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Terahertz single-pixel computational imaging:

Principles and applications(/nvited)
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(1. Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518000, China;
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Abstract: Terahertz imaging technology has the advantages of perspective, safety and high spectral resolution,
and has a broad applications prospect. Since terahertz detector arrays have low technological maturity and are of
high cost, terahertz imaging techniques based on single-point scanning have been prevailing for many years, and
have problems such as complex systems and long imaging time. Recently, computational imaging techniques
have emerged as exciting approaches for achieving efficient terahertz single-pixel imaging. The basic principles,
the experimental realizations, and application prospects of terahertz single-pixel computational imaging
techniques were described. Some key challenges and potential solutions were discussed.
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Fig.1 Light path design of transmission(a) and reflection(b) and mathematical description (c) of terahertz single-pixel imaging based on modulator
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Fig.2 Schematic of the experimental setup for terahertz time-domain spectroscopy system'**l, (a) The different colors correspond to different delay-line
positions, these positions correspond to different time points in Fig.(b); (b) Measured THz time-domain signal; (c) The amplitude and phase of a

signal in the frequency domain
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Fig.3 Terahertz single-pixel computational imaging based on metal pattern modulator. (a) PCB modulator™”; (b) Spinning metal disk modulator®"
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Fig.4 Schematic diagram of terahertz single-pixel imaging structure based on metasurface modulator®”\. (a) Spatial distributon of maximum differential

absorption for Hadamard pattern; (b) Image reconstruction using 64 masks with each mask displayed for 22.4 ms, giving a total image acquisition

time of 1.43 s; (c) Photograph of the object studied. (d) Consecutive tiles show reconstruction using 45 Hadamard masks
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Fig.5 (a) Schematic of terahertz single-pixel imaging system based on the passivated silicon wafer *’); (b) Comparison of reconstruction results between

conventional high-resistive silicon and passivated silicon
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Fig.6 (a) Terahertz single-pixel imaging system and its imaging results based on nonlinear electro-optic crystals'’; (b) Terahertz single-pixel imaging

system and its imaging results based on spintronic materials””!
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Tab.l Summary of terahertz wave mask technology

Modulation  Modulation

Type Material depth rate Reference
PCB 100% - [50]
Metal* Spinning .
i 100% 0.5 [51]
Metasurface*  MMAs —70 dB 12 MHz [56]
Si 20 dB ~13kHz  [59]
GOS 99% - [64]
Photo-induced \jppyppy 99% 126 MHz  [67]
semiconductor
VO, >75% - [68]
Si-MOS 153 dB 1 GHz [69]
ZnTe 100% 1 kHz [70]
Sourceand  7,¢ 100% | kHz [71]
detector
FM/NM 100% 22.4ms [72]
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R 2% B 0 WS o B GER Rk 22 8 R iTH5
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T, RSB AR P g T, AT DL E R G

20210717-8



s Gk A2

% 12 47

www.irla.cn

RIT SR IBCPRIR o BEAILAE P | o SR I | AT % ) o e
S5 20 A2 MR R R o (H R SCIB T B S 1Y
SRS 1B 5 R R R R AR AR, T HLAE SEBR G L
Hh, 5 S 52 3 W PR S e, DA T - 350 A BT 1 I T
T NG HAE , PR, BFFE D | o A A B
R m R R R R B . R 2% R R0t
SR E A BT LAy R DUR =26 (1) R4 I8A
PRA 25 (2) B SR 52 (3) TR ¢ ) R
PSR o XSRS P RS TR T . A SR R A
FHTLLAM 0 a) WO A X OB B

