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Fig. 1 Schematic diagram of multidimensional-multiplexing and RI sensing integrated device, and simulation results of subwavelength

fiber transmission performance. (a) 3D structure of device; normalized electric field intensity of (b) x-polarized modes and (c) y-

polarized modes for fiber at 0.25 THz (arrows represent electric vectors)
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Fig. 2 Simulation results of subwavelength fiber transmission performance. (a) Effective RI and birefringence, (b) fractional power in

core, (c) loss, and (d) GVD values of x-polarized and y-polarized states with and without foam cladding for fiber as functions of
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Fig. 3 Schematics of four types of bent fibers. (a) x-bent 90°
fiber; (b) x-bent S-shaped fiber; (¢) y-bent 90° fiber; (d) y-
bent S-shaped fiber
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Fig. 4 Transmission varying with bend radius and frequency for 90° and S-shaped bending fibers. Transmission of (a) 90° and (b) S-

shaped bending fibers at 0.25 THz as a function of bending radius; transmission of (¢) 90° and (d) S-shaped bending fibers with

bending radius of 10 mm as a function of frequency
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Fig. 5 Structure diagram of Y-splitter and simulation results of beam splitting performance. (a) Schematic of 50/50 Y-splitter. Input
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(¢) transmission of Y-splitter at P2 and P3 ports as a function of frequency; (d) simulated power distribution of y-polarized state
for Y-splitter at 0.25 THz
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Fig. 6 Schematic of directional coupler and power distributions of two orthogonal polarization modes. (a) Schematic of directional

coupler placed along x-axis (arrow lines indicate propagation paths of both x-polarized and y-polarized states for directional

coupler, x-axis represents placement direction for subwavelength fibers); (b) simulated power distributions of directional coupler

for z-polarized and y-polarized states at 0.25 THz
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Fig. 7 Schematics of four types of directional couplers. (a) x-placed x-bent directional coupler; (b) y-placed x-bent directional coupler;

(c) x-placed y-bent directional coupler; (d) y-placed y-bent directional coupler
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Fig. 8 Transmissions and ER values for four directional couplers as functions of coupling length at operating frequency of 0.25 THz.

(a) a-placed x-bent directional coupler; (b) y-placed x-bent directional coupler; (¢c) x-placed y-bent directional coupler; (d) y-

placed y-bent directional coupler

0823001-6



HEXE-MRIEX

PR ARE NG RN ARER, O ZE
I3 M1 0.24~0.28 THz T 1E 451 5 30 [l N 19 47 5 ] 17
P19 Sy A Tl s 1) 4 G 25 109 1% i 2% BE A% 19 728 16 F ER
RE TR B AR Ak . L 9 Hral LLE L 7E 0.24~0.28 THz
4 56 7 S FEL P, W o il R o B i R A AR A
& Im WA HPR M ER. 76 H AR R 0.25 THz B,
x i % A5 F0 y D B S Y 1% 3 4 0 S —2.82 dB Al
—1.26 dB, i ER 43 %Il & 15 13.54 dB 1 7.54 dB. it

—a— x-polarized, P2

. (a) e 18 — B - x-polarized, P3
e ey e y-polarized, P2
16 —©- y-polarized, P3
g o ——P2,ER
< 14 —¢-P3ER
g F T
%—102‘ B g SRS T g 12%
B2 =
e | =
E -15f .. 10
L i S
T i . T \__‘"8
_20 " Q... - S pa— PO 6
0.24 0.25 0.26 0.27 0.28
Frequency /THz

—a— x-polarized, P2
— B -x-polarized, P3
- y-polarized, P2
—©- y-polarized, P3
——P2,ER
-¢ -P3,ER

Transmission /dB
ER /dB

0.26
Frequency /THz

0.25

Transmission /dB

Transmission /dB

% a4% E 8 HI/2024 £ 4 B/HHFER
Ab 25 BB SCBR R L AT T o S ORCE Y o
EMMARMMBAERKRERZ. TZMEH, Y
SR EAAE11.8~12.3 mm B HE N (A 2% K 0.5 mm)
B o e Sy R S A AR S @ e E(m T
—3dB)ME ER(E T 7dB) . B 102 91 ER T 2
I A5y i 4R A5 7E A2 1 RR A 4R D e P 1Y T R
A, LLE BH 2% 4 A 28 6 AR OE 52 fm PR B =X Y 4 B
fie .
—a&— x-polarized, P2
- & - x-polarized, P3
---@- y-polarized, P2

