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Design of pharmaceutical solution composition detection system
based on multi-wavelength frequency encoding
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Abstract: Individualized intravenous drug therapy imposes higher demands on the rapid and precise detection of drug
components, especially as the identification of trace substances in complex matrices remains challenging. This study
proposes a frequency-encoded, multi-wavelength detection system based on near-infrared spectroscopy, which mitigates
water-induced spectral overlap and overcomes the limitations of single-wavelength lasers in solute identification and
quantification. The system independently encodes eight groups of LD lasers within the range of 850 nm to 1 550 nm,
and combines phase-locked amplifier algorithms for signal demodulation, effectively suppressing interference between
wavelengths and improving signal accuracy and response speed. It integrates a high-sensitivity InGaAs array detector.
capable of capturing the absorption features of C—N (1 380~ 1 430 nm) and N-—H (1 500 ~2 100 nm). By
establishing a spectral-to-concentration mapping model using neural networks, the detection time is reduced to less than
2 seconds, significantly improving efficiency. Experimental results show that in hydrochloride ambroxol (0. 1~2 mg/mlL) and
biapenem (1~5 mg/mL) solutions, the concentration detection error is controlled at <<5% (n=20), outperforming
traditional HPLC methods (5% ~8%). These results demonstrate the system’s potential in rapid drug component
detection and individualized drug monitoring, with broad application prospects.

Keywords: frequency encoding; near-infrared spectroscopy; pharmaceutical solution composition detection; multi-

wavelength synchronous detection
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Fig. 1 Block diagram of the liquid medication detection system

2 REgigit

2.1 REEHIRIT

ARG AL T WHOE % (laser diode, LD) 13K
EHOLESMRESFTAE., FEAFEHI S D
FEAF IR Bl H I, SR IO AR SRR [ A BR Sl A % L PR UEAS [R]
PR B BOE AR OGTRAUR AR, 2) R &5 Hh B % DL R AR
IR B S

T IX A3 A (R 25 4 B TS R AT Y Wl g, R 5
il 22 B LD SO & AR D BOLSE IR W 1 X LD #ot s i 48
SRS EEAT IR R S LD OB A S 2 PR e
BEWIE LLANEOCAR S, O T I LD SO6E 09 68 1 75 4, 0
F 3 Hz (988 05 5 5 INAS [R] 030 6 1) 1F 5% 5 4 S Rk 2 1 3R 3
55 DRSO R By LD Mot as . RG0SR IR X 43R
[ 3 < RO AR 5 i B 52 IR I 2 () iR

RIS R AL R T ADSS41 fE N AR
Y & Az 4%, AD5541 & — 3K 16 o /5 K B AR A% 0 2%
(digital-to-analog Converter, DAC) , Bt & 3 25 il %% BE fi% 5
RS ) A SO e /N E R R 76 pnV, et
IKFENT £0.5 LSB. I B8 WO A 28 RE BE . R T {406 A Uik
55 IS8 G S, 8 ADS541 Fr H S 8 I T G U8 D%
#% (low-pass filter, LPF) , DL /2D i H 45 04 % 140 55 B30 B 44
O e AR o EL AR L B P 2 (D) BT

HTTERRESCRIYIE X AE S R T HIEBUR K
He g (direct digital synthesis, DDS) s i, ELAR B 05 F #L 5
Jy AD9833, M % THE e B LR 5 4 5 MCU H 2 BOE
LR FAR R Sy AR GA ) 0.1 Hz IF BECF v i 2
SEIL T ShASHUR IR, B A 25 MHz B9 53R BE 0% & H R oK
WREFE] 12 MHz I IESZ I . B T SEEIE 5L 15 5 f e
W TE DDS Z J5 % 4 7[R AR R A DL S e BB %, A
RIS T 5% A5 5 1Y IE B JT /b T DDS [ £ 25 i
FEPIE R E T REM: . BARH BN 20 FTR,

