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FOREWORD

Theg International Electrotechnical Commission (IEC) is a worldwide organization for standardization con

all
co-

ational electrotechnical committees (IEC National Committees). The object of IEC is toypromote intern
bperation on all questions concerning standardization in the electrical and electronic*fields. To this €&

in addition to other activities, IEC publishes International Standards, Technical Specifications, Technical R
Puljlicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”)

pre
ma

baration is entrusted to technical committees; any IEC National Committee interested in the subject de|
participate in this preparatory work. International, governmental and non-governmental organizations

with) the IEC also participate in this preparation. IEC collaborates closely withythe International Organiza

Sta

hdardization (ISO) in accordance with conditions determined by agre€ment between the two organiza

Thqg formal decisions or agreements of IEC on technical matters express, as nearly as possible, an intern
conjsensus of opinion on the relevant subjects since each technical committee has representation f
intgrested IEC National Committees.

IEQ Publications have the form of recommendations for interndtional use and are accepted by IEC N
Committees in that sense. While all reasonable efforts are,_made to ensure that the technical content
Pullications is accurate, IEC cannot be held responsible for the way in which they are used or
misjnterpretation by any end user.

In

rder to promote international uniformity, IEC<National Committees undertake to apply IEC Publi

trarjsparently to the maximum extent possible in their national and regional publications. Any divergence b
any] IEC Publication and the corresponding national or regional publication shall be clearly indicated in thg

IEQ itself does not provide any attestation~of conformity. Independent certification bodies provide con
asspssment services and, in some area$,) access to IEC marks of conformity. IEC is not responsible

ser
Al

No
me
oth

ices carried out by independent certification bodies.
isers should ensure that they have the latest edition of this publication.

liability shall attach to IEC or“its directors, employees, servants or agents including individual expe|
nbers of its technical committees and IEC National Committees for any personal injury, property dan
br damage of any nafure whatsoever, whether direct or indirect, or for costs (including legal feqg

expenses arising out-.of _the publication, use of, or reliance upon, this IEC Publication or any oth
PulRlications.

Attention is drawnito the Normative references cited in this publication. Use of the referenced publica
indispensable.for the correct application of this publication.

Att
rig

ntion is.drawn to the possibility that some of the elements of this IEC Publication may be the subject o
ts. IEC shall not be held responsible for identifying any or all such patent rights.
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receiving equipment for radiocommunication. It is a Technical Report.

The text of this Technical Report is based on the following documents:

Draft Report on voting

103/207/DTR 103/224/RVDTR

j and

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Report is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

A list of all parts in the IEC 63099 series, published under the general title Transmitting and
receiving equipment for radiocommunication - Radio-over-fibre technologies for
electromagnetic-field measurement, can be found on the IEC website.

Future documents in this series will carry the new general title as cited above. Titles of existing
documents in this series will be updated at the time of the next edition.

The cpmmittee has decided that the contents of this document will remain unchanged) ufitil the
stabil:lty date indicated on the IEC website under webstore.iec.ch in the data related o the
specific document. At this date, the document will be

e regonfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPQRTANT - The "colour inside" logo on the coverpage of this document indicates that it
contpins colours which are considered to be useful for the correct understanding of its
contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

2022

This document provides technical information on the antenna near-field pattern measurement
in terahertz-wave bands above 100 GHz, using optical techniques such as electro-optic (EO)
frequency down-conversion. Two techniques are covered: a synchronous system based on a
self-heterodyne technique, and an asynchronous system based on a phase noise-cancellation
technique. The synchronous system is the vector network analyser (VNA) type system, which
provides the RF signal to the antenna under test (AUT) and measures the amplitude and phase
distributions of its radiation. In this system, the radio frequency (RF) and local oscillator (LO)
signals are optically generated based on the self-heterodyne technique to realize the wide
frequency tunability and precise phase measurements simultaneously. On the other hand, the

mmmm&w—mm—mmm—mms—mer the
irement system cannot provide the RF signal to the AUT for the measurements. An this

systen, an optical frequency comb is used for the LO signal, and the electronics cancelre

async
meas

frequg
senso
wave

ncy and phase noise between the RF and LO signals. Both systems employ tH
rs for the field mapping which reduces the disturbance to the field compared wi
uide-type probes employed in the conventional VNA-based measurenment system.

