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A K-Band Oscillator Locked to the First Water

Resonance
Achilles N. Leontakianakos, Member, IEEE

Abstract—Locking a microwave oscillator to a rotational

spectral line has the unique advantage that the frequency of
oscillation is defined by the spectral line of the polar molecule

involved and is thus immune to any drift caused by extraneous

effects. In instruments and communication systems involving

microwave sources, varying degrees of frequency stabilization

are required. Frequency stabilization using the absorption line

of a polar gas as the frequency reference standard obviates the
need for external frequency reference sources. It thus provides
a low cost alternative to phase locking the oscillator to a stable
source. A Gunn diode oscillator has been locked to the rota-
tional absorption line of water at 22235.170 MHz. The water
in vapor form was obtained from atmospheric air. The air was
held in a vacuum chamber which was inserted in a Fabry-Perot
open semiconfocal resonator. A sinusoidal electric field, the

Stark field, was impressed upon the gas in the cavity which is

coupled to the Gunn oscillator, thus modulating the water va-

por absorption of microwave energy. The second harmonic of

the Stark field was used to lock the Gunn oscillator. Working

with the water spectral line (161b-523) at 22235 GHz, frequency

stability of the order of +50 KHz was achieved.

I. INTRODUCTION AND BRIEF REVIEW OF LITERATURE

T HE PRINCIPLE of locking a microwave oscillator to

a rotational line is well-known, developed by Cram

and Paris [1]. A long absorption cell was used with a Stark

electrode to modulate the line of methyl fluoride at 102.2

GHz. The Stark modulation principle is covered in

Townes and Schawlow [2] and in Varma and Hrubesh [3].

Later workers such as Wineland et al. [4], locked a

stripline oscillator to the ammonia 23.870 GHz (.7 = 3,

K = 3) line, by frequency modulating a 500 MHz oscil-

lator at a rate of 10 kHz. Then this frequency was multi-

plied to the line frequency and passed through an absorp-

tion cell containing ammonia at reduced pressure. The

harmonics generated as the frequency of the frequency

modulated source crossed the absorption profile of the

ammonia line were employed to lock the source oscilla-

tor. The fractional frequency stability achieved was of the
– 10 Similar principles have been em-order of 2 x 10 .

ployed in the design of the atomic clocks discussed by

Audoin and Vanier [5].

In the work reported here, a novel locking system is

employed. An earlier version of this method is described
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in detail in previous publications by the author [6] and by

Thirup et al. [7].

II. SYSTEM DESCRIPTION AND THEORY

A brief description of the system is given below for

continuity. The gas, in this case atmospheric air, is con-

tained in a Fabry–Perot semiconfocal resonator coupled

to a K-band Gunn diode oscillator as it is shown in Fig.

1. An off the shelf Gunn diode package is used (Plessey

GDO 33), to provide the microwave energy required. The

radiation is then attenuated to 3 mW by a home made vane

attenuator. When the energy reaches the hybrid ‘‘ T‘’ some

of it travels towards the Fabry-Perot resonator and some

of it travels towards the diode detector (HP 3333 OC).

Inside the Fabry-Perot resonator a polytetrafluoroethy:

lene (PTFE) cup is placed and it is evacuated to 1.3 X

10-4 mbar via ports in the spherical mirror of the cavity

against which it makes a seal. On the outside of the end

wall of the PTFE cup is a serpentine wire grid of 4 mm

spacing, which runs to and fro across the wall. The grid

is oriented perpendicular to the microwave electric field

which exists in the cavity between the spherical mirror

and PTFE cup so that the interaction between the field and

the wire is minimized. Onto the grid a sinusoidal Stark

field is impressed of peak to peak intensity in the order of

12 kV at a frequency of 8.33 kHz. This signal is gener-

ated by an audio oscillator, then it is amplified by a power

amplifier, the Stark amplifier, which feeds the primary coil

of an extremely high voltage, (EHT) transformer. When

the frequency of the Gunn diode matches the resonant fre-

quency of the Fabry-Perot resonator which is made to
coincide to the absorption frequency of the water mole-

cule, the intera~ction of the sinusoidal Stark field with the

molecular energy levels of the water molecule, generates

amplitude modulation of the microwave signal at even

harmonics of the Stark frequency [7], [8]. The microwave

signal which is reflected from the Fabry-Perot cavity

travels towards the diode detector through the hybrid “T.”

