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A Doppler De-Aliasing Technique for FMCW-TDM
MIMO Automotive Radar

Sen Yuan , Member, IEEE, Tworit Dash , Member, IEEE, Ignacio Roldan ,
Francesco Fioranelli , Senior Member, IEEE, and Alexander G. Yarovoy , Fellow, IEEE

Abstract—The problem of diminished unambiguous target
velocity interval induced by the time-division-multiplex mode
(TDM) of multiple-input–multiple-output (MIMO) frequency-
modulated continuous-wave (FMCW) automotive radar has been
explored. A novel MIMO antenna array activation mode and a
parametric approach for Doppler de-aliasing based on a two-
step cross-entropy optimization are proposed. The TDM Doppler
signal model has been derived, and a novel two-step cost function
is proposed to achieve robust and efficient estimation. In contrast
to the state-of-the-art method, the method proposed does not need
multiple overlapped antennas and can resolve multiple targets
in the same range and Doppler bins. The proposed method has
been verified with numerical simulations with different parameter
settings, as well as experimental data from a radar target
simulator.

Index Terms—Automotive radar, Doppler de-aliasing, multiple-
input–multiple-output (MIMO) array, time-division-multiplex
mode (TDM).

NOMENCLATURE

αi Constant complex amplitude related to the
characteristics of the target i.

B Bandwidth of the RF signal.
c Speed of light.
Di Round-trip distance between the ith target

and the transmitter and receiver antennas
at time t.

f0 Starting frequency of the RF signal.
fs Sampling frequency in the fast time.
fv Frequency in the slow time.
fd,i Doppler frequency of the ith target.
Kd Total number of samples in one chirp.
k Fast time index.
Ld Total number of chirps in one frame.
l Slow time index.
Mr Number of receive antennas.
Mt Number of transmit antennas.
p Index of the transmit antenna.
q Index of the receive antenna.
ri Received signal of the ith target.
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s(t) Signal model FMCW.
ssettle Settling time.
t Variable for time.
t′ Variable of the fast time.
T Pulse repetition time (PRT).
Tc Chirp duration.
τi Round-trip delay of the reflected signal

for the ith target.
θ Azimuth angle.
vr Doppler velocity, that is, the relative radial

velocity between the radar and the target
measured with the Doppler effect.

Vma Maximum unambiguous Doppler velocity.
zi(l, t′) De-chirped received signal for the ith tar-

get.
µ Frequency modulation rate.

I. INTRODUCTION

AUTOMOTIVE radar can provide accurate and direct
measurements of the range, relative radial velocity, and

angle of multiple targets, as well as a long-range coverage of
over 200 m, even in challenging weather or lighting conditions
[1] outperforming other sensors, namely camera and Lidar. As
per relevant requirements, radar has changed its role from a
detection sensor to an imaging sensor, providing a robust and
reliable spatial sensing ability. The imaging quality relies on
the radar’s resolutions in space and angles.

Frequency-modulated continuous-wave (FMCW) radar is
known for its simultaneous range and Doppler velocities
estimation, relatively low sampling frequency with de-chirping
technique, safety with low transmitted power, low cost,
portable size, and high reliability, making it one of the
most widely used radars in many applications [2]. Angular
resolution is contingent upon the antenna aperture and thus
is determined by the number and placement of the transmit
and receive antenna elements, limited by the radar cost and
packaging size. Multiple-input–multiple-output (MIMO) radar
technology [3] exploits the spatial diversity of transmit and
receive antenna arrays and can provide direction-of-arrival
(DOA) estimation at the same accuracy level with a relatively
lower number of antennas, making it competitive for many
applications in automotive and beyond, that is, imaging [4],
[5], gesture and pose recognition [6], [7], and heartbeat sensing
[8]. To realize MIMO operational mode, signals transmitted
from different transmitters have to be orthogonal to each other.
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Frequency (Doppler)-division multiplexing techniques for
MIMO are widely used in the current generation of auto-
motive MIMO radars. However, this technique decreases the
unambiguous Doppler interval of the radar proportionally to
the number of transmit antennas. Code-division multiplexing
technique uses a variety of mutually orthogonal waveforms
for transmit antennas. Different code families, namely random,
Gold [9], zero correlation zone (ZCZ) [10], and Kasami codes
[11], are optimized for periodic autocorrelation properties.
However, they still exhibit reasonable aperiodic autocorrela-
tion properties, which means that the required orthogonality
cannot be achieved perfectly. This will increase the sidelobe
levels and worsen the beam pattern for the MIMO radar
system, by extension, degrading the performance of DOA
estimation. The time-division-multiplex access mode can avoid
the disadvantages of the frequency-division method. Also,
due to the simplicity and practicability of the time-division-
multiplex mode (TDM), it is the primary option for co-located
MIMO radars [12].

