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ABSTRACT

This paper addresses the engineering aspects of implementing a cost-effective instrumental approach to measuring the
Bidirectional Reflectance Distribution Function (BRDF) of optical diffusers. The measurement bench presented involves
a PerkinElmer UV/Vis/NIR spectrophotometer equipped with a sample angular orientation system based on a compact
motorized gimbal. This instrumental approach allows for measuring the BRDF with accuracy comparable to that
achieved in much more expensive robot-based gonioreflectometer benches. Its practical implementation is
straightforward and does not require significant costs for purchasing additional measuring equipment or adapting the
laboratory clean room. The presented approach can be easily adapted to other available spectrophotometers.
Additionally, we introduce a relatively simple yet effective data processing method and discuss various aspects of its
practical use for analyzing measurement data obtained using the developed spectrometric bench.
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1. INTRODUCTION

The Bidirectional Reflectance Distribution Function (BRDF) is a multidimensional function that quantifies the amount
of light reflected from a diffuse surface, such as paints, bulk substrates, or multi-layer and gradient coatings [1]. A
thorough understanding of the BRDF of optical materials and components is essential for optimizing the design of high-
quality optical devices and systems used in various applications. For example, some instruments use a diffuser to
perform regular in-orbit spectral and radiometric calibration, using the sun as a reference object. Such solar diffusers are
used in spectrometers for Earth observation applications, for example, on the Sentinel 1-5 missions [2]-[5]. BRDF
characterization is also essential for evaluating the properties of black coatings, used to control the scattering that can
occur on the non-optical surfaces of optical instruments [6]-[9]. Finally, BRDF measurements are done to evaluate the
scattering effects when light hits an optical surface, as it can impact the resolution of optical instruments [10] or create
noise on the detector [11]-[13], including when considering out-of-field sources [14].

BRDF measurements are carried out using dedicated metrology apparatus, the most accurate of which are currently
robot-based gonioreflectometers (RG), such as those developed by the National Metrology Institute of Germany, PTB
(Physikalisch-Technische Bundesanstalt) [15], and the ROSI (Robotic Optical Scattering Instrument) at NIST (US
National Institute of Standards and Technology) [16]. An RG bench has been developed at our institute (CSL) for
characterizing large diffusers for on-board radiometric calibration applications [17]. High accuracy has been
demonstrated, thanks to an automatic fine positioning of the robotic arm, enabled by an initial laser tracker
characterization [18], [19]. The RGs are versatile and meet practically all the requirements for the optical
characterization of diffusers. However, it should be noted that metrology instruments of this type and the characterization
process of samples using these instruments appear quite expensive, especially for small research laboratories. In addition,
these instruments should be placed in large volume clean rooms with high insulation from straylight, which further raises
the overall costs and complexity of the measurement system.

Meanwhile, small metrology laboratories often need to measure BRDF quickly on many small and lightweight
samples, while slightly reduced measurement accuracy is considered acceptable. For example, this situation frequently
arises when optimizing optical surface processing technologies, such as thin film coating, laser micromachining, and
chemical etching. Another example includes metrological studies of the ultraviolet (UV) resistance of calibration
diffusers, which refers to their ability to withstand degradation caused by UV exposure.
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In such a case, the following simple strategy appears to be the most logical and economically practical: the accurate
measurements involving the high-quality, yet expensive RG bench are performed only at key steps of the fabrication
process flow (such as initial and final specimen characterization, etc.) and/or only for specific key measurement
configurations (angular or spectral). Meanwhile, intermediate characterization of samples between non-critical process
operations can be carried out using inexpensive measuring equipment with conventional optical spectrometers
customized for BRDF measurement purposes. The former, costly RG characterization of the samples can be conducted,
inter alia, by an external independent metrology laboratory (such as NIST, PTB, CSL, etc.).

In our work, the above-mentioned metrological scenario is implemented using two distinct characterization benches:
the CSL RG, for high-precision BRDF measurements [17]-[19], and the UV/Vis/NIR spectrophotometers PerkinElmer
LAMBDA™ 950/1050, equipped with a motorized sample holder, also called a “sample positioning system” (SPS),
which involves a compact three-axis gimbal for performing quick intermediate relative measurements. We chose an SPS
of this type because it is much more compact and less expensive than existing commercial robotic arms, making it better
suited for integration into spectrophotometers with rather limited space available for the installation of additional
modules.

In this paper, we discuss several aspects of implementing the instrumental approach for BRDF measurements using the
spectrometric bench equipped with gimbal-based motorized SPS. This approach is well-suited and primarily dedicated to
small research laboratories since its practical implementation does not require significant expenses compared to those
needed for developing a RG, especially considering that many such laboratories already have spectrometers of the same
(or similar) type as the one used in our work. The two instrumental approaches mentioned are complementary to one
another and cannot be explicitly compared in terms of optical quality parameters such as measurement accuracy and
precision, which depend on user-defined spectral scan parameters (integration time, wavelength resolution, etc.). One of
the main advantages of the measurement bench based on the PerkinElmer LAMBDA™ 950/1050 spectrophotometers, in
addition to its relatively low overall cost, is its capability to perform BRDF measurements over a very wide wavelength
range: from 175 to 3300 nm. By comparison, the NIST ROSI, PTB, and CSL RG benches allow BRDF measurements
over wavelength ranges of 400-2400 nm, 400-1700 nm, and 400-2400 nm, respectively. However, this measurement
bench has limitations regarding its functionality. In particular, unlike robot-based benches, it is not suitable for
measuring large and heavy samples, nor does it allow measurement of the spatial variation of the BRDF over the sample
surface.

In practice, the aforementioned intermediate measurements are often performed for comparative purposes. This means
that we are interested not so much in the absolute BRDF value measured for a sample under test, but more in its change
caused by variations in the chemical-physical process parameters selected for a given technological operation, while the
measurand is the ratio of two BRDFs of the sample taken before and after processing. Additionally, one of the subtasks
we frequently encounter when analysing and processing data from intermediate measurements is the extrapolation
(interpolation) of BRDF data beyond (within) wavelength ranges for which no data have been obtained using the more
precise RG bench. Our experience has shown that in such cases, it is practical to use data processing methods involving
preliminary normalization of measurement data (for example, spectral normalization). In this article, we also present a
relatively simple but effective data processing method involving spectral normalization and discuss aspects of its
practical use for interpolating and extrapolating measurement data obtained using the spectrometric bench equipped with
gimbal-based SPS. Finally, it is worth noting that the relatively small size of the specimen chamber of this measuring
instrument facilitates measurements in a dry-nitrogen-purged environment, thus preventing the absorption of light by
water vapor when measuring in the infrared range.

