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Filters in Superconducting Setups
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b) Drive Flux Pump Output

P

NbTi b.

-
:
s |

;OOmK *

Sample

[ Isolator "\_ Low-pass filter «& Circulator
> TWPA  ,\ Band-pass filter =3 Dir. Coupler
> HEMT ~< Eccosorb filter @ Termination
m Thermalisation of outer conductor

S.Krinner et al. Engineering Cryogenic Setups for 100-qubit Scale Superconducting Circuit Systems. EPJ Quantum Tec hnology. 2019.

12

Wang Group | Department of Physics



&
Filters in Superconducting Setups

a) 1 s b) Drive  Flux  Pump Output

- As tI?e numb?r of qubits
continues to increase
and/or as experiments
require more drive lines
(as discussed later in
PReSPA), the number of
filters will also need to
increase accordingly!

I Isolator "\_ Low-pass filter «& Circulator
> TWPA  ,\ Band-pass filter =3 Dir. Coupler
> HEMT ~< Eccosorb filter @ Termination
m Thermalisation of outer conductor

S. Krinner et al. Engineering Cryogenic Setups for 100-qubit Scale Superconducting Circuit Systems. EPJ Quantum Technology. 2019.

Wang Group | Department of Physics e



Where Does a BP Filter Go?

™ PReSPA Microwave Setup
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Key Metrics to Define a “Good” Filter

e Some Key Metrics are as Follows:
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Understanding Tunability for BPFs

N =Filter Order (number of resonators)
« Any filter of order N can be tuned with a constant bandwidth using 2N+ 1 independent tuning elements
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Gowrish Basavarajappa. Tunable Band Pass Filters for Communication Systems. 20217.
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Understanding Tunability for BPFs

N =Filter Order (number of resonators)
« Any filter of order N can be tuned with a constant bandwidth using 2N+ 1 independent tuning elements
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Understanding Tunability for BPFs

N =Filter Order (number of resonators)
« Any filter of order N can be tuned with a constant bandwidth using 2N+ 1 independent tuning elements
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Understanding Tunability for BPFs

N =Filter Order (number of resonators)
« Any filter of order N can be tuned with a constant bandwidth using 2N+ 1 independent tuning elements
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Understanding Tunability for BPFs

N =Filter Order (number of resonators)
« Any filter of order N can be tuned with a constant bandwidth using 2N+ 1 independent tuning elements
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Prior Work for Tunable Filters

Tun. Range BW and Tun. Elem. and Mech.
Ref. Freq. Q Var.
[12] | 2.5 GHz | >2250 | 400 MHz/(16%) | 30 MHz/<+5% N / robust
[13] | 3.6 GHz | >5650 | 430 MHz/ (12%) | 75 MHz/ <+5% N / robust
[14] | 19.8 GHz | > 6700 | 200 MHz/(1%) | 54 MHz/<+5% 2*N+1 / complex
[15] | 19.5GHz | > 4500 | 340 MHz/(2%) | 180 MHz / <+5% N / robust
[16] | 19.5 GHz | >9000 | 500 MHz/(3%) | 54 MHz/<+5% N / complex
[17] | 15.6 GHz | > 1300 | 400 MHz/(3%) | 150 MHz / <+5% N / complex
[18] | 47GHz | >510 | 160 MHz/(4%) | 21 MHz/<=5% N / robust
[19] | 48 GHz | >460 | 2.8 GHz/(1.8:1) not constant N / complex
[20] | 48 GHz | >300 | 1.5 GHz/(1.4:1) not constant N / complex
[21] | 21.5 GHz | > 1000 | 725 MHz/(3%) | 350 MHz / <+5% N / robust
[22] | 12GHz | >9000 | 200 MHz / (2%) | 60 MHz /<+10% 1 / robust
[23] | 11 GHz | >1400 | 2.2 GHz/(21%) | 516 MHz /<£10% 1 / complex
[24] | 12GHz | >850 | 700 MHz/(6%) | 200 MHz / <£5% 1 / complex
[25] | 2GHz | >2000 | 360 MHz/ (18%) | 25 MHz/<=5% 2*N-1 / complex

Gowrish Basavarajappa. Tunable Band Pass Filters for Communication Systems. 20217.

Wang Group | Department of Physics
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Prior Work for Tunable Filters

