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ABSTRACT 

A review is given of the present status of measurements of 
the spectrum of the microwave background. Factors which limit 
experimental accuracy are discussed with particular reference 
to high frequency measurements. A selection of the available 
measurements yields a data set which is reasonably consistent 
with the blackbody spectrum for a temperature of 2.9 K. A simple 
statistical analysis suggests either that there are errors in 
the data set, or that deviations from a blackbody spectrum exist. 
The difficulties inherent in properly averaging the results from 
different observers are described. Prospects for improved measu
rements will be summarized. 
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INTRODUCTION 

Measurements of the spectrum of the cosmic microwave back
ground (CMB) have challenged the skills of experimentors for se
venteen years. The spectrum has been successfully measured over 
more than three orders of magnitude in frequency from 408 MHz 
to 720 GHz. The experimental spectrum is approximately that of 
a 3 K blackbody with a peak at ~ 180 GHz. Measurements of the 
spectrum of the CMB have been reviewed recently by Danese and 
De Zotti (1977) and by Weiss (1980). Lists of experimental re
sults and references appear in many places in the literature. 
(Danese and De Zotti 1978, Woody and Richards 1980). 

This paper will begin with a general discussion of the ways 
in which measurements of the spectrum of the CMB are made. A 
selected set of measured results will then be discussed. Finally, 
a description will be given of several experiments now in pro
gress which may improve our knowledge of the spectrum of the CMB. 

Measurements of the spectrum of the CMB at frequencies below 
~ 90 GHz have generally used single mode microwave heterodyne ra
diometers. The flux in a single mode of the CMB is essentially 
independent of frequency over this range. Each measured point de
pends on an independent absolute calibration of the flux received. 
For frequencies above —90 GHz, constant throughput infrared spec
trometers have been used which measure the flux in a number of 
modes which increases as frequency squared. The spectral bandwidth 
measured with one instrument can then be wide compared with the 
peak in the(constant throughput)flux of the CMB. In this case some 
benefit has been obtained from a comparison of measured parameters 
at neighboring frequencies. 
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The anisotropy of the CMB is not large enough to influence 
the present generation of spectral measurements. No dark region 
of the sky is expected which can help with the calibration. 
Thus it is not possible to chop on and off the source. A prac
tical consequence has been that all successful spectral measu
rements have made use of a liquid helium cooled blackbody cali
brator, or cold load. 

The sensitivity of microwave heterodyne radiometers of the 
type developed for more conventional radio astronomy is adequa
te for measurements of the CUB. Although the early far infrared 
experiments were severely limited by detector noise, modern in
frared detectors such as liquid He cooled composite bolometers 
now have adequate sensitivity for typical measurements. 

One of the major problems with measurements of the CMB ari
ses from the need to subtract the contributions of unwanted sig
nals which come both from the apparatus and from the sky. Unwan
ted signals from within the apparatus can in principle be cancel
led by the use of a properly designed Dicke radiometer. A 
schematic diagram which shows some of the necessary features 
appears as Figure 1. The sky signal is compared to the signal 
from the calibrator when the latter is operated at two different 
temperatures. Although there can be very severe practical prob
lems with the design of the calibrator and the beam switch, the 
effects of signals arising within the apparatus are cancelled if 
the response of the system is linear and if it is stable over the 
period required for switching the beam. Since the switch is not 
usually fast enough to avoid inverse frequency detector noise, 
microwave radiometers use heterodyne down-conversion, while in
frared radiometers chop (or interference modulate) the beam against a 
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stable internal reference temperature. 

Thermal radiation from the apparatus and the environment 
plays an important role in measurements of the CMB. At microwa
ve frequencies the ratio of the signal from a 300 K blackbody 
to that from a 3 K blackbody is T 3 0 0 / T , - 10 . The dynamic-ran
ge of microwave receivers is sufficiently large that experiments 
are done with a room temperature receivers and beam switch, but 
with a cold load. Because of the exponential cut-off of the 
Planck spectrum for high frequencies, however, this ratio grows 
to kT 3 0 0[exp(hv/kT 3)-1]/hv - 6x10 near the peak of the 3 K spec
trum at 180 GHz and to 1.5x10 at 600 GHz. For far infrared mea
surements at and beyond the peak, therefore, all optical elements 
which contact the primary beam must be cooled to liquid helium 
temperatures. 

