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Adjustable resonant cavity for measuring the complex permittivity
of dielectric materials
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An adjustable resonance cavity was developed to measure the complex permittivity of dielectric
materials. The cavity has an inner diameter of 16.400 cm and an inner height of 2.54 cm. The
aluminum stationary wall holder was positioned about 10.8 cm above the top of the cavity. It was
fixed into place by three 1.27-cm-diam linear shafts. By suspending from the wall holder, the
movable wall moved vertically by sliding on 1.27 cm bore-closed ball bushings. By turning a 1
in.-12 nut, the movable wall could be positioned so that the cavity height equaled the height of the
sample. Therefore, this enables the measurement of the permittivity of samples with heights
between 0.88 and 1.91 cm and radius between 1.27 and 3.18 cm. The complex permittivity of the
sample was calculated based upon the sample dimensions, central frequency,gihiddes, and

Q factor of the resonance curve using an exact solution. The complex permittivity was measured at
the three lowest modes, where the frequency span is 1-4 GH2Z0@ American Institute of
Physics[S0034-674800)01108-4

I. INTRODUCTION an inner height of 2.54 cm. The aluminum stationary wall
meolder was positioned about 10.8 cm above the top of the

complex permittivity of low-loss materials in the microwave cavity. It was f|xed_|nto place by three 1.27-cm-diam linear
frequency rang&:” When a dielectric material is placed in- shafts. By sgspendlng f_ro_m the wall holder, the movable wall
side a resonant cavity, the frequency of the resonant modd@oved vertically by sliding on 1.27 cm bore-closed ball
of the cavity will shift and the resonance curve broadeng?ushings. By tumig a 1 in.-12 nut, the movable wall could
depending upon the material’s complex permittivity and di-be positioned so that the c_aV|ty height equaled t.he height of
mensions. This measurement technique is usually classifigd® sample. The sample is placed on the cavity plug and
as destructive because a sample has to be machined toMVved into the cavity. Gold contact stripiistrument Spe-
specific shape and siZeProblems arise when one wants to cialties, Delaware Water Gap, PAvere soldered to the
perform permittivity measurements without altering theedges of the movable wall and cavity plug. These strips pro-
sample. vided the high-frequency electrical contact between the cav-
Our research required measuring the complex permittivity walls and plug. The cavity can accommodate samples
ity of alumina composites with variable dimensions. Sincewith a height between 0.88 and 1.91 cm and a radius be-
there were no commercial or standard measurement tecliween 1.27 and 3.18 cm. The mechanical dimensions of the
niques that could satisfy our requirements, an adjustablgystem rather than electrical consideration limit the sample
resonant cavity with a movable wall was constructed to acsize.
commodate cylindrically shaped samples with variable di-  Coupling loops excited and measurég, modes in the
mensions. An exact formula was used to determine the masavity. These antennas, which were placed 90° apart to pro-
terial's complex permittivity based on the sample vide mode selectivity, were made by looping the inner con-
dimensions, resonant frequency, &@ddactor. The following  ductor of a 50(2 semirigid coaxial cable and soldering it to
describes the design and modeling of a nondestructive resthe outer conductor. Coaxial connectdSMA) were sol-

Resonant cavities have been widely used to measure t

nant cavity. dered on the other end of these coaxial cables, which were
fed through holes in the cavity walls and held into place by

1. ADJUSTABLE RESONANCE CAVITY: DESIGN AND modified male Cajon ultra-Torr connectors. As shown in Fig.

MODELING 2, a vector network analyzer HP 8520C, which was con-

nected to the loop couplers via precision coaxial cables,

Figure 1 shows the schematic diagram of the resonant, et the frequency and measured the transmitted signal.
cavity, which was made of oxygen-free high-conductivity The network analyzer signal was swept from 1 to 4 GHz.

copper. The cavity has an inner diameter of 16.400 cm anﬁ"o reduce measurement uncertainty, the measured transmit-

ted signals were averaged from 16 traces. The central fre-
dCurrent address: Intel Corporation, 5200 N. E. Elam Young Parkway,quency of the resonant modé§ and Q factor of the Cavity

