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Abstract—We present a vehicle-to-pedestrian (V2P) link based on
IEEE 802.11ad protocol for enhanced micro-Doppler and micro-range
detection of targets such as pedestrians and cars. The 802.11ad
preamble encapsulates complementary Golay sequences whose perfect
autocorrelation property has been exploited recently for target
localization in joint radar-communications systems. However, this
property is perturbed by non-zero Doppler phase shifts introduced by
moving targets. In this work, we propose embedding the 802.11ad packets
with the Doppler-resilient waveforms based on the Prouhet-Thue-Morse
sequence to improve the V2P target detection and recognition. We
use analytical and animation models to generate the range-Doppler,
range-time and Doppler-time radar signatures and compare them for
standard and Doppler-resilient 802.11ad waveforms. Our numerical
experiments for a pedestrian and a car show very detailed features with
20 dB improvement in sidelobe levels for a Doppler-tolerant link when
compared with a standard 802.11ad protocol.

Index Terms—automotive radar, Doppler resilient, Golay sequences,
IEEE 802.11ad, micro-Doppler, vehicle-to-pedestrian radar

I. INTRODUCTION

Lately, autonomous vehicles or self-driving cars have been
witnessing enormous development in vehicular control [1],
environmental sensing [2], in-vehicle entertainment [3], efficient
resource utilization [4], and inter-vehicular synchronization [5]. An
ongoing challenge is pedestrian detection and recognition in order
to avoid road accidents and boost automotive safety. Conventional
pedestrian detection techniques use sensors such as lidar [6], camera
[7] and infrared/thermal detectors [8]. However, only radar offers
the advantage of robust detection in adverse vision and weather
conditions [9]. In this work, we focus on radar detection of
pedestrians and cars.

Although targets such as pedestrians and cyclists have relatively
smaller radar cross-section (RCS) and low mean Doppler velocity,
they have informative signatures that are useful for classification
[10]. Besides the translational motion, backscatter of these targets
exhibit micro-motions generated by the non-rigid body parts.
Examples include the swinging motion of the human arms and
legs, and the rotation of the wheels of a car or bicycle. While the
micro-Doppler features in these echoes are usually detected in joint
time-frequency transforms, the micro-range features are captured in
high range-resolution profiles [11]. In this context, millimeter-wave
(mmWave) automotive radars operating at 77 GHz are increasingly
the preferred technology because they are characterized by wide
bandwidths (~4-7 GHz) and, hence, very high range resolution [12].

A concurrent development in intelligent transportation
systems is the evolution of various vehicle-to-X (V2X)
communication frameworks including vehicle-to-vehicle (V2V),
vehicle-to-infrastructure (V2I), and vehicle-to-pedestrian (V2P)
paradigms [13]. The overarching objective of these frameworks is to
encourage sharing of road and vehicle information for applications
such as environmental sensing, collision avoidance, and pedestrian

Fig. 1. Structure of the SCPHY IEEE 802.11ad frame which consists of the
preamble (CEF and STF), a header, data blocks (BLK) and optional training
fields.The CEF contains Gu512, Gv512 each of which contains a 256 length
Golay complementary pair.

detection. In the mmWave band, the 802.11ad protocol at unlicensed
60 GHz has been identified as a potential candidate for these
communications because of high throughput advantages arising from
wide bandwidth [14].

More recently, there is active research thrust towards combining
automotive radar and communication functionalities on a single
carrier 802.11ad wireless framework; the primary benefits being
sharing of the common spectrum and hardware resources.
The 802.11ad-based V2V joint radar-communications (JRC) was
proposed in [15, 16]. The corresponding V2I application has been
explored recently in [17, 18] for radar-aided beam alignment to
improve mmWave V2I communications. Contrary to these works,
in this paper, we consider a V2P JRC scenario based on 802.11ad
link for micro-Doppler detection.

