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Fig. 1. Structure diagram of the proposed broadband high-

isolation four-port circulator: (a) 3D view of circulator;

(b) top view of circuit.
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Fig. 2. Geometric configuration of the traditional four-port

center junction.
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Fig. 3. Schematic diagram of resonant mode analysis methods: (a) Resonant mode analysis based on simplified internal field; (b) the

proposed magnetostatic field-coupled resonant mode analysis.
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Fig. 4. Optimization procedure of mode bandgap based on the magnetostatic field-coupled resonant mode analysis method.
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Table 1.  Comparison of the proposed circulator with circulators in references.
SCHik g 11 4 fLb AR /GHz AAXSHT TE /% HARIFE/dB M54/ dB PRIz /dB R (Aox Ag)
[25] 3 32 28.5 -1.7 -13.5 -16.5 3.57x2.83
[26] 3 24.5 12 -0.3 -15 -15 1.52x1.5
[29] 4 17.75 65 -10 -10 -17 3.64x5.92
[33] 4 8.5 11.8 -0.6 18 -17 1.7x0.86
[34] 4 8.7 8.6 0.5 18 -12 1x0.76
A 4 10 40 -1.6 -15 -20/-25 0.4x0.4
e, fil TR 22 v 1 B 25 BEME R, R EL, 456 2 By
5 % % 15 ST IEREI G, ST IR T8 0/ ML

LR L RTIR, ASCER T — Mo BY i s i e R
IR RET SR 7 R e a N L T TN 1)
Fe e p T o “Bs B A ik i 47 14 207
MRER, 583 Turki 55 B0 RERCR, 48 I # G H8
BTk T R R A S
DERER TR B L5, Rk S BeiR 2z, X
BRI G M, JORe i 2 A VA B O
EAH, [l B R R PO A5 B IS T,
ARG TR TE B R L 7 EE T H. 7E4S
MBI, B2 S B O A IR MEE DT 2. A
1 N (58 I AR AR T, A ) 15y 37 85 i 11

Th. Zead SCON B UE | 2 30545 1 A XA 988 40%,
ABFEANT 1.6 dB, FIEHFEILT 15 dB, &
JE Sy A1 S, 4 AT 20 dB Al 25 dB, AR R
2 12 mmx 12 mm (0.4, x0.4),). P H 37
PR B R T AT v P 5 DU v R T AR
TH AT LR, A R AR N 2 B 38 | T8 A A
R,

S 30k

(1] Geiler A L, Harris V G 2014 IEEE Microwave Mag. 15 66
[2] Kolodziej K E, Perry B T, Herd J S 2019 IEEE Trans.
Microwave Theory Tech. 67 3025

110702-9


https://doi.org/10.1109/TMTT.2019.2896561
https://doi.org/10.1109/TMTT.2019.2896561
https://doi.org/10.1109/TMTT.2019.2896561
https://doi.org/10.1109/TMTT.2019.2896561
https://doi.org/10.1109/TMTT.2019.2896561
https://doi.org/10.1109/TMTT.2019.2896561
https://doi.org/10.1109/TMTT.2019.2896561
https://doi.org/10.1109/TMTT.2019.2896561
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 11 (2026)

110702

3]

(4]
[5]

(6]
[7]

(8]
(9]

Ozgiir U, Alivov Y, Morkog H 2009 J. Mater. Sci. - Mater.
Electron. 20 789

Kord A, Sounas D L, Alu A 2020 Proc. IEEE 108 1728
Vesnin S G, Sedankin M K, Gudkov A G, et al. 2023 Biomed.
Eng. 57 85

Afshani A, Wu K 2024 Engineering 40 179

Guo S, Song K, Li Q, Zhou Y 2022 Microwave Opt. Technol.
Lett. 64 1553

Deng G, Xie S, Zhang Y, Zhao J, Wang D 2022 IEEE Trans.
Microwave Theory Tech. 70 4129

Guo L T, Deng G J, Xie Sy, et al. 2023 IEEE Trans.
Compon. Packag. Manuf. Technol. 13 1770

