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alternating layers of Ni and NiZn (74
alternating layers resulting in 41.5 microns
ferrite thickness), and 2) the deposition of
20.75 microns of Ni film on a substrate
and then an additional deposition of 20.75
microns of NiZn film, resulting in a com-
posite layer of 41.5 microns thickness.

The large reverse-to-forward loss ratios
and increased bandwidth obtained with the
new multilayer ferrite films represent a
significant improvement in nonreciprocal
properties over the single-layer ferrite films.
The techniques for depositing these two
different ferrite films can now be extended
to include several different compositions in
order to obtain high reverse attenuation
over considerable bandwidths with low
insertion losses.

It is also to be noted that chemically
deposited multilayer ferrite films will have
advantages over thin ferrite bulk sections
for applications where the magnetic field
required is fixed and unsuitable for broad-
banding purposes such as in traveling-wave
masers.
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Temperature Calibration of Micro-
wave Thermal Noise Sources

The theory of microwave thermal termi-
nations is discussed with emphasis on equiv-
alent noise temperature calibrations.

The general expression is given for the
equivalent noise temperature with an
arbitrary temperature and loss distribution.
This expression is solved for a constant loss
various temperature distributions, and the
results are tabulated. An error analysis is
presented to show the importance of the
insertion-loss calibrations.

An example is given showing a liquid-
helium-cooled S-band termination cali-
brated with these techniques. The input
equivalent noise temperature is determined
to an accuracy of better than 0.1°K.

INTRODUCTION

Thermal noise sources of known ab-
solute equivalent noise temperatures are
needed [1]-{3] for radiometry, antenna tem-
perature measurements, and low-noise am-
plifier performance evaluation. One form of
thermal noise source consists of a uniform
transmission line with distributed tempera-
ture and power loss terminated by a
matched resistive element. Nyquist’s
theorem states that the available thermal
noise power from the termination is given
by kRTB (assuming kf/kT>>>1) where

k=DBoltzmann’s constant (1.38X10728

J1/°K)
T =temperature of the termination in °K
B =bandwidth in cls
f=operating frequency in c/s
h=Planck’s constant (6.624X10=% J/s).

A method is presented for calculating the
increase of equivalent noise temperature of a
cooled microwave termination due to dis-
tributed temperature and transmission-line
attenuation. The general equation is solved
for various applicable temperature and
attenuation distributions, and approxi-
mate expressions are given for low-loss trans-
mission lines.

It is assumed that the transmission line
is terminated in a matched load so that
mismatch errors [4], [5]canbeneglected. The
temperature calibration error resulting from
the transmission-line-attenuation measure-
ment error is shown to be about 0.010°K for
each 0.002 dB.

TraNsMIssION LINE WiThH DISTRIBUTED
TEMPERATURE AND ATTENUATION

The differential equation for a traveling
wave of power P toward positive x (Fig. 1)
in a transmission line with attenuation
a(x)] and temperature T'z(x) is [6, Eq.
(20)].

dP/dx = — 2a@)P + 2a(@kTL@B (1)

Substituting P=%T,B from Nyquist’s the-
orem and dividing by kB, the differential
equation in terms of equivalent noise tem-
perature T is
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Fig. 1. Lossy transmission line, with attenuation and
temperature each a function of position.

@T2/dx) + 2a(x) T = 20(0)Tr(x) (2)

This is a linear first-order differential equa-
tion with the solution [7]

T+f lZa(x)TL(x)eﬂ“(’)d’dx
0

[ef2a(z)dx]z_l

for a transmission line of length /, with input
and output equivalent noise temperatures T°
and 77,

If Ty(x)=7To and a{x) =« are constant,

T’ =

©)]

e f 20ds — p2az

and
TRy
= Te 2l 4 To(1l — e 21) 4)
or

T' =T + (Ty — T)(1 — ¢21)

-7 (1—i)+iT
-0 L L

Here, ¢2*! is the insertion-loss ratio L.

