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Abstract 
The refracted aperture generated in the piece for any phased array beamset is a function of refraction angle and the 

number of elements used to produce each beam (provided the end of the near-zone happens in the piece). For the same 

pulsing aperture, beams with higher refraction angles will have smaller refracted beam widths, leading to different 

beam profiles (geometric spreading, nearfield distances, etc.) being generated in the test piece for the different angles. 

This variation in beam profiles across a beamset causes indications from calibration targets at constant soundpaths to 

appear with different amplitudes, even when the effects of transmission coefficients and material attenuation are 

corrected for. In addition, the shape of targets occurring at similar soundpaths is observed to become progressively 

more elongated when the refraction angle is increased due to the increased beam divergence caused by a smaller 

refracted aperture. Both of these effects can complicate the process of calibrating unfocused phased array sweeps. In 

the current study, a simple algorithm is presented which attempts to equalize the refracted apertures across a given 

beamset by simply increasing the number of pulsing elements with refracted angle. The effectiveness of the proposed 

algorithm is first evaluated by comparing modeled field profiles with and without the correction applied. Next, the 

proposed technique is validated experimentally by reporting the amplitude and size of side hole targets with different 

beams of corrected and uncorrected phased array sweeps.  

 

1. Introduction  
 

A problem familiar to all phased array technicians is the difficulty in calibrating sectorial sweeps, 

particularly using high refraction angles (>60 degrees) and long soundpaths. This is due to the fact 

that the calibration targets are observed to be much lower in amplitude while also appearing more 

dispersed at high refraction angles resulting in targets at other depths being maximized on lower 

angle delay laws. The large drop in amplitude observed at higher refraction angles is typically 

attributed to a combination of factors, namely: increased soundapth in the wedge and piece (leads 

to greater attenuation of the beam from material losses and geometric spreading) , larger primary 

steering angles required to generated higher refraction angles (with standard S-wave wedges) [1] 

and a drop in transmission coefficient at higher angles [2]. The decrease in resolution at higher 

refraction angles is not, to the authors’ knowledge, specifically addressed in the context of 

unfocused phased array sweeps.  
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For an angle beam inspection, the precise profile of the beam generated within a test piece is a 

function of the size of the pulsing aperture (number of elements used) as well as the refraction 

angle. Essentially, all points on the base of the wedge themselves experience refraction causing 

the aperture of the refracted beam to narrow with increasing refraction angle creating a beam with 

an equivalent or “effective aperture” in the test piece. The notion of refracted aperture has been 

used to estimate the nearfield distance [1], [3] and to estimate the minimum pulsing aperture size 

for a given refraction angle required to achieve meaningful focusing at a prescribed depth [1].  

Standard practice in forming phased array sectorial scans is to use an aperture with a fixed number 

of elements. Consequently, the effective aperture, nearfield distance and general beam profile will 

vary with refraction angle. In the current paper, it is demonstrated that the decrease in effective 

aperture with refraction angle is responsible for at least some of the drop of amplitude with angle, 

as well as the apparent decrease in resolution with angle. In an effort to equalize the beam profiles 

generated within the test piece, a simple algorithm is used which increases the number of elements 

in the pulsing aperture with refraction angle such that the refracted aperture size is roughly 

constant. The efficacy of the proposed variable aperture correction algorithm is demonstrated to 

equalize the response of side drilled hole targets as well as improving the resolution of targets at 

higher angles.  

 

2. Effects of Refracted Aperture Size 
 

The relationship between pulsing aperture size, 𝐴, effective aperture size, 𝐴𝑒𝑓𝑓 and refraction 

angle, 𝑏, is shown pictorially in Figure 1, below. 

 

 

Figure 1: Relationship Between Effective Aperture, Pulsing Aperture and Refraction Angle 
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From Figure 1, the following expression for effective aperture can be obtained using simple 

trigonometry: 

 

 𝐴𝑒𝑓𝑓 = 𝐴 cos 𝑏cos 𝑎 = 𝐴 cos 𝑏√1− (𝑐𝑤𝑐 sin 𝑏)2                                                                                                            

 

 

Where,  

 𝑎 is the incident angle of the beam 𝑐𝑤 is the velocity of the wedge 𝑐 is the velocity of the piece 

 

The equation above, is the same as is reported in [1], though the accompanying figure for the 

effective aperture definition implies that the equation holds for focused beams which in general is 

not true and will be the subject of a future paper by the authors. By inspection of the refracted 

aperture equation, it is observed that the effective aperture increases with active aperture and 

decreases with refraction angle.  

