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Abstract. 2D single-focus arrays of elementary radiators with frequency scanning 

focused in the Fresnel zone are considered. A problem of the array synthesis is solved 

for the arrays of different types. The proposed solution determines coordinates of the 

elementary radiators located in the planar aperture. An approximate analysis of the 

electromagnetic field radiated by the array of the radiators assuming specified 

currents is presented. The currents are formed by a system of parallel transmission 

lines loaded with the elementary radiators. Traces of focal spots movement in two 

dominant scanning planes - in parallel and perpendicular to the transmission lines 

axes - are investigated. Scanning curves determined for the field strength maximum 

and for the radiation efficiency maximum are obtained.   

Key words: focused array, frequency scanning, Fresnel zone, scanning curve, 

radiation efficiency. 

 

1. Problem formulation 

At present near zone active and passive systems of microwave imaging are 

widely used for anti-terror inspection, detection of explosives, medicine diagnostic 

and in many other applications.  A scanning or multi-beam radio-objective that forms 

images in the radio frequency range is the most important part of such systems. The 

theme of design and investigation of radio-objectives is presented in many articles 

[1–8].  

The studied radio-objectives present antennas of different types which are 

focused in the Fresnel zone. These are antennas with mechanical scanning, phased 

arrays (PA), multi-beam reflector or lens antennas and others. The most interesting 
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for practical use are radio-objectives with electrical scanning capabilities enabling to 

form radio images in real time. Radio imaging systems usually operate at relatively 

high frequencies ranging from the upper part of centimeter band to terahertz band for 

providing high angular resolution. For the same purpose they need to have 

sufficiently large (relative to the operating wavelength) radiating aperture. PAs with 

such dimensions have large number of elements and therefore may have very high 

cost. Due to this factor, radio-objectives with hybrid scanning are often used. They 

monitor a certain area of space using mechanical scanning in one plane and electrical 

scanning in the orthogonal plane.  The simplest way to realize hybrid scanning is to 

use a linear leaky-wave antenna [9]. Such objective can view the area along the 

antenna axis due to frequency variation, while the observations in the orthogonal 

plane can be performed mechanically [10,11]. Such hybrid scheme of scanning 

makes it possible to reduce the number of controlled elements and therefore the cost 

of the device without degradation of the resolution.  Note that objectives of this type 

have no functionality and flexibility that are character for PAs.  

Different types of linear leaky-wave antennas can be used for focusing its 

radiation field in the Fresnel zone. Among them are antennas on the base of a curved 

waveguide [14-15], straight-line waveguide with variable leaky-wave phase velocity 

[16, 17], straight-line waveguide loaded with an array of lumped radiators placed 

with variable period [18-20], helix [21] and radial line [22-23]. Note that the 

frequency scanning was studied only in [16, 17] in the case of linear leaky-wave 

array with a constant period of radiators.   

2D arrays are more interesting than linear arrays due to their capability of 

forming focal spots while linear structures form focal curves. The field concentration 

in a focal spot is much higher than in a focal curve. A 2D frequency scanning array of 

low-directivity radiators focused at a distance of the order of the array aperture size is 

considered in [24], in which results of the study for a frequency scanning array of 

parallel rectangular slotted waveguides are presented. The radio-objectives using 

arrays of this type can view the space by combination of two types of scanning. In the 

plane parallel to the waveguides axes the frequency scanning is used. In the 
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orthogonal plane, scan of the focal spot can be achieved in different ways, for 

instance using phase shifters or beam-forming network (BFN). Such implementations 

are equivalent to formation of wave set exciting the waveguides of the focused array. 

We will denote those two planes as longitudinal and transversal planes respectively. 

It is possible to select dominant planes that cross antenna aperture center.  

In [24, 25] it was shown that the frequency-scanning curve is non-symmetrical 

relative to the center point. Scanning curve of this type is not well suited for the 

radio-objective design. It was also found in [24, 25] that the waveguide focused 

arrays are characterized by appearance of side diffraction lobes even when dielectric- 

filled waveguides are used.  

