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Abstract

Differential circuits have major advantages over single-ended circuits regarding
immunity to common-mode noise, double voltage swing and reduction of even-
order distortion. Their wide proliferation creates a need for the development of
functional techniques for differential noise figure measurement. Chapter 1 shows
that the noise figure of a 4-port circuit depends on the correlation of the noise waves
at the output ports. However, no standard equipment is capable of measuring
directly this correlation. Chapter 2 proposes an original technique for measuring
the correlation of output noise waves. It makes use of a hybrid coupler connected
to the differential DUT. The correlation is determined by using two configurations
of connection between the DUT and the coupler. A rigorous and general technique
for the noise figure measurement of differential amplifiers is developed from this
approach. Chapter 3 proposes an original approach where no extra coupler is
required. A study of the structure of a differential amplifier is performed where an
expression of the correlation is calculated in terms of output noise powers and of
the 4-port S-parameters. A fast and functional measurement technique using this
method is developed on a 4-port network analyzer. This coupler-free approach
is extended to the measurement of the noise parameters of differential amplifiers.
The noise parameters are determined from differential source-pull measurements
using a differential impedance tuner. This is, to the best of our knowledge, the

first coupler-free technique developed for measuring differential noise parameters.

Keywords

Noise figure, measurement, differential, network analyzer, correlation, noise waves,

low noise amplifier, mixed-mode, tuner, coupler
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Résumé

Les circuits différentiels présentent de nombreux avantages par rapport aux cir-
cuits 2-ports classiques en termes d’immunité contre les bruits de mode commun,
de tensions de sortie doublées et de réduction de distorsion d’ordre pair. Leur
usage répandu crée une demande pour le développement de nouvelles techniques
de mesures du facteur de bruit différentiel. Le chapitre 1 démontre que le fac-
teur de bruit est fonction de la corrélation des ondes de bruit en sortie du circuit
différentiel. Il n’existe toutefois aucun appareil capable de mesurer directement
cette corrélation. Le chapitre 2 présente une technique originale pour mesurer
cette corrélation. Elle utilise un coupleur hybride connecté aux ports de sortie
du circuit différentiel selon 2 configurations de connexion. Cette approche per-
met de mesurer rigoureusement le facteur de bruit de tous types d’amplificateurs
différentiels. Le chapitre 3 propose une technique pour mesurer la corrélation sans
utiliser de coupleurs. Une étude de la structure différentielle permet de trouver
une expression de la corrélation en fonction des puissances de bruit en sortie et
des parametres S. Une technique rapide et fonctionnelle est ainsi développée sur
un analyseur de réseau 4-port pour mesurer le facteur de bruit d’'un amplificateur
différentiel. Cette approche sans coupleur est étendue a la mesure des parametres
de bruit d’'un amplificateur différentiel. L’extraction des 4 parametres de bruit
se fait grace a la méthode des impédances multiples en utilisant un synthétiseur
différentiel d’impédance. Ce travail présente pour la premiere fois une technique

sans coupleur pour la mesure des parametres de bruit différentiels.

Mots clés

Facteur de bruit, mesure, différentiel, analyseur de réseau, corrélation, ondes de

bruit, amplificateur faible bruit, modes mixtes, synthétiseur d’'impédance, coupleur
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“Distinguishing the signal from the noise requires both scientific knowledge and

self-knowledge.”

Nate Silver
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General Introduction

The demand for electronic devices with higher linearity, higher dynamic range
and lower noise specifications requires the development of novel architectures of
electronic circuits. Components with differential architecture are more and more
replacing traditional single-ended circuits in many wireless system applications.
The signals in differential circuits are represented by the difference of two voltages
rather than a single voltage to ground as in the single-ended circuits. This property
offers several important advantages to differential circuits over single-ended ones.
They offer a better immunity to common-mode noise and interference. In addition,
the phase difference between the outputs of a differential circuit enables the voltage
swing to be twice that in single-ended operation. This is particularly interesting
for integrated circuits that can only cope with low supply voltages. Moreover,

differential circuits have also the ability to reduce even-order distortion.

The wide proliferation of differential circuits in radio-frequency and other high-
frequency applications creates an important demand for the development of mea-
surement techniques of these circuits. It is nowadays possible to characterize the
small-signal behavior of differential circuits using conventional network analyzers.
Performance figures of merits, such as differential gain and common-mode rejection

are commonly measured using the mixed-mode scattering parameters.

In contrast, the noise characterization of these circuits remains a challenging sub-
ject. Accurate noise measurements are difficult due to the low levels of powers
involved. The powers to be measured are often at the femtowatt level or even
below. But more particularly, the noise characterization of differential circuits
is challenging due to correlated output noises. Indeed, the noises generated at
the two output ports of a differential circuit are often correlated and bring some

complications when noise performance is measured.

© 2015 Tous droits réservés. doc.univ-lille1.fr
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General Introduction 2

One important figure of merit for noise performance is the noise figure, which
describes the amount of excess noise present in a circuit or system. The noise
figure of a differential circuit depends on the output noise powers but also on
the correlation of the output noises. The issue about differential noise figure
concerns mainly the measurement of this correlation. No commercially-available
equipment is capable so far to measure directly the correlation of output noises.
The correlation is a complex term which depends on the real and imaginary of the
output noise waves. Modern equipment are capable of measuring the magnitude

of a noise wave but not its real or imaginary part.

In literature, the subject of differential noise figure has been dealt with by by-
passing the measurement of the correlation. The classical method for the noise
figure measurement of a differential circuit consists of embedding the latter be-
tween two hybrid 180° couplers. This technique allows to characterize differentially

the circuit without measuring the correlation.

The purpose of this work is to develop advanced methods for the measurement
of the noise wave correlation at the output ports of differential circuits. These
methods will serve for the development of accurate and functional techniques for

the noise figure and noise parameters measurements of differential circuits.

This work is divided into three chapters. In Chapter 1, an expression of differential
noise figure is determined in terms of the correlation of the output noise waves.
All the basic concepts that are necessary for the determination of the differential
noise figure will be discussed. Electronic noise and the conventional techniques
for the noise characterization of single-ended circuits are firstly presented. This
knowledge is then extended to differential circuits where mixed-mode S-parameters
and the four-port noise formalism are described and used to define the noise figure

of differential amplifiers.

Chapter 2 presents a technique for determining the correlation of the noise waves at
the output ports of a differential amplifier (dA). A non-ideal 180° hybrid coupler is
connected to the output ports of the dA according to two different configurations.

This two-configuration approach allows a rigorous de-embedding of the correlation

© 2015 Tous droits réservés. doc.univ-lille1.fr
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General Introduction 3

by taking into account the amplitude and phase imbalances of the coupler. The
calculations for extracting the correlation will be firstly described. This theoretical
work is then validated by simulation results of a dA. And, based on the calcula-
tions, a general technique will be developed for the noise figure measurement of

all sorts of differential amplifiers.

Chapter 3 presents an original technique for measuring the correlation of output
noise waves without using any coupler. It is demonstrated that, for a conventional
dA, the correlation can be determined in terms of input-referred noise powers and
the 4-port S-parameters of the dA. This approach allows fast measurements of
the differential noise figure without the need for couplers that require complicated
de-embedding procedures. The calculations for determining the correlation will be
described and validated by simulations. A fast and functional procedure will then

be developed for the noise figure measurement of a differential low noise amplifier

(dLNA).

This coupler-free approach will be extended in the second part of Chapter 3 to
the measurement of the noise parameters of differential amplifiers. These noise
parameters are important figures of merit as they allow the determination of dif-
ferential noise figure for arbitrary impedances presented to the dA. The approach
is based on differential source-pull measurements using a differential impedance
tuner. The equations required for extraction of the noise parameters from the
source-pull measurements will be described and verified by simulations. An origi-

nal coupler-free technique is then developed for the noise parameters measurement

of a dLNA.
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Chapter 1

Differential Noise Figure

1.1 Introduction

This chapter describes the basic concepts necessary for the determination of the
noise figure of differential circuits. It serves as a theoretical groundwork for the
development of the measurement techniques of Chapters 2 and 3. The first section
of Chapter 1 presents the different types of noise in electronic devices. The defini-
tion of two-port noise figure is reminded in section 1.3 and the existing techniques
(Y-factor and cold source methods) for noise figure measurement of two-port de-
vices are presented in section 1.4. Noise parameters are introduced in section 1.5
and their measurement technique using an impedance tuner is described in sec-
tion 1.6. The concept of noise waves is then developed in section 1.7 where the
noise waves are defined as random variables and represented for two-port circuits.
The knowledge of the noise characterization of two-port circuits presented in the
first sections is extended in section 1.8 to four-port circuits. The noise figure of
differential circuits is then determined using the noise-wave formalism and the

mixed-mode scattering parameters.

© 2015 Tous droits réservés. doc.univ-lille1.fr
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1.2 Definition of noise in electronics

In common language, noise refers to a loud, unpleasant or disturbing sound. In
modern communications, noise is used to designate, not sound itself, but the per-
turbations that caused undesired sounds to appear at the output of a telephone
system, for example. In electronics, noise refers more generally to the spontaneous
fluctuations in current, voltage and temperature in a circuit [1]. Before describing
the specific types of noise that are present in electronic systems, some common
concepts need to be addressed. First, an electronic system has multiple sources
of noise, both internal and external. On one side, ‘Internal’ (or intrinsic) refers to
sources that constitute the circuit (resistors, amplifiers, transistors, etc.). On the
other side, ‘External’ refers for example to noise from ignition, sparks or undesired
pick-up of spurious signals. It concerns also natural electrical disturbances occur-
ring in the atmosphere or electrical noise emanating from the sun. Such external

noise problems are resolved by techniques like relocation, filtering and shielding.

For the purpose of this thesis, only internal noises are considered. There are 4
main types of intrinsic noise sources related to electronic devices: thermal, shot,

generation-recombination and flicker noise sources.

1.2.1 Thermal noise

Thermal noise, also referred as Johnson-Nyquist noise, is the most common noise
source in electronics and it is present in all conductors. It is generated by the
random thermal motion of charge carriers (usually electrons) inside an electrical
conductor, as described by J.B. Johnson in 1927 [2]. H. Nyquist established a
relation [3] for the mean square voltage €2 due to the thermal agitation in a

conductor of pure resistance R as:

€2 = 4kTRAf (1.1)

© 2015 Tous droits réservés. doc.univ-lille1.fr
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where k is Boltzmann’s constant (1.38 107?* joules/Kelvin). T is absolute tem-

perature in Kelvins. Af is the bandwidth in Hertz.

In another formulation, the available thermal noise power, P,, is given by:
P, = kTAf (1.2)

Thermal noise is considered as white, meaning that it is spectrally uniform or flat.
Said another way, the noise spectral density is constant throughout the frequency

spectrum. !

1.2.2 Shot noise

Shot noise is caused by the random, quantized nature of current flow [4]. Indeed,
current flow is not a continuous flow of electrons, it is rather a discrete flow of
electrons with random spacing. This noise current occurs in components such as
vacuum Tubes, Schottky-barrier diodes, p-n junctions and bipolar transistors [1].
The mean-square current due to shot noise current, E, is given by the Schottky

formula [4]:

i2 = 2qIAf (1.3)

where q is the charge of an electron and I is the DC current. And like thermal

noise, the noise power resulting from shot noise is proportional to the bandwidth.

1.2.3 Generation-recombination noise

Generation-recombination noise, or G-R noise, is caused by the fluctuation of the
generation and recombination of carriers in semiconductor [5]. These fluctuations
cause the number of free carrier to vary, thereby leading to random variations in

conductivity that manifest as noise. The spectral response of G-R noise is almost

LAt low temperatures or at very high frequencies, for instance in the teraherz bandwidth,
the available thermal noise power may not be constant. Quantum correction may cause P,, to
diminish. Nevertheless, most modern electronic components have a limited frequency bandwidth,
for which thermal noise can be considered as ‘white’.
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uniform up to a frequency determined by the lifetime of the carriers. In most RF

circuits, G-R is negligible compared to the other sources of noise.

1.2.4 Flicker noise

Flicker noise is observed in any circuit with DC signals. It appears due to fluc-
tuating configurations of defects in metals, fluctuating occupancies of traps in
semiconductors, fluctuating domain structures in magnetic materials, etc [6]. Its
spectrum density is inversely proportional to the frequency and it is often called
1/f noise. It is commonly neglected at microwave frequencies in linear circuits

such as low noise amplifiers.

The typical power spectral density of electronic components has the shape illus-

trated in Fig. 1.1:

Noise
Spectral Flicker
Density +
G-R noises
Thermal
White noises: +
Shot
Low frequencies 1 MHZ High frequencies

FIGURE 1.1: Schematic of a noise spectral density showing flicker, G-R, shot
and thermal noise sources at increasing frequencies

In the next chapters high frequency and linear systems will be dealt with. Con-
sequently, only the white noises will be considered as the contributions of flicker

and G-R noises are negligible.

1.3 Noise figure

Electronic systems often have to deal with low-level signals which are difficult
to extract in the presence of noise. Parameters such as sensitivity, bit error ratio

(BER) and noise figure are used to measure the ability to process low-level signals.
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Noise figure (NF) is particularly interesting as it is suitable not only for the char-
acterization of the whole system, but also for the characterization of components
that form the system. These components can be pre-amplifiers, mixers, IF ampli-
fiers, etc. By controlling their noise figures, the noise figure of the whole system is
controlled. NF is therefore a key parameter that differentiates a component from
another and a system from another. The noise figure of an electronic circuit was
first defined by H.T .Friis [7] as the degradation of the signal-to noise ratio (SNR):
Si/Ni Si/N; _ Na+GN;

- (1.4)

B = 5N, T (@) (Na TGN~ GN,

where S; and N; represent respectively the signal and noise powers available at
the input of the circuit, as shown in Fig. 1.2. .S, and N, represent respectively the
signal and noise powers available at the output. The aspects of available signal and
noise powers are described in Appendix A. G is the available gain of the circuit.

Ny is the circuit intrinsic noise power available at its output.

G,N,

ML 2-port

circuit

So, No
—

FIGURE 1.2: Represention of a noisy 2-port circuit with input and output signal
and noise powers

The degradation of the SNR depends on the temperature of the source impedance.

The noise figure is defined for a standard source temperature of 290K.

An equivalent IEEE definition [8] states that the noise figure is the ratio of the
total available output noise power per unit bandwidth to the portion of the output
noise power that is due to the input noise, evaluated for the case where the input

noise power is kTy with Ty = 290K. Then, equation (1.4) becomes:

F_NA+G/{3TOAf_1+ Ny
N GEToAf N GETyAf

(1.5)
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which is the definition adopted in the following sections. ? Equation (1.5) demon-
strates that the noise figure depends on two parameters: the available gain G and
the intrinsic noise N4 of the circuit. The measurement of the NF requires therefore

the measurement of these 2 parameters.

1.4 Noise figure measurement techniques

There are two main techniques for making noise figure measurements of two-port
devices. The traditional technique is called the Y-factor or hot/cold method. It is
commonly used with a noise figure analyzer or with a signal analyzer. The second
technique is called the cold source or direct-noise method and it is performed using

network analyzers.

1.4.1 Y-factor method

This technique consists of using a noise source that provides two levels of noise
power when it is turned on or off. The noise outputs for these two noise levels
provide the required two points that will be used to solve for G and N4. The
noise source consists of an avalanche diode that generates considerable noise when
reversed biased [9]. A photograph of a broadband calibrated noise source from

Noisecom is shown in Fig. (1.3).

FIGURE 1.3: Noisecom’s broadband calibrated noise source

When the source is on (with the biased diode), it has an available noise power of
ET,Af. T, is the hot noise temperature, it can be as high as 10,000 K. When

the source is off (without bias), it has an available noise power of kT.Af. T, is

2Tt is common in literature to call the quantity F ‘noise factor’ and NF ‘noise figure’ which
represents the noise factor in dB. In this work, the term noise figure is used for both the ‘linear
terms’ and the terms in dB.
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the cold noise temperature, it is equal to the ambient temperature, i.e. close to
Ty = 290K. The noise source has calibrated output noise levels represented the
excess noise ratio (ENR). This ratio is expressed in terms of the hot and cold noise
temperatures as:

Ty—T. Ty

ENR = = — 1.
R T T (1.6)

The noise source is connected to the device under test (DUT) and the output noise
powers are measured with a noise figure analyzer (NFA) or a signal analyzer, as

shown in Fig. (1.4).
Noise Figure Analyzer

B

" Noise source

Ho EED: On
Cold Off

oooo
oo ool

00 oo

© 00

ENR
N2

DUT
N;

F,.G

FIGURE 1.4: Setup for the noise figure measurement using the Y-factor method

The measured noise powers correspond to the noise powers delivered to the 50¢2
port of the NFA. However, in the definition of the noise figure, available noise
powers are required. An available power can be calculated from a delivered power
using the output reflection coefficient of the DUT and the input reflection coeffi-
cient of the NFA, as explained it will be explained in section 1.4.2. For a DUT and
an NFA with matched ports, the available power is equal to the delivered power.
Otherwise, the reflection coefficients are measured using a network analyzer as

described in 1.4.2 and the available power is determined afterwards.

The noise power available at the output of the DUT when the source is turned off
is (assuming T, = Tp):

Ny = GKTyAf + N4 (1.7)

The noise power available at the output of the DUT when the source is turned on
is:

Ny = GET,Af + Ny (1.8)
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As output noise power is linearly proportional to source temperature, N; and N

can be depicted on Fig. (1.5).

