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PREFACE

This is the final report on work performed at the Institute

for Telecommunication Sciences on “Atmospheric Transfer

and Shielding Properties in the 50 to 75 GHz Band” (ARO

Proposal NR. 12233 GS). The report was prepared for DoD -

Army Research Office, Geosciences Division (Dr. A. Dodd ,
Director), which supported part of the work under MPIR

Nos. 14-74, 16-75, and 20-76. Other funding came from
NOAA - National Environmental Satellite Service , Suitland ,
Maryland 20233, and OT/ITS, Division of Applied Electromagnetic
Science.
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EHF TRANSFER AND SHIELDING PROPERTIES OF AIR

(SUMMARY OF 1974-1977 ACTIVITIES)

*
H. J. Liebe and G. G. Gimmestad

The microwave spectrum of oxygen (02—MS) wasinvestigated with a pressure-scanning dual-resonator
spectrometer between 53 and 64 GHz and with a non-
resonant cavity spectrometer at 119 GHz under simu—
lated atmospheric conditions. This summary is in-
tended as a wrap-up and guide to the various outputs
covering three main topics: new spectroscopic
measurement technique ; extensive 02-MS laboratorystudies; and engineering formulation and modeling of
clear air (molecular) EHF radio path transfer pro-
perties. -

Key Words \ Atmospheric propagation; dispersion
\ spectroscopy ; EHF transfer function ;
oxygen microwave spectrum .

1. INTRODUCTION

The FHF (30-300 GHz) range is receiving renewed attention ,

particularly from DoD for strategic applications in communication ,

guidance , and remote sensing . Systems that operate at these
frequencies through the atmosphere experience selective

attenuation , transit time variations , and noise caused per-
manently by molecular absorption in air and intermittently

by scattering and dielectric loss in precipitation and clouds.
The ability to predict system performances under actual opera-
tional conditions is a remaining major problem limiting the
use of the EHF spectrum .

In clear air it is absorption by oxygen that dominates

atmospheric transfer properties over the first half of the

*
The authors are with the Institute for Telecommunication
Sciences , Office of Telecommunications , U. ~~~. Department of
Commerce, Boulder , Colorado 80302. G. G. Gimmestad is also
with the Department of Physics and Astrophysics , University
of Colorado, Boulder , Colorado 80309.
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EHF range (<150 GHz), while in the second half , and actually

up into the infrared region , water vapor is the main absorber.

If the correct correspondences to the molecular spectra are

known, the transfer properties are predictable from easy—to—
obtain height profiles of meteorological variables. The

Institute for Telecommunication Sciences had proposed verif i-

cation experiments to clarify inaccuracies and arbitrary

assumptions in existing theories. Specifically , five tasks

were formulated :

1. to understand and interpret the relevant spectro-
scopy and translate complicated quantum mechanical
treatments into manageable schemes;

2. to design an extremely sensitive laboratory experi-
ment and confirm its ability to provide accurate
truth data ;

3. to perform extensive measurements under simulated
atmospheric conditions (h 0 to 80 km) within the
EHF range ;

4. to deduce from scores of laboratory results a more
universal data base; and finally,

5. to incorporate that base into a computer model for
evaluating altitude—dependent transfer characteris-
tics of modeled radio paths.

In this summary , reference is made to a series of publi-

cations (P1 to P19, see Section 4.1), which are the result of

four years of effort and which report more or less satisfac-

tory solutions to various aspects of the above stated tasks.

The original abstracts of nine of the more important papers
are given in Appendix A. News stories related to project
activities are collected in Appendix B.

2. IMPROVED DATA BASE

The complex refractivity N in parts per million was

chosen to be the engineertng (macroscopic) measure of 
the2



r~~~~~

interaction between EHF radiation and air molecules (P14—16).

For practical evaluations , we want N expressed in terms of

frequency (v ) , pressure (p), and temperature (T) in most
direct form. The spectra of the molecules °2 (60 and 119 GHz)

and H20 (22 and 183 GHz, plus about 2000 additional lines

up to 31 THZ (Rothman and McClatchey , 1976)], however, lead to

a complicated N-formula involving more than 200 line parameters

and several additional constants.

2.1. Spectroscopic Parameters

In principle , it is possible to calculate atmospheric

molecular absorption from theories based on first principles

(e.g., Lam , 1977). A substantial simplification for the O2~
spectrum was introduced by Rosenkranz (1975) who approximated

the 60 GHz band shape and its narrowing due to line overlap

with a set of four parameters each (center frequency , strength ,

width, interference coefficient) for the 36 significant lines.

In frequency-insensitive (v const.) applications, a further

step in simplification is possible without significant loss

of accuracy , i.e., selection of a power law presentation

N = kp’~T~
’ (P15; Poon , 1977). In all cases, it is line para-

meters which determine the quantitative value of N and , ulti-

mately , the reliability of F.HF transmission predictions (e.g.,

Greenebaum , 1975, a,b).

The majority of the 02 line parameters were measured by

us with 1 to 3 percent uncertainties , which constitutes a

substantial improvement over the scarce previously reported
data (P6-10). The experimental part of the research made
Rosenkranz ’s approach an experimentally verified theory over
the significant ranges (52-68 GHz, 117-121 GHz) of the oxygen
spectrum (P6).

2.2. Preliminary Results on Foreign—Gas-Broadening of 02 Lines

Very recent measurements of 02-MS linewidths for binary
gas mixtures 02-X and for air produced some unexpected inter—3
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esting results. These results are summarized in Table 1 and

discussed in full detail in a forthcoming Ph.D. thesis by

G. Gimmestad (P9). h ost of the foreign perturbers X were

chosen to be atmospheric constituents. Concurrently with

the foreign gas width measurements , ratio measurements of

air-to-02 peak line intensities were performed. The broaden-

ing efficiency for dry air derived from both methods agreed

within experimental error. The small difference between

02 and air widths was cast into a simple model (P16) modify-

ing the EHF clear air prediction scheme reported in (P14 , P15).

The results of Table 1 are important in molecular physics.

The width parameters depend directly on the assumed molecular

“shape” (intermolecular potential). Any additional quantum

number dependence of the broadening efficiency ir (P6, P7)

indicates deviations from the potential form used so successfully

to predict the selfbroadened O2~
O2 width (Lam, 1977).

3. EHF RADIO PATH MODELING

Table 1 summarizes 16 computer programs written to cope

with molecular , e~perimental , arid modeling tasks resulting

from studies of the atmospheric 02 and H20 EHF spectra. The

programs have been updated as new theoretical (Rosenkranz ,

1975; Lam , 1977) and experimental (P6, P7, P16) results

became available . Cumulative attenuation along a ray tra—

jectory 
~l 

-
~ S2 is defined by

A = (dB )

yielding the power transmittance 
(opacity)4
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T = exp (—A/ 4.343)

In general , for a slant path the integration has to be carried

out along a curved ray ; in practice , several restrictive

assumptions are made. Table 2 lists some new results obtained

with program No. 14. They were obtained by a numerical

integration through a layered atmosphere for a zenith path .

The altitude increments 1~s -
~ ds were chosen , so that ci (As)

was quasi—homogeneous . The initial step size over the first

11 kilometers was 0.1 km , after which 0.05 or 0.025 km suffices.

The computer program monitors the percentage change of ci, and

a change of > 1% results in(a) step size being cut in half

and (b) repetition of the computation . On the other hand ,

the size is doubled when a change of < 0.49% is produced by

the layer .  Another program feature is that the summation

ceases either when A > 200 dE or ci < 0.01 dR/km. About l0~
layers are required for h = 0 to outer space.

