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ABSTRACT
The modalities of many imaging applications have been advancing toward the MIMO format for
improved efficiency. This paper presents an approach to the implementation of the MIMO
operating modality for FMCW radar imaging systems with multi-element data-acquisition
arrays. The unique characteristics of the software-defined step-frequency FMCW imaging
systems enable the simple and precise orthogonalization procedure through direct spectral
partitioning. This paper includes the description of the data-acquisition hardware of an eighttransceiver radar imaging system, imaging formation algorithms, MIMO implementation, and
results of laboratory experiments.
INTRODUCTION
Because of the recent advancement in hardware and software capacity, MIMO technology has
been applied to sensors and sensing. One of the important applications is the MIMO imaging
systems. In the meantime, radar technology has been advancing toward the multi-static modality
with multi-element transceiver arrays for high-performance imaging. One crucial component of
this operating modality is the organization and configuration of the data-acquisition process,
fully maintaining the transmitter-receiver correspondences. As the imaging systems operate in
the MIMO mode, the transmitter-receiver correspondences need to be retained through the use of
orthogonal probing waveforms such that orthogonal decomposition can be applied to the
effective partitioning and reconfiguration of the detected wavefield samples.
FMCW imaging radar systems are uniquely suitable to the MIMO operating mode. Because the
waveform data from the FMCW systems are characterized as frequency-domain samples, the
orthogonal decomposition can be achieved by directly partitioning the operating frequency band.
For a system with N transceiver antenna elements, one version is to partition the frequency band
into N consecutive sub-bands. The second version is to partition the band into N consecutive
sub-bands in the interlacing manner. This technique produces N sub-images and both methods
converge to the identical final image.

This paper presents the data acquisition and image formation process of a multi-element FMCW
MIMO radar system. It also illustrates the characteristics of the sub-band partition techniques
and the convergence of the image reconstruction procedure.
MIMO RADAR UNIT
This MIMO radar unit is a low-cost, light-weight, low-power, portable ultra-wideband system.
The total weight of the radar unit is 156 g with DC input and operating power level of 6 Watts.
The RF transmit power is 50 mW. The MIMO radar is a fully-programmable software-defined
microwave system that can be controlled by a user through any standard PC over Ethernet. It
operates in the step-frequency FMCW format, with the operating frequency range from 1.0 GHz
to 4.0 GHz. With the full 3.0 GHz bandwidth, the range resolution of this radar system is 5 cm in
air.
The frequency hopping rate is a variable, to be selected by the user, with the maximum
frequency-hopping rate of 90,000 hops per second. The frequency hopping format is also
reconfigurable. For typical imaging applications, the system steps through an elected frequency
band with a designated frequency increment. Yet, for communication or secured imaging
operations, random or multi-band frequency hopping formats can be exercised. The dynamic
range of the radar unit at the highest hop-rate is 45 dB. However, for imaging applications, the
system usually functions below its full range as clutter and other unwanted echoes limit the
overall performance.
The AKELA 2-Port radar unit performs all waveform generation and measurement during
operation. This system is designed to function with multiple transceiver antennas by arranging
multiple AKELA 2-port radars in a master-slave configuration and integrating an antenna
interface port-switching system. The present model of this MIMO radar system can support up to
16 antenna elements. The user defined frequency parameters are communicated to the AKELA
radar through a 100 Base-T Network interface and interpreted by a Field Programmable Gate
Array (FPGA). The FPGA in the master unit instructs the radar circuitry to generate the specific
FMCW waveform from a digitally controlled transmit local oscillator (LO), then transmit the
signal at its transmit (TX) port, and coherently receive at its receive (RX) port. The received
signal is filtered and demodulated before being sampled by an analog-to-digital (A/D) converter
synchronized with the transmit and receive LOs. The master unit distributes its transmit and
receive reference signals to the slave units to preserve coherency and informs them to repeat the
same transmit-receive operation. During transmission, the antenna interface switches one TX
Port and one RX port to any two antenna elements, which then act as a transmitter-receiver pair.
A block diagram of the hardware architecture is given in Figure (1).
From the perspective of signal and system analysis, each antenna element can function as a
transmitter as well as a receiver. For an N antenna setup, (N-1) bi-static stepped-frequency
sequences can be collected corresponding to each transmitting antenna. Thus, in total, N2-N
sequences can be detected for one full bi-static data-acquisition format, available for image
reconstruction. As an antenna conducts the transmission-illumination signaling, it transmits a full
sequence of coherent waveforms according to a selected step-frequency FMCW hopping format,
and all antenna elements function as receivers. Therefore, when the system functions in the full

mono-static and bi-static mode, the operation is at the level of a multi-static MIMO stepfrequency FMCW imaging system.

