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ABSTRACT

The theoretical background of thermal noise representation in two-port networks is presented.
From this theory, the existing measurement techniques to characterize the noise of
pseudomorphic high electron mobility transistors (PHEMTs) at millimeter-wave frequencies are
described. The techniques are applied to the now popular on-wafer measurement. A novel
on-wafer resistive noise source (ORNS) which provides noise measurement capability at all
frequencies from a single calibrated frequency is presented. Demonstration of the noise source
capability is made by comparing the measurement of receiver noise figure and two-port noise
parameter extraction with those of a coaxial noise source. A custom design of an on-wafer
probing station featuring an adapter to directly connect an automated mechanical tuner to the
on-wafer probe, and featuring double input and output probes, is evaluated for measurement
of noise parameters from 26 to 40 GHz. The results obtained with two 150 um parallel finger
PHEMTs are presented and compared with the general trend of noise models and
measurement on an independent system at 26 GHz. Uncertainty analysis is performed for the
measurements made at 30 GHz using a commercial microwave computer aided design (CAD)

software.
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CONTRIBUTIONS OF THIS THESIS

This thesis is an investigation of noise characterization of active devices, using an automated

on-wafer technique, at millimeter wave frequencies. Four main contributions to this field of

research have been accomplished.

L.

The design and demonstration of the first on-wafer system using a mechanical tuner
and operating up to 40 GHz.

Improvement to the method of S-parameter calibration by the introduction of 2
sets of probes in the measurement setup.

The invention of a novel on-wafer resistive noise source which may result in simpler
noise characterization.

Presentation for the first time of measured on-wafer noise data of a PHEMT device

from 26 to 40 GHz.

. Identification of the most significant sources of uncertainty.
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1. Introduction

1.1 General Introduction

Pioneering work on the characterization of electronic noise started after the first World War.
75 years later, the topic is still an active field of research. The area of electronic device noise
characterization is critical for the design of sensitive radio receivers operating at high
frequency. The impact of this topic on our lives is becoming more significant in the 1990’s
with society’s request for more rapid digital communications wherever people may be.
Electronic noise is an important parameter in the design of solutions for this requirement in
particular and of any communication system in general. It determines the achievable data
rates for specified signal levels and bandwidth. By reducing a radio receiver’s generated noise,
power requirements are reduced or, conversely communication over longer distances is made
possible.

The sensitivity of a radio receiver is determined by its ability to amplify an electronic signal
without deteriorating it. Electronic noise is a signal that exists in the receiver and thus is
added to all signals being amplified. Hence, small signals can only be amplified without
significant deterioration if the noise added by the receiver is much smaller. The requirement
for small signal amplification is critical in radio astronomy, satellite communications, remote
sensing, radar, and terrestrial communications systems.

Sensitive radio receivers rely on low-noise amplifiers (LNA) built from semiconductor
transistors. The selection of one semiconductor technology over another depends on system
ro;quirements. At millimeter-wave frequencies (above 30 GHz), the pseudomorphic high-

electron-mobility transistor PHEMT) is one of the few good candidates, MESFETs and HBTs
1



being limited to lower frequencies. It is also a relatively young device technology for which
the variation of performance may be significant from one manufacturer (foundiy) to an other.
Variations also exist between different wafers coming out of the same process, and between
different transistors laid out on the same wafer. Transistor noise characterization is used to
evaluate the quality of devices, to evaluate the performance of semiconductor technologies, to
optimize the design and fabrication of devices, and lastly to optimize the design of LNA’s.
Unfortunately, existing characterization techniques require a significant investment in test
equipment, they are fairly complicated, and they are often inaccurate.

The motivation of this thesis is to provide the necessary means to accurately characterize the
noise behavior of transistors up to millimeter waves, and to do so while the transistor is still

part of the original wafer, i.e. “on-chip” or “on-wafer”.

1.2 Thesis Objectives

The main objective of this thesis is to perform on-wafer noise parameter measurements up to
40 GHz. This requires the determination of an appropriate test setup, calibration
methodology, choice of parameters to be measured and finally noise parameter extraction
technique. It is also desired to perform an uncertainty analysis so as to allow the evaluation of
the technique and the identification of its limitations. Since no other measurements between
26 and 40 GHz are available for comparaison, the validity of our results is established by
considering an independant characterization at 26 GHz in a different laboratory and by

comparing the obtained value to PHEMT noise models.

1.3 Thesis Outline
Chapter 2 of this thesis presents background on thermal noise. We introduce fundamental

notions and we briefly discuss statistical representation which leads to the one- and two-port



network representations. The PHEMT device is presented along with some comments about
its expected noise behavior.

In Chapter 3, existing measurement techniques are reviewed. Mainly, the Y-factor
technique, the hot/cold technique and the cold power technique are explained. The
advantages and present limitations of on-wafer probing techniques are also discussed.

In Chapter 4, a novel on-wafer resistive noise source is presented. The benefits of using this
type of noise source are discussed and a comparative measurement against a coaxial noise
source is made.

In Chapter 5, the on-wafer noise parameter measurement setup developed in this work is
presented. Each sub-assembly of the setup is described in detail. The measurement procedure
is also explained.

In Chapter 6, the measured noise parameters of two PHEMT devices are presented.
Verification of the general trend predicted by models is made. Noise parameter measurements
as a function of bias and as a function of frequency are plotted. The measurement of the same
devices on an independent system is also presented.

In Chapter 7, the uncertainty analysis of our measurements is presented. A number of
assumptions are made to evaluate the uncertainty on the extracted noise parameters at 30
GHz. Verification of these assumptions is done. A sensitivity analysis to evaluate the impact
of certain parameters is also presented.

Finally, Chapter 8 summarizes the work done and presents possible directions for future

work.



2. Background

The goal of this chapter is to present the theoretical foundation for millimeter-wave noise
characterization. We focus on the representation of electronic noise, which is required to
measure and characterize the behavior of transistors. We introduce fundamental notions, we
briefly discuss statistical representation to make use of one and two-port network
equivalencies, and finally we touch upon PHEMT noise models. Of all the topics covered, the

mathematical formulation of noise in two-port networks is the cornerstone of this thesis.

2.1 Electronic Noise

The random internal motion of carriers (electrons or holes) in conducting materials induces a
voltage signal that is referred to as electronic noise. Sources of electronic noise in solid-state
devices are characterized as low- and high-frequency. Examples of low-frequency sources are
flicker noise (1/f°%), generation-recombination noise (G-R), partition noise [1], and Lorentz
noise 2, p.71. Above 100 MHz, thermal noise generally dominates over the low-frequency
noise[1, p.250]. Another significant high-frequency source of noise in field effect transistors
(FETs) and high electron mobility transistors (HEMTs) is the channel noise from the
conducting channel between the source and the drain [2, p.10}, [3], [4]. Shot noise is another
type of high-frequency noise, which is most significant in bipolar junction transistors (BJTs)
and heterojunction bipolar transistors (HBTs) (1. One common characteristic of high-
frequency noise sources in semiconductor devices is their power spectrum, which can be
approximated by a constant between 1 and 100 GHz. This is convenient because we can now

describe semiconductor device noise sources as equivalent thermal noise sources.



2.1.1 Thermal Noise
Thermal noise is generated by the random motion of free electrons in a conducting material.
Thermal noise causes a noise voltage en(t) to be generated between two points of the material.

The resulting power spectrum of the noise voltage is [5] [6]:

Se(f)=2R['42f]+ ull ] V2 -5} (2.1)

SHAKT) _q

where
RIQ] is the resistance value of the material,
Ts K] is the temperature of the system (or resistor),

h = 6.624x10* [Js] is Planck’s constant,

k = 1.38x10% [JK'] is Boltzman’s constant.
For |f| <1000 GHz, we have (Wf|/kT;) <0.15, and e®/V%T:) = 1 + A/KT; , and therefore

(2.1) reduces to:

Se (f) = 2RKT,  [V? -s). (2.2)
The power spectrum expressed in ( 2.2 ) is independent of frequency (f) and is commonly
referred to as “white noise”. The thermal noise voltage generated in a resistor R [Q] over a

bandwidth B [Hz] is obtained from:

ed() = 4RkT,B V2] (23)
where ;,%(—t) is the mean square thermal voltage. We want to emphasize the fact that the noise

voltage signal (e4(t)) is not a periodic signal but rather a random signal. In fact, en(t) is
stationary (independent of time origin), ergodic (a process which has the same properties

whether it is averaged over time on one function or averaged at one time over an ensemble of



functions), and Gaussian (or Normal). Such random processes are totally determined by their

mean (u) and standard deviation (o) or variance (@ [7]. In the case of thermal electronic
noise, we find that p=0 and &= e2(¢) [8, p.761]. Note that Eq. (2.3 ) is valid because white

noise remains Gaussian after passing through linear filters {9].

2.1.2 Quantifying Electronic Noise

The impact of electronic noise is most significant in the fields of radio astronomy and satellite
communications where the achievable sensitivity of the radio receiver limits system
performance. Quantifying the impact of noise when performing both system design and radio
receiver design is therefore very important. The properties of Gaussian processes combined
with circuit theory allow us to represent electronic noise in familiar terms. Definitions such as
voltage noise source, noise temperature and noise figure are most common to quantify the
electronic noise for system and circuit analysis. We report here the most common expressions

used to quantify noise from the usual voltage, current, power and gain definitions [8] [10] {11].

Voltage and Current Equivalent Noise Sources

By using circuit theory, the thermal noise voltage of Eq. ( 2.3 ) can be modeled with a resistor
and a voltage noise source (V? = ;-%-(_ti) as shown in Figure 2.1. The available noise power

(P,,) of this source is given by the power delivered to a conjugate matched load R at 0 K. We

can express the available noise power in the frequency band B as:

P, =kT,B [W]. (2.4)
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Figure 2.1: Thevenin equivalent circuit
The Norton equivalent, which uses a current noise source in parallel with the resistor R also,

applies. Hence

12 = i2@) = 4T,B/R [A2]. (2.5)
The current and voltage equivalent noise sources used here represent stationary Gaussian
processes. Therefore if two noisy resistors were connected in series, they could be replaced by
an equivalent resistor Re=R]+R;. This relation holds since for two independent Gaussian
processes, the variance of the sum is equal to the sum of the variances of the individual

processes [7, p.35] [12].

Noise Temperature

If an arbitrary one-port source of noise is white, it can be modeled as an equivalent thermal
noise source satisfying ( 2.4 ). This available noise power can be quantified in terms of a noise

temperature (T},) given by:

T, =Py I (2.6)
Note that unlike T, T can be different from the ambient temperature of the system. For
example, if we know that an avalanche diode activated with a DC current generates a noise
power Py, then the noise temperature of the diode is given by ( 2.6 ). Since the noise power is
generated by a different physical phenomenon than thermal agitation, the noise temperature

T, is different from T , the physical temperature of the diode.



Noise Factor and Noise Figyre

A common way of quantifying noise along a signal transmission path is to determine the noise
factor from the input to the output of the path. Since signals can undergo frequency
translation, noise factor (F) is defined for specific input and output frequencies fin and four-
Noise factor is the ratio of the total noise power per hertz at fo,, available at the output port,
when the noise temperature at the input termination is standard (To=290K) at all frequencies,
over the portion of the output noise power generated by the input termination. It should be
understood from this definition that noise factor is only meaningful when specifying the input
termination (I"). For a linear network, the output noise generated by the input termination is
calculated from the amplified standard available input noise power (kToG4B). Therefore, the

noise factor is given by [10]:

g_Nat kToG, B}

(2.7)
kToGaB |y ook .

where N, is the added noise from the input to the output. The noise factor definition is
particularly useful to communication systems engineers working in terms of signal to noise

ratio (S/N). It can easily be shown that noise factor quantifies the degradation of S/N of a

pJL”‘”A‘ (2.8)
S/ Noutlr, -, 1,

which is sometimes misleadingly referred to as the definition for noise factor. Another

transmission path by [10]

misleading practice is to interchange the terms noise factor and noise figure. Here we

differentiate the two using:

Esp = 101og(F) (2.9)



where noise figure (Fgp) is the decibel representation of the noise factor (F).

By making use of noise temperature representation for the added noise power (N3 =T,kG,B),

we can simplify ( 2.7 ) to:
F=TatTo (2.10)
Ty
and equivalently
T, =(F-)Tp [l (2.11)

We want to point out that the noise temperature T, is also called the effective input naise
temperature in the context of two-port networks and therefore it provides the same
information as noise factor but on a different scale. We conclude from this that the naise
figure of a receiver provides the same information as the receiver’s effective input noise
temperature, Unfortunately both only provide part of the information about the noise
behavior of the receiver. We saw that noise figure is meaningful for a specific source
impedance presented to the receiver. In practice this means that a change in source impedance
will result in a different noise figure for the same receiver. We therefore need to look at a

representation for receiver noise behavior which will account for a varying source impedance.

2.2 Electronic Noise in Linear Two-Port Networks

In this section, we review the theory that allows a complete characterization of two-port
networks with undefined input and output matching conditions. We also relate this theory to
two-port S-parameters. This relation is very useful to microwave circuit designers who make
use of the two-port network S-parameters to define gain, stability and power matching

conditions of transistors.
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Figure 2.2: Seperation of a two-port with internal sources into a
source free two-port and external input current and voltages sources

2.2.1 Representation of Noise in Linear Two-Port Networks

From circuit theory, we know that either port of a linear two-port is completely characterized
by the time-dependent voltage e(t) and current i(t). Common practice is to transform these
signals to the frequency domain voltage (E) and current (I) and to make use of network
parameters such as impedance [Z], admittance [Y], transfer [A] or scattering [S], in order to
characterize the two-port. For example, the transfer representation of a two-port with an
internal voltage source E and current source I as shown in Figure 2.2 is given by [13]:

Vi =aiVz +apl; +E

2.12
L =aVa +aph +1 ( )

where [:u :lz] = [A] is the transfer matrix (or ABCD matrix) of the two-port.
21 22

Rothe-Dahlke [14] showed that a noisy two-port network can be represented by a noiseless
network (source free two-port) with two correlated noise sources (en(t) and in(t)) replacing E
and I respectively (Figure 2.2). A significant difference here compared to normal circuit
analysis is that e(t) and in(t) are correlated. In the same way that the spectral density of Eq.
(2.2 ) can be quantified in terms of power voltage by Eq. (2.3 ), en(t) and in(t) will have self

power spectral densities given by (8]:

10



S. @) = TR, for e,(t) [V2[Hz} (2.13)

Si(@) = 4TG; forin@)  [AZ/Hz]
where R, is an equivalent noise resistance, and G is an equivalent noise conductance. For our
representation to be complete, we must define a complex correlation coefficient. We can

compute the cross spectral power density, S, between en(t) and in(t), and then represent it by

a complex equivalent noise impedance v, + jy; which is given by [15]

2[Sxr (@) + Sxi(@)] = 4kT (¥, +jyi) [V?/Hi (2.14)
Note that the self- and cross-power spectral densities are defined as the Fourier transform of
the auto- and cross-correlation of the Gaussian process, respectively. This is applicable to
stationary random processes. Re-arranging these spectral densities in a Zx2 matrix leads to the
so-called noise correlation matrices [15]. The noise correlation matrices have to be Hermitian
and non-negative [16]. The four parameters making up the matrix are referred to as the noise
parameters (NPAR). Many representations of the noise parameters exist. There is the I1- and
T-Matrix of Rothe and Daklke [14], the wave representation (an, bn, Z,) [17], the IRE
standard representation (Fg, Ra, Yo=Go+iBo) [13], Lange’s representation (Fop, N, Yop) [18],
the Hillbrand correlation matrix associated with electrical network representation (CA with
chain, Cz with impedance, and Cy with admittance) [15], the representation in terms of noise
temperature (Temin, N, Yopd 0f (Tmin, N, Zopd [16], the microwave representation (Fpin, Rn,
Copd), and other combinations of the above. We prefer to use the microwave representation
expressed in terms of a minimum noise figure (Fmin), a complex optimum reflection coefficient
(TCope magnitude and phase), and noise resistance (R,). More details about these

representations can be found in Appendix Appendix A.
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2.2.2 Noise Signal Computation with Linear Two-Port Networks

An efficient computational technique was presented by Hillbrand and Russer in [15] which
makes use of the correlation matrix representation (Ca, Cz, and Cy). The technique uses the
two-port network as a unit cell to compute bigger (or smaller) linear two-ports electrical and
noise parameters. For example, if we cascade network #1 and network #2 to create netwark
#3, we can compute the electrical parameters of network #3 by multiplying the transfer matrix

[A] of networks #1 and #2. We can also get the new noise correlation matrix from {15]

Ca3 =A1CAAT +Ca (2.15)
where A, is the transfer matrix of network i, Ca; is the associated transfer correlation matrix,
and + denotes Hermitian conjugation. For the series connection of two-port networks,
impedance correlation matrices are simply added together (ie. Cz3 = Cz1 + Cz2 ) and
similarly, for parallel connection the admittance correlation matrices are added (ie. Cy3 = Cvyi
+ Cyz ) These relations are even more useful when we know that for passive networks in
thermal equilibrium, the impedance and admittance correlation matrices are simply given by
f1s]

= 2kT, Re{Z

Cz s Re{ } . (2.16)
Cy = 2kT; Re{Y}

For example, if we apply nodal analysis to determine the admittance matrix of the passive

network shown in Figure 2.3, we can then state that this network is completely characterized

by:

Y - [0.06 —0.04 (2.17)

0.06 —0.04
004 004 ] and Cy =21, [—0.04 0.04 ]
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Figure 2.3: Resistive two-port network
We can now transform the admittance representation just obtained for this specific network
to any other representation using relations given in Appendix Appendix A. When expressed

as Fain, Fope » and Ry we have FrindB)=5.72dB, [op,=0.268£180 and Ry, =25 Q.

2.2.3 Relation Between Noise Figure and Two-Port Noise Signals

The main goal in designing a low noise amplifier is to present to the input of the transistor the
optimum impedance (I'opy) to achieve the minimum noise factor (Famin,)- Although we showed
in the previous section how to compute the noise parameters we have not yet shown how the
noise figure of the amplifier (or network) is affected by the source and load impedance

presented to it. Let us derive this relation.

e(t)
Noise free | o
(0 two-port 7
e(t) < Lt network L
- g T

Figure 2.4: Noise free two-port network with source
impedance
The power transferred from one network to another is easily computed with S-parameters.
Definitions of available power (P,), delivered power (Pq ), and mismatch factor (M=P4 /P, )
describe well how the power transfer occurs [8 p.334]. By applying such computation
techniques to the specific case of Figure 2.4, it can be shown that the total noise delivered to
the noise free two-port is [8 p.764]
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Figure 2.5: Noise circles for the resistive network of Figure 2.3

M M 4[er(0)Rs + Sy (@)Xs]
Pp = B{S.(@) — + S;(®) + R; (2.18)
B{ 4Rs ! 4Gs IZ, + Ziulz m}

where Z;=R+jX; is the source impedance, Zjn=Rin+jXin is the input impedance of the
network, and Gs=R;/|Z; |>. From the definition of noise factor, and by replacing the power

spectral densities in ( 2.18 ) with the equivalence of (2.13 ) and ( 2.14) we obtain

F = 1+-R—‘+&+2-———R’7' + XY .

Ry G R

(2.19)

The optimum noise factor is obtained by taking the partial derivative of ( 2.19) with respect to
Rsand X;. Then, after a number of manipulations, we obtain the following expression for the

noise factor of two-port networks as a function of the input source impedance (I'y):

(2.20)

2z
F = Fun +4(&L\ |5 - Tone :
Zo)q - TPt + Tope| )

where Z is the characteristic impedance used. By using Eq. (2.20 ), it can be shown that, for
the specific case calculated in Section 2.2.2, the noise figure maps as circles over the Smith

chart representation of the input impedance as shown in Figure 2.5 {8 p. 772].
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Figure 2.6 Typical cross section of a
PHEMT

2.3 The Pseudomorphic High Electron Mobility Transistor

The fundamental operation of the pseudomorphic high electron mobility transistor PHEMT)
is based on the field effect transistor (FET). As such, the noise behavior of HEMTs and
PHEMTS is often considered an extension of the theory of noise in FETs. Our interest for
noise models in this thesis is limited to finding general governing rules, which will help us in
validating measurements made on a PHEMTs. Before we go into some of the details in noise

modeling, let us first briefly describe the PHEMT device.