The physical layer of IEEE 802.11ad protocol transmits control
(CPHY), single carrier (SC) and orthogonal frequency-division
multiplexing (OFDM) modulation frames at chip rates of 1.76 GHz
and 2.64 GHz, respectively. Every single CPHY and SCPHY frame is
embedded with a short training field (STF), a channel estimation field
(CEF), header, data and a beamforming training field (see Fig. 1). The
CEF consists of two 512-point sequences Gu512[n] and Gv512[n]
which encapsulate Golay complementary pairs [19]. These paired
sequences have the property of perfect aperiodic autocorrelation
which is beneficial for communication channel estimation [20] and
radar remote sensing [15]. The V2V JRC in [15] exploited the
802.11ad SCPHY Golay complementary pairs to estimate the ranges
and Dopplers of simple point targets. This representation based on
Swerling-0 model [21] is appropriate for medium and long-range
automotive radar applications where the far-field condition between
the sensor and the target is sufficiently satisfied. However, when the
target is located within the close range of a high-resolution radar,
the received signal is composed of multiple reflections from different
parts of the same object [22]. This extended target model is more
general but has not been considered in any of the previous 802.11ad
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Fig. 2. Proposed Doppler-resilient Golay sequence in the CEF across multiple
packets in a coherent processing interval. Consecutive packets contain one
member of the Golay pair in the CEF field Gu512 that is 512-bit with time
interval Tfast = 0.5 ns. A total of 2048 packets are transmitted.

JRC studies. In this paper, we suggest modifications to the 802.11ad
to enable generation of realistic radar signatures of extended targets
such as pedestrians as well as large cars.

Prior works [15–17] harness the zero sidelobe attribute of 802.11ad
Golay pairs during the matched filtering stage of the radar receiver
to estimate the target’s location in a delay-Doppler plane. However,
the perfect auto-correlation property of Golay pairs holds strictly
only for static targets. When the target is moving, the Doppler
phase shift in the received signal causes a deterioration in the pulse
compression output leading to non-zero side lobes [23]. This effect
is accentuated for multiple moving point targets as well as a single
extended target with multiple point scatterers moving at different
velocities. In order to improve the Doppler tolerance, [23] suggested
altering the transmission sequence of Golay pairs.

Unlike previous works, we examine use of Doppler-resilient
Golay complementary sequences for extended automotive scatterers,
assuming the 802.11ad CEF has embedded in it a complementary
pair sequence. In particular, we focus on two common targets. First
is a car with four wheels modeled with multiple point scatterers
on its body and wheels. The body of the car moves with a fixed
translational velocity while the rotational motion of its four wheels
introduce micro-Dopplers and micro-range features. The second
target is a pedestrian modeled as an extended target with point
scatterers on his different body parts. We retrieve the radar signatures
from these targets using the standard as well as the proposed
Doppler-tolerant 802.11ad protocol. Our results show that we can
obtain an improvement of approximately 20 dB in the range side-lobe
level when we implement the Doppler resilient protocol as compared
to the standard protocol. This property is observed up to a target
velocity of ±144 km/hr.

The paper is organized as follows. In the following section, we
describe the signal model of 802.11ad-based radar and introduce the
Doppler-resilient link. In Section III, we model the radar back-scatter
from the car and pedestrian. We validate our methods through
numerical experiments in Section IV and conclude in Section V.

II. SIGNAL MODEL

The range and Doppler estimation methods using the SCPHY CEF
field of standard 802.11ad are described in [15, 17, 20]. In [16],
estimation of target parameters using the CPHY frame has been
mentioned. In the following, we introduce the radar signal model
based on 802.11ad SCPHY that we have adapted for extended targets.