The goal of this work is investigation of 2D frequency scanning focused arrays 

from a more general point of view comparing with [24, 25]. In particularly the 

current study should determine the cause of the scanning curve asymmetry: weather it 

is fundamentally connected with the scanning method or only with a specific 

implementation of it.  

To achieve the goal of the study we will develop a generalized model of the 

array. In many aspects it is similar to the model described in [24, 25]. The method of 

specified currents is used for the radiation field calculations. Each radiator presents 

an elementary source the field of which is defined in the scalar approximation. 

Amplitudes of sources are found in the single mode assumption assuming that only 

the dominant mode propagates in the transmission line (TL) loaded with radiators. 

The mode is described in terms of the generalized parameters, namely: propagation 

and attenuation constants   and . Unlike [24], here we do not fix the TL 

construction, but describe TL in the generalized form that suits for an arbitrary TL.  

Using this approach, we can find the array radiation field and determine location 

of characteristic points: the maximum of the field strength and the maximum of 

energy efficiency. Their positions depend on the operating frequency in the 

longitudinal plane and on the array excitation circuit (AEC) operation regime in the 

transverse plane. Below we will study the scanning characteristics only in the main 

planes. 
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2. The structures under study and their synthesis 

It should be noted that 2D focused arrays with frequency scanning can be 

constructed in a variety of ways. The general structure of the array is shown in Fig. 1. 

It contains a set of TLs each of which is loaded by a linear array of elementary 

radiators connecting with TL in series. The AEC is shown in the left part of Fig. 1. In 

general it has several input ports (in Fig. 1 one input port is shown) and M output 

ports. The number of output ports is equal to the number of TL. 

 

Fig. 1. General schematic structure of a focused array 

 

In the general case the TL can have a curved shape and form a non-planar 3D 

structure not bounded by XOY  plane. Here we will consider only planar arrays with 

straight-line TL (see Fig. 2).  

A variety of focused arrays is determined by two factors: the array radiation 

regime and the AEC structure. Each TL with a set of radiators presents a leaky-wave 

linear array.  It is known [26] that the electromagnetic field of a periodical antenna 

array may be expanded in the Floquet space harmonics series. A conventional array 
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has only one radiating space harmonic. Typically it is a zero order or minus first 

order harmonic.  In the first case the wave slowing factor kU / <1, where k  is 

the free space wave number. In the second case 1U . Hence there are two different 

array operating modes: the regime of zero order radiating harmonic and the regime of 

minus first order radiating harmonic.  

 

Fig. 2. Scheme of the considered array 

 

The AEC can be designed in several ways. The maximum functionality is 

achieved by using a system of phase shifters inserted in TL. They provide an arbitrary 

phase distribution between the array channels. It is also possible to use a quasi-optical 

system, for example a Rothman lens [27] that produces a discrete number of phase 

distributions corresponding to the excitation of different lens inputs. Note that not all 

these distributions meet the conditions of perfect focusing due to the Rothman lens 

aberrations.  
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Zoned lens combined with a multi-channel power divider can be also applied as an 

AEC. It is the simplest technical solution for scanning in the longitudinal plane.    

Below both modes of the array radiation will be considered. For the arrays with 

minus first radiating harmonic two subtypes will be selected: the array with a 

constant period and the array with a constant slowing factor. The meaning of this 

subdivision is explained below when considering the array synthesis problem. Here 

we will use the structure with a set of phase shifters as a basic type of AEC. We will 

also briefly discuss the influence of a zoned lens on the scanning in the longitudinal 

plane. 

 

Fig. 3. To the illustration of the array synthesis method 

 

The synthesis procedure is explained in Fig. 3. We perform it in two stages. At the 

first stage, the in-phase condition is used for all beams coming to the focal point F  

from all the radiators in TL with an arbitrary number m . This condition has the 

following form: 

0

,,1,,

2

k
rrPU mnmnmynmn


  ,      (1) 
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mnmnmyn yyP ,,1,   , 

22
,

2
, )( Fyyxr fmnmmn  , 

xm mPx  , 

where mnU ,  is the slowing factor of the m-th TL in the interval mnmn yyy ,1,  , 0k  

is the free space wave number at the frequency of synthesis 0f ,   is a number of the 

array space harmonic, xP  is the period of the TL array (the distance between adjacent 

TL).  