2.3.1 The PHEMT Device

The technology of Molecular-Beam Epitaxy (MBE) made possible the creaton of
heterojunctions such as AlxGa].xAs/GaAs in semiconductors which in turn gave birth to a
new type of transistor known as the HEMT (also called MODFET or 2DEGFET or SDHT)
[19] [20]. In the case of the PHEMT, a layer introducing different types of atoms (ie
AlGaAs/InGaAs/GaAs) is brought into the equation. A typical cross section of these
transistors is shown in Figure 2.6 [21]. This new atom (indium in this example) will produce a
misfit dislocation, which arises from a lattice mismatched pair of semiconductor layers. It was

found that if a lattice mismatched layer was grown sufficiently thin, then the mismatch could
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be accommodated entirely as elastic strain. The operation of the FET structure is significantly
enhanced through the use of the heterostructure, which creates a region refered to as a two
dimensional electron gas 2DEG). The 2DEG was shown to have improved the low-field
electron mobility {22] [23].

Our interest in this device comes from its ability to provide higher gain and lower noise
figure at millimeter waves. Tan et al. reported the successful fabrication of a 0.1 um gate
length PHEMT achieving a noise figure of 2.1 dB at 93.5 GHz [24]. This record breaking
reports of low noise figure and unity frequency gain of PHEMT still goes on today. The noise
modeling of these devices at millimeter wave frequencies was previously performed and

therefore should provide us with some valuable information.

2.3.2 Noise Models for PHEMT Devices

Noise models for devices can be broken up into two categories: physical models and empirical
models. Physical models are derived from actual material properties and are therefore mare
useful in aiding the design of a device and improvement to foundry processe. Generally
speaking, most papers published may be viewed as progressively more sophisticated treatments
of the problems originally tackled by Van der Ziel for FETs. Empirical models, on the other
hand, are derived from measurements of specific device parameters to provide the circuit
designer with an effective model, which will take noise into account in CAD tools. In both
cases, the final representation in a noise model is generally done through an equivalent
lumped voltage noise source, current noise source, or equivalent noisy resistor.

Although the HEMT structure is different from that of the MESFET, the methods employed
in noise studies are basically the same. In [25], Brookes presents a simple analytical model for
a HEMT by modifying the FET noise model reported by Van der Ziel [26] and Pucel et al {3].
The Brookes model takes into account only the thermal noise in the channel and expresses it

in terms of the intrinsic transistor noise coefficient parameters P, R and C which were
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originally defined by Van der Ziel in 1962 and reused by Statz and Pucel in a more complete

model for the FET [3). Cappy et al. also presented a model for a submicrometer-gate two

dimensional electron-gas field effect transistor ZDEGFET) in (27]). Other model and noise

analysis for HEMTs includes Joshin 1989 [28], Pospieszalski 1989 [29] [30], Ando 1990 {31],

Hickson 1992 [32], Anwar 1993 and 1994 [33] [34], Felgentreff 1994 [35].

After looking at the resulting relations derived from the above model list, we can make a
number of comments with regards to the general trend of the noise parameters for a PHEMT
(or HEMT) in our frequency band of interest (26 to 40 GHz). We identified that:
¢ the minimum noise figure (Fmingdp) increases with frequency,
¢ the noise resistance (Rp,) decreases with frequency,
¢ the optimum reflection coefficient (gpe) rotates counter-clockwise with frequency on the

Smith chart,

e starting with a drain current Ids =15% of Idss, the minimum noise figure (Fmindp) gradually
increases with drain current (Ids). Note that for Ids< 15 % of Idss, Fnind rapidly
increases with Ids.

These comments conclude our discussion on the noise model for a PHEMT. Providing maore

details on specific models to relate it to our measurement was considered for this thesis but

had to be discarded. The main reason for this was the lack of information provided by the

foundry about the device being measured.

2.4 Conclusion
This chapter presented the theoretical foundations required for the millimeter-wave noise
characterization of PHEMT devices. The focus was placed on the representation of thermal

electronic noise, which can be used at millimeter-waves to represent PHEMT devices. Actual
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noise modeling of the PHEMT from physical parameters or lumped element equivalence was

briefly studied to determine the expected trends of the noise parameters.
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3. Measurement Techniques

The most commonly used techniques for measuring the noise parameters are presented in this
chapter. The details of noise figure measurement are presented before explaining a number of
noise parameters measurement and extraction techniques. We also introduce the advantages

and difficulties of on-wafer probing at the end of this chapter.

3.1 Noise Figure Measurement of a Two-Port Network

3.1.1 The Y-Factor Measurement Technique

By taking a closer look at Eq. (2.7 ), we see that noise factor is not measured directly but must
be derived from available gain (G,), added noise (N,) and bandwidth (B) of the DUT. We
now refer to Figure 3.1 where we show a linear DUT and a graph representing the output
available noise power as a function of input noise temperature (or noise power). Since the
DUT is linear, the relation between input noise temperature and output noise power is a
straight line of slope m=kG,B and y-intercept=N,. Two measured noise powers
corresponding to two known input noise temperatures are required to determine the gain-

bandwidth product (kG,B), and the added noise N,.
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Figure 3.1: Noise figure calculation using Y factor [11 p. 11].

To generate the two noise powers at two known noise temperatures, a physically heated and
cooled termination is used and these constitute the fundamental physical standards. A
termination placed in liquid nitrogen at a temperature of about 77 K is commonly referred to
as a cold noise source. The hot noise source is usually a termination kept in an oven regulated
to 373 K. The fundamental noise source standards are primarily used to calibrate other types
of noise source, which are more practical and faster for day-to-day measurements. The mast
common of which is certainly the solid-state avalanche diode. The avalanche diode generates
hot and cold noise power by applying to it a bias of +28 and 0 V respectively. Noise diodes
have to be calibrated to determine their equivalent hot noise temperature (T}) at every
frequency. The calibration table will generally be given in the form of excess noise ratio (ENR)

expressed in dB and related to T}, by [10]:
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Th(l - [I'Nghlz) - 290
290

ENR(dB) = 10logjo (3.1)

where Insh is the noise source hot state reflection coefficient. The definition presented here is
what is calibrated by the United States National Bureau of Standards. A common
simplification is to assume that I'ysh=0 in ( 3.1 ). We note that this simplification is
sometimes used as the ENR definition.

A means of measuring the noise power is also required. An accurate power detector is
needed for that purpose. The requirement for extremely accurate power measurements can be
reduced by using the Y-factor technique. The Y-factor is the ratio of the hot noise power (N7)

over the cold noise power (N1). After algebraic manipulation, Eq. ( 2.7) is written as [10]:

ERCE

(3.2)

where

Ny _ Ng +kTiGB _ KT,G,B +kTiG,B _ (T +Ta)

= (3.3)
N; N, +kT.G.B kT,G,B+kT.G,B (T, + Ty)

Y =

The Y factor is more accurately measured than absolute noise power by making use of an
accurate variable attenuator to keep an equal power reading for both noise source states. The
change in attenuation setting between the hot and the cold states of the noise source is equal
to the Y-factor. A block diagram of a typical lab setup using the Y-factor technique is shown
in Figure 3.2 [11]. This diagram doesn’t show the attenuator since the digitization of the

measurements eliminates this function by providing accurate relative power readings.
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Figure 3.2: Y factor noise figure measurement set up

The accuracy of the Y-factor measurement is closely related to the uncertainties in Ty, and
the quality of the input and output match. As well, the uncertainty is increased by the fact
that the output impedance for the avalanche diode is not nominal and varies between the hot
and cold states. A general uncertainty analysis in noise measurement systems was made by
Pradell and is reported in [36]. His analysis provides an expression which allows the
identification of errors for systems that use the Y-factor method. This expression can then be
used to determine the error limits on the noise figure measurement of microwave low-noise
amplifiers. As well, Hessen-Schmidt [37], showed how the noise figure measurement accuracy
depends on the properties of the noise source and how newer types of noise sources improve

the measurement accuracy.

3.1.2 The Y-Factor Technique at Microwave Frequencies

The measurement of noise figure at microwave frequencies involves the insertion of a receiver
(typically an LNA with a single sideband filter and a down-converter) between the DUT and
the bandpass filter of Figure 3.2. The receiver not only amplifies noise power at the output of
a DUT, but it also adds internally generated noise. We must therefore account for these two
factors which we call the second stage effects. In order to de-embed noise generated by the

receiver from the noise of the DUT, we make use of the Friss equation [38}:

Fr=FDUT+Fg”-l (34)
DUT
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where Fr is the total measured noise factor, Fry is the receiver noise factor, and Fpyr, Gpurt
are the noise factor and gain of the DUT respectively.

We should point out that it is possible to evaluate the noise factor of the DUT without
using the single sideband filter in front of the downconverter by assuming that the noise
power in both sidebands of the DUT are equal. If we do, then we know from mixer theory
that both sidebands will be down-converted into the same bandwidth and therefore, we
should correct by dividing our power reading by two. This technique is referred to as a
double side-band (DSB) noise figure measurement. The DSB technique is frequently used for
INA noise figure measurements. Unfortunately, for device characterization, the DSB
technique introduces a large errors in the noise parameter measurement due mainly to the
variations of source impedance with frequency [39]. We therefore limit ourselves to the SSB

noise figure measurement method.

3.2 Noise Parameter Measurement Techniques

Although system engineers rely exclusively on the noise factor to compute system
performance, complete noise characterization of two-port networks requires the measurement
of all four noise parameters (Section 2.2). We will see in this section how measurement
techniques have evolved from a tedious experimental search into automated noise parameter

measurement systems.

3.2.1 IRE Standard Technique

A technique approved by the IRE Standards Committee in 1959 [40] for the measurement of
noise parameters (Fmin, Rn, Yopr=Gopr+jBopt) consists of experimentally tuning the input
impedance until the minimum noise figure Fnin and the corresponding source admittance are
found. The equivalent noise resistance, Ry, is then determined by a measurement at a

different source impedance, Ys. This practice is unsatisfactory for two main reasons [4]]:
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e It is tedious and inaccurate to determine Yy since the partial derivative of the noise
figure with respect to source impedance is zero at the minimum; and

. transformation-dependent losses in the input matching network, which is not
accounted for, bias the obtained value of Ygp. Note that at millimeter waves, the
transformation dependent input matching losses are even more significant.

For these two reasons, Lane proposed a simple technique, which directly extracts the noise

parameters from a least-square fit optimization [41].

3.2.2 Noise Parameter Extraction Techniques

The technique proposed by Q.Lane in 1969 [41] is called the multiple impedance noise
measurement technique. In principle, measurement of noise factor at four different source
impedances Yj is sufficient to determine the four noise parameters. Since uncertainties corrupt
the measurements, a larger number of measurements (seven was proposed by Lane) allows
statistical smoothing of the noise figure surface when computed using the least square fitting
procedure. A shortcoming of Lane's algorithm is high error sensitivity caused by ill-
conditioned matrices, which occurs with a bad selection of input impedances [42]. Other
algorithms, which include totally new formulations or a simple variation on the original
algorithm, have since been developed to achieve better accuracy [43]. We would like to
emphasize O'Callaghan’s technique [44], detailed in Appendix Appendix C, which makes use
of a vector formulation. By arranging Eq. ( 2.20 ) in the form of a linear combination of
vectors, O'Callaghan was able to extract the noise parameters. The formulation is composed
of five N-dimensional vectors generated from the source impedances and associated noise
factor. N is the number of selected source impedances. The N source impedances are referred

to as the constellation of impedances used for the extraction of the noise parameters.
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3.2.3 Selection of the Impedance Constellation

The proper selection of a set of impedances to compose a constellation is often presented as a
way to average out the errors on the measured parameters. The opposite is far more striking
in that a bad selection of the constellation may totally destroy the validity of the extracted
parameters. Lane himself pointed out a similar shortcoming with his original fitting routine
[41]. It should be noted as well that changing the extraction algorithm could give different
results for the same constellation. We justify this statement by pointing out that the main
difference between extraction algorithms is in the formulation of the error function being
minimized to extract the noise parameters. Although at least 7 extraction algorithms exist
[41}(45]{46][47](48]{49][44], we limit our study on the selection of the impedance constellation
to Lane’s [41] and O’Callaghan’s {44] extraction algorithms.

For Lane’s technique, we learn from Sannino {42] that a bad selection of the constellation
may cause matrix ill-conditioning when the admittances (or impedances) all lie in the
neighborhoods of some singular loci. Eleven admittance loci conditions that produce ill
conditioning were determined. To avoid ill conditioning, it is suggested to simply compose a
constellation by selecting impedances from two different loci. However, this doesn’t guarantee
that none of the eleven conditions is satisfied and all have to be verified individually. The

method doesn’t provide any indication that the selection is an optimum constellation.
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The problem of selecting the number and location of source impedances to form the best
constellation was dealt with in [50]. Simulated measurement conditions were generated from
the known noise parameters (Fmindgb=1.5 dB, [ope=0.75£0, Ra=103 €) of a device.
Arguments to select a constellation of nine points as shown in Figure 3.3 were presented.
Unfortunately, the specificity of the simulation raises some questions about the generality of
the conclusion of that study. In fact, it is shown in [51] that for the case where the real part of
the optimum impedance (Rop ) is not enclosed by the constellation, the uncertainty on the
extracted noise parameters is greater. It is also pointed out that unless this is the case, an
excellent fit of the noise parameters to the noise data is not a proof of the correctness of the
noise parameters.

O’Callaghan’s algorithm has a definite advantage over Lane’s for the selection of the
impedance constellation. The advantage comes from the vector formulation, which provides a
quantifying parameter (obtained from the calculation of the orthogonality between each

vector) used to evaluate matrix conditioning. Minimizing the condition number resulted in a
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constellation of seven impedances presented in Figure 3.3. Note that Smith chart coverage
was limited to the maximum radius of 0.7.

Unfortunately none of the papers found in the literature suggest a way to take all factors
into account in order to determine the best constellation for a specific measurement. Indeed,
the parameters of the DUT being measured play a large role in defining the accuracy of the
various parameters being measured. Hence, it is extremely valuable to be capable of
generating impedances everywhere around the Smith chart to determine the optimum

constellation for specific noise parameters.

3.3 Common Measurement Setup

Several investigators proposed so-called automated noise parameter measurement setup since Lane
published his parameter extraction algorithm [41]. We classify these setups in two categorics.
The first one uses the Y-factor technique to measure the noise figure for all impedances of the
constellation [52] [45) [53] [16] [54] [48] [55]) [56] [57]. We refer to it as the hot/cold technique.
The second one uses the cold power technique originally introduced by Adamian and Uhlir
[58] [50] [59]. A presentation of typical setup and procedure used in both techniques is made

in this section.

3.3.1.1 Hot/Cold Technique

For the hot/cold technique, the setups make use of an input tuner in front of a DUT to
generate multiple input impedances as shown in Figure 3.4. The noise factor of the combined
input tuner and DUT is then measured using the Y-factor technique. Since we are interested
in the DUT noise parameters only, the tuner and receiver noise parameters must first be
measured in order to de-embed them from the measured noise factor. The noise parameters of
the tuner are determined from the measurement of its available gain (or equivalently its S-
Parameters) at each point of the constellation. The receiver noise parameters are obtained by
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Figure 3.4: Hot/cold noise figure parameter measurement setup
removing the DUT from the setup and performing a complete noise parameter extraction.
Having characterised the receiver noise figure and the tuner available gain for each point of
the constellation, the DUT noise factor is determined from Friss Eq. ( 3.4 ) and the ENR
correction given by Eq. (4.1). Using the set of noise factors obtained for the constellation of
input impedances, the DUT noise parameters are extracted using one of the mathematical

algorithms discussed in Section 3.2.2.

3.3.1.2 Cold Technique

The rationale of the cold power technique consists of first fully characterizing the receiver so
that subsequently only one measurement of noise power is needed to characterize a DUT
instead of two (one hot, one cold) as in the hot/cold technique. For simplicity, this
measurement is performed with a passive noise source at room temperature, a so-calied “cold”
source. The “receiver” is the one-port network consisting of the chain of amplifiers, mixers,
and filters terminated by the power meter (Figure 3.5). Obviously, the cold technique requires
a receiver that is very stable over time.

This being said let us explains how cold power measurements can be sufficient to determine
the DUT noise parameters. We recall from Figure 3.1 that for a specified source impedance
connected at the receiver reference plane, the power meter reading can be computed from the

source impedance available noise power (Py), the gain-bandwidth constant (kG;B), and the
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noise added (N,) by the receiver. Generalization of this relation for any source impedance (Z,)
connected to the receiver is possible by knowing the receiver noise parameters, the receiver
reflection coefficient, and by introducing the kBGg term. The kBGp term is a characteristic of
the receiver, which is independent of source impedance and from which the gain bandwidth
constant (kG,B) can by computed as explained in Appendix Appendix B. Thus, by using the
receiver noise parameters, refiection coefficient and kBGp term, the power meter reading can
be related to the available noise power at the input of the receiver. We see from Eq. ( 2.7)
that the DUT noise factor can be obtained from the output noise power (N,+kToG,B)
divided by the available input noise power amplified by the DUT (kToG,B). Hence, the DUT
noise factor can be obtained by measuring the output noise power with a characterized
receiver and by computing the DUT available gain G, from measured S-parameters. The
DUT noise parameters are then obtained by measuring the DUT noise factor for a
constellation of at least 4 source impedances as required by the mathematical algorithms
discussed in Section 3.2.2.

To better understand the receiver characterization, we now review the formulation
introduced by Adamian and Uhlir [58], which relates source impedance available noise power
to the power reading of a receiver. If we replace the load impedance (Z}) in Figure 2.4 by a
power meter and we assume that the noise free two-port is a linear receiver, we can state that
the power meter reading will be proportional to the power absorbed by the receiver input

admittance Yin,. The power reading for a particular source (Ys=1/Zy) is [58]:

P, = :*E‘L“G%{[y, + Yor[PRa + Gi + tus Rc{Y,]} (3.5)
[Ym + YSI

where Yeor, Rn, Gp, are the receiver noise parameters (I representation of Rothe and Dahlke),

Cin is the receiver available gain, ths=Tnhs/To is the source available noise temperature over

the standard temperature ratio, and K is a proportionality constant. Considering that the
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Figure 3.5: Cold power noise parameter measurement technique

receiver input impedance and the source impedance can be measured, the formulation to
compute the noise parameters of any receiver identifies five unknowns which can be
determined from the measurement of five output powers for five known source impedances,
each with a known excess noise temperature (t). The five unknowns are the four noise
parameters plus the BK term. The BK term can be related to the kBGo term previously
introduced by looking at the relations in Appendix Appendix B. Hence, we can consider the
receiver kBGp term to be the fifth unknown. Solving the set of equations obtained from Eq. (
3.5) to determine the five unknowns requires that we select at least one of the available noise
temperatures (¢, to be different from the others. The requirement for hot noise power
measurement is therefore reduced to one measurement only with the cold technique.

The measurement procedure for the cold power technique may be performed by using the
setup presented in Figure 3.5. First, we replace the DUT with a thru line and switch to the
noise source to measure the gain bandwidth constant (from which the kBGg term is computed)
of the receiver from a hot and cold noise power measure. We then switch to the tuner and
present a minimum of four source impedances to determine the noise parameters of the
receiver. Second, we measure the S-parameters of the DUT and the reflection coefficient of
the receiver from which the available gain of the DUT is determined. Third, we measure at

least four output noise powers of the combined DUT and receiver. All required measurements
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are now complete and the DUT noise parameters can be computed in two steps. First, the
computation of the noise factor of the DUT associated with each measured impedance is
made. Seco;id, the DUT noise parameters are extracted using one of the mathematical
algorithms discussed in Section 3.2.2. Note that alternative computation sequences are also
possible [50].

