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Coherent Dual-band Radar-over-Fiber Network
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Abstract— Today, the advent of radar sensing in applications
requiring ever higher precision, such as automotive and industrial
monitoring, needs the development of systems with superior
resolution, stability and accuracy on 2D/3D spaces. Multiple-input
multiple-output (MIMO) radar systems have been studied for
more than twenty years, proving to achieve excellent resolutions
by merging simultaneous observations from sparse multiple
radars. In addition, long-term frequency/phase coherence among
distributed signals to and from remote and widely distributed
radar frontends, enables a centralized architecture where, in a
common base station (BS) site, all the received signals can be
coherently processed in synergy, allowing to further improve
detection, localization and imaging capabilities. Radio-over-fiber
(RoF) solutions represent an enabling technology for guaranteeing
coherence among all radar signals coherently generated in the BS
and distributed/collected to/from the radar heads by means of
optical fiber links. Despite the unprecedented frequency-agility
provided by photonics-based radiofrequency (RF) up-/down-
conversion in the optical domain, for applications requiring
massive low-cost production and power efficiency, such as
advanced driver-assistance systems, it might be convenient to
transmit and receive conventionally generated RF signals, and to
limit the use of photonics, as in RoF, to RF signal distribution
through cheap high-capacity optical links, in order to avoid EM
interference, minimize loss, signal distortion and link
encumbrance, still keeping the coherence among distributed
signals.

In this work, we present a MIMO radar-over-fiber (RaoF)
network, where a common BS transmits and receives RF signals
through optical standard single-mode fiber (SSMF), to and from
two remote radar transmitters (TXs) and four receivers (RXs), all
remote with respect to the BS and distributed on a 3m-long
baseline, and employing cheap patch antennas. Electro-optic
conversion is achieved through direct modulation (DM) of low-
cost, power-effective and high-speed vertical-cavity surface-
emitting lasers (VCSELs) working in the 1.3 pm-wavelength
regime. Such a wavelength ensures propagation over SSMF with
negligible distortions up to the km-range. The system is tested in a
down-scaled indoor scenario and an RF carrier of 8.5 GHz is used,
due to the limited frequency response of the employed VCSELSs.
System performance is evaluated with 1.4 GHz-bandwidth signals,
comparing non-coherent and coherent signal elaboration. In
addition, dual-band operation in the same RF region is tested,
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confirming that VCSEL-based optical links are a viable way to
guarantee phase coherence among the distributed signals and
among multiple frequency bands. Coherent MIMO processing
also confirm the potential to achieve superior range and cross-
range resolution than non-coherent data fusion.

Index Terms — MIMO radar, Multi-band radar, Optical fiber,
Radar over fiber, Radar signal processing, Ultra-wideband radar,
Vertical cavity surface emitting laser, automotive.

. INTRODUCTION

ADAR systems, whose invention dates back to well over a

hundred years ago, have continuously expanded their
application areas throughout their history. Over time, human
beings have increasingly relied on radar sensors: historical
applications such as air and naval traffic monitoring, have been
added over time to the most disparate scenarios: on-board
systems supporting aerial driving, monitoring of atmospheric
conditions, deforestation and pollution factors through satellite
observations, evaluation of landslide risks, surveillance of
hydrogeological phenomena, just to name a few. The massive
use of radar is mainly due to its ability to operate continuously
in all weather conditions, making it extremely reliable. Indeed,
performance of other types of sensors such as high-precision
and infrared cameras or light detection and ranging (LIDAR)
systems, degrades with weather conditions and exhibits much
stronger limitations, especially in terms of operation distance.
The ever increasing miniaturization of electronic components
also promoted a progressively more pervasive use of radars up
to the latest high-precision applications, such as road traffic
monitoring, collision avoidance systems, control of industrial
assembly lines and conveyors and body-scan imaging for
medicine and security [1],[2]. Thus, to meet constantly higher
demands imposed by those applications in terms of resolution,
stability and accuracy within a coverage volume, radars have
started becoming even more ubiquitous sensors. [3].

Although, by using large bandwidth, quite a high range
resolution can be reached, angular or cross range resolution is
intrinsically limited by the antenna geometry. This can be
improved by rotating radars and even more advanced ones

National Institute of Standards and Technology, Boulder, CO 80305 USA (e-
mail: author@ boulder.nist.gov).

S. B. Author, Jr., was with Rice University, Houston, TX 77005 USA. He is
now with the Department of Physics, Colorado State University, Fort Collins,
CO 80523 USA (e-mail: author@Ilamar.colostate.edu).

