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ABSTRACT

We have measured the temperature of the cosmic microwave background radiation (CMBR) at 90 GHz
(0.22 cm wavelength) in the summers of 1986 and 1987 using a Dicke-switched ground-based radiometer.
These measurements are part of a larger effort to measure the CMBR spectrum in the Rayleigh-Jeans region
(Smoot et al.), and represent an extension of the work by Witebsky et al. The weighted average for five years’
observations gives a thermodynamic temperature of 2.60 + 0.09 K at the 68% confidence level. This result is
in agreement with measurements obtained by other methods at comparable frequencies (Peterson, Richards,

and Timusk; Meyer and Jura; Crane et al.
Subject headings: cosmic background radiation

I. INTRODUCTION

Measurements of the cosmic microwave background radi-
ation (CMBR) provide information on the early history of the
universe. In principle, any energy release occurring at a redshift
less than ~ 106 is able to distort the spectrum from its initially
Planckian shape, the form of distortion depending on the time,
amount, and mechanism of the energy release (Danese and De
Zotti 1977; Sunyaev and Zel'dovich 1970). Recent ground-
based measurements (Smoot et al. 1987; Sironi et al. 1987) have
greatly improved the accuracy of the Rayleigh-Jeans region of
the CMBR spectrum at frequencies above 600 MHz. Inter-
esting results have been obtained in the high-frequency region
of the spectrum, where the rocket-borne experiment by Matsu-
moto et al. (1988) seems to provide evidence for a spectral
distortion at v > 300 GHz. Independent measurements at
intermediate frequencies represent an important cross-check
for those results. Here we report the results of further ground-
based measurements at 90 GHz, made in 1986 and 1987 in
conjunction with CMBR temperature measurements at 1.5,
3.8,and 10 GHz.

II. INSTRUMENT AND CONCEPT OF THE EXPERIMENT

We perform these measurements with a Dicke-switched
radiometer, a device whose output is proportional to the differ-
ence in the electromagnetic power per unit bandwidth entering
its two input ports. Feeding the input ports are two corrugated
conical antennas pointing 60° apart with a half-power beam
width (HPBW) of 7°5 and very good sidelobe suppression to
minimize the effect of ground radiation (Janssen et al. 1979). A
switch alternately connects one of the two antennas to the
receiver at a switching frequency of 100 Hz. The signal is then
down-converted to a double-side bandwidth of 0.1 to 1.0 GHz,
amplified, and rectified by a square-law detector diode. A
lock-in amplifier produces an output signal proportional to the
difference in power at the input antennas. The signal is aver-
aged with a 2 s integration time, digitized by a 16 bit analog/
digital converter (ADC), and recorded on digital cassette tape
and floppy disk. Table 1 lists the main characteristics of the
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instrument, which is described in greater detail by Witebsky et
al. (1986).

The signal is measured in units of antenna temperature T,
defined as:

p T,
Ta= kB~ exp (T,/)T) — 1 1)

where T, = hv/k (=4.32 K at 90 GHz), h is Planck’s constant,
k is Boltzmann’s constant, P is power, and B is the bandwidth
of the radiometer; T is the physical temperature of a black-
body field completely filling the antenna beam. If the antennas
view two blackbody targets at temperatures T, and T, the
measured signal is

1

S= G (Ty1 — Ty 2) + Teel s v
where G is the gain calibration coefficient and T, is the radi-
ometer’s offset. We measure the antenna temperature of the
zenith sky, T, ,.,, by comparing it to the known signal from a
cryogenic blackbody calibrator at liquid helium (LHe) tem-
perature. The detected signal from the zenith is the sum of the
antenna temperature of the CMBR, T, cygg, plus other contri-
butions, each of which is evaluated and subtracted:

©)

Here T, ams Ty ga1> and T, , are the antenna temperatures of
the signals due to the emission from, respectively, the atmo-
sphere, the galaxy, and the ground. The atmospheric term
includes a term for attenuation of galactic and cosmic radi-
ation by the atmosphere.

