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What can be measured with commercially available setups?

− On-wafer probing of test-structures is industry standard

− 0-110GHz:  4-port single-ended or 2-port (pseudo)-differential 

− 110-170GHz:  2-port single-ended    (new systems being introduced)

Problem for accurate characterization at mm-Wave frequencies

− Differential design for performance and robustness

− Multi-port (>2) passive structures commonly required

How to enable measurement of differential multi-port passives in D-band?

Differential-Mode Characterization of Multi-Port Passives in D-band
Introduction and motivation
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• Innovation required for scalable multi-port measurement solution!

Differential-Mode Characterization of Multi-Port Passives in D-band
Literature solutions

Notes and sources

Microfabricated probe with balun [3,4] Non-contact probes [5] On-chip integrated baluns [6,7]

☺ Differential mode measurement
☺ Demonstrated beyond D-band
 Fabrication cost
 Characterization uncertainty
 2-port limited in D-band

☺ Differential mode measurement
☺ Demonstrated beyond D-band
 Setup complexity
 Characterization uncertainty
 2-port limited in D-band

☺ Differential mode measurement
☺ Demonstrated in D-band

 Characterization uncertainty
 2-port limited in D-band
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Concept illustrated for simple 2-port device

− Assuming desired mode is terminated correctly from coupled ports

− Well-known 1-port reflection: Γ1 = S11 + S122 ΓL1−ௌ22ΓL

2-port DUT characterized by 3 consecutive independent measurements

Differential-Mode Characterization of Multi-Port Passives in D-band
Introduction and motivation

Notes and sources
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Concept scalable to N-port DUTs

2-port example can be generalized to any N-port passive DUT

− N(N+1)/2 independent matrix entries for N-port passive DUT

− Linear combination of port terminations with mathematical independence

− DUT characterized by solving system of equations

Validate measurement approach on 4-port differential D-band quadrature hybrid

Differential-Mode Characterization of Multi-Port Passives in D-band
Concept

௜ܰ௡ௗ21
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Differential 4-port quadrature hybrid 

− Would require 8-port single-ended  measurements

− Designed in 22nm FDSOI CMOS technology

− 10 duplicate structures for 4-port differential DUT

Structure by design symmetric in XZ and YZ plane yielding 6 structures

− DUT specific symmetry can be explored to reduce number of variables 

− Simulated impact on results negligible for XZ and YZ symmetry

Differential-Mode Characterization of Multi-Port Passives in D-band
DUT for methodology validation

[ ூܵொ] = 1ܵ1 1ܵ2 1ܵ3 1ܵ41ܵ2 ܵ22 ܵ23 ܵ241ܵ3 ܵ23 ܵ33 ܵ341ܵ4 ܵ24 ܵ34 ܵ44
௜ܵ௡ ܮ ܭ ܮܫ ௜ܵ௡ ܫ ܭܭ ܫ ௜ܵ ܵ௖௜ܫ ܭ ܵ௖௜ ௜ܵ

ܼܺ ܽ݊݀ ݕݎݐ݁݉݉ݕݏܼܻ
6 ݐ݊݁݀݊݁݌݁݀݊݅ ݏ݁݅ݎݐ݊݁
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[ ூܵொ] = ௜ܵ௡ ܮ ܭ ܮܫ ௜ܵ௡ ܫ ܭܭ ܫ ௜ܵ ܵ௖௜ܫ ܭ ܵ௖௜ ௜ܵ =

Methodology applied to quadrature hybrid structure 

− 4 differential ports: IN, TRU, CPL, ISO

Solve system of equations to obtain 6 entries of quadrature hybrid scattering matrix

Differential-Mode Characterization of Multi-Port Passives in D-band
Applied methodology on DUT
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Input pads with coplanar transmission lines de-embedded

− Open-Short-Load de-embedding [8] with reference place as measured Zload

− Absolute die-level matching sufficient for low sample-to-sample spread

Measured IRR, phase error, amplitude imbalance and loss @ Z0=78Ω
− Centering of IRR aligns with simulation, with peak IRR > 45dB

− Trends match simulation with largest deviation in flatness of the phase error

Differential-Mode Characterization of Multi-Port Passives in D-band
Measurement results
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Method for differential-mode characterization of multi-port passives

Differential 4-port quadrature hybrid in 22nm FDSOI characterized

− Symmetry used to reduce number of independent variables and structures

− Measured peak IRR beyond 45dB over 5 samples

Proposed method enables multi-port passive characterization in D-band

− Measurement-based feedback for designers to improve co-design of blocks for enhanced performance

Differential-Mode Characterization of Multi-Port Passives in D-band
Conclusion

Notes and sources
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