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Millimeter Array Memo No. 33 (R. M. Hjellming) detailed the
general effects of atmospheric absorption and emission on the
gsensitivity of a millimeter wave aperture synthesis array.
Telescope losses were accounted for by a separate aperture
efficiency factor appearing in the sensitivity equation. Over the
past several years,'the treatment of sensitivity, calibration, and
losses for single dish millimeter wave astronomy has evolved‘away
from the traditional approaches at longer wavelengths. Many of
the single dish millimeter wave concepts are pertinent to the
aperture synthesis case as well. This memo outlines these
concepts, which are based largely upon the work of Ulich and Haas

(1976), Kutner and Ulich (1981), and references therein.

In general, antenna losses fall into one of the following
categories: ohmic losses 1in reflective surfaces, aperture
blockage, illumination spillover past reflectors, and surface
imperfections which reduce the power in the main diffraction beam.
Traditionally, these losses have been lumped into simple aperture
or beam efficiency factors. In the millimeter wave regime, a

distinction should be made between antenna power that is



terminated at ambient temperatures on the ground or on antenna
structures and antenna power that is terminated on the sky. As
will be shown below, power terminated on ambient temperature
blackbodies affects noise énd sensitivity differently than that
terminated on the sky.

.

Antenna 1losses that appear as ambient temperature
terminations arise from ohmic heating, described by the efficiency
No» and rear spillover and scattering, described by the efficiency
L Formally, n. 18 defined as

n = (G/4w)£an(ﬂ)d9. (1)
w

where G is the maximum antenna gain,
Pn is the antenna power pattern, normalized so that
Pn(n)sl, and
 is solid angle.

The formal definition of nrss is

n___ = S/p (Q)dQ/SSP_(R)dR, (2)
rss  ,.n 4n B
where the integration in the numerator 1is over the forward

hemisphere. The efficiency factor Nys given by

My = MeMrgs (3)

accounts for all losses appearing as ambient temperature

terminations, and is Bsometimes called the "warm spillover



efficiency." Ny thus represents the fraction of total antenna

power response that falls on the forward hemisphere.

Most telescopes are also affected by forward spillover and
scattering losses in which power is received from the sky but not
in the region of the main diffraction beam. This loss is
described by the efficiency factor Negs? whiéh is sometimes called
the "cold spillover efficiency." Figure 1 illustrates how rear
and forward spillover arise in an antenna with Cassegrain optics.
The magnitudes of ny and Neas depend upon the type of optics
employed on the antenna, the illumination pattern of the feeds,
the amount of aperture blockage, and other factors. Typically,

each efficiency factor will be within the range 0.8 - 0.9,

As part of the definition of Neog® the forward hemisphere

must be divided into a diffraction zone Qd centered on the main

beam and a spillover zone which is the remainder of the forward
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Figure 1 -- Rear and forward spillover for an antenna with Cassegrain

optics. The primary and -secondary reflectors are denoted by "P" an
"s," respectively. :



hemisphere. Formally,

nfss

= /Ip_(agfse_(Dag, (4)
f 2T
d
where the integral over 27 again refers to the forward hemisphere.
The size of ‘% can be defined arbitrarily. In the single dish
case, it 1is usually defined to be sufficienmtly large to contain
the majority of the power in the error pattern. If the error
pattern is unimportant, Q. might be defined to include only the

d

main diffraction beam. Hence, 7N s is the fraction of the antenna

fs
power on the forward hemisphere that falls within ﬂh. The
fraction of power within f% that is concentrated in the main beam

is denoted by nmf., This efficiency factor accounts for error
pattern and sidelobe losses; if the error pattern or sidelobes
couple with the source, nmf is of limited use as a calibration

factor. Figure 2 illustrates the relation between Ngs s and

nfss
nm*. The conventional main beam efficiency n is related to the

efficiencies defined above by

*

™ " %ss™m® (5)

The efficiency with which a single beam couples with the

source is given by

n_ = ‘fszn(w-n)Bn(w)dW/éan(ﬂ)dﬂ. (6)
8 d

where Qs is the solid angle of the source,



Bn is the normalized brightness temperature of the source,
and
¢ 18 the direction angle on the sky.

If TR is the radiation temperature of the source, then
T* 7
R~ TR M

TR* is, thus, the source antenna temperatute corrected for all

telescope and atmospheric losses except for source-beam coupling.

Q. + nr = 4%

Qf = 2

("z)

Figure 2 -- The relationship between the solid angle zones discussed
in this memo (Qi is the foward hemisphere, Q2 _1is the rear hemisphere;

all other symbo

s are defined in the text). ° The efficiency factors

in parentheses represent the fraction of antenna response in the

associated solid angle relative to the solid angle that encompasses
it.
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Given the efficiency factors defined above, an effective
system temperature T:ys can be derived that includes the effects
of atmospheric absorption and emission and terms for all telescope
losses currently recognized. The most straightforward definition
of effective system temperature comes fro? the single dish

relation

,  rOOURCE _ (REF
T, = A A_* (8)
R REF sys’

Ta

where TASOURCE is the total power antenna temperature with the

telescope on the source position, and

TAREF is the total power antenna temperature with the
telescope on a blank sky reference position.