T. C. Author is with the Electrical Engineering Department, University of
Colorado, Boulder, CO 80309 USA, on leave from the National Research
Institute for Metals, Tsukuba, Japan (e-mail: author@nrim.go.jp).


Emma Lazzeri
This is the author's version of an article that has been published in the IEEE Journal of Lightwave Technologies. Changes were made to this version by the publisher prior to publication. The final version of record is available at http://dx.doi.org/10.1109/JLT.2020.3011800 


> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 2
This is the author's version of an article that has been published in the IEEE Journal of Lightwave Technologies. Changes were made to this
version by the publisher prior to publication. The final version of record is available at http://dx.doi.org/10.1109/JLT.2020.3011800

based on active electronically scanned array and phased arrays
for beamforming operation, and a further improvement is
possible with the synthetic aperture radar (SAR) approach [4],
that consists in observing the same scene from different points
of view by using a moving radar. Since, in many of the
abovementioned scenarios, it is not feasible to continuously
scan the radar position as it happens in satellite observations, an
alternative relies in realizing networks of spatially distributed
radars. Such a system is capable of simultaneously observing
the scene from different viewpoints, leading to evident benefits
in the accuracy of target detections, especially of those with
high angular radar cross section (RCS) variability, such as low
observable targets, e.g. stealth targets in military environments.

In a recent class of radar systems, named multiple-input
multiple-output (MIMO), a multitude of radar nodes operate in
synergy, in such a way multiple transmission waveforms are
received by multiple receivers enabling jointly elaboration of
the collected data [5]-[7]. By exploiting the processed
information collected from different spatial positions, an
excellent cross-range resolution can be achieved, which is
basically independent of the single antenna characteristics. In
addition, if all the received signals are collected at a base station
common to all the sensors and a mutual coherence among them
is guaranteed, a centralized elaboration of raw data, rather than
pre-elaborated ones, theoretically leads to a further
improvement of detection and localization capabilities [8]-[11].
Generic multistatic radar systems employ multiple transmitting
and receiving radar nodes that might be closely and/or widely
separated. Widely separated antennas, in the generic case of
anisotropic targets, lead to collect a larger percentage of the
power backscattered by the target, for handling slow-moving
targets, by exploiting Doppler estimates from different aspect
angles, and for granting high-resolution target localization.
However, such a wide distribution of coherent sensors over a
baseline —equivalent to TX and RX phased arrays with sparse
elements implementing beamforming functionalities — also
causes the rise of sidelobes for each main lobe corresponding to
a detected target [8]. This may easily lead to undesirable false
alarms and location errors. Some methods for optimizing the
sensor distribution geometry in case of wide separation, so as
to minimize the sidelobe contribution with respect to the main
lobe one, i.e. sidelobe suppression ratio, are recently being
proposed [12]. This way, a tradeoff between system
complexity/cost and capabilities can be identified.

On the other hand, an improvement of the range resolution is
also desirable, which is theoretically imposed by the
investigated RF bandwidth. In addition, radars transmitting
multiple coherent bands may provide additional information to
enhance target classification and detection by means of
improved classification algorithms [13]-[15], enable
multispectral imaging of complex targets [16] and estimate
environment scattering characteristics [17],[18]. Another
motivation pushing multi-band solutions is that spectral erosion
driven by the ever-expanding wireless communication services
leaves only sparse and narrow bands available for radar sensing.
Furthermore, given the use of band-limited RF components, a
radar system based on multiple bandwidth-limited frontends,

each one operating at a distinct frequency, may be preferable
with respect to a single ultrawide-band frontend [15],[18]. In
addition, a multi-band architecture with intrinsic coherence
among bands allows synthetization of larger bands through the
so-called spectral gap filling algorithms avoiding, at the same
time, frequency and phase recovery strategies [19]-[22].

Merging the advantages of a coherent MIMO system with
those enabled by multi-band operation, may lead to a new class
of radar systems with unique features. However, coherent
distribution along a sparse radar network of RF signals at
different frequency carriers is challenging. Recently, photonics
has proved to be extremely effective in guaranteeing coherent
multi-band signal distribution [18],[23]. Some recent works
have demonstrated that direct modulation (DM) of laser diodes
— in particular of vertical-cavity surface emitting lasers
(VCSELSs) — represents an attractive low-cost, power-efficient
and robust solution for coherent distribution of analog RF
signals [24],[25]. DM-VCSELs offer a higher RF-to-optical
power conversion than other options such as distributed
feedback (DFB) lasers, and their shorter cavity potentially leads
to faster modulation response which goes well with the ever-
increasing frequencies used by the new generation radars. In
addition, their robustness to high temperature allows uncooled
operation [26]-[28]. Concerning the choice on their emission
wavelength, the general trend is that shorter-wavelength
VCSELs are cheaper, reach higher modulation speed
(> 30 GHz at 850 nm, [29]) and emission power, but exhibit
higher losses and signal distortion due to chromatic dispersion
(CD) and multi-mode transmission, whilst longer ones present
narrower modulation bandwidth approaching 20 GHz [30] with
minimized distortions. A solution to achieve coherent signal
distribution with minimum distortions at ultra-high carrier
frequency frontends (> 40GHz) up to km-range fiber reach, is
to employ 1.3um-VCSELs (single-mode transmission and
minimum CD) with radar heads like the ones presented in [31],
where integrated 80 GHz-radars include internal x4 and +4
frequency multiplier and divider, respectively.

