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Abstract— Multiple-input multiple-output (MIMO) radar has been introduced to enhance the performance of classical radar systems.
Nevertheless, radar cross sections (RCS) fluctuations remains a known problem in radars. Target localization using narrowband
signal produces reduced accuracy due to RCS fluctuations. One of the solutions to this problem is the utilization of frequency
diversity of wideband signal. This paper presents target localization in MIMO radars using an adaptive orthogonal frequency division
multiplexing (OFDM) waveform for effective frequency diversity utilization. Each transmitting antenna transmits an OFDM signal in
different time slots and received by the each receiving antenna in the receiver array. A joint direction-of-departure (DOD) and
direction-of-arrival (DOA) estimation scheme is applied to each of the OFDM sub-carrier using two-way multiple signal classification
(MUSIC) algorithm. The estimation results at each sub-carrier are combined based on majority decision using angle histogram (non-
parametric approach) to formulate the final wideband angle estimation. In addition, an adaptive power allocation among the sub-
carriers is implemented, where the system evaluates the signal quality at each sub-carrier and consequently formulates a feedback to
the MIMO transmitting side. The following transmission will comprise of OFDM waveform that focuses the transmit power at
selected sub-carriers only. The sub-carrier selection is based on singular values obtained from singular value decomposition operation
at each of the sub-carrier. The performance of the proposed scheme is evaluated through numerical simulations as well as validation
by experiments in a radio anechoic chamber. It was demonstrated that the usage of a larger number of sub-carriers improves the
angle estimation accuracy.

Keywords— MIMO radars; OFDM; DOD; DOA; MUSIC; radar cross section; power allocation; sub-carrier selection

are referred to as multiple-input multiple-output (MIMO)
I. INTRODUCTION radars [1]-[3]. A MIMO radar system transmits independent

Radars deal with many different and diverse problems signals that are orthogonal, correlated or partially correlated

However, most radar systems are generally designed for th&vith each other where careful selection would increase its
purpose of detecting the presence or absence of targets aanegree gf frﬁedom corr]npared to thg corflventlonal pgased
estimating their range, velocity, and location. The most basic2T@Y radar that uses the same number of antennas [2], [4].

form of a radar system consists of a single pair of transmitterEarly works on MIMQ radar |nd|_cated that _the increase
and receiver that can be positioned either in monostatic Ordegr_ee _Of freedom_ induces various benefits for target
bistatic geometry. As the development of the technology localization suc_h as improvement of a _number of detectabl_e
progressed, more complicated forms of radars that targets, resolu_tlon, and robustness against radar cross section
comprising multiple antennas and radar sites emerged suciﬁRCS)_ fluctuation [5], [.6]' .
as multi-static and phase array radars. The multi-static radars Various target localization schemes for MIMO radar has
operate multiple pairs of independent monostatic radars een proposed [7]-{9]. Nevertheless, many .Of Fhem qnly
which are distributed in space. The phase array radars usgon&der narrowband signal. Target Iocallzat|or_1 using
multiple transmitting antennas that emit similar waveforms narrowbanq signal tends_to suffer from RCS fluctuations of a
simultaneously and are capable of cohering and steering th arget, \.Nh'Ch causes signal fading that may reduce the
antenna beam into a desired direction. ocalization accuracy _[10], [11]. In o_rder to reduce the
In recent years, radars utilizing multiple antennas at botheﬁeCtS of RCS fluctuations on localization accuracy, several

the transmitter and receiver side have been proposed whicr'?OIUt'Ons have been proposed. For example, using adaptive
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waveform design that incorporates the target's RCS larget
characteristics into a feed-back loop system [12] and usage *
of wideband signal that averages the channel information

among different frequencies. The method proposed in [10] DpoD OB il DOA
presented the usage of orthogonal frequency division LY e /
multiplexing (OFDM) scheme in estimating the DOA of the 4 ! 9

targets. However, only one-dimensional angle estimation d,sing | * ./ K| R oyt
using a limited number of sub-carriers was discussed. The AV 4 A AR
authors have previously reported an angle estimation scheme ? | T 0. . T
utilizing frequency diversity of an ultra-wideband (UWB) oL & &oad 4
signal in MIMO radar, where the UWB signal was treated as Tx, Tx,, Rx , By,

a summation of sinusoidal waves swept throughout the

UWB bandwidth [13]. The scheme estimated the target angle Fig. 1 MIMO radar concept

at each of the frequency components and combined them to

increase the estimation accuracy. The proposed scheme adopted an approach in [10] where

