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Abstract knowledge of the individual S-matrices one can calculate the
result expected for two cavities chained together. This
The propagation of HOM-energy along an acceleratealculation is plotted in Fig. 1 together with the measured
channel can be described in terms of frequency dependeansmission of the chain.
scattering (S-) parameters of the individual elements of the In Fig. 2 the calculated transmission through four
channel. These S-parameters can be measured for each elegeiical cavities is plotted. One observes a behaviour well
(cavities, couplers, etc.) separately. Once they are known, kfi®wn from filter cascades: The slopes increase with the
possible to predict the behaviour of any arbitrary combinatimgth of the chain.
of elements. As long as only one waveguide mode propagates
in the connecting pipes, standard RF calibration schemes are_.} s21s)
applicable methods to measure the three S-parameters of theo
representing two-port. In the presence of additional modes --*°
corresponding to higher frequencies - S-matrices of higher .
dimensions have to be determined. Therefore we have been:o
developing an experimental method which allows for -
determination of S-parameters in the regime of waveguide *; , 2 45 10° 55 10° 2 55 10° 26 1° f/Hz
ports with several propagating modes. The principles of 8§ 1 Transmission through a chain of two TESLA 9-cell
method as well as results from measurements of normal copper cavities: Calculated from single cavity
conducting TESLA cavity models are presented. measurements and measured directly (two curves)

Introduction ° “21am) v VABRY, WVU
The TESLA HOM-damping scheme consists of two e
couplers attached to either side of each cavity and a single®
absorbing element in a 8-cavity module [1]. The latter is ..
intended to dissipate HOM-power propagating through the .ss
L

accelerator. This leads to the question of how to measure RF+
power transmission in a complicated structure at frequencies .
that may allow for the appearance of more than only the fun g
mental waveguide mode. Therefore the problem exceeds the
capabilities of the usual two-port S-parameter measurement,
which is only appropriate for a single propagating mode. Even

then the question of de-embedding the test devices properties
from the measurement results, being modified by the necessary )
coaxial line-waveguide-adaptors, remains, but it is similar to N the case of more than one propagating mode the S-
calibration problems in pure coaxial setups. If more modes 8tatrix of an adaptor with one coaxial line (index 0) and n

present in the waveguides there was to our knowledge Waveguide ports may be written as:

e

9 9 9 9
2.45 10 2.5 10 2.55 10 2.6 10 f/Hz

2 Transmission through a chain of four TESLA 9-cell
copper cavities, calculated from single cavity
measurement

Measurements with more than one mode

practicable method available to measure a multidimensional S- - AOO\ Ag~Agn | _ AOO\KT
matrix at an arbitrary (for a given number of modes) fixed a= AglAL AL, | | A \A @
frequency (or a spectrum of them). ; P -

We performed measurements in the frequency range with Aon|Arn Ang

only the fundamental mode propagating (2.25 GHz t0 2.95 Herein the scalar Adescribes the reflection at the coaxial
GHz for 78 mm diameter TESLA beam pipe) using a standajgrt, the vector the coupling from the coaxial line to each
ThroughsShortDelay-calibration method (eg. [3]). For highefyayeguide mode and the submatrix the reflection at the wave-
frequencies we have been developing an alternate methoddmﬁe flange, that may couple every mode to each other. The
has been tested now with two waveguide modes for a deiggirix is symmetric due to the reciprocity of the device. Like
measurement and with three modes for a calibration of jgnne single mode case, the problem of determining the

adaptor at single frequency points (see [4] for details). properties of a device splits into the calibration step - i.e.
_ determination of the adaptors - and the measurement once the
Measurements with one mode adaptors are known. Considering the number of unknowns (10

in the case of two modes at two waveguide ports) it becomes

Fig. 1 shows results from single mode S-paramefgear, that a single measurement with two completely known
measurements of two 9-cell cavities (compare [2] for detaitg)aptors, which gives three numbers (two reflection, one
using a TSD-method for the adaptor calibration. With tieansmission quantity), is not able to provide a sufficient