=©- y-polarized, P3
—— P2,ER

(®)

0.25 0.26

Frequency /THz

0.27 0.28

—&—g-polarized, P2
10 s -x-polarized, P3

@ y-polarized, P2
= ©= y-polarized, P3
8 —+—P2,ER

- ¢ -P3,ER
6 8
o=
3
4
i 2
0.24 0.25 0.26 0.27 0.28
Frequency /THz

9 4l 1 AT A A 0 A% B RO ER B AT R 4 AR AL o () W o B0 o Bl s ol B0 2 1) B A B 5 (D) Wy B3 B e S i %) 52 1 A A
(o)W o hCE y B il 79 [l 5 4 5 (D VT y SO v S il 19 2 1) B 5 2

Fig. 9 Transmission and ER values for four directional couplers as functions of frequency. (a) x-placed x-bent directional coupler; (b) y-

placed x-bent directional coupler; (¢) z-placed y-bent directional coupler; (d) y-placed y-bent directional coupler

Power intensity /
(107 V-m™)

2.65

2.12
1.59

1.06
0.53

0

-15 -10 -5
2 /mm

128 (b) y-polarized Power intensity /
10§ (107 V-m™)
8) 2.65
§ i I 2.12
s ol 1.59
0F 1.06
—2§ 0.53
—48
0

-15 -10 -5 10

2 /mm

P10 0.25 THz A b o fi 41k 25 F oy fid 41 2578 5 o il s 09 o Bt 2 0 1 RS 5 8 o0 o S T _E 9 D031 o (o) B AR 25 5 () y B R 25

Fig. 10 Power distributions on xz-plane of x-polarized and y-polarized states at 0.25 THz for x-placed a-bent directional coupler. (a) x-

polarized state; (b) y-polarized state

Fe T ARXGIA S B i G AT 1 R 1) 48 5 4% 2E AT I
Tho W 2 RlOECE: o Bl A0 2 RhOECE: y Rl E 1)

ARSI 11(a) ((b) . B 11 A Sk il
FoRE IR A A% TP 2 M PR 28R y M R 25 10 1% B 8% 4%

0823001-7



HEXE-MRIEX

() x-polarized/w

1300 %% P3
(',0“9““
: P Y
x-polarized -
TS
z

y-polarized

B 11
Fig. 11

y-polarized

x-polarized

a4 % E 8 HI/2024 £ 4 B/HHEER
(b)

x-polarized

y-polarized
P3

A

y-polarized

FIA S AU ML 2T 52 R A 4% 2544 P Ca) T o BRI 8 o B 25 ol 2 1] S 5 0% 5 (o) ¥ o JRIARC By B 2 ol 1o A 5 b

Schematics of directional couplers consisting of S-shaped bending fibers. (a) x-placed z-bent directional coupler; (b) z-placed y-

bent directional coupler

B 11(a) ool B 51 11 (b) oy Bl 6 7R SR 41 19 35 i
] 5 11 (a) L (b) e Bl 3 7 S0 9 K 6 2 19 00 1ol o
ARSI T U 2 SRR R A RS TRy R R
& i AR 5 51 9078 G T i HE A A% S L 5 vk
BEAT BT o 33K T o ) B S 4 00 R A kg K] 12
/R, FE 0.27 THz B 4B B A 85 & 09 1% % % FER, 7T ]
TR . W 1) I, A SCHE F TR« 3l i &y

—s—2-polarized, P2

B B 20 ~® -x-polarized, P3
--e-y-polarized, P2
-o- y-polarized, P3
=) 18 ——P2, ER =
< 16 -é -P3, ER =
: z :
o— e e pt
i
E 12 = E
o =1
8 8
& 10 =
S e
- 3 )
0.24 0.25 0.26 0.27 0.28
Frequency /THz