At millimeter waves, the cold technique has an important advantage over the hot/cold
technique. The advantage has to do with the S-parameter characterization of the tuner for the
various states it is placed in. We learn from [60] that when the tuner presents a high reflection
coefficient (e.g. |I's| =0.7) then the uncertainty on the available gain measured is £0.1 dB for
an uncertainty of £0.01 (1.5 %) on [S;2] only. Note that the typical reflection coefficient
uncertainty of a vector network analyzer is +0.015 at 18 GH:z [61]. In addition, more
uncertainty is introduced in our case since the S-parameter measurement of the tuner needs to
be performed from a coaxial transmission line (noise source reference plane) to an on-wafer
transmission line (DUT reference plane). We conclude that the hot/cold technique introduces
a serious accuracy limitation. This may not be the case for the cold power technique since the
tuner needs only to be characterized for reflection coefficients presented to the DUT. In this

work we use the cold technique

3.3.2 Conclusion

In conclusion, we may say that the noise parameter extraction has evolved from a tedious and
slow procedure to being a sophisticated technique requiring the use of computers and a
network analyzer. Although the new procedures promise to be more users friendly by their
automation, they remain highly complex to implement due to the large number of interacting

measurements made and due to the mathematical extraction algorithms used. Hence, the
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transmission line and probing pad.
impact of test equipment deviation from assumed behavior is difficult to detect and can often

lead to unexplained results.

3.4 On-Wafer Probing
The characterization of a new device is most efficient using on-wafer probing since a newly
produced wafer can be tested without the need for scribing, die attaching and wire bounding
to a test jig. Although no verification standard exists for on-wafer S-parameter calibration
[62], techniques such as the thru-reflect-line (TRL), the line-reflect-match (LRM) and others are
considered sufficiently accurate and are commonly used in the industry. Unfortunately, the
various calibration techniques can give significantly different noise parameter mesurements at
microwave frequencies [63]. Despite this fact, on-wafer probing is preferred over coaxial
systems for its good probing repeatability and for the direct measurement of device parameters.
The divergence between the various calibration techniques is still an active topic of research
and NIST is presently developing a verification standard for on-wafer probing at millimeter
waves [62].

For our experimental investigation, we limit ourselves to using the TRL microstrip

calibration standards on GaAs. The calibration standards are optimized for 1 to 40 GHz and
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are commonly used by the Communications Research Centre!. The layout of a PHEMT with
TRL microstrip transmission lines and with two reference planes (AA’ and BB’) is shown in
Figure 3.6. Measurements at the DUT at reference plane (AA’) is preferred over measurement
at the probing pad reference plane (BB’) for two reasons: First, a reference plane at the DUT
defined via a TRL calibration will eliminate the effects of the transition from the probe to the
planar transmission lines. Second, when the DUT is used in an amplifier design, the
transition from the transmission line to the transistor is often that of a microstrip line to the
transistor. This implies that the DUT to be tested should be provided with an integrated
transmission lines between the DUT and the probing pads. This may not always be possible
due to space limitation asssociated with the fabrication of wafers. Probing of devices without
the TRL calibration transmission lines is not prohibited but a greater uncertainty on the $-
parameter measurements should be expected. The main reasons are the ambiguity in the
definition of the reference plane and the possible generation of unwanted electromagnetic
modes due to the transition from the probe (coplanar transmisison line in air) to the probing

pads. The layout of the device measured in this thesis is as shown in Figure 3.6.

3.5 Conclusion

The measurement techniques used for noise figure measurements and noise parameter
measurements were presented in this chapter. We recall that the hot/cold technique is based
on the Y-factor technique, which requires the complete characterization of the input blogk
from S-parameter measurements. The cold technique on the other hand is based on a more
general formulation of the problem, which eliminates the requirement for hot power

measurements at all source impedance except one. On-wafer probing was introduced as a

! This work was done in the labs of the CRC of the Government of Canada.
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more efficient way of getting the information required from new devices. A good portion of
the challenge in on-wafer noise parameter measurements is to become familiar with all the
details of the test equipment used. As well, the level of the signal being measured requires the
operators to always be careful about interfering signals which can be picked up from many
sources. A word of caution about noise parameter measurements is that when an unexpected

behavior arises, it often means that something important needs to be looked at before valid

measurements can be made.
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4. On-Wafer Resistive Noise Source

Calibrated noise sources are presently only available for coaxial and waveguide transmission
lines. There exists no noise source standard for planar transmission line structures such as the
microstrip line or the coplanar waveguide. The main reason is that these transmission line
structures cannot easily be connected and disconnected to a planar DUT in order to perform
hot/cold noise figure measurements. Fortunately, this limitation does not apply when the
noise parameters are determined from S parameters and the cold measurement technique. The
calibration of an on-wafer noise source, which consists of a simple noise diode connected on a
coplanar structure, was proposed by Hughes and Tasker in [64]. In the course of this research
we developed a different type of on-wafer noise source. We present here the novel on-wafer

noise source which we believe to be promising by its simplicity and ease of use.

4.1 Description

0.6 mm —mM8MM»

N B
A 4

Figure 4.1: On-wafer resistive noise source
(ORNYS))

The proposed on-wafer resistive noise source (ORNS) is shown in Figure 4.1. It consists of a
thin film 50-ohm resistor embedded in a coplanar structure. Figure 4.1 actually shows one of
Cascade Microtech’s Tantalum Nitride (TaN) load standards found on their alumina
impedance standard substrate (ISS) which is normally used for on-wafer S-parameter
calibration. We learned from Figure 3.1 and Eq. ( 3.5 ) that to be useful, the ORNS needs to

provide two known available noise temperatures, T, and T}, or equivalently ty) and tn.
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When at room temperature, the resistor is equivalent to a noise source in its cold state. That
is it generates a noise power determined by P.=kT.B which is naturally calibrated to the
ambient temperature T.. The hot state of this noise resistor is obtained by forcing a DC
current through it which effectively heats up the resistor. The resistor will now generate the
hot noise power state P, =kT,,B where T}, is defined as the averaged hot temperature. Due to
the small size of the on-wafer resistive noise source (ORNS), the transition time between a cold
state (T*296K) and a hot state (T1*500K) is estimated from laboratory power measurements
to be less then 2 seconds. This transition time is valid for both T¢ to T, and T, to Te.

Obviously, the transition time is not the only parameter to evaluate in order to sanction the
ORNS as a usable noise calibration standard. The critical parameter is the averaged hot
temperature of the ORNS when exposed to a specific biasing current. The simple approach to
this problem is to measure the hot power P}, for a specific current and, by using the calibration
procedure described in the next section, to extract the averaged hot temperature Th,.

Let us take a closer look at what is happening. Laws of physics tell us that thermal
vibrations in materials randomly interact with electrons to create thermal electronic noise. By
flowing a DC current (I) through a resistive material, we force the dissipation of thermal power
(Pen=RD) into the resistor. The dissipated power increases the temperature distribution of the
material until a new thermal equilibrium is reached. Thermal equilibrium that is characterized
by constant heat transfer from the resistor to its environment results in the temperature
staying constant at all locations in the material. As we have not studied the generation of
electronic noise in materials with temperature gradients, and since we don’t know what it will
be in our case, we assume that the ORNS is generating thermal electronic noise power which can be
represented by an averaged hot noise temperature (Ty, ). If this is the case, we can state that the

available electronic noise power at all frequencies is given by P, =kThB. To determine the
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relation between T}, and the physical temperature of the resistor would require a themal
analysis, which is beyond the scope of this thesis.

Another point of concern is the change in the resistance of material with increasing
temperature. The Tantalum Nitride (TaN) resistor temperature coefficient of resistance (TCR)
is specified as -125 ppm/°C by Cascade Microtech [65]. This means that a 50 Q resistor with a
temperature increase of 200K will become a 48.75 Q resistor. The change in resistance doesn’t
change the available noise power, which is determined by kTyB but it will change the
delivered noise power to the receiver. Here, the change represents a change in the reflection
coefficient of 0.0127=-38dB. We can therefore safely make the approximation that the
delivered power in a 50-ohm system is approximately the same for both states. This change of
impedance is known to affect all types of noise sources. By comparison, the avalanche noise
diode used in some of our experiments suffers from reflection coefficient change as high as
0.05=-26 dB. We can therefore consider this as a minor concern at this point.

Resistors are also known to degrade with time and usage. High temperature of operation
accelerates the degradation. This phenomenon is minimized by keeping the operating
temperature below the annealing temperature of the resistor used [66]. We are careful during
our experiment not to exceed the annealing temperature (~ 700 K) and to also monitor the
resistor value from time to time.

Finally, our intent here is to demonstrate the performance of an ORNS when it is calibrated
with a coaxial noise diode as explained in Section 4.2. Our demonstrations include the
calibration of the ORNS and the measurement of the receiver noise figure. In addition,
comparison of extracted noise parameters from 26 to 40 GHz, by making use of a Hewlett

Packard coaxial noise source and the ORNS, is made in Chapter 5.
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4.2 Calibration of the ORNS

We saw in Section 2.1.2 that the available noise power of one-port noise sources can be
modeled by an equivalent noise temperature. A common assumption with noise sources is
that their available noise power equals the delivered noise power. This assumption can also be
made in our case since we make use of a resistor connected to a 50-ochm transmission line with
a nominal value between 47 to 50 ohms for both hot and cold states. Since the cold noise
temperature is equal to the ambient room temperature, we need only to determine the hot
temperature (T}) of the ORNS for a specific environment. We emphasize that the hot
temperature to be extracted is valid for a specific environment, which is described by bias
current, room temperature, and the material surrounding the ORNS. Material surrounding
the ORNS is .important because putting a piece of insulating material between the ORNS and
the chuck holding it would affect the hot temperature by altering the heat flow from the
ORNS to the chuck.

A practical way to determine T}, of the ORNS is to measure it using a receiver calibrated
with a known noise source. The setup shown in Figure 4.2 may be used for that purpose.
Due to the nature of the ORNS, a significant advantage over a noise diode is that the
determination of Ty at a single frequency is also valid for all other frequencies for the
following reasons. First, we saw in Section 2.1.1 that thermal noise is constant for frequencies
below 1000 GHz. Since the electronic noise generating mechanism in a resistor can only be
thermal, it implies that we generate a constant available noise power spectrum up to 1000
GHz. Second, the small size of the resistor used (30x60 um) allows us to consider it as a
lumped circuit element and hence, it has a constant input reflection coefficient in the
frequency band of interest (26 to 40 GHz). The calibration procedure is performed only at
f=1 GHz, which is the lowest calibrated frequency on the coaxial noise source available to ys.

Calibration at other frequencies is also possible but would result in a higher uncertainty due
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Figure 4.2 Setup for ORNS calibration
to the increasing uncertainty of S-parameter measurement with frequency. Note that better
accuracy can be achieved if an isolator is used at the input of the receiver in order to reduce its

sensitivity to the small input impedance changes.

4.2.1 Setup Calibration Procedure

The procedure used to determine the ORNS averaged hot noise temperature is divided into 4
steps: the characterization of the input block, the computation of the on-wafer excess noise
ratio (ENR) from the calibrated coaxial noise source ENR, the measurement of the receiver
noise figure, and the measurement of the averaged noise temperature of the ORNS.

We first characterize the input block between the coaxial noise source reference plane (B-B’)
and the on-wafer reference plane (A-A’). A 3 terminations procedure is used to determine the
S-parameters of the input block by measuring the reflection coefficient at A-A’ with three
known standards at B-B’ [67). The mathematical foundation of this procedure can be found in
Appendix Appendix D and more is said about this procedure in Section 5.3.4. We thus
obtain the S-parameters of the input block (Sin11, Sin21, Sin12, Sin22) which we use to correct
the value of the coaxial noise source excess noise ratio (ENR). We simplify the problem by
making the approximation that T,mp =290K, I'ns=0, and [5=0. Tymp is the ambient

temperature, I'Ns is the noise source reflection coefficient, and I is the source reflection
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coefficient at reference plane AA’. From these assumptions, the ENR of the coaxial noise

source is transformed to the on-wafer reference plane using [68] [11]:

1- [Sinzzlz)

. (4.1)
|Sinz1

ENR on— wafer@B) = ENRcoagial(an) — 10 logio

Using the definition of ENR given in Eq. ( 3.1 ), we can now compute the corrected on-wafer
hot noise temperature (The) with the assumption that I'ysp=0. We then simply have to
measure the noise powers (N2 and Nj ) for both states of the coaxial noise source. The
receiver noise factor at the on-wafer reference plane (Fyyy) is obtained using Eq. ( 3.2 ) with
Y=N; / N1 and Th=The-

Once the receiver noise factor is known, we simply need to probe the ORNS, and measure
its Y-factor (YORNS=N20RrNS / N1ORNS ) for some specific bias condition. The hot noise

temperature of the ORNS is then given by:

Thorns) = To + To - Frer - (Yorns — ). (42)

Once Tyorns is known, we can use it to measure the receiver noise factor for any other
frequency at the on-wafer reference plane. Table 1 presents measured hot temperatures at 1
GHz for six different DC bias currents. The ORNS is a standard Cascade Microtech
calibration resistance. Note that we did not select a DC trimmed resistor since they present a
non uniform surface which would increase current density in some areas of the resistor.
Although the DC trimmed resistor produces the desired phenomenon, the higher current
density may cause accelerated degradation and even failure of the resistor. The selected thin
film resistor had a value of 49Q2 and was estimated to drop to 48Q2 for a DC current of 124.68

mA.



DC Current (mA) | 20.45 | 40.90 | 61.56 | 82.33 | 103.36 | 124.68
| Thorns (K) 293 313 343 396 466 572
Table 1: ORNS extracted temperature (T},) for specific DC bias current

4.2.2 Discussion on Measured Temperature for the ORNS

Although the hot noise temperature achievable with the ORNS is about 10 times smaller in
magnitude than that of coaxial noise diode, the difference between the hot and cold state
temperatures of the ORNS is in the same order of magnitude as that of the primary standards
used to calibrate the coaxial noise diodes.

At a single frequency, the relative accuracy of the hot temperature extracted with this
method cannot be better than that of an on-wafer referenced coaxial noise source. From the
specified relative accuracy of the coaxial noise source and an estimate of the 3 termination
calibration procedure at f=1 GHz, we estimate that the relative accuracy of the available hot
noise temperature is £5% (or 0.2 dB on the ENR). Substantial improvements to the accuracy
is believed possible through a complete thermal analysis of the ORNS. This analysis is not
within the scope of this thesis.

The reader may notice that we measured the change in resistance caused by the applied DC
voltage to be approximately 1Q for a current of 125 mA. It may be possible, through the
thermal analysis, to relate the temperature coefficient of resistance, the applied DC bias, the
change in resistance, and the equivalent hot temperature. By obtaining such a relation, the
hot temperature for a resistor could be directly obtained from a simple measurement of the

change in resistance.

4.3 Receiver Noise Figure Measurements

To demonstrate the usage of the ORNS, we performed noise figure measurements of the

receiver with a calibrated coaxial noise diode and with the ORNS. The setup of Figure 4.2 is
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used. The receiver noise figure is measured 4 times. First we measure it at the coaxial noise
source reference plane (i.e. no de-embedding of the input block). Second, we make use of Eq.
(4.1 ) to get the receiver noise figure at the on-wafer reference plane with the coaxial noise
diode. Third, we measure the receiver noise figure with the ORNS at the on-wafer reference
plane with a DC bias of 125 mA. Fourth, we measure the receiver noise figure with the
ORNS at the on-wafer reference plane with a DC bias of 103 mA. With the ORNS, the hot
noise temperature obtained in Section 4.2.1 is used. All these measurements are performed
from 8 to 18 GHz and then from 26 to 40 GHz. The availability of test equipment dictated

the selection of these frequencies.
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All the results are presented in Figure 4.3 and Figure 4.4. In both graphs, curves B) and ()
are obtained from the same data. Curve A) of Figure 4.4 shows the result for the ORNS
biased with a DC current of 125 mA and curve A) of Figure 4.3 shows the result for the

ORNS biased with a DC current of 103 mA.
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In both graphs, the measurement with the ORNS (curve A)) and the coaxial noise source de-
embedded to the on-wafer reference plane (curve B)) track each other very well. The difference
between the two never exceeds 0.5 dB but what is most outstanding is the fact that the
difference between the measured noise figure with the ORNS biased at 125 mA and biased at
103 mA is always less then 0.1 dB (or Z %) at all frequencies. Also, as expected from the
increase of available loss of the tuner with frequency, we can distinguish a small increase in the
gap between the noise figure at the coaxial noise source reference plane (curve C)) and the an-
wafer reference plane (curve A)and B)) with increasing frequency.

The difference between the receiver noise figure measured with the ORNS and measured
with the coaxial noise source corrected to th2 on-wafer reference plane are mainly attributed to
the uncertainty on the calculated on-wafer ENR. More details on uncertainties are given in
Chapter 7. The potential of the suggested noise source is therefore demonstrated. The
apability of the ORNS to completely replace the coaxial noise source in the measurement of

receiver and DUT noise parameters is demonstated in Section 6.3.2.

4.4 Conclusion
A novel on-wafer resistive noise source (ORNS) was presented in this chapter. Demonstration
that it could be used for receiver noise figure measurements was made. This noise source has a
tremendous potential to enhance and simplify on-wafer noise parameter measurements. The
practicalities of the noise source are:

e its simplicity,

e the need for calibration at only one frequency,

e unlimited number of calibrated frequency,

e extremely wide band of operation,

e generation of more then one hot noise temperature, and
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e elimination of the requirement for tuner de-embedding at millimeter waves.
Finally, further investigations of the noise source by performing thermal analysis may reveal

that increased accuracy may be easily obtained at a very minimal cost.
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5. Development of a Microwave Noise Parameter

Measurement Setup

The goal of this chapter is to present the development of our custom noise parameter
measurement setup. 1his setup is one of the original contributions of this thesis. The
selection of a measurement methodology and the design of a custom on-wafer probing station
are explained. The calibration techniques and procedures used are detailed. Since many
things can go wrong when performing noise measurements, we also propose some verificatipn
steps and many cautions to eliminate sources of errors as much as possible. The main

challenge here is to develop a setup which can provide sufficient accuracy from 26 to 40 GHz.

5.1 Selection of the Measurement Methodology
In Section 3.3, we presented two measurement techniques, the cold power technique and the
hot/cold technique. A brief discussion of these two techniques follows.

We recall that a limitation on the accuracy with the hot/cold technique involves the
characterization of the input block noise parameters (or available gain) for the tuner when it is
presenting a high reflection coefficients. An error of at least +0.I dB on the available gain
measurement with the tuner presenting a reflection coefficient of magnitude 0.7 [60] was
mentioned. This error translates to an additional uncertainty of 0.1 dB on the noise source
ENR as can be computed from Eq. (4.1 ). The final impact on the extracted noise parameters
of the DUT is difficult to predict since it is influenced by the DUT, the frequency and mare
importantly the constellation selected. We emphasize that this is not a limitation with the cold

power technique. The cold power technique requires only one measurement with the nojse
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source in its hot state. Hence, the available loss of the input block (approximately equal to its
noise figure) needs to be characterized at only one state of the tuner. To obtain better
accuracy, the logical choice is to select the tuner state that resembles a low loss transmissian
line.

On the other hand, the cold power technique requires the noise receiver to provide a very
stable gain bandwidth for the duration of the measurement. This is not a limiting
requirement for the hot/cold technique since measurement of the hot and cold power for
every impedance used includes the measurement of the receiver gain bandwidth. Increased
accuracy relating to the receiver stability is possible by controlling the ambient temperature, or
by correcting for the drift [69]. Limiting the duration of the measurement can also minimize
the effect of receiver drift.

In addition to the above, other arguments such as simplicity of the measurement procedure,
the total number of connections and disconnections required during the measurements, the
availability of equipment, and the possible future use of on-wafer resistive noise sources make
the cold power technique more suitable than the hot/cold technique at millimeter waves. The
custom setup developed is therefore specific to the cold power technique from 26 to 40 GHz.
However, the probing station developed for our setup can also accommodate the use of the
hot/cold technique. A description of the setup and selection of its components is presented in

detail in the following section.

5.2 Description of the Measurement Setup

A block diagram of the noise parameter measurement setup is shown in Figure 5.1. A
collection of pictures showing the complete system and the custom probing station is presented
in Appendix Appendix F. We can break up this setup into the following functional sub-

assemblies:
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¢ the source impedance tuning sub-assembly,
e the custom on-wafer probing station sub-assembly,
¢ the noise figure measurement sub-assembly,
¢ the S-parameters measurement sub-assembly, and
e the DC bias circuit sub-assembly.

Details of each sub-assembly are presented in the following sub-sections.