2. BACKGROUND

The BRDF is defined as the ratio of the directional reflected radiance (dL) to the directional incident irradiance (dE) and
can be calculated as follows, [1], [18]-[19]:

BRDF(Hi,¢i,t9,,,¢r,/1)= dL:‘(0i7¢i70r5¢r’l): dLr(Hi’¢i’€r’¢r3/1) [Sr—l] (1)
dE (6.,¢.,1) L.(6,,¢.,1)dQ2, cos(6,)

where A is the wavelength of the incident light, dQ, denotes the solid angle of the detection aperture, 6; and ¢; are,
respectively, elevation and azimuth angles of the incident beam, and 6, and ¢, the ones of the scattered beam, as
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illustrated in Fig. 1; dL, and dE; denote respectively the differential reflection radiance and the differential incident
irradiance.

Incident beam

Scattered beam

Figure 1. Geometry for the definition of the BRDF

In practice, the differential terms in this equation cannot be measured directly. Instead, the subject of direct
measurements is the value of the BRDF averaged over the illuminated surface of the sample viewed within the detector’s
solid angle of view. This average BRDF is then calculated as follows:

__ Sscar (B@i.0rpr4) . 1
(BRDF(BV (pin Brn @r!;l-)) - Sere dﬂr COS‘(E;‘) (2)

In this equation, Si«: and Sy are respectively the scattering and reference signals measured in the required angular
configuration (01, @i; 01, ¢r) in the spectral band of interest.

In addition, in the case of the sample comparative characterization involving relative measurement methods, as well as
when calibrating a measuring instrument, it is often convenient to investigate obtained measurement results in terms of
the relative spectral response function (RSRF), defined as the following ratio:

€)

-1
(BRDF(8;.91.6r.0rA)) Sscar (B;.@1.6r@rA)  [Sscar (B.9i.0r.0r4)
(6, 9, 6, @, A) = = '
A

HBRDF(G,—,cpz-,Br.cpr.ﬁ)}h Ssre Ssre

where <<BRDF (0, ¢i; 6,, ¢, A)>>; is averaged spectral value of the measured BRDF.

3. MEASUREMENT BENCH DESIGN AND OPERATION PRINCIPLE
3.1 Proof-of-concept prototype

The first proof-of-concept prototype of the gimbal-based SPS, utilized in our experimental work to investigate the
functionality and performance of the proposed instrumental approach, was developed based on the 'Total Absolute
Measurement System’ (TAMS) accessory module manufactured by “OMT Solutions” (www.omtsolutions.com) for
spectrophotometers of the PerkinElmer LAMBDA™ 950/1050 series.

Fig. 2 shows the mechanical layout of the TAMS module. From a functional perspective, the investigated BRDF
measurement bench features a relatively simple design, consisting of a UV/Vis/NIR spectrophotometer (1) used as a
radiation source with a tunable wavelength, as well as for the primary processing of the detected signal, and the TAMS
module designed to position the sample (2) and detector (3) at angular positions corresponding to the required
measurement configuration (01, ¢i; 0r, or). The TAMS module can be functionally divided into two independent parts: a
detector assembly and the sample holder. The detector is mounted on a motorized rotation ring that moves it around the
fixed vertical axis Y. It is important to note that the sample holder assembly represents an insertable module built
according to a modular concept and can be equipped with either one (Fig. 2a) or two (Fig. 2b) motorized rotation stages,
depending on the user's preference.
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Figure 2. Mechanical layout of the TAMS module in the simplified basic version of the design (a) and in the advanced one
(b) equipped with a two-axis gimbal sample holder.

The baseline specifications for the TAMS module are summarized in Table 1.

Table 1. Global design specifications of TAMS

Wavelength range 190-3300 nm

Spot size 89 mm (max)

Maximum size sample 200 mmx180 mm

Sample to detector distance 0.115m

Sample angle -180°...+180°; resolution: 0.01°; accuracy: 0.02°
Detector angle 15°...345°; resolution: 0.01°; accuracy: 0.02°
Angle range reflexion 7.5°...4/-80°

It is instructive to note that the basic, less expensive version of the TAMS module (Fig.2a), which involves only one
motorized rotation platform (4), allows for measurements of the sample BRDF only in specific cases where both the
incident and scattered beams are in the plane normal to the sample. This means in-plane measurements (i.e., when in the
required angular configuration: @i = @r + 7).

The model of the TAMS used in our work (Fig.2b) is equipped with a motorized two-axis gimbal (5).

In the case of the TAMS-based spectroscopic setup, the BRDF measurement procedure is similar to that used for the RG
bench and involves two consecutive measurements: the reference and scattered beam measurements. During the
reference measurement, the sample holder assembly is removed from the TAMS module, and the detector is positioned
in front of the incident light beam (in other words, in front of the exit window of the spectrophotometer). To measure the
scattered beam power, the sample holder is reinstalled in the TAMS module in its initial position. Then, the sample and
detector are adjusted from the initial to the required angular configuration using the corresponding motorized rotation
stages. The BRDF value is calculated by substituting the measured values of the reference and scattered signals in Eq.

Q).

The set of input angles (0i, ¢i; Or, or) defining the required measurement configuration specifies the directions of the
incident and scattered beams relative to the local reference frame S1, which is connected to the sample fixed in the
motorized sample holder, as shown in Fig.3. Furthermore, it determines the angle & between the light probe beam emitted
by the spectrometer and the direction of detection in the laboratory reference frame SO (fixed relative to the TAMS). In
our work, the sample's initial position is assumed to correspond to the normal incidence of the probe beam on its surface.
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As noted above, the sample holder assembly of the TAMS used in our work is equipped with only two motorized
rotation stages (two-axis gimbal): one for rotation around the vertical axis Y and one for rotation around an axis X
parallel to the sample surface (Fig. 2b). However, according to Euler’s rotation theorem, to achieve a rotation around an
arbitrarily oriented axis in space, i.e., to enable BRDF measurements in an arbitrary angular configuration (01, ¢i; 0r, ¢r),
at least three degrees of rotational freedom are required. In other words, the sample holder module must be equipped
with at least three linearly independent rotation stages. Accordingly, an additional degree of freedom must be integrated
into the mechanical system of the sample holder assembly: the rotation of the sample around the axis orthogonal to its
surface (denoted as 0z in Fig. 3). In our measurement bench, an additional homemade non-motorized rotation stage
provides this degree of freedom. However, other commercially available standard rotation stages can also be adapted for
this purpose.

