, θc is the azimuth angle of the
receiver with respect to the transmitter, w(t) is noise.

The received signal is demodulated, using a reference signal
as shown in (11). Here, the communication receiver knows the
transmitter steering vector, so the reference signal contains the
steering vector in order to compensate the phase shifts between
the received signals from the MIMO antenna.

re f sigcomn (t) = e j (2π fct+π B
Tm

t2
)a∗

n(θc) (11)

In order to demodulate the transmitted data sent from the
nth transmit element, a matched filter is used as below.

yn(t) =
� Tm

0
xcomn(t)re f sigc

comn
(t)dτ (12)

(12) is a matched filter operation presented as a correlation
processing. As a result of correlation processing and syn-
chronization the modulation envelope φdatan is extracted.Here,
φdatan takes constant values depending on the size of PSK
constellation. For instance, if a BPSK modulation is applied,
φdatan contains ±π/2 values corresponding to each bit. Hence,
the resulting term consists of ± j . The transmit data is
estimated by using comparator after the integration.

Finally, received data from each transmit element is
combined in a vector

D = [d1 d2 · · · dNT ] (13)

where dn is the bit from nth transmit element obtained after
comparator, and the dimension of D is (1 × NT Nsym Ncons).
Ncons represents the bit number per PSK symbol.

It is an important to note that when a single-input single-
output (SISO) antenna configuration is used, the equations
above are still valid, but a(θ) and b(θ) are equal to one.

B. Code Division Multiplexing (CDM)
Orthogonality of transmit signals can be easily achieved by

using TDM, but the data rate is lower than in case of simul-
taneous transmission. Therefore, we will use CDM approach
where quasi-orthogonal signals can be transmitted simultane-
ously and demodulated in the receiver. Hence, the data rate
can be increased by the number of transmitters. Moreover,
this provides faster MIMO radar response than TDM.

In CDM, the communication message is embedded into the
LFM signal by using different bit sequences for each transmit-
ter. Each sub-unit contains a bit sequence which represents one
symbol. To clarify this further, an example is shown in Fig. 3.
By using 7-bit m-sequence, the binary symbols are embedded
into an LFM signal. The transmitted signals in CDM are given
by (14)

sradcomn (t) = e j (φdatan (t)	n(t)+2π fct+π B
Tm

t2), 0< t ≤ Tm (14)

Fig. 3. An example of embedded data into LFM signal by using 7-bit
m-sequence.

where 	n(t) is the bit sequence from nth transmitter with
phases of ±π/2 and it is repeated each sub-unit time (tsub).
φdatan(t) is 1 for �1� and −1 for �0� each sub-unit time.

The transmitted data and transmitted signals per frame can
be expressed as in (6) and (7) respectively.

1) Radar Receiver Part in CDM: As all transmitters are
active at the same time in CDM, the received signals can be
written as

xrad(t) =
L�

l=1

bc(θl)

NT�
n=1

βla∗
n(θl)e

j (φdatan(t−τl )	n (t−τl )

· · ·+2π fc(t−τl )+π B
Tm

(t−τl)
2) + �(t) (15)

where all symbols have the same meaning as in (8). The
dimension of xrad(t) is (NR × Nsample) in discrete time.

Each received signal is matched filtered using each transmit-
ted signal, so the range response is obtained. Then, range-angle
map is created by taking a second Fourier transform in azimuth
direction.

2) Communication Receiver Part in CDM: The communica-
tion received signal in CDM is summation of the time delayed
versions of all transmitted signals, and it is given by

xcom(t) =
NT�

n=1

a∗
n(θc)e

j (φdatan (t−τc)	n(t−τc)

· · ·+2π fc(t−τc)+π B
Tm

(t−τc)
2) + w(t) (16)

where all symbols have the same meaning as in (10).
The received signal is demodulated, using reference signals

as shown below. Here the bit sequences used by the transmit-
ters are assumed to be known by the communication receiver.

re f sigcomn (t) = e j (	n(t)+2π fct+π B
Tm

t2
)a∗

n(θc) (17)

In order to obtain message from received signal, matched
filters are utilized as in (12). Moreover, received message from
each transmitter is combined as in (13).

