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Abstract: - Multiple Input Multiple Output (MIMO) radar is an emerging technology which has attracted many 

researchers recently. The problem of beampattern design of MIMO radar in uniform arrays and with the 
covariance based method of point targets has been investigated by many papers so far. In this paper it is 

desirable to consider this problem in non-uniform arrays. Actually the main purpose of this paper is to examine 

the optimization of the transmitted beampattern respect to transmitter antennas locations and investigated how 

this parameter can affect the transmitted beampattern. MATLAB software is being employed for simulations. 
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I. INTRODUCTION 
Multiple input multiple output (MIMO) radar is an emerging radar field which has attracted many 

researchers from all over the world recently. In this type of radar, unlike an standard phased array radar, one can 

choose transmitted probing signals freely to maximize the power around the locations of the targets of interest, 

or more generally to approximate a given transmit beam-pattern, or to minimize the cross-correlation of the 
signals reflected back to the radar by the targets of interest [1,2]. These signals can be correlated to each other or 

non-correlated. This feature provides extra degrees of freedom in the design of radar system. 

Generally MIMO radar systems can be classified into two main categories: 

MIMO radars with widely separated antennas [3] 

MIMO radars with colocated antennas [4] 

In the case of widely separated antennas, the transmitting antennas are far from each other such that 

each views a different aspect of a target of interest. In this type of MIMO radars, the concept of MIMO can be 

used to increase the spatial diversity of the radar system [5,6,7,8]. this spatial diversity which has been achieve 

from RCS diversity gain, can improve the performance of detection [7], finding slow moving targets [5] and 

angle estimation [8]. Useful references about MIMO radar with widely separated antennas can be found in [3]. 

In the case of MIMO radar with colocated antennas, the transmitting antennas are close to each other such that 

the aspects of a target of interest observed by antenna elements, are identical. In this type of MIMO radars, the 
concept of MIMO can be used to increase the spatial resolution. Many papers have demonstrated the advantages 

of this type of MIMO radars, including high interference rejection capability [9,10], improved parameter 

identifiability [11], and enhanced flexibility for transmit beampattern design [12,13]. Useful references about 

MIMO radars with colocated antennas can be found in [4]. 

Generally MIMO radar waveform design methods can be classified into three main categories [12] - [23]: 

Covariance matrix based design methods [12] – [16] 

Radar ambiguity function based design methods [17] – [20] 

Extended targets based design methods [21] – [23] 

In the covariance matrix based design methods, the cross correlation matrix of transmitted signals is 

taken into consideration instead of entire waveform. Then these types of waveform design methods affect only 

the spatial domain. In references [12,14] the cross correlation matrix of transmitted signals is design such that 
the power can be transmitted to a desire range of angles. In [13] the cross correlation matrix of transmitted 

signals is design such that one can control the spatial power. In addition in [13] the cross correlation between the 

transmitted signals at a number of given target locations is minimized which can improved the spatial resolution 

in the radar receiver. In [15] the authors have optimized the covariance between waveforms based on the 

Cramer – Rao bound matrix. And finally in [16], given the optimize covariance matrix, the corresponding signal 

waveforms are designed to further achieve low peak to average power ratio (PAR) and higher range resolution. 

       The radar ambiguity based design methods optimize the entire signal instead of matrix of cross 

correlation of the signals. Then these design methods involve not only the spatial domain but also the range 

domain. Actually in these design methods it is desirable to find a set of signals which satisfied a desire radar 

ambiguity function. Of course these design methods are more complicated than the covariance design methods. 

Angle, Doppler and range resolution of a radar system can be characterized by the MIMO radar ambiguity 
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function [24] – [26]. In [18] – [20] the author's goal is to sharpen the radar ambiguity function. For achieving 

this goal the authors have minimized the sidelobe of the autocorrelation and the cross correlation between the 

signals. In [17] the signals are directly optimized so that a sharper radar ambiguity function can be obtained. 

Then the spatial and range resolution of point targets can be improved. 

       In the extended target based design methods also, the entire signals is considered as in the radar 

ambiguity function design based methods, however, unlike the radar ambiguity function design based methods 

which considered only the resolutions of point targets, these methods considered the detection and estimation of 
extended targets. These methods require some prior information about the target or clutter impulse response. 

The extended target based design methods have been studied in [17] – [20]. 

       Many papers have investigated beampattern design and waveforming in MIMO radars. One of the most 

famous approaches for beampattern design (as mentioned before) is named covariance based method which 

design cross-correlation matrix of transmitted signals instead of the signals. On the other hand, many papers 

have investigated beamforming of an standard phased array radar in different ways. In this paper it is desirable 

to design beampattern of a phased array radar by means of the MIMO radar covariance based beampattern 

design method, as a special case of general MIMO radar. 

The present study has five sections as follow: 

Section 1 presents a brief introduction of MIMO radars. In section 2 the covariance based MIMO radar 

beamforming is reviewed. Analyzing of transmitted beampattern respect to antenna location is discussed in 
section 3. Numerical examples are provided in section 4. Section 5 is focused on conclusion and references are 

presented at the end of the paper. 

