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I. INTRODUCTION 

One of the major roles of a phased-array radar is to detect 

targets by scanning a specified search volume. The radar at-

tempts to detect the targets by stepping beams in the search 

volume with a pre-defined beam lattice. The beam lattice can be 

formed either in a rectangular or a triangular array [1]. The total 

number of the beams to scan the given search volume is deter-

mined by the spacing between the adjacent beams. As the beam 

spacing increases, the total number of the beams decreases. This 

results in the reduction of a scan time, but the cost is increase of 

a beamshape loss [2–4]. The beamshape loss is introduced be-

cause the target is not always at the center of the beam. When 

the line-of-sight (LOS) angle to the target is off from the beam 

center, the strength of the target echo is reduced depending on 

the antenna beam pattern. Therefore, the beam spacing should 

be determined based on the trade-off between the scan time and 

the beamshape loss.  

As a radar scans with a fixed beam lattice for the specified 

beam spacing, the detection performance of the radar can vary 

drastically depending on the LOS angle to a target, and is sig-

nificantly reduced when the target is unfortunately in the mid-

dle of two adjacent beam positions. In this paper, interlaced 

scan with multiple steps is proposed to reduce such deviation of 

the detection performance. As a figure of merit for the detection 

performance, cumulative probability of detection is analyzed for 

the different steps of the interlaced scan. Then, the optimal val-

ues of the interlaced scan step to minimize the deviation are 

derived for different values of beam spacing. 

This paper is organized as follows. In Section II, the concept 

of the multiple step interlaced scan is presented. In Section III, 

analysis methods to compare the detection performances with 

different steps of interlaced scan are explained. The analysis 

results are provided in Section IV, and Section V is the con- 
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clusion.  

II. MULTIPLE STEP INTERLACED SCAN  

In Fig. 1, a configuration of the multiple step interlaced scan 

is shown with Ns steps. The basic beam lattice considered in this 

work is designed with a beam spacing ρΔu, where ρ is the beam 

overlap ratio (ρ > 0) and Δu is the 1-way 3-dB beamwidth of the 

antenna in sine space (It is preferable to design a beam lattice in 

sine space, since the beamwidth does not change with scan an-

gle in sine space [5]). The circles of each scan in Fig. 1 represent 

the 3-dB beamwidth contours of the beams.  

With conventional search beam scanning, the beam positions 

are fixed for each scan. With multiple step interlaced scan pro-

posed in this work, however, the beam positions in the next scan 

are shifted from the positions of the previous scan. For Ns step 

interlaced scan, the amount of the shift is ρΔu/Ns. In Fig. 1, the 

beam positions of the 2nd scan are shifted by ρΔu/Ns from those 

of the 1st scan. In case of Ns > 2, the beam positions of the 3rd 

scan are also shifted by ρΔu/Ns from those of the 2nd scan. Con-

sequently, the beam positions of the Ns
th scan would be shifted  

by  
s

s

N

Nu 1  from those of the 1st scan. After the Ns
th scan is  

finished, the scan restarts with the beam positions of the 1st scan, 

and the same sequence is repeated.  

In [6], the interlaced scan with Ns = 2 was introduced to mit-

igate the effect of beamshape loss. However, the interlaced scan 

with Ns = 2 does not always guarantee the minimum deviation 

of the detection performance, depending on the target LOS 

angle. Therefore, in this work, the concept of the interlaced scan 

is extended to Ns ≥ 2 to minimize such deviation. Specifically, 

in Section IV, it is shown that Ns must be increased to minimize 

the deviation as ρ increases and the optimum Ns for various  
 

Fig. 1. Beam lattices for the multiple step interlaced scan with Ns 

steps.  

ranges of ρ is provided.  

Although the multiple step interlaced scan can also be applied 

in elevation, in this work, it is applied only in azimuth for sim-

plicity. 

III. ANALYSIS METHOD OF DETECTION PERFORMANCE  

In this section, the analysis methods of the radar detection 

performance are presented. First, the antenna beam pattern mo-

del for the beam lattice design and the calculation of the beam-

shape loss are described. Second, the calculation for the cumula-

tive probability of detection as a figure of merit of the radar de-

tection performance is explained. Third, a scenario for the anal-

ysis of the detection performance is described. 