Since the CMB is essentially isotropic, spectral measurements 
do not require high angular resolution and relatively small an
tennas can be used. It is essential, however, that the side-and 
back-lobe response of the antenna be controlled, so that thermal 
radiation from the horizon or the earth does not contribute to 
the measurement. The 300 K earth subtends a much larger solid 
angle than the central lobe of the antenna pattern on the ~ 3 K 
sky. To avoid contamination from earthshine, therefore the anten
na response at the horizon must be reduced by a factor signifi
cant larger than kT30Q[exp(hv/kT,)-1]/hv. This condition can be 
met with modern ridged-horn antennas at microwave frequencies. 
At infrared frequencies where multi-mode response is often re
quired over a broad frequency bandwidth, apodized antennas have 
been developed which make use of cold conical reflections or cold 
mirrors, along with warm earthshine shields. If these are proper-



ly designed, the very stringent requirements of high frequency 
measurements can be met. 

The design of an adequate low temperature beam switch and 
calibrator for far infrared experiments has proved to be a dif
ficult problem. The reflectivity of practical multi-mode black-

-2 -3 bodies is of order 10 to 10 . This is too large to permit 
adequate calibration in the presence of room temperature radia
tion. As a consequence, all successful far infrared experiments 
to date have been calibrated by inserting a low temperature 
blacJcbody into a cold region of the cryostat in the laboratory 
before and/or after the measurement. For this procedure to be 
valid, the operating conditions of the appratus during the mea
surement must be reproduced precisely at the time of calibration, 
or any differences must be measured and corrections applied. In 
practice this is not too difficult for the primary optical ele
ments. However, even small amounts of warm radiation entering 
the optical path from objects (such as the warm top of the cryos
tat) whose temperature is not well controlled can compromise the 
calibration. The presence of such problems can often be detected 
by a quantitative analysis of data obtained with low calibrator 
temperatures. 

A problem which can arise from the broad bandwidth of infra
red detectors is the possibility of imperfect spectroscopy. A 
Fourier spectrometer can have cross-talk between the channels. 
Band-pass filters can have out-of-band leakage. These effects 
can be minimized by careful design and by avoiding the use of 
high calibrator temperatures whose spectrum is very different 
from that of the sky. 
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Measurements of the spectrum of the CHB are strongly in
fluenced by unwanted signals from the sky. iow frequency mea
surements (below -1 GHz) suffer from confusion with galactic 
synchrotron radiation. The lowest frequency measurements avai
lable thus far are_those of Howell and Shakeshaft (1967). 
They made measurements of the total signal at both 40S and 
610 MHz in a direction away from the galactic pole to identi
fy the spectral index of the interfering radiation. The mea
sured spectral index was then used to subtract the unwanted 
contribution from measurements made at the galactic pole. 

The emission from galactic dust will interfere with spec
tral measurements of the CHB at sufficiently high frequencies, 
but has not yet been Important for experiments which avoid the 
galactic plane. 

A very important source of confusion for the present gene
ration of high frequency experiments comes from atmospheric 
line emission. The density and strength of the emission lines 
increases very rapidly with frequency. Below -90 GHz it is 
possible to make narrow band observations through atmospheric 
windows from high mountain sites. The atmospheric contribution 
is identified by .observing the sky temperature as a function 
of zenith angle and subtracting the component that varies in 
proportion to the atmospheric path. Although the accuracy of 
such corrections is limited by the temporal stability of the 
atmosphere and any angular dependence of the response of the 
apparatus, useful data have been obtained for conditions under 
which the atmospheric signal was many times larger than the CMB. 
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For frequencies higher than "90 GHz it Is necessary to 
observe from a higher site such as an aircraft, a ballon, a 
rocket or a satellite. Aircraft have not been used for spec
tral measurements, probably because of the lack of control of 
the "experimental environment. Our present knowledge of the 
spectrum above «>90 GHz comes from balloon measurements. The 
flexibility of gondola design, the availability of hours ob-
severing time and the relatively low cost have proved attrac
tive to experimenters who wished to develop the novel types 
of apparatus required for high frequency spectral measurements. 
The disadvantages of the balloon platform arise from the re
sidual atmosphere. Large corrections for atmospheric emission 
become necessary above "360 GHz. 

Rocket experiments have the great advantage of the comple
te absence of both atmospheric emission and atmospheric conta
mination of cold optical surfaces. Relative to balloons, how
ever, there is a significant sacrifice in both observing time 
and in the flexibility of the experimental environment. Rocket 
measurements thus far have not been as successful as balloon 
experiments. Eventually the nearly ideal environment of a space 
satellite will almost certainty provide the best high frequen
cy measurements of the spectrum of the CMB. 

