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Compensation of Motion-Induced Phase Errors
in TDM MIMO Radars
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Abstract—For high-resolution direction of arrival estimation,
a wide aperture is necessary. This can be achieved with multiple-
input multiple-output (MIMO) radars, which offer a wide virtual
aperture. However, the requirement of orthogonal transmit sig-
nals has to be satisfied for their operation. Although time division
multiplexing (TDM) of the transmit elements is an orthogonality
realization with low hardware effort, phase errors occur in non-
stationary scenarios. This work briefly discusses the problem of
the motion-induced phase errors and describes processing steps to
mitigate them without additional effort. The proposed technique
is demonstrated with simulation and measurement data.

I. INTRODUCTION

The current development in automotive radar is going
towards multiple-input multiple-output (MIMO) systems, con-
sisting of M transmitters and N receivers. They offer a large
number of virtual antenna elements and high angular resolu-
tion, and this comes with a reduced effort of hardware and
aperture size compared to conventional systems. However, the
realization requires the transmission of orthogonal signals. In
linear frequency modulated chirp sequence radars, this is typi-
cally done with time, frequency, or code division multiplexing.
This paper focuses on the time division multiplexing (TDM)
scheme, which is used very often, e.g. [1], [2], [3], [4].

A chirp sequence radar transmits a series of linear frequency
ramps. The baseband time samples of each chirp are stored in
a matrix, and range and velocity are extracted with a two-
dimensional Fourier transform. This leads to a range-Doppler
spectrum for each single channel. When a TDM MIMO
scheme is applied, the active transmit element is changed
after each transmission of a single chirp. An example with
two transmitters (M=2) is shown in Fig. 1. The geometric
location of each transmitter and each receiver forms a virtual
array which has a maximum number of M ·N virtual elements.
A range-Doppler spectrum is found for each element of the
virtual array.

The phase difference between the antenna elements is used
for direction of arrival estimation. In a non-MIMO linear array,
the phase difference of a signal on two receive channels is

∆ϕ = kd sinϑ, (1)

where ϑ is the incident angle of the signal, k the wave number,
and d the distance between the elements. In a TDM MIMO
system as shown in Fig. 1, an additional phase difference has
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Fig. 1. In the exemplary TDM MIMO scheme, transmitters Tx1 and Tx2 op-
erate in an alternating way. Tr limits the unambiguous Doppler frequency [5].

to be considered because of the switching time Tr/2 between
the transmitters Tx1 and Tx2. This alters (1) to

∆ϕ̃ = kd sinϑ+ 2πfDTr/2 . (2)

Target motion results in a Doppler frequency fD that intro-
duces an additional phase term. For objects with a high fD,
∆ϕ̃ is strongly influenced by this error. In general, for M
transmitters the phase relation at the m-th transmitter Txm is

∆ϕ̃Txm = kd sinϑ+ 2πfDTr
m− 1

M
. (3)

For the compensation of the motion-induced phase error, [6]
proposes to create overlapping elements in the virtual aperture.
These elements are used to estimate and correct the error; how-
ever, this comes at the cost of (M−1) unique virtual elements
and therefore reduces the maximum aperture size or maximum
number of channels. Optimizing the switching scheme of the
transmitters to reduce the phase error is discussed in [7].
[8] introduces an estimation and interpolation of the motion-
induced error. Another approach is the error reduction through
an interlaced transmission of frequency ramps [9].

In this paper a straight-forward way is introduced and
demonstrated for handling the motion-induced phase error
with basic signal processing techniques for a chirp sequence
radar. This approach does not require any additional hardware
effort and has only small processing requirements.

II. PHASE ERROR COMPENSATION

In this section, the origin of the motion-induced phase error
is described, and the discrete Fourier transform (DFT) for the
extraction of velocity is adjusted to mitigate the phase error.