If the transmission-line loss is small
201,
2al)?
el = 1 _2a1_|_<%)+ .
and
T"'=T4 (Ty— T)2ad
To—T
— (0—2)_ (2a)? + - - - 5)
Since
L(dB)  I(dB)
20l = ———— ~
10 logio e — 4.343
we have
L{dB)
T'~T Ty—T
=D 75
To— 1) T L({dB)72
— Ml: (dB) )
2 4.343

The terms involving L2(dB) and higher order
are normally dropped in calculations, but
the Z2(dB) term is retained here for use in
evaluating the error involved in the series
expansion. For example, with L=0.1 dB,
To=290°K, and T'=0°K, the error is less
than 0.1°K.

For the case with constant attenuation
a(x)=a, but retaining an arbitrary tempera-
ture distribution, (3) gives

T 4 f e Ty () die
0
T = a

g2l

With constant attenuation and a linear tem-
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THEORETICAL EQUIVALENT NOISE TEMPERATURES OF A TERMINATION ATTENUATED BY
TrANSMISSION LINES WiTH VARIOUS COMBINATIONS OF THERMAL TEMPERATURE DISTRIBUTIONS

Transmission-line conditions Unknown Exact i Appro'Ximation (valid if %ransmission-
line loss is less than approximately 0.5 dB)
Transmission line with loss Z and - T T T 1 . - o3
constant temperature distribution + -1 ( - Z) T+ To= DL =3 (To = DL - -
To -
1
(' — Ty @-19 () (T—ToU—E+3 8+ -)
1
1——= (To—T) (Th~T) ,
Transmission line with loss L and T’ T+ (To—-T)\1— _,471;,_ T+ 2 L= 6 £t
linear temperature distribution from
TtoTy
(-2 ]
T'—T L T—T)l—-3L+5L2+ -
( 0) (T _ To) {I————— ? ( 0)( 3 + % + )
( )
(-G |rraenoste
Transmission line with loss L; and T T4 (To—T ‘:1 __‘ L1/ \Ls. TO T)(:le?—'_lze o
linear temperature distribution from o= h £ _I T DEEHLALL)+
T to Ty for Sec. 1, and loss L, and
constant temperature distributi 1 1
norSees (t-2) &) | @ -1l -G8+ 2
(I = T0) (1 =19 | ———5——| F RIS 188 + -]
1

0

T =

!
T+ :?f exp (:Gl_x) Tr(x)dx
L

for a transmission line with loss L independent of temperature, length J, and temperature distribution 7'z(x), where

perature distribution along the transmission

line Tp=T+(To—T)x/l, (7) gives

T+ f Mg I:T T (To—T) %] ds
14 = 0

e2al

T (8)

Integrating (8),
(Ty—T)
2

ol

T =T+ (Qal — 14 e2)  (9)

If the transmission-line loss is small, 2a/<1,

2ad)? _ (2al)? .

el =1 — Jal +

2 6
and
... (Te—T) L(dB)
T 2 4.343
(To~T) [ L(dB)7?
T [4.343] +oo 40

Comparing (10) with (6), note the appear-
ance of average temperature, (To—T)/2.
Again the terms involving L*dB) and
higher are usually dropped in calculations.

= — "~ 0.23026L (dB)

T, T" = input and output equivalent noise temperatures

A common simplification made in the
calibration of equivalent noise temperatures
of microwave terminations is to consider
the termination in a reference bath of tein-
perature T (hot or cold) separated by a
transmission line of loss L; with a linear
thermal temperature distribution between
T and T%. This is separated by another trans-
mission line of loss L, at a thermal tempera-
ture T,. If the transmission-line losses are
low, the calibrated temperature from (6)
and (10) accounting for both transmission
lines and retaining up to second-order terms
is

L,(dB)
8.686

Lz(dB):l

+ 4.343

T’=T+(T0—T)|:

1 rL.(dB)72
— To— D%E [ 4.343

1 [ Lasy ] 1
Tl Ty

Li(dB)

4.343

Exact and approximate solutions to (7)
are tabulated in Table I for various typical
transmission-line temperature distributions.
The approximations are especially useful
where the transmission-line loss is known in
dB, and are quite accurate when the losses
are low.

