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Abstract—In this paper we present methods for the design of
planar frequency-modulated continuous-wave (FMCW) multiple-
input multiple-output (MIMO) arrays with an emphasis on
the problem of moving targets in time-division multiple-access
(TDMA) systems. We discuss the influence of target motion and
boundaries of operation and present a method to compensate for
its effects, which requires special attention in the array design and
in signal processing. Array design techniques, examples including
an implementation, and measurement results are also covered in
this article.

Index Terms—FMCW, millimeter-wave, radar, TDMA, MIMO,
array, design.

I. INTRODUCTION

Frequency-modulated continuous-wave (FMCW) systems at
millimeter wave frequencies have gained a huge interest in
recent years. With monolithic microwave integrated circuit
(MMIC) developed for mass markets like the automotive
industry [1] they are also becoming available for other smaller
volume applications [2]. The high frequencies and the high
integration levels allow for these systems to become smaller
and smaller which enables and drives the use of multiple
antennas for transmitting and receiving to achieve an improved
angular resolution capability.

In this paper we present design concepts and signal process-
ing methods for multiple-input multiple-output (MIMO) time-
division multiple-access (TDMA) arrays with a special focus
on target motion, as well as an implementation. In section II
we discuss a signal model for FMCW MIMO radar systems
and the associated virtual antenna concept. The TDMA method
for such systems including the effects of target displacement
during the measurements are presented in section III. We also
present array design requirements and a signal processing
method to reduce these effects. Boundaries of operation of
this simple method are also provided. In section IV we
present design methods, for which an implementation with
measurement results is presented in section V.

II. SIGNAL MODEL AND VIRTUAL ARRAY

Because of the ease of manufacturing arrays on printed
circuit boards (PCBs) we will focus on planar arrays. A MIMO
array is an array of antennas where multiple antennas are
used for transmitting a signal (TX) and where also multiple

antennas are used for receiving (RX). When TX and RX are
collocated we talk about transceivers (TRXs). Fig. 1 shows
such an array in the x-y plane, with a target at (rt, θt, ϕt) and
two TX, and two RX antennas at positions x= [x, y]

T.
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Fig. 1. A two-dimensional MIMO array consisting of two transmitters (TX)
and two receivers (RX).

Assuming the radar target is in the array far-field, an FMCW
system [3] signal model of the mRXth RX channel due to a
signal transmitted by the mTXth transmit antenna is given by
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with
ut = [sin θt cosϕt, sin θt sinϕt]

T
, (2)

where B is the FMCW signal bandwidth, c0 is the speed of
light, n=0 . . . N−1 is the sample index and with Φt being an
unknown target reflection phase.

If it is possible to separately measure all TX and RX
combinations, we obtain MTX×MRX signals. In this case
a MIMO setup can be equivalently substituted by a single
transmit antenna at x=[0, 0]T and by MTX×MRX receive
antennas. This equivalent multiple-input single-output antenna
array setup is called the virtual array with the virtual antenna



positions

xV(mTX,mRX) = xTX(mTX) + xRX(mRX). (3)

The virtual antenna concept is an important tool for de-
signing a MIMO array as it provides the link between MIMO
arrays and classical array synthesis techniques. The MIMO
array has the same properties as its virtual counterpart RX
only array, assuming that the target position does not change
during the measurements. Fig. 2 shows a MIMO array and its
associated virtual array according to (3). The advantages of the
MIMO concept are obvious as the virtual array has a higher
number of elements than the original array and as the aperture
of the virtual array is also larger than that of the original array.
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Fig. 2. A MIMO array and its associated virtual array according to (3).

While a MIMO array results in an associated virtual array
of MV=MTX×MRX elements, the virtual antenna positions
might not be unique. For example a TRX MIMO system
may only result in a virtual array with up to MVu≤MTRX ×
(MTRX +1)/2 unique positions [4]. It is certainly desirable to
design a MIMO array in a way to obtain the maximum number
of unique virtual antenna positions. On the other hand virtual
antennas that do not have unique positions (we shall call
them overlapping virtual antennas) can be used to compensate
moving target effects in TDMA FMCW MIMO radar systems.

III. TDMA AND DISPLACEMENT COMPENSATION FOR
MIMO ARRAYS

The virtual array model of section II requires that all TX
and RX combinations can be measured separately. There are
multiple ways to achieve such a seperation such as

• TDMA,
• Frequency-division multiple-access and
• Code-division multiple-access.

For TDMA the TXs are enabled sequentially. One complete
MIMO measurement is split up into MTX measurement cycles
with only one TX active at a time. It is the simplest form, with
the lowest requirements regarding the hardware and works
well, when the targets do not move between the measurement
cycles.

A. Phase Shift due to Moving Targets

The conventional delay-and-sum beamforming requires a
signal in the form of (1). If a target is moving, its position
changes during the sequential TX activations and the resulting

radar image may become blurry [2] or completely useless, as
shown in Fig. 3.
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Fig. 3. Effects of a moving target: The radar image becomes blurry or even
completely useless.

