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MILLIMETER-WAVE SPECTROMETER FOR POLLUTION RESEARCH 

W. F. Kolbe and B. Leskovar 

February 15, 1977 

Lawrence Berkeley Laboratory 
University of California 

'Berkeley, California 94720 U.s·.A. 

Abstract 

A microwave spectrometer for the detection of gaseous pollu

tants is described. The spectrometer operates at frequencies in 

the vicinity of 70 GHz and employs a Fabry-Perot interferometer 

as a sample cell. The interferometer is voltage tuned by means 

of a piezoelectric transducer which enables it to track the micro-

wave source frequency. The operation and performance of the in-

strument is discussed and illustrated by measurements of diluted 

samples of sulfur dioxide. The noise contributions which limit 

the sensitivity are described and suggestions for future improve-

ments are noted. 

1. Introduction 
• 

A number of investigators(l, 2 , 3) hav~ studi~d the application 

of microwave spectroscopy as a technique for the detection of 

small quantities of gaseous pollutants and other constituents in 
' (4 5) 

the atmosphere. To date several laboratory instruments ' 

have been adapted to this purpose and a portable ~pectrometer for 

the detection of formaldehyde has been constructed( 6). 
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. . 
' (7) • . 

Conventional spectrometers · for the detection of micro-

wave transitions in gases usually employ a non-resonant sample 

cell consisting of a long section of waveguide with a vacuum 

seal at each end. For increased sensitivity, an insulated 

plate is mounted inside the waveguide to provide a Stark modu-

lation electric field thereby permitting phase-sensitive detection 

of the absorption signal. Because of its non-resonant construc

tion, this type of absorption cell is very useful for routine 

studies in which wide frequency ranges are swept. For pollution 

monitoring, however, it has the disadvantage that the long cell 

required, frequently several meters in length, does not permit 

a compact instrument to be designed. In addition, the waveguide 

cell with its insulated Stark plate, has an unfavorable internal 

surface to volume ratio making it subject to contamination by 

absorbed gases. These disadvantages can be avoided by replac-
. (3 4) . 

ing the waveguide cell with a resonant cavity ' . In order to 

obtain the high Q necessary for adequate sensitivity a semi

confocal Fabry-Perot interferometer is used(B, 9). 

Most spectrometers, to date, designed for pollutant detec

tion have operated at comparatively low (less than 35 GHz) micro-

wave frequencies. Because the absorption coefficients of these 

gases increase with frequency, it is advantageous to operate the 

spectrometer at as high a frequency as possible consistent with 

the availability of suitable microwave component~(lO). As a 

reasonable compromise, the spectrometer described in this report 

has been designed to operate in the vicinity of 70 GHz. As has 
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been shown previously (.lO) , sui table .microwave transitions for 

a number of important pollutants and constituents are found in 

this frequency region. 

In Section 2, the basic components of the spectrometer 

system constructed are described in detail. The performance 

of the system in its various modes of nperation is discussed 

in Section 3. In order to demonstrate the operation of the 

spectrometer, measurements of the typical pollutant sulfur 

dioxide are presented. Because of the central importance of 

the system noise level in determining the overall performance, 

a discussion of the major noise contributions is given in 

Section 4. Finally, a brief description is given of a number 

of modifications presently under development which should improve 

the sensitivity of the spectrometer. 

2. Description of the ?pect~?meter 

A block diagram of the 70 GHz spectrometer described in 

this work is shown in Fig. 1. As can be seen from the figure, 

the spectrometer is designed around a Fabry-Perot microwave 

cavity mounted in a vacuum enclosure. For lnw noise detection 

of the cavity signal, a superheterodyne receiver employing a 

phase locked signal oscillator and local oscillator is used. 

2. 1 The Si_snal Oscillator 

The signal oscillator consists of a Hughes Model 41620H 

Gunn diode oscillator followed by a microwave isolator and a 
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Spacekom Model DV-1 frequency doubler. With this combination 

up to approximately SmW of ·microwave power is available over 

a band of frequencies in the vicinity of 76 GHz. Two Gunn 

diodes each with 1 GHz mechanical and 100 MHz el~ctr~cal (var

actor) tuning provide covetage from 68.7 to 70.9 GHz.and from 

72.1 to 74.3 GHz, thereby permitting the detection of several 

pollutant species. The Gunn diode is phase locked to the 

76th harmonic of a reference signal at about 450 MHz produced 

by a Gen Rad Frequency Synthesizer Mode~ 1062. The synthe

sizer can be swept over any frequency range of interest via 

a rear panel analog inpu~. The phase locking is accbmplished 

with the use of a Microwave Systems Model MOS-6/L frequency 

stablizer. 

