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Abstract. The methods of synthesis of the directional diagram of active transmitting antenna 

arrays when receiving signals reflected from radar targets are considered. It is shown that when 

using multifrequency orthogonal coherent signals in the elements and addressable access at their 

reception it is possible to provide a small level of the side lobes of the spatial uncertainty function 

in a given sector of observation by selecting the type of intrapulse modulation of partial signals. 

Orthogonalization of antenna basis of transmitting and receiving antennas allows digital spectral-

correlation processing of samples of aggregate signal from each target to solve the technological 

problem of multidimensional observation space in multiposition systems of coherent 

radiolocation when detecting, resolving, estimating coordinates and motion parameters of 

targets. The results of simulation modeling of spatio-temporal radar modems implemented 

according to the stated principles are given. 

1. Introduction 
45 years ago the book by Y.S. Shifrin "Questions of statistical theory of antennas" was published [1]. 

Since then, the scientific provisions outlined in it are actively used for analysis and synthesis of not only 
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a variety of physical designs of antennas in the mastered wavebands, but also in spatially separated 

transmitting and receiving antenna systems, implementing a variety of methods of multiposition active-

passive radiolocation. Multidimensionality of measurement space of vector of target position in such 

systems leads to ambiguity of estimates, which stipulates the need to take into account statistical 

characteristics of a set of multichannel active transmitting and receiving antennas, propagation paths 

and properties of radar objects. Provision of address accessibility to each of radiators of multielement 

transmitting antenna at reception of aggregate signals reflected from any target in MIMO-radars 

(MIMO-radar concept is presented in figures 1) is achieved by application of orthogonal partial signals 

of transmitting system, their coordinated filtering in each receiving channel [2].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. MIMO-radar concept. 

Here in the receiver must also be synthesized the directional diagrams of the transmitting system to 

each target (many inputs - M). In addition, throughout the observation space the receiving beams (many 

outputs - N) must be formed by means of an antenna array with an appropriate number of controls for 

the amplitude-phase distribution in the opening. Thus, in the receiving system it is necessary to perform 

coordinated spatial and temporal processing at the output of an equivalent "virtual" antenna array with 

the number of spatial channels M×N (figures 2) [3]. 

 

 

Figure 2. Formation of the directional diagram in the MIMO radar for 

a single target. 

The structural scheme, by analogy with communication systems, corresponds to the MIMO radar 

modem with one output, addressed to the spatial-temporal position of a particular target. To solve the 
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problem of radar observation at ranges of energy availability in all angular directions of the receiving 

antenna, it is necessary to have the appropriate number of copies of the structure of figures 3. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Structure of MIMO radar 

transmitters at orthogonal scan 

planes. 

When trying to solve the problem directly, it is necessary to provide control of M×N2 weight 

coefficients, the calculation of which requires the circulation of matrices with M×N dimension [3 - 6]. 

The complex task of controlling the parameters of the matched filters for signal separation of the virtual 

channels of the transmitting lattice [3] at reception, as well as the choice of amplitude-phase distribution 

in the opening, which provides focusing of the radiation energy in the direction of the target, can be 

solved using multi-frequency (MF) dynamic transmitting AR with ultra-fast scanning [7, 8]. The 

common property of MF AR is the formation of spatio-temporal fields of impulse form. Due to the effect 

of "compression" of the partial signals of MF AR transmitters in space, energy is concentrated under the 

envelope of pulses of the form sin(x)/x. The duration of pulses and the scanning time of the MF AR are 

inversely proportional: the width of the spectrum of the partial signals and the difference in average 

frequency spectra of the partial signals of the transmitters T=∆f-1 respectively [8]. Technical feasibility 

of such MF AR is now possible due to the creation of methods for direct synthesis of signals by vector 

modulators at ultra-high frequencies (UHF) and solid-state power amplifiers with stable characteristics, 

as well as the mastered high-speed digital microelement base with stable clock frequencies up to 1 ... 3 

GHz and the possibility of synchronization from atomic frequency standards with an accuracy of 1 ... 3 

ns [9 - 11]. 

It allows to unify signal processors on the basis of spectral correlators, using algorithms of discrete 

Fourier transform of short samples of total echo signal in a range strobe (figures 4). Thus the problem 

of multidimensionality is solved when synthesizing (restoring) DN MF AR in the direction of the target, 

for subsequent determination of the angular coordinate in the scanning plane. However, dynamic control 

of weight coefficients in the spectral region, in order to reduce the level of side lobes DN throughout the 

observation sector, is significantly dependent on the type of angular intra-pulse and interchannel 

modulation of the partial coherent signals of MF AR [12]. 