Although the TDM of transmit elements offers an orthogo-
nality approach with low hardware complexity, it is susceptible
to phase errors in nonstationary scenarios. Various TDM trans-
mission schemes exist. For example, in one approach, each
transmitter sequentially transmits the entire chirp sequence
while the RF remains active. However, this can lead to
azimuthal target motion between measurements from different
transmitters, severely. To mitigate this, an alternative scheme
allows each transmitter to send only one chirp per cycle,
repeating across the frame, thereby reducing the impact of
azimuthal movement. Several studies have addressed this lim-
itation of TDM MIMO systems. A random antenna activation
pattern is proposed in [13] to solve the limitations of the TDM
for platform movement, by a stationary target shift in the
reconstructed image. The DOA estimation errors caused by
the motion-induced phase for TDM are compensated in [14].

Since each transmitter of the TDM MIMO transmits a
signal at a different time, the equivalent PRF in TDM MIMO
schemes equals the PRF of the other MIMO schemes divided
by the number of transmit channels. Consequently, the PRT
increases, leading to the shrinking of the unambiguous Doppler
velocity range for Doppler processing. As a result, fast-moving
targets and even the environmental clutter have velocities
above the unambiguous Doppler threshold and consequently
appear in wrong Doppler/velocities bins (so-called Doppler
aliasing [15]) in the range–Doppler plane and mask reflections
of weak targets. To overcome this effect, either the PRF of
transmitted signals should be made very high, which reduces
the unambiguous range of the radar (the range–Doppler
dilemma), or dedicated processing methods to resolve Doppler
ambiguity need to be implemented. For a cascaded radar
board with a large number of transmitters offering better
spatial sensing ability, this issue is severe [16]. De-aliasing the
Doppler velocity in the TDM MIMO radar board is thus very
important for radar applications. The problem of shrinking the
unambiguous Doppler/velocity range in Doppler estimation is
addressed in [17] and [18] by comparing the phase offsets
in the virtual antenna. Those phase comparison algorithms
are easily affected by the phase noise. The method in [17]

requires the target angle information to be known a priori,
and [18] needs multiple overlapped antennas with different
activation time differences. However, all the aforementioned
methods assume that each range-Doppler bin contains only
one target, making it less practical for real applications.

In this article, a novel Doppler de-aliasing approach has
been proposed to resolve Doppler ambiguity in TDM MIMO
by activating one transmitter twice and implementing a two-
step cross-entropy-based method. The state-of-the-art method
requires each range–Doppler bin to contain only one target,
while our method requires only one target per range–angle bin.
The proposed method can successfully handle scenarios where
multiple targets lie within the same range–Doppler bin, but
they are located at different spatial positions, a case in which
the state-of-the-art method fails.The repeated transmitter forms
an overlapped array to spatially resolve the targets. Then,
the closed form of the Doppler ambiguity signal about TDM
MIMO is derived, and the Doppler de-aliasing algorithm
is proposed using two-step cross-entropy optimization. The
proposed method has been verified with numerical simulation
results and experimental data from the radar targets simulator,
demonstrating good results.

The remainder of this article is organized as follows. In
Section II, the MIMO array and the signal model for the TDM
Doppler signal are provided. The problem formulation and the
proposed method are demonstrated in Section III. The results
for simulated targets and experimental data are provided in
Section IV. Finally, Section V concludes the article.

II. SIGNAL MODEL

An FMCW MIMO radar with Mt transmit and Mr receive
antennas is considered here. The antenna array is assumed
linear, where xTX and xRX are the positions of the transmitter
and receiver, respectively. The index of the transmit antenna
elements is denoted by p ∈ [0, Mt − 1] sorted by order of
activating time according to the TDM scheme, and the index
of the receive antenna elements is denoted by q ∈ [0,Mr − 1].

The FMCW chirp is transmitted with duration Tc, band-
width B, and pulse repetition interval (PRI) T and has the
form

s0 (t) =

(
e j2π( f0t+0.5µt2), t ∈ [0,Tc]
ssettle (t) , t ∈ [Tc,T ]

(1)

where f0 denotes the starting frequency, µ = (B/Tc) denotes
the frequency modulation rate, and ssettle(t) indicates the signal
during the settling time of the radar.

The periodic transmitted signal with the continuous time
flow t is decomposed into fast-time domain t′ and chirp num-
ber domain l = b(t/T )c with t′ = t−lT , t′ ∈ [0,Tc]. The notation
bxc indicates the floor function (i.e., it indicates the greatest
integer less than or equal to x), hence l = 0, 1, 2, . . . , Ld − 1,
where Ld is the total number of chirps in one frame. A visual
illustration is shown in Fig. 1, where t refers to the continuous
time flow, t′ is the variable of the fast time, and l represents
slow-time indexes for later processing.

Thus, the periodic sequence of chirps can be expressed as

s (t) = s
�
t′ + lT

�
= s

�
l, t′
�

= s0
�
t′
�
. (2)
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Fig. 1. Illustration of the FMCW signal model.

