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Comparative analysis of receiver bandwidth
effects on Y-factor and cold-source noise

figure measurements

NEREA OTEGI', JUAN-MARI COLLANTES' AND MOHAMED SAYED"

A known source of error in noise figure characterization is the variation of the device characteristics within the bandwidth of
the instrument receiver. In this paper, an in-depth analysis of the effect of the receiver bandwidth on noise figure character-
ization accuracy is developed. For the first time, comparative results for Y-factor and cold-source techniques are given. The
analysis clarifies some contradictions about the origin and the final impact of bandwidth effects in Y-factor. In addition,
effects derived from an excessively wide bandwidth of the noise receiver are shown to be completely different in both tech-
niques, being more critical in cold-source. As a result of the analysis, correction terms are provided for those cases in
which receivers with narrow enough bandwidths are not available. The conclusions extracted from the theoretical formulation
are confirmed by the measurements carried out on several narrow-band devices under tests with different characteristics.
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. INTRODUCTION

Accurate noise characterization of radio frequency (RF) and
microwave devices is an essential part in the process of
developing performance receivers for modern wireless com-
munications. Measurement accuracy in different noise charac-
terization processes has been widely treated in the literature,
with special focus on mismatch derived effects [1-13].
Traditionally, noise figure measurements of circuits and sub-
systems were typically performed using the Y-factor technique
[14-16]. Nonetheless, cold-source technique, mainly used to
compute device noise parameters in the past [17-21], is
being increasingly used in modern equipment for noise
figure characterization [22, 23]. Regardless of the technique
used, the bandwidth of the noise receiver is an additional
source of error in noise figure characterization when device
under test (DUT) characteristics vary within this bandwidth.
When performing a noise measurement at a certain frequency,
the noise receiver measures the overall noise power within its
noise bandwidth. Typically, this bandwidth should be narrow
enough for the DUT characteristics to remain unchanged.
The noise figure computed will then agree with the desired
noise figure at measurement frequency, i.e. the spot noise
figure [24] at that frequency. However, there are circumstances
in which the DUT presents significant variations within the
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bandwidth of the receiver. This can happen either because
the DUT is ultra narrow-band or just because a relatively
large receiver bandwidth is imposed by the capabilities of the
instrument or by the need of speeding up the measurement
process. As an example, the narrowest bandwidth of some
modern instruments with noise figure measurement capabili-
ties is 800 kHz [25]. This may not be narrow enough for accu-
rate measurement at the pass-band edge of a DUT with a very
sharp roll-off.

While it is well known that the bandwidth of the noise
receiver has to be narrower than the bandwidth of the DUT
in order to avoid inaccuracies [26-28], the effect of the oppo-
site situation is not completely clear and contradictory results
can be found [28-32]. Only Y-factor based measurements
were considered in [28-32].

In this paper, a comparative analysis of bandwidth effects
on Y-factor and cold-source noise figure measurements is per-
formed. The analysis is founded on a full theoretical formu-
lation that serves to explain the origin and assess the impact
of these effects on both techniques. As will be shown in this
work, errors associated with bandwidth effects in cold-source
are completely different from Y-factor. Moreover, they are
more critical and difficult to avoid, since they are not negli-
gible for high gain DUTs as occurs with Y-factor. As an
outcome of the analysis, corrections are proposed to minimize
bandwidth errors whenever relevant. All the conclusions are
confirmed and validated by measurements performed on
different DUTs.

The paper is organized as follows. In Section II, the bases of
Y-factor and cold-source noise figure measurement tech-
niques are summarized. General expressions of Y-factor and
cold-source based noise figure measurements as a function
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of spot noise figure and gain values are given in Section III. An
analytical study of bandwidth effects when system bandwidth
is limited by the DUT during the measurement process is then
developed in Section IV. Correction terms are proposed in
Section V to improve accuracy when narrow-band receivers
are not available. Finally, in Section VI, experimental results
from various DUTs are provided to confirm the conclusions
extracted from the analysis and to verify the validity of the
correction terms.