Oy S B TE 52 55 5 AT I AR B L R T GS8092-SR iz

(a) ZICIRHOLE K BRI

(a) The physical object of the multi-light-source laser driver circuit

Cl

ADSS41ARZ-REEL7
TRI_SCL

TRI_SDA B
i—
3V IRLO

(b) ok 3B 5 A e it DA e IR I B 7 P

(b) Sawtooth wave generator and low-pass filtering circuit

TRI_OUT

Sin_out

(c) IESXBER AL 4% DA R JLUB I R i

(c) Sine wave generator and its filtering circuit

Rf
vee
R4 LD
I: . : !\‘
- RS
RI ]
R3 T

(d) g 38 DA B A IR b

(d) Adder and constant current source circuit

K2 Zo6IBOLA WS RS

Fig. 2 Multi-wavelength laser driver system

TR B0 25 B L A 938 350 MHz. i & i i (g 5 Ak
., SASCIBOGAS W ARE IS, R HE iS5 MOSFET 41
B R FR IR 3 LD oG 2%, a8 F S 2 PR 5 B
SR AR ) B AR R R L B A BT 2 (D L B B R P GE G
55 IR Bl L £ % 0K 3 0 ) B A L SR

YT A 4 K S R R A 24 R S R Y () e
TG RK VA TR SR WO IS FE OB AR I B 8 Rk BE T 8 AUk
KOG ER B A3 AR B BERY 850.940,980.1 064 nm Fl
B 1370.1 410.1 470,1 550 nm, i it 206 I EOE
W RGO E S nE 3 58 4 B, B 3 4 700~
1100 nm #5518 4 25 1 350~1 650 nm AY %y 15
o BETAL G BORIR 2 R G RE SRR E O TE S

TR REDNPERKERET MEES,RAT
InGaAs &S, I & 3T T A R A9 5635 SR 48 da %, st

e 121 »



55 48 % L I A S
3510
3.0x10*pF
w 2.5¢10'F
2
£ 20000'F
op
am 15410k
i
B 1.0<104
5.0x10% p
gSO 800 8;0 9(.)0 9.50 1 000 l(.)50 1100 1 150
FK/nm (a) Jeih R AR HL R
(a) Spectral acquisition circuit
K3 750~1 100 nm #OGH 55
Fig. 3  Output signal of laser (750~1 100 nm range)
6.5x10% 1550
1410
50410k 370 1470
& 40410 (b) JEHE A IR DU R - VEE B B
= (b) Spectral sensor and I-V conversion circuit
=
B 30<10°F :
& 8,(0) 50 e B
£ o010 '
=3
Lox10fk | | J Sp(0)
. L JL L (©) SRR
1350 1400 1450 1500 1550 1600 (¢) Lock-in amplifier
W/mm e
B 5 iR A L
72 —~ N N =)
4 1350~1 600 nm BOLfE Fig. 5 Spectral acquisition circuit
Fig. 4 Output signal of laser (1 350~1 600 nm range)

[ 5(a) iR . InGaAs BRI 4% G842 4 51 800~1 700 nm
BWE A IGAE 5 I R A R s . O TR G R R R
e T 5 A BB W RAF 5 . R T TPH2501-TR 48 i i it
T 5 BH R #% (transimpedance amplifier, TIA) B B&5 Y,
WIS RG R AR 5 5 TR E 5, IR R T 10 000
5. B 5(h) Ry WO AL B e T DL I -V B B, Oh
T X G AN [ 245 9 0 WAL B, SR T T 25 40 HL BB K VS R — B
LR AR 5 5 35 5 24 W 0 PR TR AR 5 2R AT i 2 L SR IBCHE S
YRR ES . I TAYRBERGFESHTEST
8 MW AAT T, I A AR A5 5 40 P iR, O T B
X 43t AN TRl i B 0O TE 25 A S Z 5 SR T AD630 1F
S A i R %8 (lock-in amplifier, LIAY™™, @& 5Ce) FixR .,
WA BT R EFERMA L 8 MEKFES NS % F 5. 5k
RO 7 A A 5 R AT DX 0 o0 B RO [ B ) A 5, S B
Yo R E D A I LT AN AR 5 0 Tk D R gk . [ A i
KREFH AT REEMRILIRE —60 dB, St HK
20 UE B 22 S5 R B RS e 2% (analog-to-digital converter,
ADC) BT 5 7 BT 5 558 o s il 4 L% % PC
TR T
2.2 REWEEIU

BT Keils for ARM #4T & 4% 3, ff
i CEF# T, AR R, & 6 Bis, %

e 122 »

JEAF 5 9K Bl L B AR R I R A e T R Uk £
R 0K Bl B R 15 AR B | 0K B E A 1A L O Y A A R L
Bt R BB ALY S T S B B Ak
BRI A LabVIEW SE3UECF i P JR 7R A B8 2 1R .

