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Analysis of Frequency-Conversion Techniques
in Measurements of Microwave Transistor
Noise Temperatures

GIUSEPPE CARUSO AND MARIO SANNINO

Abstract—Frequency-conversion effects on microwave effective
noise temperature measurements are analyzed and conditions under
which they are noticeable are given. When necessary, the experimen-
tal data can be corrected using the analytical relationships derived
here.

1. INTRODUCTION

HE MEASUREMENT of the effective noise tempera-

ture of a linear two-port is carried out, as for a receiver,
by alternatively connecting to the two-port two noise gener-
ators whose effective temperatures T, and T, at the
frequency of interest are known, and then measuring the
ratio of the output noise powers

_ T+ T,(y)

Y =2 v s/
T; + T,(T)

(1)
where T,(T,), a function of the source reflection coefficient
T,, is the noise temperature which must be determined.

However, the Y-factor meter is realized with fixed-
frequency instruments (e.g., 30 MHz) either in precision
measurements, where a variable attenuator and a test
receiver are used, or in automatic measurements, where a
noise figure meter is employed. Therefore, it is necessary to
insert a mixer in the measuring system in order to performa
linear-amplitude low-noise frequency conversion. Of
course, this produces an image frequency which can
influence the measurements.

In determining the effective noise temperature of super-
heterodyne receivers, the image frequency effect can be
easily computed because we are usually interested in mea-
surements under input-matched (50 Q) conditions only.

On the contrary, the determination of the four spot noise
parameters of a linear two-port requires some measure-
ments of effective noise temperatures, or noise figures, for
different values of the source admittance [1].

Therefore, in this more general case, the evaluation of the
image frequency effect on the measurement of T(I";) must be
done taking into account the variation in the noise contribu-
tions of the device at the two frequencies, because of the
change in the source admittance.

In order to eliminate this effect, a bandpass filter tuned to
the frequency of interest is employed by some experimen-
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ters; at microwave frequencies, high-Q cavities, stubs, or
microstrip filters are useful to this end.

Unfortunately, insertion of the filter causes several
disadvantages:

1) performing the measurements becomes more difficult,
since a careful alignment of the system by means of a test
oscillator is now required before carrying out every set of
measurements at a given frequency;

2) a very stable signal generator must be employed as
local oscillator to drive the mixer;

3) itis very hard to devise a practical system which is able
to perform swept-frequency noise measurements with the
aid of an automatic noise figure meter.

In addition, if the filter is not well matched in all the
bandwidth, errors can occur, since the noise contribution of
the mixer can increase strongly. However, to the authors’
knowledge, a treatment of this problem has not so far
appeared. Such an analysis is the aim of this paper, where we
present a generalized treatment of frequency-conversion
effects on noise parameter measurements, and we derive
analytical expressions which allow one to foresee when the
effects must be taken into account and, if necessary, to
correct properly the meter reading.

The theory, as reported here, is valid for any two-port
under test; some analytical conclusions, as well as the
applications of the results, concern microwave transistors,
probably the more interesting case at present.

Although the analysis is carried out by representing the
two-port noise behavior by a set of parameters more useful
at microwave frequencies, the extension of the results to the
cases in which other parameters are used is straightforward.

II. ANALYSIS

Let us consider the noise measuring system using the
Y-factor technique shown in the simplified block diagram of
Fig. 1, where

1) the cold and hot wide-band microwave noise sources
are calibrated in ail the band in terms of absolute tempera-
tures T; and T,, respectively; we suppose their internal
impedances to be 50 ;!

2) the selected values of the source reflection coefficient

LIf the matching conditions are not verified, connecting the noise
sources to the measuring system through an isolator or an attenuator can
be useful to reduce strong errors due to mismatch effects [2], [3]; however,
when an on-off-switched gas discharge noise generator is employed, an
attenuator can be necessary to prevent damages to the device under test.



CARUSO AND SANNINO: MICROWAVE TRANSISTOR NOISE TEMPERATURES

1 i
1 g
T, — L
i |
1
]
NOISE | ADMITTANCE | !
SE | TRANSFORMER - || MATCHING |
SOURCES | NETWORK : , NETWORK
3
' 1 T R
L= r— 5
1 I
w I;L Moy ==~ “]‘
oo T T e
: "1 | wIDEBAND
METER IF AMP —] MIXER I+ LOW NOISE [—
, 11| AMPLIFIER
v
: | T Tar
: | B2 n
! L
Vo Teze osc. poE
t
: :
g
Fig. 1. Simplified block diagram of the noise temperature measuring

system.