. FUNDAMENTALS ON Y-FACTOR
AND COLD-SOURCE NOISE FIGURE
MEASUREMENT TECHNIQUES

The noise figure of a two-port is defined in [24] as the ratio
between the total noise power available at the output port
per unit bandwidth and the contribution to this noise exclu-
sively coming from the source termination, which can be
written as:

No(f)

Gar()KT,’ ()

E(f) =

where N,(f) is the noise power available per unit bandwidth at
the output port, k is the Boltzmann constant, T, is the stan-
dard reference temperature of 290 K, and G,,(f) is the avail-
able gain of the two-port, given in (2).

=1 1

Guv(f) = |1 — Sul—wslz |521| (1 _ |Fout|2)’ (2)

S;; being the S-parameters of the two-port, I'y,, its output
reflection coefficient, and I’y is the source reflection
coefficient.

To emphasize that the noise figure (1) is a point function of
frequency, the term spot noise figure is used in [24].

The Y-factor and the cold-source techniques are the two
main noise figure measurement techniques. The bases of
these two techniques are widely reported in the literature
[17-19, 24, 33, 34]. Some fundamentals on these procedures
are summarized here.

A) Y-factor technique

In the Y-factor technique, the noise figure is computed from
two noise powers (N, Nj,) measured with the noise source

at its cold and hot temperatures (T, T}) connected to the
DUT. A second stage correction is necessary to eliminate
the noise contribution of the receiver. To this end, a cali-
bration step in which the receiver noise figure is characterized
has to be performed. With the noise source directly connected
to the receiver, two noise powers (Nec, Njreo) are measured. A
basic block-diagram of measurement and calibration steps can
be seen in Fig. 1. The DUT noise figure is computed as:

Frec —1
Gins

, (3)

FYF:Fsys_

where Fy is the noise figure of the DUT-receiver system and
F,.. is the receiver noise figure. Note that, in (3), G,, required
by Friis formula [34] is approximated by the insertion gain of
the DUT Gj,, computed from scalar measurements.
Approximating the cold temperature T, to the reference temp-

erature of T, = 290 K, these noise figures can be obtained as:

T/ T, —1) W
sys — Nh/Nc —1 > 4
(Tn/T, — 1)
Froe=———7——.
e Nhrec/Ncrec —1 (5)
Gi,s is computed as:
N, — N,
Gins = ! ‘ (6)

Nhrec - Ncrec

B) Cold-source technique

The cold-source technique computes the noise figure from a
single noise measurement (N,) with a matched source load
at room temperature T,. For that, the available gain of the
DUT and the gain-bandwidth product of the receiver
(kBG,,.) have to be previously determined. This kBG,,. term
is usually obtained in the calibration step, required also for
removing the noise contribution of the receiver. In cold-
source technique, by definition, there is no hot measurement
of the DUT. Thus, instead of G, the G,, computed from
vector measurements is used. Since noise measurements are
normally performed in a noise figure analyzer or a spectrum
analyzer, obtaining G,, requires the additional use of a
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I H I
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1 ! Nc crec
i I
: I
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Fig. 1. Basic block-diagram of a Y-factor based noise figure measurement: (a) DUT measurement step; (b) calibration step.
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VNA. However, modern noise figure measurement capabili-
ties included in VNA (PNA-X [25]) offer a significantly sim-
plified vector corrected setup, especially valuable for the most
challenging DUT's and setups [35, 36]. A basic block-diagram
of cold-source based noise figure characterization is given in
Fig. 2.

Thus, and considering T, &~ T, again, the DUT noise figure
can be characterized as in (7).

Frec_l

Fcs = F; - >

cS ysCS Gy (7)
where
NCS

F. = 8
sysCS kBGrecGavTo ( )

F,ec is, in its simplest form, that of (5) and

Nhrec - Ncrec

kBG, =————.

———rec (Th _ TC) (9)

It is worthwhile to point out that (7)-(9) represent a sim-
plified approach of the usual fully corrected cold-source
implementation [18, 20] in which all mismatch terms have
been neglected.