 

 

 

 

 

 

 

Figure 4. The structural 

diagram of the receiving 

system of MIMO radar 

with dynamic N- element 

AR. 
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Figure 4 shows: MLAR - multi-beam antenna array (antenna), M - channels, SPR - broadband 

receiver, SK - spectral-correlation processor, AK-FR - autocorrelation phase difference meter Doppler 

frequency shift. 

Therefore, the problem of selecting the type of coherent signal modulation for the formation of spatial 

and temporal mismatch function in MIMO radars is relevant and little studied. 

This determines the urgency of the first problem of the article, which consists in the justification of using 

MF AR, in the orthogonalization of the antenna base of the transmitting and receiving antennas, which 

allows for digital spectral-correlation processing of samples of the aggregate signal from each target, to 

replace the channel described in [3], broadband and solve the technological problem of accounting for 

the multidimensional observation space in multi-position systems of coherent radar. 

In view of variety of types and parameters of pulse signals with angle modulation and analytical 

complexities of solution of multidimensional problems, estimation of influence of type of intrapulse 

modulation on parameters of spatial and temporal mismatch function, determining resolution and 

accuracy of joint estimation of coordinates and parameters of motion of MIMO radar targets, is 

performed by methods of statistical simulation modeling. 

2. Main part 

The complex envelope of the spatial-temporal signal (PVS) in the free space and the far AR zone of the 

transmitting position on its main polarization, without taking into account the effects of interaction of 

transmitters, with accuracy to the constant, will be proportional: 

�̇� (�⃗� ̃𝑇𝑅 , 𝑡) = ∑ 𝐹𝑛
𝑇𝑅𝑁

𝑛 (𝜌 𝑛 ∙ �⃗� ̃0
𝑇𝑅) ∙ 𝑇 (𝑡 −

|�⃗� ̃𝑇𝑅|

𝑐
) × exp {𝑗

𝜔0

𝑐
(�⃖�𝑛 ∙ �⃗� ̃𝑇𝑅)}      (1) 

where: �⃗� ̃𝑇𝑅, �⃗� ̃0
𝑇𝑅 = �⃗� ̃0

𝑇𝑅 ∙ �⃗� ̃0
𝑇𝑅−1

 and �⃗� ̃𝑇𝑅 = |�⃗� ̃𝑇𝑅−1
|- the radius-vectors of direction and range of the 

target observation point in the coordinate system relative to the center of the transmitting MF AR, 

respectively; 𝐹𝑛
𝑇𝑅 (𝜌 𝑛 ∙ �⃗� ̃0

𝑇𝑅) - directivity diagram of a single transmitter transmitting MF AR; (𝑎 ∙ �⃗� ) - 

scalar product of vectors. 

The PVS spectrum has a look: 

�̇�𝜔 (�⃗� ̃𝑇𝑅 , 𝜔) = exp {−𝑗
𝜔

𝑐
�̃�𝑇𝑅} ∙ ∑ 𝐹𝑛

𝑇𝑅 (𝜌 𝑛 ∙ �⃗� ̃0
𝑇𝑅)𝑁

𝑛 ×  exp {𝑗
𝜔0

𝑐
(�⃖�𝑛 ∙ �⃗� ̃𝑇𝑅)} ∙ �̇�𝑛(𝜔)    (2) 

where: �̇�𝑛(𝜔) = ∫ �̇�𝑛(𝑡)exp{𝑗𝜔𝑡}𝑑𝑡
∞

−∞
  - the complex value of the signal spectrum in the n-emitter. 

As can be seen from (1) and (2), changes in the amplitude-phase distribution of currents (fields) in 

the transmission position grid take into account complex multipliers �̇�𝑛(𝑡) and �̇�𝑛(𝜔). Consequently, 

parameters of the input signals influence both spatial and temporal structure of the emitted signal. 

As is known, a narrowband signal in the spatial and temporal sense implies the fulfillment of the 

condition [13, 14]: 

2πf0

𝑐
∙ max (

∆F∙|�⃗⃗� |

f
) ≪ 1, ∀𝜌 ∈ s, f ∈ ∆F            (3) 

where: max (
∆F∙|�⃗⃗� |

f
) - a function that determines the extreme frequencies of the signal spectrum and the 

maximum (characteristic) antenna size, respectively. 

When performed (3), in an expression for envelope PVS (2), it is possible to neglect the time delay 

in the antenna �̇�(𝜌 , 𝑡) emitted by different points. In this case, the expression for complex envelope PVS 

takes into account only the phase difference due to signal propagation to the observation point calculated 

at the average (carrier) frequency 𝜔0[14]. 

