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@ Assume there is no
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Experimental setup geometry Il

@ The probe is matched to the load, I', =0

1
W= T 2 Rhal = ZRpafz
n

@ The AUT are matched to the generator, I', = 0,
and no coupling a' = 0 implies

Ve
b, = —1 T FtT,g ve T,
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Transmitting AUT, receiving probe | Overview

The radiated fields become Transmitting test
receiving probe
( E'(r) = ky/monve Z Tiu, (kr) o
) H'(r) = £ V iTtu(kr) a
\ iv/non ° . e R
in the unprimed coordinate system (r, 6, ¢) (only sum

>

nalytic method

over 7 = 1,2)
The truncation size is

J =2L(L+ 2) where Imax = L = [krg] + n; (empirical)

where 1 is the radius of the circumscribing sphere,
and [x] is the integer part of x
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Transmitting AUT, receiving probe II Overview

Transmitting test
antenna,
receiving probe

Goal: To find the transmission coefficients 7}, of the
test antenna

Analytic method

Aim: Transfer this description to the coordinate system
of the probe!

Analytic method

The transformation consists of three parts, 1) rotation,
2) translation along 7 axis, and a final 3) rotation
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Transmitting AUT, receiving probe Il

@ Rotations ¢ and 6

Q Translation A along
the new z axis

prabe
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© Final rotation y
around the z axis
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Overview

Experimental
setup geometry

Transmitting test
antenna,
receiving probe

Overview of
methods

Without probe
compensation
Naive approach

Analytic method

With probe
compensation
Naive approach

Analytic method

Higher-order
probe
compensation

Not covered
Appendix
List of references

AssigRmernt

Transmitting test antenna, receiving probe Lecture 9: Probe compensation February 9, 2012

Transmitting AUT, receiving probe IV

@ Rotation: From Lectures 5 & 6 we have

, (k')
, (kr')

14
u

/
n

/
n

Z((ll:‘)) — an’n(aaﬁafy)

Dn’n(aa Ba 7) = 57-7-/ 5ll/eiml’}/d’sj,)m(6)eima

(I+m)! (1 —m)! A
(I+m)! (I—m)! Zj:(_l)

B 2j+m-+m’ 21—2j—m—m'
l+/m . / .m cosé siné
l—m —j J 2 2
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Transmitting AUT, receiving probe V Overview

Experimental
setup geometry

Transmitting test
antenna,
receiving probe

Q Translation:

O

/ / Overview of
Un (kr) - § ,Pnn’ (kd)vn/ (kr ), r<d methods

n' Without pr_obe
compensation
Naive approach
The matrix P, (kd) is given by Analytc method
With probe
compensation

Naive approach

7'\7', | 1 2 3 Analytic method
1| A (kd; 1) By (kd; b)) 0 el
) nn ) b
anf’n’ (kd) - 2 Bnn/ (kd, hg\l)) A,m/ (kd, hg\l)) 0 E)c;?n:ensation
3 0 0 Con (kd, hg\l)) Not covered
Appendix

Ann/ (kd, hg\l)), Bnn’ (kd, hg\l)), and Cnn/ (kd, hg\l)) are List of references
explicitly given in Lecture 6
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Transmitting AUT, receiving probe VI Overview

Experimental
setup geometry
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Transmitting AUT, receiving probe VII ovenvew

The connection between the two coordinate systems Transmitting test

antenna,

(r,0,¢) and (¥, 6, ¢') are written in a compact notation  receiving probe

=Y Cuw (kd)v), (kr'), v < (A—ro)

n/
Naive approach
nalytic method

>

where C,,/(kd) is a combination of matrices that
represent the appropriate rotations and translation

Naive approach
nalytic method

>

Z D gb’ 9 0 n'! (kAﬁ)Dn/nm (07 07 X)