In the absence of multiscattering effects over the targets,
the multitarget signal is the summation of several single-
point targets’ signals. To illustrate the signal model, the radar
signal is derived first based on a single-point target signal and
extended to a multitarget signal at the end. The round-trip
delay of the reflected signal for the i target is

τi
�
l, t′
�

=
2 (Di (t′ + lT) + vr (t′ + lT))

c

≈ γi +
2vr (t′ + lT)

c
(3)

where c is the speed of light, Di(t) is the round trip distance
between the ith target and the transmitter and receiver antennas
at time t, vr is the radial velocity between the radar and the
target, and γi = (2Di(t′ + lT)/c) � Tc. The corresponding
received signal can be written as

ri
�
l, t′
�

= αis
�
t′ + lT − τi

�
l, t′
��

with t′ ∈
�
γi,Tc

�
(4)

where αi is the constant complex amplitude related to the
characteristics of target i.

The received signal is then correlated with the complex
conjugate of the transmitted signal s∗(l, t′) to obtain the de-
chirped signal zi as

zi
�
l, t′
�

= ri
�
l, t′
�
× s∗

�
l, t′
�
. (5)

This de-chirped signal will be sampled with respect to fast
time with frequency fs, and the discretized signal ẑi in the
time domain, considering the geometry of MIMO, is obtained
as

z(d)
i (l, k) ≈ αi exp

�
j2π

f0
c

�
xTX (p) + xRX (q)

�
sin θi

�
× exp

�
j2π

�
fd,iTl + µ

Di (l)
c

k
fs

��
(6)

where the superscript (d) represents the discretized version,
k = 0, 1, 2, . . . ,Kd − 1, where Kd = Tc fs is the maximum
number of samples within one chirp, fd,i = (2vri f0/c) is the
Doppler frequency of the target i, vri is the radial velocity of
the target i, and θi is the azimuth angle of the targets.

The orthogonality of the transmitter is achieved by activat-
ing different transmitters at different slow times, the so-called
TDM, meaning that p in (6) is linked to the slow time l.

In the conventional case without TDMA, the chirp index l
directly corresponds to the slow-time index, that is,

l = slow-time index, l = 0, 1, . . . , Ld.

However, in a TDMA configuration with Mt transmit anten-
nas, this one-to-one correspondence no longer holds. Each
chirp index l now can be uniquely decomposed into a pair
(n, p), where n is the new slow-time index, as follows:

l = (n − 1) Mt + p. (7)

Equivalently, the mapping between the conventional chirp
index l and the pair (n, p) is given by

n = b
l

Mt
c, p = (l) mod Mt. (8)

Thus, in TDMA systems, the chirp index l must be redefined
into two indices.

1) n: the new slow-time index, used for Doppler processing.
2) p: the transmit antenna index.
Because of this coupling between Doppler and angle infor-

mation, the signal becomes

z(d)
i (p, q, l, k) =

ksX
i=1

αi exp
�

j2π
f0
c

�
xTX (p) + xRX (q)

�
sin θo

�
× exp

�
j2π

�
fd,iMtT

�
l

Mt

�
+ fd,ipT

��
× exp

�
µ

Di (n)
c

k
fs

��
. (9)

For the MIMO radar with Mt transmit and Mr receive
antennas, if all positions of TX and RX antenna elements
were separated, one obtains Mt×Mr received signals in total.
In this case, an MIMO setup can be equivalently substituted
by a single transmit antenna at position 0 and by Mt × Mr
receive antennas. This equivalent single-input–multiple-output
antenna array setup is called the virtual array. The virtual
array analysis is important for MIMO techniques, as it links
MIMO arrays and the classical array synthesis technique.
The presence of “overlapped antenna elements” means having
specific transmitters and receivers in the same position D in
the virtual array analysis

D = xTX (p) + xRX (q) ∀ (p, q) . (10)

When the number of scatter points in the field of view is
equal to ks, the total signal is constructed by superposition

z(d) (p, q, l, k) =

ksX
i=1

ẑ(d)
i (p, q, l, k). (11)
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III. PROBLEM FORMULATION AND DISCUSSION

A. Problem Formulation

The number of transmitters working in the TDM mode
will significantly reduce the measurable, unambiguous target
velocity, limiting the radar’s velocity-sensing ability. Conven-
tional Doppler processing uses only the signal from one fixed
transmitter. In this case, the phase difference of a single target
is ∆φ = 2π f0((2vi/c)MtT ). The phase difference should be
|∆φ| < π to avoid ambiguity. Hence, one can obtain the max-
imum unambiguous Doppler velocity as Vma = (c/4T Mt f0).
The maximum unambiguous Doppler velocity is thus nega-
tively correlated to the number of transmitters.