sidual
e EO
th the
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TRANSMITTING AND RECEIVING EQUIPMENT FOR
RADIOCOMMUNICATION - RADIO-OVER-FIBRE TECHNOLOGIES
FOR ELECTROMAGNETIC-FIELD MEASUREMENT -

Part 3: Antenna near-field pattern measurement using
optical techniques in terahertz-wave bands

1 Sgope

This gart of IEC 63099 provides technical information about the methods for an antenna
field measurement in the terahertz-wave band. The methods are applied to the frequency
abovdg 100 GHz, which has potential for use in terahertz wireless communication. The mqg
consisgt in measuring the amplitude and phase distributions of the electromagnetic field
near-field range of on-chip antenna devices which integrate RF and-lF components

near-
bands
thods
at the

This

document also gives examples of the far-field pattern calculated frogmthe measured near-field

pattern.

2 Normative references

The fgllowing documents are referred to in the text in such a way that some or all of their c
constitutes requirements of this document. For dated'references, only the edition cited ap
For yndated references, the latest edition of «the referenced document (including
amen@iments) applies.

IEEE [Std 145TM-2013, IEEE Standard for Pefinitions of Terms for Antennas

3 Terms, definitions and abbreviated terms

3.1 Terms and definitions

For the purposes of this.document, the terms and definitions given in IEEE Std 145-201
the following apply.

ISO apd IEC maintain terminological databases for use in standardization at the foll
addrepses:

e |ELC Electropedia: available at http://www.electropedia.org/

bntent
plies.
) any

3 and

powing

e |SP"Online browsing platform: available at http://www.iso.org/obp

3.1.1
EO probe

probe in which an electro-optic (EO) crystal is attached to the optical fibre so that the electric

field in the free-space can be measured by moving this probe

3.1.2

self-heterodyne technique

technique which enables the measurement of the phase information coherently using freq
fluctuating free-running lasers

3.1.3
uni-travelling-carrier photodiode
high-speed photodiode which can operate at terahertz-wave bands

uency
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3.2
EO
EM
GRIN
HR
IF
LD
LO
O/E
OFC
PMF
RF
SNR
TIA
UTC-
VNA

4.1

This d
techn
on a

Abbr

eviated terms
electro-optic
electromagnetic
graded index
high-reflection
intermediate frequency
laser diode

local oscillator

IEC TR 63099-3:2022 © IEC 2022

PD

opticattoetectricat

optical frequency comb
polarization maintaining fibre
radio frequency

signal-to-ratio

transimpedance amplifier
uni-travelling-carrier photodiode

vector network analyser

ractical examples of antenna near-field measurement using optical
chniques in terahertz-wave bands

Overview

ocument introduces practical examples of’antenna near-field measurement using gptical
ques in terahertz-wave bands. Two systems are discussed: a synchronous system pased
self-heterodyne technique, and amvasynchronous system based on a phase

noise-

cancdllling technique (Figure 1 a) and Figure 1 b)). In both systems, electro-optic (EO) probes

are us
signa

Supply
F signal

) =—

Probe

Photonic systems

ed for the measurement. The terahertz signal will be down-converted to the low-frequency
in both systems by a non-pglarimetric EO frequency down-conversion technique.

]

TR Measuremert probe

))) =—

Reference probe

Photonic systems

Network analyser type ec

a) Synchronous system

Spectrum analyser type e

b) Asynchronous system

Figure 1 — Proposed measurement system

The remainder of this document is organized as follows. Subclause 4.2 describes the principle
of the non-polarimetric EO frequency down-conversion technique. In 4.3, the configuration of
the synchronous measurement system based on a self-heterodyne technique is described, and

examples of the near-field measurement are shown.

In 4.4, the configuration of the

asynchronous measurement system based on the phase noise-cancelling technique is
described, and examples of the near-field measurement taken by this system are given. A
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comparison between the results obtained by the synchronous and asynchronous systems is
drawn in 4.5.

