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A Practical Method for Calibrating a Coaxial
Noise Source with a Waveguide Standard

YOSHIHIKO KATO anD ICHIFR.O YOKOSHIMA

Abstract — A practical method for calibrating a coaxial noise source with
a waveguide standard has been developed by extending the adaptor-chang-
ing method proposed by Engen. A practical equation for its noise tempera-
ture, the measurement'procedure, and the error analysis are described.

I. INTRODUCTION

ICROWAVE NOISE sources are required for
quantitative measurement of receiver power and
receiving systems in radio astronomy, earth—space com-
munication, and remote sensing, ‘
A primary standard would preferably be a thermal noise
source of the waveguide type rather than the coaxial type
from the simplicity of its configuration and the ease of
evaluation of its noise temperature. Meanwhile, those of
the coaxial type are widely used as the secondary standard
since they are small and lightweight. Therefore, the case
will arise where the coaxial noise source should be
calibrated as to noise temperature with the waveguide
standard by placing a coax-waveguide adaptor in front of
its output port, as shown in Fig. 1. In this case, the
following relationship exists between the noise tempera-
tures of the coaxial noise source and the source at the
output port of the adaptor, T, and 7.,

T, =ol, +(1-a)T, (1)
with
Lo 1SaP(1-1n?)
-8, 12 (1—1,,1%)

(2)

where « is the ratio of available power at the adaptor
input to that at the output, i.e., the absorption loss in the
adaptor; 7, is the ambient temperature of the adaptor;
and S, is the i~ j element of the § matrix. Then, in order
to determine 7, with this relationship, a must be accu-
rately measured together with T, and 7,. However, it is
very hard to precisely determine its magnitude by measur-
ing its § parameters and the reflection coefficienti of the
source. On the other hand, a method to avoid the direct
measurement of them was proposed by Engen which can
provide an easy measurement of its temperature, ie., the
adaptor-changing method [1). However his expression for
noise temperature would be impractical because the radi-
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Fig. 1. Coaxial noise source whose output port is changed to the
waveguide system with a coax~waveguide adaptor.
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Fig. 2. Schematic diagram depicting the measurement procedure and
system for a coaxial connector system of the sexless type.

ometer noise temperature is not taken into account in the
derivation of it.

By extending Engen’s idea, we have developed a practi-
cal method providing easy determining of its temperature.,

II. THEORY

A schematic diagram depicting the measurement proce-
dure and system is shown in Fig. 2 with the symbols
representing the relevant parameters. We consider a case
where the coaxial connectors are of sexless type, such as
APC-7 and G-900. The measurement procedure consists of
two steps I and 11, corresponding to the waveguide and the
coaxial system, respectively. Each step requires two differ-
ent standard noisé sources. And one of the waveguide
standards in step I is used again in step I.
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First, in step 1, the output port of the unknown source is
changed to a wavegnide system with a coax-waveguide
adaptor, and the waveguide unknown is compared with the
two standards. Next, in step 1I, the adaptor is reversely
connected to the waveguide standard to change its output
to the coaxial system. The coaxial unknown is then com-
pared with these two standards in similar fashion.

The radiometer output indication is expressed as [2], [3]

J,=G[(1=|L,)2)T,+|T,)*T, +2Re (T, T, } + T,] (3)
with
rl - rr*

L=1tr

4)

where the subscript i designates each of the sources wl,
w2, xw, wle, ¢, and x; Ti are ['r are the reflection
coefficients of a noise source and a radiometer, respec-
tively; G is the conversion coefficient of noise temperature
to output indication; T,, T,,, and T, are, respectively, the
effective temperature when looking into the radiometer at
its input port, i.e., the radiometer noise temperature, the
complex correlation coefficient of the radiometer ex-
pressing the degree of correlation between the direct and
reflected wave components of noises generated within the
front end, and the effective temperature due to noises
generated within the radiometer.
This indication can be rewritten as

J,=G[K,(T,-T,)+T,] (5)
with
Krl =1— Irrt|2

T,=T +2Re{T,T,}+T,

(6)
(7)

where 7, and T, can be measured with a method that uses
a sliding short [3].

Owing to the simplicity of analysis, we assume 7,, =T,
=T, and neglect the factor relevant to the correlation since
T,, is made negligibly small by using a circulator of good
isolation at the input and |I,| is usually small. And let
II'|=0,1ie., I,,=T1 and then X,,=K,.