Yi=Yo

(@) ()
S0 Scattered beam

Light probe beam Yo 0, o) 51

Zo Sample

Detected beam
(To the detector module) Incident beam (0, ;)

Figure 3. Lighting and detection configuration diagram in the laboratory reference frame SO (a) and schematic diagram of
the incident and scattering configuration in the sample holder reference frame S1 (b)

Finally, it is worth noting that in reference frame S1, only the Zl-axis is intrinsic, i.e., the body-fixed (physically
attached to the sample). The vertical Y1 axis is fixed with respect to the laboratory reference frame. The X-axis remains
horizontal and parallel to the plane of the specimen at any arbitrary rotation of the sample holder.

Returning to the issue of setting the sample and detector in the angular position necessary for the required measurement
configuration, it can be formulated as follows: find a method to convert the set of input angles (81, ¢i; Or, ¢r) specified by
the user into a set of rotation angles (0z, Oy; 0x, &) to be executed by the available degrees of rotational freedom. This
alignment aims to match the incident and scattered light beams specified in the sample reference frame S1 with the probe
and detection frames defined in the laboratory reference frame S0, respectively.

Calculating these rotation angles is a fairly simple mathematical problem. However, the method for solving it, detailed in
the next sections, will be useful for users intending to apply the gimbal-based SPS in their work.
3.2 Calculation of detection angle

In the case of TAMS, the spectrophotometer (1) emits the probe light beam and remains fixed in the laboratory reference
frame, regardless of the selected measurement configuration.

1

Figure 4. Convention for the definition of the detection angle

The detection angle (or, in other words, the angular position of the detector module (2)) in the Parameters Settings of the
TAMS user interface should be set as follows (see Fig.4):

a=360°-¢ “)
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The angle & can be easily derived from the dot product of unit vectors representing the propagation directions of incident
rays (i) and scattered rays (r):

ir
[1-[]
From this equation, one can easily find that:

cosé = cos(AG)- cos’ (Ag0/2)+cos(6’,. +0. ) sin? (Ago/2) (6)
,where Ap =@, — ¢, and A0 =0, -0,

)

cosé =

3.3 Calculation of TAMS rotation angles

For a given set of input angles (0i, ¢i; Or, or) for which BRDF measurement is needed, the angles of rotational
displacements (8z, 0y, 6x) to be performed by the available rotation stages in order to move the sample from its initial
position to the measurement position can be easily derived from the following matrix equation:

Rous =R @)
In this equation, R is the rotation matrix, with elements determined by the chosen method of aligning incident and
scattered beams with the probe and detection beams (see next section). Rrawms is also a rotation matrix, where the
elements are defined by the available rotational degrees of freedom in the TAMS module.
It is instructive to note that R is a 3x3 constant matrix, while the elements of the Rrams consist of trigonometric
relationships involving three unknowns that need to be determined (rotation angles to be determined). In other words, the

rotation angles specified in the TAMS controlling software can be easily obtained from a set of nine trigonometric
equations.

3.4 Computing the rotation matrix Rrams

The rotation matrix Rrawms, in the left-hand part of Eq. (7), is determined by the design used in the TAMS module
rotation stages. More specifically, it can be expressed as the product of the rotation matrices corresponding to the degrees
of rotational freedom offered by the sample holder module. In the case of the TAMS model employed in our work
(Fig.2a), the rotation matrix Rrawms can be calculated using the following equation:

RTAMS = RX” 'RY 'Rz (®)

In this equation, the matrices Rz, Ry and Rx define the rotations of the sample around the Z, Y and X" axes by angles
0., 6, and 6,, respectively (see Fig.5).

(a) (b) AY (©) AY
1 .y i
7 9" & z 2
<« e N -
6, oY N Gt U I "
N SRR, S
A\'A

Figure 5 Schematic for three successive rotations of the sample around (a) Z-axis, (b) Y-axis and X"-axis

The rotation matrices Rz and Ry are determined as follows:

c, =-s, 0
R,=|s, ¢, 0 ©)
0
c, 0 s, (10)
R,={ 0 1 0
-s, 0 ¢,

In this and subsequent equations, the following notations are used to simplify their readability: cosi—c; and sinfi—s;.
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Accordingly, the orientation of the rotation axis X" can be found as follows:

€y
=[ 0 l (11)
—s,

It is straightforward to verify that || X"||=1. Accordingly, the matrix of a rotation Rx~ around the unit vector X" is given
as:

XFF= RY .

1
0
0

2 2
c,+s, ¢, S,08, —C,-8, (1-c¢,)
R. = —5,-8, c, —c,-s, (12)
2 2
—cy-s);(l—cx) c, S, s, +c,-c,

This expression can be easily obtained from the well-known formula for the matrix of a proper rotation by angle ¢ around
an arbitrarily oriented in the space unit vector u = [u; u> u3]":

u12+(1—u12)-c5 u -y -(1—ce)—uy-se u-uy-(1—ce)+u,-se
R, =|u u, (1-ce)+u,-s¢ u22+(1—u§)-cg uy uy-(1—ce)—u, -se (13)
ul-u3-(l—cg)—u2-s5 uz-u3-(l—cg)+u1-s5 u32+(1—u32)-cg

Thus, we obtain:
c,cCc,+8 . +8,-8, —C, S +8 S, C. €S

R, = c,-s. ¢, -c. —s (14)

X
§,°C,tS.=8,°C.  S,'S.+s.cc. C o,

Finally, it is useful to note that in certain cases where both the incident and scattered beams are in the plane normal to the
sample (i.e., pi = gr + ), BRDF measurements can be conducted using the TAMS module equipped with only one
motorized rotation platform designed for rotations around the vertical Y-axis.

In these cases, the equations above can be rewritten as:

Rous =Ry R, = s ¢ 0 (15)

3.5 Computing the rotation matrix R

As noted above, the matrix R in the right-hand part of Eq. 7 is determined by the method used, or in other words, the
algorithm for aligning the incident and scattered beams with the probe and detection beams. From basic mathematical
considerations, it is evident that, in principle, it is possible to align two pairs of vectors using only one rotation around a
unit vector whose direction can be derived from the set of input angles (6i, ¢i; 0r, ¢r) and the direction angles of the
probe and detection rays specified in the reference frames S1 and SO (Fig.3). However, a more practical approach to
solving the alignment problem is to employ iterative alignment methods, which involve at least two rotational
displacements of the sample reference frame. In other words, one can decompose the matrix R into a set of matrices that
are simpler to compute (each of these matrices is associated with a specific rotational displacement). In this paper, we
specifically address the alignment method that involves only two successive rotations of the sample.