We will now consider target displacements with respect to
the target coordinate system in Fig. 1. Similar to the antenna
far-field condition, that is often defined by a maximum phase
error of π/8 [5], we will discuss this condition in the context
of target motion.

1) Displacement in eϕ or eθ direction: Analyzing (1)
reveals that a change in ϕt and θt will only influence the
spatial frequency term a. If

2πf0/c0 [DxDy] ∆ut ≤ π/8 (4)

the effects due to a target displacement in eϕ or eθ can
be neglected, with Di denoting the respective array aperture
dimensions and with ∆ut denoting the change of ut during
the measurement cycle. For a 77-GHz uniform λ/2 linear 8
elements array (where λ is the free-space wavelength) this
leads to ∆u ≤ 0.016 and via geometrical relations for a target
at rt=10 m with a measurement cycle of T=4 ms to a target
velocity of vmax=40 m/s.

2) Displacement in er direction: A change of rt effects b
as well as c in (1). Considering the term b we find

4πB/c0 ∆rt ≤ π/8, (5)

which, for a bandwidth of B=500 MHz and with the setup
from 1), results in a maximum velocity of vmax=4.7 m/s.

The most sensitive part in terms of target motion is c for
which we find

4πf0/c0 ∆rt ≤ π/8. (6)



For the 77-GHz system with T=4 ms this means that
vmax=0.03 m/s. While π/8 might be a conservative boundary,
we see that for typical 77-GHz TDMA FMCW MIMO systems
the change of c due to radial target motion has the most crucial
influence.

B. Moving Target Phase Compensation

We will now focus on compensating the effect of chang-
ing phases during the sequential TDMA measurements. To
account for them we can extend (1) to

s̃IF(n,mTX,mRX) = sIF(n,mTX,mRX) cmTX
, (7)

with the unknown complex phase coefficients cmTX
. When

we have two measurements from different different TX mTXi,
mTXj and for two different RX mTXk, mTXl where the ideal
signal model is identical

sIF(n,mTXi,mRXk) = sIF(n,mTXj ,mRXl), (8)

and assuming that the amplitude does not change, we can find
the relative phase shift between these two measurements

s̃IF(n,mTXi,mRXk)

s̃IF(n,mTXj ,mRXl)
=
cmTXi

cmTXj

. (9)

By correcting one of the two measurement cycles by this
factor it is possible to establish phase coherence between the
two cycles even when the target position has changed. In terms
of the virtual antenna concept the TX and RX combinations
where the signal model is identical can be interpreted as
overlapping virtual antennas. Thus we need to pay attention
in the array design to be able to perform this kind of phase
compensation.

The problem can be interpreted in the context of graph the-
ory by a graph with MTX nodes, where each node represents
a measurement cycle and where each edge represents a pair
of overlapping virtual antennas. In order to establish phase
coherence between all measurement cycles we require a graph
that admits a spanning tree. We therefore need a minimum of
MTX − 1 properly designed pairs of overlapping antennas in
order to be able to find a spanning tree. An exemplary array
and its graph representation is given in Fig. 4.

It becomes obvious that the problem does not have a
unique solution as there exist a multitude of spanning trees
for a MIMO array with MTX ≥ 3 and also a multitude of
potential overlapping virtual RX elements depending on the
array design. A virtual array that allows for the presented
phase compensation has a number of unique virtual antenna
positions of

MVu ≤MVu,max = MTX ×MRX − (MTX − 1), (10)

with MVu,max being the maximum number of unique antenna
positions, for which compensation is possible.
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Fig. 4. A 3-TX 3-RX MIMO array with three overlapping virtual antennas
and its graph representation showing the measurement cycles (nodes) and the
overlapping virtual antenna pairs (edges).

C. Frequency Shift due to Moving Targets

So far we have only considered the phase shift of the
different components in (1). However also the frequency in
term b changes due to the target displacement during the
TX cycles. Fig. 5 shows the magnitude of the temporal
discrete Fourier transform SIF(x)=DFT {w(n) sIF(n)} of an
RX channel for different TX activation cycles while a target is
moving, where w(n) denotes the temporal window function.
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Fig. 5. The frequency shifts for a moving target during the sequential TX
activation.

The faster a target moves the more the peaks are going to
be separated. The width of a peak is defined by the radar’s
resolution capability [6] and thus

α 2c0/B, (11)

where α accounts for the window function w(n) [7]. It is rea-
sonable to demand that all peaks have to overlap significantly
during one complete radar measurement, so that

∆rt < α c0/B. (12)

Assuming a constant velocity during the measurement, a
rectangular window and the exemplary system with T=4 ms



and B=500 MHz this leads to a relaxed boundary of
vmax < 150 m/s.

IV. MIMO ARRAY DESIGN

In this section we present design techniques that provide the
required overlapping virtual array elements for the presented
motion phase compensation concept.