2. 2 The Local Oscillator 

The local oscillator is derived from an OKl 70VlOA klystron 

immersed in an oil bath. A 2X harmonic mixer and a Dymec 

DY-2650A stabilizer are used to phase lock the local oscillator 

to the second harmonic of the Gunn diode oscillator. Since 

the stabilizer uses a 30 MHz IF amplifier and phase detector, 

the local oscillator is always maintained at a cbnstant phase 

and frequency offset of 30 MHz from the signal oscillator. The 

30 MHz reference is derived from the synthesizer master oscil

lator. 
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2 . 3 }'he Microwave Cavity 

A semi-confocal Fabry-Perot transmission cavity is used 

as a sample absorption cell. The cavity which is described 

in greater detail elsewhere( 8), is shown in cross-section in 

Fig. 2. It consists of a concave spherical mirror and a 

flat mirror containing two waveguide coupling ports. The 

spherical mirror is provided with a micrometer drive to per

mit coarse mechanical tuning and a piezoelectric transducer 

for fine electrical tuning. The cavity is mounted in a vacuum 

chamber to which are attached a gas handling system and vacuum 

pump. 

With an input voltage extending from about -800V to +800V, 

the piezoelectric transducer provides in excess of 10 MHz of 

continuous frequency tuning. This is more than adequate to 

compensate for thermal drifts of the cavity dimensions and to 

permit a frequency sweep through the gas absorption line. In 

normal operation the cavity resonant frequency is locked to 

the frequency of the signal oscillator so that any frequency 

changes of the signal oscillator are automatically tracked by 

the cavity. This is actomplished by means of a feedback loop 

in which the quadrature component of the microwave receiver 

phase detector (described below) is amplified and fed back to 

the piezoelectric transducer. A Kepco Model BOPlOOOM operational 

power supply is used as a high voltage amplifier to drive the 
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transducer. For calibration purposes, an unlocked mode is 

provided in which thi cavity is not swept. Operati~n in this 

mode permits the receiver phase detectors to be adjus~ed and 

the cavity Q to be measured .. 

2. 4 The Microwave Receiver 

The microwave receiver is designed around a TRG Model 

V9125-2T mixer/preamplifier. According to specifications this 

unit has an (SSB) noise figure of 9.0 dB and RF/IF conversion 

gain of 25 dB at the operating IF frequency of 30 MHz. The 

local oscillator power used is +3 dBm. The IF output of the 

receiver is further amplified in an RHG Inc. Model EST3010 

calibrated linear IF amplifier. After amplification, the sig-

nal is sent to a pair of HP10514A phase detectors. The 30 MHz 

reference frequency from the synthesizer is passed through a 

variable phase shifter, split into two components 90° apart 

in phase, and used to drive .the two phase detectors. After an 

appropriate adjustment of the phase shifter, the two detected 

signals repr~sent the in-ph~se and quadrature components of 
' ( 

the cavity response functio~. At resonance the q~adrature 

component is zero and, as described above, is used to control 

the cavity frequency. The. in-phase component of the receiver 

signal is used to detect the changes ~n transmitted power of 

the cavity resulting from the sample gas absorption. 
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2 . 5 Si,gnal Detection 

At high concentrations of the sample gas, the detected 

signal change is large enough to be observed directly as 

described in the next section. At low concentrations, how-

ever, it is advantageous to use some form of modulation and 

to employ a phase-sensitive, lock-in amplifier to extract 

the desired signal from the noise background( 7). As shown 

in the block diagram, Fig. 1, two different modulation schemes 

were implemented. 

In the source modulation (FM) scheme, the signal oscillator 

frequency is varied by applying a modulating voltage at 33 Hz 

to the frequency synthesizer. The modulation must be at a 

sufficiently low rate to permit the cavity tracking system to 

follow it. If the modulation depth is small compared to the 

absorption linewidth, the resulting signal, after amplification 

and phase detection, is approximately proportional to the 

~erivative of the gas absorption lineshape. !he signal-to

noise ratio of the detected absorption can then be improved as 

desired by introducing a filter of sufficiently long time con

stant to the.phase detector output. 