The first rotation is performed around the unit vector:

- = sin g,
u= 0 | _cosg, (16)
[l |

, where io =[0 0 I]" and i = [sinB;i-cosp; sinB;ising; cosf;]T are unit vectors associated with the light probe and incident
beams, respectively (see Fig.3). It is clear that the unit vector u is orthogonal to both i and i vectors. Accordingly, a
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rotation of the sample frame by an angle 6; = acos(iv+i) around the vector u aligns the vector i with the light probe beam.
The rotation matrix corresponding to the first rotational displacement can be calculated as follows:

(S¢i)2+(c¢i)2'c‘9i _S@'C(Di'(l_cai) —cg,-s0,
R, = _sfoi'c([)i'(l_cei) (C¢i)2+(s¢i)2'cai —5¢,-s0, a7
co,-s0, s@, 50, c0,

In this equation, the following notations are used to simplify its readability: cos—c, sin—s. The second rotational
displacement of the sample frame is performed around the unit vector i obtained in the previous step (which is now
parallel to the Zo-axis; see Fig.3). This rotation of the sample frame aligns the unit vector r’ associated with the scattered
ray direction calculated after the first rotational displacement (r’ = R;-r) with the unit vector ro defining the direction of
the detection ray in the laboratory reference frame (Fig.3).

The angle of rotation ¢ of the second rotational displacement can be calculated by two alternative methods, illustrated in
Fig.6: either using the dot product of the projections of vectors r’ and ro on the plane S perpendicular to vector i around
which the rotation is made (rop and rp, in Fig.6a), or using the one of vectors orthogonal to these projections (V L rog and
Viarget L I'g, in Fig.6b), as it was proposed in [18].
—
(@ - K (®)

Fo

-
rY

Y
erget

Figure 6. Schematic illustration of two methods used for calculating the rotation angle of the second rotational displacement
of the sample frame: (a) the method using the projections of vectors r’ and ro and (b) the one involving vectors orthogonal to
these projections

In this work, we use the former, the simplest method of calculation, in which the rotation angle & (see Fig.6) is
determined as follows:

cosg = B 108 (18)
HrﬁH ' HrOﬁH

In this equation: rp = ixr’xi and res = ixrexi, where i=[0 0 []T and ro = [siné 0 cosé]T are respectively the unit vectors

of incident and detection rays (specified in the frame S0).

It is instructive to note that applying Lagrange's formula to these vector triple products, it can be straightforwardly
demonstrated that to obtain the Cartesian coordinates of the projections rg and rgs of vectors, we can just replace the z
components of the vectors r’ and ro with zero (which can also be easily demonstrated from simple geometric
considerations).

The rotation matrix corresponding to the second rotational displacement on the rotation angle & can be calculated as
follows:

cos¢ -—sing O

R,=R_ =|sing cose 0 (19)
0 0 1
Finally, the rotation matrix R corresponding to the used alignment method can be calculated as follows:
R =R, R, (20)

This 3%3 constant matrix can be easily calculated numerically. In our work, we use a very simple numerical model
implemented in MATLAB programming environment.
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Finally, it is important to note that the method for calculating the rotation matrix R presented in this article is certainly
not the only one possible. For instance, in our work, we also developed an alternative method involving a sequence of
three rotations of the angular bisector between the vectors corresponding to the incident and scattered light beams. This
alternative calculation method is not included in this paper for the sake of brevity, and also because it yields the same
results as the primary method discussed above in this subsection (which is quite expected and can be easily verified).

3.6 Computing TAMS angles

As noted above, the rotation angles (6:, 6,, 6;) of rotational displacements to be performed by available rotation stages
to move the sample to the measurement position can be computed by equating each element in the obtained matrix R
with the corresponding element in the matrix Rrawms (see Eq.7), resulting in nine trigonometric equations. The periodic
terms (such as +km, +2km ...) in the solutions of these equations, corresponding to the number of complete revolutions of
rotation stages, are of no practical interest, and there is no need to take them into account.

In addition, it is instructive to recall that, at oblique incidence, the probing and readout light spots projected on the
sample surface have an elliptical shape. When the angles of incidence exceed a certain critical value, which in the case of
the TAMS module is about 75°, the length of the major axis of the elliptical spots can become greater than the length or
width of the sample under test, resulting in significant errors in the calculation of the BRDF. Accordingly, in practice,
the rotation angles 6, and 6, (around the Y and X axes, respectively) should be chosen within the range of -75° to 75°.

Returning to the possible solutions of trigonometric equations derived from Eq.7, it is also worth noting that a given
spatial orientation of the sample can always be achieved using more than one sequence of rotational displacements
corresponding to available degrees of rotation freedom. This is schematically illustrated in Fig.7, which shows two ways
to move the sample, represented by the letter “R”, from an initial to a required position (indicated in Fig.7a as P; and P,
respectively).

(a) z ®» zZ
P, 2> o
E‘/ E P, . E‘E
6,
Y Y Y
P; R P Pi N
(©) z 7 z
s , P, N H
" o, Pﬂ:z . P[FEZY
x ] S

Figure 7. Schematic illustration of the multiplicity of possible solutions to the sample positioning problem

In the first case (Fig.7b), the rotations of the sample are performed in the following sequence: Y—Z—X and the
rotation angles are (0., 6,, 6i) = (-z, -7/2, 0). In the second case (Fig.7c), the rotation sequence is Z—Y—X, and the
rotation angles are (6., 6,, 6x) = (7/2, ©/2, n/2). Both these sequences of sample rotations are, of course, correct solutions
to Eq.7 and provide the exact same final result but involve different times to complete the sample displacement
procedure. On the other hand, since all components of the TAMS bench are stationary during the measurement of the
sample BRDF, a comparative study of the dynamic behavior of and characteristics of the sample positioning system is
currently of no practical interest to our work (although such study is of some academic interest). In other words, in our
particular case, there is no principal difference in which solution of Eq.7 from among all possible ones to use to move the
sample into the required angular configuration. Accordingly, in our experimental work, we limit ourselves to using only
the following solution of this equation:
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0. =—acos(R22/w/1—R223) (21)
0, =-a cos(R33/1/1 -R;, ) (22)

0, = asin(-R,,) (23)
Thus, the calculation of rotation angles (6-,, 6,, 6) is a fairly simple numerical problem and can be performed in any
user-accessible programming environment (in our work, as noted above, we use a numerical model written in
MATLAB). It is important to note that when writing a numerical model, particular attention should be paid to the
definition of rotation angle signs adopted in the software driver controlling motorized rotation stages of the TAMS
(“TAMS Control” of OMT Solutions bv).

