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Abstract — MIMO radar systems create a large virtual
aperture to enhance the angular resolution. As a multiplexing
scheme often the time-division multiplexing (TDM) procedure
is chosen. The drawbacks are a reduced maximal
unambiguously detectable Doppler frequency and the need to
correct a phase error in angle estimation for relative radial
velocities. To overcome these disadvantages a multiplexing
scheme is proposed which uses different chirp rates. Every
transmitting antenna is active at the same time but can be
distinguished due to the different slopes of the frequency
ramps.
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I. I NTRODUCTION
In radar systems the achievable angular resolution is
directly linked to the aperture size of the antenna [1].
A common procedure to increase the aperture is to
operate at a multiple-input multiple-output (MIMO) mode
which results in a larger virtual aperture. Hence, an
orthogonal waveform is required to assign the different
signals to the corresponding antennas. Different waveforms
are investigated and compared in [2] and [3].
The most commonly used multiplexing scheme is
the time-division multiplexing (TDM) approach. Every
transmitting antenna gets a time interval assigned at
which it is active solely. The major drawback is that the
time between one specific transmit antenna is active is
increased by the number of different transmit antennas.
This repetition time has an influence on the maximal
detectable Doppler frequency [4] which is decreased by the
number of transmitting elements. Additionally, if a relative
radial velocity of targets is present, a motion compensation
is required to compensate phase errors [5].
Using frequency-division the transmitting antennas are
separated in the frequency domain such that adjacent
frequency ramps do not interfere due to the anti-aliasing
filter. The drawback is the larger occupied frequency
range [2].
A third possibility is to use different slopes of the
frequency ramps called chirp rate division multiplexing.
One possible realisation is shown in [2], where each
antenna transmits different ramp slopes, but mixes the
received signals with the same reference signal. This leads

to an increase of the noise floor due to unfocused responses
spread over the beat signal.
In contrast to a fixed reference signal, the proposed
multiplexing scheme mixes the received signals with
the transmitted ones as in the chirp-sequence signal
processing. Using this approach the distortion from other
antennas can be minimised, the maximal detectable
Doppler frequency is not reduced, and no phase correction
is required.
II. C HIRP R ATE M ULTIPLEXING
Every transmit antenna is active at the same time,
but transmits frequency ramps with different chirp rates
as depicted in Fig. 1. Without loss of generality, in
the following, three transmit antennas are assumed. The
bandwidth B is identical for each ramp to ensure the same
radial resolution, only the chirp duration Tc,k with k ∈
[1, 2, 3] varies. As derived in [4] the phase of a transmitted
frequency ramp can be described as


1 B 2
t − ϕ0 ,
(1)
ϕT (t) = 2π f0 t +
2 Tc,k
with the starting frequency f0 and an arbitrary phase
offset ϕ0 . Assuming transceivers, each antenna receives
the responses from all antennas. The ramps associated with
the respective antennas lead to target peaks with respect
to the chirp rate at different frequencies. This means that
a single target is detected with the quantity of the number
of transmit antennas. Those peaks will later be used to
calculate the angle to the target. Unfortunately, the ramps
also interfere with each other at the receiver, e.g. the ramp
from antenna 1 is mixed with the ramp from antenna 2
f
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Fig. 1. Each transmit antenna is active at the same time, but
transmits frequency ramps with different slopes defined by the
chirp duration Tc,k .
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Fig. 2. The intermediate frequencies, scaled to the target range,
resulting from a single target using three transmit antennas.

Fig. 3. Simulation of five different targets with radar parameters
given in Tab. I and target parameters given in Tab. II.

resulting into an interfering signal, which can be described
with the phase

Tr can be chosen considerably smaller than in the TDM
case leading to a larger unambiguous velocity.

∆ϕ12 (t) = ϕT1 (t) − ϕT2 (t − τ )


B
1 B(Tc,2 − Tc,1 ) 2
≈ 2π f0 τ +
tτ +
t ,
Tc,2
2
Tc,1 Tc,2

(2)

III. S IGNAL P ROCESSING C HAIN

(3)

The transmitted signals of each antenna are combined
and mixed with the received signal of each antenna. A
two-dimensional Hann window function is applied to the
time-domain data obtained from each antenna. For range
direction the window is scaled to the longest frequency
ramp. Subsequently, a two-dimensional Fourier transform
is applied resulting in the range-Doppler spectrum.
Zero-padding eases the later explained matching of the
corresponding targets. An ordered statistic-constant false
alarm rate (OS-CFAR) algorithm [6] and a peak search is
used to extract point targets.
Since every point target is detected k times, where k
is the number of transmit antennas, a matching algorithm
searches for targets that belong together. The velocity of
the targets is always the same, but the extracted ranges
depend on the ratio of the chirp durations Tc,k , which is
known in advance. For every detected peak it is checked
if other peaks are present in the expected positions,
considering a tolerance in range and velocity.
After the matching it is known which peaks belong to
which target. The phase value of a peak is dependant
on the respective antenna, the angle under which the
target is detected, and the distance to it. With this phase
difference the angle under which the target is detected can
be calculated using this relation or with a conventional
Bartlett beamformer. As the ramps are transmitted at the
same time there is no need for a phase error correction as
for TDM [5].