Tun. Range BW and Tun. Elem. and Mech.
Ref. Freq. Q Var.
[12] | 2.5 GHz | >2250 | 400 MHz / (16%) | 30 MHz / <+5% N / robust
[13] | 3.6 GHz | > 5650 | 430 MHz/ (12%) | 75 MHz / <+5% N / robust
[14] | 19.8 GHz | > 6700 | 200 MHz / (1%) | 54 MHz/<£5% 2*N+1 / complex . . e
[15] | 19.5GHz | > 4500 | 340 MHz/(2%) | 180 MHz / <+5% N / robust TLDR; It IS Incredlbly leflcu"t TO
[16] | 19.5 GHz | > 9000 | 500 MHz/ (3%) | 54 MHz/<+5% N / complex Maintain Consistent BW Across a
[17] | 15.6 GHz | > 1300 | 400 MHz/(3%) | 150 MHz / <+5% N/ complex Wide Freq uency Range With A
[18] | 4.7GHz | >510 | 160 MHz/(4%) | 21 MHz/<£5% N / robust Simple Tuning Element
[19] | 48 GHz | >460 | 2.8 GHz/(1.8:1) not constant N / complex
[20] | 48 GHz | >300 | 1.5 GHz/(1.4:1) not constant N / complex
[21] | 21.5GHz | > 1000 | 725 MHz/(3%) | 350 MHz / <+5% N / robust
[22] | 12 GHz | >9000 | 200 MHz/(2%) | 60 MHz /<+10% 1 / robust
[23] | 11 GHz | >1400 | 2.2 GHz/(21%) | 516 MHz /<£10% 1 / complex
[24] | 12GHz | >850 | 700 MHz/(6%) | 200 MHz / <£5% 1 / complex
[25] | 2GHz | >2000 | 360 MHz / (18%) | 25 MHz/<£5% 2*N-1 / complex

Gowrish Basavarajappa. Tunable Band Pass Filters for Communication Systems. 20217.

Wang Group | Department of Physics
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1. Geometries Available



&
Types of Cavity Shapes: Rectangular

* Resonance Frequency of Bare Rectangular Cavity:

wn = 51/ () + (3)7 + ()’
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Types of Cavity Shapes: Rectangular

* Resonance Frequency of Bare Rectangular Cavity:

wn = 51/ () + (3)7 + ()’

a: x-width, b: y-height, d: z-length

m: r-mode index, n: y-mode index, p: z-mode index

c: speed of light in medium
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Types of Cavity Shapes: Rectangular

* Resonance Frequency of Bare Rectangular Cavity:

mnp = $1/(2)° + (2)" + (8)°

a: r-width, b: y-height, d: z-length

m: r-mode index, n: y-mode index, p: z-mode index

c: speed of light in medium

T T

TE;, ™M, TE4
[ T

Fig. 5: The first 12 modes in a rectangular waveguide. The arrows of the electric fields are sketched
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Types of Cavity Shapes: Rectangular

* Resonance Frequency of Bare Rectangular Cavity:

frunp = 5/ ()" + (3)" + (5)°

a: z-width, b: y-height, d: z-length (Electrlc Fleld)

E Field \ Ansys

m: z-mode index, n: y-mode index, p: z-mode index

c: speed of light in medium

0.7295

Fig. 5: The first 12 modes in a rectangular waveguide. The arrows of the electric fields are sketched x

\ o 30 60 (mm)
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Types of Cavity Shapes: Cylindrical

* Resonance Frequency of Bare Cylindrical Cavity:

oy = £y (B (25
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Types of Cavity Shapes: Cylindrical

* Resonance Frequency of Bare Cylindrical Cavity:

; 2
= 5] (Fe2 )+ (5)°

a: radius, d: length

m: azimuthal index, n: radial index, p: axial index
c: speed of light in medium

X! .t nth root of J, =0 (TE modes)

Xmn: nth root of J,, =0 (TM modes)

Wang Group | Department of Physics
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Types of Cavity Shapes: Cylindrical

* Resonance Frequency of Bare Cylindrical Cavity:

; 2
= 5] (Fe2 )+ (5)°

a: radius, d: length

m: azimuthal index, n: radial index, p: axial index
c: speed of light in medium

X! .t nth root of J, =0 (TE modes)

Xmn: nth root of J,, =0 (TM modes)

il : ";;
T, i;éﬁim“ﬁ%“ T, i Ty

T i

£
i

g qr
TEp, ™, &% 2 Tha

i
it
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Types of Cavity Shapes: Cylindrical

* Resonance Frequency of Bare Cylindrical Cavity:

2
’ 2

Jmnp = 5= ( o ) + ( 7 ) (Electric Field)
E Field Ansys
[Vim]

a: radius, d: length Lo

m: azimuthal index, n: radial index, p: axial index 2:?;

c: speed of light in medium i

X/ .: nth root of J/, =0 (TE modes) =

Xmn: nth root of J,, =0 (TM modes) L

5-‘\ i
‘f“Y

o 40 80 (mm)
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V. Simulating the Proposed
Design



The Goal

Wang Group | Department of Physics

Large Bandwidth (Low Q)
x =~ 100 MHz

52




The Goal

Large Bandwidth (Low Q)
x =~ 100 MHz

Tunable Across = 200 M Hz

Wang Group | Department of Physics 2



The Goal

Large Bandwidth (Low Q)
x =~ 100 MHz

Tunable Across = 200 M Hz

With Only One Tuning Element
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Step 1: Starting with Cylindrical

mmmmmm



Step 2: Shortening Pin Depth In Cavity

E Field [V/m]

Max: 2458E+09

2.50E+09
l 2.25E+09
2.00E+09

1.75E+09
1.50E+09

- 1.25E+09
1.00E+09

7.50E+08

5.00E+08
l 2.50E+08
0.00E+00

Wom

LY
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Step 2: Shortening Pin Depth In Cavity