Slope = kGAf

Power output (W)

—H————— e —

0 T,
Source temperature (K)

FIGURE 1.5: Output noise powers versus source temperature for a constant
bandwidth

And using (1.6) and (1.8), the hot output noise power is given by:
Ny = GKTy(ENR + 1)Af + Ny (1.9)

The ratio of Ny and N is defined by Y-factor (Y = Ny/Ny).
Using (1.7) and (1.8),

_ GKTy(ENR +1)Af+ Ny

B GET,Af + Ny

. GkTy, ENR Af
GET\Af + Ny

ENR

F

Y

=1+ (1.10)

The noise figure is then determined from ENR and Y as:

ENR
F=—= 111
v 1 (1.11)

This hot/cold method has the advantage of not requiring absolute power calibra-
tions as the approach is based on the measurement of hot power to cold power
ratios. However, the use of a noise source brings some complications. The noise
source calibration (for 7},) is challenging and is performed by only a few metrology

laboratories. Also, the ENR of noise sources tends to deviate, so calibrations need
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to be performed quite regularly. Moreover, the reflection coefficient of the noise
source changes when it is turned on and off. This could lead to measurement
errors, particularly for DUTs with low input return losses [10]. In practice, these
mismatch errors are minimized by connecting an attenuator to the output of the

noise source.

1.4.2 Cold source method

This direct noise measurement method allows the determination of the noise figure
without the use of a calibrated noise source. A simpler and better controlled noise
source, generally a 502 termination at room temperature (cold source) is used. A
source at only one temperature is sufficient for this method as the available gain
of the DUT is measured using a Vector Network Analyzer (VNA). The unknown
term is the noise generated by the DUT. It can also be measured by the VNA.

Fig. 1.6 shows a block diagram of a basic noise measurement setup using a VNA.

Network Analyzer
E BEEE G
Port 1 Port 2
o) @
T, ® [S],F
@W——= DUT

FIGURE 1.6: Setup for the noise figure measurement using the cold source
method

The input port of the DUT is connected to a 50¢2 termination and the output
port is connected to a 502 VNA receiver. The measured output noise power
consists of the noise contributions of the 50€) termination, of the DUT and of the
VNA receiver. The available noise power Ny,  at the output of the whole system

(cascade of the cold source, DUT and the VNA receiver) is given by:

Ngys = (Na + GETGAf)Gree + Nyec (1.12)

where:
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e N, is the available noise power at the output of the DUT due to its intrinsic
noise sources. N4 is the unknown term that needs to be extracted from

(1.12) for the calculation of the noise figure.

e N, is the available noise power at the output of the system, as shown in
Fig. 1.7. In practice, the noise power measured at the output of the system
is the power delivered Ny to a 502 load. Ngys can be expressed in terms
of Nyg, of T',e. the input reflection coefficient of the receiver and of I'g,; the

output reflection coefficient of the DUT as:

Ndell]- - Frecrdut|2

Ns s =
! (1 - |qut|2>(1 - ’FTGCP)
Ny B
= ————— as [, = 0 (matched to 5012) (1.13)
1— |qut|2

For the practical case where the DUT and the receiver are matched to 50€2
(Cgue = 0 and T',.. = 0), the available power is equal to the delivered power
(Nsys = Nager). For a DUT with low output return loss, an isolator or atten-

uator can be used to improve output matching.

G, N,\ Grec , Nrec
500 N, 502
@—— DUT Receiver ——Fw]
1 arC
I:;‘C= 0 I_'r_‘ll.ll rr|9c

F1GURE 1.7: Block diagram of noise measurement setup

e (G is the available gain of the DUT. It is calculated from the S-parameters

as:
G — |521|2(1 - |Fsrc|2)
|]- - Sllrsrc|2(1 - |qut|2)

(1.14)

where I'y,. is the source reflection coefficient presented to the DUT. In the
cold method, a 502 termination (I's,. = 0) is used as source. G simplifies

to:

|Sa1]?
(1= [Tauel?)

And for a DUT with its output port matched to 5092 (I'g,; = 0), the available

G = (1.15)

gain is equal to the insertion gain, i.e. G = |Sy]|?.
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e (... is the available gain of the receiver; it is set generally to 1 by making
a conventional receiver power calibration. Contrary to the hot/cold method
where ratios of noise powers are determined, the cold method requires an
absolute noise power measurement. This absolute power measurement is
carried out after performing power calibration in the receiver plane using
a thermal sensor. A consequence of receiver power calibration is that the
receiver is considered to have unity gain. Receiver power calibrations will be
discussed in Chapter 2. Another consequence is that the intrinsic noise of
the receiver N,.. can be determined directly by connecting a 50§2 match to

the receiver port and measuring the absolute output power.

In a 50€2 environment, (1.12) simplifies to:

Ndel = (NA + ‘S2ly2kTOAf) + Nrec (116)

From (1.16) and (1.4), the noise figure is calculated as:

Ndel - |521‘2kTOAf - Nrec
| So1|2KToA f
o Ndel - Nrec
| So1|2EToA f

F=1+

(1.17)

The noise figure is thereby obtained from the noise power measured at the output

of the DUT and from the latter’s gain.

The cold source method has the advantage of not having to deal with the mis-
matches that a calibrated noise source might bring. It offers also the possibility
of performing both S-parameters and noise figure measurements on a DUT with
a single set of connections, as described in [11]. The differential noise figure tech-

niques developped in the next chapters will make use of the cold source approach.
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1.5 Noise parameters

The previous methods characterize the noise figure at one source impedance, 50€2
in a 50€) environment. However, the noise figure varies with the source impedance
presented to the device. This variation can be expressed in terms of noise pa-
rameters which allow noise characterization for arbitrary source impedances/ad-
mittances. The relation between noise figure and noise parameters [12] is given
by:
R’I’L 2
F:Fmin_l'g‘y:s_}/opA (118)
S

where F),;, is the minimum noise figure obtained when the source admittance
Yo (Ys = G5+ jB;s) is equal to the optimum source admittance Y,y (Yo =
Gopt + jBopt). And R, is the equivalent noise resistance which represents how fast
the noise figure increases as Y, deviates from Y,,. There are therefore 4 noise

parameters Fr,in, I, Gopr and B,y that allow a complete noise characterization.

The noise figure may also be calculated using reflection coefficients instead of

admittance:
4R, I’y — Fopt|2
Zy |1+ Fopt|2(1 — |T]?)

F = Fpn + (1.19)

where I'; is the source reflection coefficient seen by the device. Iy, is the optimum

source reflection coefficient and Z; is the characteristic impedance.
The relation between noise figure and the real and imaginary parts of the source
reflection coefficient is shown graphically in Fig. (1.8).

Noise
Figure

W
ELatt Wb

F1GURE 1.8: 3D representation of noise figure vs. source reflection coefficient
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1.6 Noise parameters measurement technique

The commonly used technique for measuring noise parameters is based on a multi-
impedance approach. In theory, the four parameters are solved by measuring the
noise figure of the device for four different sources impedances. In practice, the
noise figure measurements are sensitive to experimental errors. More than four
source impedances are therefore presented to the device. A least-square algorithm
is then used to reduce the over-determined data and to solve for the noise param-
eters [13]. This classical multi-impedance technique, called source-pull, consists
of connecting an impedance tuner to the input port of the DUT as shown in Fig.

(1.9).

Network Analyzer
Noise Source I_./—I Tuner |—| DUT |—\,_| Noise Figure Analyzer

FI1GURE 1.9: Block diagram of the setup for the determination of the differential
noise parameters from source-pull measurements

For each source impedance presented by the tuner, the noise figure F,,. of the
cascaded system is measured using the classical hot/cold method. The cascaded
system consists of tuner, the DUT and the receiver of the NFA. The noise figure
Fy; of the DUT is extracted using Friis equation [7]:

Fa—1 Free — 1
Fcasc:F;fun+ dut

Giin GG
av Frec - 1
qut = 1 + (Fcasc - Ftun)Gtun - T (120)
dut

where Fj,, is the noise figure of the tuner. The tuner used for source-pull mea-
surement consists generally of only passive components (see Chapter 3 for an
explanation of the architecture of the passive tuner). Its noise figure is therefore

equal to the inverse of the available gain: Fi,, = 1/G¢ with G being calculated

tun tun

from the scattering parameters of the tuner as:

Gw — |S§11”L 2(]‘ - |F87‘C|2)
fun |1 - Sﬁmfsm|2(1 - |Ftun|2)

(1.21)
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where I'y,. and I';,,, are the output reflection coefficients of the source and of the
tuner respectively. These reflection coefficients, as well as the S-parameters, are

measured using a conventional network analyzer.

Fc. is the noise figure of the receiver of the NFA. It depends on the impedance
presented to the NFA. In fact, the NFA sees I'4,; which is the reflection coefficient
at the output of the system ‘Tuner + DUT". So, prior to the noise measurements
of the DUT, the noise parameters of the receiver must be determined. This is
done by connecting the tuner directly to the receiver and performing source-pull

measurements.

This receiver characterization can be simplified by placing an isolator between
the DUT and the receiver. The isolator is used to improve the matching and
therefore to present the same impedance, typically 50€2 to the receiver. This sim-
plicity however comes at a price. An isolator is effective over a limited bandwidth,
thus restricting the bandwidth of measurement. For wideband measurements,

it is therefore necessary to have a set of isolators with covers the measurement

bandwidth.

In Chapter 3, this tuner-based technique will be extended to the measurement of

the noise parameters of differential amplifiers.

1.7 Noise waves

In this work, differential noise figure will be defined in terms of noise waves. A
noise wave formalism will be preferred to the voltage and current representation. A
wave interpretation of noise has advantages for high frequency circuit applications.
The strength of the noise wave representation is that simple relations can often be
found between a circuit’s scattering and noise wave parameters [14]. There exist
nowadays accurate methods for the measurement of scattering parameters which
contribute to accurate noise analysis. Moreover noise waves are numerically stable.

Reflections and resonances are common in high frequency circuits. This may cause
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huge variations in voltage and current quantities. On the contrary, noise waves
quantities have limited range which is useful for example in CAD applications
[15]. The noise wave interpretation has served for several applications since its
introduction by Penfield [16]. In [17], Bosma used noise waves to solve the Haus
and Adler [18] optimum noise performance problem. Hecken [19] has calculated the
noise performance of linear networks through signal-flow theory using noise waves.
In [15], Kanaglekar et al. used the noise wave representation for the development

of CAD programs that compute the noise analysis of multiport networks.

1.7.1 Random variables

Noise waves are continuous-time random variables. A continuous random variable
X is characterized by the values that it can take in the interval [a,b], with each
interval associated with a probability P(a < X < b). This probability is related

to a function f(x) called the probability density function (PDF) as:
b
Pla< X <b) = / f(z) dx (1.22)

This relation suggests that the probability P(a < X < b) is the area under the

density curve between a and b as depicted by Fig. (1.10).

fe)

FIGURE 1.10: Representation of an arbitrary probability density function

Probability density functions are characterized by parameters called moments
which have interesting practical interpretations. The nth moment of a contin-

uous random variable is given by:

X = /OO 2" f(x) dx (1.23)

o0
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The first-order moment is the mean and is defined as:

YZ/Ooxf(m) dx (1.24)

The second-order moment is the ‘mean-square’ calculated as:

X2 = /00 2 f () dx (1.25)

o0

This second-order moment is a measure of the strength of the variable and repre-

sents the expected power.

If we consider two random variables X and Y, the ‘cross’ moment, called correlation
is given by:

XY = //Ooxyf(x,y) dz dy (1.26)

o
When the two random variables X and Y are uncorrelated or independent, XY =

0. In this case:

(X+Y)2=X2+Y24+2XY = X2+ V2 (1.27)

Consequently, for two uncorrelated variables, the quadratic mean of the sum is
equal to the sum of the mean-squares. This definition will be particularly useful

when dealing with uncorrelated noise waves.

Noise waves are defined as stationary and ergodic random variables [14]. A random
variable is stationary if its statistical properties (first and second moment) do not
change over time. And a stationary variable is generally ergodic, i.e. the first and

second order moments are equal to the first and second order time averages:

[e'S) T
X:/OO of () dx:%/o o) dt =< X > (1.28)
ﬁ:/oo z? f(z) dx:%/o 23 (t) dt =< X? > (1.29)

Therefore, for ergodic variables, the second-order moment refers to time-average

power. This definition is particularly interesting as the time-average power of noise
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waves will be used in section 1.8.2 for the determination of the differential noise

figure.

1.7.2 Noise wave representation

In the noise wave representation, a circuit’s noise is described using waves that em-
anate from its ports. A linear two-port represented by noise waves and scattering

parameters is shown in Fig. (1.11) [14].

¢ Cy
A A
a,, M a, a,, I
—2

2-port A2
Po Load

<~— | circuit | —
bl b2

Source

FiGURE 1.11: Noise wave representation of a two-port circuit

The relation between the noise waves and the 2x2 scattering matrix is given by :

by _ S11 Sio ai n 1 (1'30)

by So1 Sz a2 &)
where a; and ay are the incident noise waves, by and b, are the outgoing noise
waves and ¢ and ¢y are the emerging noise waves due to the internal noises of the

two-port.

The incident noise waves can be expressed in terms of the generator waves a; and
ao and of the terminations’ reflection coefficients I'y and I's:
aq CALl Fl 0 b1

= + (1.31)
a9 &2 0 FQ b2

The noise waves are time-varying complex random variables characterized by cor-
relation matrices. In particular, the correlation matrix of the outgoing noise waves

is given by:

B= ' (1.32)
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where the overbar indicates time averaging with assumption of stationary and
ergodicity for the noise waves. The diagonal terms of B, give the noise powers
going out of the two ports. The off-diagonal terms are correlation products of the

emerging noise waves.

This noise wave formalism will be extended in 1.8.2 to four-port circuits in order

to build an expression for noise figure of differential circuits.

1.8 Differential circuits

There is an increase in the use of differential circuits for high-frequency and mi-
crowave applications. Some structures such as many mixers and A/D converters
are naturally balanced thus making circuit design somewhat simpler if all devices
in the chain are balanced [20]. While this trend has begun in the IF sections, it is
propagating up the RF chain and the proper characterization of differential devices
is increasingly important. An example of a basic receiver system with differential

components is shown in Fig. (1.12).

Antenna
Differential
RE Filter ~ Amplifier ~ Mixer IF Filter

/_\ Ir;> ® /_\ A/D etc.

FIGURE 1.12: Receiver architecture with balanced topologies

The advantages of using differential circuits instead of single-ended devices are:

1. They offer a better immunity to common-mode noise and interference. Noise
from power supplies and signals that appear as common-mode are rejected

by differential circuits.

2. The phase difference between the outputs of a differential circuit enables
the voltage swing to be twice that in single-ended (S-E) operation. This is
particularly interesting for integrated circuits that can only cope with low
supply voltages. Indeed, the same signal swing can be obtained using a lower

voltage power supply, with lower dissipation.
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3. The even-order harmonic distortion are reduced.

This work will focus on the noise characterization of differential amplifiers. Fig.
(1.13) shows the photograph of a differential low noise amplifier that will be used
in this work to demonstrate the validity of the proposed measurement techniques.
It is an RF amplifier with a differential gain of more than 10 dB and a differential
noise figure of around 4 dB in the frequency bandwdith of 100MHz to 500 MHz.

RF out +

F1GURE 1.13: Photograph of an RF differential amplifier from Rohde&Schwarz

1.8.1 Mixed-mode scattering parameters

Mixed-mode scattering parameters are used to characterize the small-signal behav-
ior of differential circuits. A method for full mixed-mode DUT characterization
(including differential and common mode as well as conversion from one mode
into the other) has been shown in [21] for the first time. The principle of the
mixed-mode approach consists of considering the 2 input ports of the differential
circuit as 1 balanced port, similarly for the 2 output ports. At each balanced port,
there are both common-mode and differential-mode excitations, as shown in Fig.

(1.14).

b, ®4 © b, by Mixsd- be
— port | —>r = = mode >
a, P ay Ay @ 2-port @ de
b, ® ® b, by b,

FIGURE 1.14: Mixed-mode representation: agqy(2) and by () are the differential-
mode waves and a.(2) and b.y(z) are the common-mode noise waves.
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The common-mode and differential-mode waves are defined from the standard

input and output waves as follows [21]:

a1(3) — d2(4)

Ag1(2) = \/5

Differential mode bi — baa (1.33)
bara) = 1(3) — D24
V2
dro = 1@ a2
c1(2) \/§
Common mode (1.34)

b i) + by
c1(2) = T

These equations allow the conversion of the classical S-parameters to the mixed-

mode S-parameters as follows:

Smm =M- Sstd : Mil (135)

S11 S12 S13 S14

1-10 0
_ 1 loo0o1-1 fae | S21 S22 S23 Sag
where M = V2l lo and Sgeq is: | g1 g7 o g

Sa1 Saz Saz Saa
The 4x4 matrix of mixed-mode S-parameters S, consists of four blocks which
are actually submatrices, as shown below. Sgq corresponds to the four purely
differential S-parameters while S¢. corresponds to the four purely common-mode

parameters. The other two quadrants Sq. and S.q represent the mode-conversion

terms.
Sad1r Sdar2 | Sacr1 Sacr2
DM { } CM to DM
Sada21 Sdd22 | Sac21 Sac22
Scdll ScdlZ Sccll Sccl?
DM to CM { } oM
| Scd?l Scd22 Scch Scc22 i

The differential parameter Sg401 and the mode-conversion parameter Sg.o; will be
used in section 1.8.2 for the calculation of the differential noise figure. They are

calculated in terms of the classical S-parameters using 1.35 as:

1
Sdd21 = 5(531 + Syo — S32 — Sa1)

1
Sdea1 = 5(5'31 — Syg + S32 — S1) (1.36)
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1.8.2 Noise wave formalism for 4-port circuits

The expression of the differential noise figure is determined by using the noise-wave
formalism introduced in 1.7.2 and the mixed-mode S-parameters presented in 1.8.1.
The two-port noise-wave formalism of 1.7.2 is extended to four-port circuits. Fig.
(1.15) shows the noise-wave representation of a 4-port circuit connected to two

sources and two loads.

