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Effects of DUT Mismatch on the Noise Figure
Characterization: A Comparative Analysis of Two
Y-Factor Techniques

Juan-Mari CollantesMember, IEEE, Roger D. PollardFellow, IEEE, and Mohamed Sayetember, IEEE

Abstract—Device mismatch seriously degrades accuracy in  with scattering parameter measurements. From these additional
noise figure characterization. The suitability of corrections to  vector measurements, some corrections are performed on the

the gain definitions for a more precise noise figure evaluation ; ; ;
for mismatched devices is investigated and compared to classical classical procedure, the most important being those related to

techniques. The effects of device mismatch on the noise figure of an accurate gain definitipn. The DUT gain is requ"eq in C_)rder
the noise-meter receiver and its impact on the final accuracy are to de-embed the noise flgure of the DUT from the noise flgure
analyzed. of the complete measurement system. The classical Y-factor

Index Terms—Microwave characterization, noise figure, noise tech_nique makes use of the DUT insertion gain, since it is
measurements, noise temperature, vector corrections, Y-factor ~Obtained through scalar measurements alone. Instead, the use
technique. of the DUT available gain, which can be computed from the
measuredS-parameters, is proposed in [3]. In the following,
we will refer to the use of the available gain for the noise figure
calculation instead of insertion gain as ttwrrected Y-factor

ITH the increasing need for high-performance compaechnique.
nents for use in mobile communications, the accurate|n this work, the suitability of using the available gain and

measurement of the noise figure becomes an essential tagkactual effect on the measurement accuracy are analyzed and
A significant number of procedures, addressing the issgempared with the classical Y-factor technique. All the conse-
of accurate noise figure calculation of circuits and deviceguences derived from measurement of a mismatched DUT are
have been proposed in the recent literature [1]-[4]. The maaYestigated in detail. In particular, special attention is paid to
common method for measuring the noise figure is the classigaé impact of DUT mismatch on the noise figure of the noise-
Y-factor technique, in which only noise power measuremenseter receiver since this is required for the computation of the
are required [5]. Classical Y-factor is an accurate procedure foUT noise figure. As the noise figure of the noise-meter re-
noise figure characterization provided that all the componemsiver can be a strong function of the source impedance con-
involved in the measurement [noise source, device under tastted to its input, we can expect significant variations in the
(DUT) and noise receiver] are well matched. However, becauggeiver noise figure versus DUT output match. Here, the effects
of the use of scalar noise power measurements alone, it cangfoheglecting the receiver noise figure dependence on source
correct for the errors related to any mismatch present in thgpedance are rigorously examined. Although there are other
measurement path. In most cases, the noise source andsth§ces of error in any noise figure measurement (ENR un-
receiver are relatively well matched, and their effect can kertainty, instrument uncertainty, presence of spurious signals,
neglected. Increasingly, there are requirements for mismatcheg.), these are beyond the scope of this work.
devices to be measured, especially discrete active components is first necessary to provide some basic definitions con-
(FETs, BJTs, etc.) presenting highly mismatched characterigrning the noise figure and related quantities and the funda-
tics. Therefore, DUT mismatch becomes a critical issue in tigentals of the Y-factor method. Its implementation through the
noise figure characterization. classical and the modified techniques is described, and an un-

Recently, a specific technique has been proposed in ordeftainty analysis, comparing both techniques, is performed as
to deal with mismatch effects in the noise figure evaluatiog function of DUT gain and match. Finally, some experimental
[3]. This technique combines the classical Y-factor methaghta is presented which confirms the theoretical analysis.

|I. INTRODUCTION
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available thermal noise power of a resistive termination at a r&- Measuring Noise Figure: The Y-factor Method
erence temperaturg, (a value of7, = 290 K was first sug-

- The most widely used procedure to measure the noise figure
gested by Friis [6])

is the Y-factor method [5]. It requires measurement of the noise
S;/N; power at the output of the DUT for two different (hot and cold)

F= S, /N (1) temperatures of the noise source. The ratio of these two power
ermelT=To noise levelsN. andVy,, is called the Y-factor, which gives the
where name to the technique
S; andS, signal power levels available at the input and the N,
output of the two-port network; Y = N @)

N; andN, available noise power at the input and the output
of the two-port network.
N, can be expressed as