�⃗� ̇(�⃗� 0, 𝑡
′) = 𝐹 0(�⃗� 0) × ∫ �̇�(𝜌 , 𝑡′)exp {𝑗

𝜔0

𝑐
∙ (𝜌 ∙ �⃗� 0)} 𝑑𝑠

𝑆
     (4) 
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In particular, this simplification takes place if the product of the maximum width of the spectrum of 

complex envelope signals by the difference in the travel of waves from the extreme points of MF AR is 

much less than one, which is typical for a point target. For example, when the range resolution element 

of the MIMO radar δr is much larger than the characteristic size of the transmitting antenna. From (4) it 

follows that taking into account the lag, in general, this expression is a transformation of the Fourier 

instantaneous distribution of currents (fields) in the antenna, ie define the shape of DN MF AR in the 

direction of the target. 

As can be seen, the functions of temporal - �̇�(𝜌 , 𝑡) and spatial modulation - 𝐹 0(�⃗� 0) as well as the 

interference multiplier at the carrier frequency harmonic are included in the expressions for envelope 

PVS as a work of. The time (spectral) composition of PVS (fields) is related to the spatial coordinate of 

the observation point - �⃗� 0 and is the result of the superposition of complex envelope partial currents 

(fields) supplied to the antenna aperture, taking into account the relative lag on the aperture - 𝑡′ +
�⃗⃗� ∙�⃗� 0

𝑐
. 

In the considered case, addressing of angular directions is provided when the temporal (frequency) 

structure of PVS is unequivocally connected with the target spatial position. It is known [15, 16] that 

the used signal set in the transmitting antenna aperture meets the orthogonality condition on the 

accumulation time interval of the 

�̇��⃗⃗� ,�⃗⃗� ′(𝜏) =
1

√𝐸�⃗⃗� 𝐸�⃗⃗� ′

∫ �̇�(𝜌 , 𝑡) ∙ �̇�(𝜌 ′, 𝑡 − 𝜏)𝑑𝑡 ≈≈ {
�̇��⃗⃗� (𝜏),    �⃗⃗� = �⃗⃗� ′

0,    𝜌 ≠  𝜌 ′
𝑡′+𝜏𝑎𝑐𝑐

𝑡′        (5) 

where: �̇��⃗⃗� ,�⃗⃗� ′(𝜏) - mutual correlation function (MCF) of signals with energy 𝐸�⃗⃗�  and 𝐸�⃗⃗� ′ at the points of 

the transmitting antenna with the coordinates 𝜌  and 𝜌 ′ respectively; �̇��⃗⃗� (𝜏) - autocorrelation function 

signal (ACF). 

On the basis of the above relations the field structure has the form shown in figure 5 [17]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Structure of the MF AR 

field in the object distance strobe. 

This structure indicates a linear relationship between the lag time τ and the target angular coordinate 

offset θ with respect to the normal of the MIMO radar transmitting array, which allows in the scheme 

of figure 4 makes it possible to measure by the time position of the maximum of the main lobe of the 

mutually correlated function (synthesized DN) using a spectral correlator with respect to the spectrum 

of the reference signal corresponding to the normal of the transmitting MF AR. 

Simulation of processes in the spatial-temporal MIMO radar modem with MF AR. To assess the 

influence of the type of intrapulse modulation on the parameters of the spatial-temporal mismatch 
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function, a comprehensive interactive simulation model of the MIMO radar modem (figure 6), which 

provides all the necessary algorithms for the formation and spectral-correlation processing of 

spatiotemporal signals in the structure of figure 4. 

 

 

Figure 6. Interactive simulation model of the MIMO radar modem and target 

position angle measurements from the maximum of synthesized AF MF AR. 

The model consists of interactive functional blocks: 1. Constructor of any number of radar signals 

with specified types of modulation; 2. Spatial-temporal modulator based on N-channel MF AR, which 

forms also the reference signal corresponding to the normal direction (figure 7, a); 3. Shaper of spatial-

temporal signal reflected from the target at an angle θ (figure 7, b); 4. Noises of the receiving channels; 

5. A bandpass filter of the ensemble of MF signals; 6. Processor of spectral-correlation processing of 

MF signals based on Fourier transforms of echo signal samples in range strobe; 7 Synthesized DN of 

the MF AR; 8 Unit of detection and estimation of the target bearing by the maximum DN. 

