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Evaluation of noise parameter characterization methods
for radio frequency integrated circuit (RFIC) device
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This study evaluates several tuner-less noise parameter characterization methods. The theory, equation, and procedure are
described in detail as implemented in this study. The tuner-less noise parameter characterization methods are classified
into three categories: noise power, direct, and multiple source impedance methods. Comparison of the conventional noise
parameter characterization method with the three categories is performed in terms of the measurement setup and
procedure. The advantage of each method over the other is also highlighted. The objective of this work is to provide an
overview in choosing the best method for the noise characterization based on available resources. In addition, from the
comprehensive theory, equation, and procedure as given in this paper, an in-depth knowledge about the accurate tuner-

less noise characterization methods can be acquired.
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1. Introduction

The noise performance of a receiver in a wireless
communication system largely depends on the low-noise
amplifier (LNA), as LNA is the first component in the
receiver path [1]. The remarkable progress in the recent
device technology creates a strong demand for accurate
noise characterization [2]. To achieve the objective,
determination of four noise parameters is required, which
are deduced from noise figure (NF) behavior with
variations of source impedance (Zs), source admittance
(Ys), or source reflection coefficient (/). These variations
are usually accomplished using a tuner. NF is measured
for each of these variations in order to acquire several
noise equations, where by solving these equations yield
the noise parameter [3]. At least four NF measured at
different Zg, Ys, or I are required to extract all the four
noise parameters. However, more than four measurements
are usually performed to improve the accuracy and for
averaging purposes [4]. The implementation of this
method actually suffers from a few constraints due to high
cost of the tuner, complicated setup and procedure, time-
consuming calibration, and long measurement period,
which motivate researchers to explore an alternative
methods for the noise parameter characterization [5].

Several groups have presented their respective
approaches to characterize the noise parameter over time.
The methods can be summarized into three: noise
parameter characterization based on the noise power,
direct approach, and multiple source impedance methods.
For the noise power method, a signal flow diagram is
required to represent the whole measurement setup. The
signal flow diagram is drawn in accordance to the signal
waves that flow through out the setup. In the noise power

method, the available noise power is measured together
and without a device under test (DUT) [6,7]. Then, several
equations are derived from the signal flow diagram and the
noise power measurement. This will finally lead to the
noise parameter [8,9]. The second category involves the
direct approach for noise parameter characterization by
calculating the noise parameter directly from noise
correlation matrix [10,11]. This method requires S-
parameter and NF data measured on the basis of the
system impedance for the instruments used, where the
commonly known system impedance for the radio
frequency integrated circuit (RFIC) is 50 Q [5,12-15]. No
variation to the source condition is required. Small signal
and noise equivalent model that describes the noise
behavior of the DUT is utilized [16,17]. The third category
of noise parameter characterization is based on multiple
source impedance, where it is almost similar to the tuner-
based extraction system except for the absence of tuner
[3,18,19]. The multiple source impedance method relies on
the principle of producing several noise equations, which
are obtained from the NF measurement performed under
different source conditions [20-23]. However, instead of
using a tuner, other mechanisms that can alter and vary the
source conditions are implemented. The data produced are
usually compressed to a minimum because the number of
different Z, Y5, and /g generated is not equal to that using
the tuner but is adequate for the extraction of the noise
parameter.

This study evaluates all the three tuner-less noise
parameter characterization methods from the perspectives
of the theory, equation, and procedure. The motivations
for this review is to collect, evaluate, and compare the
three categories with the conventional method. This study
will also provide an overview on which method would be
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suitable for certain measurement conditions assuming that
all methods produce accurate results. This paper is
organized as follows: Section Il gives an overview of
general noise parameter characterization. Section Il
discusses detailed procedure for all the three categories.
Section IV discusses on the advantage and disadvantage of
the three methods and finally, Section V presents the
summary and conclusion. Additionally, appendix is given
in Section VI.

2. Principle of noise parameter
characterization

The general noise parameter characterization setup is
shown in Fig. 1. Theoretically, NF is known as the
parameter that characterizes the ability of a device to
process a low-level signal [24]. On the other hand, the
noise parameter explains how NF varies with Zg, Y, and
T Various equations of noise parameter exist, and they
are formulated in (1)-(4) [25]. NF is the numerical ratio of
the noise factor (F), where NF is expressed in decibels.
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The four noise parameters are the following:
G, equivalent noise conductance

Fin: minimum NF (measured at Z,,,,)

R, Optimum noise resistance

X, Optimum noise reactance
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The four noise parameters are the following:
N: terminal invariant constant
Fin: minimum NF (measured at Y,,,)
G- Optimum conductance
gp,' optimum susceptance
upt Gopt +]Bapt
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The four noise parameters are the following:
R,: equivalent noise resistance
F,: minimum NF (measured at Y,,,,)
G- Optimum conductance
Upt' optimum susceptance
opt Gupt +JBopt

One common parameter in all the equations is F,,;,,
which can be achieved at the specific point of either Z,,,,
Yopi OF I, R,y G, and N are the scale factors.