From (5) the noise figure can be expressed as a function of
the hot and cold noise source temperatdrgsT.., the Y-factor
and the reference temperatufig = 290 K

No = Nada + GoN; ) ., (Tz. ) _v (;_0 - 1)

To
where - Y —1 : (®)
N.qq Noise power added by the two-port network;
G, its available gain, which is described by

Equation (8) assumes that the reflection coefficient of the
noise sourcél’;) remains constant from hot to cold states. In
practice, some amount of variation iy should be expected.
112 G 2 1 3 Since the noise figure is a function of the source impedance (6),
- m |S2u m ®) I, variations will lead to some amount of error when (8) is used

for the noise figure calculation. However, changed infrom
Here,S;; are theS parameters of the two-port netwoik, the hot to cold states are small for typical commercial noise sources

reflection coefficient of the source connected at the input of thgerated below 18 GHz and will be neglected in the following
two-port network, and’,,.. the output reflection coefficient of gnalyzes.

the two-port network

Ga

D. Second-Sage Correction

512591 ) . L
Tous = Sop + 22 4) Equation (8) represents an ideal approach to the noise figure
characterization of a generic DUT. However, in any real char-
Equation (1) can be rewritten as acterization setup, the measurement system also adds its own
noise to the total output measured noise power. A typical con-
F = Nadd + kKToBGa (5) figuration for noise figure measurement is depicted in Fig. 1(a)
kToBG, where the DUT is cascaded with a real receiver that also con-

c{ributes to the total output noise.
The global noise figuréF,,) of the cascaded system com-
prising a DUT followed by a real receiver can be calculated
B. Noise Parameters from the measured output noise powé¥s and N, by using
(8). Then, the noise figure of the DUT can be de-embedded by

A significant characteristic of the noise figure is that it is fnaking use of the Friis formula for the cascade of two stages:
function of the source impedance from which the device is fed.

zj'hls erendence ma.kes the noise figure an mcomplete noise Four(Ts) = Fups(Ts) — Free(Tout) — 1 9)
escription of the device. The full characterization of the noise G,
figure for all possible source terminations requires a set of foyf,ere
independent parameters. There are a variety of parameter sefS  reflection coefficient of the noise source:
that can be used to represent this dependence. One of the moptout output reflection coefficient of the DUT (4);
commonly used sets is given by [8] G, DUT available gain (3);
F,... noise figure of the receiver.
(6) It is important to notice that, from (9), the noise figure of the
DUT depends on three terms:

wherel, is the source reflection coefficierf; is the reference  the measured global noise figure of the system made up of

which is the definition of the noise figure at the standard ref
ence temperaturdy = 290 K, given by IEEE Standard [7].

Rn |Fs_ro t|2
FTs) = Fain +4—— P
(I%) Zo Ut Cope (1 — ITS)

impedance, an@ i, Ry, real(T,y:), andimag(T,,:) are the the cascade of DUT and receivét,s(I's);
four classical noise parameters. « the noise figure of the receiveihen the DUT is connected
It is important to notice that, aB, tends to the edge of the toitsinput, Frc.(I'ous), i.€., when the source impedance
Smith chart, the noise figure of any two-port network tends to ~ connected to its input is equal I,.+;
infinity at a rate that is mainly determined By, . In the limit, for * the available gain of the DUT7,,.

a totally reflective sourcéI's| = 1) the noise figure is infinite,  Equation (9) is often referred to as the second-stage correc-
which is a straightforward result from (6). tion. Note that, ifthe DUT has an available géip large enough
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N .N source and the receiver to the delivered power when the noise
2 . . .
DUT Receiver |———— source alone is directly connected to the receiver

Nh - Nc
Nrecy, — Nrec,

Gins = (20)

T.,T, «
e>th 4—’ I T The noise power measurements performed in steps 1 and 2 pro-
out vide the data required to compute the insertion gain from (10).
The insertion gain can also be expressed as

|1 — SreciTs)?
|1 - Srecllrout|2

@ 1

[1— 511162

Gins = |Sa1 | (11)

Nrec,, Nrec,

Receiver

where:

Sreciy S11 parameter (input reflection coefficient)
T.T of the receiver;

c*th
I, So1 andS;;  DUT S-parameters;
I reflection coefficient of the noise source;

b Tout output reflection coefficient of the DUT (4).
®) Equation (11) is only equal to the available gain when the DUT
Fig. 1. Block diagram for noise figure measurements. (a) Measurement sefigoperfectly matched.

