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ABSTRACT

YELTEN, MUSTAFA BERKE. Theoretical Analysis and Design Methodologies for Low
Noise Amplifiers based on Tunable Matching Networks. (Under the direction of Dr. Kevin
G. Gard.)

The low noise amplifiers (LNAs) have a big importance in the noise performance of
the receiver structures for wireless communication devices. Various design procedures and
design examples have been suggested for narrowband frequency applications. However, with
the increase in the number of different standards in the wireless communication technologies,
a rising demand for receiver topologies that will operate at multiple frequencies by
preserving the noise, gain and linearity responses reached at a single frequency has been
observed. One method to achieve this target is to employ tunable passive components in the
circuit. Tunable components give the flexibility of changing the component value for a
certain frequency band with a considerable quality factor. Recent studies indicate that various
tunable components can be fabricated for radio frequency and microwave integrated circuits
with which the design topologies for various building blocks can be converted into their
tunable equivalents.

This thesis considers the usage of tunable reactive components in the low noise
amplifiers from the theoretical and design perspective. The implemented topologies are based
on heterojunction bipolar transistors (HBTs) from the IBM 0.18 pm BICMOS (7HP) design
kit. The first part of this thesis considers the theoretical derivation of the quantities, the input
impedance and optimum noise impedance, Z;, and Zopr, on which the low noise design
principles are built. Subsequently, a design methodology that will be more suitable for
tunable low noise amplifier application is developed based on the theoretical calculations

presented in the previous part. To demonstrate the design procedure, a LNA operating at 5




GHz will be presented both with ideal and non-ideal reactive components. Then, the
tunability aspect of the design procedure is investigated by building two more LNA
structures operating at 1 GHz and 10 GHz whereby all passive components are assumed to be
tunable. Considering the fact that tunable components actually add noise and nonlinearity to
the design structures, a single component, the series matching capacitor is chosen to be the
only tunable element in the circuit. The design at 5 GHz is repeated with this constraint and
the range for which the noise and input matching characteristics are preserved is determined.
It is possible to acquire 3 GHz of bandwidth (3.5 GHz to 6.5 GHz) where the noise figure of
the design is very close to the minimum noise figure of the LNA (NF- NF,;;<0.5 dB) and the
input matching is sufficient (S;;<-10 dB). Finally, a feasibility analysis is completed to
clarify the issue to what extent the current tunable components can meet the specifications

derived from the finished tunable designs.
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CHAPTER 1

1 THESIS MOTIVATION, TARGET AND OUTLINE

1.1 THESIS MOTIVATION AND TARGET

This thesis concentrates on the operation characteristics of the low noise amplifiers
(LNAs). Low noise amplifiers constitute the first stage of a classical receiver structure as can
be visualized in Figure 1. The reason for that can be understood with the properties of LNAs.
They should have a low noise figure, a reasonable gain and a high dynamic range. Dynamic
range refers to the ratio of the highest and lowest input power for which the LNA maintains
its linear operation. The first two issues are more dominant compared to the last one in terms
of the effect on the general operation. Due to the fact that the transmission medium
contaminates the transmitted signal with undesired signals, the received message signal is
weak in terms of power. For a perfect processing of the message to occur the receiver
hardware should add minimum noise on the message signal. As will be explained in the later
sections, the overall noise figure of a multi-stage structure depends heavily on the noise

figure and the gain of the first stage.
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Figure 1: A simplified diagram depicting the common structure of a receiver




So, the low noise amplifier should be designed such that the noise and gain
performance can be maximized. This target can be fully achieved for a narrowband
operation. Nevertheless, many different communication standards appeared in the recent past
so that different frequency bands have been allocated for distinct purposes. This situation
necessitated that multiple receiver structures should be utilized in order to fulfill the needs of
several frequencies. This means a corresponding increase in the additional hardware to be
employed which in turn results in undesirably high power consumption. A practical solution
is posed as the wideband design where the design outcomes for the noise, gain and linearity
which is a concept directly related with the dynamic range, have been deteriorated up to an
acceptable limit such that they can prevail for a larger bandwidth. There are successful
examples of this approach [1], [2]. Nevertheless, a better option is to get the characteristics of
a narrow-band LNA at each frequency point in a wideband LNA. To realize this scheme, the
reactive elements utilized in the circuit topology should be tunable so that the best operation
characteristics can be transmitted to other frequencies by making the necessary changes in
the component values.

Thus, it is important to understand the theoretical background of the low noise
amplifiers related to their noise and gain calculations by analyzing them on the grounds of
their small signal circuit diagram. Furthermore, a relatively different perspective to the LNA
design procedure based on the theoretical analysis should be derived. The topology of the
amplifier has to be modified such that some reactive components can be replaced by their
tunable equivalents and with the application of the derived procedure, a tunable low noise

amplifier can be accomplished. Finally, the key components which should be tunable have to




be determined and the feasibility of using practical, tunable reactive elements which

currently exist should be investigated.