T, for which the effective noise temperature T(I',) must be
measured, are obtained by adjusting the components of an
admittance transformer network, a double or triple stub, or
a slide-screw tuner, which is supposed lossless here;

3) thelossless matching network is useful to maximize the
power gain # of the two-port;

4) the wide-band low-noise RF amplifier facilitates sear-
ching for the two-port minimum noise by adjusting the
admittance transformer network, and reduces the post-
amplifier correction; moreover, by increasing the noise
levels it permits a linear-amplitude performance of the
mixer:2 at the frequency of interest, the power gain and
the effective noise temperature of this stage are n, and
T,,("y), respectively;

5) n, and T,,(T';,) are the parameters of the mixer low-
noise IF amplifier stages connected to the true rms meter.

Introducing the mismatch factors p, p,, and yu, at the
reference planes shown in Fig. 1, defined as the ratios of the
net powers delivered to the right of the reference planes to
the available powers from the left, we have, in terms of
voltage reflection coefficients,

L= ILp) - |Tp)

[1-T,F]
(=P R
|1 —r1F1|
_ (- TP — |15
U2 = |1 _ rzrzl . (2)

With the above symbolism, the Y factor as the ratio of
powers measured by the meter becomes

y = {{(Tx + T(CDun + Ti(T )l + Ta(Ta)abna
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In (3), as in the following, the subscript i identifies the
values assumed by the parameters at the image frequency
fi =f+ 2f;, where f; is the intermediate frequency.

We thus have

T,-YT, T, — YTy, HifliN1iN2i

)= — Ty i 2i
Te( s) Y —_ 1 + ( Y _ 1 ’I‘el(rsl) ﬂnnlnz
— T,\(T, —ﬁ;
Hi1iN1if2; H2
— Tl ;) ———=— T,
11 12 2 2)/”’711
_T Zi(rﬁ)M @)

punniny

For a measuring setup in which the condition f; < f is
verified, the following hypotheses hold:

1) Ty; ~ Ty, Ty; ~ T, since the noise generators provide
almost constant available powers versus frequency;

ii) py; > u, ~ 1, and, consequently, T,,; ~ T,,, since the
mixer is well matched to the RF amplifier.

In addition, if it is possible to suppose the two-port output
to be matched at both frequencies f and f;, we can write
B~ g~ 1and Ty, ~ Ty

Introducing now the available power gains o, o;, and o4,
under the above conditions, (4) simplifies to

T,—- YT, o 7:ei(rsi)mi
T(M)=-2_""t Zi) . Deill sif%i
/) Y—1 (1 * oc) o«
_» (721(1"1) + nz(rz)) (5)
o ooty
where
% _ Mk i = (6)
« g aoy gy

Note that in (5) the corrective terms (Friis terms) due to the
noise contributions of the RF amplifier-mixer-IF amplifier
stages are multiplied by two; the terms which depend on the
ratio a; /x represent the frequency-conversion effect.

3 As a particular application of the results so far obtained, we can derive
the noise temperature T,, of a superheterodyne receiver, a single-channel
system from the signal point of view, and a double-channel one as far as
the noise is concerned. Putting T,, = T,; = T, in (4), remembering that all
stages of the measuring setup are now matched and neglecting the Friis
terms for simplicity, we obtain

T, — YT,
Y—-1 "~

al al
T,=T(t+2)+T> =
o o

If T, = T,=290 K we obtain for the noise figure the well-known
expression

(T + TATDeim: + TaiTr)iiilns + TaiT2)lailtai

(T + T(T))un + To(Tiadny + TealT2)ualna

2 The upper limit of the linear range is determined by the signal-
handling capability of the mixer; the lower one is determined by the mixer
noise.

Ty + TlCa)pants + ToaiTrduenidn g + TolT 222
F =u ___M(l;ﬂ) =F'(1+ﬁ)
" T, T, o o

where F' is the noise figure actually measured by the meter; « and «, are
the receiver gains at the signal and image frequency, respectively.
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The value T,(I';) of the two-port noise temperature as
obtained through the meter reading, when the behavior of
the system stages at the two frequencies are supposed equal,
is obtained through (4) or (5) in the simple form

L-YT _ T.(Ty) _ T,(T,)
Y—-1 o ooty

T,T,) = )
which differs from the value given by (1) only in having the
Friis terms. Equation (7) is valid also for a one-frequency
measuring system without frequency conversion.

