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Designing 5G and mmWave Microwave Filters with an AI-

Optimized Design Platform.

Use Cases
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Use Case 1: 

Computer Aided Tuning Design

Introducing a SynMatrix-HFSS integrated workflow for 

Microwave Filter Design.
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Specifications Requirements

Frequency Range (MHz) 3300 ~ 3400

Insertion Loss (dB) < 1.5

Rejection (MHz)

0.09 ~ 3190 > 100 dB

3190~3280 > 40 dB

3420~3460 > 40 dB

3460~6800 > 80 dB

Return Loss (dB) > 16

Peak Power (Watts) 100

Operating Temperature 

(ºC)
-30~80

Connector Type SMA

Customer Requirements
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Step 1: Specification analysis and ideal filter 
performance design.

Freq Range: 3300~3400Mhz

Insertion Loss: < 1.5 dB

Return Loss: > 16 dB

Rejection:

3190~3280 > 40 dB

3420~3460 > 40 dB

3460~6800 > 80 dB

Dispersive Effect Prediction 

using Coaxial-type filter

Display Range and associative 

calculation
Topology Setup

1

2

3

4

Part 1 of 4
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Step 1: Select material, CTE and temp range 
inputs for thermal shift analysis.

✓ Choose the material and perform 
a thermal shift analysis

✓ Select custom CTE number: 
8ppm (based on design 
experience). Number will be re-
evaluated in step2

✓ Select temp range: -35~85ºC 
(for conservative analysis, this 
range should be wider than 
customer spec)

✓ Thermal shift margin: 1.67Mhz

Pass/Fail spec 

indicators

Thermal shift 

margins evaluation

Part 2 of 4
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Step 1: Graphic plots for additional feature 
analysis and review.

Part 3 of 4

Stored Energy

Coefficient Matrix

✓ Additional features allow users to analyze results from different aspects Group Delay
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Part 4 of 4

• Shift frequency and Bandwidth. To meet 

customer requirements and to comply with 

thermal shift margins, the filter performance 

needs to be fine-tuned with the ‘Fine-Tune 

Matrix’ function without modifying the centre 

frequency and bandwidth. 

• Export/Import matrix info and S2P file 

export. 

• Final designed matrix file can be exported

• A customized local matrix file can also be 

imported

• Matrix sign can be changed to adapt the 

different coupling schemes

• S2P file can be exported

1

2

1 2

Step 1: The fine-tune matrix and S2P file export 
functions. 
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Part 2 of 5

• Thermal Shift Analysis

o Compensate for frequency variation within the structure 

caused by temperature variation

o Invar material used on top of the resonator where 

electrical field is most sensitive

o For the tuning rod, the linear frequency varied range 

obtained within the L1 change ranges

o For partial material composed resonator, ratio between 

invar and aluminum need to be tuned to obtain minimum 

frequency variation

Step 2: Single cavity simulation
Unloaded Q analysis, thermal shift and peak power handling 

estimation

Partial material structure

)1( TempCTEkVolumeDimension +

*K factor may be varied based on different structures: 

• By 1D dimension---length or height, factor k =1~1.5;

• By 2D dimension—area; factor k=2;

• By 3D dimension---volume, factor k=2~4;

The k factor depends on the key geometric structure, ex: 

tuning rod position vs. max E field 

Material CTE (ppm/ºC)

Aluminum 23

Copper 1.5

Invar 17

*To simplify the 

manufacturing 

process, only the 

resonator will apply 

to different 

materials

H2

Invar

L1
D1

Brass/Invar
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Part 3 of 5

• Thermal Shift Analysis – HFSS setting

o To avoid the frequency error during the simulation

which is caused by conductive loss, the material can

be assumed as a perfect electric conductor

o The “Pass Number” should be set as a reasonable

higher value to ensure the simulation is accurate; in

this case, the number is to set as 12

o One needs to observe the convergent status during

the simulation; a bumpy curve is not allowed

o With the partial material composed resonator, the

thermal shift can be control with 2.2Mhz; in the

meantime, the average CTE value is around

11ppm/ºC

Step 2: Single cavity simulation
Unloaded Q analysis, thermal shift and peak power handling 

estimation

Delta Temp

(ºC)