 Equation (1) is written for the focal point with coordinates ),,0( Fy f  and the 

time dependence is assumed to be )exp( ti . It is reduced to a biquadratic equation 

for the value mny ,1  that has the solution in the following form: 

 ),( ,,,1 mnmnmn Uyy  ,        (2) 

where   is a known function. Expression (2) makes it possible to build an iterative 

procedure that expresses mny ,  via the arbitrary specified coordinate of the leftmost 

radiator my ,0 . In so doing we have the free parameter my ,0 . Also there is an additional 

degree of freedom due to a free choice of the slowing factors mnU , . So we can obtain 

an infinite number of the synthesis problem solutions. In this work we consider two 

of them: the array with a constant slowing factor UU mn ,  and the array with a 

constant period ymyn PP , . Note that in [24] the array variant with a constant 

slowing factor was studied. 

 At the second stage of the synthesis, in-phase summation at the focal point of 

all beams with 0n  need to be provided. As noted above, this condition can be 

satisfied by different ways. Let the leftmost radiator is located at the left edge of the 

array aperture mm Yy ,0  (see Fig. 2). Then the in-phase condition has the following 

form: 

 mmm qCrk  2,00  ,       (3) 
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where m  are phases of the waves formed by AEC, C  is an arbitrary constant that 

may be for example equal to 0,000 rk . When 0mq  condition (3) provides in-

phase summation of the beams with an accuracy of 2 .  

 Assuming an optical system used as an AEC, condition (3) can be satisfied for 

0mq . In this case the optical system will concentrate field at a point located at the 

distance 
22 )( fm yYF  from it. Note that for an optical system condition (3) will 

be satisfied not only at frequency 0f , but at any frequency f .  

 The phase shifters provide phase shifts in the interval from zero to 2 . It 

means that 0mq  in equation (3).   Jumps by 2  in phase values are usually 

considered as a source of errors in the phase distribution destroying it in the 

frequency range. However, assuming that the phase shift is frequency dependent then 

no errors occur and equation (3) can be satisfied for anyk . In this case the system of 

phase shifters is equivalent to an optical system. 

 If mm Yy ,0  then the following solution of equation (3) exists:

 mmmm qCrkYyUk 2)( ,00,00  .     (4) 

 It is written for constm   which corresponds to the array excitation by an in-

phase power divider. Relation (4) is an equation in coordinates my ,0 . The TL sections 

from the leftmost edge point to the points myy ,0  act as a zoned lens. 

 Equation (1) has solutions when the focal point coordinate fy  changes in a 

wide range in the radiation mode at minus 1 space harmonic. Consider next the most 

interesting arrays focused in the point located over the aperture center, in which 

case 0fy .  

It is impossible to focus radiation over the array in the zero-order operating 

mode. It follows from equation (1) and has a clear physical explanation. The zero-

order space harmonic radiation is possible only for TL with fast wave 1U . The 

angle of radiation of each array section is determined from the following relation: 
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k

U
arcsin .         (5) 

The angle   is measured between the direction of radiation and the normal to 

the array plane. Formula (5) is written for the wave propagating from left to right. 

From (5) it is clear that 0 . It means that all array points radiate in the direction of 

the wave propagation while focusing in the point over the array plane requires the 

backward radiation in some points. Therefore the following inequality should be 

satisfied for the array in the zero-order radiating mode: 

mf Yy  . 

 Let a hollow rectangular waveguide is used as a TL with a fast wave. In this 

case we have for mnU , : 

 

2

,

, 1















mn

mn
ka

U


,        (6) 

where a  is the size of the wide waveguide wall. From (1) obtain the following 

solution for mna , : 

 













 






myn

mnmn

mn

P

rr
k

a

,

,1,
0

,

1


.       (7) 

 Coordinates mny ,  in (7) can be specified in an arbitrary way. Assume that the 

radiators are placed periodically: ymyn PP , . The waveguide width varies in the 

limited range: 

  2 ka .         (8) 

 Inequality (8) ensures the propagation of the dominant waveguide mode and 

absence of propagating higher order modes. It must be valid for all mna ,  and it limits 

the frequency scanning range.  
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 It is also reasonable to impose the condition of side diffraction lobes 

suppression. This condition is rigorously formulated for periodic arrays. For the 

considered non-periodic structures this condition can be formulated only locally.  