é1 r1 a ”’ a, r3

o =

o Pla _VM3_

4,1, a 4-port a, r,

. 2
P2 . Da,

FIGURE 1.15: Noise wave formalism for a 4-port circuit, where a; is incident

noise wave at port i, b; is the outgoing noise wave and ¢; is the internal noise

wave. The input ports are connected to 2 sources with generator wave a; and
reflection coeflicient of T;.

The incident noise wave a; is defined as the sum of the generator wave from the

source a; and the reflected wave coming from the 4-port:

a; = a; + I';b; (1.37)
The emerging noise wave b; is defined as:

b; = Sa; + ¢; (1.38)

where S is the 4x4 matrix of standard S-parameters. ¢; is the noise wave emerging
at the output port i produced by the intrinsic noise sources of the 4-port circuit.
Combining (1.37) and (1.38), yields the expression for b; in terms of the generator

waves:

b; = [1 — STy] " [Sa; + ¢ (1.39)
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In the following paragraphs, the terminations will be considered to be reflectionless,
i.e. I'; = 0. This simplification is of some practical use for clarifying the 4-port
noise-figure definition. As it will be explained in the next chapters, measurements
are performed using sources and loads that are well matched. These terminations
have return losses of at least 20dB in the measurement bandwidths. Consequently

the I'; = 0 simplification is accepted.

The noise waves at the output ports of the 4-port connected to reflectionless ter-

minations therefore simplify to:

bg = 331 dl + 532 &2 + C3

b4 = S41 dl -+ 542 &2 +cy (140)

The output return parameters Ss3 and Sy and the output cross parameters S34 and
S43 have been neglected. This works deals with the noise definition of differential
amplifiers. It is admitted that for these particular types of 4-port circuits, these

parameters are negligible compared to the transmission parameters S3;, S32, Sa

and 542.
The output differential-mode noise wave is defined as by = by — by and the input
differential and common-mode noise waves are ag = a1\7_a2 and a. = al\}%@

respectively. An expression of by is calculated in terms of a4 and a.; using the

mixed-mode formalism introduced in section 1.8.1 [22]:
baz = Saaz1 Gar + Sac21 Ge1 + Caz (1.41)

where cgo is the output differential-mode noise wave generated by the internal

noise sources of the circuit.

The input ports of the circuit are connected to two independent sources having
o 12

available noise powers of Nf(g) = &”2
1= |F1(2)|

sidered as reflectionless (|T'y()|* = 0), the noise powers at the input ports of the

= kKToAf. As the sources are con-

circuit are |ay(2)|* = kToA f. The differential-mode noise power at the input of the
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amplifier is therefore given by:

= : (1.42)

And as the 2 input sources are uncorrelated, a, - a5 = 0. So, (1.42) becomes

Q>
Q>

2:\ 1|7 + |ag|?
2

— KToAf (1.43)

|1

Likewise, the common-mode noise power |a.;|? at the input of the circuit is equal

to kTyAf.

The correlation between a4 and a.; is null as:

S L - La—" (1.44)

Consequently, as aq1, G.1 and cgo are all uncorrelated, the differential-mode noise

power at the output of the amplifier can be calculated from (1.41):

|baz|? = (|de21|2 + |Sdc21|2)kT0Af + |ca2|? (1.45)

|bagz2|? consists of two elements. The first one is (|Sggo1]* + [Sac1|?)kToA f which
corresponds to the differential output noise power due to the two uncorrelated
sources. The second one is |cg2|? which corresponds to the differential output

noise power due to the intrinsic noise sources of the circuit.
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1.9 Differential noise figure definition

The differential noise figure (ANF) is defined as the ratio of the total differential-
mode noise at the output to the portion of the differential-mode noise power that

is due to two sources [22] 3:

Faigy = baz]*
v EToAf (|Sadz1]? + [Saca1]?)

(1.46)

This definition of the differential noise figure is an extension of the two-port noise
figure definition given in section 1.3. The expression is valid for a differential

circuit connected to two independent and reflectionless sources.

The issue of differential noise figure is the difficulty of measuring |bg|?. It can be

expressed in terms of the output noise powers |b3|? and |by|? [23]:

|b3]2 + |b4]? — 2%Re(bs - bF)
2

|baz|? = (1.47)

(1.47) is injected in (1.46) to obtain:

b [bsP o bl — 2Re(by - 1)
diff QkTgAf (‘de21’2 + ‘Sd021’2)

(1.48)

This analytical expression of dNF shows that the measurement of the latter re-
quires the determination of the output noise powers W and W and the mixed-
mode gains Sggo1 and Sg.1. These parameters can be measured using standard
equipment such as network analyzers. (1.48) depends also on the term by - b}, which
represents the correlation between the noise waves at the outputs of the differential
amplifier. No standard equipment offers direct solutions for the measurement of

this noise correlation term.

3A similar procedure described in [22] for the determination of the differential noise figure
yielded a same expression.
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1.9.1 Noise wave correlation

The concept of correlation between the output noise waves is crucial in under-

standing the difficulties of differential noise figure measurement.

If the two noises waves b3 and by are fully correlated, they will differ by only a
scaling factor (b3 = a by). Full correlation happens when the noise waves are
generated by the same physical sources. However, if b3 and b, are completely
uncorrelated (or independent), each wave will be random and unrelated to the
other one. For differential amplifiers, the amount of correlation is between these
two extremes. The intrinsic noise sources of the DA contribute to both noise waves
bs and b4 emerging at the two output ports and as a consequence, are correlated.
But these internal sources send noise waves with different magnitude and phase at
the two output ports (which tends away from correlation). bs and b, are therefore

partially correlated and related as:

bs = a by + 7y (1.49)

where a b, represents the fully correlated component and + is the independent one.

Direct measurement of the noise wave correlation is not possible with signal or
network analyzers as the magnitude and phase (also real and imaginary part)
of noise waves are not measurable. This is the main reason why no electronics
company has proposed so far equipment capable of measuring directly the noise

figure of differential circuits.

Traditional equipment cannot characterize noise waves but they can easily measure
noise powers. Chapters 2 and 3 will deal with two different techniques that allow
the determination of the noise wave correlation from measured noise powers at the

output ports of differential amplifiers.
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1.10 Conclusion

The basic concepts required for the calculation of the differential noise figure have
been developed. Electronic noise was firstly presented and the prevalence of white
noises at radio-frequencies was discussed. The classical two-port noise figure and
noise parameters measurement techniques have been presented. This will serve as
groundwork for the development of measurement techniques of differential noise
figure and parameters. An expression of the differential noise figure has been de-
rived using the noise-wave formalism and the mixed-mode scattering parameters.
It has been demonstrated that the differential noise figure depends on the correla-
tion of the noise waves at the output ports of the differential circuit. Chapters 2
and 3 will provide some solutions to evaluate this correlation in order to measure

the noise figure of RF differential amplifiers.
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De-embedding differential noise
figure using the correlation of

output noise waves

2.1 Introduction

This chapter proposes a technique for noise figure measurement of differential
amplifiers (dAs). As explained in Chapter 1, the measurement of the differential
noise figure (ANF) is challenging subject due to the difficulty of measuring the
correlation of output noise powers. In literature, the subject has been dealt for
the first time by connecting the dA to 180° hybrid couplers [24]. This allows
single-ended (S-E) measurements with standard 2-port equipment. This technique
has some accuracy limitations as major assumptions are made on the properties of
couplers, as it will be demonstrated in section 2.1.1. Other techniques based on this
2-coupler method have been developed [25], [26],[27]. In [25], a procedure to de-
embed the noise figure of dAs using non-ideal couplers is proposed. This technique
is more accurate than the previously cited one as practically no assumptions are
made on the couplers. It has however the disadvantage of working only for specific

dAs, as it will be explained in section 2.1.2.

31
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In this chapter, a more general technique than [25] is proposed. It is based on
the measurement of the correlation of the noise waves at the output ports of the
dA [28]. It makes use of a 180° hybrid coupler and takes into account the non-
ideal properties of the latter. The calculations and procedure for the extraction
of the correlation are explained in section 2.2.1. This theoretical work is validated
by simulation results presented in section 2.2.2. The test setup and measurement
results are dealt with in section 2.2.3. And concluding remarks are given in section

2.3.

2.1.1 Classical two-coupler technique

The classical technique using 180° hybrid couplers or baluns was first presented
by A.Abidi and J.C.Leete [24]. The approach consists of connecting two hybrid
couplers at the input and output ports of the differential amplifier. This allows
hot/cold measurements [29] in a single-ended (S-E) configuration using a calibrated
noise source and a noise figure analyzer, as shown in Fig. 2.1.

Noise Figure Analyzer

E 82°GE
B8 ?
Noise source \

Hybrid Hybrid
180° coupler 180° coupler
Differential
Amplifier

FIGURE 2.1: Measurement setup for hot/cold measurements of cascaded system

The authors use the following definition for the noise figure of the cascaded system
[8]:

P Total noise power at the output 2.1)
¢ Noise power at the output due to the source at Ty = 290K '

where the total noise power at the output port is due to the contributions from

the source, from the two couplers, and from the amplifier. Using (2.1) and the
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expressions of these contributions calculated in [24], the cascade noise figure is

given by:
1 F-1 F,—2
Foppe = —F 2.2
g i1t 26, + 4AG, (2:2)

where F is the noise figure of the differential amplifier, A is its differential gain.
(51 is the S-E gain of the input coupler. F; and F; are the S-E noise figures of
the input coupler and output coupler respectively !. These S-E characteristics are
measured using the Y-factor method [29] with a noise figure analyzer and a noise

source as shown in Fig. 2.2.

| Noise Figure Analyzer Noise Figure Analyzer

Hybrid
180° coupler 180° coupler

Noise source =
<
3 3

FIGURE 2.2: Single-ended measurements of hybrid couplers

Hybrid
Noise source

In this approach, the noise figure of the cascaded system is calculated from (2.2)

by making the following assumptions:

1. The noise source, couplers and NFA are considered as reflectionless (matched
to 50€2). The noise figures of the couplers and of the amplifier are measured
at a 502 impedance. The available gains of 2.2 are therefore equal to to the

insertion gains.
2. Both paths in each coupler have symmetrical losses.
3. The phase difference between the output ports of each coupler is exactly

180°.

The noise figure of the differential amplifier is de-embedded from the cascaded

noise figure using (2.2). This de-embedding method assumes a simplified model of

LAs the couplers are passive components, the noise figures should be equal to the losses.
But due to measurement inaccuracies, the measured noise figures differ slightly from the losses.
This explains why the authors considered both the noise figures and the losses of the couplers
separately.
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the coupler, with symmetrical losses and ideal 180° phase difference between the
output ports. With this simplified coupler model, only differential-mode signals
are propagated so the effect of common-mode signals is not taken into account.
In practice, the hybrid couplers have non-ideal characteristics. The couplers have
non-symmetrical losses and the phase difference between their output ports differs
from 180°. The simplifications made in this technique yield significant measure-

ment errors as demonstrated in [25].

2.1.2 De-embedding technique using non-ideal couplers

In [25], a general model of the hybrid couplers is considered. Arbitrary losses
and phase/amplitude imbalances are defined for the 2 branches of the couplers.
The main improvement with this analysis is that it considers the presence of both
differential and common-mode signals due to the imbalances in the couplers, and
therefore, provides a more accurate measurement. The approach is valid for two
types of differential amplifiers: balanced and fully differential. The two different
topologies are illustrated in Fig. 2.3.

P3 P4

Pl P3
1 — P1 P2
2

FIGURE 2.3: Simplified schematic diagrams of a balanced amplifier (left) and
fully-differential amplifier (right)

As schematized in Fig. 2.3, a balanced amplifier consists of two independent
single-ended amplifiers. It equally amplifies both differential- and common-mode

signals, which means CM RR = 1 (common-mode rejection ratio).

A fully differential amplifier consists of two amplifying devices with a common bias
current source. It only amplifies differential signals since common-mode excitations

are rejected by the structure (i.e., CMRR = o).
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For both topologies, the measurement setup consists of emdedding the dA between
two hybrid couplers. The noise figure of the dA is de-embedded using two different
equations for the two topologies. These detailed explanations of the equations are

presented in [25].

For the balanced amplifiers, the cascaded noise figure is given by:

5 FUSSEP + 1565 ) + 1 = (1S5°* + 1S5°°)
| S5 S51 91 + SESip S

(2.3)

For fully differential amplifiers,

F(|SASE? + SASE2|2 4 |S45,882 + S4SE22) +1 — 0.5|952 — SB2?

Fcasc =
|(S531S31 + S31'S5h) S15 12 4 (951154 + 531 S15) SiF 2

(2.4)

where S5, S5, Sj and Si, are the S-parameters of the amplifier, S5 and S5?
are the S-parameters of the input coupler and SE? and SE? are the S-parameters

of the output coupler.

These 2 equations demonstrate that the de-embedding of the noise figure of the
amplifier depends on the S-parameters of the couplers. And characterizing the
couplers by their S-parameters takes into account their phase/amplitude imbal-

alces.

The characterization of the couplers are performed using a conventional 2-port
network analyzer. Fig. 2.4 shows the connection diagram for the measurement of
the single-ended gains SEB! and SB2. Measurements are performed similarly for

B1 B2
Sspand S5°

This de-embedding technique is more time-consuming than method [24] but it
presents more precise results as no assumptions are made on the properties of the
couplers. However, it is valid for only two types of differential amplifiers, balanced
and fully-differential. It is no more appropriate for general models of differential

amplifiers having for e.g. arbitrary CMRR.

© 2015 Tous droits réservés. doc.univ-lille1.fr



Thése de Yogadissen Andee, Lille 1, 2015

Chapter 2. Coupler-based technique for dNF measurement 36

‘ Network Analyzer ‘ I Network Analyzer

Hybrid Hybrid
180° coupler 180° coupler
<, D

FIGURE 2.4: S-parameters measurements of hybrid couplers using a network
analyzer

2.2 General technique

A more general approach [28] than the previous techniques is proposed in this
chapter. It is based on the measurement of the correlation of the noise waves at
the output ports of a differential amplifier (dA). It makes use of a 180° hybrid cou-
pler connected to the dA according to two different configurations. The non-ideal
properties of the coupler, such as amplitude and phase imbalances are considered
in a rigorous manner. The calculations and procedure for the extraction of the
correlation using the two configurations are explained in section 2.2.1. This theo-
retical work is validated by simulation results of a dA, presented in section 2.2.2. A
differential noise figure measurement technique using a 4-port network analyzer is
then developed. The test setup and measurement results are dealt with in section

2.2.3.

2.2.1 Theory

This section presents the calculations that are necessary for understanding the new
method for differential noise figure measurement. This new approach consists of
connecting the dA to a non-ideal coupler according to two configurations. These
two configurations are described in sections 2.2.1.1 and 2.2.1.4. The main objective

of the calculations is to extract the correlation of the noise waves at the output
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ports of the dA. This extraction is performed using the noise-wave formalism

described in Chapter 1 and it is developed in the following sections.

2.2.1.1 Configuration 1

The technique consists of firstly connecting a 180° hybrid coupler to the output
ports of the differential amplifier, as shown in Fig. 2.5. The noise wave at the
output port of a non-ideal 180° hybrid coupler connected to a differential amplifier
is given by:

where S5, and S§, represent the singled-ended scattering parameters of the coupler.
bs and by are the noise waves at the outputs of the differential amplifier. cf is the
noise wave generated by the hybrid coupler at its output port. It must be noted
that this equation is valid for a system of reflectionless components. In our study,
the components are assumed to have high input and output return losses and are
therefore considered to be reflectionless. The more general case for components

having low return losses is left for future work.

g 180° hybrid
ource ]er Load
500, Ty — 500, T,

a b
@?@ Differential @ ?j" ®: @) Pout_ e
@‘ Amplifier —
@ ©) @

FiGURE 2.5: Configuration 1: The output ports 3 and 4 of the amplifier are
connected respectively to the input ports 1 and 2 of the coupler

The output noise power of the cascaded system is calculated from (2.5) by:

’bout|2 = bout : bzut

= (551 bs + 555 ba + ¢5) - (S57 b3 + 555 0] + ¢57) (2.6)

As the noises emerging at the output ports of the dA are independent of the

intrinsic noises of the coupler, b3 - ¢§* = 0 and by - ¢§* = 0. So, (2.5) becomes:
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[boutl > = [S511%[bs[? + |S52|*[0a]? + [c§[> + S5, - S55 b3 - b3 + S5 - S b - ba

= |51 [*[bs[* + 185, [*[ba]® + 5] + 2%Re (S5, - 955 bs - b7) (2.7)

where |c§|? is the noise power generated by the coupler at its output port 3. This
intrinsic noise of the coupler can be calculated from its S-parameters as stated by

Bosma’s theorem [17].