Measurement

DUT

COMPARATIVE ANALYSIS OF RECEIVER BANDWIDTH EFFECTS

I1. GENERAL EXPRESSIONS FOR
NOISE FIGURE AS A FUNCTION OF
SPOT NOISE FIGURE AND GAIN

In this section, the general expressions for Y-factor and cold-
source techniques will be analytically formulated in terms of
the spot noise figure and gain. For the sake of simplicity and
to properly focus on the stated problem, any systematic
effect apart from the influence of the measurement bandwidth
will be neglected. In particular, a perfectly matched measure-
ment path will be assumed and the cold temperature T, will be
approximated to the reference T,

Let us consider that the noise figure of a DUT with fre-
quency dependent noise figure F(f) and available gain G(f)
is to be characterized at a frequency f,. Thus, the spot DUT
noise figure F(f,) = Fy, is the desired result. For the character-
ization, a noise receiver with noise figure F,..(f) and transdu-
cer gain G,,(f) will be considered. Note that these F,..(f) and
Gre(f) correspond to a bandpass type response, with a certain
bandwidth B,,,, centered at f,.

Since no mismatch will be present according to our
approximation, there will be no difference between available
and delivered noise powers. So from now on, G(f) and
Gre(f) will be simply referred to as gains.

A) Noise figure from Y-factor

The cold and hot noise powers (N,, Nj,) measured by the recei-
ver in the DUT measurement step can be written as (10) and
(11), respectively [26].

00

Gree () (GN)E(S) + (Fre(f) = 1))

(o]

N, — kToj (10)

Noise

50Q

Matched load
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Fig. 2. Basic block-diagram of a cold-source based noise figure measurement: (a) DUT measurement step; (b) calibration step; (c) G,, obtaining.
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Nz=@rcm0ﬂn60y+nGUMHﬁ—ﬂ)

o (11)

+ To(Fre(f) — 1))

Besides, the cold and hot noise powers measured by the
receiver in the calibration step can be written as in (12) and

(13).

00

Nerec = kToj Grec(f)Frec(f)df: (12)

00

(ThGrec (f) + ToGrec (f) (Fm (f) -

o

Nhrec = kj 1))df (13)

In practice, the overall integrals in (10)-(13) are limited by
the frequency selectivity of the two-ports involved.

Substituting (10) and (11) in (4), the system noise figure is
given by:

[o Gre(N)(GUE(S) + (Fre(f) —

Fys = fzo Grec (f)G(f)df

N

Analogously, the receiver noise figure F,,. measured in the
calibration step as in (5) leads to (15), which is the average
receiver noise figure [37].

L
T2 Gl )

The insertion gain obtained from (6) is also an average,
weighted by the receiver gain, as shown in (16).

Jo Guelf)df

Free = (15)

Gips = (16)

From (14) to (16), and applying (3), the resultant Y-factor
noise figure is:

_ I 6ulNGOF

= G NG 47

B) Noise figure from cold-source

In this case, the DUT noise figure will be computed by means
of (7). With the assumptions made, i.e. no mismatch and T, ~
T,, N comes to be N, in (10). The computed gain-bandwidth
product of the receiver will simply be:

kBG,, = kr Grec(f)df . (18)

Besides, G,, in (7) and (8), computed from S-parameters,
will be the spot gain corresponding to the measurement fre-
quency fo, ie. Gu = G(f,) = Gp. Thus, the system noise
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figure characterized by means of cold-source will be:

5 Gruel)(GUE() + (Fclf) = 1))df

Fyyscs = £ (19)
’ Gr, Jo Grec(f)lf
The noise figure obtained with cold-source is then:
> Gre(f)G(f)F(f)d
_CeueEy

ch fzo Grec (f) df

An important difference needs to be pointed out between
(17) and (20). In (17), the integral in the denominator is
limited to the actual bandwidth resulting from the series con-
nection of the DUT and the receiver (G,..(f)G(f)). On the
contrary, in (20) the integral in the denominator is only
limited by the receiver bandwidth G,..(f).

This difference has no relevance if the receiver bandwidth is
narrower than the DUT, as will be the case of many convention-
al measurements. Actually, if we can consider that the DUT
characteristics remain constant inside the receiver bandwidth,
both (17) and (20) will yield the desired spot noise figure Fj,.

However, the difference between (17) and (20) can be signifi-
cant when the DUT has a narrower bandwidth than the receiver.
This situation is analyzed in detail in the following section.