E Field [V/m]

Max: 2458E+09

2.50E+09
l 2.25E+09
2.00E+09

1.75E+09
1.50E+09
1.25E+09
1.00E+09
7.50E+08

5.00E+08
l 2.50E+08
0.00E+00

Min: 0.000E+00

L -2t

=X

Wang Group | Department of Physics

20 (mm})

B Selutions: connor_bandpass_tel01 - 12,5 GHz + 300MHz — Oa

Simulation:

Dezign Vaniation: |.en="|rnm'$hammerHeadF|ad='2mm'$pinHeight='-E|mm'$pinLength='-8.5mm'$pinF|ad='D.835mm' J “

|5&tu|:u‘| j |La$b’-'«da|:utive ﬂ

Profile l Convergence Eigenmode Data l Mesh Statistics ]

Solved Modes

Export

pes

Eigenmode | Frequency [GHz) h = f

Fd ode: 1

12.08819 +j 0.000363660 16351.4 ‘

Cloge
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Step 3: Checking Different DoF

E Field [Vim]

Max: 2.958E+09

3.0E+09
l 2.7E+09
2.4E+09

2.1E+09
1.8E+08

- 1.5E+09
1.2E+09

9.0E+08

6.0E+08
l 3.0E+08
0.0E+00

Min:  0.000E+00

Y

15

30 (mm)
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Step 3: Checking Different DoF

E Field [Vim]

Max: 2.958E+09

3.0E+09
l 2.7E+09
2.4E+09

21E+09
1.8E+09

1.5E+09
1.2E+09

9.0E+08
6.0E+08
3.0E+08
0.0E+00

Min:  0.000E+00
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Step 3: Checking Different DoF

E Field [Vim]

Max: 2.958E+09

3.0E+09
l 2.7E+09
2.4E+09

21E+09
1.8E+09
1.5E+09
- 1.2E+09
9.0E+08
6.0E+08

3.0E+08
0.0E+00

Min:  0.000E+00

Y

Wang Group | Department of Physics

10

20 (mm)

Ansys

2022 R2
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Step 4: Debugging Low Coupling

Because the modes are radial, side entry
with symmetric placement leads to
extremely low coupling — thanks, Sean!




@

Step 5: Debugging Low Coupling

CD@Q




Step 5: Debugging Low Coupling

0 10 20 (mmj}
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Step 5: Debugging Low Coupling

B Solutions: connor_bandpass_tel01 - 12,5 GHz + 300MHz (one pin 20 d anglel pin) — (Il x

Simulation: | Setup j | Lastadaptive j

Design Yariation: |_er‘|="|rr|m' $hammerHeadR ad="2mm" $pinHeight="-3mm"' $pinLength="-3.5mm"' $pinF ad="0 635mm’ J ‘J

Profile ] Convergence Eigenmode Data l Mesh Statistics ]

Saolved Modes Ewxpart |

Eigenmode | Frequency [GHz) 0

Mode 1 12,2248 + 0.000351610 173841

Y=

l.&-—f_--N

L T
0 10 20 (mmj}
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Step 5: Debugging Low Coupling

B Solutions: connor_bandpass_tel01 - 12,5 GHz + 300MHz (one pin 20 d anglel pin) — (Il x

Simulation: | Setup j | Lastadaptive j

Design Yariation: |_er‘|="|rr|m' $hammerHeadR ad="2mm" $pinHeight="-3mm"' $pinLength="-3.5mm"' $pinF ad="0 635mm’ J ‘J

Profile ] Convergence Eigenmode Data l Mesh Statistics ]

Saolved Modes Ewxpart |

Eigenmode | Frequency [GHz) 0

Mode 1 12,2248 + 0.000351610 173841

Which Was Precisely
What We Predicted!

L T
0 10 20 (mmj}
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Step 6: Sweeping Angle DoF

Degree Angle (Q Factor
10 2.19 x 10°
15 225
20 286
22.5 339
25 418
30 724
35 887
40 1229

Wang Group | Department of Physics
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Step 6: Sweeping Angle DoF

Degree Angle (Q Factor

10 2.19 x 10°
15 225>
20 286
22.5 339

25 418

30 724

35 887
40 1229

Sticking With This 15 Degree Angle...