The programs No. 16 and flo. 14 will be documented in

an upcoming OT/ITS catalog of “computer programs and associated

data bases for performance predictions of 10 to 100 GHz radio

systems” (Collins , private communication , 1977) . Program

listings , card decks , lengthy numerical printouts , etc.,

could be made available to interested parties. The output

format provides answers for systems ooerating in the eartti ’s

neutral gas mantle (0 to 80 km height , 0 to 90° slant path

a n g l e ) .

4.  RESEARCH OUTPUT

4.1. Publicat ions

Publications 1 to 19 (15 completed) are an up—to—date
account of existing and planned output stemming from research
or activities under the joint sponsorship (see Preface). For
a better overview , the titles are arranged under four sub-
headings:

6



Ta b le 2 .

Computer Programs For Studies Of The Atmospheric 02 Microwave Spectrum

Variable .: Oxygen or Dry A i r Ait t tc. d e h — 0 — 100 k~
Quantum Ni~~ber N — 1 to 43 (63) Temperature T — 180 — 320~K
L ine Label I • I to 44 Press u re p • 0 —  800 torr

Ma gnetic Field Strength H • 0 to 1 gaus.
Freq s.en cv v — 40 — 140 GNs
Frequen t, Deviatio n • 

~~(1) • 0 — 100 lThg

Programs are wr itten in Fortran IV and executed on CDC 3800 computer with CR1 p lottin g
_ _ _ _ _ _  _ _ _  

(MOO ) 
_ _ _ _ _ _ _ _ _

Program Examples in Fina l Report ~

— 
Name No. ~~~~~~~~~~~~~~~~~~~~~~~~ Par a rne tt r~~~~~~ Part 

— Figure tabi.

Line Center Freq u encies 1 U . Wel ch i (4 , N 1 3) 2 (Al l

Line Strengths 2 i ~, N . 1 1 (2) 2 3, 7 (1)

Temperature Function 3 1 0
2 N 1

Lin e Widths 4 Minge l grin N 0, 1 1 (2 )13 ) 6 (1) (4)
(1972)

I nterference Coef f. 5 J. Ho pponen N I (3) (1) (11
after

Ro senkranx

DiS~~~~~~N~~~~~~~~),and ATTENUATl0N(s) FRE~~JENCY and PRESS0RE pROFlLES

1. General

Pressure Broad ening 6 W . Welch v 0
2 P1 1 1 )~ ) I 6 to 8 125 .321 Il l tO 13 1

Nonlinear Overlap 7 M( nge lgrin 
~ 

0
2 ~~ 1 1 9 • 21

(1972)

Lines 8 W. Welch p 0 ,,. , 1 (2)13) (2.4) (3, 8)

Doublets 8 p 0
2 

‘ . , I (2))3 ( (2.5)(l0 ,11 5 13J,4j

Continuu m IS .1. Hopponen P 1 (2 3 ) 3 )  (2. 6)126. 28 to 31)

Zeeman Sp l itting 9 w . Welch p 02 
. .H ,T (3) (l7 .18.23 ,24(

Data Averaging 10 R .Chandler p 0
2 

AiR .1 (2) (7)

3 . Ana~y is of Mod e s hereø (3J.S. Std. Aun . bfl

Linea r Mode l ila 11, Welch A iR p, TIh ) I )3) 20 (33 ,34) 10

CMR Model li b I v .4 1 1 14— 17 10

E Model lic I I  v “ 10

Ov er lap Theory 16 J. Hopponen v •‘ )3) (251

Zeeman Effect 12 “ V AIR H ,p,T(h ) 1 18 ,19

Derivatives v~ I and p 13 .1, Hopponen c MR p .1 (3) (35 to 38)

(4) Slant Pith

Zenith 14 • ,  .4 AiR h 1 2’, to 37 10

Tangential 14 “ v AIR h 1 26 to 39 p 11

*Part 1: OTR 73-10
Part 2: OTR 74-35 (P1)
Part 3: OTR 75-65 (P5)

-- _
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Tabl e 3. One-Way Dry Air Zenith Path Attenuation
(sea level to outer space)

ZENITH +FREQUENCY ‘., PATH RESPONSE

L ine (MAX), Window Even A
(MIN) Positions Steps Exp

(GHz) (dB)
53.60 MAX 9.6 1.10 — 1

53.9 MIN 11.7 6.76 - 2

54. 0 12.3 5.89 - 2

54.13 MAX 14.9 3.24 - 2
54.4 MIF1 17.5 1.78 - 2 a

54.5 18.4 1.45 - 2

54.67 MAX 23.9 4.07 - 3 I—
54.95 ~-1IN 26.0 2.51 - 3

55.0 27.2 1.91 — 3
55.22 MAX 37.4 1.82 - 4
55.5 MIN 39.8 1.05 - 4

55.78 MAX 52.5 5.62 - 6
56.0 58.9 1.29 - 6

56.3 73.8 4.2 - 8

56.5 80.4 9.1 - 9
57.0 11 1 7.2 —12

57.5 114 3.9 -17
0

58.0 120 1.0 -14

58.5 166 2.4 -17

59.0 150 9.8 -16

59.5 168 1.4 —17

60.0 163 1.1 -17

S. Standard Atmosphere 1976 for p(h), T(h)

8
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a) New Spectroscopic Measurement Technique (Dispersion
Pressure Scanning )

P1. A refraction spectrometer for atmospheric gas studies
at millimeter wavelengths (Liebe, OT Report 74—35,
April  1 9 7 4 ) .

P2. Pressure-scanning mm-wave dispersion spectrometer (Liebe,
Rev. Sci. Instr. 46, 817—825 , July l975.*+

(P3). High resolution millimeter wave phase meter (Liebe—Diede ,
Rev . Sci. Instr.; in preparation).

b) Exper imenta l  Studies of H 20 and °2 Spectra

P4. Laboratory measurements and analysis of atmospheric pro-
pagation factors between 20 and 110 GHz (Liebe—Welch ,
Proc. Mm )~7ave Techniques Conf., pp. B2/l-6, 1974).

P5. Studies of oxygen and water vapo± microwave spectra under
simulated atmospheric conditions (Liebe, OT Report
75—65 , June l975).*+

P6. Atmospheric oxygen microwave spectrum — experiment versus
theory (Liebe-Gimmestad-Hopponen, IEEE Trans. AP-25,
3 2 7 — 3 3 5 , May 19 7 7 ) . *+

P7.  The FIHF spectrum of atmospheric oxygen (Liebe—Cimmestad-
Hopponen ,, Proc. URS I In te rna t .  Open Symp . Comm . F;
La Saule , France; pp 619—624 , May 1977).*

P8. Millimeter oxygen attenuation measurements (Girnrnestad
et al., J. Quant. Spectr. Rad . Tr. 16, 899—900,
Oct. 1976; 17, 795, June 1977).*+

(P9). The pressure-broadened microwave line spectrum of oxygen
(Ginunestad , Ph.D. Thesis, Dept. of Physics, University
of Colorado ; in preparation) .+

(PlO). Dispersion studies of the oxygen microwave spectrum Part I:
Line spectrum ; Part II: Band spectrum (Liebe-
Girnmestad-Hopponen , JQSRT, in preparation .

* Abstract see Appendix A.

+ Acknowledgement of ARO 
Support.9



c) Atmospheric EHF Transfer Characteristics

P11. Molecular transfer characteristics of air between 40 to
140 GHz (Liebe, IEEE Trans. MTT-23 380—386 , April
1975).*+

P12. Transfer characteristics of air between 10 and 150 GHz
(Liebe , Active Microwave Workshop Report, NASA
SP—376 , pp. 348—359 , 1975).