assuming the simplifications from [4]. For a target
with velocity v and distance R the time difference
τ =2(R + vt)/c is used as a model for a linear motion
resulting in
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2f0 v
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2Bv
+
t . (4)
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The resulting frequency is not constant, but is rather linear
changing. In Fig. 2 the intermediate frequencies are plotted
with a y axis scaled to the target range. The steepest
ramp ( ) is the shortest one and results in the highest
frequency. The single point target is thus represented
by three intermediate frequencies. The corresponding
interference frequencies belonging to the first ramp slope
) are increasing quite fast and are after a few
( ,
micro seconds outside of the filter bandwidth ( ). If the
sampled signal is weighted with a window function ( ),
the part affected from the interference has only a minor
influence.
As each transmit antenna is active at the same time, the
longest ramp determines the total ramp repetition time Tr
which is directly linked to the unambiguous velocity. If the
different ramp durations Tc,k are chosen in a close range,
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(a) Range-Doppler spectrum showing the vehicle
three times. Peaks ( ) are detected after
application of CFAR with peak search.
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(b) The application of the matching results in
the extracted ( ) ranges and velocities which are
compared to the expected ( ) ones.
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(c) Angle estimation for each extracted scattering
centre shown in the x-y representation.

Fig. 4. Simulation of a vehicle as in [7] to show the working matching and angle estimation for a challenging extended target.

IV. S IMULATION R ESULTS
This multiplexing scheme is simulated with the
parameters listed in Tab. I using three transmit antennas as
assumed in Fig. 1. Additionally, additive white Gaussian
noise is applied to the simulated time-domain data.
First of all, several point targets are simulated with
parameters as given in Tab. II. The index ’sim’ stands
for the simulated and therefore expected parameter. The
range-Doppler spectrum of the first antenna is shown in
Fig. 3. As already mentioned in the previous section, the
single target T1 is detected three times and the matching
algorithm must assign the three peaks to one single target.
The extracted target parameters are also listed in Tab. II
with the index ’extr’.
The targets T2 and T3 have different ranges, but with
the multiplexing scheme one peak is identical, which must
be recognised by the matching algorithm. Also one peak is
identical considering T4 and T5, while the angle estimation
TABLE I
S PECIFICATIONS OF C HIRP R ATE M ULTIPLEXING R ADAR
S IMULATIONS
Parameter
starting frequency f0
bandwidth B
chirp duration Tc,k
chirp repetition time Tr
sampling frequency fs
number of chirps L
number of antennas
element distance in λ
window function
zero padding

Value
76.5 GHz
1 GHz
20 µs, 30 µs, 40 µs
45 µs
25 MHz
128
3
0.545
Hann window
signal length doubled

is still possible.
To consider an extended target, a vehicle is simulated
using the proposed model from [7] with 14 closely
positioned scattering centres modelled as point targets. In
the range-Doppler spectrum in Fig. 4 (4a) the target vehicle
is detected three times. The ramps with the lowest slope
lead to the lowest intermediate frequencies and therefore
to the targets with the lowest radial range. Also those
ramp durations are higher and therefore, more samples
are present which results after the Fourier transform into
higher peaks noticeable in the peak colour. After matching
the extracted ranges ( ) and velocities are compared with
the expected ones ( ) in (4b). Small deviations are present
due to the noise consideration and overlapping peaks,
thus the peak search does not extract the ideal positions.
Additionally to an effected peak position, the phase of
these peaks is also influenced which is crucial for the angle
estimation with, e.g., a Bartlett beamformer. This can be
seen for the two closely positioned scattering centres at the
nearest and farthest edge of the vehicle. For each extracted
peak the angle estimation is shown in (4c).

E XPECTED ( SIM )
Target
1
2
3
4
5

rsim
5m
5m
10 m
5m
7.5 m

vsim
10 ms
15 ms
15 ms
5 ms
5 ms

TABLE II

AND E XTRACTED ( EXTR )
PARAMETERS

ϕsim
5◦
12◦
−20◦
10◦
−10◦

rextr
5.09 m
5.09 m
10.03 m
5.02 m
7.56 m

TARGET

vextr
9.97 ms
15.04 ms
15.04 ms
5.07 ms
5.07 ms

ϕextr
4.93◦
12.17◦
−20.12◦
9.95◦
−10.48◦

V. C ONCLUSION
To ensure a high maximal detectable Doppler frequency
a multiplexing scheme using different chirp rates has been
presented. As the ramps are transmitted simultaneously, the
phase error known from TDM MIMO does not exist. Due
to the fact that every transmit antenna is active at the same
time, a single target ist detected several times. A simple
matching procedure is used to find peaks belonging to each
other enabling an angle estimation. Using a simulation the
capability to detect an extended target has been shown.
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