A. Classical 802.11ad-based target localization

A Golay complementary pair consists of two unimodular
sequences G1,N and G2,N both of the same length N such that
the sum of their autocorrelations has a peak of 2N and a side-lobe
level of zero:

G1,N [n] ∗G1,N [−n] +G2,N [n] ∗G2,N [−n] = 2Nδ[n]. (1)

In previous studies [15–17, 20], the Golay complementary pair
members Ga256 and Gb256 are drawn from the CEF of the same
packet (Fig. 1). When these pairs are correlated at the receiver,
the pulse repetition intervals (PRIs) for both sequences in the
pair differ by a delay equivalent to the transmission time of one
256-bit sequence. Such a non-uniform PRI has a bearing on Doppler
estimation but this was ignored in prior works that investigated only
macro-Doppler features. To keep the PRI same among all members
of the Golay pair, we propose that the complementary sequences are
of length 512 and embedded in the Gu512 of CEF alternately in
two consecutive packets as shown in Fig. 2. For the pth packet, the
transmit signal is the 512-bit Golay sequence in CEF:

sT [n] = Gp,512[n], n = 0, 1, · · · , 511, (2)

where Gp,512 and G(p+1),512 are Golay complementary
pairs. The discrete-time sequence sT [n] is passed through a
digital-to-analog-converter (DAC) the output of which can be
represented as a weighted sum of Dirac impulses:

sT (t) =

511∑
m=0

sT [m]δ(t−mTc), (3)

where Fc = 1.76 GHz = 1/Tc. This signal is then amplified to
impart energy Es per symbol to the transmit signal. The amplifier
output is passed through a transmit shaping filter hT (t) to obtain

xT (t) =
√
Es(sT ∗ hT )(t) =

511∑
m=0

sT [m]hT (t−mTc). (4)

The 802.11ad protocol specifies a spectral mask for the transmit
signal to limit inter-symbol interference (ISI) [24, section 21.3.2].
We assume that hT (t) includes a low-pass baseband filter with an
equivalent amplitude characteristic of the spectral mask. A common
shaping filter has a frequency response HT (f) of the root raised
cosine (RRC) filter [25]. At the receiver, another RRC filter hR(t) is
employed such that the net frequency response is equal to a raised
cosine (RC) filter, H(f) = HT (f)HR(f). The RC filter is a Nyquist
filter with the following time-domain property to avoid ISI:

h[n] = h(nTc) =

{
1, n = 0

0, n 6= 0
. (5)

We can formulate this as:h(t)
+∞∑

k=−∞
δ(t−kTc) = δ(t). This property

only holds for the RC, and not the RRC filter. The baseband signal
is then upconverted for transmission: x(t) = xT (t)e

j2πfct, where fc
denotes the carrier frequency. The duration of this transmitted signal
is 512Tc = 0.5 ns and the number of fast time samples is therefore
512. If we assume that the data block consists of 16 Bytes and that
there are no optional training fields then each packet is of Tp = 2
µs duration which corresponds to the pulse repetition interval.

Assume that the radar transmits P packets constituting
one coherent processing interval (CPI) towards a direct-path
nonfluctuating extended target of B point scatterers, where a bth
point is characterized by complex reflectivity ab located at range
rb = cτb/2 and Doppler fDb = 2vb

λ
, c = 3 × 108 m/s is the speed

of light, τb is the time delay, vb is the associated radial velocity and
λ is the radar’s wavelength. The coefficient ab subsumes common
effects such as antenna directivity, processing gains and attenuations
including path loss. Ignoring the multi-path components, the reflected
received signal at the baseband, i.e., after down-conversion, is
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xR(t) =

P−1∑
p=0

B∑
b=1

abxT (t− τb − pTp)e−j2πfDb
t + z(t)

≈
P−1∑
p=0

B∑
b=1

abxT (t− τb − pTp)e−j2πfDb
pTp + z(t), (6)

where z(t) is additive circular-symmetric white Gaussian noise. The
last approximation follows from the fact that fDb � 1/Tp so that
the phase rotation within one coherent processing interval (CPI) (slow
time) can be approximated as a constant. Sampling the signal at Fc =
1/Tc yields xR[n] = xR(nTc):

xR[n] =

P−1∑
p=0

B∑
b=1

abxT (nTc − τb − pTp)e−j2πfDb
pTp + z(nTc)