5.2.1 The Source Impedance Tuning Sub-assembly

A major component of the setup is the impedance tuner. Two classes of tuner are generally
used. They are the electronic impedance tuner and the mechanical slide-screw tuner. The first
class is generally built from PIN diode switching impedance transformers. They provide fast
switching between impedances, a limited number of tunable impedances, small size and
significant losses above 26 GHz. The second class provides a very large number of tunable
impedances, low loss, slow tuning between impedances and a large physical size. Our choice
for this component is dictated by the availability of the computer controlled microwave tuner
(CCMT) developed by Focus Microwave Inc. . The CCMT, shown in Figure 5.2, is built
from a slab line and a specially developed plunger to provide a tuning bandwidth from 6 to 40

GHz. The plunger is controlled by two accurate stepper motors to provide two degrees of
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Figure 5.2 The Source Impedance Tuning Sub-Assembly.

freedom. The generated impedance increases in magnitude as the plunger approaches the
center conductor of the slab line and changes in phase by laterally moving it along the
transmission line. The maximum magnitude of the generated reflection coefficient is greater
than 0.8 over the complete bandwidth. The repeatability of the reflection coefficient generated
is specified to be better than 40 dB (1 %). Virtually any impedance can be generated inside
the radius of 0.8 by properly selecting the plunger position. Standard calibration
constellations of 101, 202 or 404 impedances uniformly distributed over the Smith chart are
generated by the software [70]. Smaller constellations can then be selected from the original
calibrations.

This sub-assembly also includes the tuner controlling software and interfaces which run on
the Windows® operating system. The Tuner for Windows (TWIN? software is the user
interface to control the tuner and acquire data from the general-purpose interface bus (GPIB)
of remotely controlled test equipment. Data analysis and display routines are also available

with TWIN.

5.2.2 Custom On-Wafer Probing Station Sub-Assembly
We saw in Section 3.4 reasons for using on-wafer probing over test jigs. Unfortunately, the
bulkiness of the CCMT tuner doesn’t allow direct connection of the tuner to commercially

available on-wafer probing stations. A flexible cable would normally be used to interconnect

2 TWIN was developped by Focus Microwave Inc.
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the tuner to the probe. However, the associated loss considerably diminishes the Smith chart
coverage of the tuner already limited to a maximum magnitude of 0.8 at 40 GHz. For
example, 2 dB of loss would limit the coverage from magnitude 0.8 to 0.65. For noise
parameters measurements, this may result in a significant lack of accuracy. In addition,
motion of the probe is required to perform the on-wafer S-parameters calibration. A solution
to both these requirements was analyzed. We chose to design a custom on-wafer probing
station. The design which optimizes the achievable Smith chart coverage is an achievement of
this thesis. A drawing of the probing station built at the Communication Research Centre is
shown in Figure §,3.

The probing station features an adapter between the input XYZ micro-positioner and the
tuner. A Cascade Microtech ultra low loss Air Coplanar Probe (ACP 40-L) is directly
connected to the tuner with a K-male to female adapter. The tuner is connected upside down
to clear the field of view of the microscope. A microscope with 100X magnification and 10.cm

focal length is required for the alignment of the probe with the devices probing pads. The
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Figure 5.4 Smith Chart Coverage at 40 GHz
wafer chuck is built with three degrees of freedom to give more flexibility with the device
alignment procedure.

Another feature of the probing station is the capability to support two parallel probes at the
input and at the output. We number these probes as port 1S, 2S, IN, and 2N which
correspond to ports 1 and 2 of the S-parameter circuit (1S, 2S) and ports 1 and 2 of the noise
parameter circuit (1IN, 2N) respectively. Making use of four probes eliminates the need for RF
switches or connecting and disconnecting components. We thus improve the repeatability of
the system since only the probing contact is changed during our measurement procedure.
Note that our chuck doesn’t have a vacuum to hold the devices in place. We also use a small
spacing plate of 2x4x0.25 mm to raise the probing pads from the level of the chuck. This was
the easiest way we found to safely make electrical contact when using two probes on the same
XYZ positioner.

The main advantages of using our custom probing setup are enhanced repeatability and a

better Smith chart coverage. The Smith chart coverage achieved at 40GHz is shown in Figure
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Figure 5.5 Block Diagram of the noise figure measurement sub-assembly
5.4. We can observe that the impedance constellation provides a greater coverage magnitude
on one side of the Smith chart than the other. The location of the maximum is rotating as a
function of the frequency of calibration for this specific setup. This phenomenon is expected

for a non ideal slide screw tuner [18].

5.2.3 Noise Figure Measurement Sub-Assembly

A block diagram of the noise figure circuit is shown in Figure 5.5. This circuit is capable of
on-wafer single side band noise figure measurements from 26 to 40 GHz. The noise figure
measurement circuit is composed, at the input, of the HP346C KOl noise source which has
calibrated ENR at every frequency from 1 to 50 GHz. On the receiver side we first have a 26
to 40 GHz low noise amplifier MITEQ AMF-5D-260400-10-10P), a waveguide bandpass filter
from 26 to 40 GHz, a double balanced mixer (WJ-SMC1844) driven by a synthesized local
oscillator at 18.2 GHz, the Hewlett Packard 2-26 GHz noise figure measurement system which
is composed of the HP8971C, the HP8970B and synthesized local oscillator source. A
spectrum analyzer is also connected to the noise figure meter to monitor spurious signals.

Let us discuss some important considerations when selecting the components of the noise
figure sub-assembly. First of all, a good noise source is one that provides sufficient ENR at the
DUT reference plane, has a very small change in reflection coefficient from the cold to the hot

states, and is accuratelly calibrated.
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Next, the noise figure of the receiver must be kept small or the DUT gain must be kept high.
We saw in Section 3.1.2 that the noise figure of a DUT is obtained from the Friss equation.
The Friss equation relies on the subtraction of the receiver noise figure divided by the gain of
the DUT from the total noise figure measured. Hence, relative uncertainties are dramatically
increased when the receiver noise figure is high compared to the DUT noise figure and when
the gain of the DUT is small. The requirement for low receiver noise figure is especially
challenging above 26 GHz since every microwave component inserted between the output of
the DUT and the receiver low noise amplifier has significant loss which degrades the receiver
noise figure. Also the DUT’s gain above 26 GHz is on a decreasing slope as a function of
frequency. Guidelines are provided in [38] to determine if the receiver noise figure is low
enough to provide sufficient accuracy. In our case, slightly better accuracy could be achieved
by reducing the receiver noise figure.

A band pass filter with sufficient out of band attenuation is inserted before the balanced
mixer for single side-band measurement. A balanced mixer is used because it provides better
isolation from the local oscillator noise, which is converted into the measurement band. The
first local oscillator is selected as a synthesized source to provide good frequency stability and
low noise floor. A 2 to 26 GHz noise figure measurement system is then used to provide more
filtering, frequency conversion, and power measurement. It is also useful to have a spectrum
analyzer in order to detect any spurious signal which may fall in the noise power measurement
band. In fact, the spectrum analyzer is essential for the frequency alignment procedure
described later.

Finally, care must also be taken not to saturate any of the amplifiers in the receiver chain.
Small non-linearities in the noise receiver would introduce errors in noise power measurements

which could not be easily detected.
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5.2.4 S-parameter Measurement Sub-Assembly

The S-parameter measurement circuit is composed of the Hewlett Packard HP8510C vector
network analyzer (VNA) capable of on-wafer TRL calibration and capable of transferring
measured data through its GPIB interconnect. The VNA port #1 and #2 are connected via
two 3-foot semi-rigid K cables to probe 1S and probe 2S respectively. Semi-rigid cables were
found to provide the best accuracy for S-parameter measurements while keeping sufficient
flexibility to move the probes. We should point out that the use of the VNA directly
connected to the probes provides better calibration accuracy than if it was connected through
two switches. Although the improvement may seem insignificant when comparing the S-
parameters, it can result in a significant improvement when looking at the noise parameters.

This statement is confirmed by the uncertainty analysis performed in Chaptes 7.

5.2.5 DC Biasing Circuits

DC biasing to the on-wafer device is accomplished by using two channels from the HP4142
power supply. The DUT gate bias voltage is applied to the on-wafer probe 1S and IN from
the HP4142 channel 2. The DUT drain bias voltage is applied to the on-wafer probe 2S and
2N from the HP4142 channel 3. The VNA HP8510C internal bias tees are used to feed the

bias through the RF cables to probe IS and 2S. Two other bias tees are inserted in the neise



figure measurement circuit to feed the bias trough probe IN and ZN. The bias to probe 1S

and IN, as well as 2S and 2N are connected in parallel as shown in Figure 5.6.

5.3 Calibration Procedure

Defining and assembling the setup is just the first step to take in making noise parameter

measurements. This section describes the measurement procedure partitioned in 9 steps. The

actual operation of the test equipment is not covered here since it can easily be found in the

operation manual of each system component. The procedure and associated parameters

obtained from each part are:

the bias circuit resistance measurement which yields: RiN, R2N, Ris, and Rzs (Figure 5.6),
the frequency alignment of the VNA and receiver which yields (f),

the on-wafer S-parameter calibration which yields the DUT S-parameters (Sp11, Spz1, SpD12,
Sp22) (Figure 3.6, reference plane AA’),

the 3-termination calibration which yields the S-parameter of the input block (Sin11, Sin21,
Sin12, Sin22) Figure 5.1, input block),

the receiver reflection coefficient measurement which yields the receiver reflection
coefficient ( I'L) (Figure 5.1, from ref.plane AA’ and looking towards probe 2N),

the tuner calibration which yields the constellation of source reflection coefficients (T's; ,
i=1..N), (Figure 5.1, from ref.plane AA’ and loking towards probe IN),

the receiver calibration which yields the noise power (Py; j=1..m) associated with each I's;,
the hot noise power (Pn ), and the room temperature (T, ),

the DUT cold power measurements which yields the noise power (Pp; j=1..N) associated
with each I's; when probing the DUT, and the last step being

the selection of source impedance constellation.
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The parameters of the above list are used to compute intermediate parameters such as DUT
available gain, input block available gain, receiver gain bandwidth constant, and receiver noise
parameters. Lastly, the DUT noise parameters can be extracted for a selected constellation.
Almost every parameter in the above list may have a significant impact on the extracted noise
parameters of the DUT if it is not properly measured. The procedure is detailed in the
following sub-section to provide one approach to the measurement. Some cautions and

verification steps are also included to avoid common pitfalls.

5.3.1 Bias Circuit Resistance Measurement

Our goal here is to verify the proper operation of the DC biasing circuit and to correct for
changes in resistance between the S-parameter circuit and the noise measurement circuit when
required. The procedure consists in probing on short circuit elements to measure the
resistance from the sensor to the tip of the probe. The internal DC resistance of each probe

circuit is then calculated from R=V/ I and is reported in Table 2.

Voltage (V) | Current(mA) | Resistance (Q)
Probe IN (R;n) | 0.010 17.33 0.577
Probe 1S (Ryg) | 0.010 3.75 2.67
Probe 2N (Ran) | 0.010 14.27 0.701
Probe 2S (Rzs) | 0.010 2.93 3.41

Table 2 Bias circuit measured resistance

5.3.2 Frequency Alignment of VN A and Receiver

The goal of this procedure is to minimize the difference that exists between the frequency
reading of the VNA and that of the noise figure measurement circuit. The frequency accuracy
of the noise figure meter is specified to be $#6 MHz [71]. With this procedure, we make sure
that the S-parameters and the noise power are measured at the same frequency within 30.5

MHz. The procedure is as follows:
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e Connect a spectrum analyzer at the IF output of the HP8971B and center it at 20 MHz with
scale of 1 MHz/division. You should distinguish the 4 MHz measurement band of the
HP8970B noise figure meter. Perform a fine alignment of the noise figure system internal
YIG filter with probe IN and 2N sitting on a through line.

o Set the VNA to CW mode at the frequency of measurement,

e Set the noise figure system at the same frequency. Make sure that the first local oscillator
frequency is configured in the HP8970B noise figure meter.

e Keep the four probes lifted in the air, radiation from the S-parameter probes are picked up
by the noise receiver, and down-converted to 20 MHz. If the frequency of the VNA and
the noise circuit are identical, you will see a sharp single frequency signal appearing in the
center of the 4 MHz measurement band.

e Most likely, the signal will not be centered. We take advantage of the fact that we
manually control the first LO to adjust the noise figure measurement system frequency. We
offset the noise circuit frequency by varying the first LO frequency without changing the
software configuration set in the noise figure measurement system.

e Gradually (in steps of | MHz) vary the relative first LO frequency until the VNA signal
appears on the spectrum analyzer and center it in the middle of the 4 MHz band.

e If you have trouble finding the VNA signal, you can always put probe 1S and 2N on a
through line and repeat the previous step.

This procedure is essential because Valk & al showed in [72] that if frequency discrepancies

between the VNA and the noise figure meter are allowed to occur, they can cause significant

error in the noise power measurement of highly mismatched devices such as HEMT and

FET’s. We limit our explanation to this comment for now, as we will further investigate the

impact of frequency discrepancies and measurement bandwidth in Chapter 7.
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Caution: this procedure clearly demonstrates that the VNA output signal can be picked up
by the noise receiver and thus affect the noise power measurement. Hence, care must be taken

to avoid this by turning off the VNA output signal.

5.3.3 On-Wafer S-Parameter Calibration

Details of a TRL on-wafer calibration are not covered here. We just want to point out that
microstrip TRL calibration standards on GaAs substrate were used to provide a measurement
reference plane at the DUT (AA’) rather then at the probe tips (BB") as shown in Figure 3.6.
The quality of the calibration was verified by making measurements of the thru line standard
before and after the measurement. The S-parameters obtained had to satisfy |Su | = [Sz|<
40 dB, |Su | = |Sa| <#0.03 dB. If these conditions are satisfied both before and after the S-
parameter measurement above 26 GHz, we consider the calibration made as being of very
good quality. Since all S-parameter measurements could not be made during the same day,
the VNA was sometimes re-calibrated at the beginning of important S-parameter
measurements. This is a good practice to follow which limits the error caused by the continual

drift of the VNA components.

5.3.4 The 3-Termination Calibration for Input Block Characterization

Non-insertable two-port networks require special calibration techniques to measure their S-
parameters [73). The input block of our setup (Figure 5.1) is a non-insertable two-port because
it features a coaxial 2.4 mm connector at port #1 (BB) and an on-wafer microstrip
transmission line at port #2 (AA’). We recall that we need the S-parameters of the input block
to precisely determine its available gain. As in Section 4.2.1, the input block is composed of
passive elements, which are assumed reciprocal. Hence, we let Sin21 = Sini2 and we make use

of the 3 temiinations calibration technique.
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The three male terminations (i.e. the open, the short and the load) found in Hewlett
Packard’s 2.4 mm economy calibration kit are used to perform this procedure. All Hewlett
Packard calibration kits come with a table of standard coefficients describing the termination.
The reflection coefficient of the termination can thus be obtained by making use of a circuit
simulator. Note that electrical models for the termination and the table of standard coefficient
are explained in [74]. Any other means of getting the reflection coefficient of the 3
terminations could also be used. For example, S-parameter measurements of the three
terminations could be performed. In our case, this approach provides less accuracy since we
only have a 2.4 mm economy calibration kit.

After characterizing the 3 terminations, the steps to follow are:

e set the tuner as a low loss 50 Q transmission line.

e disconnect the noise source at the 2.4 mm reference plane (B-B’) (Figure 5.1),

e connect the first standard (either the open, the short or the load),

e probe on the on-wafer calibration through line with probe IN and 25,

e measure the reflection coefficient of the standard combined with the input block at the on-
wafer reference plane (A-A’) using port 2 (probe 2S) of the calibrated VNA.

e repeat the 3 previous steps for the two remaining standards.
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Verification of the 3 termination calibration
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Figure 5.7 HP346C noise source reflection coefficient in cold state for A) and B) and hot
state for C) . A) measurement at the on-wafer reference plane (A-A’) with de-embedding of
the input block S-parameters found using the 3 termination calibration, B) measurement at
the 2.4 mm coaxial reference plane (B-B"), C) measurement at the 2.4 mm coaxial reference
plane (B-B’).
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After completing this procedure, the S-parameters of the input block are computed using the
equations found in appendix Appendix D. To verify that the S-parameters obtained are valid,
we measure the reflection coefficient of the noise source at the 2.4 mm reference plane (B-B’)
(Figure 5.1, p. 48), and at the on-wafer reference plane (A-A’) when it is combined with the
input block. By de-embedding the input block from the on-wafer measurement (A-A’), ye
should obtain the same reflection coefficient as the one measured in the 2.4 mm reference
plane (B-B"). This verification step was performed and the comparisons of the de-embedded
and measured noise source reflection coefficient are shown in Figure 5.7. Curves A) and B)
overlap which indicates good characterization of the input block. Note that this verification, is

being performed last. Hence the noise source remains connected to the setup until the end of
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our measurements. We consider this verification step essential since any bad connection
performed during the procedure could result in a wrong extraction of the input block S-
parameters. It can be shown from Eq. (4.1 ) that the error on the input block available gain is
directly added to the uncertainty of the noise source excess noise ratio (ENR). This error
increases with frequency as deduced from Figure 5.7, which shows an increasing diffe;'mce
between curve A) and B). The use of an on-wafer noise source (ORNS) like the one presented
in Chapter 4 eliminates the requirement for this procedure. Hence, the additional error
introduced by increasing uncertainty with frequency is eliminated by the use of the novel

ORNS.

5.3.5 Receiver Reflection Coefficient Measurement

The measurement of the receiver reflection coefficient is made by making contact with probe
1S and 2N to the on-wafer thru line. Port #1 of the calibrated VNA at the on-wafer reference
plane (A-A") is used to make this reflection coefficient measurement. The measured data is

then transferred to the personal computer via the GPIB interconnect.

5.3.6 Tuner Calibration

The tuner calibration is an automated procedure performed by the TWIN software. We
connect probe 2S and probe IN with the on-wafer thru line and then initiate the tuner
calibration procedure. The software then steps the tuner through a set of impedances and
measures the reflection coefficient presented at the on-wafer reference plane (A-A’). Port #2 of
the on-wafer calibrated VNA is used here. Initially, the software measures a constellation of
impedances uniformly distributed over the Smith chart. This initial constellation can have
101, 202, or 404 impedances. Other specific constellations of impedance can then be selected
from this initial calibration. More is said about the selection of a specific constellation in

Section 5.4.
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5.3.7 DUT S-Parameter Measurement

At this point, we measure the S-parameters of the DUT for the desired bias conditions. This
is achieved by probing on the DUT pads with probe IS and 2S. The desired biasing
conditions are then applied with the HP4142 power supply which is controlled via a GPIB
interconnect. The bias conditions given with our results are the actual voltage and current

corrected at the tip of the on-wafer probes.

5.3.8 Receiver Calibration
The receiver calibration consists in computing the four noise parameters of the receiver and
the available gain-bandwidth constant (kG,B) from measurements of the noise power (Pp;) for
a constellation of at least four impedances and one measurement of the hot noise power (Ppy,).
Automation of noise power measurements by the use of a noise figure meter greatly simplifies
this procedure. Comments on the noise figure meter linearity, on possible pick up of
undesired signals and on software configuration is necessary to eliminate many pitfalls

To use the cold power technique, we use a noise figure meter as a bandwidth limited
accurate power meter. In fact, the noise figure meter always provides measurements of power
at a specific frequency over a bandwidth of 4 MHz. Hence, if we measure a noise signal at
frequency f, then the noise figure meter will measure the relative noise power over a
bandwidth of 4 MHz with f being the centre. Over short period, the noise powers fluctugte
due to the random nature of the signal. We know that the signal measured is described by a
truncated stationary ergodic Gaussian process. Thus, increased accuracy of noise power
measurement is achieved by increasing the measurement time or by making N successive
measurements. Because we have a Gaussian process, taking N measurements results in an
increase of accuracy by a factor equal to YN . Therefore, time and accuracy are a trade off to

consider when making noise power measurements.

62



Accuracy is also affected by the linearity of the receiver used. We previously mentioned that
it was important not to saturate any amplifier in the noise receiver chain. This is true for the
internal amplifier of the noise figure meter also. The HP8970B has three internal RF
attenuators, one RF amplifier, one IF amplifier, and seven settings for IF attenuators which are
automatically switched in and out of the signal path. The noise power meter must be
calibrated for every possible attenuator setting in order to give valid relative noise power.
Verification that this is the case should be made before making cold noise power
measurements in the automatic mode. If the calibration is not valid, it is possible to still
obtain valid results by manually selecting and keeping track of the internal attenuators and
amplifiers settings. This is the approach we took for our measurements.