2.2.1.2 Intrinsic noise of the hybrid coupler

Bosma’s theorem states that the noise wave correlation matrix of a passive multi-

port can be derived directly from the scattering matrix as follows 2 :

Cy = kT(I — SST) (2.8)

where k is Boltzmann’s constant and T is the physical temperature in kelvin.
Here, I is the unit matrix, S is the scattering matrix of the n-port, and ST is
the transposed complex conjugate of S. This relation is obtained using the second
law of thermodynamics by assuming that lossy passive multiports introduce only

thermal noise. The demonstration is made by Bosma in [17].

This theorem makes the computation of the noise correlation matrix for a passive
multiport easier than for an active multiport. The diagonal elements of the C|

matrix give the noise power generated by the multiport at its different ports.

2The noise wave correlation matrix is valid if the passive multiport is matched to reflectionless
loads. In our study, the components have high input and output losses, they are assumed to be
reflectionless.
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In the case of the hybrid coupler which is a passive 3-port 2, the noise generated

at its output port 3 is given by:
512 = KToAS (1 = (15, * + S5[” + [S55]%)) (2.9)

As the coupler is considered to have a high output return loss, |S5;|? is negligible

compared to the transmission parameters. |c§|? is therefore given by:

[5]? = KToAf(1 — |55, * — [S5I") (2.10)

2.2.1.3 Extraction of the correlation term

The correlation of the output noise waves is determined using the noise powers
determined in the sections 2.2.1.1 and 2.2.1.3. The correlation is extracted as

follows:

Let o = 2Re (S5, - S5 bs - b}), a is calculated from (2.6) and (2.10) as:

o = [boul® = 155 Plbs]? — [S5P[oal? — (1= |85, = [S5*)) kToAf  (2.11)

It depends on the scattering parameters of the hybrid coupler and on the output

noise powers |bs|?, |b4]? and |byy|? which can all be measured with a network

analyzer. a can be expressed in terms of the correlation term as follows *:

2Re (95, - 555 bs - bi) = 2Re(S5, - Sg3)Re(bs - b3) —2Im (S5, -953)Sm(bs - ) (2.12)

(2.12) shows that o depends on both the real part Re(bs - b;) and the imaginary
part Im(bs - b;) of the correlation term. As the real and imaginary parts are 2

unknown terms, another equation is necessary to solve for the real part of the

3A hybrid coupler is usually a 4-port circuit (0, 180, A and 3 ports). In this work, the ¥
port is not used, it is terminated with a 502 match. The coupler is therefore considered as a
3-port circuit. Moreover, the A and 3 ports are well isolated, so the noise contributions of the
> port can be neglected.

4This calculation is detailed in Appendix B
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correlation (only $e(bs - b) is required to determine the dNF). This equation is

found using configuration 2.

2.2.1.4 Configuration 2

In configuration 2, the output ports 3 and 4 of the amplifier are connected respec-

tively to the input ports 2 and 1 of the coupler, as shown in Fig. 2.6.

180° hybrid
coupler Load
a O @ b [© 500, T,
—=—" Differential e @ Pou_ 7]
@ @ 5 @

Source

500, T,

FIGURE 2.6: Configuration 2: The output ports 3 and 4 of the amplifier are
connected respectively to the input ports 1 and 2 of the coupler

The noise wave at the output of the cascaded system is given by:

/ © by + S5, by + (2.13)

out —

The output noise power is given by:

[Bhuel? = [S52*[bal? + |S5a[bs[? + 2Re (S5, - S57 b3 - ) + |5 (2.14)

out

Let o/ = 2Re (S5, - S5 bs - b}), o is calculated from (2.14) and (2.10):

o = (b — |95 17 [ba]2 — 15,2105 ]2 — (1 — S5, — [S5,%) kToAf  (2.15)

o/ depends on the the noise powers and scattering parameters which can be easily

measured using commercially-available network analyzers. o/ can be expressed in
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terms of the correlation term as °:

WRe (S5, - S5 B - 03) = 2Re(S5, - S5 Re(Bs - 53) — 23m(S5, - S5)Sm (B - By)
= 2Re(S5, - 553 Re(Bs - B3) + 23m(S5, - S53)Sm (B - By)

(2.16)

2.2.1.5 Determination of the real part of the correlation

The real part of the correlation is determined from (2.12) and (2.16) as follows:

a = 2Re (S5, - S5;)Re(bs - b) — 23m(55, - Sg3)Sm(bs - b))
o = 2Re(Ss5, - S5)Re(bs - b;) + 23m(SS; - S5a)Sm(bs - b))
a+ o' = 4Re (S5, - S5y )Re(bs - b})

a+ao

= Re(bs - b}) = 4Re(SS, - 55)

(2.17)

An expression of the correlation of the noise waves at the output ports of a dA is
obtained. It depends on the following elements:

e The S-parameters of the hybrid coupler

e The noise powers at the output ports of the dA

e The output noise powers for configurations 1 and 2
As explained in Chapter 1, the correlation is then injected in (1.48) for the deter-
mination of the differential noise figure.

The equations and this novel procedure for the measurement of ANF have been

successfully verified by circuit simulations in Keysight’s Advanced Design System

(ADS).

5See Appendix B for the detailed calculations
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2.2.2 Validation by simulation

A C-band differential amplifier, shown in Fig. 2.7 is designed and simulated in
ADS.
Vd

Port3 Port4

E

FIGURE 2.7: Simplified schematic diagram of differential amplifier made of
GaAs field-effect transistors (FETSs)

Portl Port2

W

1

The dA has a differential gain of least 10 dB and a common-mode gain of -10 to
-3 dB on its specified frequency bandwidth (6 to 8 GHz), as shown in Fig. 2.8. A
low common-mode rejection is chosen to demonstrate that the procedure is valid

for arbitrary CMRR.
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F1GUuRrE 2.8: Mixed-mode gains required for the calculation of the differential
noise figure
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The input and output ports of the dA are connected to 502 terminations. The
output noise powers are measured within 1 MHz bandwidth and are shown in Fig.

2.9.

The dA is then connected to a non-ideal hybrid coupler as in Configuration 1.
A hybrid coupler with a constant gain imbalance of 1 dB and a constant phase
imbalance of 10° is chosen. The noise power measured at the output port of the
cascaded system is shown in Fig. 2.9. The last step consists of connecting the dA
and the coupler according to Configuration 2. The output noise power of Config.2

cascaded system is also shown in Fig. 2.9.

-95 X J{ 1313 1’ .
& -9 L : o
= * : + +
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" * ko,
S a" * Port 4 -1
£ 99r + Config. 1
© + Config. 2
_100 1 I Il
6 6.5 7 75 8
Frequency (GHz)

FIGURE 2.9: Noise powers at the output ports of the dA and at the output of
the cascaded system of configurations 1 & 2.

The real part of the correlation of output noise waves is calculated using simulation

data and equations given in the previous sections. It is illustrated in Fig. 2.10.

This real part of the correlation is then injected in (1.48) for the calculation of
the differential noise figure (ANF). For verification issues, the dANF is compared to
the one obtained when the dA is placed between two ideal couplers. In this case,
the couplers have neither amplitude nor phase imbalance. In such configuration,
the dNF of the dA is obtained directly by measuring the single-ended NF of the

cascaded system. The dNF measured with both methods are shown in Fig. 2.11.
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FIGURE 2.11: Comparison between the dNF obtained with our procedure and

Fig. 2.11 shows that there is a complete agreement between the two dNF. This
means that the equations given in the previous sections are correct. It also vali-

dates our dNF' de-embedding procedure where the phase and amplitude imbalances

real{correlation), pW
&

F1GURE 2.10: Real part of the correlation of output noise waves
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with the ideal couplers method

of the hybrid coupler are taken into account.

2.2.3 Measurement setup and experimental results

The measurement procedure is developed for the noise figure measurement of a

differential amplifier. The dNF is obtained after the measurement of the following

elements:

e The mixed-mode gains of the dA
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e The 3-port S-parameters of the hybrid coupler
e The noise powers at the 2 output ports of the differential amplifier
e The output noise power of the cascaded system for configuration 1
e The output noise power of the cascaded system for configuration 2
All these elements are measured using a R&S ZVA24 4-port Network analyzer [30],

Fig. 2.12. The following sections describe the procedure for the measurement of

these parameters.

FIGURE 2.12: R&S ZVA24 four-port vector network analyzer

2.2.3.1 Scattering parameters measurement

The first step of the measurement procedure consists of measuring the S-parameters
of the differential amplifier and of the hybrid coupler. An UOSM (Unknown
through - Open - Short - Match) calibration is performed on all four analyzer
ports. The calibration is carried out using a R&S ZV-Z52 calibration unit [31],
Fig. 2.13. An automatic calibration is preferred to a manual calibration as it is

faster and more secured:
e There is no need to connect several standards manually. In our case, a 4-port
manual calibration can be very long.

e Invalid calibration due to operator errors (e.g wrong standards or improper

connections) are almost excluded.
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FIGURE 2.13: R&S ZV-7Z52 calibration unit

Differential amplifier

This automatic calibration is applied firstly to the S-parameters measurement of
a radio-frequency R&S differential low noise amplifier (ALNA). The input and
output ports of the amplifier are interfaced with 502 SMA connectors, as shown
in Fig. 2.14, which allow measurements with standard 50€2 equipment. The circuit

is made of discrete elements, namely NPN transistors from NXP semiconductors.

®

RF out +

FIGURE 2.14: Rohde&Schwarz RF differential amplifier with SMA connectors

Measurements of the amplifier are performed in the 100MHz to 500MHz frequency

range.

Using the mixed-mode S-parameters, the following characteristics are measured:

e The dLNA has a differential gain of at least 10 dB.

e The conversion gain between common-mode and differential mode is around

-10 dB.
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FIGURE 2.15: Mixed-mode gains of R&S RF differential amplifier

e The dLNA has a common-mode rejection of at most 3 dB. The circuit has
a variable common-mode rejection. A poor common-rejection is chosen in

order to demonstrate that the technique works for arbitrary CMRR.

The amplifier has differential 1002 input and output impedances. The input and
output return losses are of at least 15 dB, as shown in Fig. 2.16. This allows us

to assume that the dA has reflectionless input and output ports.
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FIGURE 2.16: Reflection coefficients of the input and output ports of the dA
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Hybrid coupler

The next step consists of measuring the S-parameters of the hybrid coupler that

is used in configuration 1 and 2. An UMCC 180°/3 dB hybrid coupler is used.

A diagram of the coupler is shown in Fig. 2.17 ®. Its insertion losses, gain and

IN2(180°)

t: UMCC a
IN1(0°)
ol | [ T

@ = ®

FIGURE 2.17: UMCC 0°/180° hybrid coupler

phase imbalances are characterized in the frequency range of 100MHz to 500MHz

using the ZVA24 Network analyzer. These characteristics are shown in Fig. 2.18.

An amplitude imbalance of around 0.4 dB and a phase imbalance of maximum 5°

Transmission (dB)

-2
— S@G.1)
-2.4 A --- 5(3.2) i
----- Phase imbalance
2.8 L
-3.2 1 i L
-4 T T
100 200 300 400 500

Frequency (MHz)

10

8
04
g

4 E

FIGURE 2.18: Transmission parameters and phase imbalance of the coupler

are observed. It should be noticed that the phase imbalance is computed as the

difference with respect to the ideal 180° phase difference. These imbalances show

6The sum port of the coupler is not used. It is terminated with a 50€) termination
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that the coupler cannot be considered as symmetrical as assumed in [24]. The
input and output return losses and the isolation are of at least 15 dB, as shown in
Fig. 2.19. The return losses are sufficiently high to assume that the ports of the

coupler are reflectionless.

_10 T T
2 -200 gt
) O L L#
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FIGURE 2.19: Return losses and isolation of the hybrid coupler

2.2.3.2 Noise power measurement

The next step of the procedure deals with the measurement of the noise powers
at the output ports of the dLNA. The noise measurements are also done using
the R&S ZVA24 network analyzer. The principle consists of connecting two 502
sources at the two input ports of the differential amplifier and measuring the
output noise powers using 2 VNA receivers. Prior to the noise measurements, the

receivers need to be characterized.

Receiver

In the simplest case the output ports of the differential amplifier are connected to
two ports of the analyzer without any further components. Although this is the
easiest setup, it does not guarantee accurate noise power measurements. Indeed
the receivers of the analyzer have a noise figure of around 42 dB in the frequency

range of 100MHz to 500MHz [11]. During measurements, these noisy receivers
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would tend to mask the noise generated by the dLNA. A high noise figure receiver
is often the main contributor to uncertainties in noise power measurements [32].
It is therefore necessary to reduce the noise figure of the receivers in order to
provide accurate noise power measurements '. This can be done by using the

direct receiver connections of the ZVA24 analyzer.

Direct receiver access

The measurement ports of the ZVA24 analyzer is equipped with direct receiver

access connections as shown in Fig. 2.20.

4-port Network Analyzer

ooooood

oo ooo

oo

oo

po_ O
oooo
oooo

&
e

SRR

Out / -

In j—>
port2 O |/ ® (Port2
Directional coupler

FI1GURE 2.20: Basic scheme of ZVA24 analyzer test port. The direct receiver
connectors are abbreviated as : S: Source path, R: Reference path and M: Meas
path.

The sensitivity of the receiving ports can be increased by connecting directly the
output ports of the dLNA to the '’Meas in’ direct receiver access connectors. In-
deed, this direct access allows to by-pass the directional coupler found in the test
ports of the analyzer. The noise figure of each receiver are reduced by about 12

dB which corresponds to the coupling loss of the directional coupler.

Consequently, the receivers have a lower noise figure of about 30 dB. This is
however not sufficient to guarantee accurate noise measurement. The receiver
noise figure can be further reduced by connecting a pre-amplifier to the direct

recelver access.

"The noise power related to the DUT should be higher than the Minimum Detectable Signal
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Pre-amplifiers

Two low noise amplifiers (LNAs) from KUHNE electronic [33], Fig. 2.21, are used
as pre-amplifiers. They have around 25 dB gain and 4 dB noise figure between
100MHz and 500MHz. One pre-amplifier is connected to each receiver access, as

shown in Fig. 2.22.

=" SUPER LOW NOISE

AMPLIFIER
KU LNA BB 0180 A-SMA
IN out
1 ... 7000 MHz
> .

KUH| tranic
MICRANAVI ’ulm"

L]

+12...15V0C ©~ MADE IN GERMANY |

e 'BROADBAND
@ X

L

.

FIGURE 2.21: Low noise pre-amplifier from Kuhne Electronic

O Out
SIR M
Q@ In
O

Port 2

— P

Preamp

FI1GURE 2.22: Connection diagram for the pre-amplifier and the direct access

The noise figure F")* of the receiver is thereby reduced by about the gain Gpreamp

of the pre-amplifier according to Friis equation:

Fvna 1
4 = Fpreamp + 57— (2.18)
Gpreamp

As F'7* is much bigger than 1 and Fjeqmp is small,

vna

595 rec
rec ™

Gpreamp

F95(dB) ~ F"(dB) — G preamp(dB) (2.19)

rec rec

Consequently, the receivers have a noise figure of about 5 dB which allows noise

measurements with sufficiently low uncertainties.
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Receiver calibration

Before noise power measurements can be done, it is necessary to calibrate the
receiver setups. Receiver power calibrations are important to ensure accurate noise
power measurements. These calibrations mathematically remove the frequency
response errors in the receivers and adjust readings to the same source power
calibration level. The concept of receiver calibration is to take a known source
power at some source reference plane and transfer that knowledge to the receiver

at a desired receiver reference plane. The calibration is performed as follows:

1. A power source calibration is done at the Port 1 reference plane using a
R&S NRP-Z55 thermal power sensor. A picture of the sensor is shown in
Fig. 2.23. The thermal power sensor is used as an absolute power reference
in order to calibrate the source. The connection diagram for the source

calibration is represented in Fig. 2.24.

FIGURE 2.23: R&S NRP-Z55 thermal power sensor

Out O Out
S [;l){[col;/l Port 1 Port 2 G [21 M
In In

Port | Q Ref;Plane Ref. Pliane Port 2 ®)
§ i Preamp

FIGURE 2.24: Connection diagram for source calibration

2. The receiver calibration is performed by connecting Port 1 reference plane

to each receiver reference plane, as shown in Fig. 2.25.

The last step in the receiver characterization consists of measuring the inherent

noise of the receivers. As a receiver power calibration has been performed, the
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FIGURE 2.25: Connection diagram for receiver calibration

intrinsic noise of the receivers is measured directly by connecting a 502 match to
each receiver ®. The measured RMS powers correspond to the noise generated by

the receivers at their outputs. The connection diagram is shown in Fig. 2.26.

O Out
Port 2 S|R

M
In
Ref. Plane Port 2 T O

Preamp

F1GURE 2.26: Connection diagram for receiver noise calibration

Output noise powers

As the receivers have been properly characterized, the next step consists of mea-
suring the noise powers at the output ports of the dLNA. Two 502 SMA termina-
tions are connected to the input ports of the amplifier. The output noise powers

are measured using the receivers described previously. The measurement setup is

represented in Fig. 2.27.