Moreover, all transmitted signals contain the full Doppler
information with maximum unambiguous Doppler: Vma =

(c/4T f0). However, the Doppler information is coupled
with the transmitter activating time, as shown in (9). The
Doppler phase difference of the single target becomes ∆φ =

2π f0( (2vi/c)MtT b(l/Mt)c+(2vi/c)pT). Thus, directly using all
the chirp information in TDM mode makes it impossible to
extract the right Doppler information.

A robust, reliable, and accurate Doppler velocity estimation
is needed for MIMO arrays in the TDM mode, especially if
the application requires high spatial resolution, like the cascade
radar boards with more transmitters used in automotive.

B. Analysis of the Signal

The aforementioned problem is complicated because one
notices that the array signal is fully coupled with the slow-
time sampled signal. Observing the signal in (9), the problem
can be simplified in the first stage by designing an over-
lapped antenna according to Section II to make the first term
(e j2π( fc/c)[xTX(p)+xRX(q)] sin θi ) constant. Then, the problem can be
simplified into how to retrieve Doppler velocity information
from the resulting raw signal in (12). For simplification
without losing generality, the index ks is set to 1 for discussion,
which can be obtained by implementing an FFT along the
range and the antenna array, so that one bin contains informa-
tion of one target

z(d) (p, l) =

ksX
i=1

αie
j2π f0

�
2vi
c MtT b l

Mt
c+

2vi
c pT

�
(12)

where αi = aie j2π( fc/c)[xTX(p)+xRX(q)] sin θi by merging the array
signal with the targets’ reflectivity.

1) Here, if p = 0, this means that the TDM is not
implemented at all. Then, the signal can be processed
by the conventional Doppler DFT to estimate the DFT
value at frequency fv as

F ( fv) = sinc

 
Ld
�

fv + fd,i
�

2

!
. (13)

2) If p = ~po = 0 : Nt − 1, this means that the transmitters
of those overlapped antennas are activated one by one,
and the schematic of this signal in the example case of

Fig. 2. Example of a schematic of the Doppler signals for the overlapped
antennas. In this case, the number of overlapped antennas is equal to 4. The
four different colored lines represent the signal from the overlapped antenna
in space formed by different transmitters. The other transmitters will still be
active, but without contributing to this overlapped antenna position, which
is represented by three dots in between the highlighted colored lines in the
figure.

Nt = 4 is shown in Fig. 2. Then, the absolute value of
the signal in (12) after DFT at frequency fv is equal to

F ( fv) = sinc

 
Nt
�

fv + fd,i
�

2

!
× sinc

 
(Ld × Mt)

�
fv + fd,i

�
2

!
. (14)

3) If p i.i.d.
∼ U[1, Nt], this means that the transmitter to form

the overlapped antennas is activated randomly, and the
DFT of such a signal becomes equal to the closed form
of nonuniform DFT. This signal will have no closed
form, and Doppler information cannot be de-aliased with
the proposed frequency-model-based method.

C. Proposed Method

The analysis from Section III-B shows that if the MIMO
array working in TDM mode can be designed to form an
overlapped antenna and those formed overlapped antennas are
transmitted in sequential order, then the frequency function of
the signal will have a closed-form mathematical formula. This
can be achieved by activating one transmitter twice, meaning
changing from the conventional activating order of TDM
”tx1–tx2–tx3” to ”tx1–tx2–tx2–tx3. . ..” By doing repetitive
transmission from the same transmitter, the period between
two sequential measurements of Doppler is decreased, and
consequently, this gives an opportunity to increase the unam-
biguous velocity. The whole method can be seen as aperiodic
measurements of Doppler: TX1—large PRI, TX2—small PRI,
TX3—large PRI. Such a setting will not influence the range
and angular processing, thus maintaining the same resolutions
and maximum unambiguous range. In this case, the signal of
the repeated transmitted signal, tx2 specifically, will follow
the analyzed signal model (14). The Doppler unambiguous
range will shrink further, but the problem will be solved in
the proposed parametric approach. To achieve the Doppler
de-aliasing, the block diagram of the proposed algorithm
integrated into the rest of the radar processing is shown in
Fig. 3.

The proposed formulation is derived based on the assump-
tion that each Doppler cell only contains one target informa-
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Fig. 3. Block diagram of the proposed Doppler de-aliasing integrated into
the rest of the radar processing.

tion, which is the same assumption for all the state-of-the-art
algorithms [17], [18]. To make the assumption reasonable in a
dynamic target scenario, current research that only considers
resolving targets in the range dimension is not enough. Thus,
the overlapped antenna arrays can be formed by activating
the same transmitter sequentially, and the targets can be
resolved in different spatial positions first. The received radar-
de-chirped signal is processed with range–FFT and angle–FFT
with both overlapped antenna arrays. Then, each signal of the
range–angle cell is sent to the proposed Doppler de-aliasing
method. The final range–unambiguous Doppler–angle cube
can be obtained.