Zhao Y, De Silva U, Venkatakrishnan S B, Psychogiou D,
Larkins G, Madanayake A 2024 IEEE J. Microwaves 4 253
Helszajn J 2008 The Stripline Circulator: Theory and Practice
(1st ed. ) (New York: Wiley-IEEE Press) pch26

Bosma H 1964 IEEE Trans. Microwave Theory Tech. 12 61
Fay C E, Comstock R L 1965 IEEE Trans. Microwave
Theory Tech. 13 15

Wu Y S, Rosenbaum F J 1974 IEEE Trans. Microwave
Theory Tech. 22 849

Turki H, Huitema L, Monediere T, Lenoir B, Breuil C 2019
IEEE Trans. Microwave Theory Tech. 67 845

Olivier V, et al. 2022 IEEE Trans. Microwave Theory Tech.
70 3486

Liu R, Liu S Z, Zheng Z J, Wang H Y, Meng F Y, Ding C
2025 IEEE Trans. Microwave Theory Tech. 73 4501

Helszajn J, Nisbet W T 1981 IEEE Trans. Microwave Theory
Tech. 29 689

Jiang R, Wei C 1988 IEEE Trans. Magn. 24 2820

Riblet G P 1980 IEEE Trans. Microwave Theory Tech. 28
125

Schloemann E, Blight R E 1986 IEEE Trans. Microwave
Theory Tech. 34 1394

Ali M M M, Elsaadany M, Shams S I, Wu K 2024 IFEE
Trans. Microwave Theory Tech. 72 892

23]
[24]
[25]
[26]

(27]

28]
[20]
[30]
31]
[32)
[33]
[34]
[35]
[36]

37]

(38]

110702-10

Laur V, Gouavogui J P, Balde B 2021 IEEE Trans.
Microwave Theory Tech. 69 1579

Shams S I, Sifat S M, Elsaadany M, Gagnon G, Kishk A A
2021 IEEE Trans. Microwave Theory Tech. 69 2165

Sifat S M, Shams S I, Kishk A A 2023 [EEE Microwave
Wireless Technol. Lett. 33 1151

D'Orazio W, Wu K 2006 IEEE Trans. Microwave Theory
Tech. 54 3675

Liu R, Meng F Y, Ding C, Liu S Z, 2025 IEEE MTT-S
International Conference on Numerical Electromagnetic and
Multiphysics Modeling and Optimization (NEMO). 2025
ppl-3

Teoh C S, Davis L E 2001 Int. J. RF Microwave Comput.
Aided Eng. 11 121

Queck C K, Davis L E 2004 IEEE Trans. Microwave Theory
Tech. 52 625

Marynowski W, Kusiek A, Mazur J 2009 AEU - Int. J.
Electron. Commun. 63 801

Kusiek A, Marynowski W, Mazur J 2013 Prog. Electromagn.
Res. 134 379

Helszajn J, McKay M, Macfarlane I 2004 [EEE Microwave
Wireless Compon. Lett. 14 40

Deng G, et al. 2019 IEEE Microwave Wireless Compon. Lett.
29 655

Deng G, Xie S, Zhao J, Liu C, Wang D 2023 [EEE Trans.
Microwave Theory Tech. T1 2782

Afshani A, Wu K 2019 IEEE Trans. Microwave Theory Tech.
67 4922

Afshani A, Wu K 2021 IEEE Trans. Microwave Theory Tech.
69 4406

Sun S P, Cheng Y Z, Luo H, Chen F, Li X C 2023 Acta Phys.
Sin. 72 064101 (in Chinese) [FMNEUIS, FEHIE, B HE, BRIF, 2%
AL 2023 PR 72 064101