The main objective of the article is to demonstrate that,
thanks to the coherence provided by VCSEL-based RF signal
distribution, coherent multiband MIMO processing is
successfully applied to a Radar-over-Fiber (RaoF) network,
where remoting of transmitters (TXs) and receivers (RXs) with
respect to a centralized base station is achieved through DM-
1.3 um-VCSELs [24],[25]. However, due to the speed
limitations imposed by the employed VCSELs, 8.5 GHz-carrier
frequency of the distributed RF signals was chosen.

The remainder of this manuscript is organized as follows.
Section Il introduces the concept and modeling of a MIMO
radar system. In Section Il the introduced non-coherent and
coherent MIMO processing is successfully applied to an actual
VCSEL-based photonics MIMO radar system. Section IV
presents the potentials of a dual-band approach using the same
hardware. Conclusions and discussions are finally exposed.

Il. MIMO RADAR NETWORK

The general case of a MIMO radar system observing multiple
targets (point-like scattering sources) using different signals on
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multiple frequency bands, is described in this Section. Some
modeling assumptions are done to facilitate the study.

A. Multi-Target Multi-Band Signal Model

Let us consider a MIMO radar system composed by M TXs
and N RXs, which contemporaneously illuminate K point-like
scattering elements, belonging to one single target or to
multiple targets, in the monitored area. Moreover, let us assume
that each transmitter can transmit on L different carrier
frequencies. With no loss of generality, we can consider s, (t)
being the low-pass equivalent of all the L signals transmitted by
the m™ TX. Thus, the generic signal 7y,,,(t), which is
received by the nt" RX, can be written as [8]:

K

Tmn,l (t) = a,
k=1

) st = T59)eT 2O +w, (1) (1)

where amnl(t) and r,(nzl are, respectively, the complex

amplitude and delay characterizing the k™ scattering element,
with m=1,..,M, n=1,..,N and [=1,..,L. Both
parameters are functions of the bistatic geometry between the
scatterer location (xy,y,) and the sensors position in the 2D
Cartesian plane (x,y). However, for simplicity only the
amplitude coefficients are function of the I** employed carrier.
In fact, we assume that the same K point-like scatterers are
observed by all the TXs and RXs at the L employed carrier
frequencies. In the following, for brevity, we will omit the
dependence of ) (t) and t) T on (xy, v,), while the
amplitude factor WI|| be assumed as an unknown deterministic
constant. The term w,,(t) is modelled as an additive white
Gaussian noise (AWGN) stochastic process, while the terms
@, (t) takes into account the phase shift caused by the optical
oscillator instability at the L employed carrier frequencies. For
simplicity, no bistatic clutter contribution is considered.

B. MIMO Data Fusion Concept

To estimate the target position, the maximum of the
likelihood function of the target location X =(x, y) must be
evaluated from the set of all the MN L available received signals
Tmn1(t). Thus, the target position can be estimated as the
location X for which the log-likelihood function, namely the
MIMO ambiguity function A(X), reaches its maximum. As
described in [8], there are two ways to calculate the MIMO
ambiguity function, which suggest two complementary
functionalities named “searching” and “imaging” modes. As
described in [32], the searching mode is addressed by
calculating the “non-coherent” MIMO ambiguity function [8]:

ANC(X))OC ﬁ:i] - Tmn)| (2)

m=1n=11=1

where:

l‘Um,n,l(t' Tm,n) £ frr;,n,l(t)sm(t - Tm,n)dt- (3)

According to Eq. (2), for each possible target location (x,y)
in the Cartesian search space, the ambiguity function is
computed by determining the MNL cross-correlations between
the received and transmitted base-band equivalent signals, see
Eq. (3), where = indicates the operation of complex conjugation.
Conversely, the imaging mode is addressed by calculating the
“coherent” MIMO ambiguity function:

M N
Z ZZ ~infidtmay, (¢, Tmn) ()
m=1n=1 Il=1

In the exponential terms e‘fZ”fRF’m:n, which depend on the
I'™® carrier frequency fR(L) withl =1, ..., L, each 7, takes into
account both the 2D Euclidean distances from the m'"
transmitter to the generic target location X and the one from X
to the n®" receiver. Those exponential terms are therefore used
to re-align the phases of the signals such that the complex
correlation contributes can be summed together coherently. As
underlined in [32], if the angular jitter of the whole system is
smaller than 0.1rad, Eq. (4) can be successfully applied.