=

P−1∑
p=0

B∑
b=1

absT (nTc − τb − pTp)e−j2πfDb
pTp + z[n], (7)

where we used Nyquist filter properties (5) in the last equality.
When the sampled signal from two consecutive packets is passed

through matched filters of each Golay sequence, we exploit the
perfect autocorrelation property to estimate the radar channel. For
instance, correlation for the first pair produces

ĥ1[n] = xR[n] ∗G1,512[−n]
ĥ2[n] = xR[n] ∗G2,512[−n] (8)

These outputs are added to return the channel estimate

ĥ[n] =
1

1024
(ĥ1[n] + ĥ2[n])

≈
1

1024

P−1∑
p=0

B∑
b=1

abδ(nTc − τb − pTp)e−j2πfDb
pTp

+ z[n] ∗ (G1,512[−n] +G2,512[−n]), (9)

where the last approximation is due to the assumption that the
Doppler shifts are nearly identical for the two Golay sequences
G1,512 and G2,512 to utilize the zero side-lobe property of (1). In
order to locate the targets in the delay-Doppler plane, the range-time
space is discretized into 512 bins of cTc/2 resolution. We then
create a delay-Doppler map by taking a 512-point Discrete Fourier
Transform (DFT) of the radar channel estimates for each Doppler
shift bin. Then, the delay and Doppler frequencies of the point
scatterers on the target are given by the location of the B peaks
on this 2D delay-Doppler map. For each CPI, the peaks along the
Doppler (range) axes for each range (Doppler) bin are coherently
summed to obtain the high range resolution profile (Doppler-time
spectrogram).

B. Doppler-resilient 802.11ad

When a target is moving, the Doppler shifts across the two
waveforms may differ and the approximation in (9) leads to
estimation errors in Doppler velocities. A point scatterer moving with
a Doppler shift of fDb gives rise to a phase shift of θ ≈ 2πfDbTp
between ĥ1 and ĥ2. Then, the perfect autocorrelation no longer holds,(

G1,N [n] ∗G1,N [−n]
)
+
(
G2,N [n] ∗G2,N [−n]

)
e−jθ 6= 2Nδ[n],

(10)

resulting in high side-lobes along the range. For example, consider
a scatterer at (rb = 20 m,vb = 10 m/s) over 1 CPI of P =
2048 packets. For this set of waveform parameters, Fig. 3a plots
the ambiguity function (AF) obtained by correlating the waveform
with its Doppler-shifted and delayed replicas. The AF completely
characterizes the radar’s ability to discriminate in both range and

Fig. 3. Ambiguity function for a point scatterer at range 20 m and moving
at 10 m/s using (a) standard Golay (b) Doppler resilient Golay waveform.

velocity of its transmit waveform. The complementary Golay AF
shows a very high sidelobe level of −20 dB at non-zero Doppler
frequencies. This would result in poor detection of moving extended
targets wherein strong scatterer points masks the weaker ones. It is
difficult to ascertain the high resolution micro-Doppler features of
such a target.

The limitation described above can be overcome by using
Doppler-tolerant Golay sequences such as the one proposed in [23].
Without loss of generality, assume P be even and generate the
Prouhet-Thue-Morse (PTM) sequence [26], {qp}

P
2
−1

p=0 which takes
values in the set {0, 1} through following Boolean recursion:

qp =


0, if p = 0

q p
2
, if (p modulo 2) = 0

q p−1
2
, if (p modulo 2) = 1,

(11)

where qp denotes the binary complement of qp. As an example, when
P = 16, the PTM sequence is q0 = {0, 1, 1, 0, 1, 0, 0, 1}.