Hillsboro, OR 97124,
: re found and m r nder com r control. In order
YAlso at: Naval Research Laboratory, Vacuum Electronics Branch, 455§Ne e found and measured under co puter contro orde

Overlook Avenue, SW, Washington, DC 20375. to determine the cavity losses, tgfactor of the resonant
9Electronic mail: carmel@glue.umd.edu modes was determined by measuring the 3 dB points of the
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FIG. 3. Profile view of the circular cavity loaded with a sample. The dielec-
tric sample is region 1e; and u4). Region 2 is aife, and u,). The thick
solid line represents the inner walls of the cavity.
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at the sample-to-air interface. The general expressions for an
electric field in axial directiorE, and in regioni is
Ezi=[Aidm(aip) + GiNp(aip)]
X (CeM?+D;e M#)[E,; cogkz)+F; sin(kz)],

@

where; is defined by
a?= uiew’— K2 2

In Eq. (1) and(2), J,, andN,, are the Bessel and Newman
functions of ordem. A, G, C, D, E, andF are constants is
the radius andp is the angle around the axis of symmetsy,
Loop Coupling is the transverse wave number,is the angular frequency,
Fors andi is the region in the cavityi& 1,2), as shown in Fig. 3.
Top View Since the diameter of the cavity is greater than its height,
the lowest-order modes in a cylindrical cavity are T™M
FIG. 1. Schematic diagram of the resonant cavity with a movable wall. Themodes whereB,=0. Boundary conditions at the top and
sample is mounted onto the plug which is loaded into the cavity. ’ z o . ..
bottom ends of the cavity require that the electric field par-

) ) ) ~allel to a conducting surface to be zero. Thus,
resonant curves with and without the sample in the cavity.

The following exact analytical solution allowed compu- ~ KI=p7, p=012....

tation of complex permittivity of the sample based on t,hes?Applying this boundary condition at the cavity walls and
measurements. As shown in Fig. 3, the sample, which igya¢ching the tangential electric and magnetic fields at the

centered in the cavity and labeled as region 1, has mate”%'ample interface provides the following relationship:
properties ofe; and w4 (e, is the permittivity of free space

and u is the permeability of free spaceRegion 2, which is €, Jy(@a)

air, has material properties e andu,. The resonant cavity , J_(aya)

has an inside diameter ob2and the sample has a diameter

of 2a. The height of the cavity and samplelis _ €
The electric and magnetic fields within the cavity inter- | Im(a@b)Np(@pa) — Im(@pa)Nm(asb) |

act with the material. To relate the shift and broadening otl_

the resonant modes, the electromagnetic fields were match?a ee dcg;nrglfﬁepﬁ:gga’r'é)é c():fotr:t]slsj r;glgeugnfr?qeuner?c?ycgflil;te

cavity,

21.59 cm
16.400 cm

Im(@2D)Ni(aza) — Iy @) Nm( azb)

()

o O B

, 4

w=27

(o]
f°+2_Qs

and numerically solving Eq3) for the complex permittivity.
In this procedure(); is the Q factor of the sample,

1 1 1
Qs QI Qe’
whereQ, is theQ factor of a loaded cavity an@, is theQ

factor of the empty cavity. A two-variable minimization rou-
tine determined the complex permittivity of the material for a

FIG. 2. Picture of the apparatus: the vector network analyzer connected t9iVen estimate of the value. The error in calculatirigwas
the resonant cavity with a movable wall. about 0.005% and in calculatingf is about 0.14%.
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FIG. 4. Measured relative real part of the complex permittivity of porous
alumina composites with respect to frequency. Frequency (GHz)

. . . FIG. 5. Measured relative imaginary part of the complex permittivity of
Finally, the movement of the cavity wall and cavity plug porous alumina composites with respect to frequency.

change the electrical contact between cavity walls, which

affect the accuracy of the permittivity measurements. Googhittivity of composites with respect to frequency, which in-
and consistent electrical contact could be indicated by thereases with the concentration of copper oxide.

accuracy and reproducibility of the measurgdand Q..
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