V. SYSTEM BANDWIDTHLIMITED
BY THE DUT

Let us analyze here the case in which the bandwidth during
the noise measurement is limited by the DUT instead of
being restricted by the receiver. We can have this condition
either because we are measuring ultra narrow-band DUTs,
or because we want to speed up a measurement by choosing
a wideband receiver. This situation is ideally sketched in
Fig. 3(a). In addition, an equivalent situation happens when
the measurement is performed in the pass-band edge of a
DUT with a very sharp roll-off as depicted in Fig. 3(b).

To ease the derivation of qualitative conclusions, idealized
band-pass frequency responses have been assigned to DUT
and receiver in Fig. 3. DUT and receiver have constant gains
(Gfo and Gy, respectively) inside their respective bandwidths
(Fig. 3). In these conditions, the bandwidth during the
measurement step will be given by the intersection of the
DUT and receiver bandwidths. In the following, this system

bandwidth will be notated as By, A system bandwidth

limited by the DUT implies that B;,; < Bi..
Brac rec
GOJ’BC_ = GDIEI:‘ """"""""
GfD GJU_ =
BDUT Bgu]r
. f f

Lo K
Bsys Bsys
(a) (b)

Fig. 3. Two possible sources of error: (a) DUT bandwidth narrower than
receiver bandwidth; (b) measurement in DUT pass-band edge.


https://doi.org/10.1017/S1759078713000688

Under these idealized conditions assumption, the available
noise power density at the output of the DUT (N,,,) for a
source temperature T is that of (21). A basic diagram
showing the noise behavior at the output of the DUT for
the two situations of Fig. 3 is given in Fig. 4.

Now (f) = kG(f)(T + To(E(f) — 1))

N {kGfo(T + To(Ffo — 1)) f € Bpur
kT, f & Bpur

(21)

A) Impact of By,

From (21), the measured cold and hot noise powers, (10) and
(11) can be rewritten as (22) and (23), respectively:

< B,,. on Y-factor

Nc ~ kGoreC[BSystoFfoTo + (Brec N Bsys) To (22)
+ BrecTO(FVCC - 1)]’
N, ~ kGorec[BSySGfo(Th + TO(Ff“ B 1)) (23)

+ (Brec - Bsys) To + BrecTo(Frec - 1)]:
where kGorec(Brec — By T, is the out-of-band noise contri-
bution of the DUT inside B,..

Let us reconsider the Y-factor formulation under the
assumptions made. From these noise powers (22), (23) the
system noise figure (14) results in:

B, Byee (Froe —
e (B 2) L Bt =)
By, G, By G

o

(24)

which agrees with [32]. Besides, the insertion gain (16) will
turn into:

B
Gins ~ BS}/S

Gy, (25)

rec

Thus, the DUT noise figure characterized by means of
Y-factor will be:

F Fo4 Biec 1
~ —1)|—.
YF f0 Bsys Gfo

(26)

COMPARATIVE ANALYSIS OF RECEIVER BANDWIDTH EFFECTS

It is commonly accepted, [28, 29], that the error due to By,
< B,.. in Y-factor comes from the extra noise detected in the
calibration step. However, as it can be concluded from (22)-
(26), the error comes from the out-of-band noise contribution
of the DUT during the measurement step (the term
kGorec(Brec = Byys)To), as pointed-out in [32]. Besides, the
error for a given By, decreases as Gy, increases, turning negli-
gible for a Gy, significantly higher than the (B,.. — Byy)/Bsys
ratio. In other words, the error turns negligible for a gain
high enough to make the out of band noise contribution of
the DUT negligible. It should be noted in (26) that the
result is not an underestimation of the DUT noise figure, as
concluded from [28] or stated in [29], but an overestimation
[31, 32].

B) Impact of B,y < B,.. on cold-source

Coming to cold-source, N is again approximated by (22),
so (19) leads to:

By Bsys 1 (Free — 1)
F Csto—y+<1— — (27)
i f Brec Brec Gfo Gf0
Thus, the cold-source noise figure result is:
By Bsys 1
Fes ~ Fp, y+<1— )—. (28)
f Brec Brec Gf0

There is a substantial difference between this result and the
previous Y-factor (26). In Y-factor the error tends to disappear
as DUT gain increases, however, this is not the case for cold-
source. Actually, the error, in dB, tends to the bandwidth ratio
(Bsys/Brec)a for a significant DUT gain that makes negligible
the second term in (28). This comes directly from the fact
that the integral in the denominator of (20) is limited by the
receiver (B,..) while the integral in the numerator is limited
by the series connection of DUT and receiver (By). This
ratio makes the first term in (28) to underestimate the spot
noise figure, for any DUT gain.

