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Fig. 2. Calculated hoi/w tuning curves of some modes.
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Fig. 3. Experimental results and the corresponding calculated hOi/w tuning curves of a few modes.

bandstop filters, and selective modulators
with directional characteristic. The magneto-
dynamic modes are also useful for material
measurements especially in the mm-wave re-
gion because of the relatively large dimensions.
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Relative Humidity Effects in Microwave

Resonators

Several factors affect the frequency sta-
bility of microwave resonators. One impor-
tant factor is the stability of the dielectric
medium which fills the resonator. It is the
purpose of this correspondence to analyze
the effect of the change in dielectric constant
uuon the resonant freauency of a sealed, air-
fi~led resonator. ‘

Earlier ua~ers have dealt with the effect
L ,,

of the dielectric constant on the propagation

of microwaves and its application to the

shift of resonant frequency in an open resona-

tor.]’2 Most of the work is based on an
empirical equation which relates the dielec-
tric constant of air to temperature and partial
pressures. Since the relationship of the par-
tial pressures is significantly different in open
and in closed systems, it is important to ana-
lyze the frequency shift in resonators with this
in mind.

Montgomery’s nomograph shown in Fig.
4. which is the one most frequently referred
t: on this topic, is most useful for an open

resonator operating at high relative humidities
and elevated temperatures. Often, however, a
resonator is sealed at moderate humidities
and room temperature, and completely er-
roneous results can occur if one tries to ex-
trapolate the results of the nomograph to a
closed system. Thi.slis because, as the tempera-
ture is increased m an open system, the par-
tial pressure of the air increases significantly
over the partial pressure of the water vapor,
giving a large net increase in dielectric con-
stant and hence a large decrease in resonant
frequency.

In a closed system, however, the partial
pressure of the air and water vapor increases
at a smaller linear rate which is cancelled by
the increase in temperature. The net result is
that there is a small decrease in dielectric
constant which slightly raises the resonant
frequency.

A similar situation exists at lower temper-
atures but is compounded by the fact that, in
the closed system, 100 percent relative humid-
ity is soon reached and precipitation of the
water va~or occurs with attendent large fre-
quency shift,

In order to analvze the situation, let us
consider the equatio~

n = (/.4+’/2. (1)

With the assumptions of Montgomery’ (i.e.,
medium does not introduce excessive or vari-
able loss), one can derive

(2)
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where k. is the relative dielectric constant
which we would like in terms of temperature
in order to get A f/fin useful terms. Mont-
gomery presents the empirical equation (3)
which relates the dielectric ccmstant of air to
temperature and partial pressures of dry air
and water vapor. 1

k. =1+1.57x 10-6~ +1.35.X.10-6

“(’+%% (3)

where

Pa= partial pressure of dry air in Newtons
per square meter

P.=partial pressure of water vapor in
Newtons per square meter

T= absolute temperature =273.16°K+~C.

However, Pz=mZ/Mc RT/V for a mass of

m. grams of a gas of molecular mass M= in a
container of volume V, m? at a temperature
I“”K. Substituting the values for 1 mole at
standard temperature and pressure for

P=1O.15X1W N/mz
V=22.421 X 10–3 m3–volume
T= 273.16°K–temperature

M= Mz g –mass,

the universal gas constant, R, is

m’
R = 6.25 X 10-5 —

KOg”

Then (3) can be rewritten as

( 5580° K
ke=l+k.?n. +kwrn. l+—

T )
(4)

where

k= = 4.53 X 10-7 m3/g

kv = 6.25 X 10-7 m3/g

m., m.= specific mass of air and water, re-
spectively, in g/mi.

It is clear that the mass of air remains
constant in a closed system. It is also apparent
that the mass of water vapor, rrz~,in a closed
system will remain constant until, at lower
temperatures, 100 percent relative humidity is
reached. It is at 100 percent relative humidity
(dew point) at which precipitation occurs and
the dielectric constant (and hence frequency)
begins to change drastically. Thus it is a sim-
ple matter to calculate Ak. from (4). Let

( 5580° K
k. = 1 + km. + km. 1 + —

To )

and

( 5580° K

)
k.’ = 1 + kuma’ + L@.’ 1 + — .

T,’

Then

[( 5580° K
Ak. =kw m. l+——

T, )

(

5580° K
–n.’ l+—

To’ )1. (5)

50 –

40 -

30 –

20 –

10 -

,
0- 1

-30 -20 -10 c 10 20 ~Q

TEMPERATURE : IN CEGREES CENTIGRADE

Fig. 1. The weight in grams per cubic meter of saturated water vapor as a function of temperature.
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Fig. 2. Mass in grams per cubic meter of water vapor in a cavity sealed at 25°C for several initial
values of relative humidity.