The source impedance at the input of the receivEris . (b) Calibration setup. . .
The source impedance at the input of the receiver, is The 'classmal Y-factor technique then computes the DUT
noise figure from:

to make the second term of (9) negligible, thepy becomes Four(ls) = Fuya(T's) — Free(l's) =1 (12)

equal toF,,. Otherwise, knowledge of all three terms is re- Gins

quired to accurately determine the noise figure of the DUT.  There are two potentially significant differences between the
rigorous noise figure calculation from the true second-stage cor-
rection (9) and (12) used by the classical Y-factor technique:

o Free(Tout) is approximated by,...(T's);

Although (9) defines the “true” second-stage correction, itis * G is approximated by.,.
almost invariably simplified in practice. Two noise-figure tech- In the case of a highly mismatched DUT, the output reflec-
niques that approximate (9) in two different ways are discusst@n coefficientl'... (4) will differ greatly fromI';, and signifi-
next: the classical Y-factor technique and the corrected Y-fac®nt discrepancies betweép..(I's) andF,...(I',.¢) have to be
technique. Both techniques are only approximations of the trggpected. Only when the DUT is well-matched (mainly output
second-stage correction. In both cases the quality of the appriatch) does the receiver noise figure calculated during the cal-
imation is a function of the DUT match and gain, and this is afPration step [Fig. 1(b)]F...(I's) coincide with the receiver

alyzed in the present work. noise figure during the measurement step [Fig. 268)}(L'out)-
Similarly, when the receiver and the noise source are per-

fectly matched(;,,, is equal toS»: |*. If, in addition, the DUT
presents a good matcly, also converges t¢Ss;|?. Other-

This technique is the most extended way for measuring thgse, G;,,, can be significantly different frond?,, especially
noise figure, and it is based on noise power measurements @x-DUTs presenting a high output mismatch.
clusively [5]. The measurement procedure is divided into two
steps. Step 1 is a calibration stage in which the noise sourc®isCorrected Y-Factor
direCtly connected to the receiver in order to measure the re-Some corrections for improving noise ﬁgure accuracy have
ceiver noise figure. The calibration Configuration is depicted E]een recent|y proposed in [3] The most Signiﬁcant of them
Fig. 1(b). The result is the value of the receiver noise figugkes into account the DUT mismatch by using the available
for a source impedance.. Since the noise source has an again (@, in the second-stage correction, as required by (9). The
tenuator pad at its output, it presents a reasonably good majgilable gain is calculated from the measured scattering param-
andl’; is usually close to zero. Thus, in general, the result frogters of the DUTF,..(T',) andF.,.(T,) are obtained through
the calibration step corresponds to the receiver noise figure {ae same calibration and measurement steps as the classical

well-matched source impedance conditiofis,.(I's). In step  technique [Fig. 1(a) and (b)]. As a result, the DUT noise figure
2, the global noise figuré, ; of the cascaded system DUT ands determined from:

receiver is measured as shown in Fig. 1(a).

I1l. TwO Y-FACTOR TECHNIQUES

A. Classical Y-Factor Technique

The available gaidr,, of the DUT, that is also required in (9), Fpur(Ts) = Fsys(Ts) — M (13)
cannot be determined from scalar power measurements alone. Ga
Therefore, this technique calculates the insertion @ggin, in- In this paper, we call (13) the corrected Y-factor technique.