///

- elm¢d;§f2m (Q)PTlm’T’l’m’ (kAﬁ)eim/X

Remember D, (0,0, x) and D,,(¢,0,0) diagonal in 7
and [ indices, and P, (kAz) diagonal in the m index
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Transmitting AUT, receiving probe VIII ovenvew

Transmitting test
antenna,

( ) — k /—770 ngTtun kl‘ —k /—770 ngTt o kd (kl‘) receiving probe

This is the description of the electric field in the
primed system (', ¢, ¢')

Analytic method

From 2v! (k') = u) (kr') + w! (kr'), we get (' < (A — r9))

=

aive approach
Analytic method

Et(l‘) = @ Z T;Cnn/ (kd) (un/ (kr’) + wy (kl‘/))

Identify the input, a}, in the primed system

p _ Vg t
Cln/ = E ; TnC,m/ (kd)
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Transmitting AUT, receiving probe IX

In the primed system, the antenna scattering
description is (matched conditions I'P = 0)

v
WA, x,0.0) = Y Rydh = ) T,Cow (kA)R;,
n’ nn’

where R}, are the receiving coefficients of the probe,
which are assumed known from a previous calibration
process

Problem in a nutshell: From the knowledge of the
received wave wP(A, x, 0, ¢), determine the unknown
transmitting coefficients 7}

Overview

Transmitting test
antenna,
receiving probe
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Naive approach

Analytic method
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Overview of methods

@ Without probe compensation
e Naive methods
e Analytical methods
@ Full field
@ Radial field component [2]
@ Wood's method [2]
@ With probe compensation

o Naive methods
e Analytical methods
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Without probe compensation Overview

These methods rely on the assumption that the elec-
tric and the magnetic fields are accurately measured
with e.g., short electric and magnetic dipoles

Without probe
compensation
Naive approach

Et (I’) = k\ /ToT) Z b;un (kl‘) Analytic method

n
< k r>ro
nuﬁ (kr) A:walytk, method

2

\

The probe should have low directivity and located at
not-to-close distance

Goal: Find the expansion coefficients 2!,
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Naive approach Overview

Measure the fields, E'(r;), at a set of points r;,

i=1,2,...,N (e; given unit vector, may vary with the

points r;)

é¢;-E'(r;) = k\/non the, w,(kr;) = ZP’” i=1,...,N

where the known matrix P;, is

Pin = k\/wél U, (kri) Analytic method

Procedure: Measure a set where N > J (J is the
truncation level of spherical vector waves) and solve
the overdetermined system with SVD

Hansen [2] is sceptical to this method — depends
critically on the sampling
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Analyt|c methOd I Overview

Assume accurate measurements of the electric field on
a spherical surface r = constant > ry are available

Naive approach
Analytic method

p
E'(r) = ky/mon Y _ by (kr)
) r>ry R
H'(r) = ol (kr)
\
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Analytic method Il overview

Scalar multiplication with AT (#) and integrate over
the unit sphere Q (in practice numerical integration)

1
/ / AL (F) - E(rF) dQ = ky/ionbi, ;' (kr) S
< (1) r > I”o
k h k ! Naive approach
//AT Et I"r dQ kv??() b ( ! lk( r)) Analytic method
r

Solve for b, (hl(l)(z) and (krhl(l)(kr))’ have no real zeros,
see Kristensson [4, Lemma B.1 & B.2])
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Analytic method Il

Hansen [2] multiplies with u,JQ(kr) and integrates over
the unit sphere 0

The result is

4 2
/ / ul (kr) - B'(r#) dQ = ky/Tonb}, (h}”(h))
Q

7\

rh™Y (kr))’ ?
/ / ul (krf) - E\(ri) dQ = k\/no_nbtzn{ <(k i kr(k ) > >
Q

(1) 2
FIUI+1) (—hl kikr>> }

These two approaches are very similar

Overview

Naive approach

Analytic method

Naive approach
Analytic method
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With probe compensation