Ac(X)

I1l. VCSEL-BASED MIMO RADAR NETWORK EXPERIMENTS

A down-scaled indoor experimental setup has been realized
to demonstrate the operational capabilities of a MIMO radar-
over-fiber system based on the hardware of the TX and RX
presented in [24], see Fig. 1. A base station (BS) is responsible
for delivering the RF signals to two remote TXs and collects the
RF echo signals from four remote RXs, through SSMF spools
approximately 10 m-long each, such that a 2x4 MIMO system
emulating eight separate channels is realized. Electro-optical
conversion of the generated and received RF signals is achieved
through the use of VCSELS, whereas opto-electrical conversion
takes place through photodiodes. Two channels of a Fujitsu
digital-to-analog converter (DAC) with sampling rate equal to
60 GS/sec (with a memory space of 2048x128 samples) are
used to generate repetitive 273 ns-long linearly frequency-
modulated continuous-wave (LFM-CW) signals with 1.4 GHz-
bandwidth and a central frequency of 8.5 GHz. The choice of
such a frequency is due to the limited 3dB-bandwidth provided
by the employed solution (see [24]). TX; and TX; transmit up-
and down-sweep waveforms, respectively. In addition, the two
signals have been separated in the time domain too, to

Remote Transmitter
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Fig. 1 Experimental setup implementmg the 2x4 VVCSEL-based MIMO radar
network
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maximize signal orthogonality. The two waveforms are
interleaved so that each TX is active for one waveform
repetition interval and is silent for the following interval, when
it is the turn of the other TX to send its signal. The number of
RXs has been limited to four because of the maximum number
of channels available on the employed real-time oscilloscope
employed as ADC (Teledyne LeCroy SDA-813Zi-A, 40 GS/s
on each of the four channels, 13 GHz-analog bandwidth). A
third DAC channel was used to trigger the ADC (oscilloscope)
and both DAC and ADC were referenced with a common
10 MHz tone. The BS (see Fig. 1) includes electro-optical
conversion of the LFM-CW signals through direct modulation
of two VCSELs, and acquisition of the four RXs outputs
through ADC, after photodetection (PDrx14) and low-noise
amplification (LNA). All the hardware components are replicas
of what reported in [24] except for the TX antennas which have
been substituted with Vivaldi-shaped wideband horn antennas
with about 12 dBi of maximum gain.

Each TX also includes a photodiode (PDtx1.2) followed by a
booster RF amplifier (BA12). In each RX a custom patch
antenna (6.56 cm x 8.67 cm), designed on Rogers 4350b to
exhibit a gain of 6 dBi in the frequency range 6-11 GHz for a
120°-field of view, feeds a 40 dB-gain RF low-noise electrical
amplifier (LNA) that properly amplifies the received signal to
modulate the VCSEL. Additional hardware details can be found
in [24].

As reported in Fig. 2, the antennas are placed on a 1D 3m-
long baseline, thus enabling 2D imaging (x-y plane). The exact
location of each antenna is included in the figure. As a target, a
cylinder can with a radar cross section (RCS) of -7 dBsm
(assumed omnidirectional on the range/cross-range plane with
position coordinates (0,+3.6)m, was used.

The signals acquired via the four channels of the

TX1: (-1.5,0)m Jﬂ‘

RX1: (-1.05.0)m T

RX2: (-0.2,0)m - VHom antenna
RX3: (+0.2,0)m <] [©]Patch antenna
TX2: (+1.05,0)m 8

RX4: (+1.5,0)m

<+

Baseline =3m __
o

V_[O] o] | o] V_[O] .
0 4 Cross-range [m]
R TR

Fig. 2 Disposition of antennas along the baseline for the MIMO radar network

demonstration.