stead. Insertion gain is usually measured as the ratio of fhieere is only one difference between the true second-stage cor-
power delivered when the DUT is connected between the noigetion (9) and (13):
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o Free(Tpur) is approximated by,...(Ts). TABLE |
. . . . . VALUES OF PARAMETERS USED IN THE ANALYSIS
The same discussion concerning the discrepancies between
Free(Tout) and F...(T's) for mismatched DUTSs that affected Receiver Si; (Srecit) 20dB £ 110°
the classical Y-factor technique still holds for the corrected tec Receiver 7,y 6dB
nique. Receiver [op 20dB Z 70°
Receiver R, 40Q
IV. UNCERTAINTY ANALYSIS _ - -
Noise source reflection coefficient (I's) -26 dB £ -20°
_ Equations (12) and (13) represent two diﬁ_erent approxim pyrs;, 10 dB 2 45°
tions of the true s_econd-stage correctpn given by (9). Bo DUTS, 3048 2 30°
approaches substitute the tet..(T'5,:) in (9) by the term SOTS T30
F,..(I's) measured during the calibration step. In additior 2 o )
the classical technique also substitutes the available @ain PUT S from 30 dB to -1 dB £ -110°
by the measured insertion gaifi;,,, while the corrected DUT Noise Figure 2dB

technique makes use of the correct available gajrobtained
from measuredS-parameters. In this section, the uncertaint .
in the noise figure calculation from the two approximations i
analyzed.

Let Fgssicar @Nd Fiorrectea D€ the noise figures calculated
from the classical (12) and the corrected technique (13), resp
tively, and letF' be the actual noise figure computed from the
true second-stage correction of (9). We can define the errors IAF |
dB) in the noise figure calculation derived from both technique

as (dB)

AF‘classical =10 108, Fclassical — 10 10% F (14)
AFCO’I‘TSCtSd =10 108 Fco’rre.cte.d - 10 log F (15)

From (9)1 (12)1 and (13)AFclassical andAFcorrected can be
expressed as DUT Output return loss (dB)

F...(I' -1 F..(I'y)—1 ; ;
AF.1pssical = 101log (F + rev( out) _ rﬁ«*( s) Fig. 2. Magnitude of the error versus DUT output return loss. Three values

G, Gins of S5; are considered. Characteristics of DUT, noise source and noise-meter
receiver are listed in Table I. Solid line: classical. Dashed line: corrected.
— 10log(F) (16)
Froc(Tout) = Free(T . .
AF orrected = 10log (F + ree( ‘“”)G pee 9)> and AF.,,cctea (receiver noise parameters, DUSFpa-
a . . . .
rameters, DUT noise figure, etc.) are given at a single fre-
— 10log(F). (17) g Jareg g

guency point.
* The generic noise source and receiver, with common pa-
rameter values, are used in the analy$is.is a value
typical of commercial noise sources used for applications
below 18 GHz. The changes Ih, from hot to cold states
are neglected.
A DUT with noise figureF' = 2 dB is used. The DUT
output return losses will range from30 dB to—1 dB.
Input match is constant since the impact on the final error
is less significant provided that the noise source is well
matched. Three values 8%; are considered: 5, 10 and 20
dB.

AF . ussical ANAAF,,,ccteqa €AN be computed analytically
by knowing the DUT characteristics (noise figureandS-pa-
rameters), the receiver characteristi€s.(;1 and the four noise
parameters), and the noise source reflection coefficiént (t
is important to recall that the errors given by egs. (16) and (17) _
are exclusively related with the way the “true” second-stage cor-
rection is approximated by egs. (12) and (13). Other uncertainty
sources present in any type of noise figure measurement (ENR
uncertainty, instrument uncertainty, etc.) are not included.

While the receiver and the noise source characteristics are
fixed and unchanged for a given measurement system, DUTs
of very different gain, match and noise figure may be measured.
The example analysis evaluat®$'.;, s sica; ANAAF o rrecteqd 8S
functions of the DUT gain and match using the parameters listedrig. 2 shows the absolute value of the error in the noise figure

V. RESULTS AND DISCUSSION

in Table I. obtained from the two techniques, versus the DUT output return
Some considerations concerning this analysis have to be hitgisses, and for the different values of D%, . Several general
lighted. observations may be made.

» Equations (16) and (17) are not explicit functions of fre- ¢ The errors provided by the two techniques decrease with
quency. Therefore, frequency is not directly involved in device gain. This result is consistent with the fact thiat
the analysis. All the terms used to compWe ., ssicar is in the denominator of the second term of (9), (12), and
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/

o F..)/ I /
1 rec( out ) / | A Ga (l_‘ow)
6} / 4 o

i G,G, st /

E’ec ° ] @ il S

4 1 ;:/_::::;»-—"/

F; ec (rs ) | 3 C;ins (roul)

L L L L L
-30 -25 -20 -15 -10 -5 0

DUT Output return loss (dB)

-30 -2‘5 -ZLO -1‘5 -1‘0 -‘5 0
DUT Output return loss (dB)

Fig. 4. Available gairGG, and insertion gaifi+;,, as functions of DUT output
Fig. 3. Receiver noise figur, .. as a function of DUT output return loss, ~ "€turn loss.