Basically from these equations, by introducing a
minimum of four Z, Y, or I at the input stage, four noise
equations can be obtained. The noise parameter is
achieved by resolving the unknown in the equations. To
improve the accuracy, more than four Z, Ys, or Iy are
usually introduced at the input stage, which will create
more equations. Then, the method of least square fit is
applied to extract the noise parameter. In general, noise
parameter measurement setup is as shown in Fig. 1. The
vector network analyzer (VNA) and NF analyzer (NFA)
are used for the S-parameter and NF measurements,
respectively. The semiconductor parameter analyzer
provides voltage supply while simultaneously monitoring
current consumed by the DUT. The switches in the setup
are used to select between the S-parameter and the NF
measurements. The square with the dotted line represents
the accessory used to vary the conditions of the input
stage. Zs, Y5, and 7 are related to one another; thus,
changes in one of these values will affect the others. For
the extraction methods (refer to Appendix 6.1), the least
square method is generally applied [26].
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Fig. 1. General noise parameter characterization setup.

3. Noise parameter characterization

Aside from using a tuner, various groups have
developed a tuner-less method for noise parameter
characterization. The tuner-less method is categorized into
three: noise power, direct, and multiple source impedance
methods.
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3.1 Noise power method

The noise power method relies on the equations
derived from signal flow diagram. The setup is almost
similar to that shown in Fig. 1, however, the accessory at
the input stage is load impedance. Complete setup for the
noise power method is shown in Fig. 2. The setup is
divided into three reference planes: P1, P2, and P3. P1 and
P2 represent the reference plane at the interconnections
between input and output stages with the DUT. P3 is the
reference plane at the interconnection between the input
stage and the load impedance. Signal flow diagram of the
setup is as shown in Fig. 3. Following steps below
described the characterization procedure for noise power
method.

Step 1. For calibration, the connection shown in Fig.
2, is performed. However, the DUT is removed and
replaced with a “THROUGH?’ standard. The ‘“THROUGH’
standard ensures direct interconnection between the input
and output stages. Therefore, the space between planes P1
and P2 in Fig. 3 can be removed. Using the non-touching
loop rule (refer to Appendix 6.2), the power wave equation
b seen from the NFA is derived as [8],
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Fig. 2. Noise parameter characterization based on the
noise power method.
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Fig. 3. Signal flow diagram for the noise parameter
characterization based on the noise power method.
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where the power obtained from NFA is defined as [8],

N =(b.b*) . (6)

Therefore [8],
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T is the source temperature. To solve the unknowns in (7),
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m1 to m5 represent the different 7 introduced. N, to Nsare
the noise power measured under different /5. 7gto Iigare
the first to fifth /%, whereas /7; to 75, are the first to fifth
I;. I} is the load reflection coefficient, where it is usually
measured at the output stage.

Step 2. For Is, the noise source is connected to the
switch. The noise source is turned ‘ON’ and /5 and 77,
are measured to solve (8).

Step 3: For the second to fifth conditions of 7y and 77,
the noise source is replaced with the load impedance
(‘OPEN’, ‘SHORT’, °‘OPEN’ attenuator, ‘SHORT’
attenuator). Step 2 is repeated for the second to the fifth
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conditions of 7. Based on (7), (8) and (1), the following
equation is derive [8],

F, =
1+ , (10)
r
2‘ ‘ +X3+2Re((X4+jX5)S J
‘l r,r ‘ 1-I,r,
\F \
X,T
where F, represents the NF during the calibration.

Comparing (10) and (1) yields [8],
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Once (12) is resolved, noise parameter of the bench
can be obtained using (11).

Step 4: The ‘“THROUGH?’ standards are replaced with
the DUT. Steps 1-3 are repeated to obtain the noise
parameter of the DUT and the bench. Using the data from
calibration procedure enables extraction of the DUT noise
parameters.