amount of information. Thus one has to use different pairs@eometric Series Expansion

known adaptors for a number of subsequent device

measurements. To keep the calibration effort as small as Equation (6) can be rewritten using

possible we take only two fixed adaptors and combine them (l—M)(_l)=(l+M +M2+M3+ ) @

with various delay line lengths (see Fig. 3). In the samg, o the discussion of the mathematical conditions)
manner we use a short (which is one of the very few reliable

broadband standards in waveguide technique) and different dfléyT ):(Aoo 0 H/XTPT) (ﬂgll._lﬂlz)_'_(ﬂ}l__l Hi (% g) Hiy §12)+
line lengths to calibrate the two adaptors. r, /1 0B )|[|HipHz) \HipHa ' ¥ E/\HpHa
bg , .% HiHip |(A 0 HiHiz|(A 0)HiHyp A0
‘ ‘ (-1) = 7ihi HiHz (Og) QIZQZZ)(OQ)(HIZQZZ T (Oﬁ) ®)
‘ Al L ‘ Ly 'B as a geometric matrix series. This expansion is useful as well
‘ el ! — as an approach for the numerical solution of (6) with a set of
a; nb g 9 n M5 measurement data as for its physical interpretation. We denote
b o d o f g (8) as the "reduced model". To simplify discussion, we restrict
04 o Len N Len i ho ourselves to the calibration problem, which is a special case of
% ; ‘ ; 0 (6) (set all elements of C to 0 except the upper left block
‘ — - 5 — r—‘ which is the negative identity). Then the complete model is
— — FL)=An—-A EX LY [1+AEL)] VA 9
al...nwbl...n 91___:7‘1...n and its reduced veisTiozrl reafis IinTe:2 ] B
Fig. 3 Schematic drawing of setups used for adaptor MlL)=An-AEL)A+AE(LIAE(L)A (10)

calibration with delayed shorts and for measurement. Evaluating this in the case of two modes

Small letters denote the signals at all connection _ 2 2yl 2 2iyol

planes, index 0 corresponds to the coaxial line. ML) = Ag—(Af e 21+ AL e 22 1) +

+(AélAlle_leLl+Ac2)2A229_4iy2L1+ (11)
+2AAgpAppe2iviltirla)) ...

If we consider a setup with two adaptors A and B, a tedtows that each term describes a possible signal path from ini-
device C and two connecting waveguides with lengthasnd tial incidence to final detection. The same holds for (8) but the
L, (see Fig. 3), we are able to write down all signals, rela@xpressions are much more complicated. With the arithmetic
by S-matrices: derivation of (6) we just did a summation over all signal parts,

Basic Equations

b AL KT B, B \(h written in a very compact way. To solve a set of equations (6)
( AO) =| "o (a; ’ 90) :( 00 )( 40) (2ab)  with measurement data, we fit the data depending,ob, in
b A A 9 B BJlh the reduced model using the set of oscillations with wave

) el_( 0 EL,)\[T 2ed numbers, given by' the combinations of the known ph_ase

J (ﬁ) - ( EL, O ) g (2cd)  advances. The amplitudes of the lowest and therefore dominant
frequencies are functions easy to be solved for the S-parameters

(C) - ( Cn ClZ) (a) (2¢) (compare (11)) (due to some quadratic expressions some of the

f ChLCx/l® signs remain ambiguous). This procedure works as well for an

All the submatrices are (n x n)-dimensional, especially hoRigaptor calibration as for a complete measurement; in the latter

for the waveguide of length L and the phase constants case we have to fit with respect to two parameters.
et 0 0
EL)=| 0 . O ©) Measurement setup
B 0 Oet
Using an additional abbreviation The main effort in the setup had to be spent in the

realization of the various delay line lengths. This has been
(Hll HlZ):(E(L ) 0 )(CM 012)('5('- ) 0 ) (4) done by building two adaptor systems sliding in two fixed
Hi, Hy, 0 ElJ/{clc,)l 0 ElL)) waveguides. They are driven by stepping motors with spindles
and with respect to the fact, that the complete setup is jushat allow for a nominal position resolution of 6.@&. The