 

II. COVARIANCEBASEDBEAMPATTERNDESIGN 
Assume that we have a collection of N transmitter antenna which is located at known coordinates xi =
 x1,i , x2,i , x3i = (x, y, z) in some spherical coordinate along the z-axis as shown in Fig. 1. In the presented study 

and in all of the examples and formulas of current paper, it is assumed that these transmitter antennas are along 

the z-axis.  

It is assume that each transmitter antenna is driven by a specific signal on the carrier frequency of fc  or with 

wavelength of λ and complex envelopeofsi t , i = 1,… , N. At a specific point in space with distance of r and 

direction of k(θ, ϕ) from the transmitter antenna, each radiated signal si(t) gives rise to a "signal" the far field at 

radius r, with complex envelope given by 

yi t, r, θ, ϕ =
1

 4πr
si  t −

r

c
 ej 

2π

λ
 xi

T k(θ,ϕ)             (1) 

Where, in this equation, k is a unit vector in the (θ, ϕ)direction. 

 
Fig. 1.  T/R modules and spherical coordinate system 

 

At the far field, these signals add linearly and the radiated powers Pi add linearly as well. At this point assume 

that the i-th element location is on the z-axis at coordinate zi. The signal at position (r, θ, ϕ) resulting from all of 

the transmitted signals at far field will be: 

y t, r, θ, ϕ =  yi t, r, θ, ϕ 

N

i=1

=  
1

 4πr
 si  t −

r

c
 e

j 
2πzi

λ
 sin (θ)

N

i=1

                       (2) 

The power density of the entire signals then given by 
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Py r, θ, ϕ =
1

4πr2
  < sk t sl

∗ t > e
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2π zk−zl 

λ
 sin  θ 

N

l=1

N

k=1

   (3) 

And it is known that the complex signal cross-correlation is defined by 

Rkl =< sk t sl
∗ t >                                                         (4) 

With defining the direction vector as below 

a θ =  ej 
2πz1

λ
 sin  θ ,  .  .  .  , ej 

2πzN
λ

 sin  θ  
T

             (5) 

The normalized power density P(θ, ϕ) of signals, in (W/ster), would be: 

P θ, ϕ =
1

4π
  Rkl e

j2π

λ
 zk−zl sin (θ)

N

l=1

N

k=1

                    (6) 

Recognizing that (6) is quadratic form in the Hermitian matrix R which is the cross-correlation matrix of 
signals, this can be written compactly as 

P θ, ϕ =
1

4π
a∗ θ Ra θ                                                  (7) 

This normalized power density P(θ, ϕ) is exactly the beampattern which is desirable to find[3]. 
 

In the following some examples of beampatterns produce from such a cross-correlation matrix has been 

shown. Fig. 2 shows the beampattern produced by signal cross-correlation matrix of (8), (9) and (10) 

respectively. It is noticeable that these figures are beam-patterns of 10-element uniform linear array (ULA) with 

half-wavelength spacing. 
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Fig. 2.  Beampattern respect to (7). The blue one is corresponds to cross-correlation matrix of (8), The black one 

is corresponds to cross-correlation matrix of (9) and the red one is corresponds to cross-correlation matrix of 

(10) 

 

In general case the elements of the signal cross-correlation matrix are complex values except the 

diagonal elements that are real. This general case is related to MIMO radars but in the case of phased array 

radar, all the transmitter signals are correlated with each other and then absolute value of all the elements in R, 

are equal to 1(blue one at Fig. 2). 
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III. ANALYZING OF TRANSMITTED BEAMP ATTERNRE  

SPECTTOANTENNA LOCATION 
In this section the problem of beampattern matching design is considered in the following format: 

J z, R =   Pd θ − a∗Ra θ  2dθ

θ

                    (11) 

Where, the goal is to minimize this function. In other words it is desirable to match the produced 
pattern to a desire pattern in a mean square (MS) manner. Then it  is desirable to investigate how the antenna 

location can affect the transmitted beampattern. In other words we want to show that how an arbitrary 

beampattern can change by moving the transmitter antennas. As it is clear, the above problem is a N 

dimensional problem respect to antenna location, then considering the total effects of all the antennas are 

difficult to consider. Then in the numerical example section, the effect of change in two antennas locations is 

investigated. Therefore it can be shown in a plane. 

 

IV. NUMERICALEXAMPLES 
In this section it is supposed that there is 5 elements array which two of these elements can move 

freely. Figure 3 shows an arbitrary desire beampattern and arbitrary transmitted beampattern which is obtained 

from minimum mean square error and figure 4 shows the resulting difference of transmitted beampattern and 

desire beampattern respect to these two moving antennas locations parameters. 

 
Fig. 3.  Arbitrary desire and designed beampatterns 

 
Fig. 4.  The difference of transmitted beampattern and desire beampattern respect to two antennas locations 

 

As it is seen from this figure the difference between transmitted beampattern and desire beampattern is varying 
in non-linear sense respect to antenna locations. 

 

V. CONCLUSION 
It is showed in this paper that optimizing the transmitted beampattern respect to antennas locations is an non-

convex optimization problem which cannot solve with conventional optimization methods and therefore one can 

solve such problems with some heuristic approaches like genetic algorithm. 
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