The above method assumes that the effects of the
input and output stages are subtracted before the
measurement is done. This requires another complicated
technique. In [6] and [7], the authors proposed a different
approach to subtract the input and output stage effects by
including them in the derivation of the signal flow
diagram. The effects of the input and output stages are
defined as attenuation o and electrical delay, t. Then,
instead of using the extraction method described in (10),
(11) and (12), they used the time-domain approach by
solving o and t in the noise equation.

3.2 Direct method

Gao et al. introduced the direct noise parameter
measurement that involves knowledge of the small signal
equivalent circuit and the noise correlation matrix of the
DUT [16], [17]. For case study, all noise sources from the
equivalent circuit model, which is pseudormorphic high
electron-mobility transistors (pHEMT) are identified and
equations for the noise parameter are developed as,

Foin=1+K o
G =K.0
K (13)
Bapt =K,
R =K,

K3 K¢, Kp, and K are the fitting factors used for iteration
purposes, whereas F',;,, Gy, B’y and R', are the initial
noise parameters, which are utilized during the iterative
calculations to extract the actual noise parameters. w is the
angular frequency. These fitting factors can be determined
from the NF equation in the 50-Q system impedance,
expressed as

(14)

R,
0 =1+R G+, opi
G()

R’, in (14) is frequency independent, in contrast to
frequency-dependent Y,,,. Therefore, at w = 0, (14) can be
written as,

FIO-14R G, (15)

where G, =20mS at 50-Q system impedance. Once R, is
known, Y, can be determined from

in =1+ 2RnG0pt . (16)

The initial noise parameter from (14), (15) and (16)

are substituted to (13). NF is calculated based on the

fitting factors and noise correlation matrix. At the same

time, the NF of the DUT is measured, and the difference

between the calculation and measurement is noted. The

fitting factors are updated accordingly until the difference
is not too large.

3.3 Noise parameter characterization based on
multiple source impedance method

The multiple source impedance method relies on
assumption that the NF result is dependent on the input
impedance. From (1) to (4), the changes in the input
impedance lead to several NF equations with the noise
parameter as the unknown. Certain approaches are
available to vary the input impedance, and generally, a
tuner is used.

Tiemeijer et al. proposed different solutions instead of
using a tuner [19]. Their method incorporated a coupler to
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interconnect between the measurement system and three
selectable impedance standards, as shown in Fig. 4. In
addition, they also improved the currently available NF
measurement technique, which is based on the y-factor
method (refer to Appendix 6.3). Reason for the
improvement is that the noise source admittance is not
necessarily the same for the ‘HOT’ and ‘COLD’ states.
‘HOT’ refers to the case when the noise source is turned
‘ON’, whereas ‘COLD’ refers to that when the noise
source is turned ‘OFF’. Therefore, the NF measurement
for the noise parameter characterization must be corrected
so that difference between the ‘HOT’ and ‘COLD’
admittances can be eliminated. The method starts by first,
adopting the y-factor equation [19],

_ kT,BG,,(F, ~1)+kT,BG,
~ kT,BG,.(Fp~1)+KT.BG,

A7)

where Gy, G¢, Ty, and T are the gain and temperature
measured during the ‘HOT’ and ‘COLD’ states,
respectively. The effective yp-factor (Y’), used to
incorporate changes in the device gain during the ‘HOT’
and ‘COLD?’ states from (17) can be written as [19],
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Equation (18) is then rearranged to [19],
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where,

T,

o

T, -T . (T.-T
ENR'=-11 ”—Y[C ] (20)

o

‘ENR™ is the effective excess noise ratio (ENR) that
includes the effect of admittance changes between the
‘HOT’ and ‘COLD’ states. Based on (40) and (19), when
(20) is substituted into (4), the NF equation becomes [19],

FC'H:%:

F Y' ‘YC_Yapl2 1 ‘YC_Yoplz ’(21)
-+ R - -

mneey o1 Re(Yc) Y -1 Re(Yc)

where Y, Yy, and Y,,, are the source admittance at the
‘COLD’, ‘HOT’, and optimum states, respectively. To
resolve the noise parameter, (21) is linearized by variable
substitution [19],

F= X+ ayXy +axXa +ayX, , 22)
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Fig. 4. Noise parameter characterization system for the
multiple source impedance method.

where, using partial fraction,

R N
1Y -1Re(Y.) ¥ -1Re(Y,)
YC)+ 2 Im(Y,)
Y.) Y -1Re(Y,) - (23)

oy Im
Y -1Re

a,

| —

= YI +
Y -1Re(Y,)

[EY

-1 1
Y —1Re(Y,

)

a3
a,=1
The partial fraction is obtained by assuming that
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Equation (24), which yields the noise parameter, is
resolved by having several data sets from (22).