oscilloscope, are processed as follows. First, the four received
signals are down-converted from RF to baseband (BB). Then,
the BB-equivalent signals, which can be described by Eq. (1)
withM =2, N = 4and L = 1 (i.e., single-band operation), are
cross-correlated with the two reference waveforms (i.e., the
ones employed at the two TXs), thus obtaining MNL = 8
vectors, one for each TX/RX virtual channel. It is worth
noticing that, in a pre-calibration process, the delay of each
TX/RX virtual channel is compensated for length differences of
fibers, cables and circuitry. In addition, the amplitude response
mismatch among different virtual channels, which is due to the
different behavior of distinct VCSELSs and electrical amplifiers,
is compensated in post-processing.. To this aim, both delays
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Fig. 3 Single-band 2x4 MIMO radar experiment. Color-coded normalized
squared modulus of the cross-correlation vector calculated at each bistatic
radar channel after 2D mapping: (a) TX:-RXy, (b) TX:-RXz, (€) TX1-RXs, (d)
TX1-RXg, (e) TX-RXq, (f) TX-RX5, (g) TX-RX3, (h) TXo-RXa.
Experimental parameters: fzr = 8.5 GHz, B = 1.4 GHz; Target position T =
(0, +3.6) m denoted by the white dot.

and amplitudes are measured for all the combinations of TXs
and RXs, in a back-to-back configuration.

At this point, the complex cross-correlation vectors
Wi (t,Tmn) are evaluated for all the m,n, [ radar channel
combinations, withm =1, ..,M,n=1,..,Nandl =1, ..., L,
following Eq. (3). Since they are functions of the TX-target-RX
travelled time 7, ,, which is in turn proportional to the bistatic
range, the cross-correlation vectors can be mapped via
geometric transformation into complex bi-dimensional (2D)
matrices. In fact, given the position of the generic m** TX and
nt" RX element, which act as the two foci, the peaks displayed
within the cross-correlation vector transform into ellipsoidal
wave fronts by varying the range (y) and the cross-range (x), as
depicted in Fig. 3.

Finally, both non-coherent and coherent MIMO processing
are performed for comparison, by means of Eq. (2) and Eq. (4),
respectively. A possible use of such a system is to continuously
perform non-coherent processing on the coverage volume for
target detection and, around the detected ones, apply finer
coherent processing for target identification purposes. In the
first output type, the amplitudes of the eights complex channel
matrices are summed (i.e., non-coherent summation). In the
second output type, the complex channel matrices are first
multiplied by a further “phase-alignment” matrix, which
compensates for the phase shifts due to the different signal
travel delays in free space. Finally, the resulting phase-aligned
matrices are summed together, giving a single matrix
representing the observed scenario. The MIMO radar
processing tools have been developed through Matlab codes
running offline, after data acquisition, on a laptop.

A. Non-coherent MIMO processing

In order to assess the 2D imaging capability of the proposed
photonics-based radar network, as a first step the system has
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been configured to perform non-coherent MIMO processing.
The single radar detections (i.e., the amplitudes of the cross-
correlation matrices after 2D mapping) of each bistatic TX/RX
pair are considered in the subplots of Fig. 3. As we can observe,
in each one of the eight insets, the target (white dot) is clearly
detected by the red ellipsoid curves above the background
clutter. This latter, appearing as multiple color-coded ellipsoids
unpredictably distributed in each of the insets, could be
originated by multiple propagation modes from the room walls,
clutter due to furniture or from the target itself.

As the TX/RX bistatic radar pairs do not provide any angular
information (the employed RX antennas are almost
omnidirectional), target likelihood functions are spread over
bistatic iso-range ellipsoids whose foci, as already said,
correspond to the generic TX and RX positions. Finally, the
non-coherent MIMO output, which is displayed in Fig. 4(a),
consists of the super-position of the eight bistatic detection
maps. By observing the outputs, the range resolution is
confirmed to be 12 cm, according to the employed 1.4 GHz-
bandwidth radar waveform. Conversely, the cross-range
resolution is 62 cm and it depends on the geometry of the radar
array with respect to the target position. For the sake of
conciseness, only the main performance metrics are reported in

Non-coherent MIMO

-0.8-06-04-0.2 0 02 04 06 0.8
Coherent MIMO

1

3
(b) -1 -08-06-04-0.2 0 02 04 06 0.8 1
4 Coherent MIMO (simulation)

_ 38

E
o 3.6
g
S 34
o

32

3
(€) "1 08-06-04-02 0 02 04 06 08 1
Cross-Range [m]

Fig. 4 Single-band 2x4 MIMO radar experiment. Color-coded normalized
MIMO ambiguity function in the range/cross-range Cartesian space for: (a)
non-coherent MIMO processing of real data, (b) coherent MIMO processing of
real data, (c) coherent MIMO processing of simulated data. Experimental
parameters: fzr = 8.5 GHz, B = 1.4 GHz; Target position T = (0, +3.6) m.