P13. Transfer properties of the clear atmosphere (Liebe , Proc.
Kleinheubacher Tagung Bd. 20, pp. 329—331 , 1976).

P14. FUF properties of air (Liebe , NTZ Communication J. 30,
7 6 — 8 4 , Jan .  19 7 7) . *+

P15. Variability of FHF air refractivity with respect to
temperature , pressure , and frequency (Liebe—
Hopponen , IEEE Trans. AP—25 , 336—345 , May 1977).*+

P16. Calculation of clear air F.HF refractivity (Liebe-
Gimmestad , Radio Science , March/April 1978,
accepted) • *

P17. 30 and 60 GHz line-of-sight amplitude measurements
(Degenhardt-Harttnann-Liebe-Loidl , MPI-Aerornomy
Report ME-l, August 1977)

(P18). Atmospheric medium characterization and modeling for
EHF propagation (Liebe-Hopponen , NATO/AGARD EPP
Symp. invited review paper , April 1978; in prepara-
tion).

d) Miscellaneous

P19. Citation analysis of OT/ITS MM Wave Lab. Studies (Liebe,
OT/ITS . Tech. Memo. July 1976).

4 . 2 .  Presentations

Conferences:

1. H. J. Liebe, “Oxygen microwave attenuation from labora-
tory measurements,” Third Annual Conf. Telecommuni-
cations for Government, Boulder , CO., October 1-3 ,
1974.

10 
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2. H. 3. Liebe, “Pressure-scanning refraction spectro-
meter for atmospheric gas studies at mm—waves ,”
1974 Annual URSI Meeting , Boulder , CO., October
14—17 , 1974.

3. H. J. Liebe, “Absolute intensity measurements of the
02 microwave spectrum under simulated atmosphericconditions ,” Colloquium of URSI-IUGG , Commission
on Radio Meteorology , Bournemouth , England , May
13—20 , 1975.

4. H. .3. Liebe, “Variability of atmospheric oxygen spectra
between 40 and 140 GHz ,” 1975 USNC/URSI Meeting ,
Boulder, Colorado, October 20-23 , 1975.

5. H. J. Liebe, “EHF transfer properties of clear air ,”
4th Annual Conf. Telecommunications for Government
Boulder , Colorado , November 11-13 , 1975.

6. J. D. Hopponen , “Computer sensitivity studies of the
atmospheric oxygen microwave spectrum ,” (same meeting
as #7, below)

7. H. J. Liebe, “Advances in the formulation of the atmo-
spheric 02 spectrum ,” Third Annaul IEEE/AP-S DenverSymposium , May 7, 1976.

8. H. J. Liebe, “EHF transfer properties of the clear
atmosphere,” URSI-NTG , Kleinheubach , W. Germany ,
October 7, 1976.

9. G. G. Gimmestad , “Pressure broadening of 0~, lines by
noble gases,” AAA S National Meeting , Denver,
February 22 , 1977.

10. (‘,. G. Gimmestad and 11. .3. Liebe , “Pressure broadening
of oxygen microwave lines by other atmospheric
gases,” . National Radio Science Meeting (URSI,
IEEE), January 9—13 , 1978.

Seminars:

K. Lam, “Microwave pressure broadening in the terres-
trial atmosphere ,” CT Technical Seminar , July
16, 1975.

H. J. Liebe, “The atmospheric filter between 40 and 140
GHz,” CT/ITS Technical Seminar, Boulder , Colorado
January 16, 1975.

11
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“Role of spectroscopy in microwave propagation ,” EM Wave
Seminar , Boulder , Colorado , February 4 , 1975.

“Atmospheric mm—wave spectra , ” DFVLR Ins t .  Microwaves ,
Oberp f a f f e n h o f e n, W . Germany,  November 25 , 1976.

“Spectroscopy of H ,0 , 02 ,  and HCN over the range 20 to
300 GHz , ” Inst. Applied Physics, Univ. Bern ,
Switzerland; January 12 , 1977.

“Propagation problems of 60 GHz broadband signals, ”
CERN , SPS Seminar , Geneva , January 13, 1977.

“The technical importance of gas resonances at EHF ,”
HF Symposium , Techn . Unive r s i ty  Hannover , W .
Germany , February 9 , 1977.

“Quant i ta t ive  spectroscopy over the 10 to 300 GHz range ,”
Max—Planck-Inst. Molecular Spectrosc., Giessen ,
W . Germany , March 11, 1977.

“New ’ measurement techniques for  nun-wave spectroscopy ,”
Max-Planck—Ins t .  Solid State P h y s . ,  S tu t tcia r t ,
W. Germany , May 18 , 1977.

“Atmospheric research with mm—waves ,” Max—Planck—Inst .
Aeroriomy , Lindau , ~~. Germany; June 3 , 1977.

“Anomalous water vapor absorption at FHF , ” Electromagnetics
Seminar , IEEE Local APS, Boulder, Colorado, October 17,
1977.

4 . 3 .  Ci ta t ion  Analysis

On the assumption that  the number of c i tat ions reflects
to a certain degree the long term impact of a particular research
project, an ad hoc citation analysis of the ITS Millimeter

Wave Transmission Spectroscopy project was performed covering

the period 1970— 1976 ( P 1 9 ) .  I t  revealed that  nineteen papers
have been referenced by other authors more than 200 times
(including six earlier papers on the 22 GHz water vapor line).

Owing to the basic interdisciplinary nature of the subject
matter , references can be found in the geophysical , spectro—

12
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scop ic , astronomical, and chemical l i t e ra ture  besides the

journa ls  used by microwave and communication system engineers.

5. COflCLUSION S

Molecular absorption is detr imental , as well as in special
cases , advantageous to FHF systems operat ing through the

atmosphere . Transfer and emission properties can be pre-

d icted from meteorological height profiles. They depend upon

frequency and vary wi th pressure , temperature (and magnetic
field strength) , and with the nature and length of the radio

path. Computations for a specified situation and observational

mode need a comple te account of molecular  l ine parameters and
nonresonant spectra. Experimental , analy tical , and numerical
results of this research project have contributed to clarify

for pract i t ioners the f ramework needed to predict FHF properties
of air (P16).

In atmospher ic science , cloud—penetrating remote sensing
at EHF is a prollising measurement technique and has made use

of our basic results. For example , ground-based radiometry

measures temperature profiles (e.g., Westwater et al., 197 6)

and mesospheric water vapor distribution (Radford et al., 1977 )
while  on a global scale , satellite instruments monitor passively
atmospheric wa ter (vapor)  (Grody,  1976) and temperature (Poon ,

1977 ) and , actively (radar-mode), surface pressure (Mathews ,

1975) .

A highly speculative thought is concerned with weather

mod if i c a t i o n  by tr a n s f e r r i n g, via molecular absorption , sub-
stantial amounts of energy into the atmosphere . The energy

is collected in space by large solar cell arrays and con-
verted into the EHF range (a 50 km2 array is projected to
produce about 10 GW).

13
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Several points on atmospheric 02 and H20 EHF spectra

still await experimental clarification ; i.e., (a) the tempera-

ture dependence of 0
2
-MS intensities , (h) parameters for

weaker (K± > 17) 02 l ines , (c) line fine structure studies

below 5 torr in the presence of a weak magnetic field (Zeexran

e f f e ct ) , and (d) window intensity data at 50 , 100, 150 GHz.