The baseband time signal of a single frequency chirp
l=0, 1, 2, ... is modeled similarly to [5] as

sTxm(t, l) = e
j
(

2π
[

2fcR
c0

+(fR+fD)t+lfDTr

]
+∆ϕ̃Txm

)
. (4)

c0 is the speed of light and fc the center frequency of the chirps
and R the target distance. The range-dependent frequency is
fR= 2BR

c0Tc
. For chirps with a short time duration Tc and a high
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Fig. 2. In a system with a single transmitter, the phase difference of a single
target between two successive chirps is 2πfDTr. For extraction of the Doppler
frequency, the Fourier transform rotates all vectors to the phase ϕTx1 (l=0),
indicated with arrows. The constructive superposition of the vectors leads to
a peak in the spectrum at fD .

bandwidth B, it is typically assumed that fR � fD. A Fourier
transform F(sTxm(t, l)) leads to the range spectrum of chirp l:

STxm(f, l) ∝ sinc (πTc(f − fR)) e
j2π
[

2fcR
c0

+lfDTr

]
+j∆ϕ̃Txm

= sinc (πTc(f − fR)) ejϕTxm (l) (5)

Fig. 2 shows the complex vector STx1(fR, l) for a single target
at multiple frequency chirps for the case of a single transmitter
Tx1. In this non-MIMO setup, a second Fourier transform is
calculated across all chirps to extract the velocity. For the
frequency fD, the Fourier transform rotates all vectors to the
phase ϕTx1(l=0), what leads to a maximum:

SDoppler, Tx1(fD) =
∑
l

e jϕTx1 (l) · e−j2πfDTrl . (6)

In the TDM MIMO case a second transmitter Tx2 is
present. As depicted in Fig. 1 the active transmitter is switched
after each successive chirp. Without loss of generality, it is
assumed that ϑ=0. Fig. 3 shows how the DFT transforms
all vectors corresponding to Tx2 to the phase ϕTx2(l=0).
All vectors corresponding to Tx1 still behave as shown in
Fig. 2. ∆ϕ̃Tx2 introduces the motion-induced systematic error
ϕerr=2πfDTr/2. In order to mitigate this error, the Doppler
processing is changed. The chirps according to Tx1 are still
processed with the normal DFT (6). For the chirps transmitted
by Tx2, the DFT is adjusted to

SDoppler, Tx2(fD) =
∑
l

e jϕTx2 (l) · e−j2πfDTr(l+1/2). (7)

With this slightly adapted DFT, the phases of the chirps of
Tx2 are also transformed to the phase ϕTx1(l=0). For ϑ 6=0, a
constant phase according to (1) is added to ϕTx2(l). As this
phase shift is independent of l, it can be extracted from the
sum in (7). Thus, the proposed processing is valid for any ϑ.
A related way of processing for the reduction of Doppler
ambiguities is presented in [10].

Extending the scheme for a number of M transmitters, the
Doppler DFT for transmitter Txm is calculated by

SDoppler, Txm(fD) =
∑
l

e jϕTxm (l) · e−j2πfDTr(l+
m−1
M ). (8)

Because of the linearity of the DFT, (8) also holds in multi-
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Fig. 3. In a TDM MIMO radar, the chirps of each transmitter are processed
independently. While the DFT for Tx1 transforms all phases to ϕTx1 (l=0),
the phases of Tx2 are transformed to ϕTx2 (l=0). This leads to the systematic
phase error ϕerr = 2πfDTr/2.

TABLE I
MODULATION PARAMETERS FOR SIMULATION AND MEASUREMENT.

Simulation Measurement
Bandwidth B 1 GHz 594 MHz
Ramp duration Tc 20 µs 20.480 µs
Ramp repetition rate Tr 25 µs 27.015 µs
Center frequency fc 77 GHz 76.41 GHz
Number L of frequency chirps 128 128

target scenarios. Note that this way of processing is equivalent
to an interlaced zero-padding in Doppler dimension prior
to conventional DFT processing. This means the input of a
conventional DFT is the vector

[S(f, l = 0), 0, S(f, l = 1), 0, ...] (9)

for Tx1, and for Tx2 it is

[0, S(f, l = 0), 0, S(f, l = 1), ...]. (10)

III. SIMULATION AND MEASUREMENT

The simulations compare the direction of arrival (DoA) esti-
mation of a moving target after application of the conventional
DFT (6) and the adapted DFT (8) with the DoA estimation of a
static target. The simulated radar uses the parameters in Tab. I
and a TDM MIMO array with 2 transmitters in a distance of
5λ and 10 receivers with λ/2-spacing. It forms a 20 elements
uniform linear virtual array with element spacing λ/2. All
DoA estimations are done with a Bartlett beamformer [11].