An indirect technique has been used for measuring the tem
perature of the CMB which involves an optical determination 
of the excitation temperature of CN molecules in cool molecular 
clouds. (Thaddeus 1972 Hegyi, Traub and Carleton 1974). The 
errors involved in this experiment are perhaps easier to eva
luate than for direct experiments, so that the measurements 
should provide firm upper limits for the temperature of the 
CMB at frequencies given by the ground state energy level se-
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parations of CH. Corrections can be made for local heating of 
the molecules, but these require an intimate knowledge of the 
conditions in the molecular cloud. Measurements of this type 
in principle provide information about the homogeneity cf the 
CMB. They were important in establishing the blackbody charac
ter of the spectrum at high frequencies. 
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EXPERIMENTAL RESULTS 

A selection of measurements of the spectrum of the CMB is 
shown in Figure 2 as a thermodynamic temperature plotted as a 
function of the log of the frequency. Essentially all of the 
reported microwave results are shown. Host of these results 
were obtained rather quickly after the discovery of the CMB 
by Fenzias and Wilson (1965). Except for the use of a liquid 
helium cooled cold load, the microwave techniques used were 
essentially conventional. A recent description has been given 
by Wilkenson (1980) of the evolution of a second generation of 
microwave experiments to provide accurate data at the high fre
quency end of the microwave range. 

The history of far infrared spectral measurements is very 
different from that of the microwave experiments. Because the 
importance of thermal emission increases rapidly with frequen
cy, antennas with better sidelobe rejection are required, and 
more of the apparatus has to be cold. Balloon or rocket plat
forms are required to avoid the increased atmospheric emission. 
Host important, the technology to solve these problems had to 
be developed. Despite heroic efforts, the early experiments 
were usually incompletely characterized, and somtimes gave ob
viously erroneous results. Many of the^e early experiments, 
however, pioneered techniques which were more successfully used 
later. This technology development and reasons for favouring 
certain infrared experiments have been discussed elsewhere by 
the author (Richards, 1380). 
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Since that discussion a report has appeared of a new rocket 
experiment by Gush (1981). The results of this experiment are 
not included in Pig. 2 because in the opinion of the author 
'the instrument does not appear to be well characterized. Diffi
culties which arose because of the appearance of the warm rocket 
motor in the field of view are well discussed by Gush. Other 
problems not sufficiently analized include the accuracy with 
which the emissivity of the stainless steel calibrator is known, 
the possibility that radiation from the warm neck of the cryos-
tat could enter the spectrometer during calibration (or during 
flight), and the apparent presence of such warm radiation in 
the calibration data. 

Data from only two infrared experiments are included in Fi
gure 2. The balloon experiment of Muehlner and Weiss (1973 a,b) 
used low pass filters to isolate broad spectral bands. 
Temperature data are shown for the frequency range from 30 to 
300 GHz. This measurement was relatively unaffected by uncertainties 
in the atmospheric emission, so has narrow error limits. The bal
loon experiment of Woody and Richards (1981) used a Fourier trans
form spectrophotometer and thereby obtained 12 data points from 71 to 
405 GHz separated by the resolution width of — 30 GHz. Upper li
mits were also obtained at points extending to 720 GHz. This ex
periment shows clearly that the spectrum of the constant 
throughput flux of the CMB has a peak at t-180 GHz and falls 
at higher frequencies to less than 10 percent of the peak value 
(Woody and Richards 1981). Since the complete data set was ob
tained simultaneously, certain sources of error are strongly 
correlated across the spectrum. An error in the overall calibra
tion factor, for example would shift the entire data set up or 



- 10 -

down together. Other sources of error such as detector noise 
are uncorrelated from point to point. One point could be shif
ted up or down relative to its neighbors. The data from this 
experiment are plotted in Figure 2 as a set of points with 
± 1 a error limits. The uncorrelated errors are indicated by 
the shaded region. Correlated errors could have the effect 
of shifting the shaded region up or down within the limits 
set by the solid lines. 

The data set in Figure 2 fits fairly well to a single tem
perature somewhat below 3.0 K. To first approximation the spec
trum of the CMB is clearly that of a blackbody. It is tempting 
to make a detailed statistical analysis of these data. It is 
important to realize,however, that the new information which 
can be extracted from such an analysis is very limited. The accu
racy of the data may well be strongly affected by systematic 
errors. The procedures used to set error limits vary from one 
experimentor to another, especially for experiments of diffe
rent types. Computing weighted averages is therefore a very sub
jective process. 