A little understood .inomalous water vapor absorption (P5)

reduces atmospheric transparency in the window regions. Theory

underestimates the sttenuation by as much as a factor 5 when

only the monomeric form of H20 is considered. The quantitative

detai ls  of the anomalous , nonresonant absorption are not known .

14
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Molecular Transfer Characteristics of Air

Between 40 and 140 GHz
11AN~ ~J. I,! l;IIE, liEN h u t  SIE SIIIE1I , I E E E

Abst ract—Rad io wave propagat ion in the 40—140-GHz band
through the first hundred kilometers of the clear atmosphere is
etrong ly influenced by many (> 30)  lines of the oxygen microwave
spectrum (O—MS) and to a lesser extent by water vapor. A uni fied
treatment of molecula r attenuation and pha se disper sion is formu-
lated wher eby resu lts of molecula r physics are translated into fre-
quency- , te mperature- , and press ure-dependencies. The propagation
factors are developed for 02 continuum— (h K 10 kin ) and line—
(h > 20 kin ) spectra taking into account pressure-broadening
(h < 40 kin), Zeeman-sp litting (h > 40 kin), and Dopp ler broaden-
ing (h > 60 kin). The influence of water vapor is discussed briefly.
The filter characteristics of dry air are evaluated for various path
models. Examples of Computer plots of attenuation and dispersion
rates are given as a function of altitude Pt for homogeneous , zenith ,
and tangen tial path geometries throug h the 1062 U. S. standard
atmosphere.

\laituct r ij . i  i t -  V I I I  hltr i:ti-v 20 . 1)17.1 : r ovj ’-t . d l~t~~I)~ t
i ’i t t -. work ti 

~
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817 — 825 Rev. Sci. Instrum., Vol. 46, No. 7, July 1975

2. Pressure-scanning mm-wav e dispersion spectr ometer *
H. J. Liebe
I,p i is (it t, f t, let, , ,I’ ’; ,i 1 i  is t’r -Se!,-, , i s , Of/ i ,  t f 14114 , ,n u u, rs ,a i i tn s. I .5 Dep art rn, ’n t of (~o?,r rner c’e. Boit ider , (‘olo
5031 2

lRc ,.cis e t  5 Fchiu .t r ’. I~~~S. in t ini t form. Ap ril l’~~~p

A different ial refraction spectrometer for measuring (he absolute intensity
distribution of microwave spectra in gases by means of dispersion pressure profiles
is described. The instrument was applied to study the 60 GHi band spectrum of
oxygen under simulated atmospheric conditions (10 ‘— l O ~ Torr , 252—325 K). The
detection sensitiv ity for dispersion was better than part in 1O~ using two high-Q
(~~4 

. l0~) resonators at 2: 1 related frequencies and a sampling phase meter.
Illustrative examp les of data taken around 61 GHz, their reduction to
spectroscopic parameters, and problems related to dynamic limitations are dealt
wit h.
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3. Atmosp heric Oxygen Microwave Spectrum—
Experiment versus Theory

UANS J.  LU BE . SI ShOE MFMBI - R. ii :i- i- . GARY G. GI MM E S TAD . -sso J E RRY 1). HOPPONEN

.4bsrract—The micro wave spect rum ut osygen (02-MS) w as inves ti-

pted with a pre ssure -scanning dispersion spectrometer between 53.5
and 63.6 GHz under simulated atmospheric conditions. First, the
strength and width parameters of 2 1 lines (K = I to 25) were deter ’
mined from low pres sure (<20 t orr ) data wi th  accuracies on the order
of I to 4 percent and the results extended to other lines (K ’ 25 to
35). Then . 02-MS in tensit ies (dispersi on and attenuati on by oxygen
and air ) were measured between 100 and 800 torr and compared with
Rosenkr anz ’s band shape model. A set of interference coefficients was
established to produce good agreement between e~ perim en I and
theo ry. Also, at 6l GHz the re fractivities of 13 atmospheric gases were
checked . The improved calculation scheme of atmosp heric molecular
EHF ( - 4 0  to 140 Gu i) characteristics is presented as a transfer func .
tion incorporating a set of t44 tine parameters (36 eac h of posit ion ,
strength , width, and int erference) with frequency, pressure and temper .
ature dependencies.

M,inuscript rece ived Januar y 19 . 1976 : resee d Sla~ 14 , ( 9 76. This
‘As rk w a s  supported in pa rt b y the NOAA.Nj rional Environmental
Satell i te  Ser sice under Order 5- I  3LS5 and the U.S. Arm y Research
Office PARt )  16-7 5 )

IEFF I R - S S S A C T I t ) N S  (55 \ N T I - N N A S  A S h  I’ Rt ) l’Ai -S FION , VOL. AP -2 5 .  NO 3 . MAY 1977 33fi — 345

4 Variability of EHF Air Refractivity with Respect
to Temperature , Pressure , and Frequency

HAN S J. LIEBE . SENIOR MEMBER , I F I - F ,  A N t )  JERRY D. HOPPON E N

AbsD’act —EHF transfer prop erties of air are ex pressed by a complex
ref ractivity N , yielding phase dispe rsion and attenuation due to the
microwa ve spectrum of oxygen. Based upon an e’sper imetally verified
theory (Ro senk zanz band shape ), the variability of N with respect to
tempe rature , pre ssure . and frequency variations is ana lyzed across the
40 to 140 GHz band for atmospheric conditions up to 40 kilometers in
altit ude (300—200 K , 760—S tori). The disc u ssion centers on the use-
(ulness of such inforination when treating problems of possible propa-
gation limitations imposed by turbulent air and of remote sensing at-
mospheric States.

Mj nu script received April 29 . 1976;  revi sed July  26 . 1976 .  This
work was supported in part by the U.S. Army Research Office (ARO
1 6.75)

The authors are wi th  the In st i tu t e  for Telecommunicat ion Sciences.
Off ice of Telecommunications . L’ S. Department  of Commerce ,
Boulder , Co 80302.
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~~i~i~~~~~~~rttes of Air ntz
By Hans Joachim Liebe * -\ac lsr ic hte ’ ii t t ’eh ui j . ,t’ ht ’ t e it sc hrif l

n I/  — ( ( ) f l h l s l U i I i i ’ ,I t i o f l ’, .J ourna l
- Organ der \ a chri cht e. ilccls , sj sch& ’t s (.cs&’IlsclsaI t1’ UI’ Properties of Air m i  e

~ 1) 1 ( \  I ( . )
- . 311 . .J al i rg a n g . .J an u ar  1977 . l i t - f t  l~ ~ e’i tcil I his 1(14 1

~hst r aict — l i i i -  spectra of th e clear atmosp here are
expressed b) trans fer and emission functions using a comple x
re fracti v it % as the measure for the intera ction be iss een
radiation and gas. Ihe ref racthit ~ is expressed as a function
of f requenc~, dry air and w ater sap o r pressure , and
tem perature. \o reference is made to comp licated
quantum -mechanical descri pt ions . Ihe eng ineering
presentation of the main transfer chara c teristi cs requires u s e
parameters each for 46 O~ and IS 112 () lines plus a -
nonresonant 1120 absorption spectrum. Ses era l examp les of
ca lculated atmospheric spectra are gisen. an d recent ad sance ’s

• - - . . - . ( \ Lsrt uscr t pt  recei v ed oil Septembe r 30. 976)
in t he appl icat ion of such basic info rmat ion to rad io w ase
pro pagation and remote sensing are discussed.