IR 2 FRAR R TS U TP B WL B Py 1
— AR R — NPT, Op. J& BUS B A5, Vi 2
AR R AR i), BT R R Vg = PraOpae H
W L=NxN, S Py 2 0] 50 B, 8250 5 A%
HA M —f# . 2006 4F , J& 4 J8& A1 VY Compressed
Sensing, CS) 44 Hi 4 HUR R SR S A S 4t 1 Bilips
185 ZOorAs it LU G 4o My #E R R AT
AR R BB L(M<<L) i EME, 465 T R
PR a], 15 H e e A Y 3R X e A i AR LB e . 4R
5 M OUCHE I S i H AR RIS B SR 8 3145 X0 i
SR EE Vi, MR BB HE B Py, IBA L Vi =
Py O, WO HE P55 B Al ] 50 A8 53 0 b A7 5K ik, B
0’ = argmin||0|ys.t. Vs = PrrOprs Fo 1, |0N67E 7
0 EFITLEANEL. Fe/) 1y YEEUR)EHE Non-deterministic
Polynomial(NP) [\ 8, 3 7 22 X5 1% [f] U LA 4, 40
oy ok L5 B, B . O = argmin||O|], t.Vyy =
POy, — 8 AR EA AR Y A (EL 2 1) S8R AL IR)
RO o 2% ik TIOR8 RNARE , (i NP [] LG Ak 1T A
fEIa) . Chan 55 A\ S LR T 4 B35 0 T K
W25 HAR Z TR R, HAT 300 4~ PCB #ERS AR 45 & 4=
AR fe /METE I (min-TV) BV A] 544 32x32 pixel 1K
W28 . Zhao 55 AT i I S AR 550k 19 1 A2 DL IC 36
EE % 7 (Orthogonal Matching Pursuit, OMP) fifi H
300 i~ PCB 5 5 14 32x32 pixel I Kbh2% K% . &
HURRHY R 1) JEBCE R T LR B U 4
2 25%, RVl SEAG H R 00 BE R 64x64 K 2% 4]
8o Luf NPV T —Fh B T2 sh Y [
SR R 2% R R e, a1 R A AN R
TR SR, LA 25% RAEFEM AR RN 32x32 1)

B AR 2 1% R A5
TG T A0 SRR B v e e R P 3 U 1 1 S e R
PUR S AR R ACE A g &2, AT 2D TR AR B
[, SR, AR 2 T 2538 o DA A DR B 2 1 )
XA R HIGAN T A P BT R, 7RV 2 O
&, TG I R L A A TR AR B B R,
BT AR R E] A5G0, AT BELAS: T S I A AR
UTAER, T RE A I AR B0k LU 52 36 i BS # 7
TR A R A AL AL, AT R R R R
I a] o RTE 20 EA 3800 A 9 Ji 205 5 b 3
453k, LVAN: Fourier MK . Wavelet #E /i . Hadamard
JREAE o DA ISR 20 0, BRI O fEfd -5
SR R S 43 A S v, BUEA fE E AR d x: p=
FFT(0). WHIHEREAT LU =1 R 8 p(x,ys £ fi39) =
a+b * cosQufx+2nf,y+ )L, Hor a J& 3458 B
bR YL, x. y J2 ELAARHR, £ F £, 23 5%k I AR
FR 25 [ ARLAS, @ SR WIAHAL o PRI A% AR A 4 5 5 J3E v,
(oo 13) FTRAZIR Jvy(foo f) = D+ [ O, Y)p(x, ;5 for fi3 )
drdy, $rh DRI B BOGHCI L. S HERE
MBI AR MO HL 0. /2, 7o, 3w/2 B (DU MBS IR, R
AR AT R HOTT AR IR
V=[o=val+Jj* [Va2 = Vanp2l (7)
5 e — i LR ) 22 7300 5 D7 vk, RERE A AU
P PR FOGRR G LA R RS B % B B R RS AT
AR T S E A R T, R A e )
n] ARG EN O=FFT'(V), [F#, 3 F Hadamard.
Wavelet 77 ZE 0 K AILAL) Tk 1) 48 158 (&1 S 505 28 H AR Ak
B e ) S B AR IR R 32 045 B R A
FT T PR A 728 45 B EL A 4 14 R L, SR B AR 43 T
¥4 bR B RE 85 5 45 0 K MR FERTE] . Zhang 46 AP
TR G 2 Dl B4R T B A SR R R
(Fourier single-pixel imaging, FSI) 5%, | F #% 32 (X%
AR AR SR B AR, IR RE RS oL, K45 H
b EHR R T AG, %07 3 8 0 T R R = e 4.
BBRERORURS . EH e A F DBk
SEARAE SRy K 2% 8 T 25, 35 IE 5% 2k B0 B bR %%
T, 308 3ok 305 ol L OIS 0 R A A % R A ARG
RN 7 FR, T R R R A 8 R R
AR AT 22 K0, 7T LSS CRAE (29 10%) T 1Y K6 2% B

20210717-9



ISk A2

% 12 47

www.irla.cn

o

% 50 %

B MR, Zi 1 &I A

L B R B AR B R /D R ) B,
LG I 18], (EUR R AR & 5 T @i fE B, B
RAE R EGSEA 22  fE R ZOH SR T 5T
H A S A R A5 i — B SR E AR
M AL AR, TR 2 ) SR T AL 5 7]
T TS T AR KR, B B T B2
UG 20 | TRIGOR 73 P A5 U R 2 I A
RIVR e =7 > WG H S IRDRL ) R i o A 1R
FITR B R GE, H A A REAL I A 5 A
A A IR ] R SR AN Tk 3 | L R KRR
TR YR MRS A BRI A T IR A H AR 26
g 0 A HE T 1A 58, A A5 A = 4/ G SR OB T I R
R B AR R R T A E AT T — AN T
I7] . Catherine % NSt 1 —FhIREE 2 ] B A i

