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A balicon borne 19-GHz radiometer
S.P. Boughn

Department of Astronomy, Haverford College, Haverford, Pennsplvania 19041

E.S. Cheng

Massachusetts Institute of Technology, Cambridge, Massachusetis 02139

D. A. Cottingham® and D.J. Fixsen”

Department of Physics, Princeton University, Princeton, New Jersey 08544
{Received 21 November 1988; accepted for publication 14 September 1989)

The design and performance of a 19-GHz one-horn maser radiometer is discussed. The antenna is
a lensed, conical horn with 3° angular resolution. The radiometer is stabilized by chopping against
an internal cold load. A novel chopping scheme allows continual calibration of maser gain
fluctuations with only a modest penalty in noise. The method of calibrating this instrument is
described. The instrument has been used to map the sky with an equivalent blackbody
temperature sensitivity of 1 mK per 3° X 3° resolution element.

INTRODUCTION

In the millimeter-wave region of the spectrum, the overall
brightness of the sky is dominated by the Cosmic Microwave
Background (CMB), which is presumably the relic radi-
ation from a hot, early Universe." Since the CMB photons
stream to us directly from an epoch when the Universe was
much younger (about 10° years after the Big Bang), they
provide information about the early history of the Universe
presently obtainable in no other way. In addition to provid-
ing unique information about the early Universe, CMB stud-
ies have produced results with a precision unusual in cosmol-
ogy. For example, below 100 GHz, the CMB spectrum is
consistent with a Planck curve corresponding to a tempera-
ture of 2.75 4 0.03 K.*® Recent rocket measurements® re-
veal an excess at freguencies above 300 GHz; there is as yet
no generally accepted model for this excess. The spatial di-
pole moment of the CMB which is proportional to the
Earth’s velocity with respect to the comoving frame of the
Universe has been measured to an accuracy of 5% even
though its value is only 10~* of the CMB. Angular varia-
tions in the CMB on scales smalier than the 180° dipole are
closely refated to the process of galaxy formation, and al-
though no definite and unambiguous variations have been
detected, stringent upper limits have imposed important
constraints on models of galaxy formation.”®

The Cosmic Background Explorer (COBE),” a satellite
observatory for the CMB, is currently scheduled for launch
by a Delta rocket late in 1989. One of the instruments on
COBE is a differential microwave receiver (DMR), which
will observe the CMB anisotropy over the entire sky at three
wavelengths (3.3, 5.7, and 9.6 mm) with an angular resolu-
tion of 6°. One of the major sources of systematic error is
expected to be contamination by radiation from our own
Milky Way galaxy. Observing at several wavelengths allows
one to fit the data to models of this galactic radiation. Be-
cause the Galaxy emits more strongly relative to the CMB at
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longer wavelengths, the longer wavelength band can be used
in conjunction with other low-frequency maps'® to generate
a model of the galactic spectrum. This model can then be
used to correct for galactic emission at the shorter wave-
lengths. The radiometer described in this article was de-
signed to augment the COBE DMR data by supplying a map
at 15.6 mm (19.2 GHz) with sensitivity, resolution, and cali-
bration accuracy matched to those of the DMR.

In order to fulfill these expectations, the radiometer had
to satisfy several general requirements: (1) balloon-borne—
in order to minimize contamination from atmospheric emis-
sion (10 K)), the radiometer is operated at an altitude of
about 80 000 ft from a balloon platform; (2) Jow noise—to
accurately map the low-luminosity galactic component, a
low system temperature is necessary and systematic effects
must be carefully accounted for; and (3) moderate angular
resolution—to resolve the large-scale structure of the galac-
tic plane, a spatial resolution of X 3° is required.