It cr rrs I ’s - I Cs5 Di list I \S 5 i ins l ( s ~ Ii /~ iifl inS ( ,,- lnisilsl.i ~ cess drn~ l
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MILLIMETRE WAVE OXYGEN ATtENUATION
MEASUREMENTS t
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Scicnss - Research Council. Appleli’n I ,th ,’r ,st ,’ rs Ditton Park , Slough 5 1 1  9JX . Eng land
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Abstract-— A ne’s measurense ni ‘1 the ‘ssgcn .ih ssrrp iio n line it I $ . ‘~~I) Mil e under care fulls controlled
lahinrat s’r~ csr n duluirf ls  shows the line hrsradenisg parameler it S(K)’K to be 2 h i 5) 515 MH ,/Io rr.
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7.

STUDIES OF OXYGEN AND WATER
VAPOR MICROWA VE SPECTRA

01 REPORT 75- 65
June 1975 HANS J. LIEBE

12. Iype of Report and Period 5 ove red
OT Report
(Fina l  Report , Par t  I I I )

14. S t ’ PP L EM ENTA RY NOT Es
*part I is OT Report 73—10 , Part 11 is OT Report 74—35

15. ABST ItA ( T (A 200-word or less factual s ummary of most significant information . 11 document includes a significanr
bibliography OR literature s urv ey, mention it here )

Atmospheric radio wave propagation in the 40 to 140 GHz band is influenced by
microwave spectra of oxygen (0~—MS) and water vapor. The report treats the
complementary roles of controlled laboratory experiments and computer analysis for
providing detailed molecular transfer characteristics. A pressure—scanning
differential refractometer was operated at fixed frequencies between 58 and
61.5 GHz. The variability of 0 and H2

0 spectra with frequency, pressure , tempera-
ture , and magnetic field strengh was studied under conditions which occur in the
atmosphere . Results obtained (a) for oxygen and air on the 9’+’ line , the 7’F/5. and
3+/9

_ 
doublets , and the continuum spectrum , and (b) for water vapor on nonresonant

effects , are re por t ed. T he experimental 02
—MS data are used in theoretical analyse

of attenuation and dispersion rates which are extended to other lines , to fre-
quencies identified for remote sensing applications , and to temperature and
pressure sensitivities between 40 and 140 GHz.

Numbe r of ~.ses

U .S . A rmy Research Office , Durham , NC 2770 6, under MIPR No. ARO 14—74, 150
dated M.-iv 28, 197 4, monitor ed by Mr.  E. Fliegler , USECOM—AMSEL—NLM—l , -
Ft. Monmouth , NJ 07703, supported part of this work during the period
July 1 , 1974, to May 31 , 1975.

For sale by the Super intendent of Documents , U S. Gove rnment Printing Off ice , Wash ington , DC 20402
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~ rH~ n I C  OX Y G EM

H. L i r b- , 0. Gt . r ’r i e s t t i b s i t  J. uopjnon,’n
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Proceedi net s lnat~~t u te  ICr TC lecc - r r sitticsst jon Scis’nceo
‘ b o u l d e r , Color JC ~O3O2pp. 6 19-625 (U.s.A .)

SUMF tOY

Tbe dr air mass of’ t he- first f s u r I r t - d
k i l o r r s r’t er r  n’ altitude j r a u s i q u e  f i l t e r  and
Ec-ne ra to r  ov ’  x’ t he  4~ tc . ~5s (i i T ~ i r a ng e  n t  t I ,  t rso n ti —
(Cr , ahitt iLt ri - , and i - r n i u c io n  ) r o ~~e r tc o s  r io t  f o u n d
a t  any  ~ o we r  f i - e q u e n c y .  T h e  r e ou l t i ng  pz- c~~

,
~~ts t-

~ on l i~~~ t a t i o r~ s s r d  r c 5 ot e -  t s e r s r - i n g  o p por t u ni t i e s
a re ma inly C siu eiei by the cicrowave apect rtnn of
o > y e e n  (02—MO ). which is a cos,~]icated apectros-
cop~~c problem due to more than thi rty in,T iv ii ua l
l i n es a ro un d Gc ~ T l r  and onc lint’ at 119 G° tt .
Tb~~s paper presents an d  u p d a t e r ;  spe:troacopic
deta ilpi of’ laboratory C --- h~ e r~ rir.ento i . f l~ g iv es
examp le s cI t sna ~~v t  ~eal and nlI: - ’. rical ev sli,cs t i.ona
of a new trurn fer ;trtc t~ on fu r  hosogeneouc and
slanted (e.g. , gro und—tcn—rcite ll ite ) radio paths.

9 

s , ; i c : l ? ; : 1  v 01-’ s ’i.! .- ; ;  I /i! ; i i ! ; ’ ,~ ~i t j  ~~~ to be published in
~adio  Science
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U ,  .c - I’~~; i t I  i- ’ n t  o f  C,

Eciulder , C, , ) ,  ‘r i l e  60302
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APPENDIX B

Relevant “TELENOTES” *

Excepts from ?

August 1974
January 1975
April 1975
June 1975
December 1975
February 197 6
May 197 6
July 1976
July 1977
August 1977
(November 1977)

*Employee Newsletter of the Office of Telecormnunications.
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TELENOTES
Empk~yee Newsletter of the Offk e of Telecommuuicatums

Wasilighur, D.C. Baikier, Colerado
U.S. DEPARTMENT OF COMMERCE / Office of Telecommunications

Augu st 1 974 Vol. 4 No. 8 rou t ines  are being ref ined by J.  D . Ho pponen ,
also of AEMS , to e v a l u a t e  wi th  improved reliab il-
i t y  the sh ie ld ing  arid t r a n s f e r  p r o p e r t i e s  between

DoD Supports 50 15 GHz Studi es 40 and 80 GHz as a f u n c t i o n  of a l t i t u d e , path
geome t ry ,  and power d e n s i t y ,

The a d v a n t a g e  of the l a b o r a t o ry  stud ies  lies
The App lied E l e c t r o m a g n e t i c  Science  D l v i -  in the a b i l i t y  to s y s t e m a t i c a l ly cont rol a tmosph e r i c

s ion  FA E M S )  of ITS has  opened new v i s t a s  of c o n d i t i o n s  w i t h i n  the d e s i r e d  a l t i t u d e s  (0. 100 km).
s c i e n t i f i c - rese a r c h  t h r o u g h t h e  f u n d a m e n t a l  To accomplish  t h i s , ITS has developed the corn-
c o n t r i b u t i o n s  of Dr . Ftt . C. Thompson in the  p u t e r  c o n t r o l l e d  r e f r a c t i o n  spec trome te r wi th  an

development  of a novel  m e a s u r e m e n t  t e c h n i que 
i n v e s t m e n t  of $75 . 000.