WA R E RS A TR E . Ik R
0.27 THz /Y & i = 25 A0y i IR S A6 208 & 5 rh 1y D) 3
Sy AN 13 B R, S T R R Ty Bl il g S DK
My RS T oz Pl L, AFT
FE 2D -1 1 A R O TSR AR SCER G EF SR A
3D =5[] PR AT LAEAT B2 A8, S AR o AT AT
AT B S A B, M R w8 T 4 14 07 A A9 58 3

—a—x-polarized, P2
) 113 g -z-polarized, P3
X ...e--Y-polarized, P2

)00 #12 -o- y-polarized, P3
——P2, ER
I 11 -¢-P3,ER

m
10T

-10t

-15
0.24

0.25 0.26 0.27
Frequency /THz

P12 PR E )RS5 A 1 a5 R ER Bl 38 0 28 A0l 2 o Ca) 9 o B0 50 o ol 25 ol 1) 5 1) R 6 5 () T o Bl T 2 14 2 1)
&

Fig. 12 Transmission and ER values of two directional couplers as functions of frequency. (a) x-placed x-bent directional coupler; (b) x-

2 /mm

2 /mm

-5

_15 -10

placed y-bent directional coupler

Power intensity /
(107 V-m™)

2.65

2.12

1.06

10 15

Power intensity /
(107 V-m™)

2.65

2.12

2 /mm

1.59

5 10 15

2 /mm

_15 -10 -5

FI13 7E0.27 THz B AT o Sl e 52 i 1088 5 6 P 9 D000 o () o B AR 255 (b)) y i U 25

Fig. 13 Simulated power distributions at 0.27 THz for x-placed y-bent directional coupler. (a) x-polarized state; (b) y-polarized state

3.3 Seerst

K i 2% D6 2 A3 M Ol M 78 #2215 5 Ak B 3R 5

1% A% R Oy TR B O SR AR T o R 220 £F
TH O B2 AT AR B B L SR S 0 (R

0823001-8



HEXE-HRIEX &5 44% % 8 HI/2024 5 4 B/NEHR
Jp 4 ps-THz 'mm "), S 7 b 2 4% fiy a8, A iR B, Horp )N SR ol i Y TR R, A R B A 6 A
2 SPL AR T R A T A e, A WK E,CREBERR MR, CIREAR
LA 0.25 THz Sy H bR M 48, 58T X 35 50 A i 4% Ot SPOEM T . 14 (o) BroR 3% 3 A0 O M DL &
W AT A S 805 8 d,=0.600 mm, Fh gl A 3.17 dB Y 4f A #5FE AR A, i 0.25 THz
d,,=0.445 mm , d,,=0.320 mm , d,,=0.237 mm , B o i ik & 2 HE —109.4 ps: THz ' mm ' B9 4 #
N=30, A=0.588 mm, L,/A=0.6, W £ 14(a) . (b) A

0 T 150

-mm™)

THz ™

Transmission /dB

(b)

K-
d, v

- |
dy,

GVD /(ps *

4
L L, c 022 028 024 025 026

A Frequency /THz

P14 (Mo 0 25 A0 R4 L4521 . () G IR 68 1 B AR 25 4 5 (D) B BT 7E e - 10 I y= - 100 9 3801 2 005 (o) (0 TBORD 12
V14 A2 fi 23 IR L 0, 150 I AR 5 2 1 17 it 2
Fig. 14 Structure and simulation results of dispersion compensator. (a) Schematic of dispersion compensator; (b) single grating unit

cross-sections in xz-plane and yz-plane; (c) transmission and GV D values of dispersion compensator as functions of frequency

BT AR SR BT TR A ST — J s N=29, A'=0.544 mm, L,=0.056 mm, L,/A'=
B 3L T 0 27 A0 A 6 M 0 A% AR, T R PR BE RTAR 0.8, [E 157, Cy A8 2 M8 KB Ji 19 Kk R ~F e i e
A BT W . E A E R W, O T W IR AR 8 TG, AR RS E W K B . W 15(e) TR, «
BRI L , c M A RE B AWK E N A8 O % i W ) FWHM A1 ER 43 91 8 2.6 GHz Fll
W 15Ca) . (b) Ar 7, 1% AH B 6 Mt A8 45 5 2 %05 il 8.86 dB

n-shift region 0
s (©
-2

Transmission /dB
&

L3TL4 'I 0.24 0.25 0.26 0.27 0.28
AL Frequency /THz

P15 RS M i 2 4 A7 B0 45 5 o Ca) AR DG M9 B8 AR 254 5 (D) S Mt B TT A 2o P THT RNy T b A A8 TAT 2 8805 (o) AHAZ LA oy i
PR 285 B 12 i 2 B A1 4 AL 1 T 2
Fig. 15 Structure and simulation results of m-shifted grating. (a) Schematic of m-shifted grating; (b) single grating unit cross-sections in

az-plane and yz-plane; (c) transmission for y-polarized state of n-shifted grating as a function of frequency