To achieve these goals, we have built a single-horn ra-
diometer which chops between the sky and an internal
4.3-K load. The inherent asymmetry of this type of radio-
meter leads to a larger offset drift than with a differential
two-horn scheme where both horns observe the sky. Most

previous observations of the CMB have used differential

measurements, and many have sought to measure the anisot-
ropy on one particular scale.>®''~*? However, large-scale
maps made from two-horn data with incomplete coverage
tend to have systematic errors due to aliasing between the
horns. Since one of our primary goals is to produce a map as
free as possible from systematic errors, we chose the single-
horn design. The general performance of this system com-
pared to previous differential systems is discussed in Sec. VI
below. The antenna is described in Sec. I. The radiometer isa
cryogenic low-noise ruby maser, described in Sec. II. It is
operated in 2 novel three-phase switching mode which con-
tinually calibrates the maser gain. This switching scheme
and its noise characteristics are discussed in Sec. II1. Section
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EV presents the calibration procedure, and sensitivity is dis-
cussed in Sec. V.,

i ANTENNA

The antenna is a conical horn with a lens (Fig. 1). An
optimal horn for a 3° beam at 19 GHz has a length of 3m™
and would complicate the design of a balloon-borne pack-
age. We shortened the horn to 0.9 m by adding a lens which
flattens the wave fronts so that the field at the aperture re-
sembles that from a TE,; mode emerging from round wave-
guide.

The lens is made of low-density polyethylene which has
a dielectric copsiant € =228 and a loss tangent tan
8~3x 10" *. The outside surface is flat and the inside has a
hyperbolic figure. It is 3 cm thick in the middie and has a
measured emissivity of 0.002. Circular grooves are cut in
both faces to reduce reflections. These have 2 0.25-in. separa-
tion, and their depth and thickness are chosen to approxi-
mate matching dielectrics in a waveguide'® which requires
changing the depth and thickness as the groove moves from
the £ plane to A plane. The power reflection coeflicient of
the lens was not measured directly, but from anomalies in
the sidelobes of the antenna pattern, it is estimated to be on
the order of 10 7.

The horn narrows to ! in. diam, where it undergoes a 45°
bend and meets the top plate of the Dewar. The next section
(which can be seen in Fig. 3) is 21 cm of a gold-silver-nickel-
plated stainless-steel circular waveguide which extends
down the neck of the Dewar to the 4-K station where the
transition to a WR-42 waveguide is located. In order to re-
duce antenna emission, the throat of the horn and transition
to the rectangular waveguide are cooled to 4.3 K, the bath
temperature of the Dewar. A bend in the overmoded wave-
guide has the potential to scatter the TE,, mode into other
modes that have less desirable sidelobe patterns and higher
loss. At 19 GHz in a 1-in. round waveguide, there are six
propagating modes. No significant change in sidelobe pat-
tern is detected with the bend in or out of the system.

Polyethylene
iens

Horn~—.

Bend

e

F1G. 1. 19-GHz conical horn antenna with lens.
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The antenna patterns in the E and H planes are shown in
Fig. 2. The theoretical curves are derived from a modified
Kirchoff vector diffraction formula.'® The field pattern is
assumed to be that of a TE,, mode in a circular waveguide
on the outer surface of the lens and to vanish everywhere else
on the plane containing the lens. Charges are introduced on
the edge of the lens to account for the discontinuity in the
field there. The £ plane pattern agrees quite weil with the
theoretical model, while the H-plane data begin to diverge
from the model at — 60 dB. We attribute this to reflections
by the lens at the G.001 level.

The antenna is oriented so that the A plane is vertical
since the A plane sidelobes fall off faster than those in the E
plane. Ground screens (see Fig. 1) made of two layers of
aluminum window screen reduce the sidelobes near the hori-
zon by about 20 dB.

il. RECEIVER

A diagram of the cryogenic portion of the receiver is
shown in Fig. 3. A Dicke switch alternates the input of the
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F1G. 2. (a) E-plane antenna pattern compared with theoretical model (sce

text). (b) H-plane antenna pattern compared with theoretical model (see
text).
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F1G. 3. Cryogenic, hydrogen maser receiver.

maser between the antenna and a 4-K reference load. The
joad arm also has a directional coupler which introduces
power from a calibration noise source external to the Dewar.
It is necessary to keep the Hquid helium out of the wave-
guide, as the liquid-gas interface would introduce time-de-
pendent reflections, and so the whole assembly is placed in a
copper can which is then immersed in the helium bath. Heat
is transported from the maser and the switch to the can by
the helium gas and by the waveguide to the 4-K station. The
canis quite thick (0.125in.) and makes a good thermal short
from the 4-K station to the bath. The inside of the can is
plated with lead to form a superconducting magnetic shield
to reduce the effect of the Earth’s magnetic field. To keep the
bath temperature at 4 K during flight, the pressure in the
Dewar is maintained at 1 atm by a diaphragm pressure regu-
lator.