Li X P, Zhang J X, Yang H L, Xi X L 2022 J. Electron. Inf.
Technol. 44 1327 (in Chinese) [2545°F, sk, i, FE%
#2022 BF 515 B4k 44 1327)


https://doi.org/10.1007/s10854-009-9923-2
https://doi.org/10.1007/s10854-009-9923-2
https://doi.org/10.1007/s10854-009-9923-2
https://doi.org/10.1007/s10854-009-9923-2
https://doi.org/10.1007/s10854-009-9923-2
https://doi.org/10.1007/s10854-009-9923-2
https://doi.org/10.1007/s10854-009-9923-2
https://doi.org/10.1007/s10854-009-9923-2
https://doi.org/10.1007/s10854-009-9923-2
https://doi.org/10.1007/s10854-009-9923-2
https://doi.org/10.1007/s10854-009-9923-2
https://doi.org/10.1007/s10854-009-9923-2
https://doi.org/10.1109/JPROC.2020.3006041
https://doi.org/10.1109/JPROC.2020.3006041
https://doi.org/10.1109/JPROC.2020.3006041
https://doi.org/10.1109/JPROC.2020.3006041
https://doi.org/10.1109/JPROC.2020.3006041
https://doi.org/10.1109/JPROC.2020.3006041
https://doi.org/10.1109/JPROC.2020.3006041
https://doi.org/10.1007/s10527-023-10274-y
https://doi.org/10.1007/s10527-023-10274-y
https://doi.org/10.1007/s10527-023-10274-y
https://doi.org/10.1007/s10527-023-10274-y
https://doi.org/10.1007/s10527-023-10274-y
https://doi.org/10.1007/s10527-023-10274-y
https://doi.org/10.1007/s10527-023-10274-y
https://doi.org/10.1007/s10527-023-10274-y
https://doi.org/10.1016/j.eng.2024.02.007
https://doi.org/10.1016/j.eng.2024.02.007
https://doi.org/10.1016/j.eng.2024.02.007
https://doi.org/10.1016/j.eng.2024.02.007
https://doi.org/10.1016/j.eng.2024.02.007
https://doi.org/10.1016/j.eng.2024.02.007
https://doi.org/10.1016/j.eng.2024.02.007
https://doi.org/10.1002/mop.33328
https://doi.org/10.1002/mop.33328
https://doi.org/10.1002/mop.33328
https://doi.org/10.1002/mop.33328
https://doi.org/10.1002/mop.33328
https://doi.org/10.1002/mop.33328
https://doi.org/10.1002/mop.33328
https://doi.org/10.1002/mop.33328
https://doi.org/10.1109/TMTT.2022.3189656
https://doi.org/10.1109/TMTT.2022.3189656
https://doi.org/10.1109/TMTT.2022.3189656
https://doi.org/10.1109/TMTT.2022.3189656
https://doi.org/10.1109/TMTT.2022.3189656
https://doi.org/10.1109/TMTT.2022.3189656
https://doi.org/10.1109/TMTT.2022.3189656
https://doi.org/10.1109/TMTT.2022.3189656
https://doi.org/10.1109/TCPMT.2023.3321694
https://doi.org/10.1109/TCPMT.2023.3321694
https://doi.org/10.1109/TCPMT.2023.3321694
https://doi.org/10.1109/TCPMT.2023.3321694
https://doi.org/10.1109/TCPMT.2023.3321694
https://doi.org/10.1109/TCPMT.2023.3321694
https://doi.org/10.1109/TCPMT.2023.3321694
https://doi.org/10.1109/TCPMT.2023.3321694
https://doi.org/10.1109/JMW.2024.3372855
https://doi.org/10.1109/JMW.2024.3372855
https://doi.org/10.1109/JMW.2024.3372855
https://doi.org/10.1109/JMW.2024.3372855
https://doi.org/10.1109/JMW.2024.3372855
https://doi.org/10.1109/JMW.2024.3372855
https://doi.org/10.1109/JMW.2024.3372855
https://doi.org/10.1109/TMTT.1964.1125753
https://doi.org/10.1109/TMTT.1964.1125753
https://doi.org/10.1109/TMTT.1964.1125753
https://doi.org/10.1109/TMTT.1964.1125753
https://doi.org/10.1109/TMTT.1964.1125753
https://doi.org/10.1109/TMTT.1964.1125753
https://doi.org/10.1109/TMTT.1964.1125753
https://doi.org/10.1109/TMTT.1965.1125923
https://doi.org/10.1109/TMTT.1965.1125923
https://doi.org/10.1109/TMTT.1965.1125923
https://doi.org/10.1109/TMTT.1965.1125923
https://doi.org/10.1109/TMTT.1965.1125923
https://doi.org/10.1109/TMTT.1965.1125923