 

1. Antenna Beam Pattern Model  

To analyze the effect of the multiple step interlaced scan on 

the detection performance, a loss of signal-to-noise ratio (SNR) 

when the target is off from the beam center needs to be calcu-

lated. This beamshape loss is the reduction of the 2-way anten-

na gain used in radar equation, and can be calculated from the 

antenna beam pattern. In this work, the antenna beam pattern 

F(θ) is modelled with a cosine-illuminated pattern as follows 

[1]:  
 

 
 2)sin(21
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where D is the largest dimension of the antenna aperture, θ is 

the angle from the antenna boresight, and λ is the wavelength of 

the radar signal. In this work, it is assumed that D = 34λ which 

is a reasonable value for radar application that requires high di-

rectivity. In this case, the 1-way 3 dB beamwidth θ3dB is 2°, and 

therefore, Δu = sin(θ3dB) ≈ 0.035. Note that the exact value of 

the beamwidth is not important in the analysis of the proposed 

multi-step interlaced scan proposed in this work, as the optimal 

Ns depends on the beam overlap ratio ρ, not on the beamwidth 

itself. 

When the target is off from the antenna beam center by θt at 

a single beam, the beamshape loss is 1/F 
2(θt) as shown in Fig. 2. 

 

Fig. 2. The beamshape loss of the radar against the target LOS 

angle from the beam center (θt). 
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2. Probability of Detection Calculation 

Detection performance of a radar is usually given as its detec-

tion range at a specified cumulative probability of detection. 

The cumulative probability of detection at a range R is the 

probability that the radar will detect an approaching target at 

least once by the time the target reaches R [7]. A simple expres-

sion of the cumulative probability of detection at the nth scan 

Pc(n) is given by  
 

 



n

m
dsc mPnP

1

)(11)(        (2) 

 

where Pds(m) is a single probability of detection at mth scan.  

The single probability of detection is a probability that the 

target will be detected in a single search scan. The target can be 

detected by more than one beam in the search scan. If there are 

k beams in a single scan, Pds(m) is given by 
 

 



k

i
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where Pd(i, m) is a single probability of detection at the ith beam 

of the mth scan. Note that, in this work, the detections of the 

beams are assumed to be uncorrelated for the calculation of Pds. 

The target fluctuation model for the calculation of the proba-

bility of detection is assumed as Swerling case 1. Therefore, for 

a single beam, Pd is given as 
 

4
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where Pfa is the probability of false alarm. SNR50 and R50 are 

target echo SNR and range where Pd = 50%, respectively.  

 

3. Scenario 

To analyze the effect of the multiple step interlaced scan on 

the radar detection performance, the following scenario is con-

sidered. The radar scans the search volume of ±60° in azimuth 

with one elevation bar. The target approaches to the radar from 

the maximum range of Rmax = 300 km with a constant velocity 

of Vt = 500 m/s. In the calculation of the probability of detec-

tion, it is assumed that R50 = 100 km, SNR50 = 12.8 dB, and Pfa 

= 10−6.  

The target LOS angle is fixed as the target approaches to the 

radar. To show how the multiple step interlaced scan reduce the 

deviation of the detection performance due to the target LOS 
 

 

Fig. 3. The three LOS angles of the target. 

angle change, three LOS angles of the target are considered as 

shown in Fig. 3. The three LOS angles ud (d = 1, 2, 3) are uni-

formly spaced from 0 to the half of the beam spacing. Therefore,  
 

 
4

1 ud
ud





.                     (5)  

IV. ANALYSIS RESULTS  

In this section, the cumulative probability of detection is cal-

culated for the different values of ρ with the previously de-

scribed scenario. For each ρ, the deviation of the cumulative 

probability of detection is compared for the different values of 

Ns, and the optimal Ns to minimize the deviation is derived.  