The Dewar also contains several sensors for engineering
data. Cryogenic temperature sensors (Lakeshore Cryotron-
ics DT-500) are located on the 4-K station, the switch, the
maser magnet, and the maser circulator block. A liguid-heli-
um level sensor is attached to the outside of the can.

A. Maser

The heart of the radiometer is a ruby maser which has
been described in detail elsewhere.!”'® The rubies are
pumped with 42-GHz radiation from an Impatt diode
(Hughes 47172H-1120A). By design, the maser should have
a gain of 30 dB, bandwidth of 400 MHz, and noise tempera-
ture of 6 K.
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Figure 4 shows a typical passband. It is not as neatly
rectangular as one would like. The irregularity of the pass-
band is due primarily to iwo effects. First, the circulators are
not matched to the rubies at this frequency. (The circulators
were tuned for a center frequency of 24.8 GHz. ) Quite small
mismatches at this junction cause rather large ripples in
gain, by sending some of the signal on extra passes through
the ruby. The size of such ripples will increase with increas-
ing gain. Second, the pump power waveguide is badly
matched to the rubies, causing them to be underpumped at
some frequencies with corresponding loss of gain. The pic-
tured gain curve has an effective gain of 33 dB and effective
bandwidth of 210 MHz.

B. Dicke switch

The Dicke switch is a symmetrical, three-port, ferrite
circulator with a switchable magnetic field. The magnetic
field is supplied by a superconducting coil wound on soft
iron pole pieces. The insertion loss (for power traveling in
the “‘on” direction) and the isolation (for power traveling in
the “off ” direction) vary as functions of the applied magnet-
ic field. The field strength was chosen to minimize insertion
Ioss, resulting in 1 dB of loss and an isolation of 14 dB. Thus,
when the maser is looking at the cold load, it is actually
receiving 80% of the power coming from the load and 4% of
the power coming from the antenna.

When the switch is changed from one state to the other,
there is a period of time during which the field is varying due
to eddy currents flowing in the metal switch body and pole
pieces. The field and consequently the insertion loss and iso-
Iation are changing, and so no data are collected during this
time. The body of the switch ts made of a Ti alloy. The rela-
tively low conductivity of this material decreases the L /R
time constant of the eddy currents. The switch takes about
15 ms to settle sufficiently for use in observing the sky. When
operated at 8 Hz, about 23% of the time is lost to switching
transients.

C. Reference load

The radiometer compares the power from the sky with
the power from a reference load, shown in Fig. 5. The load is

L R L S A (R N B S N N B S A B R AL B A
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FiG. 4. Receiver bandpass.
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a wedge of iron-impregnated epoxy, Eccosorb, in a section of
the waveguide which is cut in a block of copper. The copper
reduces thermal gradients in the wedge. The load is thermal-
ly isclated by placing itin an evacuated can which is connect-
ed to the outside with a 10-mil stainless-steel waveguide. The
vacuum window is made of Mylar. The thermal time con-
stant of the resulting system is 10 min. A germanium tem-
perature sensor is embedded in the copper, and its leads are
heat sunk to the copper. A heating coil is wrapped around
the copper body to alfow for varying the temperature of the
foad. In order to avoid heating of the load via absorption of
stray maser pump power, a waffle iron filter (Microwave
Research K70-L) which rejects that band is placed just be-
fore the load. The reflectivity of the load, window, filter, and
directional coupler is 0.3%.

The can is filled with helium gas at 1 atm, which tran-
sports heat from the load during cooldown. The inside sur-
face of the can is coated with activated charcoal, which,
when the can temperature drops to 10 K, acts as an adsorp-
tion pump and evacuates the can. A heater coil is wound
around the outside of the can to keep the charcoal from ad-
sorbing the gas until the load has cooled sufficiently.