III. SYSTEM PARAMETERS BASED ON BER
The BPSK-LFM signal is examined in [31] in terms of

its bit error rate (BER) performance. It is shown that the
BER for BPSK-LFM is exactly the same as that for the
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Fig. 4. Number of transmitter vs Eb/N0 for different code lengths under
a 10−6 BER or less criterion.

BPSK signal. This means that the carrier waveform does not
affect the communication performance in terms of BER. In the
TDM case, transmitters emit BPSK-LFM signals in different
time slots. Therefore, in the bit error rate (BER) calculation,
the TDM system can be thought as a single transmitter. Hence,
it can be assumed that multiple transmitter usage with TDM
does not change the BER performance of the signal.

With regards to CDM, [36] demonstrates that when one
symbol is expressed with a bit sequence, the BER is still the
same as for BPSK in the case of single transmitter usage.
However, when the number of transmitters increases, the BER
response becomes worse. In [36], it is illustrated that there is
a trade-off among number of transmitters, code length, energy
per bit to noise (Eb/N0) ratio and BER. The system design
can be chosen by trading these parameters. The relationship
between these parameters is given in [36] as

Pe = Q

⎛
⎝ 1�

NT −1
3N + N0

2Eb

⎞
⎠ (18)

where Pe is the average probability of bit error, Q(·) is Q-
function, NT is the number of transmitter and N is the code
length.

In vehicular communication systems, a 10−6 BER or less
is required. Using this criterion, equation (18) enables Eb/N0
versus number of transmitters to be plotted as shown in Fig. 4.
The graph shows the usable maximum number of transmitters
and their required Eb/N0 for each code lengths. For instance,
when a 63-bit code length is used, a maximum of 9 transmit-
ters can be used with minimum Eb/N0 of 24 dB to obtain the
required BER. However, 13 dB Eb/N0 is enough for 4 trans-
mitters to ensure the BER criterion. Obviously, the longer is
the code length, the higher number of transmitters can be
used to improve radar performance. In the following sections,
we will consider case of only two transmitters, so 13-bit and
31-bit sequences are used in order to prove the CDM concept.

IV. SIMULATION RESULTS

In this section, the radar and communication performance
of both TDM and CDM methods using an example scenario is
presented in order to demonstrate the viability of the proposed

TABLE I
RADAR PARAMETERS

concept. The radar and communication waveform parameters
are shown in Table I. The modulation type used is BPSK, and
each pulse contains 500 binary symbols. In this way, data
rates of 5 Mbps and 10 Mbps rate are achieved by using
TDM and CDM respectively. The data rate can be increased
by decreasing the sub-unit duration and/or the PRI, or using a
higher size of PSK constellation. Also, increasing the number
of transmitters in CDM provides for a higher data rate.

In TDM, a BPSK-LFM signal is used as discussed above.
For the CDM case, 13-bit Barker code and 31-bit m-sequences
with their phase-shifted versions are utilized. In the
case of a 13-bit Barker code, the first transmitter uses
[1, 1, 1, 1, 1,−1,−1, 1, 1,−1, 1,−1, 1] to embed data onto
the LFM signal whereas the second transmitter uses
its phase-shifted version, [1, 1, 1, 1,−1,−1, 1, 1,−1, 1, −1,
1, 1]. A 31-bit m-sequence is obtained by using a poly-
nomial f (x) = x5 + x3 + 1. In order to understand the
impact of embedding data into an LFM signal, ambiguity
functions (AF) of pure LFM, BPSK-LFM, 13-bit Barker and
31-bit m-sequence are computed. As seen from the ambiguity
function diagram in Fig. 5, embedding data into LFM sig-
nal reduces range-Doppler coupling. As the higher number
of sequences are used, AF becomes closer to a thumbtack
shape. However, it is use of both 13-bit Barker and 31-bit
m-sequences lead to appearance of the grating lobes at around
0.05 μs which corresponds to around 15 m.