Freq-Eigenmode

(Mhz)

Freq Shift—abs value

(Mhz)

0 3460.88 N/A

35 3460.23 0.65

70 3459.63 1.52

100 3462.73 2.15

130 3462.98 2.10 More advanced features for thermal shift 

analysis will be available on SynMatrix

Convergent
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Part 4 of 5

• Thermal Shift Analysis – Re-evaluation 

in SynMatrix

o Re-enter the CTE number retrieved from

HFSS. Once complete, all the thermal

margins will be displayed

o The coupling matrix needs to be fine-

tuned until all the specifications are met

Step 2: Single cavity simulation
Unloaded Q analysis, thermal shift and peak power handling estimation

Thermal 

Shift Margins
Pass / Fail 

Status

Enter CTE Number
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Part 5 of 5

Peak Power Handling

• FOUR step calculation for peak

power handling estimation

• At centre frequency, the peak

power handling capability is

around 615 Watts without

considering the impaction of

power reflection

Step 2: Single cavity simulation
Unloaded Q analysis, thermal shift and peak power handling 

estimation

Stored Energy@f0 

=2.86nj@resonator5

1

2

3

4

Max E field simulation

Stored Energy Calc

Stored Energy Simulation

Peak Power Handling 

Calc
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Part 1 of 2

Coupling Coefficient Simulation

• The even mode and odd mode can be

obtained under the Eigenmode

simulation;

• By sweeping the iris width, the

coupling coefficient varying range can

be from 0.1 to 1 which can cover the

coupling variation of the “Golden

matrix”

Step 3: 3D Simulation 
Coupling coefficients and I/O Structure

Iris Width

Iris Width

Coupling Scheme 1

Coupling Scheme 2

BW

f

ff

ff
Coupling

me

me 0

22

22


+

−
=

BW

f

ff

ff
Coupling

me

me 0

22

22


+

−
=

Golden Coupling 

Matrix
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Part 2 of 2

I/O Structure

• The input/output coupling

can be obtained through the

“Group Delay” simulation

• The relevant information

can be found above the

golden matrix page in

Synmatrix

• Since the PIM requirement

is low and the design needs

higher I/O coupling, so the

tab I/O structure is needed

• Due to the loading effect,

the higher freq should be

kept in the simulation

Step 3: 3D Simulation 
Coupling coefficients and I/O Structure

Side View

Top View

Height of tab

GD=5.97ns@3.43Ghz

GD=6ns@f0
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Part 1 of 15

3D Fully EM wave Simulation
• The most difficult and challenging stage 

in the filter R&D process

• Requires design knowledge and 

experience

• Requires simulation time and hardware 

resources that can be a long, iterative 

and tedious process

• A good simulation will save tuning time 

in the pre-sampling stage, thereby 

lowering and saving the overall cost and 

cycle time

• Synmatrix offers a flexible and fast 

tuning process to speed up the 

simulation process and improve the 

design accuracy     

Step 1: Start with chebyshev type filter

Step 2: Add the first transmission zero

Step 3: The completed structure simulation

1

2

3

Step 4: 3D full EM wave simulation
Overview
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Part 2 of 15

Step 1: Start with chebyshev type filter
1

M99 M88

M77 M66

M55 M44

M33 M22

M11
M89

M78

M67

M56 M34

M23

M12

M45

MS1M8L

Step 4: 3D full EM wave simulation
Mapping the physical dimension to coupling matrix value

Mapping physical dimensions to the coupling matrix value
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Part 3 of 15