 

Fig. 4. Group of elements in non-periodical array 

 

 Select one array element that is characterized by indexes mn,  and adjacent 

radiators with mn ,1  и 1, mn  as shown in Fig. 4. This group of elements can be 

considered as an element of a periodical array with a skewed lattice and periods 2,1P . 

As the phase shifts between the radiators are known it is possible to write down the 

condition of side lobes absence for the equivalent periodical array. However it is 

more convenient to use the stricter condition that provides the required side lobes 

suppression irrespective on the value of the phase shifts: 

 2/, , mynx PP ,         (9) 

where   is a free space wavelength. Inequality (9) must be satisfied at all operating 

frequencies.  

 For periods satisfying the relation (9) the array periodicity does not 

significantly affects the characteristics of its radiation. Due to this, it becomes 

possible to replace the set of point sources by their continuous distribution in the 

antenna aperture. Such distributions are convenient for an analytical study of the 

array characteristics.  The continuous phase distributions ),( yx   for different types 

of arrays are given below without their derivation: 



ZHURNAL RADIOELEKTRONIKI – JOURNAL OF RADIO ELECTRONICS, ISSN 1684-1719, N10, 2017 

11 






































),())((
2

,)(
)(

,))((
2

,)()()(

222
0

0

222

222

22

2
0

2

0

222
0

0

222
0

222
00

xQFyxkYykk
kP

FyYxkdy
Fyyx

Fx

k

k
k

FyxkYykk
kP

FYxkkFyxkYyUkk

m

y

y

mY

fm

f

m

y

mm





   (10) 

),()( xkULxQ   



























 





2
2

1
)(

22222
22222 FYFYx

FYFYx
U

xL mm
mm , 

where the square brackets mean the operation of taking the integer part. 

 The first line in (10) corresponds to the array operating at minus first space 

harmonic with a constant slowing factor, the second line corresponds to the constant 

period array operating at minus first harmonic, the third line corresponds to the array 

operating  at zero harmonic and the fourth line corresponds to the zoned lens array 

operating at minus first harmonic. The remaining structures have their AEC in the 

form of an ideal optical system or a phase shifter system. All arrays except the array 

operating at the zero harmonic mode have 0fy . 

 Nonessential terms that do not depend on coordinates are omitted in the phase 

distributions (10). One can see that at frequency 0f  all the distributions provide 

perfect focusing since adding to them phase shifts from any point in the aperture to 

the focal point gives a function that does not depend on the source coordinates yx , .  

3. Analytical study of arrays operating at the minus first harmonic in the 

paraxial approximation 

In this section we consider the characteristics of long-focus arrays in the so 

called paraxial approximation.  It is valid if the following relations are satisfied: 

222 yxF  , 

 
222 yxz  ,         (11) 
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222 yxz  , 

where zyx ,,  are coordinates  of the point of observation.  

 Relations (11) allow us to expend the square roots in Eq. (10) in inverse 

powers of F and keep only the first two of them.  Neglecting inessential constants we 

obtain the following approximate expressions for the phase distributions of the fields 

in the array: 


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Two lines in (12) correspond to the arrays operating at the minus first harmonic 

with a constant slowing factor and a constant period. Then let us make similar 

transformations for the phase shift r  from the point )0,,( yx  in the aperture to the 

observation point ),,0( zy : 

z
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kkzr

22
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 .     (13) 

Expression (13) is given for 0x , which corresponds to the main longitudinal 

scanning plane. Omitting the terms that do not depend on the coordinates yx , obtain 

the total phase shift r    : 
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   (14) 

 We choose the coordinate y  of the observation point so that the terms linear in 

y vanish: 
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To minimize phase variations, the parameter z  should be chosen from the 

condition that the quadratic in y  terms vanish. However for a system with a constant 

slowing factor this cannot be done since the phase distribution has different quadratic 

terms in different coordinates x  and y . In other words phase distortions-aberrations 

take place already at the level of quadratic terms.  