34 SHERERIERERSEY it B 2 FU 22 04 K 6 2% 15 5 ]l bz A R AT 2

ASCHESE T AR IR Wi KO 2R 2 il 6 4F .50/50 Y MRS o A R e e AT On IR i A2 4, 0.25
RIS R % G A 28 A6 A AR MM A i THz B o R S 8 i 45 — 4 1 #4285 0.25 THz
)R 2% Z 4 R 5 RUG IR AR R E 1(a) 1. B4y D % 25 43 B L 8RS R D 2 0 St 0 AT € IR B2
B 16 oA X R R 3 — e BT R F 1% w17 (a) B, S 4T 3% %9 0.25 THz (9 i 3%
2 X3, R T O s R SR B Yy S R B E M ER 70 98 —5.94 dB F115.16 dB., DL %
AR RSAA N y2 FIHFEE R T o2 1. A TP K GEF 1.3 m A 2k 38 {5 4 % B [ 5] 2(d)

0823001-9



HEXE-MRIEX

10k i add port Power intensity /
(10°V - m™)
0 through port 2.65
— 2.12
= sensing port
é -10 1.59
&
8 ﬂ == (.25 THz x-polarized 1.06
-20 =) (.25 THz y-polarized ’
=223 0.27 THz x-polarized 0.53
-30 drop port 0
-10 0 10 20 30 40 50 60
2 /mm

P16 A [l i 4 FIAS ) 350 232 14 4 5 7 22 4 50 T 5 4% B i i
(RSP i

Fig. 16 Simulated power distribution for modes propagating

along

multidimensional-multiplexing and  sensing

integrated device

@

%)
ER/dB

Transmission /dB

-10 —e— 0.25 THz 2-polarized, drop port
=©- (.25 THz y-polarized, through port 10
—a— (.25 THz x-polarized, drop port, ER
-8 PR S |
- 0--a -
_15 fa--% o 8
< -8~ 0.25 THz y-polarized at through port, ER
6
0.245 0.250 0.255

Frequency /THz

%44 % E8HI/2024 &£ 4 B/ EEH
FF 7R ,0.25 THz B9 2 i 9% 25 76 6 45 of (0 B o 3 il
1.48 ps* THz 'mm™ '], 58 4= #2555 b 51 A9 3 3K
FEOMTHAEMEEL N 17.6 mm. KRG, NI
TR I % 5 0.27 THz B x IR (52, %55 5 it
Y B oy A b B AL B0 0.25 THz 19 y e I 15 5 1F
AR . i 17 (a) (b)) FrR |, 38 3 B3 o 1 1)
0.25 THz 19 y fif 4% 2 19 1% % % —7.20 dB, ER 2
8.06 dB, 1M 0.27 THz By & ek A 1L Hi %y — 2.02 dB..
TE T RUG IR T8, T 3055 RIS 4% 4 0 (1) o0 45
FEAW R, WSS YRR N SRR«
FH S S0 i s A A2 A 0 7 b B8 R LA H ] L B
Be ) RI, WA 18 frzs , 24 RIM 1.00 34 m &) 1.02 B,
1 G s () v O B R R AR TR B IR 1 R AR N
0.181 THz/RIU. &l 18(a) Hr i 3k 2R ki & Ji Fl RT 1Y
B A% i 04 ) OO DR R A AR

0

(®)

Transmission /dB

-16

0.265 0.270 0.275
Frequency /THz

F17 R IR 5 5 00 12 450 % 0 ER BEATUR Y A8 f i 28 o (o) HoO MR 0.25 THz 19 o IR 25 F0 y R 4R 48 4520 15 S A AR A i
AT S 1 L3 3ty 109 A% B 5 T ER B 1 78 Ak il 2k 5 (b) rhC B8 28 0.27 THz 14 i % 25 745 410 15 5 76 5 LA 4 1038 3 11 1)