At 90 GHz the contribution from the atmosphere consti-
tutes more than 90% of the total zenith temperature. To mini-
mize T, ,,, we perform the measurement from a dry (<5 mm
H,0), high-altitude (3800 m) site: the White Mountain
Research Station, on Mount Barcroft, California. The choice of
this site reduces the atmospheric contribution by at least a
factor of 3 compared to measurements at sea level in Berkeley.
The atmospheric emission in this spectral region is almost
entirely due to pressure-broadened line emission from O, and
H,O molecules. The variability of the column density of water

TA,CMBR = TA.zen - TA,a(m - TA,ga] - TA,gr
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TABLE 1
GENERAL PROPERTIES OF THE 90 GHZ SYSTEM

Receiver type ............ Differential (Dicke)

Frequency ............... - 90.0 GHz
Bandwidth (DSB) ........ 2.0 GHz

IF passband ............. 0.1-1.0 GHz
Integration time ......... 2s

Noise temperature ....... 1530 + 20K

Sensitivity ................ 126 + 2 mK Hz™'/2

Antennas HPBW ........ 7°5

Gain scales ............... 37 K/V, 740 mK/V
Full range ................ +10V

Calibrator ............... LHe cold load

White Mountain Research
Station (latitude: +38°,
elevation: 3800 m)

Observing site ...........

vapor can cause T, to change significantly in a time scale of
a few minutes. Hence we plan the observing sequence in order
to obtain several independent and almost simultaneous mea-
surements of Ty ,., and T ..

Table 2 summarizes the important features of the steps in
each observing cycle. All the measurements are symmetric with
respect to the two antennas in order to cancel the radiometer’s
offset and minimize pointing errors. Steps 1 and 3 measure
T, zen (see Fig. 1a); steps 2 and 4 provide an independent mea-
surement of G for each observation (Fig. 1b). We measure
T,..m Dy tilting the antennas to different zenith angles (steps
5-9; see Fig. 1¢) and fitting the data to an atmospheric model
to yield two independent evaluations of T, ,,, for each observ-
ing cycle.

III. RADIOMETER TESTING

The radiometer configuration has remained essentially
unchanged since the 1983 observations. A defective detector
diode caused a large statistical spread in the data of 1984
(110 mK); this component was replaced before the 1986 mea-
surements, resulting in a much more stable output signal. In
1987 the radiometer was modified to allow the operator to
change the gain of the lock-in amplifier during observations. In
this way we could perform some high-gain measurements of
the atmosphere to check on possible ADC nonlinearities or
ground loops (the ADC is located downstream of the lock-in
amplifier). For calibrations the gain is reset to the lower range
to avoid saturation. As a cross-check on the data-recording
system, the lock-in output voltages during several 1987 atmo-
spheric measurements were recorded by hand as well. The
radiometer performance has been intensively tested before and

after the observations, both in Berkeley and at the White
Mountain observation site. Tests show that the system noise
fluctuation (89 + 1 mK for an integration time t=2s)
decreased according to t /2 (as expected for Gaussian
fluctuations) for periods much larger than the 192 s required to
complete an observation. A number of tests were performed to
search for changes in the radiometer’s offset when the instru-
ment was tilted to different angles. In these tests both antennas
viewed Eccosorb targets cooled to liquid nitrogen (LN) tem-
perature while the radiometer was repeatedly rotated between
two or more symmetric positions, using the procedures
described by Witebsky et al. (1986). Measurements from 1986
and 1987 yielded corrections and uncertainties of 10 mK or
less. (Detailed results are listed in Table 3.) We tested also for
sensitivity of the radiometer’s offset to external magnetic fields:
the effect of the Earth’s magnetic field is less than 2 mK.

We also performed radiometric measurements of the atmo-
spheric temperature (atmospheric scans) as a general test of the
radiometer’s performance and to provide useful data for the
evolution of atmospheric emission and stability. These com-
plemented similar measurements of the CMBR and atmo-
sphere at lower frequencies (Levin ef al. 1988; De Amici et al.
1988; Kogut et al. 1988). The observing procedure consisted of
steps 5-9 of Table 2, preceded and followed by two symmetric
calibration measurements. The ambient temperature target
and the zenith sky (typically ~ 10 K) were used as calibration
loads; G was then calculated iteratively.