Simulation scenario. A point target is placed 7.2 m away
from the MIMO antenna at a 10◦ azimuth angle with respect
to boresight. A communication receiver is located at an angle
of 30◦. Note that both transmitters send different messages
from each other. However, the same communication data
is used in all simulations to compare the radar responses.
Range-angle maps are shown in Figs. 6 – 8 for each of the
proposed signals. When all range cuts are examined, it may
be seen that there is no difference in the azimuth responses
where the 4 dB beamwidth is 14.8◦. Although the target’s
positions are obtained correctly, the range resolutions, defined
by different roll-offs from the maximum, are different. The
3 dB range resolutions are approximately 0.72 m, 0.52 m
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Fig. 5. Ambiguity function of (a) pure-LFM, (b) BPSK-LFM, (c) 13-bit
Barker code and its phase-shifted version, (d) 31-bit m-sequence and its
phase-shifted version.

Fig. 6. (a) Range-angle map by using BPSK-LFM, (b) range and azimuth
angle cuts.

and 0.32 m for BPSK-LFM, 13-bit Barker code and 31-bit
m-sequence cases respectively. The data bandwidth depends
on the bit duration. When the null-to-null bandwidths are
examined, it can be seen that the data bandwidth can extend the
LFM bandwidth. Naturally, the null-to-null bandwidth is close
to twice of the total signal bandwidth. For instance, 3.2 ns
bit duration is used in 31-bit m-sequence, and this results
in a bandwidth of 312.5 MHz. A null-to-null bandwidth of
nearly 640 MHz is obtained in the case of 31-bit m-sequence
because the data bandwidth is greater than the LFM bandwidth
(200 MHz).

On the other hand, the sidelobe level dramatically decreases
when using a higher number of bit sequences as seen from
the Figs. 6 - 8. BPSK-LFM produces the highest sidelobe
levels in range response whereas 31-bit m-sequence and its
shifted version experience the lowest sidelobe level, compared
with others. Also, when 0.1 μs is used as a sub-time unit,
a grating lobe is seen every 15 m. Although the power level
of the grating lobe is low, it could result in appearance of
false targets. With regards to the communication part, all
proposed methods have been examined, and the transmitted
message has been received without any distortion (error) in
the communication receiver in each case. Therefore, only an

Fig. 7. (a) Range-angle map by using 13-bit Barker code and its shifted
version, (b) range and azimuth angle cuts.

Fig. 8. (a) Range-angle map by using 31-bit m-sequences, (b) range
and azimuth angle cuts.

Fig. 9. Simulation result of transmitted data from the first transmitter
by using 13-bit Barker code and demodulated data in communication
receiver.

example result where signal coded by 13-bit Barker code is
transmitted by the first transmitter illustrated in Fig. 9.

V. EXPERIMENTAL RESULTS

To generate and receive modulated signals a Tektronix
AWG7102 arbitrary waveform generator and a Tektronix
DPO 72004 digital oscilloscope, are used. The oscilloscope
sampling rate is limited by 6.25 Gsps, so a 2 GHz carrier
was chosen for a signal with a bandwidth of 200 MHz. The
parameters of the set-up and signals are given in Table I. Two
broadband horn antennas (Q-par WBH1-18S) operating over a
range of 1-18 GHz were used, with a physical aperture size of
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Fig. 10. The configuration of experimental setup.

Fig. 11. MIMO array configuration.

96 × 90 mm2 [37]. A rectangular corner reflector of 29 × 29
× 29 cm3 size, made of copper, is used as a calibration target.

The transmitted signals with the parameters given above are
simulated in Matlab, then the designed waveform is imported
to the AWG. For a full control, a reference signal is provided
by cable from the AWG to DPO Channel-1 whereas the target
reflected signal is received by DPO Channel-2. The recorded
reference and received signals are transferred to a laptop for
processing and analysis. The schematic experimental setup is
illustrated in Fig. 10. The cable length is 1 m for the reference
signal and 4 m cables are used to connect the transmitter and
receiver antennas to AWG and DPO respectively.