In the second scheme a high voltage square wave at 19 KHz 

is used to Stark modulate the molecular transition frequency. 

In order to achieve the large electric field needed for this 

purpose, the spherical mirror is insulated and moved from the 
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position shown in Fig. 2 to within 1 em of the flat mirror. 

With this modification, electric fields of up to 1500 volts/em 

can be obtained between the two mirrors. The switching of the 

Stark field between zero and the maximum value is accomplished 

by a pair of high voltage vacuum tubes operated sequentially 

in a pulsed mode. After phase detection and filtering in the 

lock-in amplifier, the resulting signal consists of an approxi

mate reproduction of the original lineshape unshifted in fre-.. 
quency and a series of Stark shifted peaks of the opposite 

polarity. 

A Northern Scientific NS-636 multi-channel analyzer 

equipped with a signal averager adaptor is used to store and 

display the measured data and, if desired, to average a series 

of repetitive sweeps for further enhancement of the signal

to-noise ratio. A digital to analog converter connected to the 

analyzer address register is used to produce an analog voltage 

sweep of the frequency synthesizer over the region_of interest. 

In order to avoid discontinuous frequency changes which would 

cause the signal oscillatdr phase lock loop to be broken, a 

triangular sweep is used. 
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3. Performance of the Spectrometer 

3.1 Cavity· Response and. Stabilization 

LBL-6128 

The conversion of the microwave signal as it passes 

through the cavity, the microwave receiver, the I.F. ampli

fier and the dual phase detectors is linear at each stage 

of conversion. If we express the equivalent voltage at 

the input of the cavity as 

e.(t) =E. cos wt 
1 1 

(1) 

where w is the microwave frequency, then at the output of \ 

th •t . (11) e cav1 y we can wr1te 

cos wt + T. ( o) 
1 

sin wt] (2) 

where the cavity voltage transfer function T(o) is given by 

(3a) 

and Zo (3b) 

In Eq. 3, Q1 is the loaded Q of the cavity, Q1 ,Q 2 are the Q 

factors associated with the input and output coupling ports of 

the cavity, and o=(w-w )/w
0 

is the fractional frequency 
. 0 

deviition of the microwave frequency from its resonant fre-

quency w
0

. In the microwave receiver the voltage e
0

(t) is 

converted to the IF frequency Q/2n=30 MHz. If the conver-

sion gain of the receiver and IF amplifier is denoted by Kr 
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then at the input of the phase detectors we have 

(4) 

In the phase detector the signal e(t) is mixed with the 

reference signal 

where ~ is the phase of the reference. The mixing process 

is equivalent to a multiplication of the reference and signal 

to yield the output voltage Vd where, after filtering out 

components at frequency 2n, 

Vd=KdKrEiiTr(o) c~s ~+ Ti(o) sin~] (5) 

and Kd=er/2 is the conversion loss of the phase detector. As 

described above the two phase detectors are driven by refer

ence voltages 90° apart in phase. If we let the phase of the 

first detector, ~ =0 and the~hase of the second detector, 
. 1 . 

~ 2 = 90° then we have for the two output voltages Vd and Vd' 

KdK E. r 1. • 
2o 

CQ Q )1/2 Cl./QL)2 + 4oz . 1 2 

(6) 

(7) 

In Fig. 3 are shown the measured voltages Vd and Vd, 

obtained by sweeping the microwave frequency through the 
! 

(fixed) resonant frequency of the cavity and displaying the 
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result in the multichannel analyzer. Because of the tri

angular frequency sweep used, the ~avity resonance is dis-

played twice in the figure. As can be seen the in-phase 

component, Vd is a maximum at resonance and the quadrature 

component, Vd, is zero and an odd function of o. The loaded 

Q of the cavity, Q1 was found from a measurement of the width 

of the resonant curve {n Fig. 3 to be approximately 46,000. 

As described previously, stabilization and tracking of 

the microwave frequency by the cavity is accomplished by 

amplifying vd' and feeding it back to the piezoelectric trans

ducer. Because of the electromechanical components (specifi-

cally the mass of the mirror and transducer) in the feedback 

loop it was necessary to roll off its frequency response with 

appropriate filters at frequencies above 30 Hz. 