https://doi.org/10.1109/TMTT.1965.1125923
https://doi.org/10.1109/TMTT.1965.1125923
https://doi.org/10.1109/TMTT.1974.1128363
https://doi.org/10.1109/TMTT.1974.1128363
https://doi.org/10.1109/TMTT.1974.1128363
https://doi.org/10.1109/TMTT.1974.1128363
https://doi.org/10.1109/TMTT.1974.1128363
https://doi.org/10.1109/TMTT.1974.1128363
https://doi.org/10.1109/TMTT.1974.1128363
https://doi.org/10.1109/TMTT.1974.1128363
https://doi.org/10.1109/TMTT.2018.2890632
https://doi.org/10.1109/TMTT.2018.2890632
https://doi.org/10.1109/TMTT.2018.2890632
https://doi.org/10.1109/TMTT.2018.2890632
https://doi.org/10.1109/TMTT.2018.2890632
https://doi.org/10.1109/TMTT.2018.2890632
https://doi.org/10.1109/TMTT.2022.3175168
https://doi.org/10.1109/TMTT.2022.3175168
https://doi.org/10.1109/TMTT.2022.3175168
https://doi.org/10.1109/TMTT.2022.3175168
https://doi.org/10.1109/TMTT.2022.3175168
https://doi.org/10.1109/TMTT.2022.3175168
https://doi.org/10.1109/TMTT.2025.3546472
https://doi.org/10.1109/TMTT.2025.3546472
https://doi.org/10.1109/TMTT.2025.3546472
https://doi.org/10.1109/TMTT.2025.3546472
https://doi.org/10.1109/TMTT.2025.3546472
https://doi.org/10.1109/TMTT.2025.3546472
https://doi.org/10.1109/TMTT.2025.3546472
https://doi.org/10.1109/TMTT.1981.1130430
https://doi.org/10.1109/TMTT.1981.1130430
https://doi.org/10.1109/TMTT.1981.1130430
https://doi.org/10.1109/TMTT.1981.1130430
https://doi.org/10.1109/TMTT.1981.1130430
https://doi.org/10.1109/TMTT.1981.1130430
https://doi.org/10.1109/TMTT.1981.1130430
https://doi.org/10.1109/TMTT.1981.1130430
https://doi.org/10.1109/20.92256
https://doi.org/10.1109/20.92256
https://doi.org/10.1109/20.92256
https://doi.org/10.1109/20.92256
https://doi.org/10.1109/20.92256
https://doi.org/10.1109/20.92256
https://doi.org/10.1109/20.92256
https://doi.org/10.1109/TMTT.1980.1130021
https://doi.org/10.1109/TMTT.1980.1130021
https://doi.org/10.1109/TMTT.1980.1130021
https://doi.org/10.1109/TMTT.1980.1130021
https://doi.org/10.1109/TMTT.1980.1130021
https://doi.org/10.1109/TMTT.1980.1130021
https://doi.org/10.1109/TMTT.1986.1133554
https://doi.org/10.1109/TMTT.1986.1133554
https://doi.org/10.1109/TMTT.1986.1133554
https://doi.org/10.1109/TMTT.1986.1133554
https://doi.org/10.1109/TMTT.1986.1133554
https://doi.org/10.1109/TMTT.1986.1133554
https://doi.org/10.1109/TMTT.1986.1133554
https://doi.org/10.1109/TMTT.1986.1133554
https://doi.org/10.1109/TMTT.2023.3298214
https://doi.org/10.1109/TMTT.2023.3298214
https://doi.org/10.1109/TMTT.2023.3298214
https://doi.org/10.1109/TMTT.2023.3298214
https://doi.org/10.1109/TMTT.2023.3298214
https://doi.org/10.1109/TMTT.2023.3298214
https://doi.org/10.1109/TMTT.2023.3298214
https://doi.org/10.1109/TMTT.2023.3298214
https://doi.org/10.1109/TMTT.2021.3053277
https://doi.org/10.1109/TMTT.2021.3053277
https://doi.org/10.1109/TMTT.2021.3053277
https://doi.org/10.1109/TMTT.2021.3053277
https://doi.org/10.1109/TMTT.2021.3053277
https://doi.org/10.1109/TMTT.2021.3053277
https://doi.org/10.1109/TMTT.2021.3053277
https://doi.org/10.1109/TMTT.2021.3053277
https://doi.org/10.1109/TMTT.2021.3057644
https://doi.org/10.1109/TMTT.2021.3057644
https://doi.org/10.1109/TMTT.2021.3057644
https://doi.org/10.1109/TMTT.2021.3057644
https://doi.org/10.1109/TMTT.2021.3057644
https://doi.org/10.1109/TMTT.2021.3057644
https://doi.org/10.1109/TMTT.2021.3057644
