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Fig. 8 Comparison of responsivity correction results at 0.2 nm wavelength shift. (a) Responsivity and absolute deviation at 0.2
nm left shift; (b) Responsivity and absolute deviation at 0.2 nm right shift

5 58 PRI FS 0.1 nm I B 3 B9 R IE 28R A0 T FUAELIE: , Wi 10 B2 gl 4 B8 460 2 2% (L, (H i 7% 1 K 5
0.2 nm J& , PIFP 75 12 R BULF — B0 R LA H B A BRSSP, e BORE 5 0 {S0RY il I AR 5 i 22 125 1l 75
0.1 nm LA, APRUERE M35 A3 i RO 3%
23 MEKES

A8 S B I e PRI 45 B4 ' PR 15 BEOAS 3l b 52 B 2 Bl R A T L 4 A 4 B IR R O L R HOE R T
PO R B B R IS DL OB TR R D B A A o T e I PR e B I 5 (9 4 IR LU, DT R ) O R 5 A o
Btk O T PPEA IR P A IR 0 T R R A 7R 2 RE D, T DA 7 B

BeE BAR AT 98 10nm , >R Hl CTE ASBIRS = A1 2 A o ECE: FR AR OB FELAY H 2806 0 3%, 2F 1 44 21 3 20
TR AR TR R AE IR A 0 J90 X6 A A A T 35 5 055 R T 8 S ST o A IS e M R — 2 Dy 4 R
W AR M 2 [ R M, AN B A - 08 JSE A8 A 5 — 28 D ARG WGP, JHC A o 2 S A X (EL, LS 5 98 2 19 [ 5 L 451
HBHE o

T8 2R FH die /I Z30€ 12 HEAT SR AR IS, 25 25 2 B BE B 0L 5 W P K AR DT IRE 75 4 5 22 0 /0N, 5y 5 e SR A o)
B 2R 55 , A A 2858 R, M e 0 5 2200 A0 o #h T OB BE SR 48 0 B E 52 CIE V(A eR BB AR, A R 3 B

0804001-7



¥ %

M) 7 8555 % 07 ) P 2 0ORH 2 B B G, Ry ORI 4 U B MR 7R BT B B RRUE A ISR G — MRS TR
FIU) < B X B5 E BRI 25 (STD) 58 M FE 28 (DUT ) P4 BA8U% o 32 8k, 43 51 B4 B JE M s 15 5 5 K AE L 58
— 2t X6 W 75 K - 5 S5 (B R T A5 380 X6 IO 246 6F M 7S B o 25 [R] S SR FH Gt — R G W 7 K ST R LA 5 R 2D
M 7

Gl A5 A S 38 SR BE R 28 I T, 7E 555 nm P K AL 10 Y A X 52 56 A R 22 4 0.0013% 0
JEE AR 245 0] R P AT RS A 4 I AE 0.00001 £ 9%, % M 75 Ry © 11 Bk I FL U L IE S5 1 BE AL B MR RS L DRI
HGE— A2 - 4 X6 W 75 K S B 5 e KB Y 0.000001, AH X B 75 7K S 18 A4 0000011 5 - v 465 of e 75 2558 A S e
I — A B B, B 2 3l S 7E W ity 20 0t 4 55 1 5 I B IR e ko M R oy b R O R B SR R B A A D
BOR R E SR, R IR /N ISR M 25 22 1% 0.00002, 5 28 55 A M 7 K P Y 3 Rz v R E T 5O
TR

SRy it — 25 R 5 AN [R) W 7 KT Xof i B A T 3 P R R 1) 3 FH 3 B TR T Y R MR R SRR T R R R L A
LR AT S 805 E 4 X 75 K AR 5 e KB 0.00001 , #H X e 75 7K SF- 2 0.0001 , I 5 /s — 3¢ 5K i
A2 HR 0.0002, 5% B AR M 7S 7K SFAE Y DUPRIE ST 45 R AR AT 5