(U . S . Pa ten t  3 - 3 0 0 - 3 3 0) , and the  t r a n s f o r m a t i o n  The purpose  of t h i s  i n v e s t i g a t i o n  is to  enable

of t h i s  t e c h n i q u e  i n t o  a unique  p r e s s u r e - s c a nn i n g  the  d e s i g n  and c o n s t r u c t i o n  of wideband communi-

m i l l i m e t e r  wave sp e c t r o m e t e r  / ,v Di- . 1-lana . ~ , 
c a t i o n s  sys tems a c c oun t i n g  f u r  atmosp I~e r ic

Liebe , e f f e c t s . Examples of t h e s e  sys t ems  are :  t a c t i c al

Four  U . 5, A r m y  ag e n c i e s  the  C o m m un i c a -  b roadband  c o m m u n i c a t i o n s  s y s t e m s  where the

t ions  L a b o r a t o r y ,  Ft . M o n m o u t h , N , I . t he 
atmosph e r i c  mic rowave  sp ect rum of oxygen af-

Atmosp h e r i c  Sc iences  L a b o r a t o ry . W h i t e  Sands , 
f o r d s  both  i n t e r f e r e n c e  and t r a n s m i s s i o n  s e c u r i t y ,

N .  M .;  the  C o m m u n i c a t i o n s  Command , F t .  Hita - 
and  remote  s e n s i n g  of e n v i r o n m e n t a l  condi t ions

chuca , A r i z . ;  and t h e  M i s s i l e  C o m m an d , H u n t s -  
u s i n g  s a t e l l i t e  (N1M~~US-E , TIROS) or ground

y u le , Ala . )  a re  hacke rs of a new bas i c  r e se a r c h  
based (MIT  or N O A A .E R L )  r a d i o m e t e r s .  NASA

pro jec t  e n t i t l e d , “ A t m o s ph e r i c  T r a n s f e r and is a n o t h e r  Fede ra l  agency  which  will  bene f i t  f rom

Shie ld ing  P r o p e r t i e s  in the 50 to  75 GHz Band , ” 
t h i s  s tud y.

w h i c h  is being unde r t aken  by Lieh e  and i o i n t l v
sponsored  by ITS and the U . S . A r m y  R e s e a r c h
O f f i c e.  Do rham,

The problem addres sed  b y t h i s  s tud y is to January 1975 Vol . 5 No. 1e st ablish re liable t ra n sfe r proper t ies  of the c l e a r
atmosp here  in the f r eq u e n cy  r m g e  and wi l l  he
tackled b y l abora to ry  m e a s u r e,  ,t nt s and a n a l y t i c al
computa tions . Labora to ry  m c a s i lr ” rn e n t s  wi th  the IT S Staff to ARPA Meet ingITS m i l l i m e t e r wave r e f r a c t i o n  -p  ct r om e t e r  w i l l
cove r the fu l l  range of the m e t eo r o l o g i c a l  v a r i a b l e s  Or ’ s. Hans J. Liebe , Moody C.f o r  the f i r s t  100 km of a l t i b ’ - - l e , The objec t  of the  Thompson , J r .,  and Lockett E .  Wood , al l  of
i n v e s t i g a t i o n s  is the i n t e n s i ty  d i s t r i b u t i o n  t a t t e n u -  ITS , Div.  3 , part icipated in the ARP A
ation and d i spers ion )  of the oxygen microwave Millimete r Wave Workshop held at the
spectrum unde r the simulated atmosp h e r i c  condi -  App lied Ph ysics Laboratory of Johns Hop—
tion s . Si mulated condit ions are necess i ta ted  by kins University on December 16— 18 ,  1974.
the d iscre pancies  between ex i s t ing  theory  and ARPA had invited about 100 experts
f ield m e a s u r e m e n t s , to formulate  in f ive  panels—— Cominunica—

tions , Radar , Phenomeno logy, Systems ,The a nalytical  port ion of t he stud y br ings  to- Components——the directions for future re—gethe r the expe r i menta l  and theore t ica l  r e su l t s  to  search. The ITS staff members contri—
pred ic t  the sh ie ld ing  and t r ans fe r p r o p e r t i e s  of buted to the recommendations of the fi r s t
the ear th ’ s mant le . E x i s t i n g  ITS compute r three panels.
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The magnitude of the attenuationApril 1975 Vol. 5 No. -1 (15 db per kilometer) from oxygen absorp-
tion , however , provides one distinct bene—Lie be To Present Pa per in En gland fit in a cer ta in  app l ica t ion . This
a t tenuat ion precludes any d i s t a n t  propaga-

Dr. Hans J. Liebe , Applied Electro- tion of the signal , which makes it at-
magnetic Science Division of ITS, has been tractive for a secure communications link
invited to par t ic ipate w i t h  abou t 20 other that is relatively immune to interception
exper ts  f rom around the world  in a workshop or moni tor ing  by an unauthor ized  source.
on atmosph e r i c  spect roscopy,  sponsored In the second phase of this study, aby the I n t e r n a t i o n a l  S c i e n t i f i c  R a d i o  new l ink Wj i l  be es tabl ished from the
Union  and the  I n t e r n a ti o n a l  I’n ion  of Boulder Laboratories to the top of a Uni-
Geodesy and Geophysics.  The i n t e r n a t i o n a l  ve r s i ty  of Colorado bui ld ing  at a distanceblue-ribbon panel w i l l  meet in Bournemouth , of approximately  1 km. This l ink w i l l
Eng land , 1ay 13-20. actually be 3 l i nks  operating at 9.6 ,The United States delegation to the 28 . 8 , a nd 57 .6 GHz . The f i r s t  frequency
meeting will numt’er ten , two of whom are will be used as the re fe rence  s igna l  he—
from the Boulder Laborator ies , U . S .  Depa r t -  ca use good da ta  are a v a i l a b l e , much of it
rtent of Commerce. In addition to resulting from studies by Or. Moody C.
Dr. Liebe , Dr. peter Kuhn of the NOAA re- Thompson , the Group Chief  w i t h i n  the Ap-
search laboratories will attend . p lied Electromagnetic ScienLe Division

Dr. Liehe will present a paper en- where the work is hoing done. Thet i t led “Absolute  In t e n s i ty  Measurements  of 28 . 8 GHZ l i n k  w i l l  e x h i b i t  more r a i n  a t—
the 02 Microwave Spectrum Under Simulated tenuation and greater effects from at—
Atmospheric Conditions. ” He will also be mospheric turbulence the -i the reference
a panel member for  a d i scuss ion  group on s i g n a l .  The 57 .6 G tlz l i n k  w i l l  exh ib i t
“Recent  Advances in Atmospheric Spectro— qreater attenuation from atmospheric con—
scopy.” ditions than the other two and will ad—

The workshop will address the wide- ditionally suffer from oxygen band
spread interest in propagation of electro- absorption .
magnetic waves in millimeter and far infra When this 3—frequency link is estab—
red range and the use of such waves fo r  l i s h e d , an i m p o r t a n t  a d d i t i o n a l  parameter
remote probing . Recommendations w i l l  be w i l l  be added to the study . Instead of
generated , adv i s ing  on the present state transmitting the carrier signal only, a
of the art and on the direction of future 1 qi gabit quadra-phase digital comlnunica—
research. Studies in this field are be- tion system will be added . Bit error
coming increasingly important since the rate measurements for different atmospher ic
use of the radio spectrum above 20 GHz conditions will be recorded on the upper
hinges on accurate spectroscopy . 2 frequencies for purposes of comparison .

While in England to attend this pres- Autocorrelation techniques, with a 2 nano—
tigious meeting, Dr. Liebe will also visit second resolution , will be used to study
the Radio Space Research Station in Slough transfer c h a r a c t e r i s t i c s  of the channel .
F,ngland, and the National Physics Labora- Primary responsibility for the engi-
tory at Teddington , England . The govern- neerinq portion of this study is assigned
ment laboratory at Slough is the B r i t i s h  to Edmond J . Vio le t te , assisted by Albert
equivalent of the Institute for Telecom— R. Mitz.
mun ica t ion  Sciences in Boulder .  Data obtained from the 3-frequency

l ink  to be used in phase two w i l l  serve toJune 1975 Vol . 5 No. 6 ve r i f y theoret ical  ana laboratory predic-
t ions developed at ITS or lead to their
m o d i f i c a t i o n. D r .  Randolph H. Ott has de-60 G H z  L i n k  
veloped predic t ions  on the e f f e c t s  of a i r
turbulence  on such communication l inks .

• Since atmospheric parameters will bein Operation 

closely monitored during the field meas-
urements , these measurements should indi-
cate the validity of Dr. Ott ’s pred ictions.

