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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 
 
 

I. INTRODUCTION 

Radars deal with many different and diverse problems. 
However, most radar systems are generally designed for the 
purpose of detecting the presence or absence of targets and 
estimating their range, velocity, and location. The most basic 
form of a radar system consists of a single pair of transmitter 
and receiver that can be positioned either in monostatic or 
bistatic geometry. As the development of the technology 
progressed, more complicated forms of radars that 
comprising multiple antennas and radar sites emerged such 
as multi-static and phase array radars. The multi-static radars 
operate multiple pairs of independent monostatic radars 
which are distributed in space. The phase array radars use 
multiple transmitting antennas that emit similar waveforms 
simultaneously and are capable of cohering and steering the 
antenna beam into a desired direction. 

In recent years, radars utilizing multiple antennas at both 
the transmitter and receiver side have been proposed which 

are referred to as multiple-input multiple-output (MIMO) 
radars [1]-[3]. A MIMO radar system transmits independent 
signals that are orthogonal, correlated or partially correlated 
with each other where careful selection would increase its 
degree of freedom compared to the conventional phased 
array radar that uses the same number of antennas [2], [4]. 
Early works on MIMO radar indicated that the increase 
degree of freedom induces various benefits for target 
localization such as improvement of a number of detectable 
targets, resolution, and robustness against radar cross section 
(RCS) fluctuation [5], [6]. 

Various target localization schemes for MIMO radar has 
been proposed [7]-[9]. Nevertheless, many of them only 
consider narrowband signal. Target localization using 
narrowband signal tends to suffer from RCS fluctuations of a 
target, which causes signal fading that may reduce the 
localization accuracy [10], [11]. In order to reduce the 
effects of RCS fluctuations on localization accuracy, several 
solutions have been proposed. For example, using adaptive 
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waveform design that incorporates the target's RCS 
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] 
presented the usage of orthogonal frequency division 
multiplexing (OFDM) scheme in estimating the DOA of the 
targets. However, only one-dimensional angle estimation 
using a limited number of sub-carriers was discussed. The 
authors have previously reported an angle estimation scheme 
utilizing frequency diversity of an ultra-wideband (UWB) 
signal in MIMO radar, where the UWB signal was treated as 
a summation of sinusoidal waves swept throughout the 
UWB bandwidth [13]. The scheme estimated the target angle 
at each of the frequency components and combined them to 
increase the estimation accuracy. 

The present paper proposes a joint direction-of-departure 
(DOD) and direction-of-arrival (DOA) estimation scheme in 
ultra-wideband (UWB) MIMO radar using OFDM 
waveform. The wideband OFDM waveform allows the radar 
to take advantage of independent information carried by 
each of the OFDM sub-carriers, which can be exploited to 
increase the estimation accuracy. The proposed scheme 
opted a two-dimensional multiple signal classification 
(MUSIC) algorithm [14] to jointly estimate the DOD and 
DOA at each of the sub-carrier of the OFDM signal. These 
estimates were then combined to compute the final wideband 
DOD and DODA estimation by means of majority decision 
technique. A non-parametric approach using histograms of 
the estimated angles was used to carry out the majority 
decision [13]. This approach enabled us to use a large 
number of sub-carriers that without affecting the estimation 
performance. The proposed scheme was validated through 
numerical simulations as well as experimental evaluations in 
a radio anechoic chamber. 

The remainder of this paper is organized as follows. 
Section II describes the proposed scheme, Section III 
presents parameters and results of numerical simulations, 
and Section IV explained the experimental setup and the 
measured results. The concluding remarks are presented in 
Section V of the paper. 

II. MATERIAL AND METHOD 

MIMO radar comprises of M transmitting and N receiving 
antennas illuminating a far-field target is considered, as 
illustrated in Fig. 1. The transmitting and receiving antennas 
of the MIMO radar are positioned in a uniform linear array 
with inter-element spacing of a half wavelength. Since the 
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. 
 