The measured signals of the overlapped antennas in one
range–angle cell are concatenated into one Doppler signal vec-
tor, sorted with the chirp indices and the activated transmitter
time. The formed vector is denoted by S ∈ C1×(Ld Mt) and can
be reshaped from the matrix in (12) as follows:

S =
�
z(d) �~po, 0

�
; . . . z(d) �~po, l

�
, . . . , z(d) �~po, Ld − 1

��„ ƒ‚ …
(Ld Mt)

. (15)

The DFT function of the formed vector S is computed as

X = FS + Np (16)

where F is the DFT matrix and Np ∈ C
1×(Ld Mt) is the noise

matrix.
The closed form of each signal of the range–angle cell after

range and angle DFT has been given in Section III-B. The
signal model Y ∈ C1×(Ld Mt) is the corresponding theoretically
derived function

Y (v) = sinc

0@Nt

�
i + 4π f0vTd

c

�
2

1A
× sinc

0@Ld × Mt

�
i + 4π f0vTd

c

�
2

1A . (17)

A theoretically derived semi-analytical definition of a
Doppler periodogram for extended targets with one burst

Fig. 4. Optimization function of the cross-entropy between the measurement
and the model, where the blue line is the one-step optimization, and the red
line is the proposed two-step optimization.

(no sample gaps) can be found in [19]. The optimization
goal is to find the parameter v̂ to achieve the similarity
between the measured signal and the theoretically derived
signal. The common functions to describe similarity between
two vectors consist of Euclidean distance, cross-entropy, and
cosine similarity. Among them, cross-entropy is more robust
in the presence of noise scenarios and is thus selected as the
optimization function for this work.

The problem then becomes an optimization problem,
with the objective defined as v̂ = arg minv f1(v), where
f1(v) = −

PLd×Mt
i Y(i) log[X(i)].

One example of the cost function of different values of the
variable v = 6 m/s is shown with the blue line in Fig. 4.
Because the periodic time gap in the formed Doppler signal
is usually larger than the useful signal, this introduces a lot of
harmonic peaks. The global minimum of cross-entropy is at 6
m/s. Still, this is not obvious due to the other local minima,
causing the optimization process to get easily stuck in the
wrong value.

Thus, a second vector is extracted from the signal in (12)
as Ss = z(p, 1), while the DFT function Xs = FS + Ns ∈

C1×Ld has the theoretical formula as Ys(v) = sinc((Nt(i +
(4π f0vTd/c))/2)).

The two-step cross-entropy is proposed to deal with this
challenge and is introduced as follows:

v̂ = arg min
v

f (v) (18)

where f (v) =
PLd×Mt

i Y(i) log[X(i)]×
PLd×Mt

i Ys(i) log[Xs(i)].
The new cost function is shown with the red line in Fig. 4, and
the global minimum is easier to reach to provide the correct
estimation. Those local minima are due to the periodical gap
due to the TDM, the second sinc as shown in (17).

Different optimization algorithms can be used here, for
example, the genetic algorithm [20], simulated annealing [21],
and pattern search [22]. The gradient-based and pattern search
methods are compared in this study to solve this optimiza-
tion problem. In this way, one can obtain the estimated
unambiguous Doppler velocity of the target v̂. As shown in
Fig. 4, there are many local minima; thus, the optimization is
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Fig. 5. RMSE from 1000 Monte Carlo tests and CRLB for the Doppler
velocity estimation of algorithms, computed in different SNR conditions. The
top figure shows the results without removing outliers, and the bottom figure
shows the results after removing outliers, representing an infinite number of
iterations.

performed at random starting points multiple times to achieve
robust results.

IV. RESULTS AND DISCUSSION

In this section, the effectiveness of the proposed method is
demonstrated through the utilization of simulated ideal point
targets, simulated extended targets, and experimental data.

A. Simulated Results

The MIMO TDM-FMCW radar’s Doppler signal is simu-
lated using the following parameters to evaluate the proposed
method. A typical radar setting is specified as follows: the
starting frequency of the FMCW chirp f0 is 77 GHz, 128
chirps are processed in each frame, and 12 transmitters are
used here for mimicking the cascaded board AWR224 by
Texas Instruments (TI) [23]. The chirp duration is 25.8 us.
Such a TDM radar system provides [−3.15, \; 3.15 m/s] unam-
biguous Doppler velocity estimation, which is insufficient for
automotive applications.

Fig. 5 compares the root-mean-squared errors (RMSE)
of the proposed method with the Cramér–Rao lower bound
(CRLB) [24]. The target speed is randomly selected from
the range [−37.8, +37.8 m/s]. Since conventional Doppler
DFT cannot resolve ambiguous speeds, it is not included
in the comparison. The proposed method is evaluated
using both a gradient-based optimization solver and a
pattern search optimization solver. As shown in Fig. 5,
the RMSE decreases as the SNR increases, and as the
SNR reaches 15 dB approaches the CRLB limit. The top
subfigure presents results without outlier removal, where out-
liers essentially are the cases in which the optimizations
fail to reach the global minimum because of the limited
repetitions.