IV. OBSERVATIONS AND DATA ANALYSIS

The observations are made at night to avoid the contribu-
tion and thermal effects of the Sun; also, the atmosphere is
usually more stable and dry during the night-time. Data were
taken with LHe in the cold load on the nights of 1986 August 8
and 9 and 1987 September 15 (UT). Observations with LN in
the cold load were made on the nights of 1986 August 6 and 7
and 1987 September 11 (UT), as a general test of the equipment
and procedure. The data are selected as follows: data points
taken while the radiometer was moving from one position to
the next are identified and rejected; the data corresponding to
each step are then averaged over the remainder of the 16 or
32 s interval; the averages are plotted to identify errors in the
observing routine, evidence of clouds in the antenna beam, or
apparent radiometer problems. This analysis shows that some
30% of the data from 1986 are of poor quality, due to improper
calibration measurements and atmospheric instability. These
data values are eliminated from further analysis. These dele-
tions alter the final result by less than 10 mK.

Each observing cycle gives an independent measurement of

TABLE 2
OBSERVATION PROCEDURE
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South Antenna North Antenna Time
Step Load Load Output (s)
...... Zenith sky LHe target S en/load 32
2., Ambient target LHe target amb/load 16
...... LHe target Zenith sky load/zen 32
4...... LHe target Ambient target load/amb 16
So... Southern sky at Z = 50° Northern sky at Z = 10° 50/10 32
6...... Southern sky at Z = 40° Northern sky at Z = 20° 40/20 16
T...... Southern sky at Z = 30° Northern sky at Z = 30° S30/30 16
8...... Southern sky at Z = 20° Northern sky at Z = 40° 830140 16
9...... Southern sky at Z = 10° Northern sky at Z = 50° S10/50 16
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FiG. 1.—The 90 GHz radiometer configuration: (top) zenith sky measurements; (middle) calibration;; (bottom) atmospheric scan

G, Ty ,eq and T, ... From steps 2 and 4 we find the calibration
coefficient:
T . _
G=2 amb Tioad (4)

Samb/load - Sload/amb

where T,., and T, are the antenna temperatures of the
ambient and cryogenic targets, and the terms Samb/loaa and
Sioad/amb ar€ the radiometer signals when the two antennas view
the ambient and cold loads (see Table 2). In this relation, as
well as in the next two, we remove the position-independent
component of the radiometer’s offset by taking the difference of
symmetric measurements.

To calculate T, ,., we use the data from steps 1 and 3 and
the relation:

G ST,
TA.zen = 5 (Szen/load - Sload/zen) - 2“ + Tioad - Tl"efl (5)

where 6T, is the offset change discussed in § III and T et1
accounts for the emission from the mirrors which reflect the
zenith radiation into the antennas (see Fig. 1). Each cycle mea-
sures Ty ,,, twice: steps 5 and 9 give an evaluation based on

the atmospheric signal at zenith angles of +50° and F10°
(T4, 20m 50/10); Steps 6 and 8 give an evaluation for +40° and
F20° angles (T, am 40/20)- The value of T, ., is the average of
the two measurements. We evaluate T, .. z,/z, from measure-
ments at zenith angles Z, and Z, by fitting difference terms of
the type

oT
MUL Ty zuz, (6)

1

An,athUZz = 5 (Szl/zz - Szz/zl) -
into an atmospheric model. The model, described in detail by
Witebsky et al. (1986) assumes T, (Z) to have a functional
form that varies approximately as sec (Z) but also includes
corrections for atmospheric self-absorption (~0.3 K near the
zenith), the effect of the finite width of the antenna beam
(~0.1 K), and minor effects such as variation of the atmo-
spheric temperature profile (<10 mK) and curvature of the
atmospheric layer (<5 mK). Table 4 lists the results of all the
data processed in the described way for each observation run,
together with their uncertainties (68% confidence level). It also
includes the corresponding CMBR antenna temperatures,
obtained using equation (3), and their uncertainties.
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TABLE 3
SYSTEMATIC ERRORS