Erroneous noise power measurements are sometimes made due to the high probability of
picking up unwanted signals. The power meter cannot distinguish between the noise signals
you want to measure and other signals you may receive. The spectrum analyzer used in 5.3.2
is very helpful in detecting such unwanted signals and therefore we recommend its use for
every noise power measurement.

Proper operation of the test equipment is complicated by the large number of possible
configurations it can support. Guidelines for setting the software parameters and properly
using many of the features of the Hewlett Packard microwave noise figure measurement system
can be found in [75]. The main parameters we had to set are: variable IF, fixed frequency LO
(SF 1.7), single side band, upper single side band, less resolution on gain, arithmetic averaging
and smoothing factor =64.

Finally, the noise power measurements are made using TWIN [67]. A description of the
setup used must first be configured in TWIN to allow remote control of test equipment

through the GPIB interconnegts.
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After considering all of the above, the hot power and the cold power measurements for the
complete constellation of impedances can be automatically performed. TWIN then computes
the receiver noise parameters and the gain bandwidth constant from the raw data measured.
The raw data is also available in ASCII file which we use later for some of our calculations.

The receiver being characterized, the setup is ready to measure noise parameters of two port
circuits. The use of a pasive components, for which noise parameter can be computed from S-
parameter measurement only, is useful at this point to verify the operation of the measurement
setup. The on-wafer calibration thru line was used for that purpose in our case. The use of
the thru line over other passsive two ports is convinient since it is available from the on-wafer

calibration kit.

5.3.9 DUT Cold Power Measurements

After calibrating the receiver, and saving the information in an ASCII file, we are ready to
probe a DUT and measure the set of cold powers associated with the selected constellation.
This procedure is performed immediately after the receiver calibration to limit the possible
drift of the gain bandwidth. With a constellation having at least four impedances, we can
compute the noise parameters of the DUT. TWIN automates the measurement of a complete
constellation and saves the raw data as well as the extracted noise parameters in an ASCII file.
If we have the time we make the measurement for all calibrated (101, 202 or 404) source
impedances. The extracted noise parameters are seldom valid in these cases due to the
unstable behavior of the DUT at some of the impedances presented. Unfortunately, the
impedances causing instabilities are not detected by the software and must be manually
identified. Nevertheless, making the measurement for all calibrated impedances provides more

flexibility for impedance selection as will be discussed in the next section.



5.4 Selection of Source Impedance Constellation

Selection guidelines that we introduced in Section 3.2.3 are gathered here as a number of
criteria to consider. Qur criteria can be summarized in three words: ill conditioning,
instability and uncertainty. Each criterion is presented and explained in the following
paragraphs.

The first criterion to consider is ill conditioning of the matrices. We saw in 3.2.3 that a bad
selection of impedances can cause ill conditioning of the matrices to be solved for the
extraction of the noise parameters. O’Callaghan makes a significant contribution in [44} by
presenting a simplification in handling the ill condition problem and by quantifying the degree
of ill condition of a specific constellation. His technique was therefore partially implemented
to make a more in depth analysis of our noise parameters than by just looking at results
provided by TWIN which implements Lane’s algorithm.

Instability at specific impedances is our second criterion: A specific tuner position may cause
oscillation of the DUT. Careful monitoring of power measurement is required to detect
impedances that cause the DUT to oscillate. Oscillation will commonly drive the DUT into
saturation and therefore change its characteristics. In those cases the measured noise power
will have no meaning for us. Even if the DUT is known to be unconditionally stable at the
measurement frequency from its S-parameters, oscillation could still be caused by out of band
oscillation. We systematically eliminate impedances from our constellation showing signs of
invalid cold power measurement. Some signs of oscillations are:

e a change in the bias applied to the DUT caused by sudden saturation of the DUT,
it is easily detected by a drain current change (Ids),
e an unexpected drop of the cold noise power measured, this is caused by the

oscillation signal, usually at a different frequency then the measurement frequency,
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saturating the noise receiver and thus reducing its gain-bandwidth constant.
Reductions by as much as 10 dB was observed.

e detection of a spurious signal on the spectrum analyzer display connected to the
HP8970B 20 MH: IF output.

Uncertainty on measured parameters is our last criterion. Accuracy of many measured
parameters is a function of the source impedance. This is a topic which is not completely
covered in this thesis due to the complexity of the problem. Discussion about uncertainties
are made in Chapter 7 and could be a starting point to evaluate the impact it may have on the
selection of the source impedances.

We try to benefit from the capability of our measurement system to generate a large number
of source impedances in the following way. We recall that 404 source impedances can be
generated for a single constellation at one frequency. In reality, measuring 404 points takes
approximately 30 minutes to first calibrate the system and then approximately 60 minutes to
measure the associated cold powers for each frequency of interest. Our limited access to the
test equipment constrained us to limit ourselves to 101 impedances at most frequencies
measured except at 30 GHz were we measured the complete set of 404 impedances.

During our measurements, the extraction of noise parameters is performed more than once.
We first use TWIN to measure all 101 source impedances. If there is no oscillation, we may be
able to compute the noise parameters from Lane’s algorithm implemented in TWIN. Next we
re-measure a constellation of 9 points arranged in a well spread cross similar to that of Figure
3.3. The cross varies from frequency to frequency because we make use of the specific set of
101 impedances calibrated at each frequency. If there is no oscillation, we may again be able

to extract valid noise parameters from Lane’s algorithm. Finally, we analyze all this data using
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our implementation of O’Callaghan’s algorithm in MMICAD”. The selection of a new set of 9
impedances is again made before performing the extraction of the noise parameters. Of all
extracted parameters, the last set provides the best continuity over the frequency band. It also
provides the smallest difference between the measured noise figure and the computed one from
the noise parameters extracted. A good fit between measured and extracted noise figure for all
source impedances indicates a better result when the constellation encloses the optimum
impedance (Tope ). Only the naise parameters obtained from the last extraction are presented -

in Chapter 6. Details about O’Callaghan’s algorithm can be found in Appendix Appendix C.

5.5 Conclusion

This concludes the presentation of the millimeter wave noise parameter measurement setup
developed. The original contributions introduced here are: the mechanical tuner directly
mounted on an ultra low loss air-coplanar probe, the use of four probes instead of switches,
and the actual millimeter wave frequency band covered. From these improvements over other
existing systems, we expect to provide measurement capability from 26 to 40 GHz with at least

the same accuracy as that commonly achieved at lower frequencies.

3 MMICAD is a microwave circuit simulator developped by Optotek Inc.
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6. Noise Parameter Measurements

The aim of this chapter is to present noise parameters measured with the procedure and setyp
described in Chapter 5. We first present typical values of S-parameter and noise power
measurements since they are the basis for the extraction of noise parameters. The availability
of PHEMT devices with a potential for LNA design at 30 GHz determined our selection of the
DUT. We characterized the DUTs for their noise behavior as a function of bias and
frequency to relate the measured noise behavior to the general trend expected from noise
models. A certain degree of confidence in the measurements can thus be obtained if the
measured data follows the trend predicted from theory. Further confidence is also obtained by
measuring the same DUT on an independent measurement system at the cross over frequency
of 26 GHz. Finally, a comparison of the noise parameters extracted with the noise diode and

the ORNS are also made to further demonstrate the potential of the ORNS.

6.1 Intermediate Parameters

We refer to bias, S-parameters and noise power as intermediate parameters. These parameters
are specific to the device being measured. Changes in these parameters for different devices
can have a different impact on the accuracy of the noise parameter measurement setup. We
therefore select one type of device and limit the scope of our study to this specific case. The
selection of two PHEMT devices located in reticule R4C20 and RIC14 of the COMSAT wafer
run number 6053152803 (CRC M951C) was made. We refer to these devices as DUT X
(R4C20) and DUT Y (R1C14). The intermediate parameters measured for DUT X and DUT

Y are presented in the following sub-sections.



6.1.1 Bias

The biasing conditions of FET devices are given by the drain to source voltage (Vds), the gate
to source voltage (Vgs) and the drain current (Ids). Values for gate current are not given since
the devices have a very small input current (about 1x10°A for PHEMTS) which is difficult to
measure. Table 3 provides the biasing conditions of DUT X and Y. The column X5 indicates
DUT X biased at 5 mA. Biasing is first applied to the gate and then to the drain. The value
of Vgs is then gradually adjusted to obtained the desired drain current. We note a difference
of ~0.1 Volt on Vgs which is caused by the channel depth variation from device to device on
the same wafer. Take note that the drain to source voltage (Vds) is corrected for voltage drop

caused by the series resistance in the biasing circuit as explained in Section 5.3.1.

X5 X10 X15 X20 Y5 Y]0 Y15 Y20
IdstmA) 15,0 10.0 150 1200 5.0 10.0 15,0 |
(Ves (V) 1-0.3053 |-02142 10,1395 10,0715 1-04364 }-03305 }-0.2416 }-0.1580 |
LYds ) 12,0 2.0 0 2.0 2.0 0 2.0

Table 3: PHEMT bias conditions.

6.1.2 S-Parameters

DUT X and Y are embedded with a microstrip transmission line as shown in Figure 3.6, p. 32.
The S-parameters for each bias condition are measured using the TRL calibration technique.
Results for both DUTs at each bias condition are presented in Figure 6.1. We observe that
the input reflection coefficient (Sp;) suffers from a variation with frequency having changes in
magnitude in the order of 0.01 (1.5%). This kind of r;fsponse is common with VNA. The
amplitude of this variation is governed by the VNA'’s accuracy specification, the quality of the
calibration standard used, the ability of the operator, and the magnitude of the reflection
coefficient measured. You may see from the result for Spy; in Figure 6.1 that the variation is
not apparent in this case. Establishing the accuracy of a specific S-parameter measurement is
very complex and out of the scope of this thesis. We note as well a remarkable resemblance
between all the curves for the two devices at all biasing conditions. This is an indication of
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excellent measurement repeatability, which should not be confused with the measurement
accuracy. Finally, the difference between DUT X and Y can be attributed to process variation

during the production of the wafer.
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6.1.3 Noise Power

Noise power measurements of the DUT/receiver chain as a function of source impedance are
praente& here to evaluate the required dynamic range of the receiver and to show a typical
variation of noise power as a function of source impedance.

As we have explained in Chapter 5, the extraction of noise parameters is achieved by the
measurement of relative cold noise power associated with specific input impedances. We have
also explained how internal settings of the noise measurement system must be selected to
preserve the linearity of the receiver. In addition, the specific DUT being measured may have
an important impact on the specification of the receiver with regards to the linearity
requirement. For example, changes in impedance presented to 2 DUT can cause variation in
the DUT’s gain as high as 10 dB. The change in gain causes a change in available noise power
at the output of the DUT since the DUT amplifies the available noise at its input. Although
we cannot predict the actual change in available noise power without knowing the DUT noise
parameters, there is a potential for the available output noise power to vary by the same order
of magnitude as the gain of the DUT. Thus, the receiver must preserve linear amplification
over a sufficient dynamic range. To better evaluate what is our specific requirement, we have
plotted level curves of the measured noise power at 30 GHz in Figure 6.2. In this figure, the
diamonds represent the source impedances at which measurements were made. The measured
cold noise powers are presented by logarithmic level curves. The value of the noise power
measured at each impedance results from the DUT gain, the DUT noise figure, the receiver
gain and the receiver noise figure. Hence, this data is rarely presented since the noise
parameters extracted from them provide information that is more meaningful. Nevertheless,
th-is data is very important since we may be able to spot regions of instability and other
unexpected phenomena from it. In fact, instability caused by the outer ring of source
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Im[source reflection coefficient]

. 0.40
Re[source reflection coefficient]
Figure 6.2 Cold noise power for 314 impedance points at 30 GHz with
DUT X biased at Vds=2 V, Ids=10mA

impedance reduced the number of source impedance point plotted in figure Figure 6.2 from
404 to 314 source impedances. Note that the impedances causing instability, given by
[Ts] >0.7 and 0.65£-45<[y <0.65£-45, are not shown in Figure 6.Z. We can observe a
rapid increase of the noise power on the top left corner of Figure 6.2. This region corresponds

to the region of maximum available gain for this DUT.

6.2 PHEMT Noise Parameters as a Function of Bias

The minimum noise figure of PHEMTs (or FETs in general) gradually increases with increasing
drain current {30] [76]. The aim here is to confirm the ability of our test setup to determine
this dependence. We measured this dependence at 26 GHz to provide data with our system,
which will be compaired to the results obtained on an independent system in a subsequent
section. The noise parameters (NPAR) are calculated in three ways: once with the TWIN

extraction algorithm (i.e. Lane’s algorithm), once with our implematation of O’Callaghan’s
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algorithm in MMICAD, and once with a variation of the input block calibration technique.

This is done to provide an indication of the variation to expect on the extracted noise

parameters for these casses.

6.2.1 Method

The methodology followed is:

calibrate the measurement setup at 26 GHz and verify the equipment operation with a thru
line,
define a constellation of nine source impedances as presented in Table 4. This constellation

was refered to as the “Cross” in Figure 3.3.

[Fa} ] 0.04 0.36 |0.38 0.36 | 0.41 0.66 | 0.66 0.65 | 0.67

A 1429 |89.0 [-1794 {-29 {-90.6 [924 {1779 |0.0 -88.8

Table 4 Constellation of Source impedance
probe on the DUT and set desired biasing conditions,
measure the cold noise power associated with each impedance of the constellation,
extract the noise parameters using TWIN (Lane’s extrapolation algorithm),
using the same intermediate parameters, extract the noise parameters using O’Callaghan’s
technique (our MMICAD implementation),
repeat the previous step using the Hewlett Packard standard table of coefficients to
determine the S-parameters of the input block. The only difference between the results of
Table 6 and Table 7 is in the characterization of the 3 coaxial terminations that were used
to determined the input block S-parameters. The results presented in Table 5 and Table 6
made use of measured termination from a calibration (SOLT) with the 2.4 mm calibration
kit to perform the 3 termination calibration procedure. Whereas in Table 7 we make use of

Hewlett Packard’s standard table of coefficients for the 3 coaxial terminations.
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e compare the results obtained which are presented in Table 5 for TWIN’s extraction, in
Table 6 for our MMICAD extraction, and in Table 7 for the variation on the input block

3 termination calibration technique.

6.2.2 Results for a PHEMT Device at 26 GHz

The noise parameters for DUT X and Y at 26 GHz are presented in the 3 following tables.

DUT | Fmin(dB) | Rnfohms) | IFonet | /Toor |
X5 1085 22 0.674 75.6
[ X20 1,39 18.3 0.508 84.4
Y5 46 30 0.544 68.8
Y10 1179 25.4 0,492 26.3
Y15 1216 25,9 0.468 84.5
Y20 1257 28,0 0,472 92.0

Table 5: TWIN calculated NPAR at 26 GH:

DUT | Fmin(dB) } Rnfohms) { |Foptl £Looe
X5 0.81 21.9 0.676 5.6
X10 0.93 18.1 0.585 26.1

| X20 1.35 18.2 0.509 84.4
YS 1.42 9.8 0.546 68.7
Y10 L75 25.2 0.4%4 26.3
YI5 2.12 3.8 0.470 84.5

[ Y20 2.54 27.8 0.473 92.0

Table 6 MMICAD calculated NPAR at 26 GHz using measured terminations for the 3-
termination calibration procedure of the input block.

DUT | Fmin(dBY | Rnfohms) | iFontt 1 ZFopr |
X5 0.87 22,2 0.679 3.3
X10 0.99 18.4 0.587 25.9
X20 1142 18.5 0.510 84,2
Y5 1.48 30.3 0.547 68.5
Yi0 1.81 25.6 0.495 26.1
YI5 2,19 26.2 0.470 84.3
2.61 [ 28.3 0.473 91.8

[ Y20 |
Table 7 MMICAD calculated NPAR at 26 GHz using the Hewlett Packard table of standard
coefficients for the 3-termination calibration procedure of the input block.

6.2.3 Discussion
The results behave as expected. Using the result of Fings for DUT Y presented in Table 7,

we plot FmindB as a function of Ids in Figure 6.3. The curve obtained is as expected from the
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general model of FET and PHEMT [30] [76]. A similar curve could also be plotted for DUT

X. The dependence of FmingB is very well predicted from our measurement setup.

FmindB as a function of ids

oOmA SmA 10 mA 16 mA 20mA

Figure 6.3 Minimum noise figure of DUT Y as a function of drain current

By looking closely at the value of Fings in Table 5 and Table 6 we observe a systematic
difference on Fingp of ~0.04 dB for all bias conditions. We recall that the same data is used
in both cases to compute the noise parameters. We know as well that O’Callaghan and Lane’s
algorithms are optimizing the same error function. The difference on Fyindp is therefore
attributed to the numerical precision used on measured parameters, which are required by the
TWIN and the MMICAD implementation. We should emphasize that noise parameter
extraction algorithms are optimization algorithms minimizing an error function. As such,
knowledge about the sources of measurement error for a specific measurement system or
methodology can be beneficial to properly select the best extraction algorithm. Unfortunately,
such a study is too complex to be included in this thesis.

Although the methods used to extract the noise parameters presented in Table 6 and Table
7 are identical, we included both sets of data to illustrate the importance of characterizing the
standards used for the 3 termination calibration procedure. As it can be seen, a difference of
~0.07 dB on the minimum noise figure can be observed. Hence, the characterization of the
three coaxial terminations made using the Hewlett Packard standard table of coefficients or the

measured reflection using a SOLT calibration have a small but significant impact.
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We now address the difference in the noise parameters between two PHEMT devices located
on the same wafer. It is of interest to determine if the difference is due to the actual fabrication
process, which modifies the noise parameters or if it may be caused by the measurement setup.
By looking at the DC biasing of DUT X and DUT Y, we observe a difference of 4 mA for the
saturated drain current. More precisely, when Vds=2 V and Vgs=0.0 V then DUT X
Idss=24.7 mA, and DUT Y Idss=28.7mA. Although FET models often make use of
percentage of Idss to compare the performance from device to device, we made use of a fixed
values of Ids for our measurement. This approach is usually taken for circuit design as it
provides insight on the dispersion of the noise parameters from one device to the next for a
specific circuit implementation. Nevertheless, variation of Idss indicates that device fabrication
is not uniform across the wafer used. This is also confirmed by looking at the measurement of
the S-parameters given in Figure 6.1. Thus, variation of noise parameters from device to
device is expected. We feel that most of the variation from device to device at the same
frequency comes from process variations since we have experienced a good repeatability with

regard to S-parameter measurements and noise power measurements.

6.2.4 Conclusion

The noise parameters as a function of biasing were successfully measured at 26 GHz and were
shown to behave as expected from noise models. It was also shown that two different
extraction algorithm can yield different results from the same measured data due to the
difference in their optimizing error function. Finally, selection of the characterizing technique
for the three termination used during the 3-termination calibration procedure was shown to

have a small but significant impact on the extraction of the noise parameters.
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6.3 Noise Parameters as a Function of Frequency

A demonstration of the capability of our measurement system to extract noise parameters from

26 to 40 GHz is presented here. System calibration using a coaxial noise source and the

ORNS are made and computed noise parameters for each case are presented.

6.3. l Meth“

Due to the time required to calibrate and measure the noise parameters at 15 different

frequency points, we measured only one device at one bias point over the complete frequency

band. We selected DUT XI0 for that purpose. All the data required at one frequency are

measured before proceeding to the next frequency. The steps taken at each frequency are

performed in the following order:

perform a system calibration as described in Section 5.3 to 5.3.7 inclusively,

probe on the TRL thru line and characterize the receiver according to Section 5.3.8.
First perform a hot and cold noise power measurement with the coaxial noise source, then
set the noise in its cold state and perform noise power measurements for a constellation of
nine source impedances.

Characterize the receiver again with the ORNS ( i.e. Probe on the ORNS and perform a
hot and cold noise power measurement),

probe on DUT X and bias it at Vds-2.0 V, Ids=10.0mA, Vgs=-0.241 V,

measure the cold noise power of the DUT/receiver chain for all source impedances
previously calibrated. We generally have 101 impedances calibrated at each frequency
which are uniformly spread over the Smith chart,

eliminate all impedances where oscillation of the DUT was detected,

select a set of nine impedances from which the noise parameters are extracted using

O’Callaghan’s algorithm. Note that the constellations used is slightly different at each
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frequence but it always forms a large cross over the Smith chart like the one presented in
Table 4.

e Compute the noise parameters for the coaxial noise source. See results in Figure 6.4.

e Use the computed noise parameters and calculate the difference between the noise figure
calculated and the noise figure measured for each impedance used in the extraction of the

noise parameters. See Figure 6.5.