coaxial line two port with a (2 x 2)-S-matrix RF equipment consists of a HP8753C-6 GHz-network
bo\_ (T, T (& 5 analyzer. The components are computer controlled using
(go)_(T rz) (go) ®) LabVIEW™ the data evaluation is done witathematica™
one finds after some calculations in order to eliminate %II librati | ith th d
signal quantities (see [4]): alibration results with three modes
(_'I__l;— ):(AOOO BO )+ One of the adaptors has been measured at 4.5 GHz with
2 0 . ©6) three propagating modes (JETM,,, TE,)). The results are:
AT o |[HuHyp AO)\(H;;Hp, = A0 —0.145 +0.3561| 0.003 —0.0801 0.022 —0.1101 —0.026 —0.0121
+ et T 1-1% Ny = A =| 000300801 0.459 —05171 —0306 —0202| —0.071 +0.061 |
0B Hi, Hy B Hi, Hy 0B = 0.022 —0.110 |‘ —~0.306 —0.2021 0.199 —0.438| —0.161 +0.147 |
- —0.026 —0.0121|-0.071 +0.0611 —0.161 +0.1471 —0.562 —0.773 1

We shall refer to (6) as the "complete model”. We insert these parameters into the reduced and the complete
model (Fig. 4) plotted against, land add the measurement



0.309 +0.287 1 —0.050-0.0491) 0.310—-0.7351 —0.034-0.016 |
—0.050-0.0491 —0.264—-0.8981,—-0.019+0.0391 0.004 —0.004 |
0.310-0.7351 —0.019+0.039 | 0.469 +0.3561 —0.076 —0.047 |

points. We observe a sufficient agreement of the reduced model
and a very good one of the complete model. This may beC=
explained by the limited amount of wave numbers contributing —0034-00161  0.004-0.0041-0076-0.0471 —0.39%5 - 1.0301

in the reduced model, whereas the complete model covers all of The reason of the value oMbeing about 20% greater 1
them up to an infinite degree of multiple reflection. IS not yet clear. Probable causes might be the small humber of

Introducing a normalized error function measurement points (13 _forl hnd L, leading to an 13x13-
NIl =L 2 array) or a temperature drift, that has been observed during the
E=1l > i( j)(L )1( i) (12) measurement time of about 1 hour. Again, we tested the
ML

_ Ni=1 k) ) complete model and found a sufficient though not extremely
we studied the error-sensitivity of the result by adding soggod agreement (Fig. 6, 7).

random offset within a certain part of each parameter value.
Fig. 5 shows the result of 100 attempts together with the erron
function of the unperturbed S-parameters. We found thes
majority of attempts revealing an increased error, confirmings
\“.1 013“@.25 0?7\:5

Fig. 6 Typical plot of the transmission of the complete
setup for fixed L against L: value (left) and argument
(right curve)

12 -> 0.0397

12 -> 0.0397

that the unperturbed S-parameters are a very good (but nat
optimal) approximation to the real values.
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0.37 Fig. 7 Typical plot of the input reflection at port B of the
0.36 complete setup for fixed,lagainst L. (comp. Fig. 6)
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Conclusion and Outlook
0.34 1 *
0.33 The TSD-calibration technique is a useful tool to calibrate
) coax-waveguide-transitions if only one mode is propagating.
0321 0.15 0.2 025 0.3 035 04 045 To expand measurements in the frequency range of several
Length [n] waveguide modes we have been developing a new method for

multimode S-parameter measurements showing encouraging

Fig. 4 Value of input reflection factor of adaptor A at g i : i A
4.5 GHz against | measured points (dots) together ~ results in first tests. These evaluations will continue to specify
with reduced (upper curve) and complete model the capabilities of the method. In further investigations we

shall try to resolve additionally degenerated modes, especially
different polarisations.
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