Step 1: Start with chebyshev type filter
1

Depth of tuning rod

Height of resonator

Width of irisDepth of coupling 

tuning rod

Height of tab

Physical Dimension for tuning the freq Physical Dimension for tuning coupling

Physical Dimension for tuning the I/O
• There are many options for tuning; for example, a) the tuning 

rod depth or resonator height to tune the frequency or b) iris 

width or depth of coupling tuning rod for coupling tuning

• In order to ease manufacture workload, the resonator height 

and the coupling iris are kept at the same value (unless a 

change is necessary)

Main diagonal: Freq tuning

Sub-diagonal: Coupling tuning

Step 4: 3D full EM wave simulation
Mapping the physical dimension to coupling matrix value – Mapping 

Rules

Mapping Rules
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Part 4 of 15

Step 1: Start with chebyshev type filter
1

Step 4: 3D full EM wave simulation
Mapping the physical dimension to coupling matrix value – Start Tuning

Freq Error

Coupling Error

Depth of tuning rod
Depth of tuning rod

Height of tab

• Frequency error: positive

error means the freq is

higher while negative error

means the freq is lower

• Coupling and I/O error:

positive error means the

coupling is higher while the

negative error means the

coupling is lower;
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Part 5 of 15

Step 1: Start with chebyshev type filter
1

Step 4: 3D full EM wave simulation
Mapping the physical dimension to coupling matrix value – Start Tuning

Iteration2 Iteration5 Iteration6 Iteration8
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Part 6 of 15

Step 1: Start with chebyshev type filter
1

Step 4: 3D full EM wave simulation
Mapping the physical dimension to coupling matrix value – Start Tuning

Iteration9 Iteration11 Iteration12 Iteration13
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Part 7 of 15

Step 1: Start with chebyshev type filter
1

Step 4: 3D full EM wave simulation
Mapping the physical dimension to coupling matrix value – Start Tuning

Solid Curve: Golden Matrix

Dot Curve: Simulation

Dispersive Effects

Green bar means the

coupling coefficient error is

smaller than 0.001

• After 20 iterated simulations, the 

errors decreased from maximum 

450 to 3

• Due to the dispersive effective, the 

S21 at skirt area (out of the BW) 

cannot match with the golden 

matrix (target curve) very well

• In this stage, the user doesn’t 

need to get perfect performance; 

Fine tuning work will be followed 

after the transmission zeros are 

added
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Part 8 of 15

Step 2: Add the first transmission zero

2

Step 4: 3D full EM wave simulation
Add the first transmission zero

• Add the first transmission zero M14 and M24

• The negative sign for the cross coupling presents the electrical 

coupling, while the positive sign means magnetic coupling

• All previous well-tuned coupling values need to be fine-tuned again 

due to the cross-coupling addition, especially those close to the 

cross coupling area

M14

M24
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Part 9 of 15

Step 2: Add the first transmission zero

2

Step 4: 3D full EM wave simulation
Add the first transmission zero

✓ Resonator 4 freq (M44) is

decreased dramatically due to

the loading effect coming from

the cross coupling structure

✓ M14 needs to decrease as it is

negative sign for cross coupling

✓ All other couplings have minor

changes

Stay Tuned
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Part 10 of 15

Step 2: Add the first transmission zero

2

Step 4: 3D full EM wave simulation
Add the first transmission zero

Iteration2 Iteration5 Iteration7 Iteration8
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Part 11 of 15