D. Heterodyne receiver

After amplification in the maser, the signal passes intoa
heterodyne receiver (Fig. 6). A mixer with integral IF
preamplifier (Alpha Industries K9619A-03) with LO pow-
er from a Gunn diode (Alpha Ind. K9400-10) brings the
signal from 19 GHz down to the 200-MHz IF band. The
variable attenuator on the LO port is used to adjust the LO
power level for optimal noise performance. The IF band-
width is determined by a Texscan 200-MHz low-pass filter.
The receiver is operated double-sideband with the LO fre-
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FiG. 6. Heterodyne receiver schematic.

guency located at a convenient dip near the center of the
maser passband, and so the bandwidth before the mixer is
400 MHz. The signal is then detected by an Aertech DX1350
detector diode. The detector is operated in current mode
(i.e.,, zero output impedance) which improves dynamic
range. The IF attenuator is adjusted to drive the detector to
its 0.5% nonlinearity point when the radiometer is looking
at 300-K radiation.

E. Noise source

The inflight calibration signal is provided by a noise di-
ode {Microwave Semiconductor Corp. MC7248W) exter-
nal to the Dewar. This diode was manufactured for use at
24.8 GHz, but testing showed that it provided noise equiva-
lent to 2 2.1 % 10° K blackbody over the band 18-21 GHz,
with variation of 4 0.3 dB. The cutput power varies with
temperature over the range 270-310 K by 0.2%/K. Placing
the diode in vacuum changes the output power by less than
0.5%.

The directional coupler which couples this signal into
the load arm of the radiometer attenuates this signal by
about 45 dB, giving a signal of 6 K when the calibrator is on.
The 300-K radiation emitted by the diode when off is atten-
uated by the coupler to about 10 mK.

. THREE-PHASE SWITCHING RADIOMETER

In a conventional Dicke radiometer,'® an amplifier is
alternately switched between two inputs: the antenna and a
reference load. These cutputs are integrated for equal times,
and their difference is taken. Suppose the antenna power P,
reference load power P, , and receiver noise power £, are
given, respectively, by

P, =kT,Av, P, =#kT,Av, and Py =kTxAv,

where k is Boltzman’s constant, 7 is effective temperature,
and Av is the bandwidth of the receiver. Then, the radio-
meter output ¥ is

Vo=G(P, + Pg) — G'(P, + Py),
where G is the receiver gain while looking at the antenna,
and G’ is the receiver gain while looking at the load. If the
switch is ideal and switching occurs rapidly encugh that the

gain does not change significantly in one switch cycle, i.e.,
G =G, then

Bailoon-borne radiometer 161




Vo=G{P, — P,y =GkAv(T, - T,).
Slow gain variations AG result in output change of

AV, = AGkAV(T, — T}).
To the extent that one matches the load temperature to the
antenna temperature, the effect of these gain variations will

be minimized.
The noise in a Dicke radiometer is'®

AZnin = 2TT()T /\/_A_V_Ts ( 1 )

where the total noise temperature, T'ror = 7, + T4 = T,
+ T, and 7 is the total observation time. This is a factor of
two greater than the noise of 4 total power receiver: a factor

of 2, since only half the time is spent looking at the source,

and a factor of y2, since a difference is being taken between
two noisy outputs.

Because the maser is prone to large and fairly rapid fiuc-
tuations in both offset and gain, a three-phase switching
scheme is employed in which two of the phases are fixed
reference temperatures. The difference between the time-
averaged outputs of the two reference phases is proportional
to the system gain, and so it can be used to correct for gain
fluctuations. In our instrument, the two reference phases are
the 4.3-K load and the calibration noise diode, with tempera-
tures 7, and 7, respectively. The sky temperature will be
referred to as T. Let ¥, V,, and V. be the time-averaged
outputs of the sky, load, and calibrator phases, respectively.
Then, take