In this case, RMSE remains rather high in most cases due
to the limited number of optimization repetitions, that is,

256 repetitions, with different starting points in both methods,
which, for computational feasibility, cannot be made arbitrarily
large. In an ideal scenario with infinite repetitions, the results
would be equivalent to those obtained after outlier removal, as
shown in the bottom subfigure. Here, both gradient-based and
pattern search methods achieve similar accuracy, as expected.
Notably, in the top subfigure, the pattern search method out-
performs the gradient-based approach at higher SNR values,
indicating that pattern search is more effective when the
number of optimization repetitions is limited. This advantage
arises because pattern search contains multiple optional search
[22], whereas the gradient-based method follows a single
search path determined by the initial optimization value.

The main advantage of using a gradient-based approach
instead of pattern search is computational efficiency. Moreover,
the optimization is performed multiple times with different
starting points to calculate the minimal-cost positions, thereby
reducing the requirement for the optimization algorithm to
reach the global optimum.

The computational complexity is analyzed here before the
test of different parameters. The computation of the proposed
method is mainly contributed to by the FFT and the optimiza-
tions. The computational complexity of the FFT, determined
by the size of FFT Ld ∗ Mt, is O(2Ld Mtlog(Ld Mt). The
optimization is determined by the iteration of the optimization
Nr ∗ Nb, where Nr is the number of optimization iterations
performed at random starting points and Nb is the number of
iterations needed for each optimization to reach the minimum
and the cross-entropy operations. The computational complex-
ity of each cross-entropy is O(Ld Mt), so the total cost of the
optimization is O(NrNbLd Mt). The computation complexity of
the proposed method is O(Ld Mt(log(Ld Mt)+(NrNb). It is worth
mentioning that the optimization can be computed in parallel,
thus reducing the time consumption.

To compare computational efficiency, 500 Monte Carlo
tests were performed using different optimization methods
on a computer with an Intel Xeon Platinum 8358P CPU,
without parallel computing. On average, the pattern search
method required 8.173 s, whereas the gradient-based method
required only 3.924 s, demonstrating that the gradient-
based approach is more than twice as fast as pattern
search.

To validate the effectiveness of the proposed two-layer cost
function, 500 Monte Carlo tests with different optimization
models were conducted. The time required for the one-
layer cost function is 1.969 s, while the proposed two-layer
cost function requires only 3.924 s. However, the estimation
accuracy decreases significantly with respect to the two-
layer approach, specifically 0.03 versus 2.80 m/s, highlighting
the accuracy improvement achieved by the proposed two-
layer model despite the heavier computational cost. It should
be noted that the reported time does not include parallel
computing; the method could be further accelerated using
advanced processing units, which is beyond the scope of this
work.

Additionally, different parameters are tested to show their
influence on the estimation performance, that is, the number
of chirps used in total, and the number of MIMO transmitters.

Authorized licensed use limited to: TU Delft Library. Downloaded on November 19,2025 at 10:00:46 UTC from IEEE Xplore.  Restrictions apply. 



YUAN et al.: DOPPLER DE-ALIASING TECHNIQUE FOR FMCW-TDM MIMO AUTOMOTIVE RADAR 8514611

Fig. 6. RMSE of estimated error in 1000 Monte Carlo tests with different
numbers of chirps used. The left blue axis is the estimated RMSE and the
right red axis is the Doppler resolution of each setting.

Fig. 7. RMSE of the estimated error in 1000 Monte Carlo tests with different
numbers of transmitters used.

The results in terms of estimated error with different num-
bers of chirps for Doppler velocity estimation are shown
in Fig. 6. The simulation is performed with 12 transmitters
operating in the TDM mode, with results averaged over
1000 Monte Carlo tests, where Doppler velocity is changed
between [−25.6,25.6 m/s]. As expected, increasing the number
of chirps improves Doppler resolution, as indicated by the red
circles. Initially, the overall estimation error decreases as more
chirps accumulate, providing additional target information and
enhancing accuracy. However, beyond a certain point, 128
chirps in our limited simulations, the error begins to increase.
This occurs because the introduction of more chirps leads
to more gaps during the formation of the signal (15), and
additional harmonic frequency components appear after FFT,
making the optimization process more prone to converge to a
local minimum rather than the global optimum. These results
highlight a tradeoff between Doppler resolution and estimation
accuracy in this context.

