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Motivation

Near-field measurements — radiating structures

— High spatial resolution at h << A
— Observation of nonradiating waves
— Near-to-far-field transformation

Near-field measurements — guided-wave structures
— Internal-node characterization

Near-field diagnostics - fault isolation

— Detect malfunctioning components
— Determine relative phase of sources

Design/performance verification
Model Validation




Electro-Optic Sampling Probe Embodiments

output beam input beam

# optical fiber
| W
integrated type I [ ]
AN\ external (free-space) fiber-based EO probing
\ EO probing
substrate probing
1st Generation 2nd Generation 3rd Generation
Ad(ditional field-mapping concept & applications references:
* U. Colorado — Boulder * U. Aachen * U. Maryland
* U. Duisberg * NTT (x2) * Brunel Univ.
* NPL * U. Tokyo
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Principle — Electro-optic Effect

*RF electric-field measurements based on electro-optic (Pockels) effect.

Input Polarizer
Axis

o Y
Birefringent Birefringent
n2
Output

Polarizer
Axis

EO Material

*Change in polarization state due to electric field induced
linear birefringence.
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Electro-Optic Equivalent-Time Sampling
for High-Bandwidth Measurements

microwave signal fm

Principle: N \/\/\\/\/\MN\,\NW W\/\N _

Harmonic Mixing

time
local oscillator (laser pulse train) frep

intermediate frequency f _
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P
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Fiber-Based EO Field-Mapping System
_ input (detection) beam
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Polarization Control in an Electro-Optic Probing System

IN1 IN2 IN3 IN4

Al4 loop

GaAs tip
<

single-mode optical fiber GRIN Lens
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1-D Electro-Optic Field Mapping

Coplanar Waveguide Transmission Line cross Section
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Electro-Optic Electric-Field-Sensing Capabilities

« Extract both amplitude and phase of electric fields

* |solate X, Y, and Z vectorial components
— (110) GaAs probe tip for tangential fields
— (100) GaAs probe tip for normal field

* Near-field measurement (range < 100 um)

* Low invasiveness
— probe much smaller than wavelength
— no metal near field to be measured
— finite difference simulations indicate small changes
in Z_ for typical probe heights

« High positioning flexibility with fiber coupling




Electro-Optic Electric-Field Sensing:
System Performance

Bandwidth: >100 GHz

Spatial Resolution: < 8 um
Phase stability: +/- 3°/hour

Cross Polarization Suppression: > 30 dB
Time for Measurement: 15-60 min.

Area of measurement: micrometers to meters
Sensitivity: < 1 V/m/(Hz)1?2
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Electro-Optic Field Mapping of a Microstrip Patch

- Measurement vs. FEM Simulation

T
amplitude (height :0 mm) y phase (height :0 mm)

measurement simulation

measurement simulation
-1.00

y component

z component z COIH[)OII(’IU
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Electro-Optic Electric-Field Sensing:
S., Measurement on Microstrip Patch Antenna
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Field-Sensing-Probe Invasiveness

e Return loss from CPW measured and calculated with and without
EO probe in position.

Network Analyzer Measurements of Probe Over CPW Line Lumped element model simulation

+ Cprobe = 0 [fF]
» Cprobe = 2.5 [fF]

14 18 22 26 30 34 14 18 22 26 30 34 38

Frequency [GHz] Frequency [GHz]

* Frequency domain measurements (2 - 40 GHz):
|S11| < -30 dB with and without probe
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Electric Field Sensing in a 1 X 4 Power Distribution
Network: Operation and Fault Isolation

z-component, frequency: 15 GHz

Wilkinson
power divider

partially shorted circuit, amplitude (dB)

Shorted air-bridge fault
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Field Sensing in an Antenna Array

Diagnosis of Malfunction IN & Ka-Band Quasi-
Optical Amplifier Patch Array

patch antenna

output horn QO array

MMIC amplifier

Amplitude (norm.)

coupler

Array provided by Lockheed-Martin
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Field Sensing in an Antenna Array
Ka-Band Quasi-Optical Amplifier Slot Array:
Observation of parasitic

coupling

DC bias point
Vv

L —= L =g a8 im = =
~0.00 000 020 040 060 080 100 -180 100 0 100 180
amplitude (norm.) phase (degree)

Array provided by Zoya Popovic
Univ. of Colorado - Boulder
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Field Sensing Inside Microwave Packages
Shielded Microstrip at f = 8 GHz

optical fiber

short termination microstrip substrate input port

Shielded Microstrip (open side view)
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Field Sensing Inside Microwave Packages:
Shielded Microstrip Measurements

@E h=1mm

exposed microstrip Shielded microstrip

amplitude [norm.] phase [degree] amplitude [norm.] phase [degree]
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Thermal Calibration, Sensing, and Imaging

* Temperature measurements based on optical absorption due to the
temperature dependence of the band-edge in GaAs.