Based on the values of qp, we transmit the following Golay pairs:
if q1 = 0, then the complementary pair G1,N [n] and G2,N [n] are
transmitted separately in two consecutive packets; if q2 = 1, then
the consecutive transmission consists of the complementary pair with
−G2,N [−n] and G1,N [−n]; and so on. In this manner, we transmit a
sequence of Doppler-resilient Golay sequences over P packets. The
goal is to obtain a pulse train of Golay pairs such that

P−1∑
p=0

ejnθ(Gp,N [n] ∗Gp,N [n]) ≈ f(θ)δ[n], (12)

where the function f(θ) does not depend on the time-shift index n for
some reasonably large values of θ. The Taylor series approximation
of the left-hand-side of (12) around zero Doppler is

P−1∑
p=0

ejnθ(Gp,N [n] ∗Gp,N [n]) ≈ 0(G0,N [n] ∗G0,N [n])

+ 1(G1,N [n] ∗G1,N [n]) + 2(G2,N [n] ∗G2,N [n])

+ · · ·+ (P − 1)(GP−1,N [n] ∗GP−1,N [n]). (13)

Using PTM sequence, the above summation can be made to approach
a delta function. The key is to transmit a Golay sequence that is also
complementary with sequences in more than one packet.

For these Doppler-resilient Golay sequences, the resultant AF plot
is nearly free of range sidelobes especially at low Doppler velocities
as shown in Fig.3. The range slice in Fig.4(a),(b) show the 20dB
reduction in sidelobe levels.
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Fig. 4. The range slices of the ambiguity functions in Fig. 3(a),(b) at velocity
= 10m/s show the 20dB reduction in side lobe level

III. TARGET MODELS

We consider modeling two classes of automotive targets - large cars
and pedestrians. Both are complex three-dimensional dynamic targets.
In a car, the motion of four wheels produces micro-motion features
in the radar signature. For a pedestrian, the swinging motion of the
arms and legs generates micro-Doppler and micro-range tracks. The
backscatter from these targets can be accurately modeled using full
wave electromagnetic solvers such as method of moments (MoM)
or finite element method (FEM). However, the electric size of the
problem becomes very large at mmWave frequencies and it is not
feasible to use these techniques to generate radar data across multiple
frames at high sampling frequencies. Therefore, we simulate the
backscatter by modeling cars and pedestrians as extended targets with
multiple point scatterers, {ul}Ul

l=1, distributed across the target’s body.
Thereafter, we obtain the time-domain trajectories of the positions
of these scatterers via either computer animations [27] or analytical
models [28]. As noted in (7), The overall backscatter from the target is
the sum of the complex-valued returns from each of these scatterers.

The above-mentioned technique has been extensively used to
model radar signatures of humans at microwave frequencies [29]. The
resultant micro-Doppler and high range resolution profiles were found
to be qualitatively comparable with those obtained from the measured
data. We adopt this approach to generate radar signatures of cars and
pedestrians using both standard and Doppler resilient Golay codes
for the transmit waveforms. This simulation method is not without
its limitations. For example, it does not yield accurate estimations
of the radar cross-sections of a target. Further, it assumes Born
approximation [30] and cannot be used to model multiple scatterers
and shadowing between different parts of the target.

In case of a car, we generate the backscatter by combining
a realistic animation model with the point scatterer simulation
technique discussed above. We model the car as a rigid body in
pyBullet software [31]. used for physics simulation of vehicles.
We structured the car using rigid bodies such as a cuboid for the
chassis, cylinders for the wheels, and so on. The interiors of the
car were represented using three-dimensional models of gears and
other mechanical assemblies. Key components of this model are the
Ackermann steering [32] and automotive differential [33] guiding
the motions of the four wheels along different trajectories. We used
following parameters in our simulation: wheel axle length of 2 m,
front axle to rear axle length of 3.5 m, wheel radius of 0.48 m. These
values correspond to large cars. We considered 44 point scatterers -
1 on each of the axle ends and 10 each on the four wheels of the
car (Fig. 5a). When the car moves, the chassis of the car moves at a
translational velocity, ~vaxle. The wheels, on the other hand, have an
additional rotational velocity. As a result, the point scatterers on the
wheels move along a cycloidal curve with respect to the radar. The

position ~pl(t) of the lth point scatterer on the wheel is

~pl(t) = ~p0l + ~vaxlet+ rwheel

 ~ωr ×

 cos (| ~ωr|t+ φl)