PERFORMANCE METRICS FOR THE SINGLE-BAND EXPERIMENT
Simulated Data Experimental Data

NC-MIMO  C-MIMO NC-MIMO  C-MIMO

AR 0.115m 0.095m 0.12m 0.105m
AXR 0.565m 0.025m 0.62m 0.025m
PMSR - 4.03dB - 4.31dB
PASR - 15.01dB - 8.13dB

Sidelobe statistics cannot be evaluated in the case of non-coherent MIMO.
NC-MIMO: Non-Coherent MIMO; C-MIMO: Coherent MIMO; AR: Range
Resolution; AXR: Cross-Range Resolution; PMSR: Peak-to-Maximum-
Sidelobe-Ratio; PASR: Peak-to-Average-Sidelobe-Ratio.

Table I (columns 1 and 3), demonstrating a good agreement
between the simulation model, which considers a point-like
scattering target, and the real experimental conditions. As can
be easily foreseen, the cross-range resolution achieved through
non-coherent processing considerably limits the system for
closely-spaced targets, as already pointed out in [33].

B. Coherent MIMO processing

This paragraph exposes how frequency/phase coherence
between the transmitted and received RF signals considerably
impacts on the potential performance of the conceived VCSEL-
based RaoF MIMO network.

To apply coherent MIMO processing (see Eq. 4), the

exponential term e‘fz”ftggfm'n is numerically calculated for
each (x, y) position of the 2D map and for each TX/RX pair, so
as to obtain the 2 x 4 = 8 phase-alignment matrixes.

As mentioned in the introduction, the coherent MIMO
ambiguity function, see eq. (4), can be considered equivalent to
a beamforming operation applied to a sparse array of antennas.
However, due to the antenna sparseness, unwanted sidelobes
may appear in the final array beampattern, as shown in Fig.
4(b),(c). Their number, intensity and position depend on the
system parameters (e.g., sensors-target geometry, carrier
frequency, etc.). In order to better evaluate the correct
functioning of the system, a way to compare sidelobes with the
peak originated by the target, is fundamental. For this reason,
two metrics can be defined for quantifying the maximum and
average intensity level of the sidelobes with respect to the main
lobe. These metrics are the peak-to-maximum sidelobe ratio
(PMSR) and peak-to-average sidelobe ratio (PASR), which are
respectively calculated as:

PMSR £ max {A(CE)}/kI'QI?\)%{A(Ck)} , (5)
PASR £ max {AE‘E)}/IIPE??\%{A(CK)}’ (6)

where A(Ck) is the value of the coherent ambiguity function at
the k™ local maximum, k is the index of the absolute maximum
corresponding to the position of the target, while K represents
the total number of local maxima of A¢(X). In addition to the
aforementioned PMSR and PASR metrics, the range and cross-
range resolutions, respectively denoted by AR and AXR, will be
estimated from the MIMO ambiguity functions, by
considering the width of the main lobe at —3 dB.

The result of coherent MIMO processing is shown in Fig.
4(b), where a strong improvement in cross-range resolution
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with respect to the non-coherent approach (see Fig. 4(a)), is
clear. As a matter of fact, while in a single-band radar system
the range resolution, which is determined by the signal
bandwidth, remains almost unchanged, the angular resolution
can be calculated as the ratio between the wavelength of the RF
carrier and the baseline length. In this case, being the
wavelength 3.5 cm and the baseline 3 m, the theoretical cross-
range resolution at 3.6 m range is about 2.6 cm, in excellent
agreement with the values reported in Table I (columns 2 and
4, namely 2.7 cm for the experiment, 2.6 cm for simulation).
However, by observing the plot, beside the peak corresponding
to the target, other secondary peaks are clearly visible, leading
to a PASR of 8.1 dB. Their distribution in correspondence of
each main lobe is due to the abovementioned array element
beampattern which depends on the limited number of TXs and
RXs and, therefore, the number of MIMO channels.