Some energy from this signal is detected by the detector,

but the rest travels through the hybrid “T” and the vane

attenuator towards the Gunn diode oscillator. Since the

frequency of the Gunn diode oscillator is closely coupled

to the Fabry-Perot cavity, any change in the distance be-

tween the two mirrors will change it. Horizontal move-

ment is achieved by moving the flat wall of the cavity
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Fig. 1. System block diagram.

along the x-axis. This mirror is attached to a loudspeaker

cone.

The second harmonic of the Stark field frequency is ex-

tracted by a high quality factor band pass filter from the

diode detector output signal which has been preamplifier.

A phase sensitive detector is used to detect the variation

of the second harmonic of the Stark field modulation of

the energy absorbed by the water line at 22.235 GHz. The

reference signal of the phase sensitive detector is supplied

by doubling the signal frequency of the audio oscillator

using a phase locked loop frequency synthesizer. The out-

put of the phase sensitive detector is low passed, ampli-

fied, and it is used to drive the loudspeaker thus closing

the control loop. The frequency control system described

in this paper is based on the fact that the oscillator being

closely coupled to the cavity is locked to the spectral or

absorption line of the gas inside the cavity. Thus all three

frequencies, namely the Gunn diode frequency, the res-

onant frequency of the Fabry-Perot resonator, and the ab-

sorption frequency of the water molecule are locked to-

gether in the same control loop.

The theory of the locking procedure developed below

is partly based on the work of Hershberger [8], who car-

ried out an analysis of Stark modulation and identified the

generation of harmonics by the spectral line. He noted

that the second harmonic of the Stark field frequency re-

duced to zero very close to the line frequency of the gas.

Using this method, a stable oscillator has been devel-

oped which can be locked to the frequency of the absorb-

ing spectral line of any polar gas exhibiting absorption

strengths in the order of 7 x 10-6 cm-1 and above.

The fractional change in the voltage amplitude A V of

the reflected wave V from the cavity at resonance with the

absorbing gas in the cavity is given by [2]:

(A V/V) = & (1)

where

L = (QA/27r) = the equivalent path-length of the Fa-

bry-Perot cavity with Q being its

quality factor.

X = the wavelength of the resonant fre-

quency of the cavity.
x = the fractional abundance of absorb-

ing gas in the cavity, in this case it

N=

f=

I/&j12 =

v=
Av =

V. =

k=

T=

c=

So from [6] and [7]

(AV/V) = {L X

was atmospheric air containing water

vapor with water content of 10000

ppm.

the attenuation per unit length of a

wave propagating in the gas, given

by: T = [8~2Nflpij12v2 Av]/

[3ckT((v – VO)2+ A V2)] as it is given

by [2].

the number of molecules per cc in the

absorption cell.

the fraction of those molecules in the

lower of the two energy states i and j

involved in the transition.

the square of the dipole moment ma-

trix for the transition summed over

the three perpendicular directions in

space.

the frequency at which -y is defined.

the half width of the line at one-half

the maximum value of y.

the resonant frequency, or to a good

approximation the centre frequency

of the gas absorption line.

the Boltzmann’s constant.

the absolute temperature.

the speed of light.

it follows that

~fAv2} /{(v – VO)2 – P(V – Vo)

+ (3/8)p2 + P COS 2@v – V. – 0.5P)

+ (p2/8) COS &X + AV2} (2)

where

87r2\ ~zJ12V2

A=
3KTc Av

and

w = the Stark field frequency.

The output signal, of the phase detector which is locked

on the second harmonic of the Stark field; extracts it and

after it is low passed and amplified, it is used to drive the

loudspeaker. The instrument has two major components,

the Gunn diode oscillator and the Fabry-Perot semicon-

focal cavity resonator. The Plessey Gunn diode used was

coupled to the cavity via a vane attenuator and a hybrid

“T,” via a slit iris running perpendicular to the electric

field in the waveguide. The iris is sealed with a mica sheet

set in paraffin wax. The dimensions of the iris are critical

for optimum coupling, and in this case they were 5 x 1

mm.