 

The influence of refracted aperture size, and accordingly refraction angle, can be seen by simply 

plotting modeled field profiles for low and high refraction angles using the same active aperture. 

Figure 2 shows the field profiles for 40 and 70 degree refraction angles generated using a 16 

element aperture (0.6 mm pitch at 5MHz).  
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Figure 2: Comparison of Field Profiles Generated with a 16 Element Aperture (Left) 40 Degree 

Refraction Angle, (Right) 70 Degree Refraction Angle 

 

The primary effect of refracted aperture size is much the same as the effect of pulsing an aperture 

size in a single material without refraction, namely, the nearfield length increases with aperture 

size (Figure 3) while the beam divergence decreases with effective beam aperture size (Figure 2).  
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Figure 3: Centerline Amplitude Generated with a 16 Element Aperture (Left) 40 Degree 

Refraction Angle, (Right) 70 Degree Refraction Angle. 

Fundamentally, the unfocused beam generated in the piece varies considerably with angle if the 

pulsing aperture size is kept constant. To address this issue, it is possible to simply increment the 

number of elements used as a function of refraction angle with the goal of keeping the refracted 

aperture size constant. The details on how to accomplish this are specified in the following section. 

 

3. Variable Aperture Correction Algorithm 
 

The active aperture size can be computed as follows [4]: 

 𝐴 = 𝑛𝑒 + 𝑔(𝑛 − 1) ≅ 𝑛𝑝 

Where, 𝑛  is the number of elements in the aperture 𝑒 is the element width 𝑔 is the gap between elements 𝑝 = 𝑒 + 𝑔 is the pitch of the array  

The goal of the variable aperture correction algorithm is to obtain an expression for the number of 

elements required to generate a beam with the same effective refracted aperture as some reference 

beam, with number of elements, 𝑛0 and refraction angle, 𝑏𝑜. This is achieved by equating the 

expression for refracted aperture, having an arbitrary number of elements, 𝑛, and refraction angle, 𝑏, to the refracted aperture expression for the reference beam: 



6 

 

 𝑛𝑝 cos 𝑏√1 −  (𝑐𝑤𝑐 sin 𝑏)2 =  𝑛0𝑝 cos 𝑏0√1 − (𝑐𝑤𝑐 sin 𝑏0)2 

 

Solving for 𝑛 in the equation above gives the following: 

 

𝑛 = 𝑛0  cos 𝑏0 √1 − (𝑐𝑤𝑐 sin 𝑏)2
cos 𝑏 √1 − (𝑐𝑤𝑐 sin 𝑏0)2 

 

 

The above expression gives the number of elements required to obtain a similar refracted aperture 

as some arbitrary reference beam, given a desired refraction angle. Typically, the reference beam 

would be taken as the beam with the lowest refraction angle. The number of elements for the 

reference beam should be chosen such that the ratio of active to passive aperture is between 0.7 to 

1 [1]. The computed number of elements required to maintain a consistent refracted aperture size 

will, in general, not be a whole number and will likely need to be rounded to the closest integer. 

Depending on the dimensions of the array it is possible that the number of elements required at the 

higher sweep angles may be beyond the number of pulsing channels available for a given 

instrument. In this case, the maximum number of active elements available should be used. 

Alternatively, one could design the variable aperture such that the maximum number of elements 

available in the instrument (e.g. 16, 32, 64, etc.) is used for the highest refraction angle (smallest 

refracted aperture) and then calculate the required reduction in aperture to equalize the beams in 

the sector scan according to formula presented in this section.  

 

4. Model Based Validation of Variable Aperture Correction  
 

As a first step towards validating the proposed variable aperture correction, field profiles were 

generated with the variable corrected aperture (ranging between 16 and 32 elements) using CIVA, 

a commercially available software for modeling ultrasonic fields. Simulations were performed for 

40, 45, 50, 55, 60, 65 and 70 degree refraction angles, using a 0.6 mm pitch, 32 element probe, 5 

MHz center frequency (Olympus 5L32-A11), mounted to a 55 degree shear wave refracting 

wedge: velocity 2.33 mm/microsecond, angle 36.1 degrees (Olympus  SA11-N55S) – see Figure 

4. In order to maintain a consistent beam exit point, the aperture was centered (start element 9) and 
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the number of elements was increased symmetrically in steps of 2 elements1. The piece was taken 

to be standard carbon steel with a velocity of 3.24 mm/microsecond. 