O= (Vs =V, )/ (Ve —V0) (2)

as the output of the radiometer. It can be seen that this di-
mensionless quantity is insensitive to both gain and offset
variations on time scales longer than the switching time, and
that it is linearly related to the sky temperature, which we
wish 1o measure. The exact linear relationship is determined
by calibrating the instrument (see Sec. IV). For present pur-
poses, assume the approximate relationship (7g) e
=T, —T,)+ T,. There is an optimum time which
should be allotted to each phase in order to minimize the
variance in (7 ) ens -
The mean value of the time-averaged output ¥ is

<Vk> :GTk + V(»

where G is the gain, ¥V is an offset, and k stands for S, C, or L.
If the signal from a source temperature 7, is integrated for a
time 7, according to the total power radiometer equation
[see Eq. (1)] the variance is

(aviy = STt Tovs)”
Avr,

where Ty is the system noise temperature, and Av is the
predetection bandwidth.

Therefore, the variance of the measured sky tempera-
ture is '

162 Rev. Sci. instrum., Vol. 61, No. 1, January 1990

(A(TS)aneHS)
— (T.S + ,‘TSYS)2

(TC+TSYS)2 (ZT'S_—YTL)2

Avr, Avr, Te — T,
T, 4+ Toys YV { Te — Ts V2
+ ( L SYS) { C S), (3)
Avr, \TC—TL

A convenient way of presenting this is to define the quantity
Qby

v <(ATS)Em:aS> = Q (TS + TSYS)/\/B;i (4)

where 7 = 2%, 7, is the total integration time. This allows a
comparison of the efficiency of this type of radiometer to
others. For a total power radiometer, Q = 1; for a Dicke
radiometer comparing two identical sources with haif the
integration time on each, Q = 2. With the introduction of
thenotation 4= (T + Tsys) (T — T, ) (and cyclic per-
mutations of the indices S, C, and L), and p, =7, /7, then
Egs. (3) and (4) yield
i 5 A
A5 T by

The p, are not independent, since £, p, = 1. Minimizing Q*
with respect to two independent p, vields

Pr = lAk‘/ EVM (6}

as the optimum proportions. With the integration times set
this way, one finds that the optimum value of ¢ for a given
set of temperatures is

QzZlA,-l/ 4. (7

QZ

(5

Of the three temperatures, we will call the intermediate one
7. A short calculation shows that the sum
2, |4, =2|4,]. Then, from Eq. (6), p,, = {; i.e., the mid-
dle temperature gets half the integration time, with the other
half divided between the outside two. If the sky temperature
7' is the intermediate temperature, Eq. (7) gives the some-
what surprising result that Q = 2, just as in the case of the
two-phase system. Evidently, adding a third phase costs
nothing. If T is not the middle temperature, then 0> 2;
thus, in general, for any choice of integration times and tem-
peratures, 0>2.

Since A (T ) .. 18 the solution to a variational problem,
it does not increase rapidly as the p, change from their opti-
mum values. Consider the case where 75 varies between 7
and 7. According to Eq. (6), ps =1, and suppose that p
and p, are fixed at . Then, according to Eq. (5}, if 7 is at
either extreme, ie., Ty =T, or Ty =T,; then Q=6
which is only a degradation of 209 in signal to noise from
the standard two-phase Dicke radiometer. The actual inte-
gration times are listed in Table I. Note that 23% of the time
is lost to switching and noise diode transients.

The three-phase radiometer also differs from the con-
ventional scheme in its response to nonwhite noise. A sym-
metrical two-phase chopping scheme has exact cancellation
of all harmonics of the chopping frequency. This feature is
lost with the asymmetrical three-phase scheme. However,
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TasLE §. Integration time budget.

Period Percentage Percentage
Phase (ms) of total of integration
Sky 48.83 39 50.4
Calibrator 17.58 14 18.2
Load 30.40 24 314
Switch settling 13.67 22
Noise diode settling 0.85 i

the response to 1/f noise is essentially the same, especially
when the 1/f knee is well below the chopping frequency.