The cavity itself comprises a spherical mirror of di-

ameter 93 mm, radius of curvature 186 mm into which

two vacuum ports were machined at a radius of 35 mm

ninety degrees apart. The vacuum seal with the PTFE cup

was achieved with an “O” ring 106 mm in diameter re-
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cessed into the circumference of the curved mirror. The

flat plate mirror of the resonator was a 120 mm diameter

copper clad epoxy glass printed circuit board “mounted

onto an audio loudspeaker cone, 110 mm in diameter, via

a perspex annulus. This arrangement is a simple and low

cost means of displacing horizontally the flat mimer of the

resonant cavity. Mechanical vibration due to the vacuum

pump was found to introduce a loudspeaker movement of

28 Hz. A piezocrystal could be used instead of the loud-

speaker. The frequency meter used during the course of

these experiments was an EIP548 device, and the diode

detector was a Plessey GDO 33 Schottky barrier device.

The Phase locked loop synthesizer, diode preamplifier,

loudspeaker, amplifier, second harmonic bandpass filter,

phase sensitive detector low pass filter, power amplifier

and Stark field voltage transformer were all home made

devices.

III. RESULTS AND OBSERVATIONS

The second harmonic of the Stark field frequency was

detected at the 22.235 GHz water absorption frequency

by introducing atmospheric laboratory air of relative hu-

midity 58% to the cavity. The EHT was set to oscillate at

8.3 kHz with an intensity of about 10 kV.

Originally, the diode detector used was a HP 33330C

device with a specified sensitivity of more than 0.08

mV IPW and the microwave power was supplied by a

Wiltron SNA 6669 programmable sweeper which was set

to sweep at a rate of 20 kHz /see in the water line fre-

quency region. The microwave power level was kept to 3

dBm. The signal from the diode detector was preamplifier

by 85 dB and the output signal of the phase sensitive de-

tector was displayed on a Gould series 6000 X-Y plotter.

The x-axis movement of the plotter was in synchro-

nization with the horizontal sweep of the WiIitron pro-

grammable sweeper. The vacuum kit consisted of a Ley-

bold Heraeus rotary/turbo-molecular pump combination

and originally the cavity was pumped down to a pressure

of 5 x 10–5 mbar. A constant leak of air from the atmos-

phere to the cavity through the mica window at the iris,

assured a constant supply of water vapor. The Fabry-Perot

cavity was set to resonate at exactly 22.235 GHz. In order

to demonstrate the generation and shape of the second

harmonic of the Stark field the programma~ble microwave

oscillator was set to sweep from 22.234 ~GHz to 22.236

GHz in 10 s.

A frequency meter was employed to monitor the fre-

quency since the frequency indicating facility of the

sweeper is accurate to +10 MHz. After a little delibera-

tion the second harmonic was detected and it is shown in

Fig. 2, where it is seen to exhibit a zero crossing at

22.23517 GHz. The frequency difference between the

maximum and minimum was measured to be 450 f 40

kHz. The minimum and maximum points of the absorp-

tion line are closely related to the half-peak-intensity

points of the absorption line according to 1P. L. Cook [9].

The pressure broadening coefficient for water is given

I
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Fig. 2. Second harmonic trace at a cavity pressure of 6 x 10-3 mbar and
Stark field voltage of 6 Kv. The bandwidth of the line between the mini-

mum and maximum is 450 kHz.
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Fig. 3. Second harmonic bandwidth variation with pressure. Stark field at

6 kV.

to be 18 MHz /’Torr, at a pressure of 0.1 Torr, by Liebe

[10]. The variation of the line bandwidth with cavity pres-

sure was investigated and the results are plotted in Fig.

3.
The slope of the line in Fig. 3, was found to be 11

MHz /mbar or 14.6 MHz /Torr. Experimental error has

to be included before this value is compared to Liebe’s.

According to Liebe and also to Benedict et al. [1 1], Stark

or Zeeman saturation effects destroy the equilibrium con-

ditions and hence the true shape and width of a line.

The variation of the peak to peak voltage intensity of

the signal with changes in the intensity of the Stark field

was investigated next and the results obtained are plotted

in Fig. 4. Next the solid state Gunn diode oscillator pack-

age was introduced as the microwave source of energy.

The home made vane attenuator was fitted in s,eries with

the Gunn diode assembly in order to decrease the micro-

wave energy entering the spectrometer to around 1.7 mW

so the gas did not get saturated. A power meter, (HP

432B), was used to measure the power output of the os-

cillator-attenuator package.