VALUE ERROR ERROR IN T, cypr (mK)
SOURCE OF ERROR 1986 1987 1986 1987 1986 1987
Gain
Gaindrift .............ooi 35.806 K/V 0.05% 0.02% 8 3
Calibration load ................. to 0.65% 0.65% 9 9
Angular dependence ............ 37.310 K/V 0.1% 0.1% 15 14
Nonlinearity .............cooeeee. 0.8% 0.2% 12 3
Zenith Temperature
Zenithoffset ..................... 17 mK 16 mK 8 mK 12 mK 4 6
Ground radiation ............... 12 mK 12 mK 15 mK 15 mK 15 15
Reflector emission ............... 312 mK 312 mK 45 mK 45 mK 45 45
Coldload ........cc.oovinvnnnnn. 2087 mK 2087 mK 37 mK 37 mK 37 37
Atmospheric Temperature

Ground radiation ............... 0 mK omK IP’mK PmK 130 t3e
40/20 offset ...........ooeininnn 5 mK 10 mK 6 mK 3 mK 7 4
50/10 offset ............ccoooinnns 12 mK 12 mK 5SmK 3 mK 3 6

Pointing:
N/Scarttilt ................... 30 30 11 9
Antenna misalignment ....... 04 04 55 50
Position uncertainty .......... 2 2 20 18
Modeling .............o.eunnn. 32 mK 26 mK 32 26
Atmospheric asymmetry ........ 75 mK 38
Total ..ooevveieinniiiinnnn. 102 89

An analysis of all the 1987 atmospheric data recorded by the
data-logging system shows that the quantity

5T50/40 = TA,atm 50/10 — TA,atm 40/20

is systematically positive. A weighted average of all 78 scans
gives 675040 = 0.102 + 0.011 K. We have also analyzed the
atmospheric measurements using the data from individual
scan positions, combined with the corresponding 30° south/30°
north data (step 7 in Table 2) to eliminate the offset. Although
this procedure does not provide very precise estimates, it is
clear that the evaluations using the 40° south/20° north mea-
surement (step 6) are ~0.2 K lower than the other three. We
have collected an additional 102 atmospheric measurements
using a digital volt-meter (DVM) to measure the time-averaged
lock-in output and recording the numbers by hand. From
these measurements we derive 6T50,40 = —0.002 + 0.013 K

(68% confidence limit), in sharp contrast to the +0.102 K
value derived above.

Fifteen atmospheric scans have been recorded both by hand
and by the data-logging system. Readings digitized indepen-
dently by both the ADC and the DVM show a general agree-
ment between the respective 50/10 evaluations (the mean
difference between measurements is —0.040 + 0.009 K), but a
disagreement in the 40/20 evaluations (a mean difference of
—0.2064+0.035 K, the temperature measured with the DVM
being higher).

The evidence suggests a subtle malfunction in the elec-
tronics, which appears only to affect data values at the 40
south/20 north position. (Data values recorded at other posi-
tions do not show similar effects.) Tests performed since our
return from the field have failed to reproduce the effect or to
pinpoint its source. Because of the apparent error in the atmo-

TABLE 4
RESULTS OF THE 1986 AND 1987 CMBR MEASUREMENTS

Date and Number of G Ty zen Tio/20 Tso10 T, cmr”
Time Observations (K/V) (K) (K) (K) X)
1986 Aug 8:
5:16-6:31...... 11 35.884 16.669 15.558 15.529 1.125
+0.075 +0.134 +0.523 +0.131 +0.286
1986 Aug 8:
8:59-9:15...... 6 35910 15.908 14.929 15.023 0931
+0.020 +0.110 +0.227 +0.215 +0.334
1986 Aug 9:
8:23-8:59...... 11 36.094 15.625 14.503 14.586 1.080
+0.082 +0.208 +0.294 +0.184 +0.272
1987 Sep 15:
0:09-9:32...... 8 37.339 14.817 13.628 13.806 1.011
+0.020 +0.074 +0.094 +0.100 +0.065

2 In the 1987 run only the atmospheric temperature measured at +50° and +10° is used.
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spheric measurements at 40 south/20 north, we have chosen to
use only T . s0/10 in computing T, cypg from the 1987 data.
Although there is no evidence of this problem in the 1986 data,
we have chosen to add half the average difference between the
two evaluations (38 mK) as a safe limit on systematic errors.

