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ABSTRACT

Parabolic-mirror infrared (IR) collimators are widely used in single-channel flight vehicle
testing to generate quasi-plane-wave radiation fields. However, edge diffraction degrades field
uniformity and limits measurement accuracy. This paper presents a mathematical model of an IR
collimator with rounded mirror edges to evaluate their influence on the radiation field. The model
is formulated using the two-dimensional Helmholtz equation and solved by the boundary integral
equation method to determine the induced surface current and the resulting radiation field.
Numerical results demonstrate that rounded edges effectively suppress diffraction-induced
amplitude ripples and improve field uniformity compared with conventional sharp-edge mirrors.
The proposed model provides a theoretical basis for optimizing parabolic IR collimators for high-
accuracy flight vehicle testing.
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1. INTRODUCTION

Parabolic-mirror infrared (IR) collimators are key components of high-precision single-channel
test systems for generating a nearly planar wavefield. However, diffraction caused by the mirror's
finite aperture and edge geometry introduces field non-uniformity, reducing calibration accuracy
and measurement repeatability.

Diffraction phenomena at the edges of finite-aperture reflectors have been studied extensively.
In the RF/microwave regime, numerous studies on compact antenna test ranges (CATRs) have
analyzed the formation of quiet zones, evaluated field quality, and investigated methods for edge
treatment of reflectors [1-3]. Recent studies have shown that smoothly blended elliptical edges
with continuous junctions are significantly more effective than sharp-edged truncations [7]. In the
infrared regime, off-axis parabolic mirrors (OAPs) remain widely used as collimating elements
[4-6] and continue to be investigated in terms of diffraction-limited performance [9]. Current
modeling approaches include asymptotic methods such as GO, PO, GTD, UTD, and PTD, which
have recently been extended through accelerated ray-tracing techniques [10], as well as full-wave
methods such as the boundary integral equation (BIE) method and the method of moments (MoM)
for analyzing the sensitivity of collimator-field quality to reflector shape and edge geometry [8],
[11]. Recent advances in MWIR zoom optics and compact relay optical systems have significantly
improved infrared imaging performance [14, 15]. Nevertheless, these studies assume an ideal
incident wavefront and do not address the effect of parabolic mirror edge diffraction on collimated
field quality, which is investigated in this work. However, when the edge radius of curvature is on
the order of the operating wavelength, asymptotic models lose accuracy and must be replaced by
full-wave formulations.

Despite these studies, the quantitative relationship between parabolic-mirror edge geometry
and the field quality of infrared collimators has not been fully established using rigorous full-wave
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analysis. This paper addresses this gap by developing a BIE model of a parabolic mirror with a
smoothly rounded elliptical edge and slope continuity, and quantitatively evaluating its effects on
field uniformity and wavefront quality in a representative (LWIR) configuration.

2. MATHEMATICAL MODEL

2.1. Problem formulation and assumptions

The infrared collimator considered in this study employs a finite-aperture parabolic mirror with
rounded edges, as shown in Figure 1, to generate a nearly planar wavefield within a predefined
working region. Because the system exhibits translational invariance along the vertical axis, the
problem is formulated in a two-dimensional Cartesian coordinate system (x, y).
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Figure 1. Geometry of the parabolic mirror with rounded edges.

This 2D model provides a reasonable approximation for two practical cases. The first is a
parabolic cylindrical reflector combined with a line source, for which translational invariance is
strictly preserved. The second is the meridional-plane analysis of an axially symmetric paraboloid,
in which the edge-rounding mechanism - namely, the local smoothing of the induced-current
singularity at the mirror rim - can still be described reasonably well by the cross-sectional model,
especially for observation regions on or near the axis, as commonly encountered in single-channel
probe experiments. Extension to the full three-dimensional rotational problem will be addressed
in future work.

The mirror is modeled as an ideal parabolic surface described by:
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where f'denotes the focal length of the parabolic mirror. The infrared source is located at the focal
point of the parabola, ensuring ideal collimation in the absence of diffraction.

y (1)

To reduce diffraction caused by abrupt truncation of the parabolic surface, the mirror edges are
smoothly rounded. Each rounded edge is described by a general second-order curve of elliptical
type Ei, Ea:

(X;fc) +(y;2y") . )

where (x., y.) is the ellipse center and a, b are the semi-axes along the aperture and longitudinal
directions, respectively. The characteristic rounding dimension reported in Section 3.1 is defined
as L. = a. At the junction point (xo, o) = (@, a,”4f), two continuity conditions are enforced:
position continuity (the ellipse passes through (xo, y0)) and slope continuity ((dy/dx)euipse =
(dy/dx) paravoia = X0 /(2f) at the junction). These two conditions uniquely determine the ellipse center
(xc, yc) once (a, b) are chosen. The slope-continuity condition is essential - without it, a residual
corner at the junction would itself act as a diffraction source and partially defeat the purpose of
edge rounding.