Since the frequency pulling or scanning effect of the

cavity was only realizable by the variation of the horizon-

tal dimension of the Fabry-Perot resonator, the frequency

scan over the water line region was achieved by feeding

a ramp signal at a rate of 540 mV /s to the loudspeaker,

which carried the flat mirror of the resonant cavity thus

pulling the frequency of the closely coupled Gunn diode

oscillator.
The output of the phase sensitive detector is plotted and

the second harmonic results obtained are shown in Fig.

5, where it can be seen that the second harmonic signal

lies on a slopin,g floor which is probably due to the com-

bined effect of the wide resonance response of the Fabry -
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Fig. 4. Second harmomc amplitude variation at different Stark field

strengths. Pressure is 3 x 10-3 mbar, water content is 10000 ppm.
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Fig. 5. Noise second harmonic trace at a cavity pressure of 5 X 10-3 mbar

and Stark field voltage of 12 kV.

Perot cavity, and the much narrower bandwidth of the

water absorption line.

From Fig. 5, it is also seen that points A and B do not

lie on the same horizontal level as it is the case with the

trace shown in Fig. 2.
This observation of the uncertainty of the zero crossing

of the signal represents in frequency terms, a measured

127 kHz of frequency instability, at a pressure of 5 x

10-3 mbar, which is going to be added to the inherent

instability of the oscillator when it is locked on to the

water molecular line.

Also the line between points C and D represents the

signal that is sent to the loudspeaker in order to follow

and correct any changes in radio frequency of the solid

state microwave source.

If the pressure is further decreased then the linewidth

of the line will decrease thus making the line between

points C and D steeper with the consequence of an in-

creased demand on the time constants of the system.

In turn, if the pressure was increased the reverse would

apply. When the feedback loop was closed, the frequency

variation was monitored and the frequency stability re-

sults obtained are represented by trace (a) in Fig. 6. where

it can be seen that the Gunn oscillator is locked to the

water line at 22.2357 GHz. There is a frequency variation

in the order of as ~ 50 kHz as expected because the zero

crossing uncertainty which is due to the non-clear defini-

tion of the zero crossing point of the second harmonic.

When the feedback loop was opened the frequency varied

in an unpredictable fashion as shown by trace (b) in Fig.

6. The design of the feedback loop was not optimized due

to severe time constraints so any sudden mechanical vi-

bration would cause the oscillator to jump out of lock be-

cause the paper membrane of the loudspeaker was set in

motion so the system could not compensate for the sudden

change of the horizontal distance of the cavity.

The mathematical model describing the system follows

the general lines of [1] and its block diagram is shown in

Fig. 7. To establish the dependence of the oscillator fre-

quency ~1 to the frequency of the second harmonic cross-

ing fz, the following analysis is given:

Let the initial oscillator frequency be~OO. If the flat mir-

ror of the Fabry-Perot resonator is moved by a small dis-

tance x, then the new oscillating frequency becomes~l and

is given by

fi=f~+xlcj (3)

where

KS = constant in (MHz/mm).

Then, the error voltage E from the PSD is given by

E = K4(f2 – fl) (4)

where

K4 = constant in (V/MHz).

The horizontal displacement of the loudspeaker, x, is

given by

E
x=K6–

R
(5)

where K6 = constant in (mm\ A), and R = resistance of

speaker coil z 4 !2. Substituting (4) and (5) in (3):

+ (6)
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22.2360
i

22.2359 {
1. ,[

(b)

cavity load is kept to a minimum. Ideally the Gunn diode

should be placed at the iris plane.

This arrangement involving an off the shelf cheap

Gunn diode, a high auality factor cavity and a detector
22.2358

Hull

-..

can achieve a considerable frequency stability adequate

~ 22.2357 for microwave spectrometry. Also, a relatively expensive
g

>22.2356
atomic clock stable reference oscillator is not required as

; is the case when a microwave oscillator is phase locked
22.23552 to a stable reference oscillator. The frequency stability

k

Fig. 6.
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(a) Locked oscillator frequency variation with time. (b) Unlocked
oscillator frequency variation with time.
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Fig. 7. Control block diagram of the system.

where the loop gain is A = (K4K5K6) /R. If the loop gain

is 99, then ~1 depends only 1 % on ~00, but it depends 99%

on f2.