V. CORRECTION TERMS
In sight of the previous results, correction terms can be esti-

mated, for both cold-source and Y-factor, to minimize the
effect of a system bandwidth limited by the DUT. To this

(a)

NOLI'.f 1
kG o(T+T, (Fro =)l
f f
Brec

(b)

Fig. 4. Noise power density available at the output of the DUT within the receiver bandwidth: (a) DUT bandwidth narrower than receiver bandwidth;

(b) measurement in DUT pass-band edge.
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end, the knowledge of the bandwidth ratio Bi,/B,.. would be
required. It is important to note that these corrections are
approximate because they rely on the ideal band-pass charac-
teristics of DUT and receiver.

A) Y-factor

In Y-factor, according to (25), the By/B,.. ratio can be esti-
mated from (29).

(29)

Gins is known from the Y-factor measurement while Gy, can
be determined from an additional measurement with a vector
network analyzer, for instance. The corrected Y-factor
expression would then be:

FYF,corr = FYF - ( (30)

1 ) 1
—— 1) =
Gins/Gfo Gfu

B) Cold-source

In cold-source the insertion gain G, is not known. Therefore
(29) cannot be used to estimate the Byy/B,.. ratio. However, a

fair approximation to Bi,/B,.. can be achieved as:

2 e (31)

()

receiver bandwidth. This average gain can be obtained
from an S-parameter characterization of the DUT in the
whole B,,. It is important to remember that (31) is only
an approximation because B, is assumed to have an
ideal rectangular band-pass frequency-response. According
to (28) and (31), the corrected cold-source result can be
calculated as:

where

is the average gain of the DUT in the

rec

1
FCS_corr:FCS
G(f)], /Gr
(32)
1 1
_ 1=
G(f)|, /Gn "
VI. MEASUREMENTS

To verify the validity of the analysis and formulation pre-
sented in this paper, relevant measurement results are pro-
vided. The noise measurements have been performed in a
spectrum analyzer including noise figure measurement capa-
bilities (PSA E4440), with a 346B noise source. A PNA
E8358A has been used for vector measurements.

https://doi.org/10.1017/51759078713000688 Published online by Cambridge University Press

For the measurements, three DUTs (labeled as DUT1,
DUT?2, and DUT3) with different gains and a 3 dB band-
width of approximately 2 MHz, are considered. The DUTs
are in-home built, cascading packaged commercial ampli-
fiers and narrow-band filters. Attenuators at the output
avoid mismatch effects, eliminating the necessity of a full
noise receiver calibration. It is important to note that the
whole analysis has been developed on the basis of a
matched setup. Taking into account mismatch -effects
would require a rigorous analysis of the overall effects on
the obtained results and their correction, as well as requir-
ing more demanding measurement setups. This can be the
case, for instance, of on-wafer noise characterization,
where the effect of input/output access blocks has to be
removed [38-41].

A) Gain and noise characteristics of the DUT's
versus frequency

Figures 5 and 6 show, respectively, the spot gains and noise
figures of the DUTs as a function of frequency in a 6 MHz
range centered at 70 MHz. The gains have been computed
from vector measurements in the PNA. The noise figures
have been characterized by means of cold-source technique,
from noise measurements carried out in the PSA with a band-
width of 51 kHz at each measurement point. The three DUTs
present equal spot noise figure (6.25 dB) while different spot
gains (4, 6.75 and 20.5 dB, respectively) at 70 MHz. These
values are taken as the reference true values for the rest of
the analysis.

B) Noise figure measurements with different
receiver bandwidths

First, the evolution of Y-factor and cold-source noise figure
measurement results for increasing receiver bandwidth has
been analyzed. For that, the noise figure of DUT1 has been
measured at its central frequency of 70 MHz with five differ-
ent receiver bandwidth settings (0.51, 1, 2, 4, and 6 MHz).
These receiver bandwidths lead approximately to the follow-
ing Byys/Byec ratios, respectively: 0.99, 0.96, 0.84, 0.57 and
0.38. According to (29), these values can be estimated dividing
the insertion gain computed in each measurement with the
spot insertion gain.