By % B AR A ) 2 Al it £
Fig. 17 Transmission and ER values for signals with different polarizations as functions of frequency. (a) Transmission and ER values

of x-polarized and y-polarized narrowband signals with a central frequency of 0.25 THz at drop port and through port for

integrated device as functions of frequency; (b) transmission of x-polarized narrowband signal with central frequency of

0.27 THz at through port for integrated device as a function of frequency

-10 ©)

Transmission /dB
iy
=~

—+—RI: 1.020
| -=-RL1.015
—=—RI: 1.010

-o0-RIL: 1.005

—e—RI: 1.000 4

0.244 0.246 0.248 0.250 0.252 0.254 0.256
Frequency /THz

0.2520 (b)
0.2515
0.2510
0.2505
0.2500
0.2495
0.2490
0.2485

1.000 1.005  1.010 0.015  1.020
RI

e simulation
fitting

fitting function:
Sf(2)=-0.1812+0.433

Central frequency /THz

18 ANIFFREE RIT AHAS SE M A% 1 a1 LA K rhoCo A3 Bl RTAY A8 4 o Ca) ARSI 84 15 i 3% 5 (o) 15 4 3% w0 3 i RT A 42 1k it £k

Fig. 18 Transmission spectra of phase-shifted grating under different refractive indices and center frequency varying with RI.

(a) Transmission spectra of phase-shifted grating; (b) central frequency of transmission spectrum as a function of RI

A

AR SCHR T — o 3 T RO 2% 3 R XU S B 4T Y

ZHE NS RUE SN F . B, B 5 AL e
ST T L R RS ER 0 E 1 R A A SEE T IR
PR A () S R D BE o LU, R 4 Bt 1 v 1 2

0823001-10



HEXE-MRIEX

% a4% E 8 HI/2024 £ 4 B/HHFER

SIOEA AU B S 23 0 2 BE T (8 BICRM £ A B B RTEK
R o K 25 W K OB T A7 1 A 3D 25 (] 4 A R 4L
e i 25 7 TR DS 3, DA Kb 2 10 A% i - R4 - O — 1
efs B RGBT BB T S . WAk, Kf 25t
B Bk — 8 UE S IR R PR NR A
U TGS Ty RE A7 1F , O R 2% 1R 8 2R 4 v 4R I HR
H#

2 % x W

[1] Xu G F, Skorobogatiy M. Wired THz communications[J].
Journal of Infrared, Millimeter, and Terahertz Waves, 2022, 43
(9): 728-778.

[2] Dang S P, Amin O, Shihada B, et al. What should 6G be?[J].
Nature Electronics, 2020, 3: 20-29.

[3] Nagatsuma T, Ducournau G, Renaud C C. Advances in
terahertz communications accelerated by photonics[J]. Nature
Photonics, 2016, 10: 371-379.

[4] Kumar A, Gupta M, Singh R. 'I‘opological integrated circuits
for 5G and 6G[J]. Nature Electronics, 2022, 5: 261-262.

(5] ZFW0, W2 X, HER, 5 K#FZLWTE6G ﬁ{ﬁ o0 2% v 19 T 5
PERLI] BOt S eH T ot 2022, 59(13): 1300007.

LiL, GeHY, Jiang Y Y, et al. Research progress of terahertz
wave in 6G communication network[J]. Laser & Optoelectronics
Progress, 2022, 59(13): 1300007.

(6] %A, BKZ A A&, &SRO KM 2% 8 3 05 IR 5

KRS HT] T EEOE, 2023, 50(17): 1714009.
CaiJ, Geng Y X, YulJ Q, et al. Analysis of current status and
development trends of terahertz radiation sources based on
strong laser pulses[J]. Chinese Journal of Lasers, 2023, 50(17):
1714009.

(7] fhise, $T+1‘I T, A AN G R TR T B A 2% R
WZR(I). 6224, 2022, 42(15): 1504001.

Zhong Y H, Han Y Z, Lai Z H, et al. Topological semimetal
PtTe, terahertz detector[J]. Acta Optica Sinica, 2022, 42(15):
1504001.