In the simplified model of the TAMS equipped only with one motorized rotation stage (Fig.2a), an alternative method of
calculating the rotation angles (6., 6,) can also be used. However, as noted above, this model of the TAMS makes it
possible to perform measurements of the sample BRDF only when both incident and scattered beams are in the same
vertical plane (i.e., in the required angular configuration: ¢; = ¢, + 7).

In this case, Eq.6 can be rewritten as:

£=0,+0, (24)

Additionally, it is important to note that, in principle, the problem of aligning light beams can be addressed using the
same method described above (i.e., involving Eq. 7). However, in the specific case where @i = ¢r + x, it can also be
resolved in a much simpler manner through basic geometric considerations. The alternative alignment procedure consists
of two successive rotations of the sample. The first rotational displacement of the sample frame is performed around the
Z axis at an angle of z = & - gi. After this rotation, the plane formed by the incident and scattered beams coincides with
the XZ plane, which contains the probe and detection beams. The second rotational displacement is executed around the
Y axis at an angle of 8y = -6i. Following this rotation, which completes the alignment of the two pairs of beams, the
sample is positioned in the required angular configuration (8, @i, 6r, pr) for BRDF measurements.

It is instructive to note that it is quite easy to demonstrate that the matrix method involving Eq.7 and the alternative
method, which is based on geometric considerations, give the same solution (6., 6,). However, the latter method is very
limited and can only be used in the case of the simplified model of the TAMS (see Fig.2a).

To conclude this section, it would be useful to discuss some aspects of the accuracy of the presented alignment method,
more precisely, to evaluate the effect of the inaccuracies of the three rotation stages (36: 66, 56x) on the overall accuracy
of the sample angular position adjustment.

In this context, it is instructive to note that, in the case of the TAMS currently used by us, the rotation around the axis Z
(perpendicular to the sample surface) is performed manually, while the other two rotations are performed by motorized
high-precision rotation stages. Accordingly, the contribution of the motorized rotation stage inaccuracy (06, =~ 66, =
0.02°, see Table 1) to the overall angular positioning error of the sample can be considered negligible compared to that
of the manual rotation stage (which, in the case of the manual rotation stage currently used in our measuring bench, is
about 6. =15 mRad).

In practice, the precision of the sample angular positioning can be characterized using the error vector defined as:

o, = R’raus -1 (25)

, where i=[s0;cp; sOrsp; cOi]" is the unit vector corresponding to the incident beam, and R’ is an infinitesimal
rotation matrix:

1 -s0, &, 1 -6, 0
Rlmws=| 60, 1 -0 |~|s0. 1 0 (26)
-50, &6, 1 0 0 1

, which can be straightforwardly obtained by differentiating Eq.14 and subsequently suppressing infinitesimal second-
order terms (keeping in mind also that, in our particular case: 66. >> d6. ).
It is easy to see that the norm of the error vector, dg;, is equal to:

|5%,| =56, -sin 6, < 56, @27)
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Accordingly, the angular uncertainty of the sample positioning performed using the available motorized sample holder,
which should be taken into account further when considering the overall error budget of the measurement method, does
not exceed 200..

4. EXPERIMENTAL TESTS

4.1 Reference diffusers

It should be noted that many physical factors, such as stray-light-induced noise, can significantly affect the results of
BRDF measurements. Assessing the impact of these factors on the measurement results is not trivial; solving this
complex problem directly requires numerous auxiliary theoretical and experimental studies that address the individual
contributions of each component of the optical characterization instrument to the total measurement error budget.
However, implementing these studies is quite costly and time-consuming. The most effective way to eliminate
systematic errors (bias) from the raw measurement data is to calibrate the optical bench using standard reference samples
with known BRDF values, i.e., standard diffusers certified by independent national metrology standards laboratories.

In this work, we used two Lambertian-like diffusers, ‘white Zenith’ from Sphereoptics, as reference samples for
calibrating the TAMS-based measurement bench and testing its operational functionality. These diffusers were
previously characterized at the NIST (US National Institute of Standards and Technology) using the ROSI (Robotic
Optical Scattering Instrument), at the PTB (Germany's national metrology institute ‘Physikalisch-Technische
Bundesanstalt’), and finally, at the CSL on the robot-based high precision gonioreflectometer. The BRDF of each
reference sample was measured in six different geometries. Table 2 presents some of the angular configurations and the
spectral ranges for which calibration was performed by the aforementioned metrology laboratories.

Table 2. Measurement configurations involved in reference diffusers calibration certificates

Sample Measurement configuration Spectral range
Name & angles (6;, ¢i; 0y, ¢r) (Metrology laboratory)
‘METOGSET1’ (38.5°, 45°; 52.5°,225°)

41 ‘CO2M1’ (43°, 45°; 54°, 225°) 400-2400 nm / NIST
‘CO2M2’ (48°, 45°; 54°, 225°) 400-2400 nm / CSL
‘METOGSET1’ (38.5°, 45°; 52.5°, 225°)

0 ‘CO2M3’ (48.57°, 54.46°; 54°, 225°) 400-1700 nm / PTB
‘CO2M4’ (42.47°,47.02°; 54.76°, -121.49°) 400-2400 nm / CSL

The samples under test (1) are mounted with four pillar posts (2) on a base plate (3), as depicted in Fig.8. The height of
the pillar posts 3 is adjusted to align the center of the sample front surface with the center of rotation of the motorized
sample holder.

Figure 8. Mechanical layout of the sample assembly: top view (left) and bottom view (right)

To ensure reliable traceability of measurement results at different levels of metrological study, both reference diffusers
have been characterized and certified, according to our test specification, for the same angular configuration, denoted in
Table 2 as ‘METOGSE1".
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Table 3 presents the values and signs of the angles of rotational displacements to be executed by the TAMS motorized
stages to position the sample in the necessary measurement configuration. These rotation angles are calculated using the
developed rotation matrix method (see Eq. 4-23 above). The signs of the angles, which indicate the directions of rotation,
are provided according to the sign convention utilized in the TAMS driver software.