CALIBRATION MEASUREMENT ERROR

The most critical measurement in the
calibration of the equivalent noise tempera-
ture of a reference termination is the inser-
tion loss of the transmission line. For ex-
ample, if the temperature distribution is
constant (7) along a transmission line with
loss L, the equivalent noise temperature
(Table I) is

T'~ T4 0.2303(T — T)L(dB) (12)

The error in T’ due to insertion-loss
measurement errors is [differentiating (12)]

AT =~ 0.2303(Ty — T)AL(dB) (13)
Equation (13) is plotted in Fig. 2 for a
liquid-helium and a liquid-nitrogen-cooled

termination. To determine 7" to an accuracy
of 0.1°K for a liquid-nitrogen-cooled termin-
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Fig. 3. S-band WR-430 waveguide liquid-
helium-cooled termination.

ation requires better than 0.002-dB accuracy
in the insertion-loss measurements [8].

ExPERIMENTAL CALIBRATED
THERMAL TERMINATION

An S-band (Fig. 3) waveguide liquid-
helium-cooled thermal termination [3] was
calibrated to high precision using (11).
Waveguide construction was used to mini-
mize losses. This termination is normally
installed in a 10-liter-glass Dewar, and has
about 10 hours of operating life. The stain-
less-steel section of copper-plated waveguide
located between the external copper-
plated section containing the cooled termi-
nation and the mounting flange had an in-
sertion loss of L; of 0.009 dB. The outer sec-
tion of waveguide above the mounting
flange had at ambient temperature an
insertion loss Ly of 0.008 dB. (This includes
the polystyrene waveguide window.) With
reference to the input flange, the equivalent
noise temperature is 5.0°K [from (11)] over
the frequency ranges where the termination
is matched. An accuracy of 10 per cent in the
calibration of the transmission line would re-
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sult in less than 0.1°K error in the equiv-
alent noise temperature.
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C

Graphical Procedures for Finding
Matrix Elements for a Lattice Net-
work and a Section of
Transmission Line

Four-terminal networks and two-port
junctions can be represented by several
different well-known 2 by 2 matrices.
Tables relating the elements in the various
matrices have been published.’=5 Graphical
procedures are presented here which may be
used to determine the elements in these
matrices for a lattice network and a section
of transmission line, as shown in Fig. 1.

In the discussion which follows,

I'zy=z-1/z+1)
and
zD)=a+D/a-D

Derivations are omitted because they are
simply boring algebraic manipulations.
The elements of the scattering matrix
for a lattice network are given by
2Su =28 = I'z.) + I'(zy)
2512 = 2Sn - P(Za/) + F(Zb/)
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where it is assumed that two transmission
lines with characteristic impedance R, are
connected to the network, Z,’=Z,/R,, and

=Zp/Ry. A graphic method for finding
these elements is illustrated in Fig. 2, and
either a Smith or a Carter chart®’ may be
used.

Logarithmic transmission-line charts3—10
are used to find the matrix elements for a
section of transmission line and a lattice
network. The following points are located on
the chart, as shown in Fig. 3: E at the left
Z=w, Fat Z=0,G at Z=1 £ —90°= —j,
and H at the right Z= «. The points J and
K are plotted at Zy=Ro/Zy, and Zx=2,/R,
=1/Z;. The point L is located so that
(EL)/EH)=0a/28, where y=a-+j8. The
point M is located on the line LH at the
horizontal distance d/\,=gd/2w from H as
shown. The point N is the midpoint of the
line MH. For a lattice network,

= \/ZZ;I = \/ZTZ—Z)/RU
Zy = NZ]Zd = N7/ Za
and
=VZ.Z,

The point P is located on the line HJ so
that JP=HJ. The point Q is located on the
line FK so that KQ =FK. The lines RG, K.,
UJ, QW, and XP are drawn parallel to the
line LH. The various points are located so
that

RG=MN=NH=RS=TV=T7J
= QW = XP
and
MU=FK=KQ=NV=VX=3W
=H]=JP
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