The results illustrating the relationship between the total
number of transmitters and the estimated errors in veloc-
ity are shown in Fig. 7. One of the antennas is activated
twice sequentially as proposed. The number of chirps used
for Doppler processing remains constant at 128, meaning
that the total observation time increases with the number

Fig. 8. Top figure is the range–Doppler spectrum of two targets, where
one moves at 1.5 m/s (within the unambiguous Doppler velocity range) and
another at 7.85 m/s (outside the unambiguous Doppler velocity range). The
middle figure is the range–angle map of these two targets. The bottom figure
is the estimated Doppler velocity profile generated by our proposed estimation
method.

of transmitters. This increase in observation time improves
Doppler resolution. As a result, a decrease in estimated error
is observed as the number of transmitters increases, due to
enhanced Doppler resolution. More transmitters lead to a
smaller unambiguous Doppler range, which can be mitigated
using the proposed method. However, longer observation
periods also result in higher latency and increase the risk
of target migration problems. For the number of transmitters
Mt, the latency for a frame is equal to TCPI = N ∗Tprt. So, the
latency will be proportional to the number of transmitters. The
range migration across the CPI MR = (|vr |TCPI/c/2B) is also
proportional to the number of transmitters, indicating that if
more antennas are used, a higher migration risk will happen.
When MR is smaller than 0.5, usually the migration effect
is acceptable. Therefore, despite the improved accuracy with
more transmitters, the number of transmitters cannot be set
too high.

To test the proposed method’s performance on multiple
target cases, ideal point targets and extended targets are
simulated in the following tests. The two ideal point targets
are placed in the same range bin. The results of two ideal point
targets are shown in Fig. 8. The Doppler spectrum is aliased in
the unambiguous range, so the two targets at 1.5 and 7.85 m/s
in the simulation are merged into one same range–Doppler
bin, as shown in the top subfigure. Using the proposed
overlapped antenna array, the two targets are separated in the
azimuth dimension as shown in the middle subfigure. Then, the
Doppler de-aliasing method is implemented on the two targets,
respectively. The results for both targets are correctly estimated
as moving at 1.51 m/s for the target at −60◦ and 7.3 m/s for
the target at 25◦. The profile highlights the estimated velocity
for those range–angle bins where targets exist. The detection
process can discard the areas where no targets are present.

Additionally, the method in [18] is implemented on the
same scenario. Since the two targets’ information is merged
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Fig. 9. Range–Doppler spectrum of two cars. The used extended car model
with 273 point scatterers is shown at the bottom-right of the figure. One car
model is moving at 3 m/s (within the unambiguous Doppler velocity range),
and another at 15.6 m/s (outside the unambiguous Doppler velocity range).
The spreading of the Doppler signature is because the car is spatially extended
in different azimuth angles.

Fig. 10. Range–angle maps of two simulated car models, where the left one
with respect to zero degrees angle is moving at 15.6 m/s and the right one is
moving at 3 m/s. Top figure: the color is mapped by the received intensity.
Bottom figure: the color is mapped by the estimated Doppler velocity.

into the same range–Doppler bin, the method [18] provides an
estimate at 4.8843 m/s, which corresponds to the theoretical
center position (4.675 m/s) between the two targets’ Doppler
velocities (7.85 and 1.5 m/s). This proves that when multiple
targets are merged into the same range–Doppler bin, the state-
of-the-art method [18] fails, while our proposed method still
provides reliable estimations.

Simulated models of vehicles perceived as extended targets
are used for verification as well. Each car model is represented
by 273-point scatterers generated randomly from the edges
of the car, as shown at the bottom right in Fig. 9. The
range–Doppler spectrum is shown at the top left. The Doppler
spectrum is spreading because the car model represents an
extended target, so that every part of the car will have different
Doppler speeds. Two car models moving at 3 m/s and 15.6 m/s
are simulated here, and they partially overlap with each other

Fig. 11. Plot of estimated mean Doppler velocity and the ground-truth velocity
with the azimuth angles.

Fig. 12. Experimental setup, where the left side shows the radar target
simulator, and the right side shows the TI cascaded radar board.

in the same range–Doppler bin in a way that is similar to
the ideal point target. Using the formed overlapped antenna
array, the two targets are separated in the azimuth dimension,
as shown in the top subfigure in Fig. 10. Then, the Doppler
de-aliasing method is implemented on the two car models.
The results for both targets are estimated as shown in the
bottom subfigure of Fig. 10, color-mapped by the estimated
velocity, where the left area with yellow color indicates the
estimated value around 10–13 m/s and the right area with
blue color indicates with estimated value around 1–3 m/s. The
estimated values are calculated with a mean operation for a
2-D visualization as shown in Fig. 11. The estimated value
for the target exists area that matches the ground-truth curve,
proving the effectiveness of the proposed method.