 
 

Fig. 1  MIMO radar concept 
  

The proposed scheme adopted an approach in [10] where 
the radar simultaneously transmits M sets orthonormal 
baseband from vector S = [S1, S2, …, SM]. The resulting 
baseband signal matrix is expressed by 
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where fh is the frequency of the hth sub-carrier. The baseband 
signal was then converted into the time-domain through 
inverse Fourier transform, and cyclic prefix is added to each 
of the OFDM symbols. The addition of the cyclic prefix is 
known to guarantee the orthogonality of each sub-carrier, 
which is required by the MIMO radar system [10]. In our 
scheme, each OFDM symbol is treated as one snapshot of 
the probing signal, hence the total number of snapshot 
depends on the number OFDM symbol transmitted. Fig. 2 
depicts the OFDM waveform emitted from the mth 
transmitting antenna. 
 

 
 
Fig. 2  Composition of the proposed OFDM probing signal emitted from the 
mth transmitting antenna 
  

The spectra of the transmitting baseband matrix is then 
given by 
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The spectra of the received signal is expressed by 
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where fc is the center frequency, g is the reflection 
coefficient of the target, at and ar are the transmitting and 
receiving steering vectors, respectively, and ⊗ is the 
kronecker product operator. Down-converting Y(f) to the 
baseband give 
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where n(t) is the thermal noise. Fourier transform of Y(t) 
after cyclic prefix removal yields the receive code matrix for 
each sub-carrier Uh = [U1,1, U2,2, …, Uh,N], where N is the 
number of receiving antennas. Multiplying Uh with S* yields 
the channel coefficient for each transmitter and receiver pair, 
denoted as Ah. The receiving co-variance matrix and its 
Eigen decomposition is given by 
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where E[•] is the ensemble average and [•]H represents the 
conjugate transpose operation. The co-variance matrix is 
estimated by an average of L number of snapshots. Singular 
value decomposition of the covariance matrix gives 
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where V(h) is a diagonal matrix whose diagonal elements 
contain the signal and noise eigenvalues for the hth sub-
carriers, and E(h) is the corresponding eigenvectors of the 
signal and noise components. The MUSIC algorithm 
principle was applied to estimate the DOD and DOA by 
formulating the pseudo-spectra at each of the sub-carriers. 
The DOA and DOD at the hth sub-carriers can be jointly 
estimated by formulating the MUSIC spectrum at the hth 
sub-carrier, Ph, using two-way MUSIC given by 
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where eN contains the eigenvectors of Rh that are orthogonal 
to the steering vectors at and ar. The DOD and DOA are 
determined by the largest peak in the MUSIC spectrum.  

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

non-parametric method which utilizes histograms [7] which 
were formulated from the data array of all the H estimates, 
which are denoted as ‘angle histograms’ in the rest of the 
paper. The angle histogram can be viewed as a function of 
angle i from -90˚ to 90˚ at intervals of, for example, 0.5˚.  

The normalized number of occurrence of the peak angle is 
then given by 
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where p(i) is the number of occurrences of the angle i, and z 
is the normalized coefficient given by 
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The majority decision 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 
proposed MIMO radar initially estimates the DOD and DOA 
within the first scan (e.g. L = 100 snapshots), followed by a 
feedback loop to the transmitter. During the initial scan, the 
system simultaneously constructs a database of singular 
values against the sub-carrier index, obtained from singular 
value decomposition (refer Equation (6)) of the receiving co-
variance matrix at each respective sub-carrier. The 
magnitude of the singular values was normalized to the 
largest singular value among the sub-carriers, and the system 
then selects ‘usable’ sub-carriers based on a specific 
threshold. ‘Non-usable’ sub-carriers (ones bearing low value 
of singular values) will be omitted in the next scan by 
bearing zero-weights when allocating sub-carriers at the 
transmitter. The total transmitting power is then distributed 
among the selected sub-carriers to maximize the spectral 
efficiency. Fig. 3 illustrates the block diagram of the 
proposed scheme. 

 

 
Fig. 3  Block diagram of the proposed scheme 
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III.  RESULTS AND DISCUSSION 

This section presents the results of numerical simulations, 
followed by experimental results. Simulations were 
conducted using commercial signal processing tool 
MATLAB. The numerical simulations analyse the system 
performance based on utilization of OFDM waveform 128 
number of sub-carriers for the sake of demonstration. The 
following experimental measurement will show the results 
when using 128 and 256 sub-carriers, in order to show 
performance improvement obtained from utilization of a 
larger number of sub-carriers.  
 