 

 

Figure 4: Sector Scan Plan for Model Based Validation of Variable Aperture Correction 

The 40° beam was taken as the reference beam with a 16 element aperture (centered). The 

computed number of elements required for effective aperture equalization, rounded to the nearest 

even number of elements are given in Table 1. 

 

Table 1: Number of Elements Computed by Variable Aperture Correction Algorithm per Beam 

Beam Refraction Angle  

(Degrees) 

Number of Elements 

40 16 

45 16 (no correction required) 

50 18 

55 20 

60 22 

65 24 

70 30 

 

 
1 Adding elements symmetrically is done to avoid complications of dealing with the drift of exit points and is not a 

requirement for implementing the Variable Aperture Correction. In practice, the end user may prefer to increment 

the number of elements in steps of 1 and track the change in exit point for plotting the sector scan. 
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Simulated fields for each corrected beam, as well as the corresponding centerline amplitude 

profiles are shown in Figure 5 - Figure 11. 

 

 

Figure 5: Simulated Field and Centerline Amplitude Profile – 40 Degree Beam 

 

 

Figure 6: Simulated Field and Centerline Amplitude Profile – 45 Degree Beam 
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Figure 7: Simulated Field and Centerline Amplitude Profile – 50 Degree Beam 

  

Figure 8: Simulated Field and Centerline Amplitude Profile – 55 Degree Beam 
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Figure 9: Simulated Field and Centerline Amplitude Profile – 60 Degree Beam 

 

 

Figure 10: Simulated Field and Centerline Amplitude Profile – 65 Degree Beam 
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Figure 11: Simulated Field and Centerline Amplitude Profile – 70 Degree Beam; (Left) 

Uncorrected, (Right) Corrected 

 

The approximate nearfield lengths as well as the corresponding maximum centerline amplitudes 

(with respect to the reference beam, highlighted) taken from the centerline amplitude profiles are 

listed in Table 2. 
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Table 2: Approximate Nearfield Length and Maximum Amplitude (with Respect to the 

Reference Beam). 

 Uncorrected Corrected 

Beam 

Refraction 

Angle 

(Degrees) 

Nearfield 

Length 

(mm) 

Maximum 

Amplitude 

(dB) 

Nearfield Length 

(mm) 

Maximum 

Amplitude 

(dB) 

40 30 0 30 0 

45 27 0 27 0 

50 26 <+1 33 <+1 

55 22 <-1 32 <+1 

60 21 <-1 32 <+1 

65 20 <-1 31 <+1 

70 16 -1.2 34 +1.1 

 

As expected, for the uncorrected beams, nearfield lengths are observed to decrease with refraction 

angle.  Conversely, the corrected nearfield lengths are roughly constant and close to the reference 

beam regardless of refraction angle. The maximum centerline amplitudes are found vary only 

slightly as a function of angle for both the corrected and uncorrected beams. The maximum 

centerline amplitude depends on the transmission coefficient between the wedge and the test piece 

as well as the refracted aperture size (larger apertures naturally focus to produce higher peak 

amplitudes). Field profiles for all corrected beams are observed to be similar to the reference beam 

in terms of divergence, which implies that the lateral beam resolution and consequently apparent 

target size should be roughly equal across the angular range after the correction is applied. By 

contrast, the 70° refracted beams produced without and with applying variable aperture correction 

can be seen in Figure 11. Here, the uncorrected beam is found to be significantly more diverged 

as compared with the corrected beam. 

 

The apparent improvement in beam uniformity achieved by implementing the proposed variable 

aperture correction is expected to equalize the amplitude response as well as the lateral resolution 

of targets. These hypothesized benefits were tested by scanning side drilled hole targets with a 

custom focal law in which the variable aperture correction was applied. The results of this test are 

detailed in the following section.  
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5. Experimental Validation of Variable Aperture Correction 
 

In order to verify the presumed benefits of applying the variable aperture correction, namely, more 

uniform amplitude response and target resolution (apparent indication size), sector scans were 

performed and compared using: 

1. 40° to 70° sectorial sweep with 31 beams – fixed 16 element aperture 

2. 40° to 70° sectorial sweep with 31 beams – variable aperture ranging between 16 and 30 

elements as computed from the variable aperture correction algorithm 

A 5 MHz, 32 element probe with 0.6 mm pitch probe (Olympus 5L32-A11) mounted to a 55 degree 

shear wave refracting wedge (SA11-N55S) was used for all scans. The variable aperture correction 

was implemented via a custom focal law generated by a simple bit of PYTHON code written to 

export sectorial sweep .law files allowing a different aperture to be engaged for each delay law. 