) Ly HEEERAM—  BEEARE —>  WBEE <> /:;
—1 1
1

IR €DK E) I B HBLeEH -

1

- t Voo
41— BOLBRIBF LR IR B B AR R FR AR :
- | |

K6 ARGt

Fig. 6 System software design

ARG — 4% B 4 MW 4 (1D convolutional
neural network, 1D-CNN) #5118 1E £ B ] F &b B8 %0 4%
N B AR SR T 250 AN B AR R T 7 2 I 4 ST RERL,
WM AR BRE ERMAZE  2EEE M B2,
Bl 7 fiR,

Hop oy B 16 A 64 A 32X 1 R/ 4 B ) 4
P24 2 M T 3R BB B R M5 T 3 X1 R/M W Max-
pooling 15 5% 8L £ 415 (¥ )= &8 foe {; T4 — 2 i 64 A
3X1 K/ AS TR AL 1 09 45 FRUR i — 20 48 B B FR AR, 3R



B E AT ERRKRFERDG G R m,EM AR %kt 5231
input ~ Feature Extraction Output B E W ZESE TN, BA5S M08 5 E k8 R4k
o ‘Mvawm Can, 4 Fiten I e 5 R R 15 8 LWL T AL W2 25 0

Ao Bm.Bm %
%%¢%@¢ Q%@fdﬁ

'__113_&'6___1?594__________113:94_' e
B 7 R R R
Fig. 7 Model construction flowchart
IR B 4 G R AE AR A5 B 64 A REAE M i i R

Flatten JZ . 4 FRZ 4& BUAY 5 4E R IETE Flatten J2 7 Bl Ji&
T o i Jr o2 4 B i 3 L RS 2GR

3 XWHITR

3.1 RiEESMK

T AR BN 25 W O R B 5 B L EE EE T AN IR 25 )
AN TRV BE 1) 25 W e i o 0 R TR 22V 2 | LU AT 5% i R 24 94 3
ATECE S LA 9 Vo S ARSI W Ry 24 W I I PR P 24 sk 3
B BE R LA B R MR R IR VR E N 5~100 mg/50 ml

I 20 FEAS, BB EE Z A1 A 22 5 mg/50 ml, % LT RS
FEUJE M 50~250 mg/50 ml 3% 20 AN REAS , 45 A B 3 22 il

M2 10 mg/50 ml,

R T SEIA B X Ay OGRS R SR ik E D R
— WA AT 25 IR DA R 2V AR DA B LE B B R R AT
e B 3 S 3 o B KR IS K 9 LD RO AR (BR1R
ZIRE N 1410 nm, W FTIEEE 1 550 nm) /E A5 5 3
. BB IKEES N 3 Hz #RIG BN 2 kHz IE5% 0%,
TR TR R IR R AL B VA W (YS-ND DL & L B 3% B 48 AL 4
W (BA-N)ZEAS [V & T 19 f 98 45 % T & 8 fir o, B vp
BAAE S BRI OGE SRR R S K & 5T
*ﬁzﬁzﬁuuéﬁfc 5T A B BRI AT 22
SR 9 BRI 9 NS S RS S A E 4
BEARIRAT B 2505 5. 20 E S A SR8 2 #ﬁ
fi# P8 Giti i 4 kHz 2255 S B AR X R 9 i A (5 5, 4
B 10 5E 11 iR, WT{E\I;LL.NEJ(&EB@EFE’J%WE
S RGN T R R B AR SR S, BT 10 2B 20~100 mg/
50 ml P AR Z IR R A AL (YS-ND & M 7E 1 410 nm
B RAE 5 B R IR R (fL 22 450 S 4 AiF 1 C—N ) 78
LA AT AL H A C— N X 1 380~1 430 nm
W BOGAT 5 R 0 R S M W e . SO B SR L S T
e BE RS FE AR AL (0. 4~2 mg/mL) 5 1410 nm &b 2505 5 5
JE 5 N 3 L MR DG L I 2 v R A B0 L A R K A%
VA B0 22 43455 1 I 0 DA B U A o 3R O, BV 24 b i Ak
FERE B R F S mEE A, B 11 25 500~1 500 mg/
50 ml [ LB 85 S AL AA TR (BA-ND L B35 g S AL S i
WA TP E & N—H B, Z %83t 1 500~
2100 nm B 3K 4T 40015 B A FE R R RR . L8
BUR BN TEIR B 224k (10~30 mg/mD 5 1 550 nm &b

