Transverse Coupling Impedance Measurement Using Image Currerit

D. Sun, P. Colestock and M. Foley
Fermi National Accelerator Laboratory
P.O.Box 500, Batavia, IL 60510

Abstract cavity
Results of transverse impedance measurement using image cuE—ybrld pipe hybrid mirror plane
rent are reported. The results show that this technique can bep ; . A
used up to frequency of 3.9 GHz and high Q of 3300.
. Introduction _ [Network | _ [Network | _
Analyzer Analyzer [

The transverse coupling impedance is a measure of the interac-
tion between the beam and deflecting modes {fYiin acceler- (1) )
ator cavities. Two-wire and bead-pull techniques are usually em-

ployed for the measurement of transverse coupling impedan'gﬁJure 1: (1) Whole cavity with two wires and hybrids
The principle of the wire technique is to insert wires into €av(2) Half of (1) without hybrids. '

ities and beam line components to transform them into trans-

mission lines and measure the scattering parameters. Coupling

impedances (longitudinal or transverse) are extracted from S

parameters [1]. For longitudinal coupling impedance measure-

ment, a single wire is inserted in the center of cavities and beqm. Test Apparatus

components to form a coaxial transmission line. For transvers . s .
0 use the image current method, an half cylindrical (pill-

coupling impedance, two off-center wires are inserted to foan x) aluminum cavity with beam pipe was built. The length of

aok\)/\?elerulceli(tjt-é\:v?f;wtl)rr? d;r?snEr;ézsignexﬁea'lr]g@?n})?j%se?r:e;d-st e cavity was 1.575 cm. The radius of the cavity was 12.057
b P y L ' cm. The radius of the beam pipe was 1.740 cm. The beam

dition to error sources in the one-wire (center wire) techniqué . .
: : ; ipe and other required components such as reference lines and
the two-wire technique has more error sources. First, the povx?e?

. . ) %allbration standards (will be discussed later) were made ina
splitter causes phase and amplitude errors. Although amplit g L ! .
alf-cylindrical configuration. A copper plate was mounted on

gﬂ:ﬂen%zssgggé\rﬁ?]gggt,%ito?igzgf Feogysegvzelgt_‘;réafrgiuil ¥'r% half cylindrical structure at the cut plane and covered the total
P 9 9¢ @i%th of the structure. A single wire was inserted into the pipe

. ; e
common among commermal power sphtters.- Second, phase aallrﬁ((]zlgczivny.The space between the wire and the copper plate could
amplitude errors are introduced by geometric factors of the twg ) i
. ; : e adjusted. The radius of the wire was 0.0114 cm. To stretch
wires. In practice the two wires may not be perfectly parall ; . o .
: : e wire and connect this type of transmission line to the ordinary
to each other and the distances between the symmetric plane_. .
. . coaxial cables which are connected to the network analyzer, a
and the two wires may not be the same along the wires. These

geometric factors can easily introduce about 5% amplitude a ?w of half cylindrical matching sections were made. The end

phase distortions. Third, unavoidable differences of electricgall each matching section was sealed by a detachable aluminum

. : : : ck (end block). A pair of semi-rigid coaxial cables were in-
lengths between two wires due to non-identical connections an .
; ! serted through the end blocks. The wire was soldered onto the
matching components etc. produce phase differences betweén - .
' : ) Iner conductors of these cables. Resistive matching was used to
the two wires. In order to avoid the aforementioned error sources . ; .
. . . . =" réduce the reflection from the mismatch between matching sec-
and improve the two-wire technique, measurements using image Co . 2
: . hs and semi-rigid coaxial cables. The drawback of resistive
current have been done. This technique uses an off-center wire,”, .~ ° : .
matching is that magnitudes of signals become much smaller.

and half-cylindrical structure covered with a conductive pIatE . : . S _
. . . : . I§o at high frequencies, resistive matching is not effective. In
which serves as a mirror plane (Fig. 1.) Since the image curren

rder to get reliable results, it is critical that all parts which have

plays the role of the second wire, the error sources due to ttoer)e disconnected and re-connected during the process of cali-

differences between two wires are minimized. The error sources .. : -
. o . : ration or measurement must have high repeatability. To ensure
from the power splitter are eliminated since a power splitter IS . . )
good repeatability, special measures have been taken. First, the

no longer needed.

design of detachable end blocks of the matching sections allows
*Work supported in part by DOE the wire, the resistive matching parts, the end blocks and the

Il. Measurement Procedure




coaxial cables to be moved together from the DUT (device un-

der test) to reference lines. This feature reduces the number of [ by } —[9 [ a } 4)
times necessary to disconnect wires, resistors and connectors be- by a

tween matching sections and measurement cables. Second, th§,o R matrix and S matrix are related by:

cavity and its attached beam pipe, the reference and calibration

transmission lines can be opened by detaching the copper plate. 1 A S,

As a result of this feature, the process of stretching wires and [R] = S [ -S, 1 } (®)
soldering resistors for resistive matching can be controlled more o ) .

precisely than in a closed structure. From the definition of R matrix, the R matrix measured at

network analyzer reference planfR;,], can be expressed as:

[1.2. Calculation of impedance

The calculation of impedance from S parameters of a trans- [Rm] = [Ral [Raud [Re] (6)
mission line (reference line) and a cavity inserted with a wire \\pora thdR4], [Ry] and[Rau{ are the wave cascade matrcies
has been discussed in several publications [1] which is outlingfla ror hoxes A, B and DUT respectively.