Table 3. TAMS rotation angles calculated using the developed rotation matrix method

Measurement configuration TAMS angles

Name & angles (0;, ¢i; 6y, ¢r) 0- 6y Ox o
‘METOGSEL’ (38.5°, 45°; 52.5°, 225°) -45° -38.5° 0° 269°
‘CO2M1’ (43°, 45°; 54°, 225°) -45° -43° 0° 263°
‘CO2M2’ (48°, 45°; 54°, 225°) -45° -48° 0° 258°
‘CO2M3’ (48.57°, 54.46°; 54°, 225°) -40.7° -48.3° 5.9° 257.9°
‘CO2M4’ (42.47°,47.02°; 54.76°, -121.49°) -36° -42.1° -6.4° 263.4°

Finally, it is important to note that in our experimental work, we evaluate the error budget according to the standard
methodology recommended by NIST [20]. For this reason, this paper omits details of the uncertainties analysis
procedure for the sake of brevity, focusing only on the general results obtained (the main issues related to the
uncertainties analysis problem will be published in a forthcoming paper).

4.2 Data processing method

Fig.9 shows a typical example of raw data obtained from the TAMS-based characterization bench when measuring the
BRDF (in this example, for the reference diffuser #1).

S [sr'] NIST: Ref. diffuser #1

_/./V//J\ TAMS: Ref. diffuser #1

3

A A2 A, [nm]

0 30

100 S00 1200 1600

Figure 9. Example of the BRDF, fr, measuring raw data obtained from the TAMS-based measurement bench for reference
diffuser #1. For comparison, the figure also shows the BRDF of the same sample measured by the NIST (with expanded
uncertainties, k=2). In this example, for illustrative purposes only, the BRDF measured using the TAMS-based bench is
presented without expanded uncertainty data (more detailed measurement information will be presented below). Two
transition points on the graph of TAMS measuring results, A1 = 860 nm and A2 = 1100 nm, correspond respectively to
switching the diffraction grating and changing the detector inside the used spectrophotometer, which is performed
automatically during the spectral scanning.

As shown in Fig. 9, the relative error between the BRDF raw data obtained with the TAMS-based bench and the BRDF
characterization data provided by NIST for the same reference sample remains below 4% and 1.2% in the wavelength
ranges of 400-1100 nm and 1100-1700 nm, respectively.

Such a relatively small error, quite acceptable for many practical applications, cannot be considered acceptable in the
case of reference diffusers dedicated to the spectral and radiometric calibration of on-board spectrometers. However, it
should be noted that, as our experimental study has demonstrated, the discrepancy between these two data sets is clearly
systematic rather than random (in other words, not related to detector noise or intrinsic noises of the used electronic
hardware, etc.). Accordingly, it can be reduced by applying a calibration function G(8i, @i; Or, @r; 1) to the raw
measurement data, also called the ‘correction factor function’, which involves the BRDF of the reference sample
measured with the TAMS bench normalized to the one provided by the NIST for the same angular configuration:
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G(6,,4:6,.¢,;2) = f((BRDFy,,,5(6,,4:6,.4.:2)) |(BRDF 5, (6,,46,,4,:1))) (28)

It is important to note that this factor characterizes the response of the measuring instrument used and is largely
independent of the optical response of the diffuser being measured.

The choice of data processing methods, particularly the correction of raw data, primarily depends on the research task
at hand. In this context, it is important to note that in this paper, we consider only one research problem investigated in
our current project: the extrapolation of BRDF data measured on robot-based gonioreflectometer benches (for example,
on those of CSL or PTB) to the infrared wavelength range beyond the operating spectral ranges of these optical
characterization benches. It is also worth mentioning that this problem is of significant practical interest, as TAMS-based
characterization optical benches can theoretically be adapted to measure the BRDF of samples in the infrared spectral
range up to wavelengths of 3 um (i.e., the TAMS-based measurement setup covers a wavelength range much wider than
other currently available measuring instruments, see Table 2).

The approach to solving the problem of extrapolation/interpolation proposed and examined in our work consists of the
following general steps:

1) Calculating the relative spectral response functions (RSRFs; see Eq. 3) from BRDF measurement data available for
the reference sample (NIST and TAMS data) and for the diffuser under test (DUT), which requires data extrapolation
and/or interpolation. It is important to note that we work with two sets of data for the DUT: the measurement data that
needs to be extrapolated (interpolated) and the uncalibrated measurement data obtained with the TAMS bench.

2) Calculating the correction factor function G(8; @i 8, ¢, 4) using the RSRFs calculated in the previous step for the
reference sample (i.e., NIST and TAMS measurement data). The calculation is performed using the following
equation:

G,(0.4:0..6:0) =V 1s(6,.6:0..6.: ) v s 6,.6,:0..4,: 1) (29)

3) Applying this correction factor function to the RSRF Yruus pur (6; @i 6, @ 4) corresponding to the TAMS data of
the DUT:

W p0r(0,58530,:8,52) =V pass.our (0-36,.6,:2) G, 6,,6:36,. 4,5 4) (30)

4) Fitting the obtained RSRF Ypur(6;, ¢i; 6, ¢r; A) to the RSRF calculated (using Eq. 30) for the DUT measurement data
allows for extrapolation or interpolation. The primary objective of the fitting procedure is to minimize the scale
difference between these two RSRFs within the spectral range where measurement data are available for both
functions. The extrapolated part of the RSRF is the portion that results from fitting and falls within the spectral range
not covered by the available DUT measurement data.

5) Calculating the absolute BRDF data for extrapolated/interpolated part Wewine (6, ¢i; 8-, ¢ 4) of the RSRF spectral
curve (if required). This conversion can be performed using the following equation (straightforwardly obtained from
the rule of three):

BRDF(01’¢1’9N¢;’2’): Text/lnt(ezﬁ¢z’9ra¢;72’)<<BRDF(01’¢1’6;’¢MZ)>>A (31)

In this equation, the <<BRDF(0; ¢i; 6, ¢, 4)>>; is averaged spectral value of the DUT BRDF, used in step #1 of this
method, to convert the absolute BRDF of the DUT into its RSRF.

In our work, we tested the proposed method of data processing to solve the following two problems (discussed below
for illustration purposes): (1) extrapolating the PTB measurement data and (2) extrapolating/interpolating the BRDF data
obtained on the CSL robot-based gonioreflectometer bench. Solving these problems not only illustrates the basic idea of
the proposed data processing method but also represents significant practical interest for our current project.

Regarding the former problem, as noted above, the PTB measures the BRDF over a relatively narrow wavelength
range compared to NIST and CSL (see Table 2). Consequently, this issue involves estimating the BRDF values of
reference diffuser #2 in the wavelength range from 1700 nm to 2400 nm, which is not covered by the PTB calibration
certificate. As explained earlier, the estimation procedure entails the correction factor function Gy/(6i, @i; 6r, gr, 1),
calculated from the BRDF data provided by NIST and acquired using the TAMS measuring bench for reference diffuser
#1 (cf. Eq.29).