 For an array with a constant period the aberrations of this type are absent.  

Therefore, assuming Fz   we ensure that the quadratic part of the phase distribution 

is equal to zero. For an array with a constant slowing factor, we choose the distance 

z  so that the quadratic terms vanish on average.  As a result, we obtain the following 

relations: 

 











.

2

0

F

kk

kF

z .         (16) 

 Eliminating the parameter k from formulas (15), (16), we obtain the equations 

for the scanning curves of arrays: 

  











.

,
2)(

F

U

y
F

yz         (17) 

 It is seen from (17) that even in the paraxial approximation both arrays 

demonstrate different behavior. The array with a constant slowing factor cannot be 

perfectly focused in the frequency range, and its scanning curve has a form 

asymmetrical with respect to the origin. On the contrary, the array with a constant 

period can be focused to within quadratic phase terms and has a symmetric curve of 

scanning. 

 The obtained result gives an answer to the question formulated in Sec. 1 

concerning the asymmetric scanning curve of the array investigated in [24]. It 

belongs to the type of arrays with a constant slowing factor and, as follows from 

formula (17), has an asymmetric scanning curve. In addition, it is seen from (17) that 

the asymmetry is stronger the smaller is the slowing factor U . Since the structure 

based on a waveguide with a low slowing ( 1U ) was considered in [24], asymmetry 
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manifests itself very strongly in it. Thus we come to the conclusion that the discussed 

effect is related to the specific type of TL, and not to the principle of scanning.  

4. Numerical study of focused arrays scanning in the main longitudinal plane  

To calculate the intensity of the array field ),,( zyxV  we use the well-known 

formula [28]: 

 
 




N

n

M

m mn

mn
mn
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ikr
AzyxV

1 1 ,

,
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)exp(

4

1
),,(


,     (18) 

22
,

2
, )()( zyyxxr mnmmn  , 

)),(exp( ,,, mnmmnmn yxiaA   , 

where ),( yx  is the phase distribution of sources and ),( yxa  is their amplitude 

distribution. As noted above, in the framework of the adopted model the field in the 

TL is represented by the field of the dominant mode traveling from the left to the 

right. In this case the following expression for mna ,  takes place: 

 )exp(,  nCa mn ,        (19) 

where   is the wave attenuation per each radiator, C  is a normalized multiplier. It is 

selected from the condition that the power of losses in the TL is equal to the power 

radiated into the free space in accordance with the method described in [24].  

 The most interesting for us is the position of the maximum of the function 

),,( zyxV  that determines the scanning curve. We will also calculate and investigate 

a parameter equivalent to the coefficient of surface efficiency (CSE) which is widely 

used in the antenna theory: 
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 The parameter K shows how much of the power radiated by a lumped source 

located in the point ),,( zyx  is received by the array with the specified field 

distribution in its aperture. We will also determine the scanning curve by the criterion 
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of CSE maximum.  

 Consider first the arrays radiating at the minus first space harmonic. Fig. 5 – 7 

a, b show the scanning curves )( ss yz  (Fig. 5 – 7 a) and the dependencies of the 

normalized maximum value of the field intensity on the coordinate sy  located on the 

scanning curve (Fig. 5 – 7 b). The normalization is carried on the value of the 

intensity at the synthesis frequency 0f . Curves 1 – 3 are obtained for different types 

of arrays. Curve 1 corresponds to an array with a constant slowing factor and a 

system of phase shifters, curve 2 refers to an array with a constant period and a 

system of phase shifters and curve 3 to an array with a constant period and a zoned 

lens. In arrays with a constant period, the period yP  is determined from the following 

condition: 

 
Uk

Py

0

2
 ,          (21) 

where U  is the corresponding parameter in the array, in which  this parameter 

remains constant.  Equality (21) provides the conditions for the correct comparison of 

arrays of different types. 