Comparison between (5) and (7) gives the normalized
error in the determination of T(I",) which, introducing the
normalized variations

Tei(rsi) B Tc‘a(rs)
Sy

e L) ®

becomes
_ T;(rs) - n(rs)
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the Smith chart since the value assumed by X; depends on
T,
As far as the variation da is concerned, it can be deter-
mined when the scattering parameters [S] and [S;] at both
frequencies are known, through the relationship which

relates available power gain to source admittance:

|82, (1 — |T[?)

o=
(1 — 82213 + |T2(IS1: > — |A]?) — 2 Re (T,C))
(15)
with
A= $11852 — $12821
Ci=81; —AS%, (16)

where S%, denotes the complex conjugate of S,,.

As in the case of noise parameters, the scattering par-
ameters [S] and [S;] of a transistor can be supposed equal; so
we derive for da a relationship which is more simple and
practical to use, since it does not require measurements of

B =)
; r
5. Op+0p — 9, (Te1(r1) + T 2))
_ T(T) o o0y 9) two S parameter sets.
249, In effect we have
5 — (X,- — ~ (1 - lr,lz)[l - |S22|2 + lrslz(lslllz - IA|2) - 2 Re (FSCI)]

Remembering the relationship between the effective noise
temperature T,(T,) and the noise figure F (F'), we can write
the error in the noise figure F to be measured in the form

F—F F—-1
As for the noise-figure law, we write
’I:?(rs) = T;o + To)’nX (11)
with
|rs - FOIZ
=% 12
x 1 - lrs|2 ( )

where T, y,, and T, denote the minimum value of T, the
noise coefficient, and the optimum value of the input
termination admittance I',, respectively; T, (= 290K)is the
standard reference temperature.

From (8) we have then

T,,— T, To(y: X; — v, X
5Te — eoi eo + 0(’))711 i Vn ) (13)
’1;0 + TO ynX
In the case of microwave transistors, it is justified to
_ suppose the noise parameters to be equal at frequencies fand
fi; so (13) becomes
_ToydXi - X) _ Ty,
T, + Ty, X  T(T)

which implies that the variation 6 T, depends on the particu-
lar value of T’y chosen on the curve X = constant, a circle on

5 Te

(X; - X) (14)

o (1= [LPN =[S + [TiP([S1u 2 = [AP) = 2Re (T:Cy)]

1. (17)

Through (14) and (17), (9) shows that because of
frequenty conversion an error in microwave transistor noise
temperature measurement arises, which depends on the
variation of the source admittance which affects the noise
contributions and available power gain; this error disap-
pears when measuring with nonreactive admittances, as in
the case of 50-Q noise figures given by some transistor
manufacturers.

However, in performing measurements with reactive
source admittances, if the error is noticeable, we can correct
the meter reading by means of (4). This requires a calcula-
tion through a successive approximation procedure, since
the corrective relationships we have derived are functions of
those parameters which must be determined.

On the other hand, the use of a (desk) computer is
customary at present in determining noise parameters,
either to account for other effects on measurements [2], [3]
or to obtain noise parameters by automatic elaborations of
the experimental data [4], [S] rather than through manual
curve fitting procedures [1].

In any case, it is possible to make the image frequency
effect negligible by executing measurements for those source
admittances which present little variations as the frequéncy
varies slightly. This is also shown in Fig. 2, where the error
Ep versus I', for some values of X is given for a microwave
transistor measured at f=4 GHz; the intermediate
frequency is 30 MHz. We point out how a wide range of
values of I’y exists for which the error is negligible.

These diagrams have been derived with an automatic
synthesis-analysis calculation procedure carried out on the
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Fig. 2. Error Ey in the noise figure versus input admittance I', for some values of X, at f=4 GHz (some values of T are
not obtainable with the double-stub used). The two-port under test is a transistor whose noise parameters are:

T,, =338 K, T, = 0.34 < 223, 7, = 2.74.

double-stub used as the admittance transformer network in
effecting the experimental measurements.

III. CONCLUSIONS

An analysis of frequency-conversion effects on noise
temperature measurements of microwave linear two-ports
(transistors) has been presented. It is shown how the noise
temperature depends, in general, on the noise behavior and
on the available power gain of the measuring system stages
at both the frequency of interest and the image frequency.

Under some simplifying assumptions, usually verified in
practice, the frequency-conversion effects depend mostly on
the variation of the source admittance, which affects the
noise contributions and the available power gain of the
two-port under test. In other words, the image frequency
effects can be made negligible by properly choosing
the source admittances and the associated transformer
network as well. Otherwise, the experimental data can be
corrected through the analytical relationships derived in this

paper.

An application of the theoretical results is also reported,
with reference to a double-stub tuner used as an admittance
transformer.
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