The present paper proposes a joint direction-of-departurethe radar simultaneously transmitd sets orthonormal
(DOD) and direction-of-arrival (DOA) estimation scheme in baseband from vectd = [S;, S,, ..., Su]. The resulting
ultra-wideband (UWB) MIMO radar using OFDM baseband signal matrix is expressed by
waveform. The wideband OFDM waveform allows the radar
to take advantage of independent information carried by _ 1 & : 1
each of the OFDM sub-carriers, which can be exploited to B(t)= JH éseXp(sz“t) @
increase the estimation accuracy. The proposed scheme
opted a two-dimensional multiple signal classification wheref, is the frequency of the" sub-carrier. The baseband
(MUSIC) algorithm [14] to jointly estimate the DOD and signal was then converted into the time-domain through
DOA at each of the sub-carrier of the OFDM signal. These inverse Fourier transform, and cyclic prefix is added to each
estimates were then combined to compute the final widebancthf the OFDM symbols. The addition of the cyclic prefix is
DOD and DODA estimation by means of majority decision known to guarantee the orthogonality of each sub-carrier,
technique. A non-parametric approach using histograms ofwhich is required by the MIMO radar system [10]. In our
the estimated angles was used to carry out the majorityscheme, each OFDM symbol is treated as one snapshot of
decision [13]. This approach enabled us to use a largethe probing signal, hence the total number of snapshot
number of sub-carriers that without affecting the estimation depends on the number OFDM symbol transmitted. Fig. 2
performance. The proposed scheme was validated throughiepicts the OFDM waveform emitted from theth
numerical simulations as well as experimental evaluations intransmitting antenna.

a radio anechoic chamber.

The remainder of this paper is organized as follows. Frequency

Section Il describes the proposed scheme, Section Il = L g L

. i . ol —---—----- L -l - ----
presents parameters and results of numerical simulations ~ : = 1 : o e
and Section IV explained the experimental setup and the = { Cyclie R { Cyelic .

. - ’ OFDMsymbol £1 ’ 1 symbol #
measured results. The concluding remarks are presented i 4'\0 prefix ymoo prefix OFDM symbol #
Section V of the paper. %V 7

% | Time
[l. MATERIAL AND METHOD L numberof snapshots

MIMO re_‘dar pom_prises a! t_ransmitting ‘_'S‘n(N rec_eiVing Fig. 2 Composition of the proposed OFDM probing signal emitted from the
antennas illuminating a far-field target is considered, asnth transmitting antenna

illustrated in Fig. 1. The transmitting and receiving antennas
of the MIMO radar are positioned in a uniform linear array = The spectra of the transmitting baseband matrix is then
with inter-element spacing of a half wavelength. Since the given by

antennas are co-located, each transmit-receive antenna pairs
are considered to observe the same aspect angle of the target.
The MIMO radar transmits OFDM waveforms as the
probing signal, each of which consists of H number of sub-
carriers. Each sub-carrier carries randomly generated
baseband data which were modulated with binary phased
shift keying (BPSK) scheme.

c(f)= ]'B t Yexp(— j27ft)dt (2)

The spectra of the received signal is expressed by
Y(f)=[a(f.@)Da,(f.0)]C(f-1f)g(f) (3)

where f. is the center frequencyg is the reflection

coefficient of the target,;and a are the transmitting and
receiving steering vectors, respectively, ahd is the

kronecker product operator. Down-convertingf)Y{o the

baseband give
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T ) non-parametric method which utilizes histograms [7] which
Y (t)= IY (f + f. )exp(j27ft)df +n(t) ) were formulated from the data array of all tHeestimates,

0 which are denoted as ‘angle histograms’ in the rest of the
paper. The angle histogram can be viewed as a function of
anglei from -90° to 90° at intervals of, for example, 0.5°.