Wang Group | Department of Physics 0



Step 7: Sticking with 15 Degree Angle

E Field [V/m]

Max: 3.043E+09

3.10E+09
l 2.T9E+09
2.48E+09

217E+09
1.86E+09
1.55E+09
1.24E+09
9.30E+08
6.20E+08
3.10E+08
0.00E+00

Min: 0.000E+00

iy =

el

Wang Group | Department of Physics

15

30 (mm)
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Step 7: Sticking with 15 Degree Angle

E Field [V/m] B " Solutions: connor_bandpass_tel101 - 12,53 GHz = 500MHz (two pin 13 d angle V pin) 184 - O ot

Max: 3.043E+09

2.T9E+08

l 3.10E+09 Sirnulation: | Setupl j | Lastddaptive j

Design Y ariation: |Ler'|="lmm' $harmmerHeadR ad="2mm' $pinHeight="-3mm" $pinlength="-10mm' $pinF ad="00 635mm' J J

2 48E+09
2 17E+09
1.86E+09 Profile ] Convergence Eigenmode Data l Mesh Statistics ]
1.55E+09
I 1 24E+09
9.30E+08 Saolved Modes E xpart |

Eigenmade Frequency [GHz] -

6.20E+08
l 3.10E+08
0.00E+00

12.0427 +10.0385108 156,356

Min:  0.000E+00

This Was What We Wanted!

iy =

o ]

Ed
L]
2 s

[ T
0 15 30 (mm)
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Step 8: Now Checking Tunability

Sweep Height (mm) Frequency (GHz) Q Factor Implied x (MHz)

Detfault 18.8 12.0732 178.50 67.64
Sweep 1 18.3 12.1546 171.16 71.01
Sweep 2 18.0 12.2085 167.64 72.82
Sweep 3 17.8 12.2424 166.21 73.75
Sweep 4 17.6 12.2787 173.24 70.88
Sweep 4.1 17.5 12.3041 192.90 63.78
Sweep 4.2 17.46 12.3117 205.21 60.00
Sweep 4.3 17.455 12.3215 209.47 58.82
Sweep 4.4 17.45 12.3200 592.01 20.81

Sweep 9 17.4 13.3169 740.31 17.99

Wang Group | Department of Physics =



&

Step 8: Now Checking Tunability

Sweep 'Helght (mm)l Frequency (GHz) Q Factor Implied x (MHz)

Default | 18.8 - 12.0732 178.50 67.64
Sweep 1 | 183 1 12.1546 171.16 71.01
Sweep 2 | 180 i 12.2085 167.64 72.82
Sweep 3 | 17.8 12.2424 166.21 73.75
Sweep 4 | 176 | 12.2787 173.24 70.88
Sweep 4.1 | 175 1 12.3041 192.90 63.78
Sweep 4.2 | 1746 | 12.3117 205.21 60.00
Sweep 4.3 | 17.455 | 12.3215 209.47 58.82
Sweep 4.4 ' 1745 | 12.3200 592.01 20.81
Sweep5 | 174 1 13.3169 740.31 17.99
I i
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Step 8: Now Checking Tunablllty

Sweep 'Helght (mm)l Frequency (GHz) Q Factor - Implied « (MHz)

1

1

| 1

Default | 18.8 | 12.0732 178.50 | 67.64 :
Sweep 1 | 18.3 | 12.1546 171.16 ! 71.01 :
Sweep 2 | 18.0 | 12.2085 167.64 | 72.82 :
Sweep 3 | 17.8 | 12.2424 166.21 ! 73.75 :
Sweep 4 | 17.6 | 12.2787 173.24 70.88 :
Sweep 4.1 | 17.5 | 12.3041 192.90 ! 63.78 :
Sweep 4.2 | 17.46 1 12.3117 205.21 ! 60.00 :
Sweep 4.3 | 17455 1 12.3215 209.47 ! 58.82 :
Sweep 4.4 | 1745 1 12.3200 592.01 ! 20.81 :
Sweep 5 | 17.4 ] 13.3169 740.31 | 17.99 :
| . 1 1

e o o o o o e e e I P T L L d
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Step 8: Now Checking Tunablllty

Sweep 'Helght (mm)l Frequency (GHz) Q Factor - Implied « (MHz)

1

1

1 1

Default | 18.8 | 12.0732 178.50 ! 67.64 :
Sweep 1 | 18.3 | 12.1546 171.16 ! 71.01 :
Sweep 2 | 18.0 | 12.2085 167.64 ! 72.82 :
Sweep 3 | 17.8 | 12.2424 166.21 ! 73.75 :
Sweep 4 | 17.6 | 12.2787 173.24 70.88 :
Sweep 4.1 | 17.5 ! 12.3041 192.90 ! 63.78 :
Sweep 4.2 | 17.46 1 12.3117 205.21 ! 60.00 :
Sweep 4.3 | 17455 1 12.3215 209.47 ! 58.82 |
Sweep 4.4 | 17.45 | 12.3200 592.01 | 20.81 :
Sweep 5 | 17.4 ] 13.3169 740.31 | 17.99 :
| . 1 1

e o o o o o e e e I P T L L d

Not Bad Overall For A Simple Design...
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Step 9: Focusing on S21 Simulations

Wang Group | Department of Physics ge.
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Step 9: Focusing on S21 Simulations
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Step 9: Focusing on S21 Simulations

S Parameter Plot 1 12.5 GHz + 500MHz TWO PIN $21 DEFAULT HEIGHT A“;gg

°] R — — dB(S(1,1)
| Setup1 : Sweep
i — dB(3(2,1))
-5 ] Setupi : Sweep ||
— dB(3(12))
T Setup1 : Sweep |
-0 |
. — dB(3(2,2))
— Setup1 : Sweep
T -15 —_
-20
-25 —
'30 T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T
1 12 13 14 15 16 17 18
Freq [GHz]
76
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Step 10: Debugging S21