The set of microwave data were obtained by similar tech
niques by experimenters with a common tradition. Thus it can 
be argued that an average of these data weighted by the expe
rimenters error limits adjusted to M a should not be serious
ly in error. The result of this procedure is a fit to tempera
tures in the range 2.S2 K to 2.90 K with normalized x 2 less 
than unity. The best fit temperature is 2.77 K (Woody and Ri
chards 1981). This result should be compared with the selec
tion of non-microwave results shown in Table I. The general 



- 11 -

Impression from this comparison and from Figure 2 is of a scat
ter in the high frequency data which is somewhat larger than 
would be expected from the stated error limits. 

The infrared experiment of Woody and Richards (1981) pro
duced data over a significant spectral range which can be tes
ted for consistency with a best-fit blackbody curve. The fit is 
rather poor. Assuming that the errors are statistical, there is 
only a 0.3 percent chance that the data are consistent with a 
2.90 K blackbcdy. Because of this lack of agreement, the tempe
rature deduced depends on the fitting procedure used. To 
indicate the range of this variation, the results of two 
different procedures are given in Table I. 

The form of the deviation from a 2.96 K blackbody curve is 
an excess of flux at the peak, but a deficit at higher frequen
cies. This form is unlikely to arise from experimental problems 
such as radiation from warm objects or imperfect correction for 
atmospheric emission. One tantalizing aspect of the data is the 
fact that arbitrarily reducing the overall calibration factor 
by 30 percent brings the data into excellent agreement with a 
blackbody curve at the temperature 2.77 K given by the weighted 
average of the microwave data (Woody and Richards 1979). al
though no reason for such a large change in calibration factor 
has been found, the suspicion has arisen that the calibration 
factor might have been incorrectly measured, or that it might 
have been different in flight from the laboratory value, (Weiss 
1980). 

The laboratory value of the calibration factor was confir
med from the strength of the atmospheric 0 2 lines measured in 
flight (Woody and Richards 1981), but this confirmation was not 
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entirely convincing for several reasons. These included uncer
tainties in the theoretical model used for the Zeeman splitting 
of the 0, lines, uncertainties in the molecular line parameters, 
and uncertainties in the instrumental transmission function on 
a frequency scale comparable to the width of the atmospheric 
lines. A recent measurement (Pickett et al 1981) of the pressure 
broadened width of the 125 GHz 0- line (when combined with the 
effects of Zeeman splittings) increases the theoretical estimate 
of the line strength by 11 percent. This new estimate of line 
strength changes the fitted value of the 0, column density from 

1.09 ± 0.15x10 2 2 to 0.97 ± 0.15x1022cnf 2 , which is still consis-
22 -1 tent with the value 1.03x10 cm estimated from the zenith 

angle, mixing ratio and pressure (Woody and Richards 1981). If 
a calibration factor based on atmospheric line measurements is 
used, the effect of the new parameter value is to increase the 
measured flux of the CMB and thus to increase the discrepancy 
between these data and the average temperature deduced from the 
microwave measurements. 
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DEVIATIONS FROM A BLACKBODY SPECTROM 

As has been discussed above, the Woody Richards (1981) ex
periment deviates from a blackbody spectrum by more than is 
expected from the known experimental uncertainties. The devia
tion is in the form of excess radiation near the peak of the 
spectrum. Depending on the weighting assumed, the averaged re
sults of all experiments can be interpreted in terms of an ex
cess in this same region. Deviations from the Planck curve are 
expected at some level, and their observation is of highest 
importance for the refinement of cos-ological models. 

Compton scattering of the CMB by "hot" electrons, radia
tion damping of turbulence, and annihilation of matter and an
timatter are some of the mechanisms which could lead to devia
tions from a blackbody spectrum (Zel'dovich, Illarionov, and 
Sunyaev 1972). The net result of these mechanisms is to scat
ter low-energy photons to higher energy and hence to shift the 
peak in the spectrum to higher frequencies. These models do not 
fit the data as well as a simple Planck curve (Woody and Ri
chards 1981). 