4.2 Non-polarimetric EO frequency down-conversion technique

Figure 2 shows a typical configuration of the EO probe used in both systems. The sensor head
consists of an EO crystal, high-reflection (HR) mirror, spacer, and graded-index (GRIN) lens.
The sensor head is attached to the polarization-maintaining optical fibre (PMF) to make up the
EO probe. The GRIN lens collimate the 1,55 ym probe beam (LO signal) emitted from the PMF.
The polarization direction of the probe beam is aligned with the slow-axis of the PMF fibre and
the principal dielectric axes of the EO crystal. The diameter of the collimated probe beam in the
EO Cryctal is tylnir\qlly 01 mmio 02 mm_which limits the ultimate ann’rinl resolution _The THz
field (RF signal) to be measured interacts with the optical LO (probe beam) in the EQ cjystal.
The pfobe beam is reflected by the HR mirror and is focused on the PMF by the GRIN.leps.

Probe beam
B GRIN|
HR mirror ens Optical LO\iaput)
‘Lﬂ
T — D Optical fibre
—

Optical LO (output)

IEC

Figure 2.="Schematic diagram and photograph of EO probe

/

| | | fi+frg+fir=t |
f4 f, Frequency
Lasers | /\

) /
"THz Optical Tilter
) E—O)—

Tz
-

fy f-fie T, Frequency

fo-fie f, Frequency

IEC
Figure 3 — Principle of the non-polarimetric EO frequency down-conversion technique

Figure 3 illustrates the principle of the non-polarimetric EO frequency down-conversion using
frequency spectra. The detection principle is based on the coherent detection of the sideband
generated by the electromagnetic (EM) field to be detected. In other words, the EM field is up-
converted to the optical frequency region through the phase modulation of the LO beam in the
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EO crystal. Then, the generated sideband is down-converted to the intermediate frequency (IF)
band by the coherent optical detection. The optical LO, which consists of two frequency
components f; and f,, interacts with the EM field, and sidebands are generated. The upper

sideband of f; and the lower sideband of f, are shown in Figure 3. There are two carrier and

sideband pairs to be considered as heterodyne candidates. The optical filter extracts a single
pair and is then detected with the low-speed optical-to-electrical (O/E) converter, such as a
photodiode (PD). The coherent detection of the weak sideband, which reflects the amplitude
and the phase information of the EM wave to be detected, is achieved with a strong LO signal.
The amplitude and the phase of the IF signal are simultaneously measured using a lock-in
amplifier.

4.3 [Synchronous system based on a self-heterodyne technique
4.3.1 General

The dynchronous system is the vector network analyser (VNA) type system-’ The system
generptes the RF signal and LO signal to measure the amplitude and phasg-distributioh of a
near-field. The RF and LO signals can be generated using two free-running.laser diodes (LDs).
Althouyigh the frequency of the RF signal fluctuates, not only the amplitude but also the phase
distriqution is visualized due to the self-heterodyne technique.

4.3.2 Principle and system configuration

Frequency Horn
shifter antenna EO probe
LD Fs UTC-PD DQ )) ——
EDFA
PD Lockdi H»> Amplitude
ock-in
LD N\ l \ amplifier
EDFA % Phase
Optical TIA
Function filter
generator

IEQ

Figure 4 — Schematic diagram of the synchronous system
based on the self-heterodyne technique

Figure¢ 4 shows the system configuration of the synchronous measurement system basjed on
the sglf-heterodyné.technique. Two free-running 1,55 um LDs are used as optical sources. The
frequegncies of the L Ds are set as f; and f;, (f> > f1) and combined using PMF couplers to prpduce

a beaf note at.a frequency of fry, = fo — f4 — fs for THz wave generation (RF). Here, an EO
frequency(shifter is used to shift the frequency of the LD1 (f}) by f; (typically 100 kHz to 10{MHz)
for se|fshieterodyne detection. High-speed PD such as a uni-travelling-carrier photodiode (UTC-
PD) can be used as an O/E converter. For the LO signal, a beat note is used as a probe beam
for the non-polarimetric EO frequency down-conversion. The IF signal is amplified by the
transimpedance amplifier (TIA) and supplied to the lock-in amplifier. The measured amplitude
and phase data are acquired by a personal computer.