6.3.2 Results from 26 to 40 GHz

The results presented here are the noise parameters with the coaxial noise source (Figure 6.4),
the noise parameters with the ORNS (Figure 6.6), and the computed difference between noise
figure measured at each impedance and calculated from the extracted noise parameters (Figure
6.5). We recall that when using the cold technique, the hot noise power measurement is
required only once to compute the kBGg term. Thus, the only difference between the coaxial

and ORNS results resides in the measured value of the kBGg term.
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Figure 6.4: NPAR with Coaxial noise source

Ty fsTo Iu T ls T Lo o

AF s |
0.135 |
0.0 AR
[ -1 & N\ $ —% ',"':
-0.045 ) \@"‘2‘\51& '
N4 X 1/ !
-0.135 : \/
1 \ 1
-0.225 t

26 28 30 32 34 35 38 40
Frequency {GHZ]
Figure 6.5: Difference between measured and calculated noise figure for each
constellation of 9 source impedances (['sj). A coaxial noise source was used here.
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Figure 6.6: NPAR with ORNS (T, =550 Kelvin)

6.3.3 Discussion
From the noise parameters shown in Figure 6.4 and Figure 6.6, we observe the following

trends of the noise parameters as a function of frequency:
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e FqindB increases with frequengy,

e R, decreases with frequency,

e [ope shows a counter clockwise rotation as a function of frequency.

The trends of the noise parameters we measured are in agreement with those presented in the
literature over the years for HEMT and PHEMT devices.

Comparison between results shown in Figure 6.4 and Figure 6.6 demonstrate that both noise
sources yield similar results. The potendal of the ORNS is thus again demonstrated. By the
same token, the 3-termination calibration procedure used for the results of Figure 6.4 is also
verified.

By plotting the difference between the measured and the computed noise figure we gain
confidence in the extraction algorithm used. We first observe from Figure 6.5 that the
difference between the nine points at each frequency is centered on zero. Also, the difference
rarely exceeds 0.14dB (3 %). Although such a difference is a sign of reasonable accuracy on
the measured noise parameters, it cannot be used to state the accuracy of our measurement
system.

You may have noticed that the value of Fpindp is 0.2 dB greater here than for the results
shown in Table 7. The difference between the extraction of the two sets of parameters resides
in the selection of the constellation. The selection of different constellations may therefare
significantly influence the results obtained.

We limit our discussion here to these few points. A comparison with an independent
laboratory and our uncertainty analysis will bring us more arguments to further explain the

data presented.
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Figure 6.7 DUT X and DUT Y Noise Parameter from 18 to 27 GHz.

6.4 Confirmation of Noise Parameters at 26 GHz

After measuring the two devices, we sent them with the TRL calibration standards to Dr Ali
Boudiaf at I'Université de Marne-la-Vallée in France. The devices were measured in a setup
that he developed with CNET for measurements from 2 to 18 GHz and from (8 to 27 GHz.
Results obtained from 18 to 27 GHz are presented in Figure 6.7 to confirm the validity of our
measurements. We know that the cold power technique was used but unfortunately, the
details of the extraction algorithm used were not made available to us. Take note that the
results provided at 26 GHz were discarded as they were identified to be highly inaccurate. The
cause of innacuracy was attributed to a bad selection of source impedance by Dr. Boudiaf.

Hence, the results given at 26 GHz in Figure 6.8 are the average between 25 and 27 GHa.
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These results (DUT BX, BY) are compared with our measurements (DUT X, Y) for Ids=5, 10,
and 20 mA in Figure 6.8. At 26 GHz, the relative error between the two sets of S-parameters
(Sxiy-Spxis)/Sxs;) was 9% for DUT X Sy, 6% for DUT X 833, 2% for DUT Y Sy, and 3 % for
DUTY §1.

A few comments are now made on the results just presented. First, we observe that the
optimum reflection coefficient (T'ope of BX and BY) extracted by the independent laboratory
matches well ours ([ope of X and Y). This is not the case for the minimum noise figure
(FmindB), which is approximately 0.9 dB greater than ours, and for the noise resistance which
is approximately 5Q greater in most cases.

It is interesting to note from Figure 6.7 that, as in our case, the repeatability at a specific
frequency is good but variation as a function of frequency still exists. The good repeatability
of the two systems is also displayed by the error, which is similar for different devices and

different bias conditions as shown in Figure 6.8.
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Figure 6.8 Comparaison of noise parameter between the independent system (BX, BY), our
measurement (X, Y) at 26 GHz, and our measurement using the DUT S-parameter measured
on the independent system (SX, SY)

The difficult question to answer is which of the two systems gives the most accurate answer
for Fmingg and R,. To address this question, we have to first determine the uncertainty on

our measurement. The next chapter is therefore devoted to uncertainty analysis and to

presenting possible explanation for the differences observed.

6.5 Conclusion

This chapter was devoted to present measurements of intermediate parameters (bias, S-
parameters, noise power), DUT noise parameters as a function of bias, DUT noise parameters
as a function of frequency (from 26 to 40 GHz), and an independent measurement of DUT X
and Y from 18 to 27 GHz. Our measurement system showed it to be very repeatable at a

specific frequency. Thus, the ability of the system to measure bias dependent noise parameters
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was clearly demonstrated. The measurement as a function of frequency suffers from variations
similar to those of other measurement systems. The verification of the noise parameters with
the independent laboratory measurement matched well our extraction of [ope well but presents
a consistent difference of 0.9 dB on Fping and of 5 Q on R,. Finally, the use of an ORNS

was again demonstrated to yield similar results to those of a coaxial noise source.
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7. Uncertainty Analysis

The main goal here is to define the uncertainty of our measurements and, more importantly,
to determine the areas where improvements would results in a significant enhancement of the
accuracy. We proceed in 4 steps. First, we discuss the expected accuracy of the measured
parameters by looking at the test equipment specifications and the measurement methodology
used. We then look at uncertainties on the calculated parameters. Thirdly, we perform a
yield analysis for the measurements made at 30 GHz and thus define the accuracy of the noise
parameters at this frequency for the specific device used. Finally, we look at the sensitivity of

the extracted noise parameters for a set of selected parameters.

7.1 The Uncertainty Analysis Technique
The complexities of measuring noise parameters at microwave frequencies makes uncertainty
analysis very challenging. A recommended approach to evaluate uncertainties on noise factor
is the measurement simulation method suggested in [38). This method uses a computer to
simulate probable measurement conditions. These conditions are then used to calculate
measurement results such as noise factor and noise parameters. The more commonly used
uncertainty analysis techniques based on partial derivatives are inappropriate here due to the
oftenundefined dependence between the measured parameters. The presence of the
optimization algorithm for the extraction of noise parameters also constrains us to use the
simulation method.

The measurement simulation method is similar to the yield analysis technique commonly
u;ed in computer aided design software packages like MMICAD. Yield analysis is performed

by first generating probable values of parameters, which satisfy a specified tolerance, and
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which obey a probability distribution function such as Uniform or Gaussian. Secondly, we
compute the results associated with the set of parameters generated. Thirdly, we repeat step
one and two in order to create a large sample of results from randomly generated conditions.
The yield of the experiment is then obtained as the percentage of the computed results meeting
a specified tolerance. In our case, the measurement uncertainty is defined as the tolerance on
the results required to achieve a 95% yield. The 95% confidence level is used by the Western
European Calibration Cooperation (WECC) to define uncertainty in the case of Normal

(Gaussian) distributions of parameters [77].

7.2 Parameters Measured and their Uncertainties

All parameters measured in our procedure are either temperature (T), relative noise power (Px),
or network parameters (", Su, Su, Sz, Szz). We show in Table 8 that the basic parameters
measured to compute the input block S-parameters (Sins), the gain-bandwidth constant (kG.B),
the receiver noise parameters (NPARrcvr), and the DUT noise parameters (NPARour). Every
basic parameters is looked at in the following sub-sections to define its worst case uncertainty

and associated probability distribution functian.
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Table 8: Calculated parameters from basic measurement.

7.2.1 Reflection Coefficients and S-Parameters Uncertainties

To establish the uncertainty on the measurement of reflection coefficient and S-parameters is a

very challenging task. The procedure proposed by the vendor consists in determining the
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following parameters: system residuals, dynamic accuracy, noise, and repeatability [61]. This
approach is valid when using coaxial standards but is insufficient for on-wafer probing. We
recall that there exists a number of different on-wafer calibration techniques. Unfortunately,
there is no existing technique that can be verified for their absolute accuracy. The absence of
verification standards is due mainly to the difficulty in accurately defining the reference
impedance of planar structures.

We avoid the problem by making use of typical VNA system measurement accuracy
specifications [61] as a guide to define our worst case uncertainty. For reflection coefficients,
we define an area of uncertainty as a fixed angle variation of A/'=42° and a magnitude
variation given by A|[| =15% of |['|. The area defined by this uncertainty has the shape of
a truncated moon over the Smith chart. The probability distribution function of the
uncertainty area also needs to be defined. As recommended in {77], we assume a rectangular
distribution of values centered on the measured value. Thus, every reflection coefficient of aur
yield analysis is performed using the MMICAD uniform distribution defined by a centered
value with minimum and maximum limits.

The typical system measurement accuracy specification for the transmission coefficient (i.e.
Sz21 and Sy13) are different from the reflection coefficient (i.e. ', S1; and §32) and thus they have
to be treated separately for uncertainty analysis purposes. The uncertainty on S3; and $y; is
taken has A[S|=4#3% and AZS=+I1°. The uniform probability diswibution function is
selected here as well.

We recognize that the uncertainty we have attributed to reflection and transmission
coefficients are not completely justified but we believe them to be the worst case for our
measurement. We apply these definitions to our measured parameter I'NS, ['3term, ['Si, I'L,

and SPARput for the yield analysis performed in Section 7.4.
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7.2.2 Noise Power Measurement Uncertainties

The accuracy on noise power measurements using our setup is defined in this section. The
accuracy of these measurements is determined by the receiver linearity, receiver drift, averaging
factor used, flatness of the noise signal over the measurement bandwidth, frequency
discrepancies with the VNA and the elimination of unwanted signals which may fall in the
measurement bandwidth.

Definition of the uncertainty caused by receiver non-linearity could not be evaluated due to
the lack of information on the test equipment used. After having verified that we didn’t
exceed the maximum input power specified by the test equipment manufacturer, we assume
that the non-linearities of our receiver are non-existent. Non-linearities are therefore not
quantitatively considered.

We determined that receiver drift was not causing more then 0.01 dB change on the power
reading over a typical measurement period of 30 minutes.

The averaging factor of the noise figure meter was selected to be 64 after experimentally
finding that a repeatability of +0.005 dB was achieved with this setting. The specification
manual refers to a 0.02 dB accuracy on the measurement of the Y-Factor (Y=N3/N}) when
using an averaging factor of 64 [78]. Hence, repeatability better then 0.02 dB is expected for a
single noise power measurement.

Error caused by noise power flatness over the measurement bandwidth and the frequency
discrepancy with the VNA were studied in [72]. It was observed that sudden and repetitive
" variation in the noise power reading by as much as 10 dB exists when the noise receiver and
the noise source have highly mismatched, and frequency dependent, reflection coefficients. It
is clearly shown in this paper that both the measurement bandwidth and frequency
discrepancies can cause significant errors in some specific cases. Unfortunately, the evaluation

of the errors with no simplification is extremely complicated and hence, closed-form solutians

89



can only be obtained after making a number of simplifications. The magnitude of the error
was computed for only the specific case of two highly mismatched reflection coefficients. A
calculated error of 5% caused by a measurement bandwidth of 4 MHz and a calculated errpr
of 25 % caused by a 1 MHz frequency offset were obtained for one specific case where the
source impedance and the receiver impedance are highly mismatched. For our measurements,
no variation of power with frequency was observed in the measurement band. As well, we
aligned the VNA frequency with the noise figure measurement system such that they are the
same within $0.5 MHz. We therefore assume that both errors can be neglected for the
measurement of the PHEMT from 26 to 40 GHz.

We eliminate the requirement to define an uncertainty caused by picking up unwanted
signals. We are confident that the unwanted signals, which can come from electromagnetic
interferences, oscillation of the DUT and other external sources, can be detected by
continuously monitoring the measured noise signal on a spectrum analyzer.

After having considered all the above possible sources of etror, we define our uncertainty on
noise power measurement as AP, = 0.5 % (0.02dB). We consider this uncertainty to have a
uniform probability distribution function. This uncertainty definition is used for the
measured parameters P, Ph, P, and Pg pyT used in the yield analysis performed in Section

1.4.

7.2.3 Temperature Measurements

The ambient room temperature is continuously monitored with a thermometer. This is
required for two reasons. First we need to know the ambient temperature Tc for our
calculation and second we want to keep the room temperature constant in order to eliminate
electronic drift caused by temperature changes. We define our accuracy on the ambient

temperature as ATc = +IK with a uniform distribution.
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7.3 Calculated Parameter Uncertainties for Noise Parameter Extraction

Having looked at the uncertainties of the basic parameter uncertainties, we now wish to look
at the uncertainty of a number of calculated parameters. This work is performed to better
understand how the uncertainty of the basic parameters are cumulated to obtain the

uncertainty of the DUT noise parameters.

7.3.1 Uncertainty on Input Block S-Parameters

The S-parameter characterization of the input block network, which is located between the
coaxial noise source and the on-wafer reference plane, is made during the calibration of our
test setup. Uncertainties introduced by the 3-termination procedure result in higher
uncertainty on the excess noise ratio (ENR) calculated at the on-wafer reference plane and on
the gain-bandwidth constant of the receiver. We thus need to evaluate the uncertainty on the
input block S-parameters.

The parameters measured are the on-wafer reflection coefficients of the input block when it
is connected to each of the 3-terminations (T'3germ). We also make use of the reflection
coefficient of the 3 terminations at the coaxial reference plane as explained in Appendix
Appendix D. The uncertainty on the input block S-parameters (Sin11, Sin21, Sin12, Sin22 ) can
be evaluated by the simulation approach. The uncertainties obtained with the yield analysis
technique are presented in Table 9. The previously defined uncertainties on reflection

coefficient measurements and our measurement results at 30 GHz were used.

Value 0.193 0.735 0.735 0.0189
£Z-142° | £20° £20° £91°
Uncertainty | +0.05 +0.03 +0.03 +0.001
£320° £%2° £32° £E2°
Yield 98.8% 100% 100% 100%
£97.8% | £100% | £100% | £100%
Table 9 Uncertainty on input block S-parameters at 30 GHz
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The resulting uncertainties are used in a later sections to derive the uncertainty on the gain-

bandwidth constant (kG,B).

7.3.2 Uncertainties on the Coaxial Available Noise Temperature (7},)

The uncertainties on Ty at the coaxial reference plane are obtained from the accuracy
specification of the noise source used. In our case, the accuracy is specified on the ENR as Q.1
dB (2%). Thus, for a known ENR, the uncertainty on T}, can be computed from ( 3.1).

We have an additional uncertainty on T which is caused by TWIN’s definition of ENR.
We know that Hewlett Packard uses Eq. ( 3.1 ) as their definition of ENR. The TWIN
software defines the ENR by assuming that Iysp=0. All results presented in this thesis made
use of TWIN'’s definition of ENR to allow direct comparison of TWIN results with our
implementation. This discrepancy in the ENR definition can be regarded as an additional
uncertainty on Th.

Computation of this additional uncertainty on Ty at 30 GHz is made in this paragraph to
evaluate the significance of this error. The HP346C noise source specifies an ENR of 11.87 dB
with a measured reflection coefficient of I'nsn =0.100£175. We calculate for TWIN
ThTwin=4750K and with Eq. ( 3.1 ) Taup=4799K. Hence we may suffer from a systematic
error of 48K or 1% on T}. By looking at Figure 3.1, we view that increasing T}, causes kGaB
to decrease and N, to increase. We conclude from this that we consistently underestimate our
noise figure measurement of the receiver. The impact on the resulting DUT noise parameters

is looked at later with the sensitivity analysis.

7.3.3 Uncertainties Caused by the Noise Source Change of Impedance.
To make use of the cold power technique presented by Adamian in [58] one must be able to
generate two distinct noise temperatures at the same source reflection coefficient. Hence the

assumption was made that the noise source hot state presented the same impedance as the
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noise source cold state. We present in this section a means of verifying the validity of this
assumption. To do so, we calculate the error introduced on T, by this assumption at 30 GHz.
Note that the verification of the assumption with the technique presented can only be made
after having measured the receiver noise parameters.

We know that an impedance change at the input of the receiver causes a change in its
available gain (G,) and a change in its added noise power (Ny). This change causes a
systematic error in the hot noise power reading, which we refer to as AP,,. By looking at figyre
Figure 3.1, we relate APy, to a variation in the hot noise temperature ATy, by ATh=APL/kG,B.

Keeping these observations in mind, we evaluate the magnitude of APy from the noise
parameter and the available gain of the receiver used. The noise parameters of our setup were
measured at 30 GHz and are given as: Fpingb=6.144 dB, R,=35.862 Q, [ope=0.146£-173.9.
The receiver available gain is obtained from the kBGp term presented in appendix Appendix
B, and measured here as kBGg =13.681. At 30 GHz, we measured the noise source change of
impedance from I'nsowc =0.06180 £ -75.5306 to I'nsown = 0.06460 £ -121.654 . From the
measured noise parameters, we can compute the noise figure of the receiver at both
impedances with Eq. ( 2.20 ). We obtain at INsowc, Fac =6.257923 dB, and at I'NSOWnh,
F4pnh=6.20159. From Eq. ( 2.11 ), we can téwrite the noise figure in terms of added noise
temperature of the receiver as T,c =935.1529K and T, =919.366K. It can be shown that the

output noise power of a noise source and receiver chain is given by [2]:

P, = TRkGgB + T kG,B (7.1)
where T, is the noise temperature of the noise source and T, is the added noise temperature of
the receiver. By applying Eq. ( 7.1 ) to both states of the noise source and taking the
difference, we compute the error on the measured noise power attributed to the change of

noise source impedance as:
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AP, = TahkGapB — TockGocB (7.2)
where Ty, and Ggp, refer to the receiver added noise temperature and available gain when
being presented with the impedance of the hot noise source, and Toc and G, refer to the
receiver added noise temperature and available gain when being presented with the impedance
of the cold noise source.

The assumption is made at this point that the receiver is unilateral in order to make use of
the kBG term presented in appendix Appendix B. By replacing the available gain in Eq. ( 7.2

) with the kBGy term we obtain:

(1 - [Cnsown lz) _ (1 - F"NSOWCIZ)

T.ckBGyp

(7.3)

AP, = T;kBGo

It - T Cnsown [ Il - rCnsowe]’ |

Recalling that AT}, =APw/kG,B, where kG,B is specific to the noise source reflection coefficient

in its cold state. We can write ( 7.3 ) as:

4 (l _ [rNSOWhIZ)\

)
\[1 - ILINsown! )
AT, = Tah - 7 )\ ~Te. (7.4)
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2
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Note that I'; =0.168£141° at 30 GHz. After computation, we find that AT}, =-4.992K . This
value of AT}, is specific to our setup at 30 GHz and should not be generalized. We can
estimate a worst case error for our setup from the specified maximum change of impedance of
the noise source to be A[['|=0.1. We compute AT}, for a change of impedance going from
I'=0 to '=0.1. The noise parameters of our receiver at 30 GHz are used. The new error

computed is AT, =10.61 K. The assumption is made that the last value of AT}, found can be



said to be typical for both the on-wafer and the coaxial reference plane. It should be clear that
this error is not accounted for in our setup. It is therefore added to the uncertainty on Tk in
the subsequent uncertainty analysis. Correction for this error is impossible by following the
procedure suggested by Davidson and al in [50]. We caution that one should be careful in
correcting only for the change of available gain or only for the change in added noise power.
We notice with our example that such a correction would introduce a larger systematic error
then not applying the correction at all. Note as well that the error on impedance change is
much more significant with the ORNS. At 30 GHz, a ATh of 10 K represent an error of 0.2%

with the coaxial noise source and and error of 1.7 % with the ORNS

7-3.4 Uncertainty on the Gain-Bandwidth Constant (kG,B) and the (kBGg) term
The computation of the gain-bandwidth constant is an intermediate step to calculate the noise
factor associated with each input impedance. The kG,B constant was introduced in Figure 3.1
as the slope of the line joining a cold and a hot power measurement. The available gain (G;)
portion of this constant is a function of the source impedance presented to the receiver.
Hence, the impedance presented by the noise source needs to be specified. We have already
seen that the noise source change of impedance between the cold and hot state introduces an
ambiguity with regards to the source impedance at which our measurement is valid. This
ambiguity was accounted for by increasing the uncertainty on T}, and by defining the source
impedance to be the cold noise source reflection coefficient.