[8] Sen P, Siles J V, Thawdar N, et al. Multi-kilometre and multi-
gigabit-per-second sub-terahertz communications for wireless
backhaul applications[J]. Nature Electronics, 2023, 6: 164-175.

[9] Kumar A, Gupta M, Pitchappa P, et al. Phototunable chip-
scale topological photonics: 160 Gbps waveguide and
demultiplexer for THz 6G  communication[J]. Nature
Communications, 2022, 13(1): 5404.

[10] LiH S, Atakaramians S, Yuan J, et al. Terahertz polarization-
maintaining subwavelength filters[J]. Optics Express, 2018, 26
(20): 25617-25629.

[11] Cao Y, Nallappan K, Guerboukha H, et al. Additive
manufacturing of highly reconfigurable plasmonic circuits for
terahertz communications[J]. Optica, 2020, 7(9): 1112-1125.

[12] Liu F, Cui Y H, Masouros C, et al. Integrated sensing and
communications: toward dual-functional wireless networks for
6G and beyond[J]. TEEE Journal on Selected Areas in
Communications, 2022, 40(6): 1728-1767.

[13] Kumar A, Gupta M, Pitchappa P, et al. Terahertz topological
photonic integrated circuits for 6G and beyond: a perspective[J].
Journal of Applied Physics, 2022, 132(14): 140901.

[14] Ong J R, Ang T Y L, Sahin E, et al. Broadband silicon
polarization beam splitter with a high extinction ratio using a
triple-bent-waveguide directional coupler[J]. Optics Letters,
2017, 42(21): 4450-4453.

[15] Shen B, Wang P, Polson R, et al. An integrated-nanophotonics
polarization beamsplitter with 2.4 2.4 pm® footprint[J]. Nature
Photonics, 2015, 9: 378-382.

[16] AHEFE, WY, Jn% R, &5 2Tt St i A b oKk 2% i

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

0823001-11

A2 AR FOCHIERS £ 43 (7). 22241, 2022, 42(9): 0913001,

Zhu G F, Dai Z R, Ju X W, et al. On-chip terahertz
demultiplexer and grating coupler based on reverse design[J].
Acta Optica Sinica, 2022, 42(9): 0913001.

Deng W T, Chen L, Zhang H Q, et al. On-chip polarization-
and frequency-division demultiplexing for multidimensional
terahertz communication[J]. Laser & Photonics Reviews, 2022,
16(10): 2200136.

Atakaramians S, Afshar V.S, Monro T M, et al. Terahertz
dielectric waveguides[J]. Advances in Optics and Photonics,
2013, 5(2): 169-215.

LuJ T, Lai C H, Tseng T F, et al. Terahertz pipe-waveguide-
based directional couplers[J]. Optics Express, 2011, 19(27):
26883-26890.

Wang Z, Dai Z J, Chen M Y, et al. Terahertz beam splitter
based on mode coupling of subwavelength waveguides[J]. Optics
Communications, 2022, 517: 128294.

Weidenbach M, Jahn D, Rehn A, et al. 3D printed dielectric
rectangular waveguides, splitters and couplers for 120 GHz[J].
Optics Express, 2016, 24(25): 28968-28976.

Ma T, Nallapan K, Guerboukha H, et al. Analog signal
processing in the terahertz communication links using waveguide
Bragg gratings: example of dispersion compensation[J]. Optics
Express, 2017, 25(10): 11009-11026.

Liu Y J, Khan M T A, Atakaramians S, et al. Terahertz
polarization-maintaining sampled gratings for dual-frequency
filtering and dispersion compensation[J]. Results in Physics,
2022, 39: 105721.

Cao Y, Nallappan K, Xu G F, et al. Add drop multiplexers for
terahertz communications using two-wire waveguide-based
plasmonic circuits[J]. Nature Communications, 2022, 13(1):
4090.

Yuan J, Li Z R, Ning T G, et al. Subwavelength waveguide-
based THz narrow bandpass filter and application in refractive-
index sensing[J]. Results in Physics, 2020, 19: 103299.