Models of the CMB which do not involve establishing comple
te thermal equilibrium, or which utilize frequency-dependent 
emission processes, are relatively unconstrained and can be made 
to fit the observations. Rowan-Robinson, Negroponte, and Silk 
(1979) have carried out calculations using the redshifted dust 
features from a pregalactic generation of stars to increase the 
CMB in the 3 to 8 cm~ frequency range relative to that on either 
side of this range. They obtained a satisfactory fit to at least 
one plausible weighted average of the observations by this theory. 
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The fact that a fit can be obtained should not be Inter
preted as theoretical evidence for the suggested deviation. 
The question of a deviation must be answered experimentally. 
The evidence available thus far should be regarded as sugges
tive, but not conclusive. 
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NEW EXPERIMENTS 

Although the general blackbody character of the CMB is 
now well established, experimental interest in measurements 
of the spectrum remains high. A new generation of experiments 
is being developed to search for deviations from a blackbody 
spectrum at both microwave and infrared frequencies. 

Mountain top microwave observations are being planned at 
frequencies of 2.5, 5, 10, 30, and 100 GHz by a collaboration invol
ving groups from Milan, Bologna, Raverford, and Berkeley. Bal
loon experiments are planned by the Princeton group at micro
wave frequencies for which mountain top atmospheric emission 
is important. 

A new infrared experiment is being developed at Berkeley 
which is designed to be significantly different from the Woody-
Richards experiment. Instead of a Fourier spectrometer, band 
pass filters will be used at frequencies of 90, 150, 210, 270, 
and 300 GHz. The residual atmospheric emission at balloon al
titude will be removed by scanning zenith angle, rather than by 
fitting calculated atmospheric spectra. Most important, cali
bration will be done during the flight with a Dicke switch 
and a reference blackbody whose temperature can be varied from 
2 to 15 K. A 250 K reference will also be available in flight. 

A Far Infrared Absolute Spectrophotometer (FIRAS) has been 
designed at the Goddard Space Flight Center for the Cosmic 
Background Explorer Satellite (COBE) which is expected to be 
launched in 1988. This experiment uses identical pairs of Wins
ton light concentrators as antennas at both inputs of a 
symmetrical Michelson polarizing interferometer. One input 
views the sky, the other a reference blackbody. Since the out-
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put of the interferometer is proportional to the difference bet
ween the two inputs, it acts as a Dicke switch to provide ab
solute calibration. Additional calibration is provided by a cold 
blackbody which can be deployed in front of the sky horn. In one 
year the instrument is designed to map the sky over the frequen
cy range from 30 GHz to 3 THz with a 7 degree field of view. 

A balloon experiment is being constructed at Queen Mary Col
lege which also uses a Michelson polarizing interferometer as a 
Dicke switch to compare signals from the sky to those from a 
black enclosure. Two microwave ridged horn antennas are used 
back-to-back to limit the beam entering the spectrometer to a 
single electromagnetic mode. The frequency coverage will be res
tricted to the neighborhood of the peak of the CMB. 

With this high level of experimental activity our knowledge 
of the spectrum of the CMB is expected to improve dramaticly in 
the next 5 to 7 years. 

The author is grateful to the Max-Planck-Institut f(3r Fest-
kOrperforscfcung and to the Alexander von Humboldt Foundation for 
their hospitality and support during the preparation of this ma
nuscript. This work was partially supported by the Director, 
Office of Energy Research, Office of Basic Energy Sciences, 
Materials Science Division of the U. S. Department of Energy 
under contract No. DE-AC03-76SF00098, and by the Office of 
Space Sciences of the National Aeronautics and Space Administration. 
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FIGURE CAPTIONS 

Figure 1 Schematic diagram of a Dicke radiometer. A incoming 
beam from sky, B mirror operated in two positions, 
C blackbody source operated at two temperatures, 
0 antenna to select mode or modes to be measured, 
and E receiver. 

Figure 2 A selection of existing measurements of the effective 
temperature of the CMS as a function of the log of 
the frequency. The error limits are to be interpre
ted as ± 1 o. To a first approximation the data can 
be fit to a temperature of »>2.9 K. 
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TABLE I 

VARIOUS MEASUREMENTS OF THE CMB 

Frequency (GHz) Temperature (K) Technique Reference 

0.515 - 90 2 77 • °' 1 3 

*•" " 0.15 Averaged Microwave Woo.'y and Richards (1981) 

114 •< 2.93 i 0.06 Excitation of CN Thaddeus 1972 

30 - 300 , 55 + 0.25 
2 , 5 5 - 0.45 infrared filter Muehlner and Weiss 1973 

227 < 2 9 + 0.4 
'!-9 - 0.5 Excitation of CN Hegyi, Trauband, Carleton 

.1974 

71 - 405 2 - 9 6 - o ' . o i - 2 - 9 0 infrared Spectro
photometer 

Woody and Richards 1981 