Step 10: Debugging S21

Mode Type Analytic (GHz) Simulation (GHz)
1 TH 111 12.408 12.4497
2 TE 11 12.408 12.5190
3 T™ 010 12.418 12.5542
4 T™ 011 14.757 14.8955
5! TE 211 17.672 17.2945
6 TE 211 17.672 17.8843
7 TE 112 18.866 18.6018
8 TE 112 18.866 18.6532
9 T™ 111 19.760 19.9606
10 TM 110 19.760 20.0605

Wang Group | Department of Physics
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Step 10: Debugging S21

Mode Type Analytic (GHz) Simulation (GHz)
1 TH 111 12.408 12.4497
2 TE 11 12.408 12.5190
3 T™ 010 12.418 12.5542
4 T™ 011 14.757 14.8955
5! TE 211 17.672 17.2945
6 TE 211 17.672 17.8843
7 TE 112 18.866 18.6018
8 TE 112 18.866 18.6532
9 T™ 111 19.760 19.9606
10 TM 110 19.760 20.0605

Which All Made Sense...

Wang Group | Department of Physics
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Step 10: Debugging S21




Step 10: Debuggmg 521

B Solutions: connor_bandpass_ te101 - 12.5 GHz + S00MHz (one pin 13 d anglel pin w2} 2210

Simudalion: |59h_||:|1 El [Laatﬁdaplim EI

Dresign Vanatiore |L9n='1mm':*.hamrnerHem:Had:'Emm'$pirHaight='-En‘rn'$1:inLenglh='—1Emrr:n'?.pi'ﬂaj:'ﬂﬁ_ﬁnm' J |J

Profile | Convergence  Eigenmade Data | Mesh Statistics |

Soked Modes Expait

Eigenmade | Frequency [GHz) —— a
Mode 1 12,1694 + 0.0274008 '\ 222083 ]

Wang Group | Department of Physics e
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Step 10: Debuggmg 521

B Solutions: connor_bandpass_te101 -

Simudation:

Dresign Vanatiore |L9n='1mm':*.hammerHem:Had:'Emm'$pirHaight='-En‘rn'$1:inLenglh='—1Emrr:n'?.pi'ﬂaj:'ﬂﬁﬁnm' J |J

12,5 GHz = 500MHz (one pin 13 d anglel pin v2) 221 0

| Sehup)

El [Laatﬁdaplim

=]

Profile | Convergence  Eigenmade Data | Mesh Statistics |

Soked Modes Expait
Eigenmade | Frequency [GHz) ——
Mode 1 12,1694 + 0.0274008 '\ 222083 ]
Simulation; |5 eupt v | |Lasttdaplive v

Profie | Convergence Sgenmode Data |I'-'ra:d15:drat|u3]

| Design Vaiatices JLen="Tmen' $hammesHeadRad="2rm’ pinHeight="9mm’ fpinLength="1Omm' $pnF ad=10. E35mm’ J I/

Soived Modes E xpart
Eigenmode I Frequency [GHz]) | —
oo 121653 + 0.02735962 222111

Wang Group | Department of Physics
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Step 10: Debugglng 521

B Solutions: connor_bandpass_ te101 - 12.5 GHz + S00MHz (one pin 13 d anglel pin w2} 2210

Smudation: | Sehup) | | Lastidaplive |

Drzsign Vanation |Lm='1mm"ihamn‘erHeadhd:‘Emm‘$pirHEight='-En'm'$.|:inLEtmglh='-1Emm'?.p'rﬂa:l:'ﬂﬁ_:ﬁnm' J |J

Profile | Convergence  Eigenmade Data | Mesh Statistics |

Soked Modes Expait

Eigenmeda [ Frequency [GHz) ———_ @ |
 [Mode1 121634 4{ 00274009 1\\ 222062 7 |
| Simulaticn: |Setup | | Lastadaptive -

Desion Vanalioe: | en="mm' thammeiHeadRad="2mm’ $oinkeight="Smm’ fpinLength="1C0mm' $pnF.ad=1.635mm’ J |

Profie | Convergence Sgenmode Data | Messh Statistics |

Soived Modes Expart

Eigenmode | Frequency [GHz]) | = |

Mode 1 121653 + 00273562 222111

Which Also Made Sense...