Step 2: Add the first transmission zero

2

Step 4: 3D full EM wave simulation
Add the first transmission zero

• Errors are decreasing from 90 to 8 

on average

• Rule of thumb is to ensure the 

notch level is close to the golden 

matrix; the unperfected RL curve 

doesn’t need to be the exact same 

as golden matrix

• Fine-tuning is not necessary in this 

step until two transmission zeros 

are added in the final stage

Iteration10
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Part 12 of 15

Step 3: The completed structure simulation

3

Step 4: 3D full EM wave simulation
The completed structure simulation

• M14:Negative Coupling

• M24:Positive Coupling. The structure is changed to 

negative coupling to compensate for the magnetic 

coupling by using the weak electrical coupling to 

balance the notch level

• M58:Negative coupling

• M57:Positive coupling. Since the second CQ 

(cascade quadruplet) structure has a very low notch 

level, which conducts very weak coupling energy, the 

stray coupling leaking from resonator 5 to resonator 7 

will be used rather than building a physical structure

M

1

4

M

2

4

M

5

8

M

5

7
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Part 13 of 15

Step 3: The completed structure simulation

3

Step 4: 3D full EM wave simulation
The completed structure simulation

Iteration2, max 

error=25

Iteration5, max 

error=8

Iteration7, max 

error=10

Iteration8, max 

error=7
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Part 14 of 15

Step 3: The completed structure simulation

3

Step 4: 3D full EM wave simulation
The completed structure simulation

Iteration10, max 

error=7

Iteration14, max 

error=5

Iteration16, max 

error=5
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Part 15 of 15

Step 3: The completed structure simulation

3

Step 4: 3D full EM wave simulation
The completed structure simulation

1

2
3

4

5

6

7

8

9

Dimension modify level

<0.0003in

✓ All reflection poles (9 poles) are 

clear to see - coupling errors are 

extreme low

✓ Rejection level can meet the 

specification - Transmission Zeros 

can be controlled well

✓ Physical dimension changes in 

the range of 0.0003in is not 

achievable in reality; to save  

simulation time and resources, the 

simulation will be stopped at this 

stage

✓ The whole simulation can be 

completed within 4 hours (less 

than 30 iterations)



Use Case 2: 

AI-Optimized Design Platform

Introducing a SynMatrix-HFSS integrated workflow for 

Microwave Filter Design.

Use Case 2a: Coaxial 

Cavity Structure using 

Space Mapping method

Use Case 2b:

Waveguide Structure 

using AI-optimized 

method

Use Case 2c: Dielectric 

Filled Waveguide using 

AI-optimized method
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Generate the ‘Golden 
Matrix’

Load HFSS & set up 
parameters 

Set-up simulation & 
obtain initial error

Start the AI auto-
running 

HFSS-integrated Workflow

Preparation Step 1 Step 2 Step 3

Generate the 

‘Golden Matrix’

Load HFSS and 

set up parameters 

Set-up simulation 

and obtain initial 

error

Run the 
automated AI-
optimization 

process 
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Design Spec: f0=2.25GHz; BW=0.1Ghz; RL=22dB; 

Tz1= 2.12Ghz; Tz2=2.22Ghz; 

Structure: Coaxial cavity Optimizer: Automatic Space Mapping

Computer Specification: CPU: Inter Xeon E5-1620@3.6Ghz 

Memory: 16Ghz

Mapping Rules
✓ I/O: Height of tab

✓ Freq: Depth of screw

✓ Coupling: Depth of screw

I/O

Freq Coupling

Use Case 2a: Space Mapping Method
Coaxial Cavity Structure
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Initial 

Performance
1st Iteration

2nd 

Iteration
3rd 

Iteration

4th Iteration

Total simulation: 1Hr 45mins
• 8 iteration passes

• 801 points

• 5mins for each simulation

Use Case 2a: Space Mapping Method
Coaxial Cavity Structure
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Design Spec: f0=30.5GHz; BW=1.5Ghz; RL=23dB; 

Tz1= 29.54Ghz; Tz2=31.41Ghz; 

Structure: Rectangular Waveguide(WR-622); 

Optimizer: AI Optimizer + Dispersive effect control  

Mapping Rules:
✓ Freq: Waveguide Length

✓ I/O: Iris Width

✓ Coupling: Iris Width

I/O Coupling Coupling

Frequency

Use Case 2b: AI Method
Waveguide Structure
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Without Dispersion Control With Dispersion Control