The noise-free simulation considers a target in dis-
tance 30 m, ϑ=15◦, and the velocities v=0 and v=18 m/s. Fig. 4
shows the DoA estimation on the range-Doppler cell that
contains the target. The estimation for v=0 results in 15.2◦, the
closest bin to the actual DoA of 15◦. This estimation is used
as reference. When the range-Doppler spectrum is determined
with (6) for v 6=0, the motion-induced phase error corrupts the
estimated DoA to 18.5◦ and leads to a deformed spectrum.
However, when the Doppler processing is done using (8), the
estimation for v=18 m/s is identical to the static reference.

A measurement evaluation is done with a TDM MIMO
radar with 2 transmitters and 10 receivers, and the modulation
parameters in Tab. I. The virtual array is a uniform linear array
with element spacing 0.545λ that contains an overlapping
element. The sensor is mounted on a car with a velocity of
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Fig. 4. Simulation of a single target at 15◦ for the different velocities v=0 and
v=18m/s. For v=0 no phase error occurs. In the case v=18m/s and a Doppler
processing with (6) the motion-induced phase error leads to a wrong DoA
estimation and a deformed spectrum. In case of Doppler processing with the
adjusted DFT (8), the DoA estimation is identical to that one without velocity.

2 4 6 8 10 12 14 16 18

3

4

5

Virtual antenna element

Ph
as

e
in

ra
d DFT (8)

DFT (6)

Fig. 5. Measured phases at the elements of the MIMO virtual array. The
element at position 10 occurs twice in the virtual aperture.

approximately 18 m/s. The range-Doppler matrix is calculated
with the conventional DFT processing (6) and the newly
proposed processing (8). In the range-Doppler spectrum, a
dominant target peak is selected for DoA estimation. Fig. 5
shows the phase of this peak at the virtual array positions. At
position 10 (overlapping element), two phases are included in
the plot. The virtual elements before this transition belong to
the first transmitter, the other ones to the second transmitter.
At the position of the overlapping element there is a phase
discontinuity of 1.54 rad for the conventional processing (6),
due to the motion-induced phase error. The phase-corrected
range-Doppler processing (8) does not show such a severe
deviation. Instead, the phase values at the position of the
overlapping elements are nearly identical.

Fig. 6 shows the corresponding DoA estimation for the
following cases: range-Doppler processing with (6), range-
Doppler processing with (6) followed by phase correction with
the overlapping element according to [6], DoA estimation
using the data of a single transmitter (singe-input multiple-
output, SIMO), and range-Doppler processing with (8).

The application of (6) leads to two broad peaks in the DoA
estimation. The overall maximum appears at the DoA of 1◦.
When the overlapping element is used for phase correction, the
estimation results in one narrow peak at 3.9◦ and the curve
shape has significantly lower side lobes. The SIMO estimation
has a smaller aperture and thus a worse resolution; however,
the maximum of the DoA estimation of 4.3◦ is very similar
to the previous one. When the MIMO DoA estimation is done
after range-Doppler processing with (8), the estimated DoA is
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Fig. 6. DoA estimation for a measurement with velocity 18m/s.

3.9◦ and the curve shape is nearly identical to the processing
using the overlapping element; however, it does not require
the overlapping element in the virtual aperture.

IV. CONCLUSION

The paper introduced a range-Doppler processing to mit-
igate motion-induced phase errors in TDM MIMO radars
without any additional hardware effort like an overlapping
element. Simulations showed that the presented way of pro-
cessing has the same DoA estimation performance in dynamic
scenarios as a conventional processing in static scenarios. The
compensation of the motion-induced phase error could also be
verified with measurement results.
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