Fig. 4 shows the cavity signal Vd produced by sweeping 

over the same frequency range as in Fig. 3. In the figure, 

curve (a) is the baseline produced with zero microwave power; 

curve (b) shows the cavity response curve with the stabilization 

loop turned off, and curve (c) shows the cavity response with 

the stabilization loop turned on. Curve (c), which ideally 

should be a straight line, is slightly curved due to a rnis-

alignment of the electronics. This situation was improved 

in later measurements. Curve (d) shows the additional absorp-
\ 

tion produced by a sample of so 2 gas with the cavity tracking, 

and is described in the next section. 
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3. 2 · Microwave Absorption by Concentrated so2 · 

In order to demonstrate the detection of a gas absorp-

tion signal, the microwave cavity enclosure was filled with 

sulfur dioxide {S0 2) gas at a pressure of 0.023 torr. The 

microwave frequency was adjusted to sweep through the so 2 

6(1,5)-6(0,6} tr~nsition at 68972~1 MHz. As measured pre-

viously, the absorption coefficient and linewidth parameter 
-4 -1 for this transition are yo=4.5 X 10 em and c~v)l=lS MHz/torr. 

At the operating pressure of 0.023 torr the expected linewidth 

(HWHM) is 0.34 MHz. The absorption curve for the transition 

is shown in Fig. 4, curve (d). 

To calculate the magnitude of the absorption, we make 

use of the fact that the loaded Q1 of the cavity is reduced 

by the gas at its resonance to the value 

(8) 

where v
0 

is the transition frequency and c is the velocity of 

light. Eq. (8) is obtai:ned by attributing to the gas a Q equal 

to 

The relative change in the receiver detected voltage, 

Vd (at the cavity resonance peak Vd is proportional to Q1 

as in Eq. 6) is given by 
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(9) 

For small absorption signals Qg is much larger than Q1 

and 

(10) 

27T\I 
0 

For the measured Q1=46,000 and the parameters y
0

, \1
0 

of 

so 2, Eq. (9) yields 
t 

= -0.59 

in good agreement with the value -0.61 obtained by measurement 

of Fig. (4). The (HWI~1) linewidth is defined as the frequency 

deviation for which y(\1) is equal to y
0
/2. Repeating the cal

culation for y
0
/2 yields a measured HWHM linewidth equal to 0.31 

MHz in agreement with the calculated value above. 

The accuracy of measurements of this kind is dependant 

upon the linearity of the receiver system, and the assumption 

that there is no saturation of the rotational transition by 

the measuring field. In the measurement illustrated above, the 

microwave power was reduced 3dB below the smallest value at 

any saturation could be detected. 

3.3 Signal Detection using Source Modulation 

The detection of gas absorption signals by the techniques 

outlined in the previous section is limited to strongly ab-
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sorbing species. By signal averaging a series of repetitive 

sweeps through the absorption region the sensitivity can be 

increased, perhaps by a factor of 100 over that -Illustrated 

in the above example. However, for weaker signals, it is 

necessary to use some form of modulation and to recover the 

signal with a phase-sensitive lock-in amplifier. 

Source modulation, in which the source frequency is 

sinusoidally varied with a small amplitude while the average 

frequency of the source is swept slowly through the absorption 

region is a well known technique (7) for extracting the reso

nance signal from the noise background. It is commonly used 

in measurements (12) of the linewidths of microwave transitions. 

In order to modulate the signal oscillator, a calibrated 

sinusoidal voltage was applied to the frequency synthesizer. 

Since the signal oscillator was phase locked at 70 GHz to 

the 152nd harmonic of the synthesizer, the actual modulation 

depth of the source could be readily determined. The cavity 

feedb~ck loop was then ~nabled to permit the cavity to 
. ! 

track the frequency excursions of the source. Because of 

the limited bandwidth of the cavity feedback loop, a low 

frequency of 33 Hz was chosen as the modulation frequency. 

A sample of so 2 gas diluted with N2 gas to a concen

tration of 970 ppm (supplied and certified by Matheson Inc.) 

was introduced to the cavity at a pressure of 0.025 torr. 

Th~ ~ignal oscillator was then modulated at 33 Hz with a 
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depth of 0.091 MHz RMS and the resulting signal phase de

tected with the lock-in amplifier and filtered with a time 

constant of 20 msec. 