0

− sin (| ~ωr|t+ φl)

 t, (14)

where ~ωr is the angular velocity of the rth wheel, φl is the starting phase
corresponding to the position of the lth point scatterer on the wheel,
rwheel is the radius of the wheel and ~p0l is the initial position of the
point scatterer. When the car moves in a straight line, all the four wheels
have identical angular velocities. The trajectory of the point scatterers
on the wheels depend on the position of each wheel with respect to the
radar. Therefore, each wheel has a unique velocity-time trajectory. In
this work, we consider two scenarios shown in Fig. 5b and c. The first
scenario has the car starting acceleration from 0 m/s to 4 m/s as it moves
away from the radar along a straight path. In the second, the car moves
with a constant speed along the transverse direction with respect to the
radar. The first scenario represents the case where the radar is tracking
a car moving ahead on the same lane whereas the second represents the
scenario where the car is moving in a lateral direction at a traffic junction.

To simulate the backscatter from a pedestrian, we employ the analytical
model from [28] to describe the time-domain trajectories of seventeen
point scatterers on a human body moving at a constant velocity. The point
scatterers are distributed across the head, torso, arms and legs as shown
in Fig. 6a. We consider a human of height 1.5 m walking at a speed of
1.5 m/s. We consider two trajectories of the pedestrian motion that may
be commonly encountered in an automotive scenario: pedestrian walking
along a straight line towards the radar (Fig. 6b), and walking along a
transverse direction with respect to the road (Fig. 6c).

Typically, the reflectivities of the point scatterers change with time
due to variations in the orientation of different body parts with respect
to the radar. This is in accordance with the Swerling I target model [34].
In our work, we are interested in the detailed features in the target’s
signature rather than the scale of the resulting radar cross-section. Hence,
the reflectivities from all the point scatterers are unity.

IV. NUMERICAL EXPERIMENTS

We validated our proposed Doppler-resilient 802.11ad through
numerical experiments. For each automotive target and waveform, we
compared the signature on the radar in three joint domains: range-time,
Doppler-time spectrograms and range-Doppler-time signatures for the
automotive targets. We used a Nvidia 1080-TI GPU with CUDA 9.0 for
processing the data in MATLAB R2018a, Parallel Processing Toolbox
environment. We generated the range-Doppler signatures for a given
CPI by following the signal model in Section II. For the Doppler-time
(range-time) spectrograms, we coherently integrated the peaks from all
the range (Doppler) bins in each time-frame.
Large car (straight trajectory): Figure 7 shows the backscatter
signatures of the car moving along a straight line trajectory away from
the radar. The relative locations of the radar with respect to the target
is shown in Fig. 5. In Fig. 7a, as the car moves away from the radar
(evident from the increasing range), we see multiple tracks corresponding
to the wheels on two sides of the car. The quality of the range-time
display obtained from standard Golay sequences (Fig. 7a) is significantly
poorer than the Doppler-resilient Golay (Fig. 7d) because of the presence
of high range side-lobes (visible in the background starting from 1.5
s). These side-lobes significantly impact the detection of weaker targets
in the presence of strong ones. The trajectories of the multiple point
scatterers on the wheels can be observed in the Doppler-time plane
shown in Figs. 7b and e. The point on the wheel that is in contact with
the ground moves with zero velocity while the point on the top of the
wheel moves with maximum velocity which corresponds to twice the
instantaneous linear velocity of the car. All other points on the wheel
move with intermediate velocities Therefore, the Doppler tracks range
from 0 Hz to the maximum over each rotation cycle of the wheel.
The Doppler-time signatures obtained from both standard 802.11ad and
Doppler resilient Golay are similar. In other words, the perturbation in the
perfect auto-correlation property affects only the range measurements. We
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Fig. 5. (a) Point scatterer model of car. Trajectories of car with respect to the radar: (b) Car accelerating directly in line away from the radar (c) Car moving
with a fixed velocity in a transverse direction in front of a radar.