The normalized number of occurrence of the peak angle is
then given by

where nf) is the thermal noise. Fourier transform oft)Y(
after cyclic prefix removal yields the receive code matrix for
each sub-carrier U= [Uy 1, Uy ..., Usn], WhereN is the
number of receiving antennas. Multiplying, With S yields

the channel coefficient for each transmitter and receiver pair,

denoted as A The receiving co-variance matrix and its Fo =1 p® 8
Eigen decomposition is given by Z
R.ZEA, ()R, ()] ®) wherep? is the number of occurrences of the ariglendz
h = h h

is the normalized coefficient given by

whereE[] is the ensemble average an}' [represents the
conjugate transpose operation. The co-variance matrix is
estimated by an average lolhumber of snapshots. Singular

value decomposition of the covariance matrix gives Th_e majority de_cision is obtained by searching the peak of
the histogram, which corresponds to the most occurred angle

from the estimation. The above-mentioned steps summarize
the base algorithm to estimate wideband DOD and DOA.

As for the adaptive power allocation scheme, the
where V™ is a diagonal matrix whose diagonal elements proposed MIMO radar initially estimates the DOD and DOA
contain the signal and noise eigenvalues for fiflesub-  within the first scand.g. L =100 snapshots), followed by a
carriers, andE™ is the corresponding eigenvectors of the feedback loop to the transmitter. During the initial scan, the
signal and noise components. The MUSIC algorithm system simultaneously constructs a database of singular
principle was applied to estimate the DOD and DOA by values against the sub-carrier index, obtained from singular
formulating the pseudo-spectra at each of the sub-carriersvalue decomposition (refer Equation (6)) of the receiving co-
The DOA and DOD at thé" sub-carriers can be jointly variance matrix at each respective sub-carrier. The
estimated by formulating the MUSIC spectrum at te  magnitude of the singular values was normalized to the
sub-carrierPy, using two-way MUSIC given by largest singular value among the sub-carriers, and the system

then selects ‘usable’ sub-carriers based on a specific

- 1 (7 threshold. ‘Non-usable’ sub-carriers (ones bearing low value

Ph(govg) H . . . .

[alp)O a(@)]" e €lla(p)Oa, (6) of singular values) will be omitted in the next scan by

bearing zero-weights when allocating sub-carriers at the

whereey contains the eigenvectors ®f, that are orthogonal  transmitter. The total transmitting power is then distributed
to the steering vectora anda,. The DOD and DOA are among the selected sub-carriers to maximize the spectral

determined by the largest peak in the MUSIC spectrum. efficiency. Fig. 3 illustrates the block diagram of the

Finally, the wideband DOD and DOA is decided by proposed scheme.
taking majority decision among estimates at Hllsub-
carriers. As mentioned in the previous section, we adopted a

z= argmax f (9)

R n =EMV (g m* (6)

Z1 - 1% anb-carrier

HH: H® sub-cunrier Targel
#1 £l #1 7 4 o) =
= | Vi a RV — o =
. —-—) -—-—) _o - E‘ . P ! |—)| R
g2 =M 25l =< . E °l: = - = | | Wideband DOD and .
28 =i |FE12&] : / Z = | H £ = DOA estimation
23 1] B° = v v |8 8 |- & R=l
2 —> £ 2 g = z 5
3 < — — > —) B = -
=77 - #H 1 EH

Sub-carrier
zelection
A

Sub-carrier
OMISSION

Singular valuc
evaluation

A

Fig. 3 Block diagram of the proposed scheme
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Ill. RESULTS ANDDISCUSSION