Figure (1): MIMO system hardware architecture

DATA-ACQUISITION AND IMAGE FORMATION
During a signaling cycle, the transmitter sends out a complete sequence of N coherent signals,
stepping through a defined frequency band B with frequency increment Δf
f = f0 + k Δf

where k = 0, 1, 2, … N-1

and B = N Δf.
During a sweep period, the step-frequency FMCW modality can be regarded as an organized
sequence of CW operations. For simplicity, the transmitted signal can be written in the phasor
form of,
E(t) = E exp(j2πft)
For the propagation distance r, the time delay is
τ = r/v
where v is the propagation speed. Then, responding to this target, the detected signal g(t) at the
receiver is in the form of a weighted and delayed version of the transmitted waveform,

g(t) = p E exp(j2πf (t - τ)) = p E exp(j2π f (t – r/v))
where the scalar p denotes the reflectivity of the target and the delay τ is due to the travel time.
At each frequency step, after demodulation, the received signal becomes,
g(t) E*(t) = p |E|2 exp(-j2πfr/v)

If we generalize the range profile to the form of p(r), the received signal g(t) becomes
g(t) =

p(r) E(t- r/v) dr

As a result, the demodulated waveform is
g(t) E*(t) = |E|2

p(r) exp(-j2πf r/v) dr

Through the N frequency steps, a complete illumination cycle produces an N-point sequence
{P(k)} from the demodulated received waveforms.
g(t) E*(t) = P(k) = |E|2
= |E|2

p(n) exp(-j2πf (n Δr/v))
p(n) exp(-j2π(f0 + k Δf )(n Δr/v))

Rearranging the equation, the sequence {P(k)} can be written as
P(k) = |E|2

[p(n) exp(-j2π f0(n Δr/v)] exp(-j2πnk Δf Δr/v)

If we select
Δf Δr/v =
{P(k)} can be described as
P(k) = FFT {[ p(n) |E|2 exp(-j2π f0(n Δr/v) }
Thus the range profile can be computed by using an N-point IFFT.
p(n) = N |E|-2 exp(j2π f0(n Δr/v) IFFT {P(k)}
The range resolution Δr is governed by the bandwidth B and propagation speed v,
Δr =

The functionality and mathematical formulation of the step-frequency FMCW data-acquisition
format indicates that time-delay profiles are the inverse Fourier transform of the acquired
spectral data sequences. Since a spectral data sequence is collected corresponding to a pair of
transceiver elements, there is a unique time-delay profile associated with each transceiver pair.
Subsequently, the time-delay profiles are scaled by the propagation speed for the conversion to
range profiles for the space-time image reconstruction.
Given the coordinates of the transducer elements, space-time image reconstruction is achieved
by mapping multi-static range profiles onto a discrete 2D matrix of range bins. From the
perspective of a particular element pair, each bin is characterized by a total range distance, rtotal =
r1+r2. If a point target were to exist at that bin location, rtotal denotes the range traveled from the
transmitter, to the target, and then to the receiver. The range profile for that element pair is
referenced, and the complex magnitude located at the index rtotal is added to the bin location of
the image matrix. This procedure repeats and information provided by each element pair is
superimposed onto the image matrix.
MIMO OPERATING MODALITY
In imaging system optimization, the multi-static modality is the most effective data-acquisition
configuration in many practical imaging applications. This modality produces the maximum
spatial-frequency spectral coverage, which translates into high image quality and resolution. For
a data-acquisition system with N transceiver antennas, the multi-static modality obtains N monostatic and N(N-1) bi-static data tracks. Range estimation methods are applied to the N2 data tracks
for the range profiles. And then the N2 range profiles are converted into the form of N2 subimages subsequently. The final image is the superposition of all N2 sub-images.
The multi-static modality is also the most important imaging configuration for system
performance evaluation. It enables the analysis of the performance of mono-static and bi-static
data tracks separately, in the form of resolving capability in range and cross-range direction. It
can be seen that the N2 Transceiver tracks and the associated sub-images are corresponding to the
N2 elements in an NxN matrix. The N mono-static tracks are corresponding to the N diagonal
elements of the matrix, and the N(N-1) bi-static data tracks are corresponding to the elements of
the upper and lower triangle portions of the matrix. It should also be pointed out that the bi-static
data tracks have redundancy of a factor of two for the symmetry of the matrix. This also suggests
that the transmitter-receiver correspondences are critical to the formation of sub-images. Thus,
the retention of the transmitter-receiver correspondences is of great importance in the MIMO
data-acquisition process.
For an imaging system with N transceivers, the typical MIMO imaging configuration transmits
the probing waveforms from the N antennas and receives N tracks of microwave reflection from
the same N antennas. Comparing to the original multi-static configuration, each of the N tracks
of received data sequences in the MIMO modality is the superposition of N tracks of the multistatic data sets. This means the N2 multi-static data tracks are combined into N received data
sequences of the MIMO data-acquisition operation. The superposition introduces undesired
ambiguity, which translates into artifacts and image degradation. Therefore, the most critical task