Fig. 6. (a) Point scatterer model of a pedestrian. Trajectories of pedestrian
motion with respect to the radar: (b) Human walking in a transverse direction
before a radar (c) Human walking directly in line towards the radar.

now examine a single frame of the target’s signature in the range-Doppler
plane (Figs. 7c and f). Here, multiple point scatterers at different ranges
and velocities are convolved with the point spread response along the two
axes. We note that the high range-sidelobes seen in the standard Golay
signatures are suppressed by 20 dB in Doppler-resilient signatures.
Large car (transverse trajectory): Hereafter, we limit our analyses to

the signatures generated from only Doppler-resilient Golay sequences.
The range gradually decreases as the car approaches the radar
transversely, reaches a minimum value when the car is immediately
before the (stationary) radar, and increases as the car moves away. This
phenomenon is observed in the range-time signature shown in Fig. 8a.
The Doppler spectrogram of the car making a transverse path shows some
interesting features in Fig. 8b. The Doppler reduces to zero when the car
is directly before the radar since the radial component of the velocity
vanishes. At other points in its trajectory, we see a wide spectrum of
velocities from the multiple scatterers on the wheels. The velocities are
positive (negative) when the car approaches (moves away from) the radar.
Pedestrian: Figure 9 shows signatures of a walking pedestrian generated

using Doppler-resilient Golay sequences. Even though a pedestrian is an
extended target, the radar range resolution is not fine enough for us to be
able to observe distinct tracks from the different point scatterers in the
range-time signatures of both straight (Fig. 9a) and transverse (Fig. 9c)
trajectories of the pedestrian. On the other hand, the corresponding
Doppler spectrograms (Figs. 9b and d) exhibit Doppler-time tracks of
individual point scatterers. The maximum Dopplers are due to the motion
of the feet followed by the hands and the torso. For a pedestrian walking
towards a radar along a straight line, the micro-Dopplers are mostly
positive. However, when the pedestrian motion is along a lateral direction,
the Dopplers are positive during the first few seconds as the target walks
towards the radar and then negative when the pedestrian moves away.

V. SUMMARY

We presented a 802.11ad link that can be used for generating detailed
radar signatures for different types of automotive targets. The existing
preamble of the link consists of Golay complementary sequences that
are characterized by perfect autocorrelation properties for static targets. In

Fig. 7. Range-time (a,d), Range (b,e) and range-Doppler (c,f) signatures of
a large car moving in a straight path using standard Golay sequence (a to
c) and Doppler resilient Golay sequences (d to f). Fig. 5b shows the relative
location of the radar with respect to the car.

case of multiple moving targets or a single extended target with multiple
moving point scatterers, the Doppler phase shift causes perturbation in the
perfect autocorrelation and introduces range side-lobes. We demonstrated
that by modifying the 802.11.ad Golay waveform with a specific pulse
train sequence to reduce the side-lobes by 20 dB, realistic detection
of modest Doppler shifts corresponding to typical automotive scenario
velocities is possible. We presented radar signatures of a large car and a
pedestrian using these modified sequences and compared them with the
signatures obtained from the standard 802.11ad Golay sequences.
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Fig. 8. (a) Range-time and (b) Doppler-time signatures of a large car moving
in a transverse path using Doppler resilient Golay sequence. Fig. 5c shows
the relative location of the radar with respect to the car.

Fig. 9. Range-Time (a,c) and Doppler-time (b,d) signatures of a human
moving in a straight (a-b) or transverse path (c-d) using Doppler resilient
Golay sequences. Fig. 6b-c shows the relative location of the radar with respect
to the pedestrian.
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