The detected signal is shown in Fig. 5. By turning off 

the modulation voltage and increasing the lock-in gain until 

the noise level was equal to the signal of Fig. 5 the signal

to-noise ratio (SNR) was determined to be equal to 20 for the 

time constant T = 20 msec. Since the noise voltage is pro-

portional to\ (l/T)' the equivalent SNR for a 1 second time 

constant and a concentration of 970 ppm is 140. From Eq. 10 

the detected signal AVd is proportional to y . which in turn is . 0 

proportional to the concentration of so 2 . As a further check 

of the sensitivity, a gas sample of 108 ppm of so 2 in N2 pro

duced by further dilution of the standardized gas mixture us

ing a calibrated flowmeter was introduced to the cavity. Fig. 

6 shows the absorption signal detected with a time constant 

of 1 sec. The observed SNR is approximately equal to 10 in 

reasonable agreement with the above. 

In order to relate the experimental data such as that 

shown in Fig. 5 to the actual gas absorption parameters y
0 

and the linewidth (Av) 1 , it is necessary to compute the effect 

of the modulation process on the gas absorption signal. The 

calculation has been performed by Wahlquist (13) for the com-

parable case of a Lorentzian absorption line, Zeeman modulated 

by a sinusoidal magnetic field. In the case of source modula

tion the important parameters are the amplitudes, AVd of the 
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Lorentzian absorption curve and the peak-to-peak amplitude, 

V of the phase detected signal, and the respective line-pp 

widths 6v and ov of the two signals. Adapting Wahlquist's 

results, we find that the peak-to-peak detected signal Vpp 

and the detected linewidth, 2ov.are given by 

(11) 

and (12) 

where the quantities Ka and Kb are plotted in Fig. 7 as 

a function of the ratio vrmds/6v of the modulation amplitude mo 
to the Lorentzian HWHM linewidth. For small modulation depth 

· rms _17: the approximation Vpp=l.30 6Vd vmod/6v and ov=6v/v3 can be 

used. 

The validity of eqns. 11 and 12 in interpreting the 

measured data of Fig. 5 can be tested by first calculating 

the Lorentzian parameters of the absorbing gas. For a dilute 

mixture of so2 in T2 Tejwani (14) has calculated for the 

linewidth parameter (6v) 1=4.73 MHz/torr. Therefore 

y
0

=1.43xlo- 3c cm-l where C<<l is the concentration of so 2 in 

the mixture. For the given concentration of 970 ppm and 
-6 pressure 0.025 torr the predicted values are y

0
=1.4xl0 

and 6v=O.l2 MHz. From Eq.lO and the measured Q1=46,000-we 

have 6Vd/Va=0.0045. At the microwave power (approximately 

0.3 ~W at the input of the cavity) used, Vd was measured to 

be 0.093V yielding for 6Vd the calculated value 419 ~Vat 
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the Lorentzian peak. 

At the modulation depth of 0.091 MHz rms we have· 

rms 
vmod/~v=0.76 and from Fig. 7, Ka=0.84 and Kb=l.OO. Eq. 11 

and 12 then yield the results Vpp=266 pV and 28v=0.24 MHz. 

From Fig. 5 we obtain the measured values 28v=0.25 MHz and 

Vpp=280 pV in good agreement with the predicted values. 

The above calculation shows that it is possible to make 

absolute measurements of the gas absorption parameters, y 
0 

and ~v using the t~chnique of source .modulation to enhance 

the signal-to-noise ratio. For routine measurements, an 

automated spectrometer programmed to fit the observed spec-

trum to the theoretical model would be highly desireable. 

As in the measurements of Section 3.2 it is important to avoid 

saturation of the microwave signal or, if present, to account 

for it. In Section 4 we discuss the noise contributioni 

which limit the observed signal-to-noise ratio. 

3.4 Signal Detection using Stark Modulation 

Stark modulation, in which the molecular rotational tran-

' sitions are repetitively shifted from their zero field positions 

by a zero-based square wave electric field, is a standard 

technique (7) in microwave spectroscopy for recovering weak 

signals from the noise background. It has the advantage, over 

the· method of the previous section, that only the molecular 
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transitions are affected by the modulating field. Thus the 

baseline, in the absence of the absorbing gas, should be a 

straight line. In. the case of source modulation,any vari

ation with frequency of the power transmitted through the 

cavity will be detected as a spurio~s baseline signal and . 

must be accounted for. 