Fig. 10 displays the plots of the NIST and TAMS relative spectral response functions for reference diffuser #1, along
with the corresponding correction factor function calculated for the METOGSE1 angular configuration (see Table 2).
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Figure 10. Calculation results obtained at steps #1 and #2 of the proposed data processing method: (a) RSRFs of the
reference diffuser #1 calculated for the METOGSE1 angular configuration from the BRDF data provided by NIST
(Ywisr,r) and from the ones measured with the TAMS setup (¥r4us.1); (b) the correction factor function Gy(4) calculated

with Eq.29 for these RSRF data.

As mentioned above, in this work, the measurement results are analyzed in terms of the RSRFs, defined by Eq.3. In

other words, the data processing method used involves normalizing the raw

spectral data. This approach is well-suited

for comparative studies, as the normalization significantly reduces scale differences between the spectra being compared,
which arise principally from differences in measurement conditions [21]-[22]. This greatly facilitates the recognition and
tracking of specific features in the measured scattering spectra, indicating differences in the optical properties of the

samples under test.

Fig. 11 presents an example of a comparative analysis of measurement resu
by this approach.

Its illustrating the practical benefits offered
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Figure 11. (a) BRDFs of the reference diffuser #2 measured for three angular configurations (see Table 2); (b)
corresponding RSRFs (i.e., the identical spectra after applying the normalization rule defined by Eq.3)

In this figure, for illustrative purposes, only three measured spectra are presented. However, in practice, the
experimental results typically contain several series of measurement data, each of which may include up to several dozen
measured spectra that are slightly shifted vertically from one another. This results in continuous bands of curves on the
graph, which greatly complicates the correct interpretation and understanding of the measurement results. After
normalization, the spectral curves (RSRF) overlap, making specific features more noticeable (such as local oscillations in
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the spectral range of 800-1150 nm, see Fig. 11b). These features are not associated with random measurement errors and
are therefore of interest for further detailed study.

Regarding the curve fitting procedure conducted in step #4 of the proposed data processing methodology, it utilizes the
well-known least squares method. This method involves determining a correction factor by which the RSRF predicted
for reference diffuser #2 using Eq.30 should be multiplied to eliminate the scale difference between the corrected RSRF
and the RSRF derived for the same sample from PTB measurement data in the spectral band of 400-1700 nm (where
both RSRFs can be determined simultaneously, see Table 2).

It is instructive to note that, in the case of the spectrophotometer used in this work (UV/Vis/NIR PerkinElmer
LAMBDAT™ 1050), the scanned wavelength range (400-2400 nm) consists of three independent spectral bands: 400-860
nm, 860-1100 nm, and 1100-2400 nm (or 1100-1700 nm when the purpose of the study is to compare TAMS data with
PTB reference data). These bands are delimited by two transition points, A;= 860 nm and A>=1100 nm, which correspond
to the diffraction grating switching and the automatic change of the detector during the spectral scanning, respectively.
Thus, from a functional perspective, the measurement data obtained with this spectrophotometer can be considered as
derived from three virtual spectrophotometers operating independently in these spectral bands. Therefore, the estimated
RSRF curve Ppur(4) can be viewed as a superposition of three independent parts. Consequently, the data fitting can be
performed independently in these three spectral bands, and the resulting correction factor values may differ slightly for
each band. Regarding the part of the spectral range in which the RSRF is extrapolated (i.e., 1700-2400 nm), the
correction factor applied to the RSRF calculated using Eq.30 is assumed to be equal to that obtained for the spectral band
1100-1700 nm.

The calculation results obtained using the proposed data processing method are presented in Fig. 12.
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Figure 12. Calculation results obtained at steps #3 and #4 of the proposed data processing method: (a) the RSRF of the
reference diffuser #2 calculated for the METOGSE! angular configuration from the BRDF data provided by PTB
(¥prs,2) and the RSRF of the same diffuser (¥74ms,2) obtained by applying the correction factor Gy(7), calculated in the
previous step #2 (see Fig.10b), to the RSRF evaluated from the BRDF data measured with the TAMS setup; (b) RSRF
data from the curve correction procedure performed in step #4 of the proposed method.
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As shown in Fig. 12a, the RSRF spectra display significant spurious oscillations near the boundary wavelengths of the
operational spectral ranges (i.e., around A = 860 nm for TAMS RSRF data, as well as A = 400 nm and A = 1700 nm for
PTB RSRF data). These transient oscillations are less related to the optical response of the sample under test and more to
a decrease in the efficiency of the diffraction grating used in the TAMS spectrophotometer or in the monochromator, in
the case of the gonioreflectometer. Furthermore, since least-squares analysis is highly sensitive to outliers, these
oscillations can considerably skew the results of the curve-fitting procedure based on this method. Therefore, to
minimize the effect of these oscillations on the curve-fitting results, the RSRF data in the relevant spectral bands are
excluded from consideration when calculating the correction factor (i.e., in step #4 of the proposed data processing).

In the spectral band 2300-2400 nm (Fig.12), the measurement uncertainty exceeds the tolerance limits established by
the technical specification for the application under consideration (i.e., the development and metrology of reference
diffusers dedicated to on-board calibration units of space spectroscopic instruments) while remaining quite acceptable for
many other practical applications.

Although the sources of the statistically significant increase in measurement uncertainties observed in the wavelength
band of 2300-2400 nm are still under investigation, it is clear that the contribution of uncertainties originating from the
measurement bench itself (for example, related to the spectrophotometer drift, stray light, etc.) to the total error budget in
this range is too small to explain the observed increase in uncertainty levels. The validity of this assumption is well
supported by our experience with the spectrophotometer used in the TAMS measuring bench, gained through work on
numerous spectroscopic applications. Accordingly, the most likely sources of the observed increase in measurement
uncertainties in the spectral band 2300-2400 nm are related to the design of the sample holder assembly. The design
optimization of this assembly is currently in progress; a specific paper with detailed explanations of the results of this
work will be published in the near future.

As noted above, the current version of the fitting procedure employs the well-known least squares method (LSM),
which involves minimizing the sum of squares of residuals (SSR). In our case, this represents the deviation of RSRF
values predicted for reference diffuser #2 from the RSRF derived from PTB measurement data. However, it should be
noted that this approach is not the only one possible. For instance, an alternative fitting procedure could be developed
where the objective function to minimize is based on the number of points that do not meet an accepted criterion for
compliance with the specification. It may be recalled that compliance with the specification is typically considered
achieved if the measured result, extended by the expanded uncertainty interval at the 95% confidence level, does not
exceed the tolerance limits defined in the specification (for a more detailed explanation, see [23] “Appendix B.
Assessment of Compliance with Specification”). It is instructive to note that the fitting analysis involving the mentioned
compliance criterion can be used in combination with conventional LSM.