B. Experimental Data

The proposed approach is verified using experimental data
collected with the TI MMWCAS-RF-EVM cascade radar
board AWR2243 [23], shown at the top right in Fig. 12.
The radar has 12 transmitters and 16 receivers with a formed
MIMO array of 86 virtual antennas in azimuth and 4 antennas
in elevation, and 32 overlapped antenna pairs in total. The
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Fig. 13. Results of estimated Doppler velocity for the Radar Target Simulator,
where the X value is the estimated velocity and Y value is the optimization
error. In (a), the target moves at 1 m/s and in (b), the target moves at 10.56 m/s.

starting frequency of the generated waveform is 77 GHz, and
the number of chirps is 128 for Doppler processing. The PRI
is 5.5 ms. With these waveform parameters, the maximum
unambiguous velocity is 4.18 m/s, and the velocity resolu-
tion is 0.033 m/s. It should be noted that these parameters
are typical for automotive radar for a decent range–Doppler
observation. However, the maximum unambiguous velocity
is far too low for practical users due to the cascaded board
containing 12 transmitters used in TDM. As shown in Fig. 12,
on the left-hand side, there is an R&S AREG800A automotive
radar echo generator. An RF component is then connected to
the echo generator to generate the simulated target echo with
the aforementioned parameter, and an absorber is placed to
avoid the strong reflection from the table, while on the right-
hand side, the TI radar board is located.

The echo of a target with velocity 1 m/s is emulated first.
Later, the echo at the same position but with a different
velocity equal to 10.56 m/s is emulated to verify that the
proposed method can estimate not only the unambiguous
velocity, but also the ambiguous one. The results are shown
in Fig. 13. For scenario 1, where the ground-truth velocity
is 1 m/s, the estimation is 0.9871 m/s. Another scenario,
scenario 2, is shown in the bottom subfigure, where the
ground-truth velocity is 10.56 m/s, and the estimator provides
10.64 m/s. Both results are close to the ground truth, proving
the effectiveness of the proposed method.

To compare with a state-of-the-art algorithm, the algorithm
proposed in [18] is chosen as the most commonly used one.
This algorithm needed multiple overlapped antennas, which
the TI board provided. However, compared to this algorithm,
the proposed method only requires one overlapped antenna,
which can maximize the angular resolution capabilities of
MIMO. The algorithm in [18] estimates the velocity of sce-
nario 1 at 0.9739 m/s, while it estimates the target in scenario 2
moving at 10.48 m/s, achieving similar results to the proposed
estimator, but with stricter requirements on the number of

Fig. 14. Doppler velocity set for the experimental Monte Carlo tests.

Fig. 15. Results of the state-of-the-art algorithm [18] under different numbers
of overlapped antennas.

overlapped antenna pairs, that is, using 32 in total in the TI
radar board.

To investigate the method performances quantitatively, a
more comprehensive comparison is conducted by redoing the
Monte Carlo test for the experiment setup 540 times, namely
27 different Doppler speed values and 20 times independently
collected data. The Doppler velocity for each experiment is
uniformly sampled within the maximum ambiguous Doppler
range, as shown in Fig. 14. The RMSE of the 540 results
is calculated as 0.0448 m/s, proving the effectiveness of the
proposed method, while the state-of-the-art method using 32
overlapped antennas achieves a higher RMSE of 0.1329 m/s.

Moreover, different numbers of overlapped antennas were
tested using the method in [18]. The corresponding results are
presented in Fig. 15. It can be observed that the estimation
error decreases as more overlapped antennas are introduced,
whereas the case with only one overlapped antenna produces
unreliable results. Although the performance improves with
a larger number of antennas, the state-of-the-art method still
requires each range–Doppler bin to contain only a single
target, which does not always hold in practice. In contrast, the
proposed method first separates targets in the spatial domain
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and assumes that each spatial position contains only one target,
which is a more realistic assumption in real-world scenarios.

The edge of the unambiguous Doppler/velocity range is
always challenging for conventional Doppler FFT due to the
energy leakage, and so this is also the case for the proposed
method. An experiment test is implemented with target veloc-
ity values of 27.1 m/s, where the maximum unambiguous
velocity is 28.58 m/s, with 23 frames. The estimated results
are fluctuating between the positive and negative sides, with
an average of 27.0983 and −25.3266 m/s; this is a similar
phenomenon to what is also occurring in the method [18].

V. CONCLUSION

A novel MIMO antenna array transmission mode and
Doppler de-aliasing technique for TDM have been proposed to
solve the Doppler ambiguity in TDM MIMO array processing.
The numerical simulations and the experimental results prove
the effectiveness of the proposed method. The TDM Doppler
signal model has been derived, and a novel two-step cost
function is proposed to achieve robust and efficient estima-
tion. The simulation results support the idea that activating
one transmitter in sequential order can effectively solve the
Doppler ambiguity from the TDMA setting with the proposed
method. The method achieves an error similar to that of the
state-of-the-art method in the experimental data, within the
error 1%, while the state-of-the-art method needs multiple
overlapped antennas and cannot resolve multiple targets in the
same Doppler and range cell.
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