11 T T T . ; 0.005 Ll . . T T . ; 0.005
—=— Reference —=— Reference
1.0 4—e— Ratio method 1.0 4|—e— Ratio method
s Matri h 72 1.000 | =+ Matrix method - 0.004
0.9 .- D:Vl;:iz;et,;;to) 3 0.004 0.9 7--» - Deviation (Ratio)
T (s Deviation (Matrix) z 0840 Deviation (Matrix)
= 2 - 0.003 -~ - 0.003
5 074 20998 5 0.7+
< 2 &
S ] Z 0.6 -
=z 06 & - 0.002 z | 0002
E 0.5 4 0.996 _§ 0.5 ] \
@ 550 555 56 z 1 i I 0.001
= a F0.001 0.4 . 3
4 ,
2 4 Wavelength (nm) §< ",'/" ] i I Wavelength (nm)
S 034 e S 03— R
~ Y oW T s s us assad 0,000 P . o O eI rg tpvnd- 0.000
0.2 . 02 = : T
N i
M
4 J \
01 -0.001 0.1 Loe F-0.001
S
0.0 + 0.0 - ety
-0.1 T T T T T T T T -0.002 -0.1 T T T T T T T T -0.002
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

B9 AEAEETE%FMMNEARES R (a) & % 0.00002; (b) & % 0.0002
Fig. 9 Comparison of responsivity correction results with noise under different tolerances. (a) Tolerance 0.00002; (b) Tolerance
0.0002

P9 () P 8 SR 3R Y R R 3ok i i 75 380 10 i g 32 gty 44 R AR 15 5 2 i g B e 8 U A ARG I ARKCOR T AE
G LA, o 22 il 28 AUA7 7 e A it 2l oA X 2 A AR R A SR s B W 2 2 W . 7E 555 nm &b, FLETE 5 B H I
P 25 -0.0009, i H FE 75 ALA 0.00004 , s 22 5 BEFEAR T — DU K. X R, A5 LR E ST T0—300
W P ST TT R PR T 6 M P T B AT R R A AR D, T SR AR L RS B Y e 7 R Y 4

B 9(b) Hrah BL e I, 2 e 7 7K 42 T — B0 902 0.0001 B 5 4 32 52 T8 %) o 37 B 7 2 477 i 4 4 b Y
BB B B R TE SR AR SR AR T LA 1, O 25 il 28 55 900 B S 19 08 B, (L A X AR D SR s
HeEPER W . 7E 555nm b, HE e 5 2 2 H A D 25 S —-0.0008 , 8 4 i 22 4 0.0001 , i 25 1 1 475 L L AR 9 A%
A — A, 5B 9(a) M LY P A B g W PR KT T A RS B WA T B AT R T I AR T LA
B PERE S UE T AR T GE U MR R SRR R S R

EAS TR AR, B 9(b) h, J BF V5 76 400-450nm W 3ty 19 i 22 1 B2 &5 T LU ARV L 3X — B w] A X F 5 5 1
PR R & — 2 7 o G 0 28 ) 107 B85 I, ' P A5 5 DR B AR S, E 6 — 4 X R PR KT IR R f R b SRR AR
g 75 X T O 2 RS o A 0 55 0 S A 5 R M O B G o R R R PR Y R SRR AR T
B2t G BN A S R R R 1k A Ak B 2R i A A DX SRS A2 R R A 0N ) R R ) B O B PR O i 25 R
AT K

TE S B R FH R 0 5 2R G ) W R K P 2 4 R AR E TR SR M e e SRS B L IR 4 A R G

0804001-8



JER S5 - O BE AR i DI 38 ) 17 0 A5k w0 14 R AL IE R R R AT Y

FRRIE G B BEE iR/ I B A 25 2 B A SRR ARUE 1R S 0 A AR R 2 T U A . 25 R AR SR E0Ok
JEE RN 000 e 7 T A 4 7 0.00001 4 9 T80, 78 (1 045 552 s I 3 Hp AT 2 25 3 M P K P 30 E 2505 [l
B 8 3k O LR 5T R, X R 7 KT 42 T 2 0.0001 Ht 2 i R B VA AT BE DR F5 0 T HU (B 1L A A IR R
AR B 75 7K - 0.0001 AT Sy 74 B W A 1 7 AT B 4 A A8ORe AR A 3 oy W A 3 I B o 0 5 S Pl 3l
A 22 i W PR KB E S8, A A I B R R AR 51 X A W R ] T BE R — A R A R P X R T
SEAA RN o BT TE 2956 A ST I A AR G0 A MRS K AR 8 o B O A ) 22 T Y
ROR W 72 55 S PR T 00 VC E A e 0 2 80, DT 96 70 A 4 R P ARG X 77 326 A ve g JRE IG5 o 7 8 7 s P O A 9, R
B Fz 7 25 SR 1) AT S S T
24 HEBHERES T