1

(13). High values of»; make this second term negligible, 0sl
and all three equations yield similar results.

« Errors are reduced in both techniques as the output reti

losses of the DUT decrease. This is due to the fact that, orr

0.6} | corrected l

08

the DUT output match improve$;....(T',..:) converges to

F...(T's), andG, to G;,; (provided that the noise source'AF| ol i

and the receiver are reasonably well-matched, which ( dB) '
04} AN

commonly the case).
» For low gain and high output mismatch both technique 03
provide a considerable amount of error. oak/ e classical

The remarkable conclusion of this analysis is that, the cc
rected technique only presents a benefit for low values of t

DUT output return loss, while the classical technique still prc % % 00 % 200 70 300 350
vides a lower amount of error for high output return losses. Tt
result may seem paradoxical given that the corrected technic, DUT phase(S,,) (deg)

makes use of the available gaif, in order to better take into _ o ]

account mismatch effects, while the classical technique sub&f SUT';?:Zg;gir)efg:r%rﬁiﬁg;;&‘gr'ig?ciﬁf cornecteal s functions of

tutesG, by the insertion gair;,,, instead. andF = 2 dB. (Other parameters as in Table I). o ‘
However, this phenomenon has a subtle explanation. The re-

ceiver noise figureF,... and the DUT available gait/, ap- strong function of I',,;,—with F,..(I';)—independent of
pearing in (9) are strong functions of the device output matgh ,—resulting in large errors as the mismatch degrades.
throughl’,..; [see (3) and (6)]: Conversely, the classical Y-factor combinés..(I's) with
— Free(Tout), in the numerator of (9), is inversely pro-G;,.s(Ty:) that is only a mild function ofl’,,;, which can
portional to the term — [T, |*. result in a smaller total error.
— G4(Tout), in the denominator of (9), is also inversely This explanation is not necessarily a general result. Which
proportional to the term — |T',,.+|?. one of the two techniques provides the more accurate results de-
In both cases, the terin— |T',,.:|> becomes dominant as thepends strongly on the receiver and DUT characteristics (receiver
DUT output match worsen§Tl',..:|] — 1), which makes@, noise parameters, receiver match, DSJparameters, etc.). As
and F,... tend to infinity. This is graphically shown in Figs. 3a first example, Fig. 5 ShoOW& F.j4ssicar| aNA|A Feorrecteal @S
and 4, wherd...(I',.:) andG,(T,..+) are plotted as functions a function of the phase of the DU%;,. Other characteristics of
of the DUT output return losses. The two curves are calculatdte DUT areSs; = 5 dB, Ses = —8 dB andF' = 2 dB with
considering the same receiver and noise source characteridtiesremainder of the parameters involved in the analysis from
(Table I) and a DUTS,; of 5 dB. Superimposed in Fig. 3 is Table I. Notice that errors strongly depend on phase conditions.
the receiver noise figure obtained from the calibration stégoreover, for some phases the smallest error is provided by the
F,..(T's), which is obviously independent df,,.. Also, the classical Y-factor technique, while for other phases the smallest
insertion gainG,,, for the same DUT is plotted in Fig. 4, error is associated with the corrected Y-factor.
showing only a slight dependence 6p,.;. SinceF,...(Tout) As a second example, Fig. 6 shows the error associated with
and@, (T',.:) have the same form, they tend to compensate edabth techniques versus the receifgy parameter, for a specific
other in (9). The corrected Y-factor combinég, (T',,:)—a DUT [Sy; = 5 dB, Sy = —5 dB, F = 2 dB, phasgSy;) =
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o8 TABLE I
045 DATA FOR EXPERIMENTAL DEVICES COMPUTED FROM THE MEASURED
S-PARAMETERS AT 1 GHz
04
Test
035 . S Gy F
Device
1AF| o3 AFvcorrected l T 1 -40 dB -2.7dB 2.7dB
ozsy e 2 168 dB 3.0dB 3.0dB
(@B) o2 3 89dB 47dB 47dB
015} 4 -4.5dB -2.3dB 2.3dB
oal 5 2.8dB 2.4dB 24dB
I classical
0.051 B
. . . ) ) 5
030 40 50 60 70 80 20 ol
45
R, ()
ol
Fig. 6. Noise figure errorfAF.iassicat| @Nd|AF.orrecical @s functions of 35f
the receiver noise resistanég, for DUT characteristicsS>; = 5 dB, S22 =
—5 dB, phas€ S2,) = 25°, andF = 2 dB. (Other parameters as in Table I). |AF| 3r
25} device 4
, _ (dB)
25°]. The rest of the elements in the analysis are those fron 2r ,
Table I. We can observe how, for this particular example, the 15} device3 /
classical Y-factor presents a smaller error for high whereas A dovice 2 J //
. CVICe -
the corrected Y-factor is more accurate for I&y. dovice 1
Similar curves to Figs. 5 and 6 can be obtained by sweeping i xﬁ/,//