BE AR AR T B s LR 0 . BT R T A
ST T S A [ v R L BT % RSP B A A
gl

B4 55

——Reference signal
—— Detection signal

-0.4 -0.2 0 0.2 0.4
i [)/s
B8 Mo 5% EY

Fig. 8 Measurement 51gnal and reference signal

i A /s
B9 MeEFs52%F50NESES

Fig. 9 Differential output of measured and reference signals

3.0<10°F

2.5x10°F

 2.0<10°F
i

i
B 1.5x10°F —— YS-N-100 mg-50 m1 '
-==YSN-80mg-50ml '

== YS-N-60 mg-50 ml *

1.0<10° = YS-N-40 mg-50 ml *
= =YS-N-20mg-50ml '
5.0<108 L L 1
0 100 200 300
10 PR AR R AR E MM 5

Fig. 10 Demodulated signals for various concentrations of

ambroxol hydrochloride

BT K5 T A 0 LR 2R R SOR I T £
e B R R 5 th 1097 2% 9 o 50 I 100435 5 9 R

* 123 -



948 & 2 F o

T # K

3.0<10° F
2.5<10° F

4 2.0x10° F
]

&
g 1.5x10°
[ ——BA-N-500 mg'50 m1 '

# ---BA-N-750mg-50ml '

1.0x10° F — = BA-N-1000 mg-50 ml *
= BA-N-1250mg-50ml *
-_—- -N-15 -5 1
50<10° BA-N-1 500 mg 50 ml
0 100 200 300
P11 LBl s e 4 o A R AR

Fig. 11 Demodulated signals for various concentrations of biapenem

RS, NS BL 2 38 5 5 A s K o, BRI R E
4:850 nm~1 kHz., 940 nm ~ 2 kHz, 980 nm ~ 4 kHz,
1 064 nm~8 kHz.1 370 nm~16 kHz.1 410 nm~32 kHz.
1470 nm~64 kHz.1 550 nm~128 kHz, B MIEEESY
ELA ME— IR R OGS SR 2 R GE 0 45 Ik B AR
fIRES M, HoRELS RWME 12 fin, Hf,BA-N £
7 LB b e S AL AR T, YS-N R Hh IR A IR AL iE
T MEIRRT DU Y, 5 40 25 T 7E 22 A4 D B iy i ol i i
TRAERELES BRI RAE 1 410 nm Mz B BOLHE
5 H R A e ) WSO L T T % B I AE 1 550 nm Ab
BA R ENWIE, X —R5H 0 T4 b fh 2 g
B R EIR R P C—N 7% 1 380~1 430 nm P BN
of 40 LA e e 1 R R g T B BT B T 1 N L
MIAE 1 500~2 100 nm i Bl P4 3= 0 B e A IR WAC ) 7, 3K
il 2z 50 25 OGS R AR A T e SR . PR, A T
ZUCRE R ZYTE 243 B G TE (R 5, R 3 T ax se 4
) FRE B2 A L 38 o 43 BT o R W A e ) o7 R0 L D
A SEE TV TR 2 W S R R IR R R