for both data acquisition and signal processing for high-performance imaging systems is the
precise implementation of the MIMO imaging configuration.
The fundamental concept for achieving multi-static imaging modality using MIMO dataacquisition systems is to utilize N orthogonal probing waveforms for the N transmitters. These N
orthogonal waveforms are to operate in the same frequency band and have the same signal
energy, such that these N orthogonal components can be separated from each of the data tracks
through matched filtering. Accurate and effective orthogonal decomposition enables us to
partition and convert the N received MIMO data sequences back to the N2 multi-static data
tracks, retaining the N2 transmitter-receiver correspondences.
The implementation of the orthogonalization procedure is a unique and important feature of the
FMCW MIMO radar imaging systems. This is because the FMCW system is a software-defined
data-acquisition device that the transmission of the FMCW frequency steps can be reconfigured
in an effective manner. Therefore, the formulation of a complete set of orthogonal waveforms
has been an area of great interest and importance for the software-defined FMCW imaging
systems.
One direct approach is to modify the phase terms of the FMCW frequency components to
generate N orthogonal probing waveforms for the N transmitters. This approach allows the N
FMCW probing signals to have exactly the same energy level and spectral coverage so that each
range profile provides the same range resolution. An alternative and simple approach is to
partition the M FMCW frequency components into N subsets such that each probing waveform
utilizes M/N frequency steps. The partition can be implemented in the format of N sequential
bands, or more effectively in the interlaced manner. This approach maintains the important
properties of orthogonality, identical energy level, and same spectral bandwidth among the
probing waveforms. In addition, the matched filtering procedure is not required for this
technique, and hardware modification is not necessary either. And because of the discrete nature
of the step-frequency FMCW spectrum, the spectral partitioning is clearly defined without
leakage effects during the orthogonal decomposition process. As a tradeoff, it requires N
repeated sweeps to produce the same spectral content as the multi-static modality for the final
image. The data-acquisition time for the N repeated sweeps is compensated by the simplification
of the matched filtering procedure. Each of the N-track data set from an MIMO sweep can
produce one sub-image independently. And the final image is the superposition of the N subimages. Due to the rapid switching capability of the data-acquisition hardware, procedure for the
N repeated sweeps is more computationally effective than the matched filtering process, which is
required in the traditional MIMO configurations, especially when the number of transceiver
elements is not large.
IMPLEMENTATION OF MIMO DATA ACQUISITION AND IMAGE FORMATION
Conceptually, a multi-element array imaging system transmits N orthogonal waveforms from N
transceivers. Step-frequency FMCW systems function with discrete FMCW spectra at constant
frequency increment Δf. This unique feature enables the orthogonalization procedure precisely
without leakage.

Suppose the imaging system is operating with M frequency components. The N transceivers
transmit all M frequency components collectively, with M/N frequencies each. Each of the
receivers detects wavefield data for all M frequencies. The subsequent procedure partitions the M
wavefield data sequence into N sub-components, corresponding to the N transmitter-receiver
correspondences. Each sweep produces one sub-image, combining the range profiles from N2
range profiles. The superposition of the N sub-images gives the final image. Thus, as it can be
seen, it requires N sweeps to produce the overall final image. One of the important features is
that each sub-image contains the full spectral span from N range profiles collectively.
There are many different approaches to designing orthogonal waveforms for MIMO imaging
with multi-element transceiver arrays. In this paper, two partition schemes are employed for the
experiments. One is to partition to the M FMCW frequency components into N consecutive subbands. The bandwidth of each sub-band is B/N. The second approach is to group the M frequency
components into N sub-groups in the interlaced manner. The bandwidth of each sub-group
remains to be B, with the frequency spacing increased to NΔf.
Different spectral partition schemes produce sub-images with different characteristics. For
continuous sub-band partition, the range profiles show wider peaks and smoother variations. The
interlace version yields sub-images with sharper profiles and artifacts of repetitions.
Results from laboratory experiments are utilized to illustrate the characteristics of the
convergence of image formation process. The system employed for this experiment is an 8antenna unit. The first group of images shows the sequential superposition of sub-images
associated with interlaced sub-bands, as shown in Figure (2-a). The second group, shown as
Figure (2-b), is the image sequence of the sub-images with continuous sub-bands. During the
convergence process, each sub-image is formed from multiple tracks of range profiles
corresponding to different transmitter-receiver correspondences. And, collectively, each subimage contains the full operating bandwidth. And, both sequences converge to the identical final
image.
CONCLUSION
As the imaging systems migrate toward the MIMO data-acquisition modality for high efficiency,
retention of the transmitter-receiver correspondences is of critical importance. The retention of
the correspondences relies mainly on the precise partition of the wavefield data, which is
governed by the orthogonality of the waveforms.
The step-frequency software-defined FMCW data-acquisition systems are uniquely
advantageous and suitable to MIMO implementation. In the paper, two effective partition
schemes were introduced for the implementation of the MIMO modality onto the FMCW radar
imaging systems. The partition schemes were developed based on the simple concept of
orthogonality in the frequency domain, because the waveform data from the step-frequency
FMCW systems are spectral samples. Both partition methods produce sub-images with full
spectral coverage collectively from all the range profiles to minimize the level of artifacts.
Results from laboratory experiments were fully documented to illustrate the effectiveness and
convergence of the image formation processes

Figure (2-a) Convergence of the image formation process (interlaced spectra)

Figure (2-b) Convergence of the image formation process (continuous spectral bands)
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