As described above, in order to.obtain the large electric 

field needed, the flat mirror was insulated and moved to a 

position approximately 1 em from the spherical mirror. The 

cavity was then filled with the· 970 ppm so 2 mixture described 

above. A Stark modulation amplitude of lOOOV at a frequency 

of 19 kHz was used together with a lock-in amplifier time 

constant of 1.0 sec. The signal-to-noise ratio was found to 

be about 40 with the 1.0 sec time constant. This about two

to-three times worse than that observed with source modulation. 

The principal reason that the sensitivity of the Stark 

modulation scheme is less than that obtained with source modu

lation is that the loaded Q of the cavity is reduced signifi

cantly ~hen the two mi~rors are placed in close proximity. 

The Q factor of the Stark modulation cavity was found to be 

only about 11,000. Since the absorption signal is proportional 

to Q, the reduction in signal amplitude is a factor of 4. This 

is partially offset.by the somewhat decreased noise present at 

the higher modulation frequency used, and by the fact that the 

square wave modulation permits a larger percentage of the 

signal to be recovered after phase detection. 
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4. System Noise Characterizat-ion 

The sensitivity of the spectrometer system is determined(l 5) 

by the noise contributions of the signal source, the microwave 

cavity, and the receiver. In a modulated system, the noise 

components of interest lie in a narrow band centered at the 

frequency of modulation. In order to characterize the perfor-

mance of the spectrometer in greater detail, measurements of 

the total system noise were made using a narrow band wave ana-

lyzer tuned to various offset frequencies corresponding to pos-

sible choices of modulation. The measurements were repeated 

at different power levels to establish the dependence of the 

noise on the microwave power. 

The power at the input coupling port of the cavity was 

determined using a square law diode detector calibrated with 

a TRG V980 calorimeter power meter. Three different power 

levels were established for the noise measurements, -35 dBm 

(0.31 uW), -25 dBm (3.1 uW) and -15 dBm (31 uW). The lowest 

power (-35 dBm) corresponds to that used in the measurements 

reported in the previous section. 

An HP 302A wave analyzer was used to measure the noise 

output of the spectrometer system. A low noise amplifier con-

nected between the spectrometer phase detector and the analy

zer served to boost the output voltage Vd to an appropriate 

level. In all measurements, the receiver IF gain was adjusted 
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to maintain the output voltage at this level. The wave analy

zer output was calibrated by phise locking the local oscillator 

to an offset frequency differing from 30 MHz by about 20 Hz. 

The "carrier" power level recorded at this frequency was then 

used to normalize all successive measurements. 

With the local oscillator restored to its offset of exastly 

30 MHz and the cavity locked to the signal oscillator frequency, 

the noise-to-carrier ratio was measured for modulation frequen

cies from 33 Hz to 10 KHz and for the microwave power levels 

indicated above. The results are shown in Table 1. In the 

Table the power ratios are expressed in units of decibels RMS 

per Hz of bandwidth. The columns marked "Receiver Noise" were 

obtained in each case with zero microwave power and therefore 

represent the noise contribution of the microwave receiver 

alone. The measured receiver noise contribution is in agree

ment with the values calculated from the room temperature ther

mal noise power degraded by the receiver SSB noise figure of 

9 dB. 

The total noise measured at each power level includes con

tributions from the microwave source as well as from the re

ceiver. At the lowest microwave power level the source noise 

and receiver noise are comparable, whereas at the two higher 

power levels the source noise is dominant. From the Table, 

it can be seen that there is no advantage to be gained from 

increasing the microwave power beyond -25 dBm. In fact, 



.-21- LBL-6128 

saturation of the gas absorption at higher powers will actually 

cause the observed signal-to-noise ratio to deteriorate. There 

is an advantage in the use of higher modulation frequencies 

than 33 Hz. At -25 dBm input power and 10,000 Hz the improve

ment amounts to 4 dB and at -25 dBm and 10,000 Hz it amounts to 

8 dB. 

Unfortunately, due to the experimental difficulties already 

described, these conditions are not realizable with the present 

spectrometer. Specifically, the modulation frequency cannot 

be increased much above 33 Hz in the source modulation scheme 

because of the inertia of the cavity mirror and transducer. 

With Stark modulation, higher frequencies are possible, but 

the advantage is o£fset by a necessary reduction in cavity Q. 