From above
_ Ve t p
wP(A, x, 0, ¢) = > Z T Cow (kd)RY,
where
Co (kd) = €™9d") (0)P 17110 (KAZ) ™ X

Notice that the sensitivity to different polarization of
the probe signal is included in the receiving
coefficients RY

As above, the indices are:
r=1,2 [1=1,2,....L, m=—1...,0,...,1
=12 I'=12,...,L' m==l,...,0..1

Rule of thumb Hansen [2]: L = [kry] + 10 and
L' = [kr)] + 10
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Naive approach

Measure the response, wP(A;, xi, 0;, ¢;), at a set of
points r; or (A;, xi, 0, ¢;) (the method allows for
different 4;),i=1,2,... N

v
(AHXH l7¢l = gZTt nn’ krl /—ZPmTt

where the known matrix P;, is

1%
Pin - Eg Z Cnn’ (kri)Rfl/

n/

Procedure: Measure a set where N > J (J is the
truncation level of spherical vector waves) and solve
the overdetermined system with SVD

Hansen [2] claims this method is ill-conditioned —
depends critically on the sampling

Overview
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Analytic method

Naive approach

Analytic method
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Analytic method |

Rewrite as

wP(A, x,0,¢) = %g Z T'Cp (kd)RP

nn’

_ Vg Z Tt 1m¢>d(l) )PTlm’T’l’m/ (kAﬁ)eim/XRzl

= Vg Z TTlmelmqsdygf/)m(Q)eim/XPTlm’ (kA)

TImm’

where the probe response constants are

p ! / /
PTlm E Prim' ' vm )R l'm m =—-L,...,L
/l/

These constants contain only known quantities —
specific for each range and probe
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Analyt|c methOd ” Overview

We assume measurement are made in a near-field
range on a spherical surface A = constant

Three types of integrations retrieve the transmitting
COeffICIentS T7t'lm Naive épproach

Analytic method

@ Integrate over x over [0,27) (polarization)
Q Integrate over the azimuth angle ¢ over [0, 27)
© Integrate over the polar angle 6 over [0, 7]

Naive approach
Analytic method

These three integrations are done numerical by
proper sampling, see Hansen [2]
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Analytic method Il Overview

1. First step (the polarization y)

With the use of orthogonality of X over [0, 27)

P(A0,0) =g Y Thye™@d") (8)Pry (KA)

Tlm Naive approach

Analytic method
where

Naive approach
Analytic method

1

Wh(A,60,6) = =

2m .,
/ WP(A, X, 0, $)e " dy

and (approximation)

Ww(A, x,0,¢) = Z wh, (A, 6, §)e™ X

m/__L/
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Analytic method IV

2. Second step (the azimuth angle ¢)

With the use of orthogonality of e”? over [0, 27)

WP (A, 0) _vgz nd) (0)P 1 (KA)

where

1

(4,6) = 2

27 ‘
/ wP (A, 0, ¢)e " dg

mm’

and (approximation)

WP(A, x, 6, ¢) = (A, §)ei" Xeim

> Y

m=—Lm'=—L'

Overview
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Analytic method V

3. Third step (the polar angle 0)

With the use of orthogonality of d() (0) over [0, 7]
W?mm’ = Vs Z TlmP T lm ) (%)

where

20+ 1

; W (A,6)d") (6) singdo
0

W?mm’ (A) =
We have here used the orthogonality of Wigner's

function dﬁ?m(e), see Appendix and Edmonds [1]

2
20+ 1

/ d") )d") (6) singdo = 5y
0
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Analytic method VI

Final, approximate expression

L L

5??35?wm

=0 m=—Lm'=—

WP(A, X, 0,0) = A)e"Xemod\) (6)
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Analytic method VII

4. Fourth step (the transmitting coefficients T

Let m' = £1 in (x), Wacker [6], (first-order probe
compensation) i.e.,
Vel Pri—1(kA) + v Ty, Po—1 (KA) = wp,_ 1 (A)
VT P11 (KA) + v Ty, Pt (kA) = wi,, (A)
Solve this 2 x 2 system for each I, m values for the two
unknowns T}, and 75, , ve known
This can be done provided