This section presents the results of numerical simulations,
followed by experimental results. Simulations were Ozt &

conducted using commercial signal processing tool
MATLAB. The numerical simulations analyse the system & 54" L]
performance based on utilization of OFDM waveform 128
number of sub-carriers for the sake of demonstration. The g 104
following experimental measurement will show the results &
when using 128 and 256 sub-carriers, in order to showrg' 154
performance improvement obtained from utilization of a 3
larger number of sub-carriers. g 204
26
TABLE | 100
OFDM WAVEFORM PARAMETERSUSED INNUMERICAL SIMULATIONS . 100
Parameters Description : " 50
Center frequency, 3.5 GHz
Total bandwidth 500 MHz oLl 100 .00 <0 DOA []
Modulation BPSK (-a)
Total number of sub-carriers 128
Number of data sub-carrietd, | 112 il S
Sub-carrier spacing 3.90625
OFDM symbol duration 256 ns 0.
Cyclic prefix 64 ns
g
A. Simulated Performance 10l
The validity of the proposed scheme was first verified g
through a series of numerical simulations. A44MIMO & 15 4.
radar, detecting 1 target located at locatedgaf)(= (-20°, E
15°) was considered. The MIMO radar transmits an OFDM % 204+
signal with center frequencf = 3.5 GHz and the total
bandwidth of 500 MHz, which is divided into 128 sub- 254
carriers in the intervals of 3.90625 MHz. 100 OFDM symbol 100 i =
was transmitted to compute the average co-variance matrix 50 - 50 100
in Equation (5) by 100 snapshots. Major parameters of the DOD [] 0 o 0
OFDM signal used are summarized in Table 1. In order to 50 0 poa
demonstrate the effectiveness of the proposed scheme in -100 100

- e - (b)
utilizing the large number of sub-carriers for the detection of Fig. 4 Examples of MUSIC spectra at different sub-carriers: (a) without

fluctuating target, the target reflection coefficiegtwas RCS fluctuation and (b) 15 dB of RCS fluctuation

modelled to follow a certain distribution of RCS fluctuations

along the frequency domain. It was shown in literature that Fig. 4 depicts examples of MUSIC spectra at different

the measured RCS of automobiles follows Weibull sub-carriers. It can be observed that RCS fluctuations
distribution [16], and our internal measurements in radio degraded the quality of the resulting spectra, where it is
anechoic chamber confirmed similar distribution along the easily noticeable that spectra in Fig. 4 (a) yielded a sharp
frequency domain. Therefore, we modelled the coeffigent  peak, while the spectra in Fig. 4 (b) marked a broader peak

to yield a probability density function given by and larger noise floor. This will induce large estimation
errors when formulating the DOD and DOA at the particular

_[1-exp™@” x=20 (10) sub-carrier. The angle histograms formulated from the

fOg = 0 x<0 estimated DODs and DOAs at all sub-carriers is shown in

Fig. 5. It shows the resulting angle histograms of the DOD
. and DOA when using all the sub-carriers of the OFDM
Here, a and b is the scale and shape parameters, gignal. We can observe that besides the peak of the estimated
respectively. Random variables were generated to fit thegigna there were spurious plots present in the histograms.
Weibull dlstrl_bufuon in the UWB frequency range_from 3.1 These spurious plots were produced from inaccurate
t0 10.6 GHz in intervals of 3.90625 MHz. In the simulation, astimation in several sub-carriers, due to poor SNR brought
it was assumed that the target RCS slowly fluctuates, andyy severe RCS fluctuations. Furthermore, the peak of the
remained constant within the 100 snapshots. histograms marked the estimated angles with @5 9.5°)
and 1° = 14°) error from the actual position of the target.
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Fig. 5 Angle histograms simulated using the proposed MIMO OFDM radar i i f T i i
without implementation of power allocation scherhk=112) : (a) DOD 940 20 0 20 40
and (b) DOA DOD angle [°]
The normalized singular values at each sub-carrier are @ 15°
plotted in Fig. 6, where singular values with 1-order smaller 1 , , ,
values were obtained in several sub-carriers. These sub-
carriers can be considered as ‘non-usable’ sub-carriers,
which contributed to the previous spurious and estimation , 08f A
errors. To demonstrate the effectiveness of the proposed s
adaptive sub-carrier selection method, we selected only the S o6} ]
sub-carriers with singular values above the threshold =
(1.5<10%) shown in the Fig. 6, where the number of sub- = 04
carriers was 70 % of the total. The transmitting signal was = =~ | i
modified by inserting zeros in the omitted sub-carriers, and =
the total signal power was maximized among the selected = 0.2} .
sub-carriers only. The histograms obtained after
implementing the power allocation scheme was plotted in o l YT i
Fig. 7. It was observed in the figure that the estimations after 40 20 0 20 40