V. SYSTEMATIC UNCERTAINTIES

Table 3 lists the estimated systematic errors in the 1986 and
1987 observations (for a detailed analysis of each term see
Witebsky et al. 1986). Pointing errors are slightly larger in 1986
because of the larger value of T, ,,, in that year. The pointing
angles are carefully measured before and after the observation
with a precision clinometer, and they are repeatable at 2’ or
better; this results in less than 20 mK uncertainty in T4, cmBr-

Better limits in 1987 on the fractional gain drift G/G and on
possible saturation effects (derived from a combination of the
calibration measurements with LN and with LHe) reduce the
gain-related errors in T, cypg to +4 mK.

The cold load (Smoot et al. 1983) was at a pressure of
489+ 2 mm Hg, corresponding to a LHe boiling temperature
of 3.782 + 0.004 K. We tested for reflection effects due to the
two polyethylene windows at the mouth of the dewar and
found a total upper limit of 35 + 35 mK for both coherent and
incoherent effects. Accounting also for the emission from the
inside walls and from the windows themselves, the total
antenna temperature of the cold load was T, .4 = 2.087
+ 0.037 K.

Vol. 339
TABLE 5
COMBINED RESULTS
T, cmBr Statistical Systematic Temer
Year (K) Error (K) Error (K) (K)

1982...... 1.00 + 0.57 0.034 0.570 25819558
1983...... 0.99 + 0.09 0.016 0.090 257+0.12
1984...... 0.96 + 0.14 0.110 0.090 2.53+0.18
1986...... 1.07 £ 0.10 0.054 0.102 268 +0.14
1987...... 1.01 + 0.09 0.023 0.089 2.60 + 0.11

VL. RESULTS AND INTERPRETATION

Table 5 presents the results of all our CMBR measurements
at 90 GHz. With the exception of the 1984 result, the uncer-
tainty in each of the measurements is dominated by systematic
errors. The much larger error in 1982 is due to a pointing
uncertainty related to a different radiometer configuration
used in that year (Witebsky et al. 1986). To compute a
weighted average of these five results, we weight each T, cmer
with the corresponding statistical uncertainty summed in
quadrature with those systematic errors which are nearly inde-
pendent from year to year. Other systematic effects (those due
to ground radiation, atmospheric modeling, calibration load,
and emission from the reflectors) are likely to be constant for
all the measurements and cannot be used as weighting factors;
to compute the total uncertainty we add in quadrature the
average of these effects (58 mK) with the statistical sigma
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FiG. 2—Plot of recent CMBR measurements near 90 GHz
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resulting from the weighted average (42 mK). Then we convert
the final antenna temperature (1.008 + 0.071 K) into ther-
modynamic temperature and obtain:

Tenpr = 2.60 + 0.09 K . 0

This result is in good agreement with previous heterodyne
measurements in this spectral region (Fig. 2), which have a
weighted value of Teypg = 2.55 £ 0.10 K (Boynton et al. 1968;
Kisliakov et al. 1971; Millea et al. 1971; Boynton and Stokes
1974). It is also in statistical agreement with the CMBR tem-
peratures obtained by Meyer and Jura (1985) and by Crane et
al. (1986) from spectroscopic measurements of CN interstellar
molecules at 113.6 GHz, and with the balloon-borne bolo-
metric measurements by Peterson, Richards, and Timusk
(1985) at 85.5 GHz. A weighted average of our result with all

TEMPERATURE OF CMBR AT 90 GHz 637

previous results between 85 and 115 GHz gives Teypr = 2.70
4+ 0.03 K. A fit to all the CMBR temperatures measured at
600 MHz < v < 300 GHz gives Teypr =2.74 +0.02K. A
detailed analysis of all recent CMBR measurements is found in
Smoot et al. (1988).
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76SF0098, by CNR fellowships n. 203.2.12 and 203.2.15, by
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