4-port Network Analyzer

ooooooo
5 8
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oo O
oooo
oooo

o
—e
o
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@7® Differential tb
@ Amplifier |@ L\b

FIGURE 2.27: Measurement setup for output noise powers

8If the receiver power calibration is not performed, the inherent noise of the receivers can be
determined using the Y-factor method with a calibrated noise source.
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The noise power measurements are performed within a 5MHz bandwidth with a

measurement time of at least 50 ms. . The measured noise powers comprise the

contributions of the 50€2 terminations, of the dA and of the receivers. The output

noise powers are obtained by subtracting the noise contributions of the receivers

measured in 2.2.3.2. The output noise powers are shown in Fig. 2.28.
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FIGURE 2.28: Output noise powers measured using a R&S ZVA24 Network

Analyzer

Noise power measurement for configuration 1

The next step of the procedure consists of measuring the noise power at the output

of the cascaded system. The UMCC 180° hybrid coupler is connected to the dLNA

according to the configuration 1, where the output ports 3&4 of the amplifier

are connected respectively to the input ports 1&2 of the coupler. The cascaded

system is connected to the VNA receiver and the output noise power is measured.

The block diagram of the setup is shown in Fig. 2.29. A photograph of the

measurement setup is also presented in Fig. 2.30. And the measured output noise

power is shown in Fig. 2.32.

9Longer measurement time leads to less rapid measurements. But this decreases the mea-
surement inaccuracies. Indeed, by increasing the measurement time the variance of the power
measurement decreases, yielding into a more stable power value.
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FIGURE 2.29: Measurement setup for configurationl
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F1GURE 2.30: Photograph of the measurement setup

Noise power measurement for configuration 2

The last step of the measurement procedure consists of connecting the hybrid
coupler according to configuration 2. The output ports 3 and 4 of the amplifier
are connected respectively to the input ports 2 and 1 of the coupler, as shown in

Fig. 2.31. The noise power at the output port of the cascaded system is shown in

Fig. 2.32.
4-port Network Analyzer
:’E 282G
1133|887 11333 4 (182 2
50Q @ o lBUé’) hybrid coupler of o] oo
@7 P
Differential ©) reamp

@ @ Amplifier |@ > (@ }_»7

FIGURE 2.31: Measurement setup for configuration2
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FIGURE 2.32: Output noise powers measured for the two configurations

2.2.3.3 Real part of correlation

The previous sections have dealt with the measurement of several parameters that

serve for the extraction of the real part of the correlation of output noise waves.

This real part is calculated from the measurement data and equations developed

in section 2.2.1. It has the same dimension as a power and is shown in Fig. 2.33.

real(Correlation), [pW]

|
e
N

1
=
—
.
"
| 3
L]

o

o

]

L
n

|
e
(o)
[

o
~
3

—_
>
(=]

Frequency (MHz)

FIGURE 2.33: Real part of the correlation

200 300 400 500

Fig. 2.33 shows that the real part of the correlation is given to the tenths of a

picowatt. It is of the same order of magnitude as the output noise powers. As

explained in Chapter 1, the differential mode (DM) noise power at the output of the

dLNA can be expressed in terms of the output noise powers and the correlation as:
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|baa|? = (|b3]? + |ba]? — 2Re(bs - b}))/2. This shows that a correct evaluation of the
correlation is the sine qua non for having accurate DM noise power measurements.
Moreover, the real part of the correlation corresponds here to a negative power.
The correlation can be a negative power as it is in fact a mathematical concept;

it does not correspond to a physical quantity.

2.2.3.4 Differential noise figure

The differential noise figure (dNF) is calculated by injecting the real part of the
correlation in (1.48). A dNF of 3.9 to 4.5 dB is obtained in the operating frequency
range of 100MHz to 500MHz, as shown in Fig. 2.34.
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FIGURE 2.34: Measurement results obtained with the 2 different methods

Evaluation of the measurement results

For comparison and verification issues, the noise figure of the R&S dLNA is mea-
sured using the classical two-coupler technique [24] described in section 2.1.1. The
dLNA is embedded between 2 UMCC hybrid couplers. The S-E noise figures and
gains of the cascaded system and of the couplers are measured using the Y-factor
method. Measurements are performed with an R&S FSV13 Signal Analyzer and a
Noisecom’s NC346D Noise Source. The noise figure of the dLNA is de-embedded
using (2.2). As shown in Fig. 2.34, a differential noise figure of 3.3 to 4 dB is

obtained.

As expected, the noise figures given by both techniques are of the same order of

magnitude. There are somehow some differences which are partly caused by the

© 2015 Tous droits réservés. doc.univ-lille1.fr



Thése de Yogadissen Andee, Lille 1, 2015

Chapter 2. Coupler-based technique for dNF measurement 58

measurement uncertainties which depend on multiple factors such as the noise
figure of the receivers, the small-signal characteristics of the amplifier, the ENR

of the noise source, etc [32].

However, the main reason for such deviations comes from the simplifications made
in the two-coupler technique. As explained in section 2.1.1, the 2-coupler approach
assumes that the couplers have symmetrical paths as their phase and amplitude
imbalances are neglected. This assumption is not true in practice and causes some
measurement errors [25]. On the contrary, our de-embedding methodology devel-
oped in this chapter does not yield these errors as the imbalances are rigorously

taken into account.

2.3 Conclusion

This chapter has dealt with the development of an accurate technique for the dif-
ferential noise figure measurement of differential amplifiers. The method consists
of connecting a hybrid coupler at the output ports of a differential amplifier accord-
ing to two configurations. It allows an exact extraction of the correlation of the

noise waves at the output ports of the dA, which is essential for the determination

of the dNF.

This measurement technique is more time-consuming than the existing coupler-
based methods. It requires also an expensive 4-port network analyzer. But it
proposes a rigorous noise figure de-embedding for dAs with arbitrary CMRRs.
Moreover, our method does not require any calibrated noise source as only cold
measurements are performed. The approach can be further developed for the
measurement of dAs having low input and output return losses. This is left for

future work.

This chapter has shown that the proper de-embedding of the dNF with non-

ideal hybrid couplers requires a long measurement procedure. In Chapter 3, a
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more straightforward approach for measuring differential noise figure without using

couplers is presented.
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Chapter 3

Differential noise figure and noise
parameters measurement without

any coupler

3.1 Differential noise figure measurement:

Coupler-free technique

3.1.1 Introduction

A technique for measuring differential noise figure using a hybrid coupler has been
proposed in Chapter 2. It has been demonstrated that the proper de-embedding of
a non-ideal hybrid coupler can prove to be a difficult task. Moreover, couplers often
have limited bandwidths. Therefore a set of several hybrid couplers is required
for wideband measurements. The purpose of this chapter is to present a different
approach than the classical coupler techniques for the noise figure measurement
of differential amplifiers. A coupler-free technique based on the calculation of the
correlation of output noises will be developed. The calculations are explained in
section 3.1.2. The method will then be verified by simulations and measurements
of differential amplifiers in sections 3.1.3 and 3.1.4.

61
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3.1.2 Theory

As explained in section 1.9, the measurement of correlated output noise signals
remains one of the main issues for the noise characterization of differential cir-
cuits. This section will present a new coupler-free approach for measuring the
correlation of noise waves at the output ports of a differential amplifier. The
determination of the correlation is addressed by examining the architecture of a
differential amplifier. A dA can be seen as two single-ended amplifiers connected

to a common network as shown in Fig. 3.1 [23]. The intrinsic noises generated by

Single-ended Single-ended

amplifier 1 Vd amplitier 2

Port3 Port4

Portl E Port2
V i

g Vg
Common

network

"
L

FIGURE 3.1: Simplified architecture of a differential amplifier with two single-
ended amplifiers connected to a common network

the single-ended amplifiers are not correlated and are represented in Fig. 3.2 by
two independent input-referred noise sources Ny and Ng. These 2 input-referred
noise sources contribute to the noises at the two output ports of the dA and pro-
duce the correlation between the output noises. The common network may cause
some additional slight correlation. Its noises appear however in the common mode

and are therefore rejected by the fully-differential amplifier [23]. In Fig. 3.2, each

Ny, as, b,
H—— 4-port

Ng. a . b
@SZ %2, | noise-free | 4>

FIGURE 3.2: Noisy differential circuit represented by a noise-free 4-port circuit

connected to 2 input-referred noise sources Ny and Ngo delivering the noise

waves ag1 and ag; ag is the sum of the noise wave from the source and the
input-referred noise wave at Port i.
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input-referred noise source consists of the noise contributions of the S-E amplifier
and of the 502 termination connected at each input port. The noise waves from
the two input-referred noise sources are denoted by as and as. The noise waves
bs and by at the output ports of the dA can be expressed in terms of a,; and ag

and of the S-parameters of the dA by:

by = S31 as1 + S32 G52

by = Sa1 as1 + Si2 as2 (3.1)

The correlation between the output noise waves is calculated as:

by - b = (S31 as1 + Ss2 as2) - (Siy aZy + Sy aly)

= 531521‘&51|2 + S3QSZQ|CL52’2 + 5315220,51 . CL:Q + S325LCL52 . a:l (32)

As the input-referred noise sources are uncorrelated, as - a¥y, = 0 and as - a¥; = 0.

The correlation is therefore given by:

bg . bz = 531521’CL51|2 —+ SgQSZQ‘GSQP (33)

where the input-referred noise powers can be calculated in terms of the output

noise powers and the S-parameters by using (3.1):

|S42|?|bs|? — | Ss2|?]bal?
|31 2|82 |?] — [Sa1]?S32/?|
|S31]?[ba]? — | Sa1]?[bs]?

ag|? = 3.4
22l* = g B8P T= 1S PISeal] (3:4)

|as1|?

An analytical expression of the correlation of the noise waves at the output ports
of a differential amplifier has been found. The correlation is measured by using

the output noise powers and the S-parameters of the dA. The correlation is then
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injected in (3.5) for the measurement of the differential noise figure:

b bl [ba? — 2Re(bs - b))
diff QkTOAf <|de21’2 + ‘Sd021’2)

(3.5)

This section has dealt with the calculations of the differential noise figure without
the use of couplers. The extraction of the correlation of the output noise waves
is simpler than with the coupler-method. Only the S-parameters and the output
noise powers of the differential circuit are required for the calculations. This
coupler-free approach will be verified by ADS simulations of a differential amplifier

in the following section.

3.1.3 Validation by simulation

The expressions of section 3.1.2 are validated by simulating a differential amplifier
on ADS. The simulation results will be compared to those obtained by using the
technique described in section 2.2. An X-band differential amplifier is designed and
simulated on ADS. The simplified schematic diagram of the circuit ressembles that
of Fig. 2.7. An S-parameter simulation is firstly performed and the mixed-mode
S-parameters of the dA are calculated using (1.35). The differential gain, common-
mode gain and the conversion gain between common-mode and differential-mode

are displayed in Fig. 3.3. The amplifier has a differential gain of about 10 dB in

20
lllllllll,l.lllllll!....
0 : ~ * Differential-Mode
* Common-Mode
. .
20 Mode Conversion

***%*********%*********
* : : 3

! 3

Gain (dB)

_4()5040‘4000oooooo&o»o.;,"’,
: +

-60 : : : :
114 116 118 12 122 124

Frequency (GHz)

FI1GURE 3.3: The differential gain, common-mode gain and the conversion gain
between common-mode and differential-mode of the differential amplifier simu-
lated in the 11.4-12.4 GHz bandwidth
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the 11.4-12.4 GHz bandwidth. The common-mode rejection is of a least 20 dB.
A good common-mode rejection is chosen in order to ensure that common-mode
noise correlation does not affect the extraction of the differential noise figure. And

the conversion between common-mode and differential-mode is around -40 dB.

A noise simulation is then performed on the dA. The input and output ports are
connected to 50€2 terminations and the output noise powers are measured with a
bandwidth Af of 1 MHz. The noise powers |bs|? and |b,|2 measured at the output
ports 3 and 4 of the dA are shown in Fig. 3.4.

-97

HEIEE S I

o5t ; %%%%%%#%%%%%
-98.5] s
-99 !

s

Noise power (dBm)

® Qutput Port 3
-99.5¢ * Qutput Port 4

-100 : ‘ : ‘
114 116 118 12 122 124

Frequency (GHz)

FI1GURE 3.4: The noise powers measured in a bandwidth Af of 1 MHz at the
output ports 3 and 4 of the fully-differential amplifier

The correlation of the output noise waves bs - bi is then calculated from the S-
parameters and the output noise powers by using (3.3) and (3.4). The real part of
the correlation is shown in Fig. 3.5. It is compared in Fig. 3.5 to Re(bs - b}) mea-
sured using the coupler-technique described in section 2.2. Indeed, the differential
amplifier has also been simulated by connecting its output ports to a hybrid cou-
pler. The real part of the correlation of the output noise waves has been extracted

by using the procedure described in section 2.2.1.

There is a good agreement between the correlations obtained with the two tech-
niques. There is somehow a slight difference which is explained by some common-

mode correlation that has not been completely eliminated by the dA.

Re(bs - b}) is finally injected in (3.5) to determine the differential noise figure. Fig.
3.6 shows the differential noise figures obtained with the two techniques. The

© 2015 Tous droits réservés. doc.univ-lille1.fr



Thése de Yogadissen Andee, Lille 1, 2015

Chapter 3. Coupler-free techniques for diff. NF and noise param. meas. 66
-0.1 ‘ T
> 012 —Coupler-free t-echmque !
Iy * Coupler technique
=
2
=
g
E
02 : : : :
11.4 11.6 11.8 12 12.2 12.4

Frequency (GHz)

FIGURE 3.5: The real part of the correlation of output noise waves calculated
using the coupler-free technique and the coupler-technique of (3.4)

11 T T

10.54 —Coupler-free technique

* Coupler technique

Differential NF (dB)

8 1 1 i
11.4 11.6 11.8 12 12.2 12.4

Frequency (GHz)

FIGURE 3.6: Comparison between the differential noise figures obtained with
the coupler-free technique and the coupler technique of section 2.2

two noise figures agree well in the bandwidth of the dA. These simulation results
therefore confirm the relevance of the theoretical work described in section 3.1.2.

The next step is to test the technique in real measurement conditions.

3.1.4 Measurement procedure

A measurement procedure is developed for the noise figure measurement of the
dLNA used in section 2.2.3. The dLNA has a variable common-mode rejection.
In this section, a good common-mode rejection of at least 20 dB is set in order to
guarantee that common-mode noise correlation does not affect the measurements.
The input and output ports are well-matched to 502, with input and output return
losses of at least -15 dB.
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3.1.4.1 S-parameters measurement

Both S-parameters and noise measurements are performed with the R&S ZVA24
4-port Network Analyzer. The first step consists of measuring the 4-port S-
parameters of the dLNA after performing an UOSM calibration on the four ana-
lyzer ports. Fig. 3.7 shows the mixed-mode S-parameters of the dLNA determined

from its 4-port S-parameters using (1.35).

20—
0 L.
a : o
E ****%%***********%***
S| :
]
a0t —Common-Mode \/
* Mode Conversion :
-~ Differential-Mode :
-60 ‘ : '
100 200 300 400 500

Frequency (MHz)

F1GURE 3.7: The differential gain, common-mode gain and the conversion gain
between common-mode and differential-mode of the differential amplifier mea-
sured in the 100-500 MHz bandwidth

3.1.4.2 Noise powers measurement

The second step consists of measuring the noise powers at the output ports of the
dLNA. The setup for the noise power measurements is similar to the one described
in section 2.2.3.2. Cold-source measurements are performed with the two input
ports of the dLNA connected to two 502 terminations. The output ports of the
dLNA are connected to two VNA receivers via two low-noise preamplifiers. A

photograph of the setup is shown in Fig. 3.8.

The output noise powers are measured in a 5 MHz bandwidth (A f=5 MHz) after
performing power calibrations in the two receiver reference planes. The calibration
procedures have been explained in section 2.2.3.2. Fig. 3.9 shows the noise powers
measured in the frequency range of 100-500 MHz at the output ports 3 and 4 of
the dLNA. Output noise powers of around -94 to -104 dBm are measured for a
bandwidth A f of 1 MHz, which correspond to 4x107% to 6x1072 W /Hz.
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4-port Network
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Differential
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\
50 Ohm Terminations

FIGURE 3.8: Photograph of the setup for the noise power measurements at the
output ports of the differential amplifier
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FIGURE 3.9: The noise powers at the output ports 3 and 4 of the dLNA mea-
sured with a R&S ZVA24 4-port Network Analyzer

3.1.4.3 Correlation of output noise waves

The output noise powers and the S-parameters of the dLNA are injected in (3.3)
and (3.4) to calculate the correlation of the output noise waves. The real part of
the correlation measured for a bandwidth A f of 5 MHz and is shown in Fig. 3.10.
Re(bs - bf) varies from around -0.4 pW to -0.06 pW. This corresponds to —4x10~
to —6x1072° W /Hz, which is of the same order of magnitude as the output noise

powers.

This correlation is compared to the one obtained with the coupler technique. Mea-
surements are carried out by using the UMCC hybrid coupler (see section 2.2.3.1)
at the output ports of the dLNA as described in section 2.2.3. The real part of the
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correlation obtained with the coupler-technique is also shown in Fig. 3.10. There

is a good agreement between the correlations measured with the two techniques.