 

 
a) b) 

Figure 7. Structure of spatiotemporal signals: a) in the direction of the normal of the transmitting 

antenna array (reference signal), b) echo signal and noise at the input of the virtual receiving antenna 

of the MIMO radar. 
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The properties of a radar modem MIMO with 11-channel active transmitting AR, when excited by 

coherent signals of constant duration of 1.4 µs, with the following types of modulation were studied: 

• unmodulated rectangular pulses (IM) with the center frequencies of the spectra standing at the 

base frequency ∆f = 5 MHz; 

• phase-code-manipulated (FCM) pulses with a 7-element Barker code and a duration of one 0.2 

µs (BA) discrete; 

• discrete-frequency-coded (FCC) seven elemental Costas (CO) signal, with the same discrete 

duration; 

• FCC Costas signal, additionally modulated in phase by the 7-element Barker Code (COBA); 

• linear frequency modulation (LFM) signal with 5 MHz frequency deviation, with different tilt 

sign relative to the frequency change in the MF AR elements. 

The influence of the type of intrapulse angle modulation on the parameters of the synthesized DN of 

the MF AR is illustrated in figure 8. 

Modeling has shown that when the object is in the direction of normal MF AR (figure 8), the width 

of the main rays synthesized by DN depends only on the maximum AR frequency diversity. 

∆𝜏𝐷𝑁 = (∆𝑓 ∙ 𝑁)−1                                 (6) 

At the same time, the side lobe (SL) reduction rate has the advantage of signals with frequency-phase 

angular modulation LFM and FCC, additionally modulated in phase in matching samples by the Barker 

code. These signals also have an advantage in cases where DN synthesis occurs when the objective is 

angularly deflected from the normal direction (figure 9). 

 

 

 

 

Figure 8. Synthesized DN MF transmitting 

AR (11 elements) at the object position in the 

normal direction. 

 Figure 9. Equivalent DN MF AR (11 elements) 

when the object deviates from normal. 

 

For signals with frequency-phase angular modulation, the small level of side lobes synthesized DN, 

due to the shape of the envelope spectrum of the reference signal, which is close to the amplitude 

distribution of Hemming and is shown in figure 10. 
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Figure 10. Amplitude distribution 

in MF AR disclosure. 

However, increasing the number of MF AR channels may cause narrowband conditions (3), (4) to 

be violated. In this case, the ACF of the aggregate signal (object in the direction of normal AR) is 

independent of the deviation sign, although spatially equidistant AR becomes electrically non-

equidistant for different frequencies of partial signals. This effect is evident when the object angular 

position deviates from the normal and is illustrated in figure 11. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Effect of partial LFM signal 

deviation sign on SL level change in 

broadband MF AR. 

In this case, the tilt mark of the LFM partial signal opposite the scanning direction (LFM(-)) has a 

corrective effect on the PHAR of the dynamic MF AR. 

It is important to note that the effect of "compression" of the spatial-temporal signal in space, which 

converts the energy in the pulse volumes of all partial signals into a sequence of several short pulses of 

large amplitude, allows you to remove the limitation on the maximum peak power of solid-state 

transmitting modules of the active PHAR and provide single-channel processing of echoes during the 

synthesis of the DN transmitter PHAR in the direction of the target. The maximum DN corresponds to 

the angular coordinate of the target in the range strobe, and the width corresponds to the spatial 

resolution. 

3. Conclusion 

The presented results show that the use of modern industrial, information and digital technologies open 

the practical possibility of implementation of single- and multi-position radar systems on the principles 

of MIMO - modem, address-connected with the spatial-temporal position of each radar target. The key 

to solve the problem of multichannel in MIMO systems is the use of active transmitting dynamic antenna 

arrays with multi-frequency signals (spatial-temporal modulation) in combination with correlation 

processing processors based on digital Fourier transformers, invariant to the type of modulation of 

partial signals of transmitting AR (spatial-temporal demodulation). The high stability of the frequency 

standards is capable at present to provide the internal statistics of the spatially separated antenna systems, 
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allowing a qualitative synthesis of the DN of the transmitting systems in the directions to the targets at 

reception. 

The influence of intrapulse angular modulation of partial signals on the amplitude-phase distribution 

of MF ARs established during modeling opens up the possibility of controlling the parameters of 

synthesized DNs in a wide sector of the angular position of the targets.  

The physical properties of the dynamic RF ARs associated with the "compression" of the field pulses 

during fast scanning largely remove the limitations in the use of solid-state microwave power amplifiers, 

which have stable characteristics that meet the requirements for use in dynamic transmitting ARs 
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