4.3.3 Example of near-field measurement

For the proof-of-concept experiment, the terahertz wave at 300 GHz band was generated with
the UTC-PD and emitted from the conical horn antenna. In this experiment, a 4-N, N-
dimethylamino-4'-N'- methyl-stilbazolium-tosylate (DAST) crystal was used as the EO crystal.
The diameter of the probe beam in the EO crystal was approximately 0,1 mm.
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Horn antenna

The ten
data.

Figur
terah
used
togeth
the ss¢

4.3.4

Amplitude

IEC

phertz wave is generated by the UTC-PD and emitted from the horn antenna. The horn anténna is the

Figure 5 — Near-field of the terahertz wave (310 GHz) measured by
the synchronous system based on the self-heterodyne'technique

5 shows the measured near-field amplitude and phase distribution. The frequency
n the simulation, i.e. the 3D simulation model and the 3D experimental results a

er to indicate the field. The frequency fluctuation of the RF signal was cancelled
If-heterodyne technique, and spatial distribution of'the relative phase was mapped

Near-to-far field transformation results

olygon

of the

rtz wave, in this case, was 310 GHz. The horn antenna_ify this figure is the polygon data

re put
out in

* X (mm) * X (mm)
Amplitude Phase

IEC

Amplitude and phase distributions on the antenna surface are also shown.

Figure 6 — Measured rectangular-type horn antenna and EO probe

Figure 6 shows the near-field measured on the antenna surface (XY-plane). The frequency of
the terahertz wave was 288 GHz. The antenna which emitted the terahertz wave was a
rectangular-type horn antenna. The black part in the photograph is the EM wave absorber. The
measured surface was at Z = 2 mm from the antenna surface. The EO probe was moved by
0,1 mm pitch. The time constant of the lock-in detection was 100 ms. The maximum signal-to-

ratio (

SNR) was about 45 dB.

The far-field pattern was calculated based on the planner near-to-far field transformation. The
simulated results were conducted based on the finite integration technique.
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Figure 7 — Far-field pattern calculated from the
near-field measured by the synchronous system

Figure¢ 7 shows the simulated far-field pattern and calculated far-field pattern using the|near-
field 1attern measured by the synchronous system. The horn antenna’in this figure s the
polygpn data used in the simulation, i.e. the 3D simulation model and’the 3D experimental
results are put together to show the field (Figure 7 b)).

Figure¢ 8 shows the far-field pattern in the E-plane and H-plagd€, The red line is based ¢n the
meas(yired data, whereas the blue line is a simulation result., The measured far-fields agreed
well with the simulated results in both planes.

Angle (°) Angle (°)
190 -45 0 45 90 =90 -45 0 45 90
-« . . > - . . >
= Synchronous | | L == Synchronous | | |
-1 -10
=2 ~ =207
S S
"_’ =30 - "_’ =30
2 2
o —4p \ o 40t
o o
o o
g -sp g -0
© ©
E —6p E 60
2 Y 2 Y
IEC IEC
E-plane H-plane

The blye lines-are the simulation results. The red lines are the calculated results using the near-field jpattern
measufed by the synchronous system.

Ei 3 Farfiold inthe E-nl | Hool

Table 1 summarizes the radiation pattern characteristics. The deviation between the simulated
and measured values for the 3-dB beam width was 0,3° and 0,3° for the H-plane and E-plane,
respectively. The deviation for the side lobe position was approximately 0,7° and 2,2° for the
first and second side lobe in the E-plane, respectively. It is believed that those discrepancies

were due to the EO probe characteristics. Probe correction might be conducted to improve the
measurement accuracy.
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Table 1 — Radiation pattern characteristics measured by the synchronous system

Simulation Synchronous
H-plane 3 dB beam width [°] 9,7 9,4
E-plane 3 dB beam width [°] 10,2 9,9
E-plane + 1st side-lobe Position [°] 15,4 14,9
Peak to side lobe ratio [dB] -11,4 -10,6
- 1st side-lobe Position [°] -15,4 -14,7
Peak to side lobe ratio [dB] -11,4 -11,5
¥ Znd side-Tobe Position 7] 788 76,9
Peak to side lobe ratio [dB] -16,7 -16)9
- 2nd side-lobe Position [°] -28,8 -26/8
Peak to side lobe ratio [dB] -16,7 -18)3
4.4 |Asynchronous system based on a phase-noise cancelling technique