0
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-0.5 : : :
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Frequency (MHz)

FIGURE 3.10: The real part of the correlation of the output noise waves mea-
sured with the coupler-free technique and the coupler-technique of section 2.2.3

3.1.4.4 Differential noise figure

Re(bs - b%) is then injected in (3.5) to determine the differential noise figure. Fig.

3.11 shows the differential noise figures obtained with the two techniques. The

6
* Coupler-free Technique

a5 * Coupler Technique
S
23
g 4 - - * *ﬁ
B R
& **%%;ﬁ;ﬁ%%%%%**
a3

2
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Frequency (MHz)

FiGurE 3.11: Comparison between the differential noise figures obtained with
the coupler-free technique and the coupler technique of section 2.2.3

two noise figures agree well in the bandwidth of the dLNA, a dNF of around 3.6
to 4.4 dB is obtained in the operating frequency range of 100 MHz to 500 MHz.
The slight difference between the traces is explained firstly by the measurement
uncertainties that can cause some deviations between the results of both methods.

And secondly, there is some common-mode noise correlation that has not been
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totally eliminated by the dLNA and therefore affects slightly the results of the
coupler-free technique. These measurement results therefore confirm the relevance

of our new coupler-free technique for differential noise figure measurements.

3.1.5 Conclusion

A new coupler-free technique for the noise figure measurement of differential am-
plifiers has been proposed. It is based on the determination of the correlation
of output noises. The calculations of the correlation of output noise waves have
been described in section 3.1.2. The correlation is obtained from the 4-port S-
parameters and the output noise powers of the differential amplifier, without re-
quiring any coupler. The calculations have been successfully verified in section
3.1.3 by ADS simulations of a differential amplifier. And in section 3.1.4, the tech-
nique has been tested in real measurement conditions where the noise figure of a
differential low noise amplifier has been measured by using a 4-port Network An-
alyzer. The measurement procedure is simple and functional as no de-embedding

of couplers is required and all the measurements are performed on the analyzer.

This technique can be extended to the noise figure measurements of on-wafer

differential amplifiers. An on-wafer measurement technique has been presented at

the ARFTG 2014 conference and published in [34].

In this section, the technique has been limited to differential amplifiers where
the input and output ports are considered to be reflectionless. In the following
sections, the approach will be extended to differential amplifiers with arbitrary
input and output impedances. A technique for the measurement of differential
noise parameters will be proposed where the differential noise figure is measured

for various source impedances.

© 2015 Tous droits réservés. doc.univ-lille1.fr



Thése de Yogadissen Andee, Lille 1, 2015

Chapter 3. Coupler-free techniques for diff. NF and noise param. meas. 71

3.2 Differential noise parameters measurement:

Coupler-free technique

3.2.1 Introduction

This section proposes a coupler-free technique for the noise parameters measure-
ment of differential amplifiers. It is based on the coupler-free differential noise
figure measurement technique presented in section 3.1.2. In section 3.1.2; the noise
figure of differential amplifiers with well-matched input and output ports was de-
termined in a 509 (10052 for differential-mode) environment. In this section, the
noise parameters of amplifiers with arbitrary input and output impedances will be
measured. The differential noise parameters are F%// the minimum differential

noise figure, R4// the differential equivalent noise resistance, Gg;{f and Bgf,{ f , the

real and imaginary parts of the optimum source admittance Kjﬁf 7. These noise
parameters allow the determination of the differential noise figure for arbitrary

differential sources impedances.

The existing methods for measuring differential noise parameters use hybrid cou-
plers or baluns for converting the 4-port circuit into a 2-port system [27], [26], [35].
This allows traditional 2-port source-pull measurements by using a single-ended
impedance tuner. The extraction of the noise parameters using the coupler tech-
nique will be presented in section 3.2.1.1. As explained previously, the couplers
have limited bandwidth and their proper de-embedding can be somehow compli-
cated. A coupler-free approach is therefore proposed in this work. The calculations
and procedure for the determination of the differential noise parameters are ex-
plained in section 3.2.2. This theoretical work is validated by simulation results
presented in section 3.2.3. The test setup and measurement results are dealt with

in section 3.2.4.
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3.2.1.1 Traditional coupler-technique

This section describes the traditional approach for the determination of the dif-
ferential noise parameters. The method consists of embedding the differential
DUT between two hybrid couplers. Conventional single-ended source-pull mea-
surements are performed by using a two-port impedance tuner, as shown in Fig.

(3.12). The basic principle consists of using the impedance tuner to present differ-

Tuner Coupler 1 Coupler 2
[z S} - it || ][ e Avaor]
Lo b e L

FI1Gure 3.12: Block diagram of conventional measurement setup for differential
noise parameters

ent impedances to the two-port ‘couplers+differential amplifier’ cascaded system.
For each source impedance, the noise figure F%// of the cascaded system is mea-
sured by using either the Y-factor method (see section 1.4.1) or the cold source
method (see section 1.4.2). The noise figure F Cﬁf 7 of the differential amplifier

is then de-embedded from F%// by using Friis equation applied to differential

casc

excitations: ‘ ‘
}Wdiff _ }?diff %_ }2zsz f_ 1 <Fﬁgff _ 1. (3 6)
casc cl (;gdeff (;gdeff(;nglff

where F4/7 and F4/7 are the differential noise figure of the couplers 1 and 2

respectively. As the couplers consists of only passive elements, their differential

noise figures are calculated from their available differential gains G%*/" and Ga™'’

as:
. . 1
dif f dif f _
Fcl - Ggfdiff and Fc2 - Gggdiff (37>

Using (3.6) and (3.7), F%// simplifies to:

casc

dif f diff
diff _ Fd;x 1—Gg

casc T ~qudiff avdif f
(;cl (;casc
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where Gg}l’zsz is the available gain of the cascaded system. It is given by Gggjéff =

av®ff ~au@iff ~qudif f
cl dA c2

The issue of using couplers is to properly eliminate the influence introduced by
them in the gain and noise measurements. In the state of the art techniques [27],
[26] and [35], the couplers are characterized by using the mixed-mode formalism.
This allows a proper characterization where non-idealities such as losses, amplitude

and phase imbalances are taken into account.

Using the mixed-mode formalism [21], the 3-port couplers are represented as equiv-
alent two-ports: 1 single port and 1 balanced port. The representation of the input

coupler as a 2-port mixed-mode circuit is illustrated in Fig. (3.13).

Coupler 1 a
o = Ao
b ixed- b
a, @ 2 a, Mixed 2
p— = —— @ mode @} ——
b, Q a, b, 2-port Ecz
b3 2

FiGURE 3.13: Mixed-mode representation of the input coupler

The matrix of mixed-mode S-parameters S;3™ of the input coupler is calculated

from the matrix of standard S-parameters SS49 as:

Smm — M, St Mt (3.9)
Sss11 Osd12 Ssei2 V2 -0 0
where SH™ = % Sasa1 Saazz Sacoz | and Meq is: | 0 1 —1
Ses21 Sedzz Sec22 0 1 1
aquidtf f

For each source impedance, the available gain G% of the input coupler is cal-

culated from the mixed-mode S-parameters as:

av®S/f _ |S§i21|2<1 — |Ftun|2)

¢ ' (3.10)
' 11— S, Dy |2(1 — [DATT[2)

where I';,,, is the output reflection coefficient of the tuner and Ffﬁf 7 is the differen-

tial reflection coefficient seen at the output of Coupler 1, as shown in Fig. (3.12).
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It is calculated from the mixed-mode S-parameters of the coupler as:

, Sel sel T
raff — S Pds21~ sd12- tun 3.11
el ddz2 T+ 1— 5, oo ( )

The mixed-mode representation of the output coupler is shown in Fig.(3.14). The

Coupler 2
ay a,
b, a, by, Mixce]:cl- a,
‘ . —p ——|@® mode @} ——
a, b, Ay 2-port b,
b, Do

FiGure 3.14: Mixed-mode representation of the output coupler

matrix of mixed-mode S-parameters S™ of the output coupler is calculated from

the matrix of standard S-parameters S55 as

Smm — M, S5 M) (3.12)
Sadir Sdc11 Sdsi2 1 -1 0
where: SI™ = % Seat1 See1r Sesio| and Meg is: |11 0
Ssd21 Sse21 Sss22 0 0 V2

For each tuner position, the available gain of Coupler2 is calculated as:

di
Gavdsz ’S 21‘ (1 B ‘Fd/{fP)
c2 2 Tdiff2 2
11— Sgalaa” [P(1 = [Teoe[?)

(3.13)

where 'y, is the reflection coefficient at the output of the whole system and Fdlf !
is the differential reflection coefficient seen at the output of differential amplifier,

as shown in Fig. (3.12). It is calculated from the mixed-mode S-parameters of the

coupler as:
GdA gdA Fdlf !
def de22 dd21°dd12 (3 1 4)
dif f ’
1— 844 7%

v and G of the couplers are then injected in (3.8) for

dif f

The available gains G

de-embedding the noise figure F; ;' of the differential amplifier. Fjif ! is therefore
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obtained for several impedances synthesized by the tuner. The four noise parame-
ters are then calculated from F Cﬁf 7 and from the impedances presented to the dA

(related to T%/7) 1

Simulation and measurement results of this coupler technique applied to differen-
tial noise figure measurement will serve as verification tools for the coupler-free
technique described in section 3.2.2. A least square fit is performed on the overde-
termined data as described in Lane’s procedure [13]. Lane’s procedure applied to

differential noise parameters will be briefly presented in section 3.2.2.4.

3.2.2 Coupler-free technique: Theory

An original technique without couplers is developed for the measurement of the
noise parameters of differential amplifiers. The principle relies on differential
source-pull measurements by using a differential impedance tuner. The noise fig-
ure of the differential amplifier is measured for the different source impedances
synthesized by the tuner. The noise figure measurements are carried out by using
an extension of the coupler-free approach of section 3.1 to non 502 environments.
Lane’s procedure is then applied to the measured noise figures for the determina-
tion of the four differential noise parameters. The calculations for the extraction

of the parameters are firstly explained in this section.

A differential source-pull technique is developed to determine the noise parameters
of differential amplifiers. The block diagram of the setup for differential source-pull

measurements is shown in Fig. (3.15).

Differential lefere.n?lal VNA
Tuner Amplifier .
Receivers

50Q > &
&— [+] B @

FIGURE 3.15: Block diagram of the differential noise parameters measurement
setup

'The impedance seen from the input ports of the DUT is not actually the impedance synthe-
sized by the tuner, but it is the impedance seen through the input coupler.
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The technique relies on the cold source approach where two 50} terminations
are connected to the input ports of the differential tuner (dT). The dT presents
several impedances to the differential amplifier (dA) and the output noises are
measured with two receivers. In our case, the receivers are those of a 4-port
Network Analyzer. For each impedance synthesized by the tuner, the noise figure
of the dA needs to be calculated. It will be calculated in the following paragraphs
from elements that are measurable with conventional equipment. The different
elements required for the extraction of the differential noise parameters from the

differential source-pull measurements are represented in Fig. (3.16).

diff _ ay diff Fdiff avdiff
wn , Y tun daA , GCU\

av
"er'UG . Gies , Hee Trr‘ecB

5069 500
GE '97 @ @ Nout3 : Nror3
Differential Differential Receiver 3 W
@ Tuner @] Amplifier |@ Noua Roceiver 4 %
SOQ —l ~ j Gav4 F 4 _l SUQ
I:r‘c_ 0 r‘out4 Trecd 5 rec rr-ec4

'dT+dA' System

FIGURE 3.16: Representation of the noise and gain elements necessary for the
extraction of the differential noise parameters

The noise powers measured at the output ports of the whole system are denoted
by Niotz and Nya, as shown in Fig. (3.16). These noise powers consist of the noise
contributions of the dT, the dA and the receivers. The first step of the calculations
consists of subtracting the contributions of the receivers from N;,3 and Ny so
as determine the noise powers available at the outputs of the ‘dT+dA’ cascaded

system.

3.2.2.1 Output noise powers of the ‘dT+dA’ system

This section deals with the calculations to determine the noise powers available
at the output ports of the ‘dT+dA’ cascaded system, shown in Fig. (3.16). Only
the calculations for the noise power available at the output port 3 of the ‘dT+dA’
system will be detailed. Similar calculations shall be applied to the output port
4, but they will not be developed.
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First of all, the available noise power N/, at the output port 3 of the whole system

is given by :
av NtOt?)
N, = T ¢ T (3.15)

where I';..3 is the reflection coefficient at the output of the whole system. N/,

can also be expressed as:

Nity = Gty N + N2 (3.16)

rec3” ' ou rec3

v

where G 5 is the available gain of receiver 3, NS, is the noise power available

rec3 ou

at the output port 3 of the ‘dT+dA’ cascaded system and N, is the intrinsic

Tec

av

@ 5 1s calculated from the S-

noise power of receiver 3 available at its output.
parameters of the receivers and from I',,;3, the reflection coefficient at the output

port 3 of the ‘dT+dA’ system:

w ISP~ Do)
rees |1 - Sﬁcgrouti’)P(l - |Fr663|2)

(3.17)

As specified in 2.2.3.2, a power calibration is performed in the receivers’ refer-

ence planes. The receiver can therefore be considered as having unity gain, i.e.

rec3|2 __
’521 =L

N . is calculated from F)..3, the noise figure of receiver 3 as:

1?61)03 = (FrecB - 1)G(w

rec3

KToAf (3.18)

The noise figure F,..3 depends on the impedance presented to the receiver. For
each tuner position, this impedance changes and therefore F,.. also varies. It is
possible to keep the impedance constant to a certain extent by placing an isolator
between the amplifier and the receiver. This solution has however the disadvantage
of being bandwidth limited as isolators often work in a short frequency range. In
our approach, no isolator is used. Instead, the noise parameters of the receivers
are measured. This allows the determination of the noise figure of the receivers for
the different impedances presented to them. The noise parameters of each receiver

are obtained from conventional two-port source-pull measurements by using the
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two independent paths of the differential tuner. The calculations for evaluating

the receivers’ noise parameters are described in Appendix C.

The available noise power N2, at the output of the ‘dT+dA’ cascaded system is
calculated from (3.16) and (3.18) as:

av av
Nw  — Ntot3 B NrecS
outd — av
rec3

- (Frec3 - 1)kT0Af (319)

av
_ Ntot?)
 Mav

rec3

And using (3.15) and (3.17):

Ntot3 |1 - 5{5031—‘011753’2(1 - IFrec3|2)
N, = — (Frees — DETHA
outs 1- |Frec3|2 |S£fcg 2(1 - |Fout3|2) ( ’ ) ’ f
|1 _ Sﬁcgrout?»lg

1— ’Fout3|2

= NtotS

— (Frees — DETOASf (3.20)

This expression allows the subtraction of the noise contributions of receiver 3
from the noise power at the output of the whole system. Similar calculations are
performed for the determination of N2, the noise power available at the output

port 4 of the ‘dT+dA’ cascaded system:

’1 _ SIfC4Fout4‘2
1— |Fout4’2

Ngqu - Nt0t4 - (Frec4 - 1)]{:T0Af (321)

3.2.2.2 Noise figure of the ‘dT+dA’ cascaded system

The next step consists of calculating the differential noise figure of the ‘dT+dA’
cascaded system shown in Fig. (3.17). The noise figure of ‘dT+dA’ system is

diff diff diff - aydiff

Fon , Gl Fir,Gaa [
500 o "N, 2
Differential Differential £
Tuner @ Amplifier [@ Nowa ]
50Q ] 50Q
E‘nc= 0 r'outzl

FIGURE 3.17: Block diagram of the cascaded system of the differential tuner
and the differential amplifier

calculated by using the approach described in section 3.1 . As explained in section
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3.1, the differential noise figure is determined from the 4-port S-parameters and
the output noise powers. These output noise powers are in fact the output noise
powers delivered to 50€) terminations. The noise powers at the output ports of
‘dT+dA’ system delivered to 50¢2 terminations will be denoted by N,u:3 and N, 4.

They are calculated from the available noise powers N2V, and Ngv,, as:

Nouts = Ng5t3(1 - |Fout3|2))

Nouta = Nngm(l - |F0ut4|2)) (3-22)
From (3.20), (3.21) and (3.22),

NoutS Ntot3|1 - SreC3F0ut3|2 - (Frec?) - 1)(1 - |Fout3|2)kT0Af

Nout4 == Ntot4|1 ST664Fout4|2 - (Frec4 - 1)<1 - |Fout4|2)kT0Af (323>

Nows and Nyyyy correspond respectively to the terms |byus|? and [byua|? if we
use the noise wave formalism described in section 1.8.2. The expression of the
differential noise figure F’ S“Zg F of ‘dT+dA’ system is given in terms of output noise

waves by and byyq and the mixed-mode gains of the system:

Fdiff _ |bout3|2 + ’bout4|2 - 2%6( out3 b?;um)

- SYs SYs (324)
o 2KTOAS ([Sqazn I + [Sgen [?)
The correlation of output noise waves is given by:
Douts * bpuss = 931 S11 las1[* + S53° 513" asa|” (3.25)

where the input-referred noise powers |as|* and |as|* can be expressed in terms

of the output noise powers as:

|Ssy8| |boutS|2 |Ssy8| |bout4|2

|CL 1|2 == (326)
’ 193111193212 — |531°[1952° 7]

|a82|2 = ’sys ’ ‘ ?9224’ ‘ sys‘ ’ 012235‘ (327)
|S535z 121 = |51 [ S32”[?]
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The noise figure of the ‘dT+dA’ system is therefore obtained using the output

noise powers and the S-parameters of the system.