The Office of Telecommunications sci- ~~~ Hans 3. Liebe has been engaged in lab—
entists at Boulder Laboratories have in— oratory measurements of the effects of
stalled and are operating a millimeter- oxygen absorption on millimeter waves. The
wave communications link at a nominal relationship between his laboratory meas—
60 GHz in studies designed to expand the urements and field observation’~ wi l l  also
usable spectrum for communications pur- be of in te res t .  Drs .  Harold T. Dougherty

and George A. Huf ford will find the sameposes.
A 100 meter link operating at 57.6 measurements of interest in relation to

portions of t h e i r  theoretical work .GH2 and transmitting a carrier signal only
is operating between a laboratory and an
antenna on the roof of the Boulder Labs.
The rece ived signal is being recorded and
studied for signal fluctuations.
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December 1975 Vol. 5 No. 12 new data base eliminates large uncertain-
ties of past semi-empirical approaches

01 Contributes to NASA Works hop and emphasizes the importance of molecular
spectroscopy in EHF propagation problems.

Dr. Hans J. Liebe, an engineer in the rhe relatively stable dry air mass of the
Applied Electromagnetic Science Division of first hundred kilometers in altitude is a
tTS, was one of 68 experts participating in inique filter and generator over this band
a working group meeting on the utilization 

~ith t ransfe r, shielding , and emission
of active microwave systems in NASA apPlica aropertjes not found at any lower fre-
tions programs last summer . The meeting
produced a comprehensive document of 502 ~uency .

Many difficulties had to be overcome
pages , the Active M icrowave Workshop Repor t, to grasp the problem , wh ich ex isted since
NASA SP—376 , which has just been published , the theoretical work of VanVieck in 1947,

Dr. Liebe contributed to the Atmosphere and which had evaded previous attempts of
Panel Section a chapter entitled “Molecular
Transfer Characteristics of Air Between 10 an experimental solution. ‘)n various

and 150 GHZ.” occas ions , committees (UP,SI—IUc.G , ‘:SF ,

ITS, which has been conducting research~~
5’ NASA , NOM) as well as leading scion-

in atmospheric spectroscopy for NASA, was tists (VanVleck , l3irnbaum , Staelin , Waters .
recently evaluated as follows : and others) had stressed the need for a

A NASA monitor of the work conducted reliable confirmation of the atmospheric

by Dr. Liebe referred to his work , say ing °2-~~ 
(i.e., a controlled laboratory ex—

that “a most worthwhile body of research periment). That need moved to the fore-

resulted.” The monitor also stated that ground with the advent of spectrum

Dr. Liebe’s laboratory is unique in the extension in telecommunications (OT Five-

world , and the accuracy of h is resul ts are Year Plan 1975-79) and the use of remote

by far the best obtained to date. A speci- sensing of global temperature structure via

fic reference is made to Dr. Liebe ’s result s satelUte (NIMBUS E, F and “IROS N) to

by research scientists at MIT in a new which the 02—MS is central.

model of the oxygen absorption coefficient. l’ith support by NASA and NOAA , and
In his sununary , the monitor stated that he later by flofl-AP~O, ITS set out in 1972 to

believed that “a unique capability for high use its expertise in microwave dispersion
quality research in microwave spectroscopy measurements. The dispersion technique

under the full range of atmospheric condi- had been pioneered by ‘1, C. Thompson and

tiona exists at OT/ITS.” H, Vetter, both with ITS, with their de-
velopment of the first true dispersion
detector (dual mode cavity) . Successful
02—MS measurements necessitated a new
quantitative spectroscopic technique that
evolved from this work and tha t should

February 1976 ~~~~ 6 ~~~~ 2 prove valuable to microwave spectroscopy
in general.

01 Data Base for (HF Propagat ion
A 3½-year research e f f o r t  by a small , May/June 1976 \‘ol. 6 No. 5

dedicated ITS research group culminated in
the paper , “Atmospheric Oxygen Microwave
Spectrum - Fxperiment Versus Theory -,“ to Local IE EE Contributionsappear in IEEE Transact ions on Antennas
and Propagation. The group, under the O’I’ s t a f f  members contributed the
leadership of Dr.  Hans 3. Liebe , includes majority of papers to the third annual
Gary Girnmestad and Jerry Hopponen , and has one—day symposium of the Denver/Boulder
been joined in the past by Ar thur  II. Dj ede Chapter of the IE E E Antennas & Propagation
Un Mingelg r in ,  Maurice Vetter , and Society which  was held Friday , May 7 , at
William M. Welch , all  wi th  the Applied the Nat iona l  Center for Atmospheric Research .
Electromagnetic Science Division. • H. 3. Liebe: “Advances in the Formu—

The paper for IEEE describes a form — la t i on  of the Atmospheric Oxygen Microwave
ulation of the oxygen microwave spectrum Spectrum ” ;— O.,-MS — expressing transfer character-
istics of clear air in radio engineering • 3. D . HoPPonen : “ Computer Sensi t ivi ty
terms (attenuation and phase dispersion). 

Studies of the Atmospheric Oxygen Microwave
Several thousand individual measurements Spectrum ” ;

were made to obtain pieces of a comoli— • E. 3. Viole t te : “ Discussion of 60 GHZ
cated spectroscopic jigsaw puzzle and then 

Channels ” ;

reduced to a re l iable  set of 144 spectro- • R. H .  Ott  and M .  C. Thompson , J r . :
scopic parame ters , which , in turn , are “Predicted Radio Frequency Spectra for
needed to predict t ransmiss ion  at one f re -  Propagation Through a Random , Complex ,
quency in the 40 to 140 GHz band.  The Turbulent  Medium ” ;
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July 1976 6 6 In his travels , Liebe Visited otherVol.  No. M ax - p l an c k - I n s t i t ut e s  (Meteorology — Ham-

L’ebe Ho”o”ed by Wes’ CetmaIly burg ,  Radioas t ronomy in Bonn and t h e i ru u~ i I I II 100—meter dish at Effelsberg, Solid State
Dr. Hans 3. Liebe , Physics  — Stuttgart , Spectroscopy —

electronics engineer Giessen , u n i v e r s i t i e s  (Berlin , Hannover ,
with the Applied Elec— Munich , Giessen), and government labors-
tromagnetic Science tories (D FVLR - Oberpfaffenhofen , where he
Division of ITS , h as stayed two months  w i t h  the I n s t i tu t e  for
been honored by the Mic rowaves , He in rj ch  Hertz - B e r l i n ,
Federal Republic of Wehrphysik - Wer thoven )
Germany with a Senior In Lindau , a 30/60 GHz line—of-sight
U.S. Scientist Award link (500 m) was set up and differential
of the Alexander von amplitude measurements were performed
Humboldt-Foundation . supported by an all-out meteorological
The award is granted sensing program . The resul t s  are to be
to outstanding U.S. analyzed for turbulence signatures of the
scientists in recoq— ground—to—air interface . Another project
ni tion of past accom- initiated is concerned with ground-based
p lishments in research s t ra to—mesospher ic  t empera ture  soundings
in the f ield of physi— using a 53 0Hz spectra l  l i n e  radiometer.
cal sciences and is A generous temporary loan of mm-wave de-
in tended to promote 

- 
vices from the Boulder Labs helped sig-

scientific cooperation between the insti- nificantly in providing a starting point
tutions in the Federal Republic of Germany for these projects.
and the United States.