The exported laws were then imported into an Olympus Focus LT unit via the Tomoview software 

(version 2.10). It is noted that the Focus LT and other older generation pulser/receivers may feature 

a “Sum Gain” setting which is used to automatically compute attenuation gains applied to each 
element prior to summation based on the number of elements in the aperture. This feature is 

intended to prevent saturation of individual element responses prior to summation. When 

implementing the variable aperture correction described in this paper it may be required to 

manually adjust the “Sum Gain” setting for each focal law so gains are consistent for each beam. 

Prior to doing so, it is recommended that individual A-Scan signals be monitored to be below 

saturation levels. The uncorrected, static aperture focal laws were generated via the BeamTool 9 

focal law exporter interface so that the resulting sector scan was ensured to not feature any 

undisclosed gain compensations included in Olympus’ Advanced focal law calculator.  

 

 

 

 

Figure 12: Scan Plan for Experimental Validation of Variable Aperture Correction 
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For each SDH target, the search unit was swept over the target until the signal from each beam 

was maximized. The maximum amplitudes for each beam were recorded and then exported using 

Tomoview’s TCG calibration verification feature 2. The maximum amplitude responses for the 10 

mm, 20 mm and 35 mm deep SDH targets (corrected and uncorrected) as well as the compensation 

gain values required to bring the indications to 80% full screen height are shown in Figure 13, 

Figure 14 and Figure 15, respectively. 

 

 

 

Figure 13: 10 mm Deep SDH -  Static 16 Element (Uncorrected) Aperture Vs. Variable 

(Corrected) Aperture  – (Left) Hole Responses, (Right) Compensation Gains  

 
2 Note: the TCG (Time Corrected Gain) verification feature was used as a convenient way to track the maximum 

responses for each hole. No actual TCG calibration was performed. 
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Figure 14: 20 mm Deep SDH - Static 16 Element (Uncorrected) Aperture Vs. Variable 

(Corrected) Aperture  – (Left) Hole Responses, (Right) Compensation Gains 

 

 

Figure 15: 35 mm Deep SDH - Static 16 Element (Uncorrected) Aperture Vs. Variable 

(Corrected) Aperture  – (Left) Hole Responses, (Right) Compensation Gains 

From the maximum amplitude curves, it is clear that the variable aperture correction is very 

effective for the 10 mm and 20 mm deep SDH holes, greatly minimizing the difference in target 

amplitude between the lowest and highest angles. For the 35 mm deep target, the effect of the 

variable aperture correction has less of an influence – that is the difference between the target 

response between the lowest and highest refraction angles for the corrected scan was closer to the 

difference observed in the uncorrected scan. The difference in efficacy of the variable aperture as 

a function of depth is likely due to the fact that the variable aperture correction can only equalize 

beams along the travel path (half path). Targets appearing at constant depths are located at 

significantly different travel paths depending on refraction angle. The difference between travel 

path and true depth increases with depth so that the loss of amplitude with angle essentially 
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represents the loss of amplitude due to increased travel path, when the variable aperture correction 

has been applied. Regardless, of the decrease in amplitude correction effectiveness with depth, the 

requisite compensation gains for the 35 mm targets are significantly lower when the variable 

aperture correction has been applied.  

 

The second improvement expected after applying the variable aperture correction was increased 

resolution due to a decreased beam divergence on high angles as compared with a fixed aperture. 

This was investigated with the highest angles in the sectorial sweep by comparing the sectorial 

images when the indication from the SDH target was maximized on the 65° refraction angle. Once 

a particular SDH indication was maximized, its amplitude was set to 80% full screen height (FSH) 

so that the colour palette between sector scan images would be consistent between the fixed and 

variable aperture scans. The sector scan images corresponding to the 10 mm, 20 mm and 35 mm 

deep SDH targets are shown in Figure 16, Figure 17 and Figure 18, respectively. 