3.2.2.3 Noise figure of the differential amplifier

The third step consists of de-embedding the noise figure F%// of the dA from Fd4//.

sys

This is done by using Friis equation applied to differential-mode excitations:

di
paiss _ pairs | Fid’ —1 (3.28)
sys T tun G?vdiff .

Fars

where F,;

is the differential noise figure of the tuner. As the tuner consists of
only passive components, its noise figure is equal to the inverse of its available
gain, i.e FS — 1 /G Therefore (3.28) simplifies to :

tun tun

RIS — pdiff qavtss (3.20)

sYs tun

where the differential available gain of the tuner is calculated from the latter’s

differential S-parameters as:

tun - un .
1 — [Sga |

The equations and procedure explained in this section allow us to de-embed the
dNF of the differential amplifier from the whole system ‘dT+dA+receivers’. The
noise figure of the dA is therefore obtained for each impedance synthesized by the

dT.

3.2.2.4 Differential noise parameters

The last step consists of extracting the differential noise parameters from the noise
figures and the source admittances presented to the dA. An expression analogue
to the 2-port noise figure [12] is applied to the differential noise figure definition.

The dNF is expressed in terms of the differential source admittance Y%/ (Y4// =
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GUIT 1 jBHITY as:

. A R&IT :

d d d d; 2
Fl = L S =l (351
S

where F%/7 is the minimum differential noise figure obtained when the differential

admittance Y%// presented to the dA is equal to the optimum differential source

Ydiff Ydiff

diff _
opt * opt Y v =

admittance consists of a real and an imaginary part, i.e. Y,

Gg;{f + ng;{f . And R%/7 is the equivalent differential noise resistance which

represents how fast the differential noise figure increases as Y4// deviates from

Yoﬁf ! There are therefore four differential noise parameters F2// RIS Gg;,{f
and Bg;{f that have to be determined. In theory, four measurements of dNF

from four source admittances give four simultaneous equations, which should be
sufficient to solve for the four noise parameters. However, measurements of the
differential noise figure and of the admittances are sensitive to experimental errors,
so in practice it is common to measure the noise figure at more than four values
of source admittance, and then use a least-mean-squares algorithm to reduce the
overdetermined data [13]. This least-square fit is done by firstly writting (3.31)in
a form that is linear with respect to four new parameters A, B, C and D [36]:

C + BBYff* 4 ppdifi
Ggliff

FJll = A+ BG¥T ¢ (3.32)

The four differential noise parameters can be expressed in terms of A, B, C and

D as:

FY%7T — A4+ +/4BC — D? (3.33)

R#I = B (3.34)
dsiff  VABC — D?
Gl = —— (3.35)
2B
. V=D
Bol = 55 (3.36)
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The least square fit is applied to the linear equation (3.32) where the following

error criterion ¢ is minimized in order to determine A, B, C and D:

1 n Gt Bdifo C DBdiff s 2
=5 A+ B\ Gy : i pd 3.37
e 2; + W i |+ g+ ganr — Faal (3.37)

A weighting factor is generally used in the error criterion if certain data are known
to be less reliable than the average [13], [37]. For simplicity considerations, no
weighting factor has been used. In future research works, a weighting factor shall
be introduced to improve the accuracy of the noise parameters.

The error criterion ¢ is minimized when its partial derivatives with respect to A,

B, C and B are equal to zero, i.e:

g_z _ z"; Py (3.38)
g_; _ é (ngff n %ﬁj) P=0 (3.39)
%:gfjﬁpzo (3.40)

Baff C D B;iisz diff
G?fff

— dif f Si —
WhereP—A—i—B(GSi + +G;ﬁff+ G dA;
The four equations (3.38) to (3.41) are solved for the unknown terms A, B,C
and D. And the four noise parameters F4/7  Rdiff, fo;,{f and ng,{f are finally

calculated by using (3.33) to (3.36) 2.

This section has presented the theoretical work that is required for the determi-
nation of the differential noise parameters from differential source-pull measure-
ments. The equations and procedure have to be validated by ADS simulations and

by measurements of a real differential amplifier, as described in the next sections.

2The equations are solved using a script written in Matlab
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3.2.3 Validation by simulation

The equations and procedure developed in section 3.2.2 are verified by ADS simu-
lations of a differential amplifier. The schematic diagram of the setup is shown in
Fig. (3.18). It consists of a differential tuner, an X-band differential amplifier and
two receivers. The differential tuner consists of two independent paths. Each path

Receivers

Differential Amplifier

Vd

Differential Tuner

50Q R
o %fw‘ e
A

FIGURE 3.18: Simplified schematic diagram for the differential source-pull sim-
ulations on ADS

consists of some passive elements that are tuned to present different impedances

to the dA. A simplified schematic diagram of the dT is shown in Fig. (3.19). In

c[un
inl —eout 1

=
-
@]

tun

in2 p— out 2

FiGure 3.19: Simplified schematic diagram of the differential tuner

the simulation environment, only 4 source impedances are required as there is no
measurement errors that affect the extraction of the noise parameters. But for
the purpose of simulating the procedure as in measurement conditions, more than
4 impedances will be used. Fig. (3.20) shows the constellation of 7 reflection

coefficients presented at 12 GHz by each of the two paths of the tuner.
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FIGURE 3.20: Smith chart plot of the seven impedances presented by the dif-
ferential impedance tuner

Two independent receivers are connected at the output ports of the dA. Each
receiver consists of a low-noise pre-amplifier which is useful during noise measure-
ments as explained in section 2.2.3.2. Prior to the noise characterization of the

dA, the 2-port noise parameters of each receiver need to be determined.

3.2.3.1 Noise parameters of the receivers

The four noise parameters of the two receivers are determined from source-pull
measurements by connecting the differential tuner directly to the receivers. The
receivers are characterized from conventional 2-port source-pull measurements by
using the two independent paths of the tuner. The calculations for the extraction
of the noise parameters of the receivers are explained in Appendix C. Fig. (3.21)

shows the noise parameters of the two receivers simulated on ADS.

These noise parameters are used to calculate the noise figures Fi..3 and Fj..4 of
the receivers for the different impedances presented to them during the differential

source-pull measurements:

2
4R:le(:3 |Fout3 _ FrecS |

Frec = Fr::zig + ot 3.42

: Zo 1+ T3P0 — Toal) (342
4Rrec4 Fou _ 1"2664 2

Frec4 = FT€C4 + - | - Pt | (343)

min ZO ’1 + Frec4 2(1 _ ’Fout4|2)

opt
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FiGure 3.21: Single-ended noise parameters of the two receivers: minimum
noise figures (left), equivalent noise resistances (right) and optimum source re-
flection coefficients (bottom)

3.2.3.2 Noise parameters of the differential amplifier

The next step consists of performing the differential source-pull measurements
on the dA. Seven different impedances are presented by the tuner and for each
impedance, the noise powers N;,3 and Ny, at the output ports of the whole

‘dT4+dA+recs’ system are measured.

The noise powers N3 and N4 at the output ports of the ‘dT+dA’ system are
then extracted from N3 and Nyys and from the noise figures Fjo.3 and Fje.q of

the receivers simulated previously.

The following step consists of measuring the differential noise figure of ‘dT+dA’
system for each impedance. This is done by firstly determining the correlation
between the output noise waves b3 and by,4. The correlation is calculated from
the 4-port S-parameters of the ‘dT+dA’ system and from the output noise powers
Nours and Noyyeq by solving (3.25), (3.26) and (3.27).
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The real part of the correlation, the output noise powers and the mixed-mode
S-parameters of the ‘dT+dA’ system are then injected in (3.24) to calculate F sd;g !
the dNF of the ‘dT+dA’ system.

And the differential noise figure F :z{ixf ! of the dA is finally calculated from F de{{ !

and from the available differential gain of the tuner using (3.29).

Seven differential noise figures are therefore obtained for seven source impedances.
The four noise parameters of the dA are extracted by using Lane’s procedure [13]

as described in section 3.2.2. They are shown in Fig. (3.22).

115 : 850
- * Coupler-free technique )
% 10.5- * Coupler technique . g 80ol-| " Coupler-free t-echmque d
g — 100 Ohm technique ] * Coupler technique
£ 5 7501|7100 Ohm technique
= 10r -
g g 700f
& 9.5 5
5 = 650}

L
0 ‘ ‘ ‘ ‘ 600 ‘ ‘ ‘ :
114 116 11.8 12 12.2 124 11.4 116 118 12 122 12.4
Frequency (GHz) Frequency (GHz)

" Coupler-free technique
— Coupler technique
“+ ADS technique

FiGURE 3.22: Differential noise parameters of the amplifier simulated with the

coupler-free technique, the coupler-technique and the 100Q2-method: minimum

differential noise figures (left), equivalent differential noise resistances (right)
and optimum differential source reflection coefficients (bottom)

The differential noise parameters are compared firstly to those obtained with the
coupler method developed in section 3.2.1.1. As explained in section 3.2.1.1, the
dA is embedded between two hybrid couplers and single-ended source-pull mea-

surements are done using a two-port tuner. Seven impedances are synthesized by
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the tuner, and for each of them, the differential noise figure of the amplifier is

de-embedded by solving the equations described in section 3.2.1.1.

The differential noise parameters are then determined from the seven noise figures
and source admittances by using Lane’s procedure. The noise parameters obtained

with this coupler technique are also shown in Fig. (3.22).

The noise parameters are also compared to those given directly by ADS. Indeed,
the differential noise parameters are obtained by doing a noise simulation with the
input and output ports connected to 10092 terminations, as shown in Fig (3.23).
ADS is capable of computing the noise parameters from all the noise contributors
of the simulated circuit. The noise parameters obtained from the noise simulation

with 10092 terminations are also shown in Fig. (3.22).

100Q

FIGURE 3.23: Schematic diagram of dA with 1002 terminations for differential
noise parameters simulation on ADS

There is a complete agreement between the simulation results obtained with the
three methods. This allows us to validate the equations of section 3.2.2 and the
coupler-free approach for differential noise parameters measurement. The next

step is to test the technique in real measurement conditions.
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3.2.4 Measurement procedure and results

This section describes the measurement setup and procedure for the extraction of
the differential noise parameters of a low noise amplifier. The setup consists mainly
of a Focus Microwaves iDMT-1820 differential impedance tuner, an S-band dLNA
and a R&S ZVA24 4-port Network analyzer. The differential impedance tuner
consists of two passive single-ended tuners. The tuners utilize broadband slab line
transmission structures and passive probes to create impedances. A photograph

of the differential tuner is shown in Fig. (3.24).

9:6 %
g

'h

FIGURE 3.24: Photograph of the Focus Microwaves iDMT-1820 differential
impedance tuner

The differential source-pull measurements will be performed in the 2 to 3 GHz
frequency range with a frequency step of 200MHz. The measurements are done for
a single frequency at a time. This means that the procedure has to be repeated for
each frequency point; in our case the procedure will be performed for six frequency
points. This single-frequency approach is time-consuming but it is justified for
source impedances considerations. Indeed the differential tuner is calibrated at
one frequency at a time and generates the appropriate impedance constellation
for only that frequency. For the other frequencies, the constellation generated
by the differential tuner is completely scattered. This might cause some serious
measurement errors as the choice of the constellation is an important factor in the

proper extraction of the noise parameters|[38],[39].
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3.2.4.1 Source impedance constellation

A tuner calibration is therefore performed at each of the frequency points so as to
have the proper impedance constellation for each of them. A constellation of 15
impedances is chosen. A compromise between accuracy and time is made. Indeed,
a large number of measurements decreases the effect of measurement errors and
ensures a more robust method. But doing a lot of measurements is obviously
time and effort consuming. In practice, it seems to us that 15 impedances provide
sufficient redundancy without being too much time-consuming. Fig. (3.25) shows

the constellation of 15 reflection coefficients presented by the tuner at 2 GHz.

FIGURE 3.25: Smith chart plot of the fifteen impedances presented by the
differential impedance tuner

The optimum source reflection coefficient of the receivers and of the differential
LNA are expected to be found not far from I' = 0 point. This explains why a
constellation within the |I'| = 0.35 circle is sufficient. There is no need of having

impedances scattered all over the Smith chart.

For each of the 15 impedances synthesized by the differential tuner, the 4-port

S-parameters of the latter are measured by using the 4-port Network Analyzer.

3.2.4.2 Noise parameters of receivers

Once the differential tuner has been measured for each impedance, the noise pa-

rameters of the receivers can be determined. As in section 2.2.3.2, the receivers
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consist of two low-noise preamplifiers from Kuhne electronic [33] connected to two
R&S ZVA receivers. The input reflection coefficients S7¢® and S7¢* of the receivers
are firstly measured by using the two other test-ports of the ZVA. Then, prior to
the noise measurements, a power calibration is carried out in each receiver plane,
as explained in section 2.2.3.2. For the noise characterization of the receivers, the
differential tuner will be used as two separate single-ended tuners. The tuners are
connected at the reference planes of the receivers as shown in Fig. (3.26). The

4-port Network Analyzer

Q
R
500 Differential Tuner . Preamp
& —»
P —

Receiver Reference
Planes

FIGURE 3.26: Setup for the noise parameters measurements of the receivers

input ports of the tuner are terminated with 502 matches and the noise powers
at the output ports of the ‘tuners+receivers’ cascaded systems are measured. A

photograph of the setup for output noise measurements of the cascaded systems

is shown in Fig. (3.27).

4-port Network
Analyzer

\ Low Noise
Preamplifiers

FIGURE 3.27: Photograph of the setup for noise parameters measurements of
the receivers

The output noise powers are measured for each of the 15 impedances presented

by the two single-ended tuners. The noise figures of the receivers are then de-

termined from the output noise powers, the S-parameters of the tuners and the
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input reflection coefficients of the receivers as described in Appendix C. A least-
square algorithm is finally applied on the overdetermined data for the extraction
of the noise parameters of the receivers. This procedure is repeated for each of
the frequency points. The measured noise parameters of both receivers are shown

in Fig. (3.28). Minimum noise figures of 6 to 7 dB are obtained in the 2 to 3

75 ‘ ‘ \ ‘ 90
7t : [ ] n 1 8@@ * *
) ' * * € : H
= 6.5F * ' . g 70r 2 . : *
g > =~
i . S ——
6r " Receiver 3 : ¥ 601 : " Receiver 3|
* Receiver 4 * Receiver 4
5.5 : : : : 50 : : : :
2 22 2.4 2.6 2.8 3 2 22 24 2.6 2.8 3
Frequency (GHz) Frequency (GHz)

FIGURE 3.28: Single-ended noise parameters of the two receivers: minimum
noise figures (left), equivalent noise resistances (right) and optimum source re-
flection coefficients (bottom)

GHz frequency range. The equivalent noise resistances vary from 65 to 80 §2. And

optimum source reflection coefficients are located within the |I'| = 0.18 circle.

3.2.4.3 Noise parameters measurement of the dLNA

The next major part of the measurement procedure concerns the differential-source
pull measurements on the dLNA. Firstly, the 4-port S-parameters of the ‘dT+
dLNA’ cascaded system are measured for each of the 15 impedances presented by

the dT. The output reflection coefficients I',,;3 and I'y,4 of the cascaded system
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are thereby obtained. By using [',ui3, I'outa and the receivers’ noise parameters
measured in the previous section, the noise figures Fj..3 and F...4 of the receivers

are calculated for each impedance with (3.43).

The next step consists of measuring the noise powers N;;3 and Nyq at the output
ports of the whole ‘dT+dLNA+receivers’ system for each of the 15 impedances.
A photograph of the measurement setup is shown in Fig. (3.29).

4-port Network

Analyzer
Differential V
Tuner 3
/ ; N Low Noise
- Preamplifiers

FIGURE 3.29: Photograph of the measurement setup for the noise powers N3
and Nyorq at the output ports of the whole ‘dT4+dLNA-+receivers’ system

The noise powers N3 and N,y at the output ports of the ‘dT+dLNA’ system
are then extracted from N3 and Ny and from Fl..3 and F...4 by using (3.23).
Nouwz and N4 are used together with the 4-port S-parameters to characterize the
‘dT+dLNA’ cascaded system. The correlation m between the noise waves

at the output ports of the system is calculated by using these measurement data

and (3.25), (3.26) and (3.27).

The differential noise figure F sdy’f 7 is then calculated from the output noise powers,

the correlation and the S-parameters of the ‘dT+dLNA’ system by solving (3.24).

The following step consists of calculating the noise figure F jﬁlf T of the dLNA. It is
extracted from F@// by using the available gain G of the tuner and (3.29).

The available gain is calculated previously using the differential S-parameters of

the tuner.
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The measurement procedure produces 15 differential noise figures corresponding
to 15 differential source impedances. The procedure is repeated for each of the six

frequency points.

The four differential noise parameters are finally evaluated by using a least-square
fit on the overdetermined data as described in section 3.2.2.4. They are shown in

Fig. (3.30).