Dr. Liebe was nominated for the award
by Professor C.. Pfotzer, director at the
Max—PlaflCk—IflstitUt, Lindau , who ci ted
three outstanding contr ibutions by Miqw~ 1977 Vol .  7 No. 8
Dr. Liebe as the basis for the award : -

1) Advanced concepts for  m i l l i m e t e r
wave communications (Dr. Liebe was a co- 

- Army Cdes 01 Research
worker in a team that  in 1966 f i r s t  ampli-
fied a coherent signal at 258 GHz and de- Dr. Arthur V. Dodd , Direc tor c f  the
veloped an array of new devicesl . ~ e ’ i ’.~c,~~ D i v i s i o n , ~~~~~ Arm’,’ h eu s - , r , -h

2)  New spectroscopic technique ~f ice  (ARC1 ) , at R~~5c’a: ’h Tn - inlic ’ ‘ irk,
called “mill imeter  wave dispersion L~~~~t Ii ‘ ir ~~ l m a  r - ’ i ’n t  lv  n~- l - i -t -J 3 p r - i  —

pressure—scanning , ” which evolved from a e ct s  ‘ i t  i t  o v , - t  70 t o r  1 - ! . - - .o’nt ,t  i i )  as

differential refraction detector reported ‘x irnp los 0r o u t  u t  i n - i  i n :  accomp l i u~~rn~- n t  s
by Thomp son—Vetter, CT/ITS , in 1968. li ’, in’~’

, t i u 1 r~~ s u p por te d  l v  ARC). th e

3) Valuable research results  pre— I T~ m i l l  i-~. - t  i - r  w iv , I i h or  i t  - m v w :~ on
sented in over 30 publ ica t ions  and address- A - - - u r a t  ( ‘ l e a r  -‘\ :  r E I I F  -: r , n u t  -n  C h i t - ic-
ing basic problems in atmospheric m i l l i—  t, - r ist 105 ” 5 - i f l  O t t O  f L ,  t h r ” o  ‘ho-ion. 

-
meter wave propagation and remote sensing . ~ r .  I l i r t s J. L i , h i ’ , - \ t n l i , - l  l l e c t r n ” i , c t n e t j c .

This  type of research provides par t  ~~~~~~~~~~~~ D i v i s i o n , ii, l - . i t , ’ t-  , m t  t i t , -  I-re icict.

of the data base needed for  the r ap id ly  - 11 ’ t i ~u~ i c  i~~~’: - - h i s  , - u t  t e n t and  
- 

t o rt-

g rowinq  f i e l d s  of h i gh — d a t a — r a t e  communi— t i c t i i - l i ’ , t  t i n t  ( i t t - - t n - I  t o  t r an s mi s s i o n ,
cation and atmospheric remote sensing . t i ’ u t t ~ C o t I i f l t t l t t l c , t 1 ’t i t ; , i t t ’ i ~’sp h - r i c

SC I ‘fli’, S  I - mm ‘ I I 0 I L- - at i i i t  - t r y .
J ul ~ l~~77 Vol .  7 No .  7 The A r t - t v  P- - s - i n  -h (it l ’ s  suppor t

t i t t i t t u  f i m a c  i i  ‘- - i t — s 1°~5 i - i  1977 led to  aLiebe Returns from West German Guest Tour ~y’~
-
~ ~~ ll j r m e’ 

i\’o Oatm ;rs on t h e

Dr. Hans J. I t c h - ’ , A d v i s o r  to  t h e
App lied Elec tromagnetic Science Division , Lteb~ Iuvde d to AGARD Meetmand his family h a ve  j u s t  returned f r o m
nine memorable months abroad as quests of Dr. h ans 3. Liebe of the App lied Elec—
t h e  West  G er m a n  : o v , - r m m m , - m m t  , w h i c h  honored  t n o m m l . i - I f l e t  t o  S o t  once Di vis ton of ITS has
h i s  ITS r e n o i r - h  w o r k  on - i tm r isp h t . t : c  been i n v i t  c - i  to h resent a review paper on
mil l i m eter w ivi- p r o p - i t - i t  i o n  w i t h  - i Hum— “Atmospheric Medium Characteri ‘at ion and
bold t Award (50€ ’ T I : I , L N O T L t m , m l  l °7 ( i ) . M o d e l i n g f o r  EI I F  Propa ga t ion ” a t t h e  NA TO -

Iii c ‘n i m i ’  base was  t h e  M a x — P i i n c k -  AGARD EPP Sympos ium on “ O p e r a t i o n a l  N o d e l—
Inst i t u t e  f o r  A er o n o m v , L i  n d i t i  t h i r m , w h e r e  m g  of Aerospace  P r o p aga t i o n  E n v i r o n men t ”
he h i  root oh  I hi - mm, - f t  1 nq U I’ 0 a geoph ’1’s I — which is to be held in Lisbon , Por tuga l , in
ca l  mm—wave r o n - a r c h  p r o t r a m  and  me t a l o u t  A p r i l  1978. The invit ation was expressed
of othe r A r t -r i c an  ~~ ‘ t , - n t  m I m i , semi-  p r o s —  by Dr. II. Soicher , Chairman of the Program
e n t l y  or  f o r m e r l y  f r o m  f l o u l der  L i t e r  t o n —  C o m m i t tee , who is with the U.S. Army E1~ c—
L os .  rr ’n i t - n - - , he t ou r ed  e s se n t i a ll y  t non  i cs Command in Ft. Monmouth , N.J. The
a l l  i m po r t a n t  ~, ‘ - r n i mt P I lE r e s t - t i - -h L i o t l i —  meetinq is called by the AGARD Flectromag—
t i eS , p r e s e n t i nt  12 i n v t t i - I  s e m i nar  t i l k : m . n e ti c  Wave P r o p ag a t i o n  P a n e l .
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Van Vleck and Anderson Inspired ITS Research

This year ’s American Nobel prize winners in physics , J. H. Van Vieck ,

former lou is professor at Harvard Uni versity (retired siace 1969) , and

P. W. Anderson, his student who is now at Bel l Laboratories and Princeton

University , laid the ground work for the long— term ITS research on lab-

ortatory studies of atmospheric millimeter wave propagation . Van Vieck ’s

calculations on water vapor and oxygen absorption have become classics.

They explained as early as 1947 the opaci ty of the atmosphere around

the 22 , 60 , 119 and 183 GHZ regions of the spectrum , which otherwise

would be ideal for wideband ground and ground- to-satellite communication .

Anderson introduced in 1949 the first theoretical procedure to compute

the width of a spectral line heretofore a purely empirical parameter .

Both researchers viewed the quanti tative unders tanding of molecular

spectra in all their fascinating complications as important insight into

the molecular microscale. Wi th their theories and a few accurately measured

parameters one can describe not only transfer , shielding and emission pro-

perties of the atmosphere , but also the structure of a molecule using

solely macroscopic quanti ties such as pressure , temperature and frequency .

It is these “few ” parameters for oxgyen and water vapor that have

kept a small ITS research group busy for ten years (see Telenotes ,

February , 19761. In fact , all of ITS ’s millimeter wave propagation work

goes back to the original work of Van Vieck .

Before his retirement , Van Vieck had given much encouragement for

ITS ’s controlled laboratory experiments . In a letter to H. Liebe he

commented: “It impressed me as very refined and interesting work and

how I would have l~- ked to have had it in 1943” . In 1968 , during a

discussion with H. Liebe , Van Vieck personally went to a copy machine

located qui te a ways from his office to duplicate a hard- to-get paper

of his-leaving his visi tor wi th a jokebook A t tha t time he loved to

chat abou t molecular spectroscopy as much as abou t Colorado and his trips
to the Rockies especial ly  to the Garden of the Gods .
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