P1i—1(kA)
Pyj1(kA)

Py_1(kA)

P1(KA) 70
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Higher-order probe compensation |

In practice, real probes are never ideal first-order
probes but possess, due to, e.g., the manufacturing
errors, also a minor level of high-order modes [5]

op 4

10

|
c

g

Mormalized, relative power, dB
b
= &

g &3 8

1]
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Higher-order probe compensation Il

This requires higher-order probe compensation
(hopefully more at DTU)

We follow [5] and write (superscripts P and ! are
omitted)

WA, X,0,0) = vg Y Tranedy),, (0)e" Py (kA)

TImm’

as W(A, X 0, ¢) — Wd(A7 X 97 ¢) + WC(A7 X 97 ¢)

walA X 0,0) =ve ¥ Y Trime™d\) ()€™ XP oy (kA) = B4{T}

Tim m'==+1

and

We(A, X, 0,0) = vg ¥ Y Trin€0dl), (0)e" XP iy (KA) = ®{T}

Tlm m'#+1
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Higher-order probe compensation Il Overview

Formally, create an iteration scheme

T = &7 {w — wl} (first-order probe compensation)
w£i+1) _ (I)e{T(i)}

The iteration indexi =0,1,...,1, and the iteration
scheme is initialized by w(”) =0 Ayt method

Naive approach

Analytic method

: Higher-order
byok
0oty probe

. compensation

- Y

Error m directivity, dB

rxsssFEI@SSSS

- u '
=180 -an o o0
Angle from the direction of the maximum radiation, deg.
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What has not been covered, Hansen [2] o

@ Friis’ transmission formula
@ Far field aspects and transformations
@ Measurement techniques
@ Experimental setups I
@ Discretization and sampling
@ Multiple coupling e
@ More on higher-order probe compensation,

maybe solved at DTU
° . Not covered
° .
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Appendix, Wigner’s function at (0) Overview

mm’

Rewrite in terms of Jacobi polynomials pieP) (cosB)

' ’_
d") (0) = Ut m)t (I —m')} cos AN sin AN pl’ o' m) (cos )
m'm (I4+m)! (I—m)! 2 2 [=m

and use the orthogonality relation of these
polynomials [3, Lemma 5.8] R

Snm2oTPHID(a 4 n+ DD(B+n+1)
na+B+2n+ NN(a+B+n+1)

/l (1 =01 +x)7PLA) ()p(F) (x) ar =
—1

Naive approach

Analytic method

+mN(=m) [ +m) (' —m)!
(l+m) (I—m)\ ('+m) (I' —m)!

m'm m'm

/ncﬂ”(@dW)W)ﬁnGdez
0

1 m' —m m' 4+m Appendix
1 - 1 m' —m,m’ +m m' —m,m’ +m
X/ ( > ( H) P ()P () d
. 2 2 m m
5 2(l-l-m’)!(l—m’)! (Il —m)!(l + m)! 5 2
T U+ m) U=m) = m) QI+ D +m) T T2+ 1
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ASSlgnment 9 Overview

Make a probe compensation on a electric dipole system —
both the AUT and the probe are electric dipoles

Perform the following steps:

@ Determine the transmitting and receiving coefficients
of an electric dipole oriented along the three Cartesian
axes (use the result of a vertical dipole and the result
of the Assignment 5 to derive the two remaining
orientations, cf., with the results in Hansen [2])

@ Determine the received signal, wP(A, x, 0, ¢), from a
vertical electrical dipole in spherical near field range if
the probe is an electrical dipole (do not expand the
translation coefficients more than necessary to
perform the next step)

©@ From the result in item 2, make a probe compensation Assighiment
to retrieve the original AUT coefficients
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