 

1. Case for ρ = 1.0 

Fig. 4 shows Pds and Pc for the different steps of the interlaced 

scan when ρ = 1.0. Fig. 4(a) is with Ns = 1, i.e., no interlaced 

scan. It is shown that, for the same range, Pc is reduced as ud 

increases (or in other words, as the target LOS angular distance 

from beam center increases). This is because the SNR is re-

duced due to the increase of the beamshape loss. There is no 

beamshape loss for the target echo signal at u1, but the 

beamshape loss at u3 is 6 dB. The range for Pc = 90% is de-

creased from 130 km to 96 km as ud changes from u1 to u3. This 

is not desirable, since the detection performance of the radar 

varies drastically depending on the target LOS angles, and is 

significantly degraded when the target is unfortunately close to 

the middle of two adjacent beam positions.  

By introducing the interlaced scan, the deviation of Pc at the 

same R is reduced and unexpected degradation of the detection 

performance can be avoided. Fig. 4(b) shows Pds and Pc with Ns 

= 2. As the beam positions are interlaced between the consecu-

tive search scans, the beamshape loss is averaged among differ-

ent target LOS angles. Note that Pds curves show fluctuation 

where the period of the fluctuation is Ns times the single search 

scan time. The fluctuation is due to the change of the beam-

shape loss as the beam positions in each search scan is shifted by 

interlacing. In case of Ns = 1, no fluctuation of Pds is observed 

since the beam positions are always fixed. As the Pds curves fluc-

tuate due to the effect of averaged beamshape loss by introduc-

ing multi-step interlaced scan, the Pds curves for different LOS 

angles of the target eventually overlap. Since the Pc directly de-

pends on Pds, the Pc curves also overlaps. In other words, the 

deviation of Pc is reduced. 

With Ns = 3, the deviation can be further reduced, as shown 

in Fig. 4(c). However, higher Ns does not always guarantee low-

er level of deviation. Fig. 4(d) shows Pc with Ns = 10 and it is 

observed that the level of deviation is increased. This is because 

too dense steps of interlacing (too large Ns) makes the target to 

be visited by beams with similar positions (thus, similar level of  



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 20, NO. 2, APR. 2020 

128 
   

  

 

(a) 

(b) 

(c) 

(d) 

Fig. 4. The probability of detection with ρ = 1.0: (a) no interlaced 

scan (Ns = 1), (b) Ns = 2, (c) Ns = 3, and (d) Ns = 10. 

    
beamshape loss) for undesirably long time. In other words, for a 

given ρ, there is optimal Ns that can minimize the deviation of 

the cumulative probability of detection.  

 

Fig. 5. Deviation of cumulative probability of detection with ρ = 

1.0.  

 

The level of deviation can be analyzed by comparing the 

highest Pc and the lowest Pc among the three target LOS angles 

in the same range. In Fig. 5, ΔPc (the difference between the 

highest Pc and the lowest Pc), are shown for the different Ns. For 

Ns = 2, Pc can vary up to 8.1%p at R = 141.3 km (where ΔPc = 

1.9%p for Ns = 3, ΔPc = 2.3%p for Ns = 5, and ΔPc = 1.9%p for 

Ns = 10), but for Ns = 3, the maximum ΔPc is only 3.8%p at R = 

136.3 km (where ΔPc = 7.8%p for Ns = 2, ΔPc = 4.6%p for Ns = 

5, and ΔPc = 8.6%p for Ns = 10). For Ns = 5, the maximum ΔPc 

is increased to 4.6%p at R = 136.3 km (where ΔPc = 7.8%p for 

Ns = 2, ΔPc = 3.8%p for Ns = 3, and ΔPc = 8.6%p for Ns = 10). 

For Ns = 10, the maximum ΔPc is increased to 9.1%p at R = 

135.0 km (where ΔPc = 7.5%p for Ns = 2, ΔPc = 2.6%p for Ns = 

3, and ΔPc = 2.4%p for Ns = 5). The optimum Ns is the one 

where the maximum ΔPc in the whole range of R is the smallest, 

which is in this case, Ns = 3. 
 

2. Case for ρ = 2.0 

The analysis results for ρ = 2.0 are shown in Figs. 6 and 7. 