Wang Group | Department of Physics
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Step 11: Switching to Rectangular




&
Step 11: Switching to Rectangular

*** Height Not Drawn to Scale

“

% \
%
/l/
c
N
\ A o>
«
g,
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Step 11: Switching to Rectangular

*** Height Not Drawn to Scale

“
Ks%
%
A
c
o
N
A >
>
9 595 B \9 Qo
112122 (I) 15 30 (mm)
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Step 12: Rectangular Modes

Frw = SV (2 + (2)° + (3)°

Wang Group | Department of Physics 2



Step 12: Rectangular Modes

# ' Solutions: connor_bandpass_te101 - RECTANGULAR CAVITY 12.5 GHz — O * f — C ( m ) 2 _|_ ( n ) 2 _|_ ( p ) 2
mnp 2 a b d
Simulation; |Setup | [Lastadaptive ]
Diesign Wariation: || er="{mm' $hammerHeadRad="2mm’ $pinHeight="3mm' $pinLength="10mm' $pinFad="0.635mm' J |7 -
Profile | Convergence Eigenmode Data | Mesh Statistics | ‘\
1
Solved Modes Expont ’¢'
-
Eigenmode [_',_\L Frequency [GHz) |_ L=
Made 1 (125065 | Gm=mmm=—===
" |Mode 2 17,5951
" |Mode 3 18.4978
- |Mode 4 18.4982
" [Mode5 201024
" |ModeE 201026
 |Mode 7 20,9748
" |Modes 22 2569
" |Mode 9 242892
" |Mode 10 24 2894
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Step 12: Rectangular Modes

2 2 2
# ' Solutions: connor_bandpass_te101 - RECTANGULAR CAVITY 12.5 GHz — O * — C m _I_ n _|_ p
mnp —— 2 a b d
Simulation; |Setup | [Lastadaptive ]
Diesign Wariation: || er="{mm' $hammerHeadRad="2mm’ $pinHeight="3mm' $pinLength="10mm' $pinFad="0.635mm' J |Qf ~
Profile ] Convergence Eigenmode Data | Mesh Statistics | \‘
1
Solved Modes Expont ’I'
: ——
Eigenmaode — Frequency [GHz] [ e e -
~ [Mode 1 (125065 | Emmmmmmmmm———=
Mode 2 17.5351 T h M h
Mode 3 18.4978 e a t
Mode 4 18.4382
20102 Matches, as
Mode & 20,1026 )
Mode 7 20,9748
- |Mode 8 22 2563 EXpeCted!
Mode 3 24.2892
Mode 10 24.2894

Wang Group | Department of Physics 22



Step 12: Tuning Pin DoF

Position Fixes So Tuning Length...

Wang Group | Department of Physics e



Step 12: Tuning Pin DoF

Position Fixes So Tuning Length...

91
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Step 12: Tuning Pin DoF

Length Inside Cavity (mm) Q Value Frequency (GHz)

1.0 4424 12.43
1.5 2298 12.33
2.0 1324 12.18
3.9 172 16.70
4.0 174 16.94
4.5 172.58 16.72

0 15 30 (mm)
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Step 13: Checking S21

This Time We Are Laser Focused on S21...

Wang Group | Department of Physics 2



Step 13: Checking S21

Name | X[GHZ | ¥ S Parameter Plot 1 RECTANGULAR CAVITY 12.5 GHz 1.5mm Pin Depth MODAL HC Ansys
m1 121800 |-3.6417 2022 R2

m2 123500 : — dB(S(1,1))
Setup1 : Sweep
ErectPinHeight="1.5mm"

— dB(3(1,17)
Setup1 : Sweep
SrectPinHeight="2.5mm"

= dB(32,7))
Setup1 : Sweep
SrectPinHeight="1.5mm"

dB(S(2,1])
Setup1 : Sweep
ErectPinHeight="2.5mm"

A
L
o

dB(=(1,2))
Setup1 : Sweep
SrectPinHeight="1.5mm"

— dB(3(1.2))
Setup1 . Sweep

__________...--"" ErectPinHeight="2.5mm"
— dB(S3(22))
Setup : Sweep
SrectPinHeight="1.5mm"

_ — dB(5(2,2)) =

11 12 13 14 15 16 17 18
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Step 13: Checking S21

Name | X[GH | ¥ S Parameter Plot 1 RECTANGULAR CAVITY 12.5 GHz 1.5mm Pin Depth MODAL He ANSYS
m 121500 |-3.8417 2022 R2

m2 123500 . — dB{Z(1,1))
Setup1 : Sweep
ErectPinHeight="1.5mm"

= dB(S(1,1))
Setup1 : Sweep
SrectPinHeight="2.5mm"

= dB(32,7))
Setup1 : Sweep
SrectPinHeight="1.5mm"

dB(3(2,1])
Setup1 : Sweep

M u C h Bette r! SrectPinHeight="2.5mm"

dB(S(1,2))
Setup1 : Sweep
SrectPinHeight="1.5mm"

— dB(3(1.2))
Setup1 . Sweep

__________...--"" ErectPinHeight="2.5mm"
= dB(5(2,2))
Setup : Sweep
SrectPinHeight="1.5mm"

1 — dB(5(2,2)) =

11 12 13 14 15 16 17 18

Wang Group | Department of Physics 2



Step 13: Shifting Resonance (12.58 Ghz)

PReSPA Needs a 12.58Ghz Filter, so we
Tweaked Some Parameters...