P SC T A B R I A T B A T B (S0 5 A AR A AR AR 3 O AR R AN A 3 R K A O A
T APURE I, 400 o /0N 3R SRR S B 9 00T Y R I R R AE B A RS R A T pR RO 2 RE U
— A5 L B i R AR W) B L TR A — A PR R AT G A B ST AR A5 BE R 0 A AL 2t B i Al 9 A AR
it T e 2 R O R ORI R G 1 R A T AT SR A A1 BRE DRI R R 1 T R
18 PRI S Ry = AT, Tl A T S A A A A 8 0 A

39107 L B = TR Al 3 R RS DA i o T, A% g T Lk Mk s TE W 05 S R R, BE S A R
T 2 U B LA O 1 A0 8 5 A O B AR B T B Rk SR PR BE A o SE PR PR (U PR AN K DL R SR
22N ZE AL ARl W RIS TR IR BB SEZ IR . v — BRI A A 1S R AR, AR LR AR
Rk 20— ZUW AT T L Hh SRS 1A bk B A S ek BT X e

B A R S0 38 pR K0 301 5 CTE A BRI A8 BUR At 5 06 23 A1, D7 04 2 s o #8000 45 5 0 000 ¢ 00 2%
149 56 B W IS A 5 TR) A5 SR PR AR I A DR 3 55 ARk AT D' i o o7 IS 9 o 3 ek X6 F AN [ 47 3 e T 119 i B
i 22 | b 2 W0 AR RF AR 5 R TR R M, 2% 8 VA G TR UK A o B 1k RO JE ) i R

2 s S0 s6s 10 400 450 S0 S50 600 650 00 750 400 450 500 S50 60 60 700 750 400 450 S0 SS0 600
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)

H10 =ABAF AR AERELE R, () ZMFERHNT (oA ;(b) BHAFRER THRES R (c) EF
WREHTHRELER (D MBFTRBERTHRELER
Fig. 10 Comparison of three typical bandpass functions and their correction results. (a) Normalized distributions of three band-
pass functions; (b) Correction results under Gaussian-shaped bandpass function; (c) Correction results under rectangu-
lar bandpass function; (d) Correction results under trapezoidal bandpass function

FEPE 10 Ca) e 3 % = b s 20 5 36 o B0 S50 I B L B mT 20, i 07 A i e S 0 A BB A B IR I )
P A0 2% 347 R il , JHC X G i 5 9 1 I 28O0 e 5 AR Al Ol T Gk BE U L TR SF 3 B R A R T E
DX T, {HL 3 5 Ak (9 58 A2 By i e W03 TR B 5 o T A 30 O e R 3 AR A, TOU 0 i o 20 A - 1HL L i 5 o 88 AR X 2%
I, - 000, 15 3R 2 280 07 34 Ak T AR K-

A 10(b)—(d) Bl 7, AN [F) 47 38 T8 450 10 22 S T 4 A O 3 A L L 1 110 B i g 2 =2 v o 7 v B0 ol il 2 1
D 28 B R, 3K S H T I pRBORE B 0 A1 Y R 98 A R AR B IR 6 FAR DI 3 5 A R e 2 A R A L
V5 ME LAA 28000 P 8 Y R BE B 0 A1 22 5 5 R T AR 0 R A i 28 U0 =2, LI % BE D R T S LN R IS TR B
RN, 2 76 M 7 BE I 2 Fr) WA (-5 A 0 Ak 35 ol D 0 9 v 22 T80 OKC 5 60 TR A1 36 26 1 080 O 22 /DN, TR SR B PR B
ol BB B A AR R ORE SO IRE T s 0T S Ao B - R Al 0 Gk A IR T RS I Ol T B e A R
A,

M Z T e A I 0k ) S 18 i 2 78 A () 213 3 B PR R 29 PR35 7R B AR OK - i 22 it 2 i (W] 2/ T LU