Islam M S, Cordeiro C M B, Franco M A R, et al. Terahertz
optical fibers[J]. Optics Express, 2020, 28(11): 16089-16117.
Islam M S, Cordeiro C M B, Nine M J, et al. Experimental
study on glass and polymers: determining the optimal material
for potential use in terahertz technology[J]. IEEE Access, 2020,
8:97204-97214.

Khan M T A, Li H S, Liu Y J, et al. Compact terahertz

birefringent gratings for dispersion compensation[J]. Optics
Express, 2022, 30(6): 8794-8803.

Siddique N, LiY G, Li H S, et al. Design of 130-290 GHz

rectangular COC fibers for high-speed data links[C]//2021 51st
European Microwave Conference (EuMC), April 4 -6, 2022,
London, United Kingdom. New York: IEEE Press, 2022:
397-400.

Nallappan K, Cao Y, Xu G F, et al. Dispersion-limited versus

power-limited terahertz communication links using solid core
subwavelength dielectric fibers[J]. Photonics Research, 2020, 8
(11): 1757.

COMSOL. COMSOL 2 ¥ 3 {jj ¥ 4 4 [CP/OL]. (2023-10-
18)[2023-10-23]. https://cn.comsol.com/.

COMSOL. Multi physics field simulation software[CP/OL].
(2023-10-18)[2023-10-23]. https://cn.comsol.com/.

Deng W T, Chen L, Yuan S X, et al. Silicon-based integrated

terahertz polarization beam splitters[J]. Journal of Lightwave
Technology, 2022, 40(1): 170-178.

Chen H Z, Yan G F, Forsberg E, et al. Terahertz polarization
splitters based on total and partial coupling in dual slotted core

polymer fiber: comparison and analysis[J]. IEEE Photonics
Journal, 2017, 9(3): 7103315.

WO, BE26T7, ZEMT, A ORURCR B 2206 T o m Al 4 £ . Ot
R 2022, 42(2): 0206006.

Huang X, Luo X F, Zuo X Y, et al. Dual-core terahertz fiber


https://cn.comsol.com/
https://cn.comsol.com/

HEXE-FRIEX S 44 % 5 S HI/2024 £ 4 B /2R

[35]

directional coupler[J]. Acta Optica Sinica, 2022, 42(2): 2021, 29(24): 39601-39610.
0206006. [36] Chen Y F, Zhang J, Zhu M, et al. Ultra-compact and
Zhang X S, Liu Z J, Gui Y M, et al. Characteristics and broadband  all-silicon ~ TM-pass power splitter  using
preparation of a polarization beam splitter based on a subwavelength holey-structured metamaterial waveguides[J].
chalcogenide dual-core photonic crystal fiber[J]. Optics Express, Optics Express, 2022, 30(25): 44604-44616.

Terahertz Multidimensional-Multiplexing and Refractive-Index-Sensing

Integrated Device
Jie Lu, Li Haisu', Liu Yajing, Wang Jianshuai, Ren Guobin, Pei Li
Key Laboratory of All Optical Network and Advanced Telecommunication Network, Ministry of Education,
Institute of Lightwave Technology, Beijing Jiaotong University, Beijing 100044, China
Abstract

Objective  Terahertz waves featuring broad bandwidths play an increasingly important role in next-generation
communication systems. For both terahertz wired and wireless communications, terahertz waveguide integrated devices
providing “on-line” signal processing functionalities are in vital demand. In the next-generation communication system, the
multiplexing technology around the electromagnetic wave physical parameters such as terahertz radiation polarization,
frequency, and phase is an effective solution to enhancing spectrum efficiency. Additionally, the future Internet of
Everything information system should have a real-time monitoring function of communication environmental parameters
(temperature, humidity, etc.). Given the above technical requirements of multidimensional multiplexing and environmental
sensing, novel terahertz functional integrated devices for high-speed information transmission-manipulation-perception
fusion should be studied urgently. Several terahertz silicon-based waveguide devices have been demonstrated, but the
planar structure restricts the spatial degree of freedom for the devices, which means the devices can only be integrated in a
2D plane. Terahertz fiber-based devices are substrate-free to provide terahertz wave routing abilities along any spatial
direction. Nevertheless, most of the reported terahertz fiber devices offer a single functionality, remaining a significant
scope of multiple device integration. Thus, we propose a polarization-maintaining subwavelength fiber-based
multidimensional multiplexing and sensing integrated device which is composed of fiber bends, a 50/50 Y-splitter,
directional couplers, and Bragg gratings. The proposed fiber device provides (de)multiplexing in an additional direction that
is orthogonal to the 2D space in contrast to the planar devices. Meanwhile, the device integrates multiple functionalities,
including frequency- and polarization-(de)multiplexing, dispersion compensation, and surrounding refractive index sensing.
In a nutshell, the integrated device provides exciting perspectives for boosting transmission capacity and developing

communication-sensing integration of the next-generation communication systems.