Wang Group | Department of Physics 2le



Step 13: Shifting Resonance (12.58 Ghz)

Name | X[GHZ | ¥ S Parameter Plot 1 Ansys
m1 12,5800 |-47.0812 2022 R2
0 — dB(S(1,1))
7] /_ \ Setup1 : Sweep
: —  dB(5(2,1))
Setup1 : Sweep
-10
] —  dB(S(1,2)
i Setup1 : Sweep
20 dB(S(2,2))
i Setup1 : Sweep
= 4
=30
=40
i m1
T 7
T T T T I T T T T | I T T T T I T T T T I T T T T I T T T T
11 12 13 14 15 16 17 18
Freqg [GHZ]
97
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Step 14: Testing Tunability Mechanism

Freq (GHz) Height (mm) AHeight (mm) Q Value &« (MHz)
16.28 10.2 -4.0 324 00.25
14.96 11.2 -3.0 539 27.76
13.98 12.2 -2.0 741 18.87
13.56 12.7 -1.5 867 15.64
13.20 13.2 -1.0 931 14.18
12.58 14.2 0.0 1119 11.24
12.32 14.7 0.5 1211 10.17
12.16 15.2 1.0 1295 9.39
6.00 15.4 1.2 722905 0.01

Wang Group | Department of Physics
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Step 14: Testing Tunability Mechanism

Freq (GHz) Height (mm) AHeight (mm) Q Value &« (MHz)
16.28 10.2 -4.0 324 00.25
14.96 11.2 -3.0 539 27.76
13.98 12.2 -2.0 741 18.87
13.56 12.7 -1.5 867 15.64
13.20 13.2 -1.0 931 14.18
12.58 14.2 0.0 1119 11.24
12.32 14.7 0.5 1211 10.17
12.16 15.2 1.0 1295 9.39
6.00 15.4 1.2 722905 0.01

Wang Group | Department of Physics
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Step 14: Testing Tunability Mechanism

Freq (GHz) Height (mm) AHeight (mm) Q Value &« (MHz)
16.28 10.2 -4.0 324 00.25
14.96 11.2 -3.0 539 27.76
13.98 12.2 -2.0 741 18.87
13.56 12.7 -1.5 867 15.64
13.20 13.2 -1.0 931 14.18
12.58 14.2 0.0 1119 11.24
12.32 14.7 0.9 1211 10.17
12.16 15.2 1.0 1295 9.39
6.00 15.4 1.2 722905 0.01

This is Good Just Narrower Than We
Originally Set Out to Get

Wang Group | Department of Physics
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V. Design Challenges for
Lower Frequencies



&
Using a Cylindrical Design: TE101

Deriving Minimum Radius for 2.0 GHz

c x! 2 P 2
oo = 52\ () + (F)
/

lim =
h—s 00 Jmin 2r T

cxiy
'min —
27 f

3 x10°% x 1.8412
21 x (2 x 109)

~ 0.0245 m (24.5 mm)

Minimum radius for 2.0 GHz

Wang Group | Department of Physics 102



&
Using a Cylindrical Design: TE101

2.0 GHz @ 50 mm radius

Fo Sy f(E) s (Y
27 r h
2




&
Using a Cylindrical Design: TE101

Substitute f = 2.0 GHz, r = 0.050 m, =/, = 1.8410, p =1, ¢ = 3 x 10® m/s:

-
\/(27r(2><109))2 _ (1.8410)2
3% 108 0.050
h 4350 1

Required for 2.0 GHz.

h =

Wang Group | Department of Physics 104



&
Using a Cylindrical Design: TE101

Substitute f = 2.0 GHz, r = 0.050 m, =/, = 1.8410, p =1, ¢ = 3 x 10® m/s:

-
\/(27r(2><109))2 _ (1.8410)2
3% 108 0.050
h 4350 1

Required for 2.0 GHz.

h =

Wang Group | Department of Physics 105



Using a Cylindrical Design: TE101

Substitute f = 2.0 GHz, r = 0.050 m, 2}, = 1.8410, p =1, ¢ = 3 x 10® m/s:

-
\/(%(leog) ) 2 B (1.8410)2
3% 108 0.050
h ~C350 mu>

h =

Required for 2.0 GHz.

Wang Group | Department of Physics 106



&
Using a Cylindrical Design: TE101

Substitute f = 2.0 GHz, r = 0.050 m, =/, = 1.8410, p =1, ¢ = 3 x 10® m/s:

T
h =
\/(27r(2><109))2 _ (1.8410)2
3x108 0.050
Same Issue as Rectangular as 3.4
h 350 muD GHz will be Similar Story!
Required for 2.0 GHz.
—= —= —=
350mm 20mm 12mm
S , -------- :' ........
2.0 GHz 7.8 GHz 12.5 GHz

Wang Group | Department of Physics 107



VI. The Actual Design



CAD Design of the Filter

Wang Group | Department of Physics 109



CAD Design of the Filter
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CAD Design of the Filter
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Expected Results