The first step in this method is to measure Yy, Y, T¢
Y, NF, Gy, and G These parameters must be measured
under three impedance standards, namely, ‘OPEN,’
‘SHORT,” and ‘LOAD’ and under three closely spaced
adjacent frequencies. The procedure is performed based on
the assumption that the reflection coefficient and NF will
vary proportionally and accordingly under the three
closely spaced adjacent frequencies.

Yy, Yo, Gy, and G¢ can be obtained by measuring the
S-parameter of the input and output stages, together with
the S-parameter of the DUT. The measurement setup for
both the input and output stages are shown in Fig. 5.
Because both input and output stages consist of
asymmetrical connector ends, the one-port S-parameter
measurement must be employed, where the procedures are
discussed in [27]. The one-port S-parameter measurement
must be done for three impedance standards and under
three adjacent frequencies. The NFA and noise source are
included in the setup to create the ‘HOT’” and ‘COLD’
states, as shown in Fig. 5. From the S-parameter of the
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input stage, the source admittance can be obtained using
[28],

Yo lY =(1+Szz)(1‘311)+512S21 (25)
B (14 8,) (1= S0 ) + 81585,

NF is measured using the measurement setup shown
in Fig. 4, whereas the Y-factor can be obtained from [29],

y=_fHENR (26)

F+7TC_T"
T

Tc in (19) is measured by connecting the noise source
directly to the NFA, as shown in Fig. 6.

In addition to the impedance standard, the variation in
the input impedance can be realized using a phase shifter
[3]. The phase shifter alters the phase of the propagating
signal at the input stage, thus changing Z, Ys, or 7§ The
phase shifter design was proposed by Gu et al. and is
shown in Fig. 7 [3]. The phase shifter designed almost
similar to the coupler. However, the isolated port is
terminated at the OPEN state. A varactor is added to tune
the capacitor values, which then provide the phase
difference. The phase shifter designed by Gu et al. was
fabricated on a printed circuit board (PCB) and has a small
footprint. Another method of varying the input impedance
was proposed by Hu et al., which utilized a mismatched
circuit that provided the impedance difference [30].

Vector Network
Calibration | A ecA(E‘alyeZsror B || Calibration
standard (Open, | standard (Open,
Short, Load) | Short, Load)
T Coupler)
Input — Output
stage A B’|| stage
Y
INEE 2| Noise Figure
Sl 8
#A|O]=] _ Analyzer

¢

R OO 00 /

Fig. 5. Measurement setup for both the input and output
stages.

Noise Figure Analyzer
A

Fig. 6. Measurement setup for T¢ in three impedance
standards and under three closely spaced frequencies.

The mismatched circuit can be fabricated on the PCB
and has a small footprint.

90 degree hybrid
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Thru 'I |
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Input port
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|
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Fig. 7. Schematic of phase shifter for noise parameter
measurement.

4. Discussion

The first category of noise parameter characterization
does not require any NF measurement, in contras to the
second and third categories. Only the power measurement
is involved. Basically, two methods are available to
perform the NF measurement, which are known as the
‘COLD’ and y-factor measurements. ‘COLD’ is a passive
measurement, where the noise source is turned ‘OFF’
during the operation. The y-factor measurement is a
combination of the ‘HOT” and ‘COLD’. The noise source
produces a thermal noise during the ‘COLD’ state and a
large amount of noise during the ‘HOT’ state. Most
literature claims that the ‘COLD’ measurement is more
accurate than the y-factor measurement because in the
‘COLD’ measurement, the admittance of the source is
standardized throughout the measurement and will not
jeopardize the result. However, Tiemeijer et al. has shown
that the changes in the admittance for the y-factor method
can be corrected [19]. Depending on one’s convenience,
both methods can be used.

The measurement setup for all the three categories
adopts almost similar setup as shown in Fig. 1, except for
the use of different accessories at the input stage.