4.41

The asynchronous system is a spectrum analyser type system,in which the RF signal

meas
sigha
gener
the re
there

4.4.2

Figurg
CONSiS
noise
1,55 |
fixed
exper
mode
are g¢
which

is fiF 7
separ
reflec

On th
fluctu

General

ired is not supplied from the measurement system. Fhe system generates only t
to measure the amplitude and phase distribution of a'near-field. The LO signals ¢
ated using two free-running laser diodes (LDs) or‘ptical frequency comb (OFC). Alt
lative frequency between the RF signal and LOsignal fluctuates, both the amplitud
ative phase distribution are visualized as a result of the phase-noise cancelling tech

Principle and system configuration

9 shows the basic configuration-ofithe measurement set-up. The asynchronous s
ts of two parts: the non-polarimetric EO frequency down-conversion part and the
cancellation part. The non-pelarimetric EO frequency down-conversion part cons
m telecom components. EOtprobe 1 can be moved for mapping, whereas EO prob
at the reference point-for phase reference measurement. For the proof-of-cg
ment, which will be described in 4.4.3, an OFC is used for the LO signal. Each
is phase-modulatedtby'the RF signal to be measured in the EO crystal, and the side
nerated. An optical¥filter extracts one of the sidebands and the adjacent comb-mods
is detected by(ajlow-speed PD. The frequency of the intermediate frequency (IF)

fo = f1 — JRE= mfcs — /R, where m is the mode separation index, f-g is the comb-
ation, and frE is the frequency of the RF signal. The frequency of the IF signal fluct
ing therelative frequency fluctuation between the RF signal, fzg, and the LO signal,
e other hand, the frequency-converted IF signal 1 and signal 2 have the same freq

to be
he LO
an be
nough
e and
hique.

ystem
bhase
sts of
e2is
ncept
comb
bands
b pair,
signal
mode
lates,

Lency

btions. This common-mode frequency fluctuation, more generally the commonj

mode

phase noise, is cancelled out in the second part of the system to extract the relative phase
difference of the field measured at two different points.
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Figure 9 — Schematic diagram of the asynchronous system based
on the phase noise cancelling technique

Example of near-field measurement

e proof-of-concept experiment, the terahertz wave at 300vGHz band was generate
dimethylamino-4'-N'- methyl-stilbazolium-tosylate {DAST) crystal was used as t
of-concept measurement, the RF signal was divided by a power divider, and a refe

ired by a measurement probe.

10 shows the measured near-field:amplitude and phase distribution. The freque

and the LO signal was cancelled out by the phase-noise-cancellation technique.

180

quency multiplier and emitted from the rectangular hornrantenna. In this experimer?, a4-

2022

i with

e EO
n this
rence

was set in front of port 2 of the power(divider. The relative phase distribution was

hcy of

rahertz wave in this example was.288 GHz. The frequency fluctuation between the RF

4.4.4
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IEC
Figure 10 — Near-field pattern measured using the asynchronous system

Near-to-far field transformation results

Figure 11 shows the simulated and calculated far-field patterns using the near-field pattern
measured by the asynchronous system. The horn antenna in this figure is the polygon data
used in the simulation, i.e. the 3D simulation model and the 3D experimental results are put
together to show the field (Figure 11 b)).
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Figure 11 — Far-field pattern calculated from the near-field
measured by the asynchronous system
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Figure 12 Gbr-fleld pattern in the E-plane and H-plane

Qﬁd pattern in the E-plane and H-plane. The red line is based ¢
ired data, whe@ the blue line is a simulation result. The measured far-fields reasd

d with the simulated results in both planes.

Comélon between results obtained from synchronous and asynchronous
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a) Synchronous
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Figure 13 — Far-field pattern calculated from the near-field measured
by the synchronous system (a) and asynchronous system (b)
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