0804001-9



T oF

i HUBR IR Sh B G5 o R R A TE 0 108 o At e B A A I s AU A Xk A [T S0 T8 4 R e o0 A B
177 A RS DTS 3 R T e A S T AR BT 5B RO S TR B AR o LA T R A2 i 1 2 BEE U A
JEE w e FE 350728 A B 52 T AR 45 /1N o

RS UL H A SO B 0 AR A TE D7 3 X AN () 26 T AR Al i A R R 9, RS IE AR AN
M T T oK RO 7R R E R E = AT A A, R AE 22 e ML A B 6 (S0 R 2R S BRARE L R BE A S AR
B IE o

3 it

AR S B T B (0 ASCY OIG B R N 45 D' i W 7 R I e 2R 4 v AR S ROV L A T — R T R Y RS AE DT
2 F B0 RGN AR BRAE S K Z AR B S A N A B R . 7R 10nm Y T8 A O FLETAR T
PARTE I B 2% A T B ki A 1) o 1 TR SR N R g B W R IE ROR WL T IR R o B xR
RS BR I 5 25, A SC4 0y vk T SRS AR S e A 9 B 22 ELAE I AE £ 1 nm A, B R 0 T
B 8 il 7F = 0. Inm LAY 5 B HIL M 75 7K S B 458 1 76 0.0001 1 2 LA N, 76 1 i L P9 0 R 6 A% O 45 B 38 A E AR
o BT BE ML R R AR B S M S KOF DL TS LSQROR i 4 22, K 20k NG B R IR R KA
PR CTE A0S, SEBR I i bW SE VA 2R ST R P R A IR I 22 S A
WAL, XS T R IR B S A R A5 0 4SRRI 100 5 T O 25 240 B N T B A i EL Dk B
V-2, 2 W2 07 VR 0l R R AR AL BT R A 8 R S 32 = A A T ek BRI o 25 b S SR T A R AR
TE 7 AN G b 35 /N S8 80N 5 | S T R e R 22 I EL X Al S A A e 22 A O A% 0 R MR R 38 TR AR AR
1 BAT R 8 B 1, SCvh 4 Hh 3 T 0 55 2 B0 S SCRT hy vl G R TG BB A % D' 3% e 107 0 i 4t
HEE NS % .
5% 3Lk
[1] ISO/CIE. ISO/CIE 194762014 Characterization and performance of illuminance meters and luminance meters[S]. Vien-
na/Geneva: CIE, 2014.
[2] COMMISSION INTERNATIONALE DE L'ECLAIRAGE. CIE 202: 2011 Spectral responsivity measurement of detec-
tors, radiometers and photometers[ S]. Vienna: CIE, 2011.
[3] STEARNS E I, STEARNS R E. An example of a method for correcting radiance data for bandpass error[J]. Color Re-
search and Application, 1988, 13(4): 257-259.
[4] OHNO Y. A flexible bandpass correction method for spectrometers[ C]. Proceedings of the AIC Colour 05 - 10th Con-
gress of the International Colour Association, Granada, Spain, 2005: 697-700.
[5] WOOLLIAMS E R, BARIBEAU R, BIALEK A, et al. Spectrometer bandwidth correction for generalized bandpass func-
tions[J]. Metrologia, 2011, 48(3): 164.
[6] PAIGE C C, SAUNDERS M A. LSQR: An algorithm for sparse linear equations and sparse least squares [J]. ACM
Transactions on Mathematical Software, 1982, 8(1): 43-71.

[7] BENBOW S J. Solving generalized least-squares problems with LSQR[J]. SIAM Journal on Matrix Analysis and Applica-
tions, 1999, 21(2): 416-433.

Matrix Correction and Robustness Analysis of Bandwidth Effects in
Spectral Responsivity Measurement

TANG Chao, ZHAO Weiqiang, XU Nan, LIU Zhiwei, LIU Xiangliang, YAN Jinyun, SU
Ying, LIU Hui, GAN Haiyong
(Division of Optics , National Institute of Metrology China , Beijing 100013, China)