Note that in Fig. 6(a) for Ns = 1, the deviation of Pc becomes 

more severe than that of Fig. 4(a) for ρ = 1.0. This is due to the 

increased beamshape loss originated from the increased beam 

spacing. The range for Pc = 90% is decreased from 141.5 km to 

22.0 km as the target LOS angle changes from u1 to u3. As in 

the case with ρ = 1.0, it is observed that the deviation of Pc can 

be reduced by applying the interlaced scan. For Ns = 3, Pc can 

vary up to 33.2%p at R = 135.0 km (where ΔPc = 9.0%p for Ns 

= 4, ΔPc = 3.3%p for Ns = 5, and ΔPc = 6.4%p for Ns = 10), but 

for Ns = 4, the maximum ΔPc is only 9.6%p at R = 140.0 km 

(where ΔPc = 3 0.1%p for Ns = 3, ΔPc = 4.4%p for Ns = 5, and 

ΔPc = 6.5%p for Ns = 10). For Ns = 5, the maximum ΔPc is de-

creased to 5.1%p at R = 130.6 km (where ΔPc = 29.4%p for Ns 

= 3, ΔPc = 7.0%p for Ns = 4, and ΔPc = 8.8%p for Ns = 10). For 

Ns = 10, the maximum ΔPc is increased to 9.0%p at R = 135.6 

km (where ΔPc = 29.0%p for Ns = 3, ΔPc = 8.3%p for Ns = 4, 

and ΔPc = 4.1%p for Ns = 5).  
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Therefore, in this case, the deviation is minimized when Ns = 

5 where the maximum ΔPc is 5.1%p at R = 130.6 km, as shown 

in Fig. 7. 

 

3. Optimal Ns 

In Fig. 8, the maximum values of ΔPc are calculated for Ns 

from 1 to 10 for the different values of ρ. It is observed that the 

optimal Ns to minimize the maximum ΔPc varies depending on 

ρ. In Table 1, the optimal values of Ns for the different ranges of 

ρ are summarized. It is shown that Ns = 1 (the conventional 

scan with fixed beam lattice) is not optimum for any value of ρ, 

and Ns = 2 is optimum only when ρ ≤ 0.8. When ρ > 0.8, Ns 

needs to be increased to minimize the deviation of Pc.  

 

Fig. 7. Deviation of cumulative probability of detection with ρ = 

2.0.  

 

Fig. 8. The maximum deviation of the cumulative probability of 

detection for the different beam overlap ratios. 

 

Table 1. The optimal Ns to minimize the deviation of the cumula-

tive probability of detection for various values of ρ 

Ns

ρ ≤ 0.8 2

0.8 < ρ ≤ 1.2 3

1.2 < ρ ≤ 1.7 4

1.7 < ρ ≤ 2.1 5

2.1 < ρ ≤ 2.6 6

2.6 < ρ ≤ 3.0 7

 

V. CONCLUSION  

In this work, it has been shown that the deviation of the radar 

detection performance for different target LOS angle can be 

0 50 100 150 200
0

5

10

15

20

25

30

35

R (km)

 
P

c (
%

p)

 

 

N
s
 = 3

N
s
 = 4

N
s
 = 5

N
s
 = 10

1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10

N
s

M
ax

( 
 P

c) 
(%

p)

 

 
=0.5
=1.0
=1.5
=2.0
=2.5
=3.0

(a) (b) 

 

(c) (d) 

Fig. 6. The probability of detection with ρ = 2.0: (a) no interlaced scan (Ns = 1), (b) Ns = 3, (c) Ns = 5, and (d) Ns = 10. 
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reduced by applying multiple step interlaced scan. By comparing 

the cumulative probability of detection with different values of 

the interlaced scan step, the optimal interlaced scan steps to 

minimize the deviation of the detection performance have been 

derived for various beam overlap ratios. By applying the pro-

posed multiple step interlaced scan, it is expected that a radar 

engineer can design a radar with more stable detection perfor-

mance.  

Although the optimum Ns has been derived based on para-

metric studies of Ns and ρ, more theoretical analysis methods to 

derive the optimum Ns can be investigated as a future work. 
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