 The curves in Fig. 5 a, b are obtained for 1000F , 2U , 300 mm YX , 

100 f  ГГц, 0 . The frequency varies from 8.5 to 12 GHz. All dimensions here 

and hereafter are given in millimeters. From Fig. 5 a it is seen that the scanning curve 

does not pass through the predicted focal point. It is located below it.  An array 

operating at the minus first harmonic and with a system of phase shifters has the most 

symmetrical scanning curve. Scanning curves of the other arrays are asymmetric. The 

strongest asymmetry takes place for an array with a constant slowing factor. 

 The dependence of the maximum field intensity mV  on coordinate sy  allows 

us to evaluate the range properties of the array, since the coordinate value is uniquely 

related to the frequency. The dependence of the parameter sy  on frequency is shown 

in Fig. 8. The curve is obtained for the parameters given above and the array with a 

constant slowing factor. Curves for other arrays are not given, since they differ 

slightly. 
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The array with a constant period and a system of phase shifters has the widest 

bandwidth (curve 2 in Fig. 5 b). The array with a constant slowing factor is worse at 

low frequencies and the array with a zoned lens is worse at high frequencies. Such 

situation is observed in all the numerical examples considered in this work.    

Note that curves 1 – 3 in Fig. 5 a, b intersect at one point, which corresponds to 

the synthesis frequency 0f . At this frequency, all the structures have the same source 

distributions in the aperture and consequently the same position of the maximum 

points and the same field intensity values. 

 

a 

 

b 

Fig. 5. Parameters of scanning of arrays in the minus first operating mode with 

1000F . Maximum intensity definition. 

 

a 
 

b 

Fig. 6. Parameters of scanning of arrays in the minus first operating mode with 

800F  . Maximum intensity definition. 
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a 

 

b 

Fig. 7. Scan parameters for arrays operating at minus first harmonic with 600F  . 

Maximum intensity definition. 

 

 

Fig. 8. Coordinate sy  vs. frequency 

The scanning curves and the distributions of the maximum field intensity along 

them are presented in Fig. 6,7 a, b. Curves 1 – 3 are obtained for the parameters given 

above except for the focal distance F , which is 800 for Fig. 6 a, b and is 600 for Fig. 

7 a, b.  It can be seen that decrease of the focal distance leads to increase in the 

displacement of the maximum intensity point along z0  axis for all the arrays. It is 

also possible to note the narrowing of the bandwidth and correspondingly the area of 

scanning along the y0  axis. This narrowing is due to decrease in the field intensity at 

the boundaries of the frequency range. It could be expected since the level of 

aberrations in short-focus optical systems is always higher than in long-focus ones. 
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a 

 

b 

Fig. 9. Scan parameters for arrays operating at minus first harmonic with 1.5U  . 

Maximum intensity definition. 

 

a 

 

b 

Fig. 10. Scan parameters for arrays operating at minus first harmonic with 

2.5U  . Maximum intensity definition. 

 

The scanning curves and the distributions of the maximum field intensity along 

them are shown in Fig. 9, 10 a, b. Curves 1 – 3 are obtained for the parameters given 

above except for the parameter U , which is U =1.5 and U =2.5 for  Fig. 9 a, b and 

Fig. 10 a, b, respectively. The focal distance F= 1000. Note that decrease of the 

slowing factor increases the difference between the scanning curves of different types 

of arrays. Thus, the asymmetry of the scanning curve of an array with a constant 

slowing factor is much greater for 5.1U  then for 5.2U . This result corresponds 

to the conclusions of the analytical study given in Sec. 3.  
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Increase in the slowing factor improves the scanning characteristics of all the 

arrays under considered (see Fig. 10 a, b). The decrease in the field intensity at the 

edges of the scanning sector decreases (Fig. 10 b) and scanning curves approach each 

other (Fig. 10 a). 

 

a 

 

b 

Fig. 11. Scan parameters for arrays operating at minus first harmonic. Maximum 

CSE definition. 

 

Let us further investigate the behavior of the scanning parameters determined 

with help of CSE (formula (20)). Looking ahead, we note that the scanning curve and 

the maximum field distribution on the scanning curve in the case of CSE definition 

depend on the parameters F and U in the same way as in the case considered above. 