V. CALIBRATION

The three-phase radiometer is calibrated by comparing
the outputs corresponding to two different sources: a room-
temperature blackbody and the sky. The contribution to the
sky signal due to atmospheric emission is determined from
its secant law dependence and then removed from the data.
The corrected sky temperature is then dominated by the cos-
mic microwave background, i.e., Ty =2.7 K. The gain G
is given by

TBB - TSKY
OBR — OSKY

There is a small residual transient in the backward feed-
through of the switch so that there is more feedthrough of
the antenna signal during the calibrator integration phase
than during the load integration phase. The effect is small
(about 0.29% ). However, when 300-K radiation is coming
from the antenna, this adds an extra 0.6 K onto the calibra-
tor phase. The result is an apparent linear variation in gain
with observed temperature. When the radiometer output is
normalized by the gain [asin Eq. (2) ], the resuiting O1is not
linear in temperature. The effect is corrected for by measur-
ing apparent gain looking at the sky, looking at the room-
temperature absorber, and dividing Oy by the ratio.

Instabilities of the sky and the room-temperature load
limit the accuracy of this procedure; however, even a vari-
ation as large as 6 K {typically 50% of the zenith sky tem-
perature) results in only a 2% calibration error. Of course
gain variations also limit calibration accuracy. The repeata-
bility of the gain ratio measurement is 2%. The effects of
temperature drift and reflectivity in the hot load are less than
5 K, which is also a 2% effect. Adding these in quadrature
gives an expected accuracy of the calibration of 3%.

The above procedure requires that the nonlinearity of
the system at 300 X be small compared to the desired accura-
¢y of the calibration. The maser, mixer, and IF ampilifiers are
all operated far below their saturation points, and so are not
suspect. The detector’s dynamic range does not have much
margin, and so the gain before the detector was carefully
adjusted to bring its input power at 300 X to its 0.5% nonlin-
earity point.

G:

V.SYSTEM TEMPERATURE AND SENSITIVITY

The various contributions to the total system tempera-
ture are listed in Table II. The noise temperatures of the
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TaBLE II. Individual contributions to total system temperature referred to
radiometer input. Note that predetection noise sources add directly, while
postdetection neise sources contribute in quadrature.

Source Noise temperature (K}
CMB 2.8
Polyethylene lens 0.4
Antenna and transition 1.0
Maser and switch 1.6
Mixer and IF 1.6
Total predetection noise 16.4
Detector and preamp 2.0
Total system noise 16.5

maser and switch, mixer, and detector and preamp were
measured by terminating the input of the particular compo-
nent and measuring the noise power of the output at 8 Hz
(the switching frequency). This is converted to a noise tem-
perature by the radiometer equation using a nominal rf
bandwidth of 180 MHz. The noisc temperatures of the mixer
and maser-switch combination were also measured directly
by varying the temperature of the terminating load, with
results in agreement with those listed.

The expected sensitivity can be caiculated using the re-
suits of Sec. [I1. The temperature of CMB, lens, and antenna
is 7, = 4.2 K; the temperature of the cold load is 7, = 4.3
K; the temperature of the cold load plus calibration signal is
T, = 10.3 X and the total system temperatureis Tqr = 7,
+ T, =16.5 K. The fractional integration times are pg
= 0,504, p. = (0.182, and p, = 0.314 (sec Table I). Ac-
cording to Eq. (5), we then have & = 2.31. Using this value
at €, a nominal bandwidth of 180 MHz, and an integration
efficiency of 77%, then Eqg. (4) gives a sensitivity of 3.2
mK /s. This value is slightly less than the 4 mK /s sensitiv-
ity which was obtained in flight (see Sec. VI).