Here, we introduce the parameters R; and R for the
respective steps, which are directly measurable from the
radiometer indications:

JL —JL

R — xw w (8

! Jvzz_‘-}ulvl )
JII__JI}

Ry= 2t (9)
"I

These are rewritten by applying (5) to each indication as
follows:
wa(wa - Tr) - le(Twl - Tr)

R,= (10)
! sz(Twz - Tr)_ le(Twl - Tr)

Kx(Tx - T;‘) - lec(TwlL - Tr)
e Kc(jl - T;)_ lec(Twlc_ T;’) ‘

(11)
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Fig. 3. Equivalent circuit of a sexless coax-waveguide adaptor ex-

pressed by the modified Wheeler network.

By applying (1) to the two noise sources with the adap-
tor, the following relationships can be obtained:

wa—_ Ta: aI(Tx“_ Ta)

(12)
(13)

where «; and «y are the availdble power ratios for the
adaptor in the respective steps.

These four independent equations, (10)—-(13), have five
unknown parameters: T, T, T., a; and a;. So we
cannot derive T, from only these four equations.

Then we introduce the following relationship for a; and

o

T,

wlc

-T,= aII(Twl— Ta)

o1
e=——1.
an

(14)

The maximum and the minimum value of € are approxi-
mately given by (see the Appendix)

(i ) = 4Y(ILJ+ L DT~ T J£2185). (15)

The parameters in this expression correspond to the sym-
bols shown in Fig. 3, which illustrates an equivalent circuit
of the adaptor for steps I and II by the modified Wheeler
network: the |S},| and y can be measured by the sliding
short method [4]. The magnitude of ¢ is represented by the
mean value from the maximum and the minimum value,
ie.,

€= 4y(|T >~ |Tul?)- (16)
Using (10)—(14). we can derive

T =T + —(1+E){E(TciT")+F(Tr—Ta)}—l-\/ﬁ

X la 2(1+¢€)D
(17)
with
H=(+)E(T,~-T,)+F(T,-T,}’
+4(1 + e)D(Tw1 - Ta){A(TW2 - Ta)
+B(T,,~T,)+C(T,~T,)} (18)
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where
. KW2
4= waRI (19)
le
B= K. (1- R)) (20)
C=1-4-B (21)
D K, _1 2
- K, 1—Ry ( )
E Kc RII 2
N lec l_RII ( 3)
and
F=1-D-E. (24)

Equation (17) is complicated. But if 7,,,, T,, and T, =T, it
can be simplified as follows:

T =T L KK 1-R)(1-R,)(T
=T, + 1+6m( —R;)(1-Ry) (T, -T,).
(25)

At the same time, «a; is given by

K, K, 1-R;
O K TRy
xwrwle 11

That is, we must use a noise source of the room-tempera-
ture type as one of the two standards in each step for
T,,=T.,=T, and a radiometer whose front stage has an
isolator at room temperature for 7, =T,.

In the case where the connector systern is of the sexual
type, e.g., the output connector of the unknown is of the
female type, the measurement procedure consists of three
steps, as shown in Fig. 4: step I uses a coax(male)-wave-
guide adaptor for the unknown; step 1I uses the same
adaptor placed reversely in front of the waveguide stan-
dard (NS.1). At the same time, two coax (male—male)
adaptors are placed in front of the coaxial standard and
the unknown, respectively, and step III uses a coax
(female—female) adaptor in front of the waveguide stan-
dard changed to the coaxial type. Here, we assume that the
adaptors of coax (male-male) and (female-female) are
almost the same in electrical characteristics. If T,, T,
T,,,and T,=T,, T, can be expressed as

(26)

wl

K

Xw

T.=T,+ (1-RN(T,—T,)

4

1 leme 1_‘RII 1
1+p KKy 1= Ry 1+

(27)
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Fig. 4. Schematic diagram depicting the measurement procedure and

system for a coaxial connector system of the sexual type.
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Fig. 5. Equivalent circuits of two coaxial adaptors (male-male and

female-female) used for the sexual coaxial connector system.

where
JI - Jll
R =-2_" (28)
! JuEZ - Jugl
I8~ I8,
= m el (29)
" IE=IE,
i1 111
m = Jxm — J»g{ (30)
Jc - lef '
«a
p=—-1 (31)
ayy
and ‘
o
p=—"8_q (32)
Arrnr

The maximum and the minimum values for g and » are,
respectively, given by

(Tin ) = 4V(T+ L DT = Tol22180)  (33)
(ﬁ?ﬁ ) = 4y, { (1"Sul® = 1’S?) + (1T, - IT1l?)

+ 2|81 T+ Sl Tyiml) } + 410 = v/ 1T 1%

(34)
The parameters associated to the expressions correspond
to the symbols shown in Figs. 4 and 5, which illustrate the
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equivalent circuits of the coaxial adaptors (male~male and
female—female) in steps 1T and I11.

The second term in (34) may be neglecied since usually
Il <1 and v, =v,.