Both internal receiver noise and external emission from the sky

contribute to the total power antenna temperatures. Thus,

TREF _ p 4 REF

A RX sky’ 9

where TRX is the receiver noise temperature (as might be measured

by a hot/cold load calibration), and

REF

Tsky

is the emission from blank sky (inclgding rear
spillover, blockage, and ohmic loss contributions).
Whether the Millimeter Array will always operate in a pure, single
sideband mode, in a double sideband mode, or with optional image
rejection is as yet undetermined. Formalism for the general case

of double sideband observations with unequal gains in the two

sidebands is used here. Let G8 and Gi be the gains of the signal



and image sidebands, respectively, normalized so that Gs + Gi =],

The contribution of the two sidebands to the total receiver noise

temperature can be explicitly denoted by rewriting TRx as

T, = (Gs + G,)T (10)

RX 17 RX*
The sky temperature has several components, each of which 1is
characterized by a blackbody temperature. In the millimeter
regime, the Rayleigh-Jeans approximation to the blackbody spectrum
breaks down. We define a Rayleigh-Jeans equivalent temperature
that characterizes the emission of a blackbody of temperature T

and frequency v as

hv/k

R(v,T) = exp(hv/kT) - 1 ° (1)

The sky temperature in the reference position is given by

REF
Tsky = Gs[an(vs,Ts) + (1 - nz)R(vs.str)]

+ G INROY,T) + (1= nyR(v,T, 03 (12)

sbr

where Vg is the signal frequency,

vy is the corresponding image frequency, and

Tebr is the received temperature resulting from rear
spillover, blockage, and ohmic losses.
R(v,Ts) is the effective temperature of the sky in the signal

sideband and is given by



R(vs,Ts) = R(vs,Tatm)[l - exp(—TSA)]

+ R(vs.Tbg)exp(-TsA). (13)

where T is the zenith optical depth of the atmosphere at the
signal frequency,
Tatm is the mean temperature of the at?osphere,
A is the number of airmasses at the observing position,
and
Thg
Similarly, the effective temperature of the sky in the image

is the temperature of the cosmic background radiation.

sideband is

R(v;,T,) = R(v,,T_ 1 - éxp(-riA)] + R(V,,Ty Jexp(-1,4)  (14)

where Ty is the atmospheric zenith optical depth at the image

frequency. For first I.F. frequencies of a few GHz, R(vs,Tbg) =

R(vi,Tbg) and R(vs,str) = R(vi’str)' At most frequencies, T, =

Ty and R(vs,Tatm) = R(vi,Tatm). These last approximations are not

true for some frequencies, such as 115 GHz (the CO J = 1 + 0 line)

that are in the wings of atmospheric O2 and H20 lines.

*

The effective system temperature Tsys differs between the
spectral line case, in which the signal originates in only one
sideband, and the continuum case, in which signal is received in

both sidebands. Only the spectral line case is considered here.



The expression for T SOURCE can be divided between the beam

A
components that are coupled with the source and those that are

coupled with cold sky:

TSOURCE

A = (Gs * G:I.)TRX + Gs[nl(l - nfssnc)R(vs’Ts)

+ nznfssnc{R(VS,TE)[l - exp(-r)]exp(-TsA)

+ R(vs,Tbg)exp(-t)exp(-tsA) + R(Vs’Tatm)[l - exp(-tsA)]}

(= mREVLT, )]+ 6 InROVLT) + (1= npREOYT, D,

(15)

where T is the optical depﬁh of the source, and

TE is the excitation temperature of the source.
The effect of forward spillover is handled only‘approximately by
the expression above, since forward spillover may fall diffusely

on the sky and is not associated with a specific airmass.

The source radiation temperature (excess line brightness

temperature) is defined as

-1
TR = [R(VS,TE) - R(vs,Tbg)](l -e ). (16)
This relation may be used to write the term in {} in Equation (15)

as

Tp exp(-T_A) + R(Vs,Tbg)exp(-TsA) + ROv,T_ )1 - exp(-1_A)].

Hence,

TSOURCE

EF * '
A . Tﬁ = GgNgNegsTp eXP(-T A, (7
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*
where TR is given in Equation (7). Finally, from the defining

relation of Equation (8),

REF
. 1+ (6 /6) Irpy + (/6 )T -

Tsys - M as exp(-TsA) ’

(18)

where Tﬁig is defined in Equation (12). The numerator of Equation

*
(18) shows how Tsys is affected by receiver noise and atmospheric

%
emission; the denominator shows how T8

v8 is affected by antenna

losses and atmospheric absorption.

.

Consider the following case as an example:

Gs =1, G1 = 0 (pure single sideband)

TRX(SSB) = 100 K

Vs = 230.5 GHz

Ts = 0,2

A=2 (A= gsec(z), 30° elevation)

n, = 0.85

n = 0,85

'1‘atm = 280\K

T = 280 K
r

Tyg = 2:7 K

From Equation (12),
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| Tg(”l) l(v',‘!‘t‘)[ Cxp(-'t .A)] (= 76.9)

+ Riv, !“M(-tdl) ' (= 0.1)

+u-n£>m da) 0 e

- 118.2 >.
From RBquation (18), .
T, - AT A K

I-f:T.Mi‘!i Lc, “ m' B. L-. i*’lg M‘g w. 341,
Biiﬁ, ‘o Lti “ m ‘Q ﬁ.. ;‘“' W 3' 3‘7.