TABLE I 
OFDM WAVEFORM PARAMETERS USED IN NUMERICAL SIMULATIONS  

Parameters Description 
Center frequency, fc 3.5 GHz 
Total bandwidth 500 MHz 
Modulation BPSK 
Total number of sub-carriers 128 
Number of data sub-carriers, H 112 
Sub-carrier spacing 3.90625 
OFDM symbol duration 256 ns 
Cyclic prefix 64 ns 

 

A. Simulated Performance   

The validity of the proposed scheme was first verified 
through a series of numerical simulations. A 4×4 MIMO 
radar, detecting 1 target located at located at (φ, θ) = (-20˚, 
15˚) was considered. The MIMO radar transmits an OFDM 
signal with center frequency fc = 3.5 GHz and the total 
bandwidth of 500 MHz, which is divided into 128 sub-
carriers in the intervals of 3.90625 MHz. 100 OFDM symbol 
was transmitted to compute the average co-variance matrix 
in Equation (5) by 100 snapshots. Major parameters of the 
OFDM signal used are summarized in Table 1. In order to 
demonstrate the effectiveness of the proposed scheme in 
utilizing the large number of sub-carriers for the detection of 
fluctuating target, the target reflection coefficient g was 
modelled to follow a certain distribution of RCS fluctuations 
along the frequency domain. It was shown in literature that 
the measured RCS of automobiles follows Weibull 
distribution [16], and our internal measurements in radio 
anechoic chamber confirmed similar distribution along the 
frequency domain. Therefore, we modelled the coefficient g 
to yield a probability density function given by 
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Here, a and b is the scale and shape parameters, 

respectively. Random variables were generated to fit the 
Weibull distribution in the UWB frequency range from 3.1 
to 10.6 GHz in intervals of 3.90625 MHz. In the simulation, 
it was assumed that the target RCS slowly fluctuates, and 
remained constant within the 100 snapshots. 
 

 
(a) 

 
(b) 

Fig. 4  Examples of MUSIC spectra at different sub-carriers: (a) without 
RCS fluctuation and (b) 15 dB of RCS fluctuation 
 

Fig. 4 depicts examples of MUSIC spectra at different 
sub-carriers. It can be observed that RCS fluctuations 
degraded the quality of the resulting spectra, where it is 
easily noticeable that spectra in Fig. 4 (a) yielded a sharp 
peak, while the spectra in Fig. 4 (b) marked a broader peak 
and larger noise floor. This will induce large estimation 
errors when formulating the DOD and DOA at the particular 
sub-carrier. The angle histograms formulated from the 
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 
signal. We can observe that besides the peak of the estimated 
signal, there were spurious plots present in the histograms. 
These spurious plots were produced from inaccurate 
estimation in several sub-carriers, due to poor SNR brought 
by severe RCS fluctuations. Furthermore, the peak of the 
histograms marked the estimated angles with 0.5˚ (φ = -19.5˚) 
and 1˚ (φ = 14˚) error from the actual position of the target. 
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(a) 

 
(b) 

Fig. 5  Angle histograms simulated using the proposed MIMO OFDM radar 
without implementation of power allocation scheme (H = 112) : (a) DOD 
and (b) DOA 

 
The normalized singular values at each sub-carrier are 

plotted in Fig. 6, where singular values with 1-order smaller 
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 
errors. To demonstrate the effectiveness of the proposed 
adaptive sub-carrier selection method, we selected only the 
sub-carriers with singular values above the threshold 
(1.5×10-1) shown in the Fig. 6, where the number of sub-
carriers was 70 % of the total. The transmitting signal was 
modified by inserting zeros in the omitted sub-carriers, and 
the total signal power was maximized among the selected 
sub-carriers only. The histograms obtained after 
implementing the power allocation scheme was plotted in 
Fig. 7. It was observed in the figure that the estimations after 
implementing the power allocation scheme yielded better 
performance against fluctuating targets, compared to without 
its implementation. 
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Fig. 6  Normalized singular values at each sub-carrier of the MIMO OFDM 
radar waveform 

 

 
(a) 