For completeness, the same scenario has been simulated
considering an ideal point-scatterer located at the same target
position as in the indoor experiment. The output is shown in
Fig. 4(c) to verify up to which extent the results from the real
and simulated data are similar. As we can observe from the
comparison between Fig. 4(b) and Fig. 4(c), the two plots are
almost identical, confirming the position and the amplitude of
the secondary lobes. The difference between the two results
shall be ascribed to three main reasons: i) the scattering nature
of the target, which is not a point-like scatterer, but rather a
distributed target, ii) the unpredictable multipath scattering
features of the background in the indoor experiment, iii) the
limited temporal granularity given by the ADC sampling rate —
40 GS/s — which leads to approximately a phase accuracy of
2m/5 when estimating and then applying the mentioned phase-
alignment matrixes, iv) unpredictable temperature-dependent
variations of the VCSEL gain which are not compensated and

Non-coherent MIMO
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Fig. 5 Single-band 2x4 MIMO radar applied to two 30 cm-spaced targets. ()
Non-coherent MIMO processing of real data, (b) coherent MIMO processing
of real data. Experimental parameters: fzr = 8.5 GHz, B = 1.4 GHz; Target
positions T; = (—=0.2,4+3.6) m; T, = (0.1,4+3.6) m.

may lead to possible amplitude mismatches between the
different channels. This latter issue may be addressed by
supplying each VCSEL with an adaptive gain controller.
However, this problem goes out of the scope of our
demonstration and it will be investigated in the future.

At last, a further example has been considered to highlight
the superior capability of the coherent approach in
distinguishing two closely spaced targets, which are identical to
the one employed in the single-target case. As expected, since
the relative spacing — 30 cm — in cross-range is less than half
the cross-range resolution in case of non-coherent approach —
62 cm — in this case a single extended lobe is obtained, see Fig.
5(a). On the contrary, when applying the coherent approach, the
two targets are distinguishable with a minimal position error:
target 1, positioned at (—0.2,+3.6)m is mapped at
(—0.215,+3.61) m, while target 2, positioned at
(+0.1,+3.6) m is mapped at (+0.115,+3.61) m, see Fig.
5(b). Residual sidelobes appear and the dense periodicity is
most likely due to the interference of those relating to one target
with those relating to the other.

IV. DUAL-BAND VCSEL-BASED RADAR NETWORK
EXPERIMENT

In this Section, both simulation and experimental results are
presented and discussed, in order to compare the system
performance in case of dual-band operation, with respect to the
single-band case.

The experimental setup is the same as the one presented in
Section 111, with now a dual-band functionality (i.e., L = 2). In
particular, the following waveform parameters are considered:
frr1 = 8 GHz, frp, = 9 GHz, B, = B, = 400 MHz. This
way, occupying the previous frequency band (i.e., with fzp =
8.5GHz and B = 1.4 GHz) with two 400 MHz sub-bands
600 MHz-spaced, the proposed dual-band system exploits only
about 57% of the bandwidth employed in the single-band
experiment reported before. In the proposed dual-band
experiment, TX; and TX; transmit up- and down-sweep LFM-
CW signals, respectively. The signals are contemporaneously
transmitted by TX; and TXj, but they are separated in the
frequency domain to limit mutual interferences and ensure an
appropriate signal orthogonality. Specifically, when TX;
transmits at frr; TX2 transmits at frpp,. At the successive
waveform repetition interval, TX; transmits at frp,, instead,
while TX; transmits at fzz;. Then, the transmission scheduling
restarts following this periodicity.

The behavior granted in case of dual-band operation with
respect to single-band operation is shown in Fig. 6, with the
main performance metrics being summarized in Table Il. The
non-coherent MIMO ambiguity function is calculated,
according to Eq. (2), for the dual-band case, and shown in Fig.
6(a). As we can observe, the cross-range resolution AXR is
significantly worse than the one achieved in Fig. 4(a) for the
single-band case, respectively 1.98 m versus 0.62m. The
reason must be found in the coarser range resolution AR due to
the smaller bandwidth employed, in addition to the fact that the
map shown by Fig. 6(a) is obtained by pure summation of the
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Fig. 6 Dual-band 2x4 MIMO radar experiment. Color-coded normalized MIMO
ambiguity function in the range/cross-range Cartesian space for: (a) non-
coherent MIMO processing of dual-band real data, (b) coherent MIMO
processing of real data for the single-band configuration at fgz,, () coherent
MIMO processing of dual-band real data, (d) coherent MIMO processing of
dual-band simulated data. Experimental parameters: fzp; = 8 GHz, frp, =
9 GHz, B1 = B2 = 0.4 GHz; Target position T = (0, +3.6) m.

two single-band maps, corresponding to B; and B,
respectively. Indeed, such intrinsically ‘“non-coherent”
operation does not narrow the resulting lobe with respect to
each of the single-band cases. The coherent MIMO ambiguity
function, which is calculated according to Eq. (4) for the single-
band case at frr, = 9 GHz, is shown in Fig. 6(b). Here, the
target-originated peak can be clearly observed. However, many
large sidelobes can also be spotted around the main peak. The
high and numerous sidelobes are due to the limited MIMO array
configuration, the geometry of the array with respect to the
target, and the small fractional bandwidth B,/ fzr,. As a matter