https://doi.org/10.1109/LMWT.2023.3273505
https://doi.org/10.1109/LMWT.2023.3273505
https://doi.org/10.1109/LMWT.2023.3273505
https://doi.org/10.1109/LMWT.2023.3273505
https://doi.org/10.1109/LMWT.2023.3273505
https://doi.org/10.1109/LMWT.2023.3273505
https://doi.org/10.1109/LMWT.2023.3273505
https://doi.org/10.1109/LMWT.2023.3273505
https://doi.org/10.1109/TMTT.2006.882897
https://doi.org/10.1109/TMTT.2006.882897
https://doi.org/10.1109/TMTT.2006.882897
https://doi.org/10.1109/TMTT.2006.882897
https://doi.org/10.1109/TMTT.2006.882897
https://doi.org/10.1109/TMTT.2006.882897
https://doi.org/10.1109/TMTT.2006.882897
https://doi.org/10.1109/TMTT.2006.882897
https://doi.org/10.1002/mmce.1013
https://doi.org/10.1002/mmce.1013
https://doi.org/10.1002/mmce.1013
https://doi.org/10.1002/mmce.1013
https://doi.org/10.1002/mmce.1013
https://doi.org/10.1002/mmce.1013
https://doi.org/10.1002/mmce.1013
https://doi.org/10.1002/mmce.1013
https://doi.org/10.1109/TMTT.2003.822024
https://doi.org/10.1109/TMTT.2003.822024
https://doi.org/10.1109/TMTT.2003.822024
https://doi.org/10.1109/TMTT.2003.822024
https://doi.org/10.1109/TMTT.2003.822024
https://doi.org/10.1109/TMTT.2003.822024
https://doi.org/10.1109/TMTT.2003.822024
https://doi.org/10.1109/TMTT.2003.822024
https://doi.org/10.1016/j.aeue.2008.06.008
https://doi.org/10.1016/j.aeue.2008.06.008
https://doi.org/10.1016/j.aeue.2008.06.008
https://doi.org/10.1016/j.aeue.2008.06.008
https://doi.org/10.1016/j.aeue.2008.06.008
https://doi.org/10.1016/j.aeue.2008.06.008
https://doi.org/10.1016/j.aeue.2008.06.008
https://doi.org/10.1016/j.aeue.2008.06.008
https://doi.org/10.1016/j.aeue.2008.06.008
https://doi.org/10.1016/j.aeue.2008.06.008
https://doi.org/10.1016/j.aeue.2008.06.008
https://doi.org/10.1016/j.aeue.2008.06.008
https://doi.org/10.1109/LMWC.2003.819965
https://doi.org/10.1109/LMWC.2003.819965
https://doi.org/10.1109/LMWC.2003.819965
https://doi.org/10.1109/LMWC.2003.819965
https://doi.org/10.1109/LMWC.2003.819965
https://doi.org/10.1109/LMWC.2003.819965
https://doi.org/10.1109/LMWC.2003.819965
https://doi.org/10.1109/LMWC.2003.819965
https://doi.org/10.1109/LMWC.2019.2937865
https://doi.org/10.1109/LMWC.2019.2937865
https://doi.org/10.1109/LMWC.2019.2937865
https://doi.org/10.1109/LMWC.2019.2937865
https://doi.org/10.1109/LMWC.2019.2937865
https://doi.org/10.1109/LMWC.2019.2937865
https://doi.org/10.1109/TMTT.2023.3238816
https://doi.org/10.1109/TMTT.2023.3238816
https://doi.org/10.1109/TMTT.2023.3238816
https://doi.org/10.1109/TMTT.2023.3238816
https://doi.org/10.1109/TMTT.2023.3238816
https://doi.org/10.1109/TMTT.2023.3238816
https://doi.org/10.1109/TMTT.2023.3238816
https://doi.org/10.1109/TMTT.2023.3238816
https://doi.org/10.1109/TMTT.2019.2951566
https://doi.org/10.1109/TMTT.2019.2951566
https://doi.org/10.1109/TMTT.2019.2951566
https://doi.org/10.1109/TMTT.2019.2951566
https://doi.org/10.1109/TMTT.2019.2951566
https://doi.org/10.1109/TMTT.2019.2951566
https://doi.org/10.1109/TMTT.2021.3103990
https://doi.org/10.1109/TMTT.2021.3103990
https://doi.org/10.1109/TMTT.2021.3103990
https://doi.org/10.1109/TMTT.2021.3103990
https://doi.org/10.1109/TMTT.2021.3103990
https://doi.org/10.1109/TMTT.2021.3103990
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
https://doi.org/10.7498/aps.72.20222291
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 11 (2026) 110702