3.0x10°F

2.5%10°
® 2.0x10°
i

s
B 1.5410°

1.0x10°F
——BA-N

50x108p—— YS-N

0 500 1000 1500 2000 2500 3000 3500 4000

B 12 [ 25 W sk 4 X L
Fig. 12 Comparison of absorption wavelengths of different drugs
T B A S 00 118y R A T PR R YA XS S R 1 R A R
HHWEZRE Y RRTNEEXR., hELRGH T E
S MR FE Z A 5 o 0 R A 58 0] BT 8 T o 25 )

e 124 »

VRAHEAT T Ve B AR A S LB R R MR B T 24 9 AR I I
FAS IR SR R RO R . O HERR T ST T R I
259 B A OB M A3+ S 0 SR T 24 0 TR 4 4 5 el 2 i 0
55 I 22 (E G ATV —Ab A B, DT (5 R [R] vk BE 2 [R) ) i
fH2e S BTt SAae e B A AR DIRE g 5 B A Rk
W g5 K25 W ok B AR B S HE B . 6 I — Ak S 1 i (E
55 5k g5 T EMWUE BB 25 R E
Mgk, e 13 5& 14 i, B 13 ME 14 20 RA T3
PR 2 IR R AL (YS-ND 5 He B 8% me &8 1k 9 75 8 (BA-
NO LA SR, Wl Ep T WL 3], WA 1A 4 ml %
FE R 22 4 AT ¥ 5, U B AR AR S e TR RNV B S L, R
e N5 2 BE AL RIAFIZRIE SRR,
YS — N:y = 0.046 83x +0.015 41,R* = 0. 959 9
(6)
BA —N:y = 0.056 4x — 0. 200 69,R* = 0. 957 03
"

10F % YSN %
Linear Fit of F"YS-N"
0.8
=
B 0.6
iy
iz
< 04
|
o 0.2
0
0 5 10 15 20
LY e
Bl 13 REIRRE WA — L LG &
Fig. 13 Linear fitting of normalized ambroxol hydrochloride solution
10F 4 BAN *
Linear Fit of F"YS-N"
0.8
=
B 0.6
.l
§ 0.4
|
0 0.2
0
14 LB p s oH — b PR

Fig. 14 Linear fitting of normalized biapenem solution

3.2 RSREMEMK

IS AIE 7R G A B [R1H2 47 (0 e e 1, 3 R AS [ o 32 1) 24
VBB AR, B 30 min $RHL— KB, E L0 & 24 h, U
HERWME 15 fME 16 Pros. - 15 P, HmRERRE
20 mg/50 ml ¥ T ARMEZE /N, S 0. 605 96, 1H 3% ¥ JE (1



FEOM F AT EREMERBNY LR RO R %L

5 23 W

AR RZBCV) B R A8 3%, FEE 16 9, H % w1
1250 mg/50 ml WARUEZEF K 16. 385, X R CV # KNy
1.3%., Z5REW,. 25T 24 h LN, REBITRE. 24
e 3 e shAE B BRSPS

Fig. 15

—8-20mg-50ml"! —8—40mg 50 ml!
—A=60mg-50 ml"! =w=80 mg-50 ml!
—4—100 mg-50 ml!

oot oo® et ettt sy Sy
Mdadana il Al
[haaafah 0ntun A M 0sn pada b b phdaany B0
16009040005 005907490% 50,2004 06000, % 026, Sote

120 -

WS /mg-50 ml !
=~ D o 5
f=} (=] f=} (=]

i

B /b
K15 h g IR % 4 Wk AR E MK
Stability testing of ambroxol hydrochloride solutions at
various concentrations

1800 ——-500 mg-50 ml"  —e=750 mg-50 ml !

~4-1000mg-50 ml"' —e~1250 mg-50 ml !
1600 F —#=1500 mg-50 ml"'

B T R e T e a7a
1400 F

1200 10767007075 0075 007 007 00 0094 007 007 9074 50% %0

1000 WM#MW

F1 [optongimanytemongatogepstoptshoostiostyianssts

600 |

ORISR

1 1 1 1 J
4005 5 10 15 20 25
I /b

P16 LT e A% v AR I Ak

Stability testing of biapenem at various concentrations
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