The constants K4, K5 and KG were evaluated by exper-

imentation. K4 was found by calculating the slope of the

second harmonic signal shown in Fig. 2, and it was found

to be 1.74 V/MHz. K5 was found to be 29 MHz/mm

using data characterizing the frequency pull ability of the

resonator to the solid state source [6]. Finally K6 is in the

order of 5 mm/A. The overall loop gain achieved was

252.

IV. CONCLUSION

A Gunn diode oscillator was locked 10 the first rota-

tional resonance frequency of the water molecule. A high

quality factor, Fabry-Perot semiconfocalt open resonator

was coupled to the solid state microwave source. The fre-

quency stability achieved was of the order of +50 kHz.

The stability of the control loop would be enhanced if

the physical distance between the Gunn oscillator and

obtained here is achieved at 22.235 GHz so there is no

need for up conversion as would be required if an atomic

frequency standard such as the HP 5061B with option 004

was used.

There is plenty of development work to be carried out

in order to enhance the frequency stability of the system.

Following this principle several polar gases could be held

in the same cavity exhibiting distinct resonant lines so a

multi-frequency secondary standard stable oscillator could

be realised. Tak:ing this a bit further, individual miniaturi-

zed units couldl be manufactured in the form of vacuum

diodes exhibiting several stable frequencies.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

REFERENCES

N. E. Cram and D. T. Paris, “A molecular resonance AFC system
for millimeter oscillators, ” IEEE Trans. Microwave Theory Tech.,
vol. M’1’’f-l6, ,Pp. 548-553, 1968.

G. H. TowneszandA. L. Schawlow, Microwave Spectroscopy. New
York: Dover, 1.975.
R. Varma and L. W. Hrubesh, Chemical Analysis by Microwave Ro-
tational Spectroscopy. New York: Wiley, 1979.
D. J. Wineland., D. A. Howe and M. B. Mohler, in Proc. 31st Symp.
on Frequency Control, Monmouth, NJ, 1977, pp. 562–579.
C. Audoin and J. Vanier, ‘ ‘Atomic frequency standards and clocks, ”

J. Phys. E.: Sci. Instrum., vol. 9, pp. 697-720, 1976.

A. N. Leontakianakos, “Water determination by microwave spec-

troscopy, ” Ph. D. dissertation, University of Manchester Institute of

Science and Technology, Dec. 1986.

G. Thirup, F. Benmakroha, A. N. Leontakianakos, and J. F. Alder,
“Analytical microwave spectrometer employing a Gunn diode locked

to the rotational absorption line, ” J. Plzys. E: Sci. Instrum. vol. 19,

pp. 823-830, 1986.
W. D. Hershberger, “Minimum detectable absorption in microwave

spectroscopy and an analysis of the Stark modulation method, ” J.
Appl. Phys., VIO1. 19, pp. 411-423, 1948.
W. Gordy and R. L. Cook, Microwave Molecular Spectra, vol. 3.
New York: Wiley,, 1970.
H. J. Liebe, M. C. Thompson, and T. A. Dilloy, J. Quarst. R. Tech.,
VOI. 9, 1968.

S. Benedict, H. H. Claasen, and J. H. Shaw, J. Res. Nat. Bur. Stand.,
VOI. 49, p. 91, 1952.

Achilles N. Leontaklanakos (M’91) was born in
Athens, Greece on January 1, 1959. He received
the B. Sc. degree in electronic engineering from
the Polytechnic of Middlesex, London, England,
in 1982. He then received the M. SC. degree in in-
stmment design and application, and the Ph.D.
degree in microwave engineering and spectros-
copy, both from the University of Manchester In-
stitute of Science and Technology, (UMIST), in
1983 and 1986, respectively.

While pursuing the B. SC. degree he had to spend
a year in industry, where he worked for the Greek electricity board, and

Albol electrical prclducts. While pursuing the Ph.D. degree he was spon-

sored by Shell Petroleum, Holland. Since January 1987, he has been em-
ployed as a Lecturer at the Institute of Technology Brunei in S .E. Asia.
His current researclh interests include remote sensing, novel weather radar
systems, and device modeling.

Dr. Leontakianakos is a member of the Engineering Council U. K., and
the Institution of Electrical Engineering U.K.