The complete mirror contour, denoted by C. In Figure 1, M is the observation point on the
conducting surface, is a secondary source point running along the mirror contour C and associated
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with the induced current density J(P), and the incident field u,(M) is generated by a primary source
located at the focal point F, which only contributes to the incident field and does not belong to the
integration contour.

2.2. Governing equations and boundary conditions
The electromagnetic field is assumed to be time-harmonic with angular frequency @ . Using a
scalar Borgnis function u(x,y), The free-space field satisfies the 2D Helmbholtz equation [13]:
Vi +k*u= f(r) 3)
where k=27z/2 is the wavenumber corresponding to the infrared wavelength A, and f(r)
denotes the excitation from the IR source at the parabolic-mirror focus.

The parabolic mirror is assumed to be a perfect electric conductor (PEC). The PEC idealization
is quantitatively well-supported for IR-band reflectors with standard metallic coatings. At the
working wavelength A = 10.6 um, the complex relative permittivity of Au/Al is approximately &,
~—8000 + j2000, with gold giving comparable values; this corresponds to a surface impedance of
magnitude |Zs| = 0.03 Q@ — more than four orders of magnitude below the free-space wave
impedance 1, = 377 Q. The resulting insertion loss is confined to 0.02 — 0.04 dB and the local
phase shift relative to the ideal PEC reference is below 0.01°. These finite-conductivity corrections
are negligibly small compared with the percent-level amplitude non-uniformities and degree-level
phase deviations introduced by edge rounding, so the PEC assumption introduces no observable
bias in the comparative metrics reported here. Consequently, for the transverse magnetic (TM)
polarization considered in this study, the Dirichlet boundary condition on the mirror contour C is

u),=0 @

The scattered field satisfies the Sommerfeld radiation condition at infinity [12]:

(z—j + ikujr_m = 0(%) ®)]

which ensures that only outward-propagating waves are present.
2.3. Electromagnetic field components

For the TM polarization, the electromagnetic field components are expressed in terms of the
scalar function u(x,y) as
E -l %p_ 10 6)
| we Oy we Ox
EZ:Hx:Hy:O,szu(x,y) 7
Thus, once the function u(x,y) is determined, the complete electromagnetic field distribution in
the working region of the parabolic mirror collimator can be readily obtained.
2.4. Green’s function and boundary integral representation
The Green's function for the 2D Helmholtz equation [13] is given by:

V’g(M,P)+k’g(M,P)=-275]t, - 1,| (®)
with the solution g(M,P)= —%ﬂ H (k|rM— rP|) )

where H,” (+) denotes the zero-order Hankel function of the second kind.

The total field is written as u =u, +u, , where u, is the incident field produced by the source
and u_ is the scattered field. Introducing the unknown boundary function
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n

and applying Green’s second identity together with the PEC boundary condition, the scattering

problem is reduced to the following boundary integral equation on the mirror contour:

H? (kr =——<35J PYHP (kt, —1,)ds, MeC (11)

2.5. Discretization and linear system
The contour C of the parabolic mirror is divided into N small boundary elements C, of length
A, . Assuming J(P) to be constant over each element J(P)~J, for PeC, and enforcing
Equation (11) at collocation points M, € C, the result is discretized as
1 N
@ ___1 @) _ -
HY (kr,) = - Z;ch HY (klr, —t,)ds,  m=1,2,.,N (12)

Defining the interaction coefficients

1
=_ﬂ£Héz)(k|rm —r1,|)ds (13)

equation (12) is transformed into a linear system.

For (m # n) , the kernel is smooth and the integral is approximated by the midpoint rule:

A 2 2
M =——"H<2>(k x,—x,) +(y, - ) m#n 14
m,n 272_ 0 \/( m n) (ym yn) ( )
For the diagonal terms (m = n) , the Hankel kernel exhibits a logarithmic singularity. Following
the analytical treatment used in the reference paper, the diagonal element is given by

[y {1—1‘311{7]&” H (15)

V.4 4e

where y is the Euler constant and e is the base of the natural logarithm. This term is essential for
ensuring numerical stability and accuracy.
Using (13)—(15), the discretized boundary integral equation becomes:

ZM J,=HP (kr,), m=12,.,N. (16)

m,n* n

2.6. Field computation in the working region
Once the induced surface current distribution is known, the field at any observation point
M in the working region is computed by the radiation integral

=—(ﬁj H(z) k|r - |)ds (17)
which, in discretized form, becomes

= D3 HE (), (18)
n=1

where 7, ,, denotes the distance between the observation point and the center of the n-th boundary

element. This expression provides the basis for the quantitative evaluation of field amplitude and
uniformity in the working region of the parabolic mirror collimator.
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The proposed full-wave electromagnetic model describes diffraction from the finite aperture
and rounded edges of a parabolic mirror, enabling a quantitative evaluation of their influence on
the collimated infrared field.