2% (deep convolutional auto-encoder network, DCAN),

AL T R ML, LA 30 Mil/s B 7 B A AR R A ML R
FE P SE K 5 128x128 pixel #UAT, JE 4 LN 2%, W
2R 45K WK 8(a)fT s . DCAN J&—Fhit sy, (045
S Ay (I ) AN AT () JZ, HEE R R AR
o PRI R s R . E AR M i g
WA D B B g A, ] — e R E RN R — R
SN = A B RRBE T H SR . SeEEREZE

(a) S;=1.6% (b) S=11.7%

-

(f) SNR=6.16

(e) SNR=5.15

EH—E, BRUZZ RS AR #%% 2 . DCAN
il FH— A KRR WAR AT Sk o ZE SR A2, ff
FAREALAS EE T FEE LA S HE (8 28 AUE), )
T B 1 0300 R A S 2 ) R B S AR AEAR AN B
$ode/ME . Y% DCAN A B fl g . w1 o, —Fh &
SR 22 2 WS TR AR AL T — R A B T K A
— ZR ) 25 [ 2 A 0 A A o A S . Hak, AT L
PR G5 )2, B i SR e I, DAARAS foe A 1) i #g k
fE, WP 8(b) BT o A T 3RAF LI S5, Bt s~ K
FRO'G L35 8 45 il A1 DMID (4% 11 3 11, 08 JFF IR 38 2
2] TAERFESE (M = 666, 18 R 4%) PEATRAE, I
it FH VR B 2 ) B A B E AT EE A 128%128 pixel #E
A, A 8(c) FR o

B T LA R AR RS, 45 A AR I IR, TR 2 T Ty
AR T IR = A MR A i . Saad 48 AT X
ok AR RS BR T ICR AR R T A R A
B[], B T — PP IR B A R 1 i I 265 5 e L i
R R BR AR SS A i e E R B AESR . X
238 1o X B v BRSO Y B R S0
3, BEMEXT 256x256 pixel (B4 7E 4T 2 1 40 35 K
5o PSR SELE E1 R F1AR SR BURE (S B, 3R U 4
E{5 BL7E F3 M D1 R B, I Al R
A A ER . mE B LR, FRRER

(d) S=100%
-
‘ —-—

(g) SNR=6.03 (h) SNR=4.97

P 7 A EI SRR SR B T AR REGU s ()~(d) AR IFIZRAEF B A (U LA (e)~(h) 9L AL AS R AR 22 41 15

Fig.7 Fourier single-pixel computational imaging for the terahertz regime

Fourier transform terahertz image

[81

!, (a)-(d) Fourier spectrums at different sampling rates; (e)-(h) Inverse
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Fig.8 (a) Network architecture of deep convolutional auto-encoder™; (b) Design of part of optimized patterns; (c) Experimental structure and video of

single-pixel imaging
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Fig.9 (a) DCAN architecture ™*"); (b) Qualitative and quantitative evaluation of conventional FSI and based on deep learning FSI

R 2 BEEREEERAER L

Tab.2 Comparison of technical indexes of single-pixel imaging algorithms

Frequency range Compressed sensing Base scanning Deep learning
Optical - <l ms <l ms
Rt
THz ~100 s@64x64 <l ms -
Optical 2%@256x256 1%@256%256 4%@128x128
Sr
THz 30%@32%32 10%@064x64 -
Optical MSE=0.04@10% SNR=64.2 PSNR=24 dB
Rq
THz MSE=0.48@30% SNR=6.2 -
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Fig.10 Principle schematic of terahertz single-pixel computational imaging system at standoff distances and far-field imaging results””
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Fig.11 Schematic of terahertz single-pixel computational imaging construction and image reconstructed results ****), The imaging resolution is 154 um,

100 um and 9 um when the intrinsic silicon thickness is (a) 400 um, (b) 110 um and (c) 6 um, respectively
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Fig.12 Structural schematic of time-resolved nonlinear ghost imaging and hyperspectral reconstructed results
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Fig.13 (a) Terahertz recognition experimental setup of target; (b) Perfor-
mance evaluation (confusion matrices) of the object recognition

method!""”
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