Methods The finite element analysis method and finite-difference time-domain model are employed in our study. First,
the finite element analysis method is adopted to calculate the transmission parameters (fractional power in the core, loss,
group velocity dispersion, etc.) of terahertz subwavelength fibers with different cross-sectional parameters to design
polarization-maintaining fibers supporting low-loss and low-dispersion transmission. Then, S-shaped and 90° bending
fibers are designed using Bessel curves. Furthermore, the finite-difference time-domain model is utilized to analyze the
transmission characteristics of S-shaped and 90° bending fibers. Then, two S-shaped bending fibers with the same
bending radius are utilized to form a Y-splitter. In the next step, we leverage the supermode theory as a theoretical guide
and the finite element analysis method as a tool to calculate the required coupling length of the directional couplers.
Additionally, the finite element analysis method is employed to investigate the effects of grating cell cross-section
parameters, thickness, and number of cycles on grating performance (e.g., transmission and dispersion compensation),
and thus accomplish the structural design of uniform gratings. Finally, the performance of the proposed terahertz devices
including directional couplers, Y-splitter, uniform grating, and phase-shifted grating is simulated and analyzed using the

time-domain finite difference method.

Results and Discussions We present terahertz subwavelength rectangular fibers, bending fibers, Y-splitter, directional
couplers, uniform grating, phase-shift grating, and multidimensional-multiplexing and refractive-index-sensing integrated

devices. First, the subwavelength fiber supports low-loss (below 0.051 dB/mm) and high-birefringent (beyond 0.03)

0823001-12
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transmissions at a target bandwidth over 0.24-0.28 THz as shown in Fig. 2. Second, the transmission of S-shaped

bending fibers with a bending radius of 10 mm is slightly higher than that of 90° bending fibers in the frequency range
of 0.24-0.28 THz, whose transmission is higher than — 1 dB at the operating frequency of 0.25 THz [Fig. 4(d)]. Thanks to
the high transmission of x-bent S-shaped bends, a 50/50 Y-splitter can be readily designed using two bends with the same
radius of 10 mm. Third, for the z-placed x-bent directional coupler, high transmission (above — 3 dB) and high ER
(above 7 dB) are obtained for both a-polarization and y-polarization modes when coupling lengths are in the range of
11.8-12.3 mm. Finally, the integrated device achieves simultaneously polarization and frequency (de)multiplexing, with
high transmissions [drop port: — 5.94 dB for 0.25 THz x-polarization with dispersion compensation; through port:
—7.20 dB for 0.25 THz y-polarization, —2.02 dB for 0.27 THz x-polarization] and high ER (drop port: 15.16 dB; through
port: 8.06 dB). Additionally, the device integrates fiber Bragg gratings, allowing both zero-GVD dispersion compensation
and refractive-index sensing (sensitivity of 0.181 THz/RIU) abilities (Figs. 17 and 18).

Conclusions We propose and analyze a terahertz multidimensional-multiplexing and sensing integrated device based on
subwavelength birefringent fibers, composed of fiber bends, 50/50 Y-splitter, directional couplers, and Bragg gratings.
First, a directional coupler with high transmission and high extinction ratio is designed by introducing a bent fiber to
achieve polarization and frequency (de)multiplexing functions. Second, the uniform grating and phase-shift grating in the
integrated device enable dispersion compensation and environmental refractive index sensing respectively. Terahertz
subwavelength fiber devices feature dense integration in 3D space and efficient transmission, which provides novel design
solutions for the integrated terahertz wave transmission-manipulation-sensing information system. Meanwhile, we also
envision that many more components such as modulators and imaging devices will be further integrated on the terahertz

fiber platform.

Key words optical device; terahertz; coupler; multiplexer; sensor
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