3. NUMERICAL RESULTS AND QUANTITATIVE ANALYSIS

3.1. Simulation setup

Numerical simulations were carried out based on the mathematical model developed in Section
2. The complete set of simulation parameters is summarized in Table 1.

Table 1. Simulation parameters for the LWIR case study.

No. Parameter Symbol Unit Value

1 Wavelength (LWIR) A um 10.6

2 Mirror diameter D mm 150

3 Focal length f mm 250

4 Half-aperture (parabolic segment) ap mm 75

5 Edge rounding - sharp L, um 53(=05M)
6 Edge rounding - small L, um 10.6 (= 1.01)
7 Edge rounding - large L, um 159(=1.5))
8 Discretization density NPW elements / A 30

9 Observation distance (axial) Zy mm 500

The parabolic contour was discretized into uniformly distributed boundary elements at a density
of NPW = 30 elements per wavelength, with a local refinement factor of 1.7 times in the rounded-
edge regions to resolve the local geometry. A convergence study verified that the non-uniformity
metric d converges to within 0.5% of its asymptotic value for NPW > 25. The chosen NPW = 30
therefore lies safely within the converged regime. The singular diagonal terms of the boundary
integral system are evaluated using the analytical expression (15), and the resulting linear system
is solved directly. Once the induced surface current J(M) is obtained, the field in the working
region is computed using the radiation integral (18).

To characterize the collimation quality, four quantitative metrics are defined over the working region:

+ amplitude non-uniformity: & = (|H|max — [H|min)/(|H[);

+ amplitude RMS ripple: Gamp = std([H|)/(|H|);

+ phase peak-to-valley: PV, = max[Ap(x)] — min[Ap(X)];

+ RMS wavefront error: WFERrums = std[A@]/(27), in units of A.
where A@(x) is the phase deviation from an ideal planar reference and the operators max, min,
std(-), and () act over the working region.

Figure 2a shows the magnitude of the induced current |J(s)| along the mirror contour. For the
sharp-edge configuration, strong current concentrations are observed at the mirror extremities,
characteristic of edge singularities and acting as intense secondary sources of diffraction. Rounded
edges progressively suppress these concentrations and yield smoother current distributions, with
the suppression strength increasing with L,. Figure 2b shows the corresponding transverse
distribution of the normalized magnetic field amplitude [H,//|H/|max in the working region. The
sharp-edge case exhibits pronounced amplitude ripples caused by edge-diffraction-induced
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interference; both rounded configurations significantly reduce the ripple amplitude.

The collimation-quality metrics for all three configurations are summarized in Table 2. The
large rounded edge reduces 6 by approximately 56% and WFErwms by approximately 59% relative
to the sharp-edge baseline, demonstrating that edge shaping has a strong and quantifiable influence
on both the amplitude uniformity and the wavefront quality of the collimated IR field.

Table 2. Collimation-quality metrics for the three edge configurations.

No. Configuration 6 (%) Gamp (%) | PVo(®) | WFErums (M)
1 Sharp edge (L= 0.5) 12.3 4.1 18.5 0.029
2 Small rounding (L.~ 1.01) 7.6 2.5 11.2 0.018
3 Large rounding (L.~ 1.5)) 5.4 1.7 7.8 0.012
4 Improvement (large vs sharp) —56% —59% —58% —59%
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Figure 2. Numerical results for three edge configurations of the parabolic-mirror IR collimator
a) Magnitude of the induced surface current |J(s)| along the mirror contour;
b) Transverse distribution of the normalized magnetic field amplitude H- in the working region.

3.2. Discussion

The results show that diffraction at the mirror edge is the dominant mechanism degrading the
field quality of infrared collimators based on finite-aperture parabolic mirrors. Smooth edge
rounding with continuous slope at the transition region provides an effective geometric solution
for mitigating this effect. The main improvement mechanism lies in reducing the induced-current
singularity at the mirror rim and smoothing the transition at the aperture boundary.

At the system-level perspective, wavefront error directly affects experimental quality. For a
single-channel infrared seeker, the RMS wavefront error across the working aperture, WFEgrwms,
corresponds to an apparent angular error of approximately 2n- WFErwms/(kD), which manifests as a
virtual target-position displacement perceived by the seeker. In experiments requiring sub-
milliradian angular accuracy, wavefront error is often the dominant collimator-induced error
source, outweighing the influence of amplitude non-uniformity. The proposed model therefore
enables simultaneous evaluation of both metrics within a unified framework, thereby facilitating
collimator assessment against system-level performance indicators.
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From a manufacturing perspective, this solution is entirely feasible. At A =10.6um, the required
edge-rounding size in the range of 5-20um is well within the capability of modern infrared mirror
fabrication technologies, especially single-point diamond turning, with form accuracy below 100
nm, and magnetorheological finishing, with sub-10 nm precision. For a mirror diameter of 150
mm, the relative ratio L,/D =~ 10 is comparable to the level commonly encountered in standard
astronomical infrared optics. Furthermore, typical manufacturing tolerances of approximately
+1 um in L, introduce a variation in field non-uniformity of less than 1%, and therefore do not
alter the fundamental design conclusions.