III. ERROR ANALYSIS

We consider the major sources of error to temperature
calibration by this method when the coaxial connector is
of the sexless type.

1) Error Due to Approximation of € to € The maximum
value of the error is

|Ae = (35)

Its contribution to the calibration error when e <1 is
given as

SYlSlll(‘I‘xl + lrwlcl) .

AT = 51T~ T, lae. (36)
Fig. 6 shows an example of the calculation results ex-
pressing the relationships of |Ae| and |AT, | to y in the case
where the unknown source is of the liquid nitrogen cooled
type.

2) Error Due to Deviation of T,,, T, and T, from T,:
Their contributions to the calibration error are

AT, AT~ 1.) T,,-T, (37)
| |n2a_ ZD(T;_TE)‘FE(TC—T‘,) | w2 al

o B(L-7) |

l xlc,a'— 2D(TY_TQ)+E(TC—T¢1) , c*Ta, (38)

and
C(Twl_Ta)——F(Tx_Ta)
AT, =~ -
A=l r s =) BT (9)

where A, C, D, E, and F correspond to the quantities in
(19), (21), (22), (23), and (24), respectively, and the magni-
tudes of C and F are considered much less than unity.

3) Error Due to Neglect of |I'r|; The maximum dif-
ference between |, |* and |T}|? for each of the K ’s in (25)
is

T2 = I = T = TN =2 (40)

Its contribution to the calibration error is
AT, , = IT TIIT, 1> — T2 (41)
For example, if T, =80K, |I',|=0.01, and |T}|=0.1, the

conitribution to the calibration error due to each of the K ’s
is about 0.21K, so this may become one of significant
errors. Therefore, the magnitudes of the reflection coeffi-
cients should be as small as possible.
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4) Measurement Errors of R; and R;;: Their contribu-
tions are written as
lATleI

ARy (42)

1RI

1 Ry

~lARy]. (43)

lATxIR” 2

5) Error Due to Approximation of T,
and (11), we can have

T,.: Using (10)

‘AR | |R l |rxwl2 - |rw1|2 ‘I‘wZ|2 - lrwll2
Ihrw, ¢ I wa — L, Tw2 - Twl
AT, T, (44)
T = 1Tal® | I = 1Tl
.=|R
IARlllrw.L l III Y;— Tw1 T Twlc
=T (43)

Inserting these into (42) and (43), respectively, we can
know their contributions to the calibration error.

6) Error Due to Neglect of Factors Relevant to the
Correlation: In fact, (10) and (11) should have the
factors relevant to the correlation; ie., the former
has 2Re{I,, T,}—2Re{I',;7,} in the numerator and
2Re{Tl,,7T,,}—2Re{I T, } in the denominator, and the
latter 2Re{ T, — zRe{I‘wh ) in the numerator and
2Re{I'T,}—2Re{I,,.T,} in the denominator. Then we
have

[+ 10l Tl + 104l

- wll I ‘w2 T wll
T+ T, T+,

l xl I wll i I I wlcl)Tm‘ (47)
—Tal 11—

wlc[

T
|ARI|m=21RI|( i )T (46)

|ARII|mzleIIl(
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Inserting these into (42) and (43), respectively, we can
know their contributions to the calibration error.

7) Errors Due to Connector Insertion Loss and its Repro-
ducibility: Much consideration should be taken to reduce
them since the errors may possibly become dominant in
coaxial system, and their effect is more pronounced as the
difference between the noise temperature of a noise source
and the room temperature become larger.

IV. CONCLUSIONS

A practical method has been given that is capable of
easily calibrating a coaxial noise source with a waveguide
standard without directly evaluating the electrical char-
acteristics of the coax-waveguide adaptor. It has been
shown that the measurement equation can be simplified
when one of the standards is of the room-temperature type
and the effective - temperature of the radiometer when
looking inside at the input port is equal to the room
temperature. It has also been shown that the errors due to
the deviation of these temperatures from the room temper-
ature are less susceptible to influence as the noise tempera-
ture of the waveguide standard approaches that of the
unknown.

APPENDIX
The quantities «; and ay; shown in Fig. 3 are given by
e (1~ T,J*)
1—e T, 2
e (1~ ,.1°)

1-e "|L,,)?

(A1)

a; =

=

where a; and a;; are monotonically decreasing functions
of |I,.| and |L,,], respectively.

By adopting the lossless condition to the LL circuits,
iI',| and |I’,, | are given by :

Sﬁ - rx
Ll=—7= A3
l, ac| 1_ Sllrx ( )
and
Su = e
Irawl = % ‘ . (A4)
| 1- Sll wle .

By using these equations and (14) and the condition y <1,
(15) can be derived approximately.

(A2)
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