implementing the power allocation scheme yielded better
performance against fluctuating targets, compared to without
its implementation.
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DOA angle [°]
(b)

Fig. 7 Simulated angle histograms after implementation of adaptive power
allocation H = 78): (a) DOD and (b) DOA

B. Experimental Results

An experimental setup as shown in Fig. 8 was developed
to validate the proposed algorithm through experimental
evaluation in a radio anechoic chamber. Fig. 9 depicts the
measurement scenario. The transmitting system was
constructed using a combination of an arbitrary waveform



generator (AWG) and quadrature modulators. The baseban@onfiguration with spacings of half wavelength. A complex
OFDM signal was generated using MATLAB, and output target fabricated using polystyrene and aluminium foil was
through | and Q channels of the AWG with a sampling speedused to model a fluctuating RCS response against frequency.
of 2.5 Gs/s. The signals were oversampled 5 times to reducéig. 10 shows the frequency response obtained when
aliasing and jitter's effects. The signals were then combinedilluminating the target using the experimental setup. The
and up converted using the quadrature modulator to thetarget was positioned at ap @ = (-15°, -15°). The OFDM
center frequency of 3.5 GHz. Wideband horn antennas withsignal adopted similar parameters used in the previous
an average gain of 12.5 dBi were used as both transmittingsimulations. The measured spectrum of an OFDM signal
and receiving antennas. To construct the MIMO antennaimpinging the receiver is shown in Fig. 11 (a). We could

array at both transmitting and receiver sides, electro-observe from the figure that the average SNR of the system
mechanical scanners were used to move the horn antennas te approximately 15 dB.

pre-determined locations, which correspondsté KIMO

GP]B. Personal computer
j'— i :7 Y . W GPIB* Digitized data
' i i i ' Y
Electro-mechanical Electro-mechanical ......._.
AWG controller € o controller DSO
Txarray Rxarray chl ch2 ch3 chd
o Orthogom Orthogonal | | [
| modulito 1 gemodultor ————
> modulator emodulator
Q r PA LNA Q
N
— Trigger signal

Fig. 8 Experimental setup

baseband OFDM signal. Subsequently, the signals [19] were
down sampled 5 times, and the cyclic prefix is removed
before the data can be processed using the proposed scheme

[17].
-40 T T T
"""" Complex target, w=0 [deg]
""""" Complex target, =45 [deg]
Complex target, w= 90 [deg]
-0t, | Spherical target
(4
g \ “-,';.,ﬂ.'-.-n'“
¢ ¥ SeY
S 8o
) [
3
Fig. 9 Measurement scenario in a radio anechoic chamber performance ;10047
against fluctuating targets, compared to without its implementation
The receiving system consists of quadrature demodulators
and a digital sampling oscilloscope (DSO). All the received . . . . . .
signals captured by the DSO were jointly processed through '1203 5 6 7 ) 9 10 11
offline processing routine implemented in MATLAB. Prior Frequency [GHz]

to the signal processing routine, the received signal is cross-
correlated with the reference signal to detect the start and the
end bit. The received signal is then cropped to contain 100
OFDM symbols which equal to 100 snapshots. Fig. 11 (b)