The rounded-edge solution also involves a small trade-off in effective aperture. Because the
rounded section replaces the outermost region of the parabolic surface, the effective collimating
aperture decreases from D to D'=D — 2L,. However, in a representative LWIR case, the relative
aperture loss is only about 2L,/D = 0.03%, which is negligible compared with the 50-60%
improvement in field uniformity. Under the design rule L. ~ 4, the aperture loss remains below
0.02% for large IR collimators (D > 10°)), so rounded edges are clearly advantageous in this
regime. Only for miniature systems with D ~ 10%A, which are uncommon in the infrared band but
may occur in the sub-millimeter or THz range, does this trade-off require separate evaluation.

From a design standpoint, choosing the edge-rounding dimension on the order of the operating
wavelength is a practical and well-balanced solution, since it significantly improves both
amplitude uniformity and wavefront quality while causing negligible loss of effective aperture and
remaining fully compatible with existing fabrication capabilities. The proposed BIE model enables
these trade-offs to be quantified systematically, thereby supporting the design and optimization of
parabolic-mirror infrared collimators for high-precision testing of single-channel flight vehicles.

4. CONCLUSIONS

This paper investigated the influence of rounded edges on the collimated field quality of a
parabolic-mirror infrared collimator. A full-wave electromagnetic model based on the two-
dimensional Helmholtz equation and the boundary integral equation (BIE) method was employed
to analyze edge-diffraction effects caused by the finite mirror aperture. The results confirm that
edge diffraction is the primary factor limiting field uniformity. Compared with conventional sharp
edges, properly designed rounded edges effectively suppress diffraction-induced amplitude ripples
and improve field uniformity within the working region. The degree of improvement depends on
the rounded-edge geometry.

The present analysis is limited to a 2D formulation with a perfect-electric-conductor
approximation of the mirror surface. Although the qualitative conclusions are expected to remain
valid for 3D axisymmetric geometries and realistic Al/Au coatings, quantitative refinement
requires further model development. Future work will extend the approach to a full 3D body-of-
revolution Method-of-Moments formulation, incorporate impedance boundary conditions for
realistic IR coatings, and perform experimental validation using IR-camera field mapping, LWIR
wavefront sensing, and comparison with a commercial reference collimator. These developments,
together with the present results, provide a theoretical basis and a quantitative framework for
optimizing infrared collimators used in high-accuracy single-channel flight vehicle testing.
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TOM TAT
XAy dung mo hinh toan va danh gia anh hwéng ciia mép bo tron gwong parabol

téi chit lwong truomg cl}uaxln tryee cua 5ng chuin trwe hdng ngoai
stt dung trong thiét bi kiém tra thiét bi bay m¢t kénh

Bé chudn truc hong ngoai (IR) s dung guwong parabol dwoc s dung rong rai trong cac
hé thong thir nghiém thiét bi bay mot kénh nham tao ra truong bire xa gan nhu séng phang.
Tuy nhién, hién twong nhiéu xa tai mép guwong lam suy giam dé dong déu cia truong birc
xa va han ché do chinh xdc cia phép do. Bai bao nay trinh bay mé hinh toan hoc cua bo
chudn triee hong ngoqi sir dung guong parabol c6 mép bo tron nham ddanh gid dnh hwdng
cua hinh dang mép guong dén truong birc xa. M6 hinh dwoc xdy dung trén co sé phuong
trinh Helmholtz hai chiéu va dwoc gidi bang phirong phdp phwong trinh tich phin bién dé
xdc dinh phan bo dong dién cam ung trén bé mdt girong ciing nhu trieong bire xa trong viing
lam viéc. Két qua mé phong sé cho thdy mép gwong bo tron cé kha nang giam hiéu qud cdc
gon bién do do nhie:u xq gdy ra va cai thi¢n dang ké dp dé‘ng déu ciia truong biic x@ so voi
guong co mép sdc truyen thong M6 hinh d@é xuat cung cap co sé Iy thuyét cho viéc toi wu
hoa thiét ké bo chudn truc hong ngoqi sir dung girong parabol phuc vu cdc hé thong thir
nghiém thiét bi bay mot kénh co do chinh xdc cao.

T khoa: Ong chuén truc héng ngoai; Guong parabol; Mép bo tron; Nhiéu xa mép; Thiét bi bay mot kénh.
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