the other parameters involved in the analydi%,in, Iopt - - *), R B B s 0
always resulting in the same conclusion: no general statemen
valid for any arbitrary DUT and receiver characteristics, can be
made about the suitability of using one of the two techniquesy 7 wveasuredAFi....oni| and |AF.o,.....a| for five devices with
either or both of which may give highly erroneous results. different output return loss. Solid line: classical. Dashed line: corrected.

A precise application of the Y-factor method, suitable for

low-gain, highly mismatched devices, would also need the evgljres of the five passive devices have already been determined
uation of the termFrec(Fou.t) in the second-stage cor'rectionfrom the measured-parameters. Fig. 7 ShOWS Flyassicall

(9). To do so, the four noise parameters of the receiver Mygiq|A F,,,....q| as a function of the device output return loss.
be known or determined at a previous stage, sofhal(lout)  As expected, both errors dramatically increase as the device
can be computed from (6). output match worsens. It is important to note that, since the
gain of these passive devices is lower than unity, the mismatch
errors are significantly higher. Nevertheless, for this series
of experiments, results were always better with the classical

The results presented in the previous analysis have been —q‘éctor technique, confirming that there is no general benefit

ified with experimental data. The two Y-factor techniques have . . . .
X L . . ~‘gained by using the available gain to correct the results when
been applied to the noise figure measurement of five passweﬁ] -

. . 7 .The DUT output return loss is high. In addition, the experiments
vices, each one having a different output match. These device o .
) . . . . ielded similar outcomes regardless of any additional cable
are built up combining a pad with different output mismatc

blocks. Note that passive devices are selected for this expe‘?pgth (phase shift) added to the devices.

ment since their “true” noise figure can be calculated analyti-
cally fromtheS-parameters (for passive devices the noise figure
is the inverse of the available gain). As a first step, fhpa- The impact of DUT mismatch effects on the accuracy in
rameters of each device are measured at 1 GHz with a veatoise figure evaluation has been investigated for two different
network analyzer. The resulting available gain and noise figuré;factor-based techniques: the classical Y-factor technique,
computed from th&-parameters, are listed in Table II. where only noise power measurements are involved, and the
Then, the noise figures of the five devices were measuredcatrected Y-factor technique, in which DUF-parameters
1 GHz through both the classical and corrected Y-factor techre also measured in order to compute the DUT available
nigues using a specific in-house noise-meter receiver withgain. It has been shown that significant errors are provided
noise figure of 4.1 dB and the HP 346B noise source. Note that the two techniques when analyzing low-gain mismatched
the available gain calculated from tiseparameters (Table II) devices. These errors are mainly related to the neglect of the
was used in the computation of the corrected Y-factor. DUT mismatch effect on the noise figure of the noise-meter
The errors associated with each technigd(,ssica; and receiver. Moreover, results showed that, in general, the use of
AF.recteq) Can be easily obtained since the “true” noiséhe available gain instead of insertion gain does not necessarily

DUT Output return loss (dB)

VI. EXPERIMENTAL DATA

VII. CONCLUSION
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ensure a more accurate result for high values of DUT outg
return losses. Errors from both techniques are strong functig
of the receiver and DUT characteristics.
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