V1. DISCUSSION

Four flights, two from Palestine, TX, and two {from Al-
ice Springs, Australia, have yielded 35 h of data and 2 95%
sky coverage. The data will be discussed in detail else-
where.?” We present here only a brief overview. The radio-
meter is mounted on a gondola with electronics packages
which control the switching, integrate the radiometer out-
put, and transmit the data to the ground. The orientation of
the gondela is determined by measuring the Earth’s magnet-
ic field with flux-gate magnetometers. The sky is scanned by
rotating the package at a rate of about 1 rpm. In each flight
the instrument performed substantially as expected, but
with a system: noise of 4 mK s'/?, which is slightly above the
theoretical, There was an offset drift of 200 mK over the
duration of the flight. As we noted above, relatively large
offset drifts are one cost of using a single-horn design. This
drift was primarily due to the cooling of the lens from ground
ambient temperature (300 K) to float ambient temperature
(200 K) with a 2-h time constant. Because our scanning
pattern repeatedly scans the same spots in the sky, this drift
can be adequately removed.” The scanning pattern results
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in uneven sky coverage and therefore variable sensitivity. A
sensitivity of 1 mK per 3° < 3° resolution element is typical.

There have been three recent CMB observations that
have covered a large (> 75%) fraction of the sky. The
24-GHz balleon-borne observations of Fixsen, Cheng, and
Wilkinson® used the same ruby maser as in the present radio-
meter and achieved a sensitivity of 3 mK s'/? with an angular
resolution of 6°. They determined the dipole moment of the
CMB to be AT = 3.17 + 0.17 mK, where the quoted error
was dominated by systematic effects. In another balloon-
borne experiment using a liquid-helium-cooled Schottky di-
ode receiver, Lubin et ¢/.° made a full sky map at 9¢ GHz
with a sensitivity of 13 mK s'/2 and 7° angular resolution.
The accuracy with which they measured the dipole moment
was comparable to Fixsen and  co-workers,’
AT = 3.44 + 0.18 mK. Finally, the Soviet Relict satellite'?
mapped the sky at 37 GHz with 6° angular resoiution. The
sensitivity of this instrument was only 25 mK s'/? but the
I-year integration time allowed them to accurately deter-
mine the dipole moment, with A7 = 3.16 + 0.12 mK. ftis
not clear, however, whether or not the systematic coniribu-
tions due to sidelobe contamination by the Earth and Moon
have been adequately removed. The quoted errors of these
three marginally consistent values of the dipole moment are
dominated by systematic errors, and it is likely that the di-
pole moment determined from cur 19-GHz map will have
similar errors.

Maps were generated from the data of all three of the
above experiments. Systematic effects due to the two-horn
differencing method employed were evident in the map of
Fixsen and co-workers, and it was not published. The map
generated from Lubins et al.’s data® had rms residuals of 0.7
mK per 7° X 7° resolution element when the dipole was re-
moved.?’ The Relict map®” had to be heavily edited due to
side-lobe contamination by the Earth and Moon. This heavi-
Iy edited map has an rms sensitivity of 0.2 mK per
8°x 8° resolution element, but its interpretation is cpen (o
question. As stated above, the noise per 3° resolution element
of our 19-GHz map is on the order of I mK, and the system-
atic effects are small compared to this value.

We will certainly not be able to approach the sensitivity
of anisotropy measurements which observe a restricted re-
gion of the sky with long integration times, such as the
ground-based, 10-GHz measurement of Davies et al'?
Nevertheless, a measurement of anisotropy covering a broad
range of angular scales {all angles greater than 3°) and cov-
ering most of the sky will be of interest.

Finally, we consider briefly possible improvements in
full sky survey instruments. Although the ruby maser ampli-
fier has a lower noise temperature (7 K) than any existing
10-100-GHz amplifier, its bandwidth, < 400 MHz, is quite
low. The higher bandwidths (3 GHz) available with HEMT
(high-electron mobility transistors) amplifiers make up for
their somewhat higher noise temperatures {40-50 K) and
result in comparable sensitivity.?! More impressive are
coocled, composite bolometers which in the present context
are capable of 100-GHz sensitivities approaching 0.3
mK s'/2.2 Monolithic bolometers such as those currently in
use at MIT for asironomical observations also hold much
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promise. The long integration times in a very stable environ-
ment afforded by satellite instruments result in more accu-
rate maps. Currently, there are two such satellite experi-
ments planned, COBE,” which is scheduled for launch in
Movember of this year, and Relict 1L, which is the successor
to the Soviet Relict satellite and is scheduled for launch in
1991.
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