So we present only one Figure 11 a, b, which show dependencies  )( ss yz  (Fig. 11 a) 

and )( sm yK  (Fig. 11 b), where mK  is the CSE maximum value. Curves 1 – 3, as 

before, correspond to three types of arrays. They are obtained for 1000F , 2U , 

300 mm YX , 100 f  ГГц, 0 . 

It can be seen that the scanning curves pass through the predicted focal point 

and they all intersect in this point. The reasons for the appearance of the intersection 

point were explained above. Similarly curves 1 – 3 in Fig. 11 b also have a common 

point of intersection, in which the CSE in dB is close to zero. However, it must not be 

equal to exactly zero at any point, since the amplitude distribution of the sources in 

the aperture differs from the optimal one.  
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In conclusion of this section we will consider the behavior of an array 

operating on the zero space harmonic. As noted above, arrays of this type take a 

special place among arrays with the frequency scanning, since they can focus the 

field only at a point located outside of the array aperture: mf Yy  . This increases the  

real focal distance that is equal to the distance from the array center to the focal point. 

It is equal to 
22
fyF  . Also an important feature of the array is the influence of its 

geometric parameters on its operating frequency range. This is due to the necessity of 

fulfilling the condition (8). 

  

Fig. 12. Scanning curves. Zero order 

harmonic. Maximum intensity 

definition. 

Fig. 13. Maximum intensity distribution. 

Zero order harmonic. Maximum intensity 

definition. 

 

The scanning curves of an array with zero order harmonic are shown in Fig. 12. 

Curves 1 – 3 are obtained for F=800, 1000, 1200, yf=700, 100 f  ГГц, 

300 mm YX . The array scans in the 3 GHz band.  In this case curves 1 – 3 

correspond to the lower frequencies of the operating range 9.16, 9.44, 9.62 GHz. The 

change in the lower frequency is due to the change of parameter F , which affects the 

waveguide dimensions in the synthesis of the array. 

It can be seen from Fig. 12 that the focal spot moves mainly in the horizontal 

plane. The coordinate z  changes slightly. In some parts of the scanning curve this 

change is very small. This result looks unexpected, since in the examples presented 
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above the focal spot moves predominantly perpendicular to radius-vector connecting 

the array center to the focal point.  It is seen from Fig. 12 that in the considered case 

this condition is not satisfied and the focal spot moves in another direction. 

The length of the scanning curve is relatively small, if compared with the 

curves for arrays with minus first harmonic and also to take into account the 

relatively large focal distance.  That is, in terms of the width of the frequency 

scanning sector relative to the frequency range this type of arrays is worse comparing 

with those considered above. However its advantage is a relatively small change in 

the maximum value of the intensity when scanning. 

The dependence of the normalized maximum intensity of the field mV  on the 

coordinate sy  is shown in Fig. 13. The normalization as before is carried out on the 

value of the intensity at the synthesis frequency 0f . From Fig. 13 it follows that the 

aberrations that reduce the value of  mV  are relatively small and its changes are likely 

due to an increase in the distance from the array to the point of focusing.  

The scan parameters obtained with help of CSE are shown in Fig. 14 and 15. 

The scanning curve is presented in Fig. 14 and the maximum CSE distribution on it is 

given in Fig. 15. As was expected, the scanning curve determined with the aid of 

CSE passes through the calculated focal point.  

  

Fig. 14. Scanning curves. Zero order 

harmonic. Maximum CSE definition. 

Fig. 15. Maximum CSE distribution. Zero 

order harmonic. Maximum CSE 

definition. 
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Note that it is closer to the horizontal line than the curves shown in Fig. 12. 

The CSE on the scanning curve has small variations not greater than 0.5 dB (see Fig. 

15). 

5. Numerical study of focused arrays scanning in the main transverse plane  

Let us consider the behavior of focused arrays in the main transverse plane of 

scanning, that is, in the XOZ plane. We will only analyze arrays that operate at minus 

first harmonic.  Scanning in this plane is performed at the single frequency 0f , on 

which all arrays are equivalent to each other. It facilitates their analysis, since it is 

sufficient to consider only one of them. Take for example an array with a constant 

period and a phase shifters system. 