GaAs Band Diagram Absorption Coefficient
Ref. Casey/Stern 1976.
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System Implementation for Simultaneous
Electric Field and Temperature Sensing

» E-fields and thermal distributions can be measured at the same time
with a single probe.

Fiber Polarization

Coupler Controller
Polarizatio

Ferrule
Grin
Lens

GaAs
Probe » L 4 Bragg

> Reflector *Absorption — Temperature &
Optical . IS.I Microstrip E-field

Pass
Isolator .
Filter

V80MHz
{Thermal data)

*Polarization-state — E-Field

Pulsed Spectrum
Laser Analyzer
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Electro/Thermal Measurements on a
Quasi-Optical Amplifier via Optical Sensor

 Corrupted electric-field data corrected via:

™~

i’ " I'|
7|
_ 3MHz ‘

AVeonrz tV3mHz

sorzrz

Simultaneous Measurements

S Y
= 2 = >
Q
iy 15 e 7
® = ® =
| o) | ®
O o o o
[ = 0 .
1 Q) 1 o @
L ) — LLl .- o
L —no— Calibrated Probe Data L L —0— Calibrated E-Field Data from Probe 5
B —e— Power Meter S B —e— Temperature from Probe ['C] Q
@) @)
Time [min] Time [min]
 Simultaneous measurements show an increase of 7°C in 11

\\ min during which the output E-field is essentially constant.
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Magnetic-Field Mapping via Magneto-Optic Sampling

* RF magnetic-field measurements based on Faraday effect

Input
Polarization
AXis  Output
Polarization

Magneto-optic
material

Polarizer |
' b

External RF
Magnetic field

» External polarizers are
oriented at 45 degrees.

1 1

o

*Rotation of optical linear polarization due to
magnetic field induced circular birefringence.
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Magneto-Optic Magnetic-Field-Sensing
System Schematic and Probe

Millimeter
wave
source

Lock-in
Amp

Free
Space
Optical
Beam

Device-under-test

Terbium Gallium Garnet
(TGG) magneto-optic
material
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Magnetic-Field Sensing

« Magnetic-field phasor vs. position of horn antenna aperture
obtained at 60 GHz

Magnitude {Hy}

| [norm.]

=L

Phase {Hy}
42-

[Deg.]

1 -+180

- Probe length tuned to device frequency to create resonant cavity
and provide 10-dB sensitivity enhancement.
- B-field can be combined with E-field to determine impedance at
T internal measurement locations
LIRAFRST
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Combined Electric/Magnetic-Field Sensor
« Utilizing a Hybrid Electro-Optic Magneto-Optic Probe

RF . Pulsed
Source Laser

Free
Space
Optical
Beam

Analyzer /4

Remove
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TGG (g,=12.4) GaAs (¢,=13.2)

Diameter: 2 mm Edge: 2 mm

Length: 2.3 mm Length: 0.1 mm
V=61rad T-' m r, = 1.1 pmV-

"(c) 2002 IEEE. Personal and classroom use of this material is permitted. However, permission to reprint/republish this material for advertising or promotional
ERTER § I N p p P p g p
purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted component of this work in other works

ULTRAFAST

OPTICAL SCIENCE must be obtained from the IEEE."
—




Hybrid EO/MO Sensor Measurements

*Device-under-test: Shorted microstrip transmission line
‘RF: 4.003 GHz @ 17.7 dBm
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e Demonstrated 22 dB of isolation
* Isolation between electric and magnetic field sensitivity:
- limited by degree to which electrooptic effect can be minimized
- minimization driven by optical linear polarization purity
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Electric-Field, Magnetic-Field, and Thermal
Sensing in a High-Power Microstrip Patch

Measured |E Simulated |E
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Conclusion

A fiber-optic-based field-sensing system offers:

high spatial-resolution, broad-bandwidth, and
low invasiveness

detailed performance verification and
diagnosis in the near-field region

high measurement flexibility

detection of electric field distributions inside
of microwave enclosures and packages

expanded capability with thermal and
magnetic-field sensing
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