5. Discussion 

The measurements summarized in Table 1 show that the major 

contribution to the overall system noise comes from the noise 

generated by the source oscillator. The effect of source noise 
J 

on the sensitivity of mi~~owave spectrometers has been dis-

cussed by Strandberg(l 6) and by Leskovar et al(l 5). As these 

authors have pointed out, two separate contributions are respon-

sible for· the total source noise reaching the microwave receiver. 

The first is AM noise which passes directly through the microwave 

cavity, and the second is FM or phase noise which converted by 

the slope of the cavity response curve into AM noise before 
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reaching the receiver. Our measurements to date indicate 

that it is the latter which is dominant. 

In the present spectrometer, the source oscillator is 

phase locked to the 152nd harmonic of the frequency synthe

sizer. Within the bandwidth of the phase lock lo6p (SO KHz) 

the phase noise is determined by the spectral purity of the 

synthesizer signal degraded by 44 dB due to the multiplica

tion factor of 152. The resulting noise, confirmed by our 

measurements, approaches closely the state-of-the-art for a 

phase locked oscillator. 

Instead of phase locking the signal oscillator to the 

synthesizer, one can frequency lock it directly to the cavity. 

This can be accomplished by feeding the cavity discriminator 

output to the varactor tuning element of the Gunn oscillator. 

If the bandwidth of this feedback loop is larger than the 

modulation frequency used, the phase noise converted in the 

cavity will be reduced by a considerable factor. The neces

sary source modulation can then be obtained by driving the 

piezoelectric transducer wfth a modulating voltage. Finally, 

the cavity can be made td track the harmonit signal from the 

frequency synthesizer using a suitable discriminator to drive 

th~ piezoelectric transducer. The bandwidth of this feedback 

loop must be less than the modulation frequency to avoid inter

ference ~~tween the two signals. With these modifications 

presently under development, the .sensitivity of the spectro

meter should be increased significantly. 
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In addition, a new Fabry-:Perot cavity has been constructed 

and is presently being tested. Two features have been incor

porated into its design which should improve the system per

formance. The first is a more rigid mounting for the piezo

electric driver together with a spherical mirror of reduced 

mass. This should improve the performance of the cavity 

stabilizatio~ loop. The second is an improved input and out

put cavity coupling structure which will reduce cavity losses. 

Finally, a data processing system is being interfaced with 

the spectrometer. By automating the instrument, a more precise 

control of its functions will be permitted and more efficient 

signal averaging and digital filtering will be possible to 

further improve sensitivity. 

Work supported by the U. S. Department of Energy. 
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Figure.Captions 

Block diagram of microwave spectrometer. 

Cross sectional view of Fabry-Perot cavity. 

Spectrometer output showing cavity response. 

(a) in-phase component, vd and (b) quadrature 

component, V d,. 

Spectrometer output showing (a) baseline with zero 

microwave power, (b) in-phase component of cavity 

response with cavity frequency fixed, (c) in-phase 

component with cavity tracking and (d) absorption 

signal for concentrated so 2 . 

Detected absorption signal for 970 ppm so 2 in N2 

using source modulation and a time constant of 20 

msec. The calibration signal of SOOpV rms is 

referenced to the input of the lock-in amplifier. 

Detected absorption signal for 108 ppm s9 2 in N2 

~sing source modulation ~nd a time constant of 

1.0 sec. 

Graph showing the lineshape parameters Ka and Kb 

rms 1 plotted as a function of the ratio vmod ~v. 



Frequency Microwave Power Level 

-35 dBm(l) Receiver Noise -25 dBm( 2) Receiver Noise 
(Hz) (dB/Hz) (dB/Hz) (dB/Hz) (dB/Hz) 

33 -89 -96 - 93 -107 

100 -92 -96 - 95 -107 

200 -93 -96 - 96 -106 

500 -93 -96 - 98 -107 

1000 -93 -97 - 98 -107 

2000 -93 -97 - 99 -107 

5000 -93 -97 -100 -107 

10000 -93 -97 -101 -107 

(l) IF gain 40 dB 

(2) IF gain 30 dB 

(3) IF gain 20 dB 

Table 1 Noise to Carrier Ratio 

-15 dBm( 3) Receiver Noise 
(dB/Hz) (dB/Hz) 

- 95 -115 

- 96 -116 

- 96 -116 

- 97 -116 

- 97 -116 

- 98 -116 

- 99 -116 

-101 -116 
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