Abstract: Measuring the spectral responsivity of photometric detectors via a monochromator—-based system
is inevitably affected by the bandwidth effect, which induces prominent systematic errors in spectral regions
with steep responsivity variations, such as the blue rising edge and red falling edge. The conventional ratio
method calculates responsivity by dividing the photocurrent of the device under test by that of the standard
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detector and multiplying the result by the standard detector’ s responsivity. This method neglects the
convolution effect of the instrument bandpass function, thereby introducing large calculation deviations in
sharply varying spectral regions. The classical Stearns—Stearns method relies on a triangular bandpass
profile and strict matching between scanning step and bandwidth, leading to harsh application constraints.
To address the above limitations, this paper proposes a matrix—based bandwidth effect correction method,
and systematically evaluates its robustness under practical non-ideal measurement conditions. The proposed
method characterizes the measurement process as a convolution between the true spectral responsivity and
the instrument bandpass function. A linear equation set is established based on multi-wavelength scanning
data, and the detector’ s spectral responsivity is directly solved by adopting the LSQR least-squares
algorithm. In the simulation, CIE standard illuminant A is selected as the incident spectrum, the intrinsic
responsivity of the device under test adopts the CIE standard photopic spectral luminous efficiency function
V(A), and the standard detector employs a trap detector with known and flat responsivity across the visible
band. The monochromator bandwidth is set to 10 nm with a triangular bandpass function. Under ideal
disturbance—free conditions, the responsivity curve retrieved by the matrix method is in great agreement
with the true V(1) , and its correction performance is obviously superior to that of the ratio method. Three
typical interference factors in practical measurement are investigated through numerical simulation. In terms
of bandwidth setting deviation, when the actual bandwidth deviates from the nominal value by 1 nm, the
matrix method presents a much smaller average absolute deviation over the full spectral range and maintains
stable correction capability compared with the ratio method. When the deviation increases to 2 nm, the
matrix method still achieves satisfactory correction, though its superiority is weakened. It is suggested to
limit the bandwidth setting deviation within -1 nm. For wavelength calibration offset, a central
wavelength shift of 0.1 nm for the bandpass function brings milder curve distortion and smaller absolute
deviation using the matrix method than the ratio method. When the offset reaches 0.2 nm, the two methods
perform similarly, and the matrix method no longer shows obvious advantages. Thus, the wavelength
calibration deviation is recommended to be controlled within 0.1 nm. Regarding random measurement
noise, the absolute noise amplitude is set to 0.000001 times the maximum signal and the relative noise level
to 0.00001 in the simulation. Correspondingly, the LSQR convergence tolerance is set to 0.00002,
matching the overall noise magnitude. Under such typical noisy conditions, the matrix method can still
acquire stable and reliable inversion results, with better correction performance than the conventional ratio
method, except for a slightly larger deviation in the low signal-to—noise blue spectral region.In practice,
the actual bandpass function of a monochromator commonly presents Gaussian, rectangular and trapezoidal
profiles. With the full width at half maximum kept constant, this paper compares the correction results of
the three typical bandpass shapes. The results indicate that the Gaussian bandpass has the strongest spectral
smoothing effect, the rectangular bandpass easily causes spectral aliasing, and the trapezoidal bandpass
produces the slightest spectral distortion. The traditional ratio method shows distinct deviation differences
under various bandpass shapes, with the maximum deviation appearing in the Gaussian case. In contrast,
by constructing a complete bandpass convolution matrix and precisely modeling the energy distribution of
different bandpass profiles, the matrix method maintains a low inversion deviation level for all shapes. Its
deviation amplitude is far lower than that of the ratio method with gentle fluctuation, which verifies that the
proposed method possesses excellent universality to bandpass shapes and is not limited to triangular profiles.
In conclusion, the proposed matrix correction method outperforms the ratio method significantly under ideal
10 nm bandwidth simulation conditions. For engineering practice, it is feasible to restrict the bandwidth
deviation within +=1 nm and wavelength calibration offset within #=0.1 nm, where the matrix method
retains prominent correction superiority. The LSQR convergence tolerance should be matched to the actual
system noise level: an overly small tolerance causes solution oscillation, while an overlarge tolerance
results in the loss of spectral detail. In practical application, the system noise level should be evaluated
first, and the optimal tolerance can be determined by simulation. Moreover, the matrix method exhibits
good adaptability to diverse bandpass shapes. The application scope and parameter selection suggestions
provided in this paper can offer practical guidance for high—precision spectral responsivity calibration of
photometric detectors.

Key words: Monochromator; Bandwidth correction; Spectral responsivity; Disturbance suppression;
Numerical simulation
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