A. TRX Arrays

In a TRX array where each antenna is used for transmitting
and for receiving, so that

xTX(m) = xRX(m) = xTRX(m), (13)

there are enough overlapping virtual antennas automatically,
as

sIF(n,mi,mj) = sIF(n,mj ,mi). (14)

However the virtual antenna setup is not optimal in a sense that
there are at least MTRX(MTRX − 1)/2 overlapping antennas
which is more than required and thus MVu < MVu,max.

B. Linear Antenna Arrays

We assume that the antenna array is located on the y-axis
with antenna positions x=[0, y]T. If we assume a given RX
configuration and design the TX array in a way so that

yTX(m+ 1)− yTX(m) = yRX(MRX)− yRX(1), (15)

we will get the required overlapping virtual antennas, as for
consecutive TX measurements the virtual antenna positions
from the last RX and from the first RX respectively overlap

yTX(m+ 1) + yRX(1) = yTX(m) + yRX(MRX). (16)

Thus we have

sIF(n,m,MRX) = sIF(n,m+ 1, 1). (17)

A minimum number of MTX − 1 virtual antennas is spent to
realize the phase compensation, all other virtual antennas are
used to span the aperture, thus MVu=MVu,max. While this
approach restricts the TX array to a uniform array, it can be
used to design an efficient fully filled uniform linear array as
shown in Fig. 6
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Fig. 6. A linear MIMO array, that leads to a uniform virtual array, with
the minimum number of overlapping virtual antennas required for motion
compensation.

C. 2d Arrays

Another approach that works for arbitrary 3d arrays and
yields the required overlapping virtual antennas is to enforce
one virtual antenna to be at the same position for all measure-
ment cycles, so that for any measurement cycles mTXi and
mTXj there exists exactly a virtual antenna position

xTX(mTXi) + xRX(mRXk) =

= xTX(mTXj) + xRX(mRXl) = xVconst. (18)

The equation above is automatically fulfilled if for every TX
element there exists an RX element with position

xRX = xVconst − xTX, (19)

in other words, when there is a subset in the RX array that
is a geometrically mirrored version of the TX array. This
does however not ensure that there are not more overlapping
elements than required.

As it is shown in Fig. 7 the presented approach can
be realized using a multiplexer to minimize the number of
required RX RF and/or baseband channels.
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Fig. 7. A 2d MIMO array with 4 TX and 5 RX channels that leads to a
virtual array with 17 unique virtual antenna positions.

In Fig. 7 the multiplexer is set to RX5,i when TXi is
activated, so that

xTX(mTX) + xRX(5) = xVconst. (20)

As the TX array in Fig. 7 is uniform and thus is identical
when mirrored, using TRX instead of TX elements is also an
option.

Again the virtual array has a maximum obtainable number
of unique, virtual antenna positions of MVu=MVu,max.

V. IMPLEMENTATION AND MEASUREMENT RESULTS

TRX TDMA MIMO systems can be found in [4], [8], they
all offer the phase calibration capability as described in IV-A.
We will now present the implementation of an array designed
according to IV-B which is shown in Fig. 8.



Fig. 8. An implementation of a 77-GHz TDMA FMCW MIMO radar system
designed according to section IV-B.

This 77-GHz FMCW radar system consists of MTX=6 TX
channels and MRX=8 RX channels with SiGe MMICs by
Infineon. The RX antennas have a spacing of 1.9 mm (≈λ/2)
and the TX antennas are separated by 7× 1.9 mm=13.3 mm.
The resulting virtual array is a linear, uniform, λ/2 array,
similar to Fig. 6, but with 43 unique antenna positions and
5 overlapping antenna pairs for phase compensation.

To verify the proposed array design and the algorithm we
mounted a corner cube reflector as target onto a computer-
controlled, linear rail running perpendicular to the MIMO
array and performed measurements for different target veloc-
ities vtarget. The FMCW radar parameters are summarized in
Table I.

TABLE I
SUMMARY OF THE PARAMETER SETTINGS FOR THE FMCW RADAR

MEASUREMENTS.

Start frequency f0 74 GHz
Bandwidth B 2 GHz
Ramp duration Tr 1 ms
Sampling rate fs 1.25 MS/s

As in the implemented system one TX measurement cycle
consists of an up- and a downchirp, the complete measurement
takes T=6×2 ms=12 ms. Fig. 9 show measurement results for
a target at vtarget=3 m/s without and with the compensation
technique presented in III-B, which is required as (6) is
violated. Using a Hann window a change in frequency can
be neglected, in accordance with (12), as long as the target
velocity is well below vmax≈25 m/s. One can clearly see
how the blurry image of a single target can be reconstructed.

VI. CONCLUSION

In this paper we presented the problem of moving target
scenarios in TDMA FMCW MIMO radar systems. We ana-
lyzed the effects of moving targets and provided a method to
compensate for unknown phase shifts. The method requires
special attention in the array design which we covered and
explained by means of the virtual antenna concept, which pro-
vides a link between classical array theory and MIMO arrays.
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Fig. 9. Measurement results for a target moving at a velocity of
vtarget=4 m/s, without and with the motion compensation technique pre-
sented.

We presented three design approaches and an implementation
including measurement results.
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