The differential source-pull measurement procedure can be summarized as follows:

1. Calibration of the differential impedance tuner for each frequency
2. 4-port S-parameters measurements of the tuner for each desired impedance

3. 4-port S-parameters measurements of the ‘dT+dA’ cascaded system for each

desired impedance
4. Measurements of input reflection coefficients of the two receivers

5. Noise power measurements at the output of the ‘dT+receivers’ cascaded

system for each desired impedance

6. Noise power measurements at the output of the ‘dT+dA-+receivers’ cascaded

system for each desired impedance
7. Calculation of the noise parameters of the receivers

8. Calculation of the differential noise parameters of the differential amplifier

3.2.4.4 Evaluation of the measurement results

A minimum differential noise figure of 3 to 4 dB is obtained in the 2 to 3 GHz
frequency range. The equivalent differential noise resistance varies from 25 to

40 2. The magnitude of the optimum differential source reflection coefficient is

between 0.16 and 0.38. And its phase fluctuates between 140° and 160°.3

3The evaluation of the uncertainties of the measured noise parameters is left for future work
due to lack of time.
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FiGUuRE 3.30: Differential noise parameters of the low noise amplifier measured

with both the coupler-free technique and the coupler-technique: minimum dif-

ferential noise figures (left), equivalent differential noise resistances (right) and
optimum differential source reflection coefficients (bottom)

As the noise parameters measurements are very sensitive to experimental errors,
the results have to be verified. Our verification method consists of comparing
the noise parameters with those obtained with the conventional coupler-technique
described in section 3.2.1.1. The noise parameters of the dLNA have therefore
been measured from single-ended source-pull measurements by embedding the
dLNA between two hybrid couplers. S-E source-pull measurements are performed
by using one of the two S-E tuners of Focus Microwaves iDMT-1820 differential
tuner. The same constellation of 15 impedances as in section 3.2.4.1 is used. The
noise powers at the output port of the two-port cascaded system are measured
by using one receiver of the R&S ZVA Network Analyzer. A photograph of the
measurement setup is shown in Fig. (3.31). For each of the 15 source impedances,
the noise figure of the dLNA is extracted from the measurements of the cascaded

system and from the mixed-mode S-parameters of the hybrid couplers as explained
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Network
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Preamplifier

Output
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FIGURE 3.31: Photograph of the setup for differential noise parameters mea-
surement by using the coupler technique

in section 3.2.1.1. The differential noise parameters are then determined from the
15 noise figures and from the source admittances by using Lane’s procedure. The
noise parameters obtained with this coupler technique in the 2 to 3 GHz bandwidth

are also shown in Fig. (3.30).

A minimum differential noise figure of 3.1 to 3.9 dB is obtained in the 2 to 3 GHz
frequency range. The differential equivalent noise resistance varies from 28 to 36

2. The magnitude of the optimum reflection coefficient is between 0.1 and 0.31.

And the phase of %7 Auctuates between 90° and 125°.

opt

The minimum noise figures obtained with the two techniques agree quite well, a
maximum difference of 0.15 dB is observed. However, there are some discrepancies
for R4/ and Fg;{f . The maximum deviations reach around 12 €2 for the differential

equivalent noise resistance, around 0.1 for the magnitude of Pg;{f and around 60°

raar

for the phase of I';;

These deviations are mainly due to the sensitivity of the noise parameters to mea-
surement errors. Small errors or inaccuracies during the measurements have major
influence on the relevance of the measured noise parameters [13], [38]. These errors
and inaccuracies come firstly from the absolute noise power measurements of the
‘dT+receivers’, the ‘dT4+dA+receivers’ and the ‘tuner+couplers+dA-+receivers’
systems. The uncertainties in the noise power measurement are relatively im-

portant. Indeed, the power levels for noise measurements are very low and it is
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therefore challenging to measure them accurately. As explained in section 2.2.3.2,
low noise receivers have been used for measuring such low levels of powers with

an acceptable level of accuracy.

Errors and inaccuracies come also from the S-parameters measurements of the
tuner, the amplifier, the couplers and the receivers. The uncertainties in the S-
parameters measurements are relatively small compared to those in the noise power
measurements. There are however some random errors that are caused by inac-
curacies in the tuner repeatability. Repeatability designates how well the tuner’
S-parameters repeat each time the tuner returns to a pre-determined position. In
practice, the probes of the tuner do not return exactly to the same pre-determined

position, which causes some measurement errors.

The results of Fig. (3.30) have shown that R%// and Fg;{f are more sensitive than
s

man

to these measurement errors. A least square fit using a better choice of the

impedance constellation could have improved the results. On one hand, choosing

dif f

opt. Would improve the extraction of the

dif f
opt

a few source impedance points close to I'
latter. On the other hand, having a few distant points from I', ;’ are more effective

in determining R%/7.

The choice of the source impedances is pertinent when an approximate position of

Fdiff

opt 18 known. This position can be known by simulations. But when no schematic

diagram is available for simulation as it was in our case, a two-step process [40] can
be employed. The two-step process consists of using firstly a basic, reduced set of
source impedances in order to determine the approximate location of FZ;{JC . And

secondly, this information is used to choose additional source impedances localized

in the Fg;{f area to better determine the noise parameters.

Last but not least, the accuracy can be improved by the use of a weighting factor
in the error criterion for the least square fit procedure. A weighting factor is used
in the error criterion if certain measured differential noise figures are known to be
less reliable than the average [13]. Methods exist for choosing the weighting factor

[37] and have proved to increase the accuracy of the noise parameters extraction.
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There are therefore some improvements to be made in our procedure for the mea-
surement of the differential noise parameters. These improvements concern not
only the accuracy problems but also time-consumption issues. Indeed, the tech-
nique takes quite a lot of time as it is based on single-frequency measurements.

The development of a multi-frequency approach is left for future work.

3.2.5 Conclusion

An advanced measurement technique has been developed for the noise parameters
measurement of differential amplifiers. It serves as a proof of concept, demonstrat-
ing that differential noise parameters can be measured from differential source-pull
measurements without requiring any coupler. The calculations required for de-
veloping this new approach have been clearly explained in section 3.2.2. These
calculations have been verified and validated by ADS simulations of a differential
amplifier in section 3.2.3. The technique has then been tested in real measure-
ment conditions where the noise parameters of a differential low noise amplifier are

determined from source-pull measurements using a differential impedance tuner.

This is, to the best of our knowledge, the first coupler-free technique developed
for measuring the noise parameters of differential amplifiers. The method has the
advantage of not requiring isolators or couplers that would limit the bandwidth of
measurements or complicate the noise figure de-embedding procedure. Moreover,
it does not need any calibrated noise source that might bring some mismatch errors
when the noise source is turned on and off. And finally, our approach can serve as
a groundwork for the development of an automated differential noise parameter

measurement system using a differential tuner and a 4-port Network Analyzer.
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The wide proliferation of differential circuits creates a need for the development of
functional techniques for the proper noise characterization of these circuits. The
goal of this work was to propose novel techniques for the noise figure measurement
of differential circuits. It has been demonstrated in Chapter 1 that the noise figure
of four-port circuits depends on the correlation of the noise waves at the two
output ports of these circuits. The issue about noise measurements of differential
circuits is that no commercially-available equipment is capable so far in measuring
directly the correlation of output noises. The challenge of this work was therefore

to develop measurement techniques for the measurement of this correlation.

In Chapter 2, an original technique for measuring the correlation of output noise
waves has been proposed. It makes use of a 180° hybrid coupler connected to
the differential DUT to be measured. The correlation is a complex term with
a real and an imaginary part. These two unknown elements can be determined
using two equations. These equations are determined by using two configurations
of connection between the differential DUT and the coupler. The correlation
is extracted by taking into account the amplitude and phase imbalances of the
coupler. This approach has been employed for the development of a rigorous
and general technique for the noise figure measurement of all sorts of differential
amplifiers. The technique was validated by simulations and by measurements of

RF amplifiers.

This coupler technique has however some drawbacks. Couplers have limited band-
width and require a quite complex and long de-embedding procedure. This moti-
vated us to build a novel technique that does not need any coupler. A coupler-free
technique was developed in Chapter 3 for the determination of the correlation. A
study of the classical architecture of a differential amplifier has been performed.
It allowed us to define an expression of the correlation in terms of input-referred

noise powers and of the 4-port S-parameters of the dA. This approach was used

98
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to build a fast and functional technique for the noise figure measurement of a
differential low noise amplifier. The advantage of this new technique is that all
measurements are easily performed on a 4-port network analyzer without the need

for couplers that require complicated de-embedding procedures.

This coupler-free approach was extended in the second part of Chapter 3 to the
measurement of the noise parameters of differential amplifiers. These noise pa-
rameters are important figures of merit as they allow the determination of the
differential noise figure for arbitrary impedances presented to the dA. The noise
parameters of a dA have been determined from differential source-pull measure-
ments using a differential impedance tuner. The whole procedure for extracting
the differential noise parameters has been successfully verified in simulations. The
procedure was developed in real measurement conditions where the noise parame-
ters of a differential low noise amplifier were measured. The measurement results
were satisfying but could not be completely validated. This is due to the fact
that noise parameters measurements are very sensitive to measurement errors and

uncertainties.

This is, to the best of our knowledge, the first coupler-free technique developed
for measuring the noise parameters of differential amplifiers. The differential noise
parameters measurement technique still needs to be improved. Future work shall

deal with improvements in accuracy and time-consumption issues.

The advanced techniques presented in this work can be considered as important
proofs of concept. There is however still some work to be done for implement-
ing them in equipment such as network analyzers. In particular, the coupler-free
techniques give good results for differential amplifiers with classical one-stage ar-
chitecture. Investigations need still to be carried out to verify that the methods

work properly for differential amplifiers with complex multi-stage architectures.
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Appendix A

Basic definitions for the
calculation of the 2-port noise

figure

This appendix deals with some important concepts that are necessary to under-

stand the calculation of the noise figure.

In 1.3, the noise figure of a single-ended circuit is defined as the degradation of the
available signal-to-noise ratio, evaluated for an available input noise power N{* of
_ PRNE NG g

F = — -
Pgv/Ng® — G@Nf® — G@wkT,Af

(A1)

where P is the available signal power at port i, N{*¥ is the available noise power

at port i and G* is the available gain of the 2-port circuit.
In the following paragraphs, the terms of equation (A.1) are briefly defined.

The available gain is defined as the ratio of the available signal power at the output

P%.to the available signal power from the source P, where P is given by:

(A.2)
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where a; is the generator wave ! from the source and I'; is its reflection coefficient.

A
d; |

r

1

FIGURE A.1: One port formalism

The available signal power at the output P2, is given by:

pw — |i)2|2
out 1 o |Fout|2

(A.3)

where I',,; is the reflection coefficient at the output port of the circuit. It is defined

in terms of the scattering parameters and of the reflection coefficient of the source:

521512F1
Tout = Spg + 2L A4
out 22 1 — S11F1 ( )
. [81,F
1 2
— | 2-port -~
Source circuit Load
b, ‘jl_ b,

FIGURE A.2: Two port formalism

And by is the generator wave at the output port of the circuit. It is given by:

[;2 - b2 - a2rout

A S2104
== A5
* T 1-Suly (4.5
The expresssion of P, is calculated from (A.3) and (A.5):
|1 [?|aa 2
P = A6
= T=SulsF{1~ o) o
The available gain is therefore obtained from (A.2) and (A.6).
Sor]?(1 — Ty 2
QW — ‘ 21| ( ‘ 1‘ ) (A?)

L= Sul (L = Towel?)

LA generator wave is the wave that would be delivered to a noiseless and reflectionless termi-
nation
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In practice, a measured power is in fact a power delivered to a load /receiver. How-
ever, the determination of the noise figure requires the measurement of available
powers. It is therefore interesting to have an expression of available power in terms

of delivered power Py. This is done by deriving an expression of Py.

Py = |ba|* — |az)? (A.8)

And as g = ngg,

2 2 |Sa1[?[aa[*(1 — |T|?)
Paer = |b2| (1 - |F2| ) - |1 — 511F1|2|1 - FQPout|2

a, : by

-—

2

F1cURE A.3: One port load formalism

Using (A.3) and (A.9),the relation between available power and delivered power
is given by:
Pier _ (1 - |Pout|2)(]~ — ’FQP)
Py ‘1 - ]~_\21—\out‘2

out

(A.10)

These power concepts allow us to build an expression of the noise figure in terms

of parameters that can be measured using conventional equipment.

F— N2cw _ ‘1 — F21—10ut|2 Ndel
GN® ~ (1 — |Tow2)(1 — |Tof?) GKToAf

(A.11)

It is interesting to note that for the particular case of reflectionless terminations

(source and load), the noise figure simplifies to:

Naei

F=—r A2
|So1|2EToA f ( )
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Appendix B

Calculations using the complex

representation

As explained in Chapter 1, noise waves are time-varying complex random variables.
And for any noise wave, we can define a complex amplitude which determines both
amplitude and phase. This appendix deals with the mathematical operations on

complex numbers that have been used in this work.

Let X and Y be complex amplitudes, denoted by X =a + jband Y = ¢+ jd.
Re(X) =RNe(X™) and [m(Y)=—-m(Y™) (B.1)

where X* and Y* are the conjugates of X and Y respectively.

The basic operations for the multiplication of complex values are given below:

XY = (a+ jb)(c+ jd) = (ac — bd) + j(ad + bc) (B.2)
From (B.2),
Re(XY) = Re(X)Re(Y) — Sm(X)SIm(Y) (B.3)
Im(XY) = Re(X)Im(Y) + Sm(X)Re(Y) (B.4)
105
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And,
(X Yy =v* X* (B.5)

The equations of 2.2.1 are calculated using these basic operations:

According to (B.4),

2Re (S5, - S53 bs - bj) = 2Re (S, - Sz)Re(bs - b) —23m(S5, - S53)Im(bs - b3) (B.6)

And,

2Re (S5, - S57 bs - bj) = 2Re (S, - Ss7)Re(bs - b) —23m(Ss, - Ss7)Im(bs - b3) (B.7)

As S5, - S51 = (S5 - 55)",

Re (S5, - G51) = Re(Ss, - 55) (B.8)

SIm(Sg, - 557) = —Im(S5; - 55;)

Therefore, (B.7) becomes:

2Re (S5, - S5t bs - b)) = 2Re (S5, - S5 ) Re(bs - bF) +23m(S5, - S53)Sm(bs - b) (B.9)

© 2015 Tous droits réservés. doc.univ-lille1.fr



© 2015 Tous droits réservés.

Thése de Yogadissen Andee, Lille 1, 2015

Appendix C

Noise parameters of receivers

This section deals with the noise parameters measurement of the 2 receivers re-
quired for the differential source-pull measurements. The block diagram of the
setup for the receivers’s noise parameters measurement is shown in Fig. (C.1).
The two independent receivers are denoted by rec3 and rec4. The differential

tuner has two independent paths denoted by tunl and tun2. As the receivers are

Rec. Ref, Planes

50Q , Ny 500
&—{wl—H= "8
500 rn._ml rs.ysl 00
: N >
&— w2}t =
I | I
L

un2 sys2

Ficure C.1: Block diagram of the setup for the noise characterization of the
receivers

independent, the calculations are done separately for each of them. Lets consider
firstly rec3. The 2-port noise figure Fjy s of the tunl+rec3d’ cascaded system is

given by Friis equation:
FrecS —1

av
tunl

Fsysl = Ftunl + (C].)

As the tuner is a passive component, its noise figure Fj,,; is related to its available

gain G | as Fyn1 = 1/GS 1. So, the noise figure of rec3 is given by:

tun tunl-*

FrecS = Fsysl b (02)

tunl
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Fyys1 1s calculated from the available noise power Ngi, at the output of the cas-

caded system as:
av

Pyt = ot (C.3)
LT Gav ETOAf '

sysl

av

The available gain of the cascasced system Gf

, is expressed in terms of the

available gains of tunl and rec3 as:

Goyst = Grum Grecs (C4)
The noise figure of rec3 is determined from (C.2),(C.3) and (C.4):
N(I’U
Freey = =8l — C.5
O GRITAS ()

Ngy1 can be calculated from the output noise power Ny delivered to a 50€2 load
as:
NS S
Now = S (C.6)

sysl — 1 . |F5y51|2

where I';, is the reflection coefficient seen at the output of the cascaded system.

And the available gain of the receiver is calculated as:

av |S§fc3|2(1 - |Ftun1|2)
rec3 |1 . Sffdgrtunlp(l _ |Fsysl|2)

(C.7)

where I';,,1 is the reflection coefficient presented by the tuner to the receiver.
The forward gain of the receiver is set to unity (]S5¢%|> = 1) as a receiver power

calibration is performed prior to the noise power measurements.
The final expression of F.. is otbained from (C.5) and (C.7):

N. 1|1 . SrecBFt 1|2
Frec — SYs 11 un CS
T (1 = Tt ETOASf (C.8)

For each tuner position, F,.. is calculated from the noise power measured at the

output of the cascaded system, from the input reflection coefficient of the rec3 and
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from the output reflection coefficient of the tuner.

Similar calculations are done for the determination of the noise figure of receiver
4:

Nsy52|]— - S{f04rtun2|2
(1 = |Tpum2|)) K ToAf

Frees = (C.9)

The two-port noise parameters of rec3 are then determined from F...3 and I'y,,1

using Lane’s procedure with the least-squares method. Likewise, the noise param-

eters of recd are then determined from Fjecq and I'yyna.
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