4.1 Noise parameter characterization based on the
noise power method

The advantage of the noise power method over the
others is that the noise performance of the DUT can be
measured without using the NFA. This method requires
only a power measurement where the spectrum analyzer or
PM can be used instead of the NFA. The result is almost
identical to the expected result. Although ripples are
visible on the result, averaging can solve the problem. The
only external knowledge required to perform the
measurement using the noise power method is the non-
touching loop rule, which is explained briefly in Appendix
6.2. The non-touching loop rule is needed to derive the
noise equations from the signal flow diagram. The setup
for the noise power method utilizes noise source and four
load impedances as an accessory to vary the source
impedance. The noise source can be operated
independently without the NFA, where it can be turned on
using a normal power supply.
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4.2 Noise parameter characterization based on
direct method

The direct method only requires a general NF
measurement. However, it needs the knowledge of the
small signal equivalent circuit model to derive a set of
expressions for the noise parameter in (13). These
expressions are different, depending on the chosen model.
Therefore, before starts the measurement, all the noise
sources of the DUT must be listed according to the
equivalent circuit so that the expression of the noise
parameter can be derived. In terms of the measurement
results, the direct measurement method yields smoother
results compared with the noise power method. This
method does not need any other accessory to be included
in the measurement setup, as shown in Fig. 1.

4.3 Noise parameter characterization based on
multiple source impedance method

The multiple source impedance is almost similar to
the conventional method except that tuner is replaced with
typical impedance standards. These impedance standards
minimize the amount of NF measurement, resulting
simpler extraction. Even though the method described in
this paper requires nine sets of equations, another study
proved that four equations are adequate [18]. The only
constraint in making the measurement using this method is
in understanding the extraction part, which requires strong
mathematical skills.

5. Conclusions

We have reviewed the noise parameter
characterization methods where the tuner-less procedure
was focused. The reviewed methods were divided into
three categories: noise power, direct, and multiple source
impedance methods. For the noise power method, no noise
measurement is involved, which makes it perfect when
NFA is not available. The direct method requires
derivation of a small signal noise equivalent model in
order to acquire sets of noise expression, and no variation
in the source condition is required. Finally, the multiple
source impedance method employs an almost similar
procedure as that of the tuner-based method. The only
difference is that the number of different source
impedance introduced at the input stage is compressed to a
minimum but is adequate for noise parameter extraction.

6. Appendix

6.1 Least squares method

Least squares method gives the minimum sum of the
square deviations from the measured values using the
approximation curve y = f(x) [26].

E:iyi—f(xi)‘z
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where y; is set of measured data. Equation (4) is rearranged
to,
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Further modification yields a set of four linearized
equations, i.e.,

AAy+BA, +C.Az+D.Ay, = A

A Ay + B.Ayy + C.Ayy + D.Ayy = Ags
A Ay + B Agy + C.Agy + D.Agy = Ags
A Ay +B.Ayp +C A+ D. Ay = Ays

(34)

Because Ay, to Ay are the same, the (35) can be used
to solve (34). Substitution of the A, B, C, and D results
from (31) to (34) lead to the noise parameter data.

6.2 Non-touching loop rule

The non-touching loop rule provides solution to
derive an equation from the signal flow graph. The
solution

n n BZ_
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i=1 =1 Si
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T (ratio of the output variable to the input variable) is
defined as [31]:
2Ty
k

r=to— (36)

where, A = 1 - ¥ (all individual loop gains) + X (loop gain
products of all possible combinations of two non-touching
loops) - X (loop gain products of all possible combinations
of three non-touching loops) + ..., and A is the value of A
not touching the kth forward path.

6.3 Y-factor method
NF is a measure of the noise generated by the

electronic device. The noise factor (F) is the numerical
ratio of NF, where NF is expressed in decibels. The NF for

a two-port device can be defined as the ratio of the signal-
to-noise power at the input to the ratio of the signal-to-
noise power at the output and is given as [19],

oSN
S,IN,

@37)

where S; and S, are the available signal power at the input
and output of a device, whereas ; and N, are the available
noise power at the input and output of a device,
respectively. N; is referred as k7,B, where k is the
Boltzmann constant, 7, is the temperature, and B is the
bandwidth. N, is related to N; through

N, =N, +GN, , (38)

where N, is the noise added by a device during the noise
measurement and G is the gain of the device. The most
popular method of measuring the NF is based on the Y-
factor method. Through the Y-factor, two states of
available noise power are stimulated for the device, which
are the ambient thermal noise during the COLD state and
the large amount of noise power during the HOT state.
The Y-factor is described as

_Nu

Y =
NC

, (39)

where Ny and N refer to the available noise power
measured at the output of the device during the HOT and
COLD states, respectively. Based on the Y-factor, NF is
obtained through

P ENR ’
Y-1
where ENR is the ENR generated by NFA. NF is usually

indicated as the parameter that determines the ability of a
receiver to process low-level signals.

(40)
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