Generzlization of the measured gain-bandwidth to account for different source impedances is
required. This step is performed in appendix Appendix B by introducing the kBGp term and

assuming that the receiver is unilateral (i.e. S;12=0). The kBGp term is given by:
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The uncertainty on parameters found in Eq. ( 7.5 ) were estimated at 30 GHz and are given
in Table 10. Note that although we define the uncertainty on T}, with an additional
systematic error of +48K to reflect the comment made in Section 7.3.2, we don’t take this

factor into account here.

Tc Th PhandPc | I, Fs . Ins, | Sen Sz
+1K | +120K+ | 0.02dB 5% of |T'| +0.05 +0.03
48K £32° Z320° | £#2°

Table 10 Uncertainty on parameters required to compute the kBGo term

We performed three separate yield analyses to evaluate which parameters had the most
impact on the accuracy of kBGo. We first varied the parameters T, Th, P, and Py and leave
the other parameters to their nominal value. We obtained kBGp=13.4696 $0.4, yield=97.4
%, number of trials=1000. This represents a 3% uncertainty. We then incorporate the
uncertainty in S;pi] and Sip21. We obtained kBGo=13.4696 £1.3, yield=97.6 %, number of
trials=1000. This represents a 10% uuncertainty. Finally, we introduced the uncertainty on
I, [s, and I'ys with the others. The result obtain is kBGo=13.4696 %1.3, yield=97.2 %,
number of trials=1000. This represents also a 10% uncertainty.

We conclude that the main source of uncertainty comes from the uncertainty on the input
block S-parameters (Snil, Sin21)- The uncertainty on T¢, Th, Pc, and Py are also non-
negligible but less significant. Finally, I'L, I's, and I'ns, uncertainties seem to have little effect

on the kBGp parameter.

7.3.5 Uncertainty on Receiver Noise Parameters
As we have seen, calculation of the receiver noise parameters is performed from the kBGp

constant and at least four measurements of cold noise power associated with four source
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reflection coefficients. The uncertainties on the four extracted receiver noise parameters
(*Frnins R, ope) are evaluated at 30 GHz in this section.

A constellation of nine source impedances was selected to perform the receiver noise
parameter extraction with O’Callaghan’s algorithm. The relative cold power measurements
associated with each source impedance are presented in Table 11. The table also presents the

calculated noise factor for each impedance which is obtained using:

2
o __p (i-nnsf) p
" kBGoTo (1-[I‘gi|2) To

+1 (7.1)

where To=290 K.

30GHz | |Fsi} Llsi P Fi Fus

[si 0.033 128.2 42.205 424 |6.27
I's 0390 |-96.5 42.504 4.87 | 6.88
I'ss 0.378 174.6 42.149 445 |6.49
s+ 0293 |-1.3 42.204 4.99 |6.98
[ss 0.398 ]93.5 41.906 5.09 | 7.06
I'ss 0.721 |-%M4.7 42.696 8.38 |9.23
sy 0.750 | 175.1 41.882 7.51 | 8.76
Iss 0.697 ] 90.9 41.578 8.28 |9.18
I'ss 0.658 |-1.3 42.122 8.67 |9.38

Table 11 Relative Cold Noise Power associated with a constellation of nine source impedance

for receiver calibration at 30 GHz
We make use of our implementation of O’Callaghan’s algorithm and of the uncertainty
previously defined on the parameters used to perform a yield analysis. Take note that
uncertainty on I's; due to the tuner repeatability and to the frequency difference between the
network analyzer and the noise figure measurement system are assumed negligible compared to

their uncertainty due to S-Parameter measurements.

97



Nominat | A Yield trials
tFmin 4,180 +0.5 100% 1000
tRn (Q) | 36.43 +4 96.9% | 1000
|eCopt} | 0.1456 +0.01 ] 96.6% | 1000
ZrGopt | -173.9 4 97.0% | 1000
Table 12 Uncertainty on receiver noise parameters at 30 GH:z

The results of our analysis are presented in Table 12. In addition, we observed during the
analysis that the 10% variation on kBGg accounts for 930% of the uncertainty on rFmin and R,
but doesn’t affect at all the value of Lope.

The uncertainties obtained here are the starting point for the uncertainty analysis performed

on the DUT X noise parameters presented in the next section.

7.4 Uncertainty Yield Analysis on the DUT Noise Parameters

The uncertainties on the measurement of DUT X is obtained in this section by performing a
yield analysis. The analysis is performed with two different constellations: once with the cross
and once with a smaller cross centered around the optimum reflection coefficient ([opy). Note

that the results obtained are specific to DUT X biased at 10 mA and measured at 30 GHz.

7.4.1 Results for DUT X at Ids=10 mA
The results presented in Figure 7.1 were computed by making use of the previously defined
uncertainties on measured parameters. The patterns shown in each graph were obtained by

plotting all computed results of the 500 randomly selected set of parameters.
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Figure 7.1 Uncertainty on DUT X Noise Parameters.

Qur first observation is made on the minimum noise figure Fhinds. The minimum noise
figure is spread over a range of £l dB. The nominal value for Frpindg is smaller for the
Optimum constellation than for the Cross constellation. This results in a maximum value of
FrindB=1.5 dB versus Fingp = 1.9 dB for the respective constellations.

The noise resistance (Ry,) shows a spread of +4Q with the Cross constellation and a spread of
+7Q with the Optimum constellation.

The optimum reflection coefficient (Iop,) shows a spread of +0.09£+9° for the Cross and a
spread of #0.13£+10° for the Optimum constellation. Hence, the Cross constellation provides
a slightly better uncertainty on Ry, and Fgp in this case.

The uncertainty derived by our analysis deserves a few comments at this point. We first
emphasize the fact that the analysis was performed from a specific set of measured data points.
As such, the results obtained can only be interpreted for a similar set of data. We can assume
that this is the case for our measurements from 26 to 40 GHz of DUT X biased at 10 mA.
Hence the variation observed in the frequency dependent measurements presented in Figure
6.4 can be attributed to the uncertainties on the basic parameters measured.

We can also use the uncertainty calculated to partially explain the difference between our
measurements and Dr. Boudiaf s measurements, which were summarized in Figure 6.8. We
recall that a difference of 0.9 dB on Fpindg and of 5 Q on R, were observed at 26 GHz for all
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bias conditions. Hence Dr. Boudiaf ‘s measurements are at the maximum limit specified by
our uncertainty analysis. We recall that at 26 GHz, the relative error between our S-
parameters and Dr.Boudiaf’s ((Sxi;-Spxi)/Sxi;) was 9% for DUT X Sjj, 6% for DUT X S33,
2% for DUT Y Sjj, and 3 % for DUT Y S3). To be consistent with our uncertainty analysis,
we write in Table 13 the same information in terms of a variation on the magnitude and angle

of the S-parameters ((A|Spi11 | = [Sxs|- |Spxs1)/ 1Sx51; ALSpt1=<£Sx5-£Spxs)-

ASpxsi1 | ASpxionr | ASpxzo11 | ASpysii | ASpyioir | ASpyzonz
[03%] | 10.2%] |]-0.03%| []0.1%] [[-0.1%] | [-0.8%]
Z4.6° Z-5.0° Z-5.0° Z1.7° Z1.4° Z1.1°
| AS AS ASpys;1 | AS AS
[6.7%] | 17.3%] | [7.3%] [109%| ||t4%| | [L.9%]
Z-0.3° Z0.7° Z-0.6° Z1.4° £1.2° Z1.2°
Table 13 Difference between my S-parameter and Dr Boudiaf’s for
DUT X and Y at 26 GHz.

We observe that the S-parameters of DUT Y fall within our range of uncertainty but not DUT
X. The difference between the two noise parameter measurements can not be fully explained
from this information. Having considered the uncertainty on our measurements withaut
successfully explaining the difference in Fpingg and on Ry, two options are left to evaluate.
The error on Dr. Boudiaf s may be more significant than ours or there is still a source of error
which has not been identified in our setup. The first one could not be further investigated
due to the lack of information about the procedure that was used. The second one is

addressed by bringing forward other potential reasons to explain this difference.

7.4.2 Theoretical Limit on Noise Parameters.

Pospieszalski introduced a theoretical inequality that must be satisfied by the noise parameters
in [16). It was shown that measurement systems for the extraction of noise parameters could
easily violate this inequality. In fact, a widely referenced paper was even shown to violate this

inequality which is given by [79]:
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Fpmin ~1<4N  where N =R,G,p = —2Rg——F— (7.2)
nop Zo 1+r°pt

The computation of this inequality for our measurements was performed for all the results
shown in Figure 6.4. The inequality of ( 7.2 ) was satisfied at all frequencies. We also
computed the inequality while running the yield analysis on DUT X at 10 mA and again
found that the inequality was always satisfied.

The inequality was also computed for the independent measurement results that were

presented in Section 6.4. Again, the inequality was satisfied for every measurement.

7-4.3 Consideration of the Receiver Linearity

Throughout this thesis, the assumption was made that the receiver used was linear. We want
to consider here the qualitative effect of a receiver being slightly nonlinear on the measured
noise parameters. The analysis is made for both the Cold power technique and the hot/cold
technique. We start our analysis from Figure 3.1 by adding to it a typical curve representing

the non-linear behavior of a receiver as shown in Figure 7.2 by the Actual curve.
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Figure 7.2 Noise Figure measurement considering a non-linear receiver.

We assume for the purpose of the following discussion that the DUT inserted between the
noise source and the receiver contributes no added noise Napur=0. Also, the reflection
coefficient presented to the receiver (RCVR) by the noise source is assumed to be the same as
the noise source and DUT combination.

We now explain the measurement procedure with the help of Figure 7.2. We first perform a
calibration of the receiver by measuring N; and N; from the two known noise source
temperatures T and Th. The receiver being non-linear, we compute the receiver added noise
Nam which is slightly greater than the actual added noise of the receiver N,. Also, the gain
bandwidth constant measured (kG;Bj) is slightly smaller than the actual receiver gain-

bandwidth constant (kG,B).
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We now connect the DUT between the noise source and the receiver and we make use of the
hot/cold technique to measure the noise figure of the DUT. Knowing the gain of the DUT
and having defined N,pyr=0, we can compute the noise powers at the DUT’s output and
represent them by Tcp and Typ. We can re-measure the receiver added noise power (Napm)
from the measurement of the noise power Np) and Np; associated with Tcp and Thpp. By
extrapolating the line joining (T.p,Np1) to (ThD,ND2) we observe that the newly measured
added noise power (Namp) of the receiver is greater then Npy. This measurement also
represents the total added noise power of the DUT and receiver chain. Hence, making use of
Friis’ equation as we would normally do to compute the DUT added noise power (N,puT)
would yield a value greater than zero due to a decreasing gain-bandwidth with increased input
power. We can therefore conclude that using the hot/cold technique with a slightly non-
linear receiver would give us a systematically greater DUT noise figure [57].

Let us now look at the same measurement using the cold power technique. After having
performed the receiver calibration, we have computed the gain-bandwidth (kG,B) and added
noise (Nm) of the receiver from T, Th, Na1, and Ny2. The DUT is then inserted and the
cold noise power Np1 of the DUT receiver chain is measured. To obtain the added noise
power of the DUT, we compute the output noise temperature of the DUT (Tpa) from Npj on
the measured characteristic of the receiver. The result is obtained graphically in Figure 7.2 as
the intersection of Np; and the *Meas.” curve. We observe that Tpa is smaller then Tpc.
Hence, the DUT noise figure computed is smaller then zero. We can conclude that with a
non-linear receiver, the cold power technique results in systematically smaller DUT noise
figure.

The degree of non-linearity determines how significant the error may be. We recall that an
uncertainty of 0.02 dB (0.5%) on relative cold power was used for our uncertainty analysis by

assuming that the receiver used was linear. Hence, for non-linearity to be negligible, the
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difference between the receiver Actual response and its linear approximation must not exceed
0.02 dB. We previously explained that we could not evaluate this effect for our setup due to
the lack of more precise information on the linear responsiveness of the amplifier used in our
receiver chain. We therefore keep this hypothesis as a possible source of additional
uncertainty, which may explain the difference observed with Dr. Boudiaf ’s measurements.
Unfortunately, verification of this hypothesis and quantifying technique to precisely
determine the receiver non-linearity is left for future work. We may just add that further
studies on the hot/cold technique versus the cold power technique to measure DUT noise
figure may potentially reveal a means of quantifying the receiver non-linearity since one
technique overestimates and the other one underestimates the noise figure as a function of the

degree of non-linearity.

7.5 Sensitivity of Selected Parameters on the DUT Noise Parameters

The sensitivity analysis helps understand the relative importance of individual parameters on
the accuracy of extracted DUT noise parameters. We are particularly interested in T, Pg,
and the frequency (f) . The interest is due to the assumption made earlier about the definition
of ENR, the linearity of the receiver, and the frequency discrepancies between the VNA and
noise figure measurement system. We add to these parameters the DUT Spi; ,Sp21 , and
kBGp to emphasize the importance of these three parameters when making noise parameter
measurements.

The sensitivity analysis is performed by computing the DUT noise parameters for the
nominal case and then for the varied parameter. Our nominal case is taken as the
measurements made for DUT X with Ids=10mA and f=30 GHz. Results are presented in

Table 14 for the following cases:
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o T, is augmented by 48 K (T, +48K) to evaluate the impact of the assumption I'Nsh=0
made on the definition of ENR,

e the DUT cold power measurement (Pg) is augmented by 0.2 dB for all source reflection
coefficients (Pci+0.2dB for all ['si) to simulate hypothetical receiver non-linearity. This
simulation is hypothetical because in reality, the non-linearity would introduce different
error as a function of source impedances,

e a discrepancy of | MHz between the VNA and the noise figure measurement system is
simulated by augmenting the angle on all source impedance by 0.35° (All £T'si+0.35° (or
f+1MHz)). This simulation is made because we experimentally found that the angle of the
tuner reflection coefficient varies by 0.35° per 1 MHz at 30 GHz. This simulation doesn’t
take all aspects the of frequency discrepancy into account (72},

e the DUT input reflection coefficient (Spyj) is varied by 3%£2° (Sp11-(0.03|Sp11| £2°) to
reflect the uncertainty on reflection coefficient measurements,

¢ the magnitude of the DUT transmission coefficient (Spz1) is varied by 3 % (|Spazi-| +0.03-
[Sp21-[) to reflect the uncertainty of the VNA,

e the kBGp is varied by 10 % to reflect the uncertainty which was mainly caused by the 3

termination calibration.

FmindB | Rn(Q) | |Fopt] | £LTopt

Nominal 1.06133 [ 17.7956 | 0.54386 | 94.4716
Th+48K 1.10204 | 17.9768 | 0.54408 | 94.3388
Pci+0.2dB for all I'si 1.36772 | 19.0549 | 0.54256 | 95.9277

All /Tsi+0.35° (or f+IMHz) | 1.05373 | 17.8744 | 0.54521 [ 94.3478
All £Tsi+2.1° (or f+6MHz) 1.01839 | 18.2866 | 0.55099 [ 93.7116
{1Sp11]-(1.05):£Sp1; +2°} 0.75091 | 17.3016 | 0.61657 | 97.5726
' 1Sp21-]+(1.03) 0.78886 | 16.7160 | 0.54662 | 94.7645
kBGg-(1.1) 0.70086 | 16.2665 | 0.54205 | 95.6860
Table 14 Impact of varied parameters on DUT XI10 extracted Noise Parameters at 30 GHz.
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A number of observations can be made from this analysis. We can first say that the
approximation made on the ENR introduces a small error on the DUT noise parameters. The
error can be considered negligible compared to other sources of error. On the other hand, the
error varies with frequency and will therefore be noticeable in the noise parameters as a
function of frequency.

We observe also that the effect of 0.2dB (5%) non-linearity on our receiver has a very
significant impact on Fmings and R,. It is difficult to evaluate if our receiver was satisfying the
linearity requirement for the noise power level obtained at the output of the DUT. We
included this analysis to show that linearity of the receiver should not be just assumed but
must be verified. It could not be verified in our case due to the lack of a known test procedure
which would verify all possible sources of non-linearity.

The possible discrepancy of 0.5 MHz between the VNA and the noise figure meter
frequency alignment seems sufficient to avoid significant error. Increasing this uncertainty to
+6 MHz as specified by the noise figure meter introduces an error of 0.05 dB on Fpindp in our
case. We therefore conclude that the frequency alignment procedure introduced with our
setup is a good practice to keep for future measurements.

Unlike the other parameters studied here, the error on the DUT Spj; introduces a large
error on the location of the extracted optimum reflection coefficient. The minimum noise
figure (FmindB) and noise resistance (Rp) are also significantly perturbed variation on Spji.
Also, the 3% uncertainty on [Sp;;| and the 10 % uncertainty on the kBGp term are both
very significant on the uncertainty of FringB and Ry,

The outcome of our sensitivity analysis reveals that the uncertainty on the minimum noise
figure and the noise resistance are severely affected by the uncertainty in kBGp, Sp21, and
Spi1- The combination of the uncertainty on these three parameters accounts for most of the

uncertainty on our measurements. We recall that the approximation of the ENR definition

106



was not included in the uncertainty analysis. We showed here that this approximation which
results in a small underestimation of the minimum noise figure and of the noise resistance. We
note as well that if our hypothesis about the receiver non-linearity is true, it could have a
significant impact on the noise parameters. The sensitivity analysis also showed that non-

linearity would cause underestimation of the minimum noise figure and noise resistance.

7.6 Conclusion

The uncertainty analysis on measured noise parameters at 30 GHz was performed in this
chapter. The simulation method was used. The lack of an on-wafer verification standards for
on-wafer S-parameter calibration was circumvented by assuming that the worst case
uncertainty could be taken as the typical instrument uncertainty. The computed uncertainties
for the Cross constellation were 0.9 dB on FmindB, 14 Q on Ry, and $0.09£49° on [oge.
These uncertainties enclose the variation observed for the noise parameter as a function of
frequency and almost includes the results of the independent measurements made at 26 GHz.
The error introduced by the approximation for the ENR definition was small considering the
error introduced by other parameters. The parameters introducing the largest uncertainty are
kBGp, Spz1, and Spj;. Of all the parameters, Spi; has the most significant impact on the
optimum reflection coefficient (T'gp). Other parameters have only a small impact on [ep,.
This explains the good agreement obtained with Dr. Boudiafs measurements for [op, at 26
GHz. Unfortunately, we cannot conclude the same thing for Fyingg and Ry.  Although not
verified, the hypothesis of non-linearity seems to be the best candidate to conciliate bath
measurements. The much lower noise figure extracted with the Optimum constellation seems
to indicate that this hypothesis may hold true. The uncertainty on Dr. Boudiaf ’s
measurement should not be neglected either. Finally, future work to further enhance the

accuracy of noise parameters at millimeter waves should include a verification of on-wafer S-
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parameter accuracy, introduction of a more accurate input block characterization technique,
uncertainty analysis with the ORNS, and the establishment of a receiver linearity verification

procedure.
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8. Conclusion

The main objective of this thesis, to provide noise parameter measurements from 26 to 40
GHz, has been met. An evaluation of the existing measurement techniques was performed.
The design of a custom on-wafer probing station was made to provide sufficient source
impedance coverage with an automated mechanical tuner. The cold power noise parameter
measurement technique was then selected over the hot/cold technique for our study. The
cold power technique showed extremely good repeatability at a specific frequency. This was
demonstrated with the measurement of the minimum noise figure (FpindB) as a function of
device drain current (Ids). These measurements also showed compliance with the general
trends of noise models for PHEMTs. We are therefore confident that the optimum biasing
current of a device can be accurately determined. The results obtained for one device at one
bias point over the 26 to 40 GHz bandwidth were satisfactory. The general trend predicted
from noise models were in agreement with our measurements but the spread obtained exhibit
the existence of significant errors in our measurements. This behavior is observed as well with
the novel on-wafer resistive noise source (ORNS). The spread of the noise parameters over a
frequency band is also seen on other measurement systems. Comparison of our measurements
with an independent laboratory revealed good agreement on [ope, but a difference in FindB
of +0.9dB, and in Ry of +5 Q was identified at 26 GHz. The same difference is consistently
observed for the two devices tested. This indicates that our system provides very good
repeatability but may suffer from a significant error.

