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Introduction (I)

*https://www.nasa.gov/directorates/heo/scan/spectrum/txt_accordion3.html

EM spectrum roadmap for 0.3-30GHz

Ahmed, Rezwana and Matin, Mohammad Abdul. "Towards 6G wireless networks-challenges 

and potential technologies" Journal of Electrical Engineering, vol.71, no.4, 2020, pp.290-297.

Modern RF front ends

Functionality

Reconfigurability

Miniaturization

Multi-configurable 

Bandpass Filters
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Introduction (II)
Center frequency & BW Out-of-band performanceBand number control
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 Cognitive Radio Systems

 Multi-standard communication systems

 Full-duplex communication systems

No zero

Asymmetric zero

Symmetric zero

Goal - i) flexible band control, ii) frequency and BW tuning, iii) zero control iv) directionality 
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Introduction (III)

Frequency tuning

BW tuning

Single band

Bi-directional

[1] Zhu, He, Abbosh, A, “ Compact tunable bandpass filter with wide tuning range using ring 

resonator and short-ended coupled lines”. Electronics Letters. Vol. 51. pp. 568-570, 2015

[2] D. Simpson, R. Gómez-García and D. Psychogiou, "Multi-Band Bandpass Filters with Multiple 

Levels of Transfer-Function Reconfigurability," 2019 IEEE MTT-S International Microwave 

Symposium (IMS), Boston, MA, USA, 2019, pp. 91-94,2019.

Multi-band

Frequency tuning

BW tuning

Band merging

No zero control

Bi-directional

Limitations - no flexible band, zero and directionality control
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Introduction (IV)

Goal - i) flexible band control, ii) frequency tuning, ii) zero control iii) directionality control 

[3] X. Wu, M. Nafe, A. Á. Melcón, J. S. Gómez-Díaz and X. Liu, “Frequency tunable non-reciprocal 

bandpass filter using time-modulated microstrip λg/2 resonators,” IEEE Transactions on Circuits 

and Systems II: Express Briefs, vol. 68, no. 2, pp. 667-671, Feb. 2021.

[4] D. Simpson, P. Vryonides, S. Nikolaou and D. Psychogiou, “Tunable multi-band non-

reciprocal bandpass filters,” in 2022 IEEE/MTT-S International Microwave Symposium 

(IMS), pp. 179-182, 2022.

Limitations - no flexible band, zero and directionality control

Uni or bi directional

Frequency tuning

Single band

No band control

No zero control

Uni or bi directional

Frequency tuning

No band number control

No zero control
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Multi-configurable filter design (I)

|S21|

|S11|

Case 1 2 3 4 5

M2,2 -0.78 -3 -0.78 0 -2.2

M3,3 0.81 0.81 3 0 2.61

M6,6 -0.78 -3 -0.78 0 0

M7,7 0.81 0.81 3 0 0

M10,10 -0.78 -3 -0.78 0 -12

M11,11 0.81 0.81 3 0 12.4

M4,5 1.4 1.4 1.4 1.4 1.4

S=1
4 5

M1,2

M4,5

M1,3

M2,4

M3,4

M5,6

M5,7

M6,8

M7,8

M9,10

M9,11

M10,12

M11,12

8 9
L=12

M8,9

R7

R10

R11

R6

R7

R2

R3

-0.78 -0.78 -0.78

0.81 0.81 0.81

-3 -3 -3

3 3 3

0 0 0

0 0 0

-2.2 -2.2

-2.2 -2.2

Case 1 Case 2 Case 3 Case 4 Case 5

Center frequency tuning Band merging

 Independently band control

 Equi-ripple response

 Intrinsic switching off
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Multi-configurable filter design (II)
Case 6 7 8 9

M2,2 6.05 -6.05 5.2 -5.2

M3,3 0 0 0 0

M6,6 3 -3 2.56 -2.56

M7,7 0 0 0 0

M10,10 -3.5 3.5 1.5 -1.5

M11,11 0 0 0 0

M4,5 1.4 1.4 1.4 1.4

|S21|

|S11|
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4 5
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M5,6
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8 9
L=12

M8,9

R7

R10

R11

R6

R7

R2

R3

6.05 3 -3.5

00 0

- - +1.55.2 2.56- - -

Case 7Case 6 Case 8 Case 9

Symmetric Zeros

 Three zeros in total

 Out-of-band zero location control

Asymmetric Zeros
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Multi-configurable filter design (III)

Case 10 11 12 13

M2,2 -4 -2 0 0

M3,3 0 0 0 0

M6,6 0 0 0 0

M7,7 0 0 0 0

M10,10 4 2 6.5 -6.5

M11,11 0 0 0 0

M4,5 1.984 1.984 1.585 1.585

|S21|

|S11|
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4 5
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M2,4