as follows. Since our cavity is short, a lumped impedance ap-¢ [Rs] and[Ry] are known[Rqu] can be obtained through (6)

proximation may be used. The shuntimpedance of the cavitya{'ﬁd the S parameters of DUT can be calculated through (5).
calculated as:

I1.4. Calibration Procedure
Z=2Z, <M — 1) (1) To obtain [Ry] and[Ry], the “generalized through-reflect-
S21cav line” calibration procedure is used [2][3]. This calibration algo-
where S$icavand Sier are the $, parameters of a transmis-fithm requires two lengths of transmission lines and two equal
sion line with and without cavity respectively while keeping théeflects (shorts) of unknown reflection coefficients. In order to
same total length. @s the characteristic impedance of the trangnsure the accuracy of the calibration, the phase difference be-
mission line. The transverse impedance of dipole modes cantp@en these two transmission lines (standards) should not be too

deduced from the shunt impedance as: close to 0 or 180 degrees. The procedure developed in [3] is
outlined as follows. Successive measurement of line 1 and line
C \2 2 yields:
21 = (4a) 2 @
[Rm(LD] = [Ra] [RL1] [Ro] (7)
Error Error
A B Measurement of two shorts yields:
L1
L1 ] S12a521A
1=Sua+ 17— 9)
T TS
S128S218
Fo=Spe+ 4——— (10)
| sHorTs || I S
A,B: reference planes of network analyzer Thus, S parameters of error box A and B and the propagation
parametery) of a transmission line with length of (L2-L1) can
Figure 2. Measurement and calibration models. be obtained by solving equations (7),(8),(9) and (10). In the

process of solving equations (7),(8),(9) and (10), however, two
I1.3. De-embedding procedure complex quadratic equations have to be solved. Each time, only
T . one of the two conjugate roots of the quadratic equation is the
The S parameters of a device under test (DUT) are de- em- . .
bedded from the S parameters measured at the reference p|éllgeh§ choice. If the correct roots are chosen, the following three
L conditions should be met [2]: (1Ra21/Ra22l < |Ra11/Ra1d ,
of the network analyzer as follows. Shown in Figure 2 are t ) [€2-10| < 1 and (3) the difference between the argu-
models of what is measured by a network analyzer at its refer- = (L2-L1) . . 9
ence planes. The wave cascade matrix R of a two port netwcg?leim of deduced? and the estimated phase difference
is defined as: y(L2 — L1) from the real length of L2 and L1 should not ex-
' ceed 90 degrees. Therefore, theoretically any one of these three
b a conditions can be used as a criterion to determine the correct
= root. In our computer code implementing the calibration and de-
S =R (3) root. | ter code implementing the calibration and d
2 embedding procedure, all of these three conditions are checked
where @ and a are incident waves at ports 1 and 2,dand simultaneously at each data point. The conditions (1) and (3)
b, are emergent waves at ports 1 and 2 respectively. Theaf® used as criteria to chose roots and to check each other. This

parameter matrix S of a two port network is defined as: approach is effective to ensure the reliability of the calibration.

a



The condition (2), however, can not be used practically as a re-Table 1. Results of Z/Q (wire spacing: 0.5 inch)
liable criterion from our observation which is in agreement with

the statement in [2] Mode | fo Q ZIQ | ZIQ ZIQ
MHz Wire | Bead pull | Urmel-T
To check the generalized TRL algorithm and our computer’M110 | 1482 | 9188 2.97
code, three sections of semi-rigid coaxial lines with SMA con- 1487 | 1319 2.65
nectors were carefully made. Two of them and an SMA short 1489 | 2539 | 3.15
are used as calibration standards. The third section is used as 1487 | 1890 | 3.20
DUT. The results are very close to theoretical values. 1486 | 1524 | 3.15

1488 | 1111 | 3.15
1487 | 956 2.90
1492 | 639 2.70
TM120 | 2689 | 11685 7.28
2703 | 2800 7.29
2723 | 3019 | 5.60
2736 | 2461 | 5.80
2725 | 1826 | 5.05
2736 | 502 5.55
TM130 | 3898 | 13525 8.79
3923 | 3230 13.10
3979 | 3248 | 15.65
3977 | 2015 | 15.50

Table 2. Results of Z/Q (wire spacing: 0.3 inch)

Il. Measurement and Results

[1l.1. Repeatability

The repeatability is mainly affected by changing/stretching of

wires, and opening/closing of the mirror plane (copper plate) d Mode fo Q Z/Q ZIQ ZIQ
ing calibration and measurement. The repeatability was checked MHz Wire | Bead pull| Urmel-T
at the resonant frequency of the first dipole mode (1489 MHz)TM110 | 1482 | 9184 1.07
The mirror plane was opened and re-connected. The results 1487 | 1867 117
show that the relative errors of magnitudes of S parameters pe- 1488 | 2127 | 1.15
tween these procedures were less than 1%, and the phase efrors 1485| 1753 | 1.15
were less than 0.5 degree. Also wires with a difference of 1 mm 1480 | 879 1.15
in length were used which affected the position of the matching 1480 | 331 1.20
resistors and the penetration of the movable coaxial cableg iiM120 | 2690 | 11677 2.63
the matching section. The relative errors of magnitudes of| S 2706 | 2612 4.31
parameters between the two measurements is also less than| 1%, 2712 | 2641 | 3.00
and the phase errors are less than 0.5 degree. These results are 2711 | 2540 | 3.00
in agreement with the repeatability of the final results (Z/Q) of 2712 | 2364 | 3.00
this mode. 2724 | 2234 | 3.15
2714 1471 | 2.75
[11.2. Results 2724 | 612 3.20
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