An uncertainty analysis specific to our measurements at 30 GHz was performed in the hope

that the spread and the observed difference with the independent system could be explained.
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First, the uncertainty analysis, using a simulation technique, confirmed the importance of
accurate S-parameter measurements. A strong relation between [op, and measurement of the
DUT Spji; was shown. In relation to their uncertainty, the sensitivity of Spi1, Sp21 and kBGp
on the minimum noise figure (Fpingp) and noise resistance (R,) was shown to be equally
significant. We recall that an uncertainty of £3%£+1° on Sz1, $5%<£+2%n Si1, and £10% on
kBGp were used in our analysis. The 10 % uncertainty on the kBGp term resulted mainly from
the 3-termination calibration. The spread over a frequency band can therefore be attributed
to uncertainties present in our test equipment. The difference with the independent system is
not as clear. Our ability of find [p, with a good accuracy was confirmed by the independent
measurements. Unfortunately, a significant discrepancy between R, and FningB could be only
partially explained with our uncertainty analysis. Our lack of information about the
independent measurements limited our analysis to evaluate possible errors, which had not
been taken into account. The possible non-linearity of our receiver was identified to be the
best hypothesis to explain the difference. Unfortunately, this hypothesis could not be proven
nor eliminated. Nevertheless, a lot of the ground work was performed in this thesis to
describes the sources of uncertainty and to evaluate their impact in a specific measurement
situation.

A more detailed studies concerning the establishment of on-wafer S-parameter accuracy
specifications and identification of the best constellation through more sophisticated
uncertainty analysis are some examples of work still required. Future work concerning the
ORNS is also encouraged. This novel noise source is believed to have the potential for
simplifying the test procedure and for making more accurate measurements at millimeter waves

where input block characterization is more susceptible to introduce large errors.
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Appendix A Transformation Between Representations of
Noise in Two-ports

This appendix presents the noise parameters of various representations for noise in two-port
networks. Some equations to compute the noise factor from these parameters are also
presented. Note that the same symbols are sometimes used to describe different parameters in
order to remain consistent with the original definitions.

In most representations, the parameters are defined from two correlated Gaussian random
processes to represent the generation of the noise voltage ( ex(t) ) and current ( in(t) ) (Figure
2.2). The other two parameters required to complete the characterization of a two-port are

given by the correlation coefficient (Y = v, + fy;) between these two noise sources.

A.l1 IT and T-Matrix Representation

The first representation of noise in two-ports was introduced by Rothe and Dahlke [14] with
the IT- and T-Matrix. In this case, the noise generators (eqn(t), in(t)) are divided in a part not
correlated (un, in) and a part fully correlated (u, i) to the other generator. A correlation
admittance (or impedance) is thus defined to establish en(t)=un+iZxpr and in(t)=in+uYcor -

From these, the I1-Matrix parameters Ry, Gp, and Yo are defined as:

Yt

Note that i, #in(t) here. For the T-Matrix we have the parameters ry, gn, and Zoo, defined as:

Rn = lulz/'*kToB. G, = Ifn|2/4kToB. Yeor =7 (A.1)

— 2
t = lual* [KToB, gn = ¥ [AToB, Zor = l“l=2 (A.2)
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Note that the noise sourcee of the I1- and T-Matrix augment the represented noise free two-

port at its input.

A.2 Wave Representation

The wave representation introduces two uncorrelated wave generators given by [17]:

__en®+Zin® |, _ en® —Zyin@® (A3)

where Z, is a normalization impedance. Note that these sources are connected to the input of
a noise-free two-port with two directional couplers and a transmission line having a complex
“characteristic impedance” Z,. Thus, if the scattering matrix of the noise-free two-port is S, we

obtain:

by _bn] [311 512] [al +an]
= . . (A4)
[ b 21 Sz a;
A.3 IRE Standard Representation

In 1960 , the IRE introduced a standard representation with more meaningful parameters
from which the noise figure of a two port can easily be computed [13]. Before we introduce
the representation, we define the equivalent noise resistance (R,) and the noise conductance

(Gp) given by:

Ra = len®F [ToB, Gy = [in@f /4K ToB (A.5)
where To=290K is the standard temperature, B is the bandwidth. Note that R, and G, are
different from those of ( A.1 ). We also define the correlation admittance Yy =Gy +jBy from

which the correlated noise current iy(t)=(i-iy)=eYy is defined. Like in Section A.A.1, i and i,
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are a fully corellated and uncorrelated noise current respectively. We further define an

equivalent noise conductance for the uncorrelated noise current (i,,) as:

w = [l [ToB (A6)
From these definitions, the IRE introduced the optimum source admittance (Yo=Go+jBo),

and the minimum noise factor (Fg) as [13] :

Fo = 1+2R,(Gy +Go), Go = J[—R—- By = -B,. (A7)
n

The set of noise parameters is therfore given from Fg, R,, and Yo=Go+jBy. The network
noise factor (F) is then straigthforward from:
R, 2 2
F=F +E (Gs - Go) + (Bs— — Bo) (A.8)
s

where Y;=G;+B; is the source reflection coefficient presented to the network. Using the
relation of admittance (Y), impedance (Z), and reflection coeficient (I'), ( A.8 ) can easily be

transformed to:

2

R, | 2,
F = Fpjn + =2 -1 (A9)
min R, zopt
where Fmin=F0 , Zope=1/Yp , Zs=1/Ys=R,+ X,;. We can also get:
IZ
F=F_ +{ J ( A.10)
(1- |r|) t+F,,|
. P ZS—ZO _ zopt—zo
where Zy is the characteristic impedance, I, = | —=———},and [gpe = | ——|.
Z, + 2 Zope + 20

A.4 Invariant Parameters Representation
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This representation seeks to determine network noise parameters which are invariant under
lossless transformation of the source admittance. The minimum noise factor (Fop=Fp) defined
in Section A.A.3 is clearly invariant under the lossless aproximation and the optimum
admittance Ygp=Yp transforms like an ordinary admittance. However, Rp transforms in a
complicated manner and should be replaced by an invariant constant. It is therefore replaced

by the quantity defined by Lange [18] as:

N = R, Re(Yp).
The invariant noise parameters are given by Fop, Yop, and N. These parameters are related to
the two correlated noise source ( en(t) ) (in(t) ) with a correlation coefficient (y = vy, + fy;) by

[18]:

Fpp = i:(\}l-h +1').
Yoy = Mo =17 < i frf = 2 (A1)
B J(l -y%)i,zle%

T 4kT,B

The noise factor of a two-port network written in terms of this representation is given by:

(A.12)

A.5 Correlation Matrix Representation
The correlation matrix representation was introduced in [15] for computer aided noise

analysis. The correlation matrix of two correlated noise sources s; and s; is given by:

c- Al o]
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where (s,-s}) =C.sj denotes the mean fluctuation product of the signal s; and the complex

conjugate of 5; . The Cij is equivalent to the self- and cross-power spectral densities. If we
apply this representation to the two noise sources connected to the noise free two-port
network, we obtain the impedance, admittance, and chain correlation matrix as shown in

Figure A.l. These matrices are all representations of noise parameters with two-port network.

admittance impedance chain

—
i ‘ =] = = =
i noiseless i2 “ noiseless 2 " @ noiseless "
twa-part two-port . I two-parc |
—_—

T z

equivalent
noise circuiy

Cy =

correlatjony
matrix

Cilil Cl'l!'z Cz = Cuuu Culuy_ Ca = [CW Cui}

Coi Cup Com Cupa

Y, Y, A
Y=[ 1 12] Z=[ u Zu] A=[au a1z:,
Y1 Y Zn In ay ax

Figure A.1 Correlation Matrix of Various Representation [15].

electrical
matrix
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Appendix B Noise Factor with the Cold Power Technique

The mathematical formulation for noise figure measurements using the cold power technique
is presented in this appendix [2, p.178] [58]. We report the assumptions and equations for the

noise figure measurement of a receiver connected to a passive two-port network as shown in

Figure B.l.
& <2,
[——0— Passive | Receiver - o——
Noi Network i 1 Su. S
S olse : Stia Sua 1 (Sue Sas ( f
UL Sia Sz \ / | -
T | & NPAR N
—*— &NPAR =
A° R

~

Figure B.l The noise source, passive two-port and receiver chain.

We first recall that for any noise figure measurement, the receiver is assumed to have a linear
characteristic. The assumption is also made that the reflection coefficient of the noise sources
(T'Ns) is the same for both hot and cold states. This assumption is not always required but it
simplifies the computation of the noise figure [50] [58].

From thece two assumptions, we define the kBGy in the following discussion. This term is
required to compute the noise figure of the receiver for any source impedance. It also
eliminates the requirement, in the hot/cold power technique, to measure the noise power
associated with a hot noise source. Yet, the kBGy is computed from one hot and one cold

noise power measurement at a specific source impedance (I's). The measured output noise

power (Pourpud) is given by:

P, Olltp!l!': TQ‘BB’kBGu + Ta.rkBG" (B.I )
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where k is Boltzman’s constant, B is the measurement bandwidth, T, . is the added noise
temperature of the receiver which is computed from the receiver NPAR and I's, T, pp’ is the
available noise temperature at reference plane BB’, and G, is the transducer gain of the
receiver. By measuring the output noise power (P, Py) associated with two known available
noise temperature (T pp, Th BB at the input of the receiver, we can compute the difference

between the two equations ( C.1 ) and get

ﬁl - P, c
kBG, = (B.2)
i Th.pp — Tc,BB'

where G,; is given by:

(I - |rS[Z)SzL,[Z(l - 'FPIZ)

[(1 - S11,, s X1 - S22,,T?) - SIZ,rSZLrFSFPIZ ]

(B.3)

o =

We clearly see from ( B.3 ) that the gain bandwidth constant is a function of the source
reflection coefficient (I's) presented to the receiver. If we assume that the receiver is unilateral

(i.e.: S12,,=0), then we obtain from ( B.3)

Gn=[ L - |rsf? JISZL'( m") ( L~ |rsf’ ]0 (B4)

-SSPl |- Szl It - S Tsf’

So, (B.2) becomes:

[FS l Go = P - P .
Il - SIL,.F3| Ty,p — Tc,BB'

This gives us the definition for the kBGp term of the receiver as
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2

_ 1 - 8y,T

kBGy = — & —Fe L= Suy le . (B.5)
Thpp — Tepp | 1 -|Fs}

In practice, this means that the receiver and the source reflection coefficient must be
measured. Also, the available noise power Th pg' and Tc,p’ need to be computed. The
network inserted between the noise source (AA’) and the receiver (BB’) is passive and it is
sitting at the room temperature T mp. Its noise parameters can therefore by directly computed
from the network electrical parameters [15]. Hence,

Te.BB' = TcGan + Tomp( — Gaw,n)

B.6
Th,BB' = ThGav,n + Tamb(l — Gau,n) (B6)

where G,y is the available gain of the passive network. If we replace ( B.6) in ( C.1 ) and

compute the difference between the two equations, we get:

_PC

B,
kBGg oGy = B.7
av,n Yer T, - T. ( )
where
[821,,1[2(1 -Ir NSIZ) Si2,nS21,n NS
Gapn = 5 5 with I's =83, + L LU LA (B.8)
(- Irsf ) - Sl L= Sualns

We therefore obtain from (B.7 ),( B.8 ), and (B.4):

kB [Saal*(1 - I [[ L= Irsf’ ]GO] B P (B.9)

(1 - |rS|2)1 - Sll.nFNSlz t- Su,,r's[2 Th - Te

from which we extract the kBGp term:
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ll - S]Lurnslz

(B.10)
[S1a]” (1 - IFNSIZ)

- P, 2
kBGy = _l;; — 1‘_’; (ll - Su‘,rsl )

This completes the derivation and explanation regarding the kBGp term. The calculation of

the receiver noise factor from this term is now possible. The definition of noise factor is:

(B.11)
kToBG,

The noise power measured by the receiver of Figure B.1 is given by:

P = T.kBG, + N,,. (B.12)

By re-arranging ( B.11 ) and (B.12 ), we get:

=P—TckBG,.,+kToBG,, __P -£+l. (B.13)

F

The final form of the noise factor is obtained by substituting G, with the receiver kBGp terms:

2
__~"h f-Suels[ | T +1 (B.14)
kTyBGyp 1 - [rSi'Z To

where P; is the cold noise power measurement associated with the source reflection coefficient
[s;. Hence, after having measured the kBGp term, the noise factor at the ith source reflection
is computed from the cold power measurement only as expressed by ( B.14 ). From at least
four noise factor measurements, the noise parameters of the receiver can be computed.

From a similar derivation, the noise factor of a DUT (S;,p) inserted at reference plane BB’

can be obtained and is given by:

__PB IL- SlLDFs,-lzll - SlLrFiz,Dilz T
kToBGo (l _ |F81|2)|52LD|2 To
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S12,0821,0Tsi

’ - +
where S22.n = S22.0 - Supls:
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Appendix C Noise Parameter Extraction Algorithm

The vector formulation for noise parameter extraction proposed by O’Callaghan and Mondal
in [44] is presented here. We can formulate the dependence of noise factor of a two-port on

the source admittance (Ys=G;+By) as:

G? + B?

s

F = (FMIN - ZRNGo) + RN - ZRnBo(—(B}—’-) + [RN(G(% + B(Z))]GL (C.1)

s
where FygN,=minimum noise figure, Yo=Go+Bg= optimum source admittance, RN=noise

resistance. We now define the following vector:

i=l-n

-FM = (FMlsPMZv""FMu’)T

Vi = ()T
V, = (Gszl +BY G +B _Gi +Bssz
Gsl GsZ Gsn (CZ)
v = (B_sl,&z,...j&)
Gsl Gs Gsn

<
I

(1.1
deGszv ’Gm

where Fui, Gsi, Bsi are the measured noise figure, conductance, and susceptance, respectively,
associated with ith measurement set and n is the total number of sets measured. A proper
fitting of Eq. ( C.1 ) for all n different data sets is equivalent to the following vector

approximation:

By = Vi + C2V; + C3V; + C4V,y (C3)

where C1=(FMmN-2RNG0), C2=Rn, C3=-2RnBo, C4=Rn(Go*+ Bo).
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The problem of finding the noise parameters for a best fit of ( C.1 ) can now be reduced to
finding the coefficients Cj ---C4 to minimize the error vector F and the linear combination

of vector V;. The magnitude of this error vector is given by

e = [i (Pt — Fiaed ,-)zr (C4)

i=1
where
4
Fﬁtzedi =ZCJ°VI',' i=l.2,---.n
i=1
and Vj is the ith component of -\—’, This problem can be solved with the help of the

projection theorem in Hilbert spaces, which states that the magnitude of the error vector is

minimal when such a vector is orthogonal to all vectors -\7. s Le.,

=1

4
<LFN1 - zcivj]ovi> =0, i=1--4 (C.5)

where < > indicates the inner product of two vectors. By using the basic properties of the

inner product, ( C.5) can be rearranged:

4
Z(Vitvj)ci =<—P-hdnvi)‘ i= lv"'A'- (C-6)
j=1

Eq. ( C.6 ) defines a system of linear equations from which values of the Cj’s can be found

using standard techniques. Finally, the evaluation of linear dependence and orthogonality
between the vectors V,---, V4 provides a quick means of identifying the admittance loci and

a possible ill-conditionned matrix.
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Appendix D The 3 Terminations Calibration Technique

The basis of the 3 termination calibration procedure can be explained from the signal flow
graph shown in Figure D.l. If termination [ is connected at the input of a 2 port network,

then the output reflection coefficient is given by [80]:

Touw = Sn + SuSuls (D.1)
1-8,s
/-1 > ‘, —_———
:

Figure D.1 Signal flow graph of a 2 port network with a termination
For the case where S71=S12, we can determine the two-port S-parameters by mesuring the
output reflection coefficients [oyel, I'our2s [ours for three known terminations presenting the
reflection coefficient I's] , I'sz , and ['s3 respectivly. Computation of the S-parameters is then
made by resolving the set of equations obtained from Eq. ( D.1). After resolution, we obtain:

5, = 2l8 1g21g2 + glg3lg2le3 + glgllgZe3l - glglle2lel + gligip?le? - gllgleZe3l)
(glgllg3l + glgllg2l + g2g2lg3l - g21g3g31 + gllg3gl - gllg2lg?) '

Sy = (-g2g31 + gllg2 - gllg3 + g2lg3 + glg3l - glg2l)
z (glgllg3l + glglig2! + g2g21g31 - g21g3g31 + gllg3g3l - gllg2lgl) ’
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( glg3lglig2lglel + glgllg2lglelgll - glgllgllglu2ell - glgigligliglg3!
+glglgllglig2g2l + glglligllg2g2g3] + glglgllgZg3ig3l + gligllg3g3g2g3l
-83g2g2g21g21g11 + glg3lg3lg21g2g2 + gllgig2g2gllgll - gllgllgigleZgsl
+g3g3g3lgliglgll - glglg2lg2lg2gll - gllgllg3g3g2lg2 + gllg3g3g2lg2ligl
-g3g31g31glglgll + g3g3g31g3lg2g2l + g3glg2g2lg2lg3l + giglglgliglig3l
+glgllgllg2lg3g3 - glglig2ig2ligigl - g3g3g3tg3lggll - g3g3g3tgiiglgll
-g3glglgligllg2l - g3g31g31g2g2g21 - glgllglig3lig3g3 - g2g21g21g31g3g3
+glglglig2lg2ig3 + gllgllg3g2lglg? - glglg3lg3lg2lgl + glglg3lgllgllg?
\ +glg3lg2lg21g3eg3 + glglg3lg3lg2lgl - glglg3lg2lg2lg3 - glgllg2g2g3ig3l /

(glglig3l + glgllg2l + g2g2lg3l - g2lglg3l + gllgigll - gllg2lg2)?

Sudz =

(82)

where gl1=Is;, g21=I's3, g31=Is3, gl =Toucl, 82=Toue2, 83=Toue3-
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Appendix E Gain and Mismatch Equations

The evaluation of power transfer in mismatched systems can be done through the proper
evaluation of Mason's rule of the signal flow graph representing the system of interest. We
present the power transfer equation of a two-port network connected to a source and load as
shown in Figure E.1[81]. The reflection coefficients are defined as ', [, ['2, [',and Sisa
2x2 matrix representing the S-parameters between reference planes 1 and 2. P|d and P2q are
the net power delivered to the right of plane 1 and 2. ZM and ZN are the characteristic line
impedances, which are not necessarily identical. I' | and I' 2 are related to the matrix S, 'L
and T g in the in the same manner as expressed by Eq (D.1). The four equations of interest

with regards to power transfer are the mismatch factors M and N, the efficiency 7, and the

ratio of the available power a [81]:

(=) Iu {
L~ ,

-yt e~ qgere]

ey

Figure E.l: Two-ports network.

(-t e - )

M= (E.1)
i - o
_ 2 _ 2
N = (1= re Y- ) (E.2)
h-rorf?

125



n= Pa _ (Z%N)ﬁzllz(l '|FLl2)

= (E3)
Py (l - [l"l[z)l - Sanlz

B M _ Sl (- I0)
Be N (i-[f)i-suryf

(E.4)

Both 7 and @ measure the lossiness of the two-port S in that if S is lossless, n = 1 = a .
As such, @ will turn out to be a direct measure of how much noise the two-port will
contribute to the output. From the above equation, we can evaluate the transfer of noise
power in any two-port system having known S-parameters.

In the special case where a test fixture is connected to the tuner, the insertion loss of the test
fixture as a function of the tuner reflection coefficient (T, ) is given by [82] :

p-rnrspfra-inp

L 4 *
PowerLoss = andI} = Sy} Guz*Sytr

(E.S5)
sl® (1 - Irf’) 1- LSz

where Sjj are the S-Parameters of the fixture and It is the reflection coefficient of the tuner.
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Appendix F Collection of Pictures

l

/ Receiver




Figure F.3 Closer View of the Chuck

Figure F.4 From left to nght noise source (HP346C), two blas T
LNA, bandpass filter, double balanced mixer.
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