This alternative approach to curve fitting is still under development because its practical implementation requires a
substantial reduction in measurement uncertainties and, consequently, further optimization of the TAMS setup design
and the measurement methodology.

Finally, concerning step #5 of the proposed data processing method, as previously mentioned, the RSRF obtained after
fitting in step #4 is converted to the absolute BRDF using the same conversion factor applied to calculate the PTB RSRF
in step #1 of this data processing method (i.e., the averaged spectral value of the PTB BRDF; see Eq.31).

The calculation results obtained after applying the conversion rule defined by Eq.31 are shown in Fig.13.
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Figure 13. Calculation results obtained at the step #5 of the proposed data processing method: £, p7s - the BRDF data
provided for the reference diffuser #2 by PTB (the METOGSE1 measurement configuration) and the BRDF of the same
diffuser (f7, r4ms), calculated at the step #5 of the proposed data processing method

To conclude, it seems reasonable to construct the absolute BRDF of reference diffuser #2, which will be used in
upcoming data processing and calibration procedures as global reference data, by combining the available PTB data for
the spectral range of 450-1660 nm with the BRDF obtained by extrapolating TAMS data available for the spectral bands
of 400-450 nm and 1660-2300 nm. As explained above, the spurious oscillations observed near the boundaries of the
PTB operational spectral ranges, specifically near the wavelengths A= 400 nm and A= 1700 nm, are unrelated to the
optical response of the diffuser under test. Therefore, the PTB BRDF data in the corresponding spectral bands, 400-450
nm and 1660-1700 nm, should be replaced by the corresponding TAMS data.

Returning to the second example application of the proposed data processing approach, it is important to note that
although the objectives and conditions we address are slightly different from those in the first example considered, the
overall methodology for solving it remains consistent. Therefore, in this subsection, only the most significant issues
related to this problem and the final results of data processing are discussed.

As noted above, in the second example, the proposed data processing method is utilized to extrapolate and interpolate
BRDF data previously obtained using the CSL robot-based gonioreflectometer bench.

In this example, the sample under test is a polytetrafluoroethylene (PTFE)-based diffuser. The BRDF of the sample
was measured using the CSL robot-based gonioreflectometer in the angular configuration ‘“METOGSE1’ (see Table 2)
for eleven wavelengths selected in the spectral range from 445 nm to 2250 nm (detailed explanations of the operational
principle and performance parameters of this measuring bench can be found in our previous publications [18]-[19]).

Fig. 14 presents the results of measuring the BRDF of the PTFE sample conducted with the CSL robot-based
gonioreflectometer, alongside the BRDF of the same sample calculated from TAMS measurement data using the
proposed data processing method.
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Figure 14. BRDF measured with the CSL robot-based gonioreflectometer (f- c¢sz) and the one calculated TAMS from TAMS
measurement data using the proposed data processing method (f- r4ms). An offset is applied on gimbal data, to match the
median of robot-based results.

Fig. 14 reveals a relatively good agreement between the BRDF data obtained using the two aforementioned
measurement methods: the relative spectral difference between the two measurements is within +£0.6% over the spectral
range of interest from 400 nm to 2300 nm and does not exceed £1% at wavelengths 865 nm and 913 nm. Accordingly,
one can conclude that the investigated instrumental approach, involving the TAMS bench and the proposed data
processing methodology, provides measurement accuracy comparable to that achievable with the robot-based
gonioreflectometer. This makes the approach well-suited for implementing the aforementioned cost-effective sample
characterization strategy.

In conclusion, it would be informative to briefly discuss how the stability of the measuring system over time affects
measurement precision.

As noted above, the measurement system used in our work is based on the PerkinElmer LAMBDA™ 1050
UV/Vis/NIR spectrophotometer equipped with the TAMS module. Despite the high performance and accuracy of this
instrument, prolonged measurements can introduce internal uncertainties primarily due to stray light, residual variations
in the intensity of the illuminating beam, noise in the detectors, and the readout electronics, potentially leading to
unacceptably high measurement errors. Therefore, special attention must be given to stability issues and the appropriate
selection of spectral scanning parameters that affect the total duration of measurements (such as integration time,
wavelength step, spectral range width, etc.).

As our experience has shown, achieving the necessary precision and repeatability of measurements for our metrological
application requires careful selection of the spectral scanning parameter values. These values must ensure that the total
duration of the BRDF measurement procedure, which involves, as explained above, two consecutive measurements of
the intensity spectra of the reference and scattered beams, does not exceed 12 hours. This guideline for selecting spectral
scanning parameters is, of course, purely indicative. The maximum duration for measurements was established
experimentally and mainly depends on the performance characteristics of the spectrophotometer used in experimental
work.

5. CONCLUSION

In this paper, we present an innovative and cost-effective approach to BRDF metrology, which includes an instrumental
platform paired with an appropriate data processing method. The instrumental platform, specifically its initial proof-of-
concept prototype, was developed based on the commercially available standard spectrophotometer PerkinElmer
LAMBDA™ 950/1050, which is equipped with a sample positioning system (SPS) that utilizes a compact motorized
gimbal. Our gimbal-based SPS, which is of our own design, is currently under development. Consequently, the first
prototype of the measurement bench incorporates an SPS built around the commercially available TAMS module, which
has been slightly modified to enable BRDF measurements in an arbitrary angular configuration of the samples (an
additional rotation stage has been added to the sample holder). This instrumental approach complements existing robot-
based BRDF measurement benches and is intended for conducting metrological tests on small, lightweight samples,
primarily for intermediate characterization of samples between non-critical process operations. We discuss several key
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engineering aspects of the practical implementation of the proposed instrumental approach. The functionality of the
developed characterization bench was tested through tasks involving the interpolation and extrapolation of BRDF
measurement data obtained with the CSL robot-based gonioreflectometer.

The proposed instrumental approach is well-suited for small research laboratories since its practical implementation does
not require significant expenses compared to robot-based gonioreflectometers or adapted large clean rooms. One of the
main advantages of this approach is its high flexibility for scheduling metrological test research. Finally, the relatively
small size of the measuring bench facilitates the implementation of BRDF measurements in a dry nitrogen-purged
environment, thus preventing the effect of light absorption by water vapor when measuring in the infrared range.
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