As an example of the utility of (5), consider a
resonator sealed at a To of 25°C. The specific
mass of air in the sealed cavity will vary from
1.18 X103 at O percent relative humidity to
1.15 X108 g/ins at 100 percent relative humid-
ity, but will remain constant after sealing.
Assume that the relative humidity at the time
of sealing was 60 percent. The concept of
dealing with masses of water is convenient,
since relative humidity is de6ned as the ratio
of the actual amount of water vapor in the
air to the amount of water vapor the air could
hold at 100 percent relative humidity (dew
point) at the temperature of interest. From
Fig. 1 we see that there are 23.0 g/m3 of

water in a saturated mixture of air and water
at 25”C. Hence, for 60 percent relative humidi-
ty, there would be 13.824 g/m9 of water va-
por. For any temperature other than 25”C,
we can now calculate Af/y from (2) and (5)
and find it to be —0.0241 (/To — 1/To’) as
long as m~ is constant. It can be seen from
Fig. 2 that rrr~ remains constant until 100
percent relative humidity is reached, at which
point precipitation occurs and mv decreases.
Figure 3 shows a family of curves for several
different initial relative humidities, including
the assumed case of 60 percent, in a resonator
sealed at 25°C. If the cavity is sealed at a
different initial temperature or if it is not a



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, AUGUST 1967

10 — INITIAL RELATIVE

HUMIDITY IN %

o
,

-10 - 10

-20 -
20

-30 —

-40

-50

-60

-70

-80

-90

-1oo

-110

-140 1-
,00 /

,,

-“r’~
-50 -40 -30 -20 -lo 0 10

TEMPERATURE ~ IN OEGREES CENTIGRADE

Fig. 3. Frequency shift as a function of temperature for a cavity sealed at 25°C for several different tiltial relative
humidities. Curves apply to a closed system only. Values are to be added to measured values.
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Fig. 4. Nomograph for computing frequency shift as a function of temperature and humidity for an open cavity
Af/f values are read from the intersection of the Af/f scale and the line which joins temperature with relative
humidity. Nomograph values are to be added to measured values. (After Montgomery.)

closed system, then all calculations in (2) and atmosphere. Assume that the frequency shift
(4) must be carried out for these conditions. is desired for the case in which the final tem-

Let us now compare the results of Mont- perature is – 5°C and the relative humidity is
gomery’s nomograph, shown in Fig. 4, to 100 percent. Considering the closed system
those obtained for the closed system. For both first, it is obvious that the initial conditions
cases let the initial condition of the cavity be are satisfied by the 60 percent line of Fig. 3.
60 percent relative humidity at 25°C and 1 Since the sealed cavity forms a closed system,

the same line will satisfy the final conditions
of 100 percent relative humidity at – 5°C.

From Fig. 3 we see that the frequency
shift is plus 62 PPM (since values on the graph
are to be added to measured values). Enter-
ing the nomograph of Fig. 4 we see that the
predicted frequency shift is minus 30 PPM.
The reason for the difference in values is due
to the fact that the dielectric constant changes
minus 90 PPM due to the change of the
mass of dry air, and plus 60 PPM for the
water vapor in the open system, resulting in
a net shift of minus 30 PPM.

It should be pointed out that in actual
laboratory measurements there are many
other errors to be accounted for. For exam-
ple, it is well known that water vapor causes
an increased absorption level in the K band
and that these losses will cause a frequency
shift. In addition, at lower temperatures,
water preeipitation on resonator walls will
cause a frequency shift which must be handled
with perturbation techniques. Ths thermal ex-
pansion of the cavity walls must also be ac-
counted for.

Actually, for resonators built from con-
ventional materials (aluminum, brass, etc.),
the error due to thermal expansion of the
walls far exceeds the error introduced by
humidity effects. Recently developed resona-
tors built from low-expansion glass ceramics,
however, exhibit thermal stabilities of several
parts in 10s. In such resonators, the humidity
effect can far overshadow the thermal expan-
sion of the walls.

Still another problem which must be dealt
with is the differential of pressure from inside
to outside of the resonator which causes me-
chanical deformation.t All of these factors as
well as several other minor ones have made
it very difficult to precisely confirm the above
analysis experimentally. Nevertheless, suffi-
cient work has been performed to indicate
that the above treatment is correet.
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Optimum Elliptic-Function Filters for

Distributed Constant Systems

Abstract—It is shown from an example
that the derivation of distributed constant fil-
ters from lumped-element filters through
Koroda’s transformation leads to 1sssselec-
tivity than can be obtained with the samenum-
ber of elements,whenthe unit elementsare also
madeto contribute to the filtering.
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