SPECIAL TOPIC— Applied magnetism

Four-port microstrip ferrite circulator with broadband
and high isolation”
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Abstract

Four-port circulators are pivotal components in modern multi-channel radio-frequency (RF) front-ends
because of their compact routing and protection among multiple transceiver chains. However, practical four-port
ferrite circulators often suffer from pronounced trade-offs among operating bandwidth, isolation, and
miniaturization, and their design is further complicated by the inevitable nonuniformity of the bias field in
realistic permanent-magnet packages. To address these challenges, this paper proposes a broadband, high-
isolation four-port microstrip ferrite circulator together with a design methodology that tightly couples
magnetostatic physics, junction modal behavior, and circuit-level matching.

The proposed methodology starts from a magnetostatic field-coupled resonant mode analysis, where the
computed static bias-field distribution is directly embedded into the central junction’s mode analysis. In
contrast to conventional approaches that assume a spatially uniform bias field, the developed framework
provides a more rigorous description of magnetostatic-mode coupling and its impact on the frequency separation
between the desired circulating modes and competing spurious modes. As a result, the biasing arrangement and
the junction geometry can be co-optimized with significantly reduced trial-and-error iterations, yielding clearer
physical guidelines for simultaneously broadening the usable band and enhancing multi-port isolation.

Guided by the above analysis, a novel slow-wave central junction is further developed. Starting from a
traditional disk-shaped configuration, the junction is evolved by integrating curved-edge conductors and slow-
wave stubs, which strengthen electromagnetic field confinement in the junction region and effectively reduce the
phase velocity of the relevant modes. This slow-wave characteristic is crucial because it increases the modal
separation margin and suppresses undesired reciprocal leakage paths, thereby improving isolation while
supporting broadband operation. In addition, a compact broadband impedance matching network is carefully
designed to transform the modified junction impedance to standard 50 2 microstrip ports, ensuring stable
matching across the target band without sacrificing the nonreciprocal transmission behavior.

A prototype is fabricated and experimentally characterized to “validate the proposed design and
methodology. The measured results demonstrate that the circulator operates from 8 to 12 GHz, achieving a 40%
fractional bandwidth with insertion loss below 1.6 dB and return loss better than 15 dB. Importantly, high
isolation is obtained, with S3; better than 20 dB and S, better than 25 dB over the operating band. Meanwhile,
the physical footprint remains highly compact, only 12 mmx12 mm (0.4X;x0.4)\;). These results confirm that
the proposed magnetostatic-aware mode-analysis-driven design-together with slow-wave junction engineering
provides a practical and effective route to broadband, miniaturized, and high-isolation four-port microstrip

ferrite circulators for next-generation RF and microwave systems.
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