Y-factor and cold-source noise figures (labeled as Fyp
and Fcg, respectively) have been measured as described
in Section II. The measurement results, given in Fig. 7,
clearly show how the accuracy degrades as the receiver

)

=2

£

[1]

g —e— DUT
| —8— DUT2|

: —&— DUT3
60" . . . . . \
67 68 69 70 71 72 73

Frequency (MHz)

Fig. 5. Spot gains of the three DUTs in the 67-73-MHz frequency range.
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Noise Figure (dB)

69
Frequency (MHz)

70 71 72

Fig. 6. Spot noise figures of the three DUTs in the 67-73-MHz frequency
range.

bandwidth widens. Results confirm that Y-factor overesti-
mates the actual DUT noise figure (approximately 0.6 dB
for a B, of 6 MHz), as pointed out in Section IV. In
contrast, the cold-source results are significantly less accu-
rate than Y-factor and below the true DUT noise figure.
With a B,.. of 6 MHz the noise figure obtained from cold-
source technique is more than 3 dB lower than the true
value.

C) Noise figure measurements as a function of
DUT gain and correction terms

Let us now verify the effect of DUT gain on the measure-
ment results. For that, the Y-factor and cold-source noise
figures of the three DUTs have been measured at 70 MHz
setting B, to 6 MHz. In addition, their corrected versions
(30) and (32) have been computed. For the sake of clarity,
the results have been depicted in Fig. 8 as a function of
DUT gain. The results shown in Fig. 8 are in very good
agreement with the conclusions presented in Section IV.
When coming to Y-factor, as expected, the error disappears
for high DUT gain. However, in cold-source the error aug-
ments as DUT gain increases. The worst case is an under-
estimation of approximately 4.2 dB for DUT3, ie. for
highest gain. As expected from (28), this error is (B,/
Brec)dB~

Finally, let us analyze the correction terms proposed in
Section V. As it can be seen in Fig. 8, the errors are almost

Noise Figure (dB)

B,,. (MHz)

Fig. 7. Y-factor (Fyg) and cold-source (F¢s) noise figure measurements of
DUT1 with five receiver bandwidths compared to the actual spot noise
figure Fy, = 6.25 dB.

https://doi.org/10.1017/51759078713000688 Published online by Cambridge University Press

COMPARATIVE ANALYSIS OF RECEIVER BANDWIDTH EFFECTS

7 : i , i -
6 1
o — Fm
Z5
i.% 4 —6—Fyr corr |
%3 s |
S ‘\0\—’ v— Fes comm
2 1
1 L L L L |
0 5 10 15 20 25

Gy, (dB)

Fig. 8. Y-factor and cold-source noise figures of the three DUTs measured
with B,.,.= 6 MHz (with and without corrections), and comparison to the
actual spot noise figure Fy, = 6.25 dB.

eliminated with the corrected versions (Fyr corr and Fcs_corr)
even though they are based on ideally rectangular band-pass
frequency responses. These results show that the correction
terms can be an acceptable solution when receivers with
narrow bandwidth are not either available or recommended
(because we may be interested in speeding up the measure-
ment process, for instance).

VIil. CONCLUSION

The effect of receiver bandwidth on Y-factor and cold-source
noise figure measurements has been analyzed and compared.
Results show that, contrary to Y-factor, errors associated with
a wide receiver bandwidth in cold-source increase with DUT
gain and generate a critical underestimation of the actual noise
figure. As a consequence, the use of wide receiver bandwidths
to speed up the measurement process in high gain DUTs,
acceptable in Y-factor, should be avoided in cold-source.
Bandwidth selection has to be carefully considered when
measuring noise figure with cold-source technique, especially
in ultra narrow-band DUTs or at the band-pass edge of DUTs
with sharp roll-offs. Nonetheless, the availability of receivers
with narrow enough bandwidths for accurate narrow-band
DUT characterization may be limited by the capabilities of
the measurement instrument. Correction terms have then
been proposed to improve accuracy when narrow-band recei-
vers are not available. Conclusions of the analysis have been
experimentally validated by means of noise measurements
performed on various narrow-band DUTs with different
characteristics.
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