M3,4

M5,6

M5,7

M6,8

M7,8

M9,10

M9,11

M10,12

M11,12

8 9
L=12

M8,9

R7

R10

R11

R6

R7

R2

R3

00 0

0-4 4-2 20 6.50 6.5-6.5

Case 11Case 10 Case 12 Case 13

 Zero number control 

 Zero location control

Two Zeros Single Zero
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Spatiotemporal modulation (I)
STM-principle

+ + +

𝐶𝑝
𝑢

𝑡 = 𝐶𝑝[1 + ∆𝑚cos(2𝜋𝑓𝑚𝑡 + 𝜑𝑢)]

S=1 L=52 3 4

Low to up

Up to low

𝐽𝑈
(𝑘,𝑘−1)

=
∆𝑚
2

𝐶

𝜔0𝐹𝐵
𝑒−𝑗𝜑𝑢 𝜔0 + 𝑘𝜔𝑚

𝐽𝑈
(𝑘−1,𝑘)

=
∆𝑚
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𝐶
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VDC1
VDC2 VDC3

fm,0º fm,θº fm,2θº
DV

Lr

Cp: Static capacitance

fm: Modulation frequency (≪ fRF)

ΔM: Modulation index

φ: Initial phases for modulation signals

A. Alvarez-Melcon, X. Wu, J. Zang, X. Liu and J. S. Gomez-Diaz, "Coupling Matrix Representation of Nonreciprocal 

Filters Based on Time-Modulated Resonators," in IEEE TMTT, vol. 67, no. 12, pp. 4751-4763, Dec. 2019.
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VDC1
VM1, fm ,φ1 VDC1

VM1, fm ,φ1 VDC1
VM1, fm ,φ1

VDC1
VM1, fm ,φ1 VDC1

VM1, fm ,φ1 VDC1
VM1, fm ,φ1

S=1
4 5 8

L=12

R7

R10

9

VM, fm ,φ

VDC

Lfeed

CDC2

LLPF LLPF

CLPF

DV

Lr

CDC1
Cr

STM Resonator

L

C C

C

L L

First order LC networks

Low pass High pass 

Inverter

STM OFF

STM ON

Spatiotemporal modulation (II)
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Spatiotemporal modulation (III)

|S21| 

fM (MHz) VM (V) θ (°)

|S11| 

fM (MHz) VM (V) θ (°)

Design Trade-offs

Forward transmission power Backward transmission power Shape of transfer function

Large Small Good

|S21|-|S12| 
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Concept Validation(I)

Substrate: Rogers RO4003C, 1.52mm

Varactor diodes: SMV1408, Skyworks

Capacitors: Murata GQM series

Inductors: Coilcraft

Input
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C4 C5
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Lu2 Lu1

Lu1Lb1Lu3Lb3 :39nH
Lu2 :33nH
Lb2 :30nH
LLPF :180nH

C4 :7.5pF

L1 Lr :8.1nH

RDC :10MΩ
CLPF :68pF

CDC1 :300pF
CDC2 :56pF

C1C2C5C7 :2.4pF
C3C6C8 :4.3pF
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C1 Lr
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Concept Validation(II)

STM OFF-frequency tuning

|S12| |S22||S21| |S11| |S21| |S11|

STM OFF-OOB zero tuning
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Concept Validation(III)

|S12| |S22||S21| |S11|

STM ON - Zero tuning -IL:3.2~4.5dB, IS>25dB

Three Zeros, BW: 26MHz Two Zeros, BW: 34MHz One Zero, BW: 44MHz

No Zero, BW: 56MHz Dual Band Switch OFF



16 TH1A-1

500 600 700 800 900
Frequency (MHz)

-40

-30

-20

-10

0

A
m

p
li t

u
d
e

(d
B

)

500 600 700 800 900
Frequency (MHz)

-40

-30

-20

-10

0

A
m

p
li t

u
d
e

(d
B

)

500 600 700 800 900

Frequency (MHz)

-40

-30

-20

-10

0

A
m

p
lit

u
d
e

(d
B

)

500 600 700 800 900

Frequency (MHz)

-40

-30

-20

-10

0

A
m

p
lit

u
d
e

(d
B

)

Concept Validation(IV)

|S12|

|S22|

|S21|

|S11|

Forward Forward Backward Forward

600~680MHz 716~831MHz 659~724MHz

STM ON -fcen tuning -IL:4.8~6.2dB, IS>23dB

STM ON -transmission direction control
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Conclusion
- Comparison with SOA

[1] [2] [3] [4] This

fcen Yes Yes Yes Yes Yes

BW Yes Yes No No Yes

#Bands 1 1,2,3 1 2 0,1,2

Switch off No No No No Yes

Transmission

direction
Bi Bi Bi,Uni Bi,Uni Bi,Uni

Zero control No No No No Yes

 Flexible band number control

 Flexible OOB zero control

 Transmission direction control

 Switching-off

 Independent band frequency tuning

[1] 

[2] 

[3] 

[4] 
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Thank You!

Contact: zixiao.zhang@tyndall.ie