shows an example of the captured | and Q channels of the
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o Fig. 12 Angle histograms without power allocation schdrhe (12):
E 0 (a) DOD and (b) DOA
g 20.005 ] The results after implementation of the power allocation
scheme are shown in Fig. 13. The sub-carrier selection was

implemented based on 70% number of sub-carriers, similarly

0 40 80 120 160 200 240 280 320 . . . ; )
with the previous simulation. The estimated DOD and DOA

e [os] with the power allocation scheme were -16° and -15°. The

0.01 Q channel : estimation error was reduced to 1°, and the DOA was

s estimated with no error. The respective angle histograms

Z 0.005 ’ were also found to contain a reduced number of spurious.

Q

E R These results verified the performance improvement

z obtained by the power allocation scheme, as shown in the
g-0.00S r previous simulations.

001 ‘ ‘ ‘ ‘ ‘ ‘ , Experiments were also conducted by using a larger

0 40 80 120 160 200 240 280 320 number of total sub-carriers, and varying threshold values to

Time [ns] select the ‘usable’ sub-carriers. Fig. 13 showed an example

(b) of angle histogram, obtained by using 70 % of sub-carriers

Fig. 11 Examples of radar signal obtained from the experiment in anechoicgg|ected from a total of 256 sub-carriers. It was evident that

chamber: (a) Frequency spectrum of OFDM signal received an'the . . . .

receiver H = 112) and (b) the received baseband signal in the time domain the angle h'Sto,grams ar_]d estimation accuracy Wer(:f' |mproved.
Several experiments with the plots of the estimation errors

First, measurement results when using OFDM signal Versus the number of sub-carriers were shown. The
transmitting 128 number of sub-carrier will be analysed. €Stimation errors were calculated by taking the absolute
Among the transmitted sub-carriers, a total numbell of errors in degree between the actual and estimated angles.
112 number of data sub-carriers were used for angIeThe figure indicated an improvement of estimation accuracy
estimation. The measurement results are shown in Figs. 1QVith increasing number of sub-carrier used. In summary,
to 12. Fig. 10 shows the angle histograms obtained from thePOth simulations and experimental results showed that the
measurement when using all the sub-carriers of the OFDMadaptive power allocation scheme produced angle estimation
signal. It can be observed from the peaks of the histogramdMpProvements when the radar system was dealing with
of the DOD and DOA were -16.5° and -17° respectively, targets with fluctuating radar cross sections.
which corresponded to estimation errors of 1.5° and 2°.
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Nomalized Occurence

o]
DOD angle [°] [3]

@

(5]

(6]

llol ]

20 40 [8]
DOA angle [7]
(b)
Fig. 13 Angle histograms obtained with implementation of power [9]
allocation schemeH = 78): (a) DOD, and (b) DOA

(10]
IV. CONCLUSION

This paper proposed a target localization scheme in[11]
MIMO OFDM radars employing an adaptive power
allocation scheme among the sub-carriers. The sub-carrief;,
selection [18] was made by evaluating the singular values
(obtained from singular value decomposition) at each of the
sub-carrier based on thresholding technique, and the result i£L3]
fed to the MIMO radar transmitting side. The radar will
allocate the transmitting power among the selected sub-
carriers from the next scan and onwards. It was shown by{14]
numerical simulations and experimental measurements thal
the proposed scheme was effective in estimating the angle ]
of a target with fluctuating RCS against frequency, ascribed
to the utilization frequency diversity obtain from selected [16]
sub-carriers of the OFDM signal. Experimental evaluation in
a radio anechoic chamber was also done to validate thg;
proposed scheme. The result in this paper was presented in
the case of one target, but in principle, it can be applied to
multi-targets as well due to the capability of the MUSIC (18]
algorithm. The proposed algorithm was considered to be a
good candidate to be applied in future MIMO radar systems
designed to detect targets with fluctuating radar cross
sections.

(19]
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