Scanning in the transverse plane occurs due to the change in the parameters of 

the AEC. As noted above, the AEC performs the function of a lens located at 

mYy   and focusing the field at the point ),0,0( F . Consider the scan, which the 

AEC performs, focusing the field to the point ),0,( Fx f .  In so doing, we suppose 

that the AEC has no aberrations. This assumption makes it possible to investigate the 

errors caused solely by the array itself. 

  

Fig. 16. Scanning curves in transversal 

plane. Maximum intensity definition. 

F=600,800,1000. 

Fig. 17. Dependence of coordinate xs 

versus coordinate xf. 

 

The scanning curves obtained by the criterion of field maximum are shown in 
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Fig. 16. Curves 1 - 3 are calculated for 1000,800,600F , 100 f  ГГц, 

300 mm YX , 2U . The coordinate of the focal point fx  changes in the range 

from zero to 300. The coordinate of the point of field maximum sx  is uniquely 

related to fx .  

The dependence )( fs xx  is presented in Fig. 17. It is described with good 

accuracy by a linear function. However, the angle of its tilt is a slightly less than 45
0
. 

Therefore, the scanning sector determined by sx  is less than the range of the 

parameter fx  change. Curves 1 - 3 in Fig. 16 lie below the corresponding values of 

the focal distance F , like it was  in all the cases considered above.  

 

Fig. 18. Maximum field intensity distribution on the scanning curve. 

F=600,800,1000. 

The most interesting is the dependence of the normalized maximum field 

intensity on variable sx  shown in Fig. 18.  The field intensity is normalized on its 

value at the point 0sx . Curves 1 – 3 are obtained for the parameters given above. 

We can see that the movement of the focal point almost to the array edge 

( 300mX ) has very little effect on the maximum field intensity mV . This influence 

becomes more noticeable in short-focus structures ( 600F ). In relatively long-

focus arrays, it is very small even at large displacements sx  of the focal point. 
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Fig. 19. Scanning curves in transversal 

plane. Maximum CSE definition. 

F=600,800,1000. 

Fig. 20. Dependence of coordinate xs 

versus coordinate xf. 

 

 

Fig. 21. Maximum CSE distribution along scanning curve. F=600,800,1000. 

 

The array demonstrates the similar behavior if the maximum CSE is taken as a 

criterion. The corresponding scanning curves are presented in Fig. 19. Curves 1 – 3 

are calculated for the array parameters given above. It is seen that they pass through 

the point ),0,0( F . As the parameter sx  is increased, the distance from the array 

plane to the focusing point is slightly decreased. The dependence )( fs xx  found 

using the CSE is shown in Fig. 20. It is close to linear. 
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The dependence of the maximum CSE on the coordinate sx  obtained for the 

above parameters is presented in Fig. 21. There is a slight drop in the CSE on the 

scanning curve. Except for the case 600F  , it does not exceed 0.25 dB. 

Thus from the results of the scanning study in the main transverse plane it 

follows that the focused planar arrays have good optical properties in the main 

transverse plane, since in with an ideal AEC the scanning does not lead to a strong 

decrease in the  field intensity and a large decrease in the CSE.  

Conclusion 

 The results of investigation of different types of arrays presented in this paper 

allow us to draw the following conclusions: 

1. The asymmetry of the scanning curve found in [24], [25] is not a consequence 

of the operating principles of arrays with frequency scanning. It is caused by a 

specific type of TL and the array structure.  

2. Single-focus arrays with a constant period operating at minus first harmonic in 

many respects are superior over those with a constant slowing factor. 

3. The aberrations in the main transverse plane of scanning are relatively small. In 

particular they are noticeably smaller than the aberrations in the longitudinal 

plane of scanning. 

4. The array at the zero-order radiating space harmonic is inferior to the arrays at 

the minus first harmonic, but it is of interest due to the special shape and 

location of the scanning curve. 
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