 
(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 
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generator (AWG) and quadrature modulators. The baseband 
OFDM signal was generated using MATLAB, and output 
through I and Q channels of the AWG with a sampling speed 
of 2.5 Gs/s. The signals were oversampled 5 times to reduce 
aliasing and jitter’s effects. The signals were then combined 
and up converted using the quadrature modulator to the 
center frequency of 3.5 GHz. Wideband horn antennas with 
an average gain of 12.5 dBi were used as both transmitting 
and receiving antennas. To construct the MIMO antenna 
array at both transmitting and receiver sides, electro-
mechanical scanners were used to move the horn antennas to 
pre-determined locations, which corresponds to 4×4 MIMO 

configuration with spacings of half wavelength. A complex 
target fabricated using polystyrene and aluminium foil was 
used to model a fluctuating RCS response against frequency. 
Fig. 10 shows the frequency response obtained when 
illuminating the target using the experimental setup. The 
target was positioned at at (φ, θ) = (-15˚, -15˚). The OFDM 
signal adopted similar parameters used in the previous 
simulations. The measured spectrum of an OFDM signal 
impinging the receiver is shown in Fig. 11 (a). We could 
observe from the figure that the average SNR of the system 
is approximately 15 dB.  

 

 
Fig. 8  Experimental setup 

 
 

 
 
Fig. 9  Measurement scenario in a radio anechoic chamber performance 
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 
offline processing routine implemented in MATLAB. Prior 
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 I and Q channels of the 

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]. 

 

 
 

Fig. 10  Frequency response of the fabricated complex target [13] 
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(a) 

 
(b) 

Fig. 11  Examples of radar signal obtained from the experiment in anechoic 
chamber: (a) Frequency spectrum of OFDM signal received at the nth 
receiver (H = 112) and (b) the received baseband signal in the time domain 

 
First, measurement results when using OFDM signal 

transmitting 128 number of sub-carrier will be analysed. 
Among the transmitted sub-carriers, a total number of H = 
112 number of data sub-carriers were used for angle 
estimation. The measurement results are shown in Figs. 10 
to 12. Fig. 10 shows the angle histograms obtained from the 
measurement when using all the sub-carriers of the OFDM 
signal. It can be observed from the peaks of the histograms 
of the DOD and DOA were -16.5˚ and -17˚ respectively, 
which corresponded to estimation errors of 1.5˚ and 2˚.  
 

 
(a) 

 
(b) 

Fig. 12  Angle histograms without power allocation scheme (H = 112): 
(a) DOD and (b) DOA 
 

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 
with the previous simulation. The estimated DOD and DOA 
with the power allocation scheme were -16˚ and -15˚. The 
estimation error was reduced to 1˚, and the DOA was 
estimated with no error. The respective angle histograms 
were also found to contain a reduced number of spurious. 
These results verified the performance improvement 
obtained by the power allocation scheme, as shown in the 
previous simulations. 

Experiments were also conducted by using a larger 
number of total sub-carriers, and varying threshold values to 
select the ‘usable’ sub-carriers. Fig. 13 showed an example 
of angle histogram, obtained by using 70 % of sub-carriers 
selected from a total of 256 sub-carriers. It was evident that 
the angle histograms and estimation accuracy were improved. 
Several experiments with the plots of the estimation errors 
versus the number of sub-carriers were shown. The 
estimation errors were calculated by taking the absolute 
errors in degree between the actual and estimated angles. 
The figure indicated an improvement of estimation accuracy 
with increasing number of sub-carrier used. In summary, 
both simulations and experimental results showed that the 
adaptive power allocation scheme produced angle estimation 
improvements when the radar system was dealing with 
targets with fluctuating radar cross sections.  
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(a) 

 
(b) 

Fig. 13  Angle histograms obtained with implementation of power 
allocation scheme (H = 78): (a) DOD, and (b) DOA 
 

IV.  CONCLUSION 

This paper proposed a target localization scheme in 
MIMO OFDM radars employing an adaptive power 
allocation scheme among the sub-carriers. The sub-carrier 
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 is 
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 
numerical simulations and experimental measurements that 
the proposed scheme was effective in estimating the angles 
of a target with fluctuating RCS against frequency, ascribed 
to the utilization frequency diversity obtain from selected 
sub-carriers of the OFDM signal. Experimental evaluation in 
a radio anechoic chamber was also done to validate the 
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 
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.  
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