E Field [V/im] Ansys

2022 R2
Max: 1.792E+09

1.80E+09
. 1.62E+09
1.44E+09

1.26E+09
1.08E+09
9.00E+08
7.20E+08
5.40E+08
3.60E+08
1.80E+08
0.00E+00

Min: 0.000E+00

0 10 20 (mm)
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Expected Results

E Field [V/im] Ansys

2022 R2
Max: 1.723E+09

1.750E+09
. 1.575E+09
1.400E+09

1.225E+09
1.050E+09
8.750E+08
7.000E+08
5.250E+08
3.500E+08
1.750E+08
0.000E+00

Min: 0.000E+00
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Expected Results

Name | X[GHZ | Y S Parameter Plot 1 Ansys
m1 126000 | -21.2329 SHEE RS
0 — dB{S{1,1))
Setup1 : Sweep
— dB(3(2.1))
-5 = Setupi : Sweep
= dB(5(1.2))
4 Setup1 © Sweep
=10
| — dB(3(2.2))
Setup1 : Sweep
-15 —
=
_:_]'u B J'I
-25 —
-30
-35

Freq [GHz]
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Expected Results

Name | X[GHZ | Y S Parameter Plot 1 Ansys
m1 15,0000 | -20.0672 SIS RS
0 V = dB(5{1,1))
Selup1 : Sweep
— dB(3{21))
Setup1 : Sweep
=10 —
= dB(5{1,2))
Sefupl | Sweep
— dB(S{22))
-20 Setup1 : Sweep
T -30
-40 =
_SD B
=60 T T T T T T T T T T T T T | |
2 4 L] 10 12 14 16 18 20
Freq [GHz]
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Fabricated Device
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First Roadblock
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First Roadblock

Spring Did Not Function As

Expected... \
1
_ s’
— -
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Do We Even Need a Cover?

P} S21 Log Mag 10.00d8/ Ref -40.00d8

1 9.4873577 GHz -3,8273 d8
2 11.497328 GHz -46.020 ds
3 13.105303 GHz -3.2879 ds

>

stop 20 Gz [EE
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Do We Even Need a Cover?

viarker

PR S21 Log Mag 10.00ds8,/ Ref -40.00d8

1 9.4471583 GHz -3.5319 ds
2 11.577726 GHz -49.229 d8
>3 13,467098 GHz -3.2409 d8

et N
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Do We Even Need a Cover?

varker .46 /709800 GH

A

PRl 521 Log mMag 10.00ds,/ Ref -40.00d8

1 9.4471583 GHz -3.5312 d8
2

2 11.577726 GHz -49.22% ™
>3 13,467098 GHz -3.2409

Cran a0 s TR
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Let’s Look at Different Types of Pins

The Hammerhead Short SMA Long SMA
(9.75mm) (12.56mm)
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The Hammerhead
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Short SMA
(9.75mm)
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Long SMA
(12.56mm)
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521 Log Mag 50.00d8/ Ref

-150., 0d8
1

12.864107 GHz -5,7753 dB
| >3 12.301315 GHz -5.7233 ds

0.000
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E 12.559912 GHz -2.7655 ds
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B 521 Log Mag 50.00d8/ Ref

-150.0d8

E 12.559912 GHz -2.7655 d8

2 12.864107 GHz -5,7753 ds
| >3 12.301315 GHz -5.7233 ds

0.000
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Meeting Requirement of PReSPA

521 Log Mag 50.00d8/ Rre -150.0d8

—

4

1 12.559912 GHz -2.7655 ds
2 12.864107 GHz -5.7753 ds
>3 12.301315 GHz -5.7233 ds

B o o o o -

Can We Improve x 7

v I —
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Meeting Requirement of PReSPA

521 Log Mag 50.00d8/ Rre -150.0d8

—

1 12.559912 GHz -2.7655 ds
2 12.864107 GHz -5.7753 ds
>3 12.301315 GHz -5.7233 ds

| , 5 ,
== mm | Resonance: 12.55 Ghz |
|

B o o o o -

Change Coupling = Change Pin

i N P

130
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Meeting Requirement of PReSPA

»iIE] 521 Log Mag 50.00d8, Ref -150.0ds

1 12.612171 GHz -6.5632 dB
2 12.647030 GHz -8.9618 d8
| 3 12.578692 GHz -7.6560 dB
>4 12.588250 GHz -6.7980 d8

-100.0
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Meeting Requirement of PReSPA

»iIE] 521 Log Mag 50.00d8, Ref -150.0ds

1 12.612171 GHz -6.5632 dB
2 12,.647030 GHz -8,9618 d8
3 12.578692 GHz -7.6560 d8
4

12.588250 GHz -6.7980 d8

-100.0

Wang Group | Department of Physics

132




We Still Need to Get Around This...

Spring Did Not Function As

Expected... \
1
_ s’
— -
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Hello Engineering.
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Hello Engineering.
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Hello Engineering.
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Seeing This Design in Action.
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Resonance: 9.88 Ghz
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Seelng Th|s De5|gn in Actlon

| I
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Seelng Th|s De5|gn in Actlon

Resonance: 13.88 Ghz
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Questions?
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