✓ With dispersion control, the matrix 

extraction accuracy will increase 

about 2~5%. These minor 

changes are very critical when RL 

is lower than 20dB 

Light red: with dispersion control

Dark Red: Without dispersion control 

Use Case 2b: AI Method
Waveguide Structure
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2 Iterations 5 Iterations 12 Iterations 16 Iterations

20 Iterations 33 Iterations 38 Iterations 39 Iterations

Use Case 2b: AI Method
Waveguide Structure
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Linear dropping with minimum resonating
• RL is constant dropping until 15~18dB

• Coupling M vs. Dimension curve-----close to linear

• “Small bumper” duo to the minimum interaction 

between the coupling and transmission zeros

Non-stable Resonating
• RL is resonating lower than 18-19dB

• The coupling M vs. Dimension curve 

linearity is getting worse

• Simulation error

Use Case 2b: AI Method
Waveguide Structure

Global Error For                              Optimization6 Iterations Pass 
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1st AI: Iteration 39 

Increased meshes to increase the simulation accuracy and run the 2nd AI optimization

Simulation setups: 
• 10 iteration passes

• 801 points

• 4mins for each simulation

Coupling differences are 

within 0.005; 

Freq differences are within 

0.012

Iteration 13 

Total simulation: 1 hr 18mins
• 1st time AI: 53mins

• 2nd time AI: 25mins

Before

Now

Use Case 2b: AI Method
Waveguide Structure
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Freq

I/O

Design Spec: f0=3.55GHz; BW=1Ghz; RL=18dB; 

Tz1= -1.1; Tz2=1.1; Tz3=-1.5; Tz4=1.5;(Normalized)

Estimated unloaded Q: 2000 

Structure: Ceramic Waveguide;

Optimizer: AI Optimizer + Space mapping

Coupling

Mapping Rules:
✓ I/O: Prob Depth

✓ Freq: blind hole

✓ Coupling: through hole 

width

Tips: Check to have enough  frequency margins

Tips: Thermal shift estimation

Use Case 2c: AI Method
Dielectric Filled Waveguide---5G MIMO application
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Initial Response Coupling Matrix Error

Initial response
• Filter performance is detuned seriously

• Frequency error: higher than 0.5

• Coupling error; higher than 0.1 

• Transmission zero error: higher than 0.08

Set-up:
• HFSS:

✓ Max No. Pass: 8

✓ Max Delta S: 0.01

✓ Sweep type: fast

✓ Sweep Point: 701

• AI:
✓ Trial Modification: 0.025

✓ Maximum changes: 0.08

✓ Convergent criterion: 0.01

✓ Iteration Pass: 5

• Each time simulation will cost 3mins 

21seconds

Use Case 2c: AI Method
Dielectric Filled Waveguide
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Iteration 5 Iteration 12 Iteration 13

Iteration 17 Iteration 22 Iteration 30 Iteration 32

Iteration 14

Use Case 2c: AI Method
Dielectric Filled Waveguide
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Lossy Extraction 

Results
Lossy Results—

5s Fine Tune

Iteration51—

Lossy Results
Lossy Results—

5s Fine Tune

• Surface material is assigned to copper due to conservative consideration

• “Max iteration pass NO.” is increased to 10 to increase the simulation accuracy

Coupling matrix 

error
Coupling matrix 

error<0.01

• Frequency shifts down about 0.8Mhz; the extracted unloaded Q is 2200 compared with the designed 2000

Use Case 2c: AI Method
Dielectric Filled Waveguide
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• “Synmatrix Assumption” allows user to predict the filter performance changing tendency and make the 

right choice during the tuning workflow

• The “Stray coupling” M24, M57 contributes the most for the in-band RL ripples

Stray Coupling Assumption

1

2 3

4 5

6 7

8

In Out

Energy leakage Energy leakage

With Assumption on

Use Case 2c: AI Method
Dielectric Filled Waveguide