 

 

 

 

 

Figure 16: High Angle Sector Scan - 10 mm Deep SDH Target (Top) Fixed 16 Element 

(Uncorrected) Aperture (Bottom) Variable 16-30 Element (Corrected) Aperture 
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Figure 17: High Angle Sector Scan - 20 mm Deep SDH Target (Top) Fixed 16 Element 

(Uncorrected) Aperture (Bottom) Variable 16-30 Element (Corrected) Aperture 

 

 

 

 

 

Figure 18: High Angle Sector Scan - 35 mm Deep SDH Target (Top) Fixed 16 Element 

(Uncorrected) Aperture, (Bottom) Variable 16-30 Element (Corrected) Aperture 
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The measure (blue) and reference (red) cursors mark the 10% of maximum amplitude drop in the 

sector scan images presented above. For the 10 mm SDH, there is no apparent difference between 

the sector scan images of the uncorrected and corrected sweeps, however, for the 20 mm and 35 

mm deep SDH targets, the corrected sector scans show indications which are significantly less 

spread out than the uncorrected sector scans. SDH sizes approximated using the maximum 

amplitude sizing method (10% drop), as well as the deviations from the true hole diameter (3mm) 

are shown in Table 3. 

 

 

Table 3: SDH Sizing Comparison - Uncorrected vs. Corrected 

Uncorrected Corrected 

Estimated Size 

(mm) 

Error (mm) Estimated Size 

(mm) 

Error (mm) 

1.9 -1.1 1.5 -1.5 

3.2 0.2 1.8 -1.2 

6.7 3.7 4.2 1.2 

RMS Error 2.23 mm (74 %) RMS Error 1.31 mm (44 %) 

 

From Table 3, it is clear that the variable aperture correction gives more consistent sizing estimate 

through the depth of the test piece. This result implies that the decrease of resolution with target 

depth typically observed in fixed aperture sectorial scan can be substantially mitigated by applying 

the variable aperture correction detailed in this paper. Furthermore, application of the variable 

aperture correction can help to give more consistent sizing of targets across a larger inspection 

range. 

 

In order to show that the variable aperture correction equalizes the beam profiles along the travel 

path (half path), sector scans of a series of 2 mm diameter SDHs located on a 50 mm radius using 

a fixed and variable aperture were performed and compared (see Figure 19). 
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Figure 19: Scan Setup of SDHs on a 50 mm Radius (Harfang Block) 

The probe was positioned such that the hole targets appear at roughly 50 mm half path on the 

lowest angles in the sweep. Note that the half path position of the SDH targets decreases with angle 

due to the drift in the beam exit point. In comparing the sector scans generated using the 

uncorrected and corrected groups, the hole responses are observed to be well equalized in terms of 

amplitude and lateral spread when variable correction is applied. Typically TCG calibrations are 

performed on SDHs at fixed depths which somewhat limits the effectiveness of the proposed 

correction algorithm, however, where possible, decreasing the lateral spread of the targets and 

decreasing the level of compensation gain required to equalize target responses is expected to aid 

sensitivity calibrations.  
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Figure 20: Uncorrected (Left) vs. Corrected (Right) Sector Scans 

 

6. Conclusions 
 

In this paper a simple correction algorithm was proposed to effectively equalize the profile of 

refracted beams generated in the test piece. The proposed algorithm uses the effective refracted 

aperture equation to compute the requisite number of elements to produce the same refracted 

aperture as a function of refraction angle. Modeling was performed to verify that the correction 

procedure effectively equalizes the shape of simulated beam profiles. It was further demonstrated 

from the simulated fields that the difference in peak amplitude and nearfield length as a function 

of refraction angle is greatly reduced when the variable aperture correction is employed. Based on 

the effect of variable aperture correction on simulated fields, the authors speculated that both the 

amplitude response and target resolution would be more consistent across a sector scan. These 

hypothesized benefits were tested by scanning a calibration block featuring side drilled hole targets 

at different depths. It was observed that the decrease in amplitude with refraction angle was 

effectively mitigated on the 10 mm and 20 mm deep holes by using the variable aperture 

correction, however, for the 35 mm deep SDH the effects of applying the correction was only 

marginal. This was attributed to the fact that the variable aperture correction can at best equalize 

beams at equal travel paths, meaning that the maximum response of targets at a constant depth will 

occur on different travel paths. The influence of travel path was confirmed by comparing corrected 

and uncorrected sector scans of SDH targets appearing along a radius (Harfang block). An apparent 

improvement in resolution by applying the variable aperture correction was observed for the 20 
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mm and 35 mm deep SDH holes. The SDH indications in the corrected sector scans were found to 

be much better resolved compared with the uncorrected scans, particularly for the deepest SDH. 

Taken together, the greater uniformity of amplitude and resolution offered by employing the 

variable aperture correction may considerably ease the task of calibrating high angles, particularly 

for thicker components. Additional work is required to adapt the proposed technique to the case of 

focused beams.  
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