To emulate 2×4 MIMO array as shown in Fig. 11, the sig-
nals were recorded when physical Tx and Rx antennas were
positioned at each node of MIMO array sequentially. Orthogo-
nality between received signals is achieved by using TDM and
CDM as explained above. Moreover, each transmitted signal
contains different messages. The array configuration in Fig. 11
where transmit and receive antennas are off-set in elevation
is chosen to accommodate large size antennas are required
by MIMO with respect to the signal wavelength.The actual
MIMO antenna length of this configuration is NR · λ

2 + 0.09
m, that is 2λ + 0.09 = 0.39 m where 9 cm relates to the
physical antenna size. Hence, the far field distance d f ar = 2D2

λ
is 2.028 m. Such MIMO array would yield a beamwidth of
approximately 14.4◦, according to θ4d B = 0.88 λ

D where D
is the length of virtual antenna. The target is located at 7 m
which includes cable length as illustrated in Fig. 12 (a) at the
angle of 10◦ with respect to the boresight of the antenna array.
The communication receiver is placed almost 3.5 m away from
the radar antennas at an angle of 30◦ as shown in Fig. 12 (b).
As the experiments with different nodes and CDM and TDM
techniques have been conducted in consecutive days, the target
position could be slightly different.

During the experiment, one transmit and one receive
antenna was used for each measurement simulating one virtual

Fig. 12. (a) Setup for target detection, (b) communication setup.

Fig. 13. Experimental result of BPSK-LFM, (a) Range-azimuth angle
map, (b) range and azimuth cuts.

Fig. 14. Experimental result of 13-bit Barker code, (a) Range-azimuth
angle map, (b) range and azimuth cuts.

node signal. In order to implement the complete MIMO con-
figuration, for each position of transmit antenna the receive
antenna position was shifted by precisely one half-wavelength
along the x-axis. After recording the received signal in each
receiver position, the transmit antenna position was changed
by two wavelengths and the same steps were repeated.
This method can be applied when using TDM. For CDM,
the received signals at each receiver coming from both trans-
mitters can be summed in the signal processing part. Hence,
it can be assumed that transmitters are active simultaneously.
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Fig. 15. Experimental result of 31-bit m-sequence, (a) Range-azimuth
angle map, (b) range and azimuth cuts.

Fig. 16. In experiment (a) transmitted data from the first transmitter
by using 13-bit Barker code and demodulated data in communication
receiver, (b) transmitted data from the second transmitter by using 13-bit
Barker code and the demodulated data in communication receiver.

As only two antennas were available, radar detection and the
communication link were done separately. Hence, the radar

receiver antenna position was changed to be a communication
received antenna after radar detection was completed.

The target appears at 7.2 m in Fig. 13 whereas it appears
at around 7.4 m in Fig. 14 – Fig. 15 because it was put in
a slightly different position. The range-azimuth angle map
is plotted for the range between 5.7 m and 9.4 m. 4-dB
azimuth beamwidth is obtained as roughly 15.5◦ in all experi-
mental results. Range resolutions, however, are different from
each other. In the BPSK-LFM, a 0.72 m range resolution
is obtained, whereas resolutions of 0.69 m and 0.46 m are
obtained from the 13-bit Barker code and 31-bit m-sequence,
respectively. Moreover, it is clear that when sequences are used
to embed symbols into an LFM signal, the sidelobe levels are
less than in case of BPSK-LFM waveform, corresponding to
simulation results. Note, the sidelobe patterns are not the same
as in the simulation possibly due to multipath/multibounce
effects or some inaccuracy in equipment positioning. When the
communication part is examined, all data from all transmitters
are received by the receiver without any error. Therefore,
the example results are shown only for 13-bit Barker code
in Fig. 16.

VI. CONCLUSION

In this paper, we have shown, for the first time, that
a dual-mode MIMO waveform can be designed consistent
with the parameters anticipated for the future automotive
radar systems whilst simultaneously providing high data rate.
However, data rate can be varied as a function of the sub-unit
duration, sweep time, PRI, the size of the PSK constellation
and the number of transmitters operating, which in its turn
depends on waveform orthogonality. CDM is better in terms
of data rate, though orthogonality is not as good as in TDM
and gives rise a slightly higher background level as can be
observed in range-Doppler maps. The radar and communica-
tion performances of the methods have been investigated by
simulation and experiments. It was shown that the range and
angular resolution in both simulation and experiments agree
well, though the range-angle map results different mostly in
terms of sidelobe positions potentially due to multipath effects
in small laboratory setting.
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