PERFORMANCE METRICS FOR THE DUAL-BAND EXPERIMENT
Simulated Data Experimental Data

NC-MIMO  C-MIMO NC-MIMO  C-MIMO

AR 0.39m 0.075m 0.39m 0.075m
AXR 1.9m 0.026m 1.98m 0.027m
PMSR - 5.05dB - 3.25dB
PASR - 11.82dB - 7.50dB

NC/C-MIMO: Non-Coherent/Coherent MIMO; AR: Range Resolution; AXR:
Cross-Range  Resolution; PMSR/PASR:  Peak-to-Maximum/Average-
Sidelobe-Ratio. Sidelobe statistics cannot be evaluated for NC-MIMO.

of fact, as highlighted in [8], this ratio must be at least 1/10 for
a fruitful coherent MIMO processing.

Finally, the output of the dual-band coherent MIMO
ambiguity function is shown in Fig. 6(c). As we can observe,
the joint operation of signals at fzr; and fgrg, is such that the
secondary lobes are strongly mitigated with respect to the case
in which the MIMO radar system operates at frzq OF at fzp
alone, see Fig. 6(b). Finally, the dual-band coherent MIMO
ambiguity function obtained from the simulated data is depicted
in Fig. 6 (d). As we can observe, the main difference with
respect to the experimental result, consists of less pronounced
spurious sidelobes, leading to a PASR of 11.82 dB whilst the
experimental result exhibits 7.5 dB. These differences may be
ascribed to the same main reasons highlighted in Section I11.B.

Additional simulation results, not included here, show how a
similar 4x8 MIMO system achieves a PASR equal to 16 and
19 dB, for the dual-band and single 1.4GHz-band case,
respectively. The estimated values of range (4R ) and cross-
range (AXR) resolutions, together with the PMSR and PASR,
are reported for completeness in Table II.

Surprisingly, by comparing Tables I and I, even if only 57%
of bandwidth is employed in the dual-band case, a slightly
better range resolution is obtained with respect to the single
1.4 GHz-band case, albeit at the expense of higher in-range
sidelobes. Both phenomena are due to beating of the two
employed carrier frequencies, when coherently summing the
two ambiguity functions, in correspondence of the range area
covered by the main lobe of each function. In this regard, an
extensive analysis is required for defining a system design
strategy for minimizing this effect in case of multi-band
operation.

V. SUMMARY AND CONCLUSION

The potential of a radar network, where remoting of two
transmitters and four receivers is achieved through optical fiber
links based on directly modulated (DM) vertical-cavity surface-
emitting lasers (VCSELs), has been numerically and
experimentally analyzed. Distribution of the radiofrequency
(RF) signals through optical fibers, instead of intermediate-
frequency (IF) ones, avoids up/down conversion at the remote
radar frontends, which would prevent phase coherence among
transmitted and received signals. This allows the so called
coherent multiple-input multiple-output (MIMO) processing of
raw signals which takes place at the centralized base station,
permitting this way to reach superior range/cross-range
resolution than through non-coherent data fusion.

However, since present VCSELSs cannot handle RF carriers
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in excess to 30 GHz, in applications such as remote sensing for
automotive where higher carriers are employed (e.g. 77 GHz),
commercial integrated radar transceivers including frequency
multipliers (x4) and dividers (+4) might be an option [31].

VCSEL-based signal distribution through optical links
prevents electromagnetic interference issues, reduces the
encumbrance of each link and is a low-cost and power efficient
solution perfectly fitting on-board automotive scenarios. The
employed 10 m-long fiber spools enable TX/RX remoting on
board of road vehicles and for indoor environment. In addition,
the use of VCSELs with emission frequency in the 1.3 pm-
regime avoids significant signal distortion induced by
chromatic dispersion of standard fiber, enabling, in principle,
TX/RX remoting up to kilometer reach, consequently making
the presented solution attractive for other application areas too.

Coherent MIMO processing of 1.4 GHz-wide RF signals at
8.5 GHz-carrier frequency, from the 2x4 radar-over-fiber
network sparse along a 3m-long baseline, successfully
demonstrated cross-range resolution downto 2.5 cmata 3.6 m-
distance. With the same hardware, coherent dual-band
operation in the same RF range with two 400 MHz-wide bands
with 600 MHz-vacant band in between, achieved cross-range
resolution down to 2.7 cm at the same distance.

Authors believe the presented results clearly state that the
proposed VCSEL-based signal distribution represents an
effective way to enable coherent multi-band MIMO processing
in a centralized radar network.
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