1.2 THESIS OUTLINE

The organization of the thesis can be provided as follows:

Chapter 2 deals with the theoretical discussion of the noise parameters. Concepts in
noise theory are defined and their relationships with each other are quantified by the
associated formulas.

Chapter 3 introduces the design procedure that has been proposed for the construction
of the tunable low noise amplifiers. The design procedure is composed of algorithmic steps
that are based on the theoretical background given in Chapter 2. This methodology is
validated by two design examples where ideal and realistic reactive components are utilized,
respectively. A discussion on linearity aspect of the designs concludes this chapter.

Chapter 4 is the part of the thesis where the tunability aspect of the designs is studied
more deeply. Two different frequencies, 1 GHz and 10 GHz, are taken to demonstrate the
claim that simultaneous input and noise matching can be managed by changing the values of
all the passive elements in the circuit. Then, the key component for the tunable operation of
the low noise amplifier is chosen as the series matching capacitor at the base of the
heterojunction bipolar transistor (HBT). Both designs given in Chapter 3 are analyzed from
this perspective. The chapter is finalized with a comparison of the specifications derived
from the tunability study conducted in this thesis and the current standards of practical,

tunable capacitors.




CHAPTER 2

2 NOISE ANALYSIS OF HETEROJUNCTION BIPOLAR

TRANSISTOR (HBT) LOW NOISE AMPLIFIERS

2.1 CONCEPTS IN NOISE ANALYSIS

To begin with, noise is a random process [3]. Unlike the other electrical quantities
such as the current and voltages, which can be represented by a magnitude and the direction
or orientation, respectively, noise should be expressed in terms of power spectral density. In
order to reach the exact relationship between the noise and power density, one has to
consider the fact that noise can be interpreted as a “fluctuation” that can be characterized
with a non-periodic change around its mean value [4]. Basically, the origins of noise stem
from the physical phenomena which incur these variations on top of the main quantities such
as voltages or currents. These mechanisms will be discussed in the forthcoming sections
more in detail. Nevertheless, it should be observed that there are sources of voltage and
current noise, which can be best described in their power content.

At this point, one can proceed by calculating the mean square value of the noise
signal as in (2.1) [4]. A voltage noise source will be assumed for the calculations below,

however, similar approach can be adopted for the current noise sources also.

_— 1 T
V' = (Vs ) == [vat | @.1)
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In all noise calculations, the mean square values of noise sources will be utilized. As
mentioned before, this quantity should be in contact with the power content of the noise
contributors over the frequency. By considering a narrow-band operation with a finite
amount of frequency band (ex. 1Hz) centered on the frequency of operation f, one can

express the spectral poWer density as follows [4]:

Vaiss

Af

S, (f)= 2.2)

With these two basic quantities, it is possible to describe the noise sources.
Nevertheless, a plethora of different interactions between each noise sources in a physical
device can be observed, which necessitate accounting for the overlaps in the frequency. This
issue is called the correlation between noise signals and mathematically, the definition of

correlation is given below:

— vavb
' 2.2
vavb

In (2.3), c is the correlation factor, that provides the amount of correlation between

2.3)

the two voltage noise sources v, and vs. It should be noted that the correlation might exist
between voltage and current noise sources, as well. In a detailed noise calculation, each noise
source within the investigated physical system and the correlation between them have to be
considered in order to assess the low noise operation properties of the particular electronic

structure.




2.2 PHYSICAL ORIGINS OF NOISE SOURCES

It is now appropriate to deepen the analysis into the various phenomena that cause the
noise sources to come true. There are different types of noise sources in the electronic
circuits that might be encountered during analysis stages; however, within this section four of

them will be covered due to the nature of the thesis:

2.2.1 Thermal Noise

Thermal noise is a characteristic of the resistors but it also exists in the nonideal
reactive elements such as inductors and capacitors. The loss due to the material properties of
these electrical components is the main reason for the creation of the thermal noise. It is easy
to conceptualize that as the temperature rises, the Brownian motion of the electrons increase
as well, yielding higher level of fluctuations which directly influence the spectral power
density of the associated noise. Thus, the spectral power density can be given as follows [3]:

Sy (f)=4k,TR 2.4

In (2.4), kg is the Boltzmann constant having a value of 1.38 x 10> J/K, T is the
absolute temperature and R is the resistance of the particular element. In reactive
components, R will represent the series parasitic resistance that expresses the non-ideal
character. An important feature of the thermal noise can also be observed by its power
density. It is constant over the frequency band, thus the available spectral power per
bandwidth delivered to the resistive structure is just kpT, a fixed quantity. This enables to

model the thermal noise as a Gaussian noise process at high frequencies [3].




Using these facts, it is straightforward to calculate the associated voltage and current

noise sources. By using (2.1) and (2.2), one can find them subsequently:

V2, = 4k, TAfR 2.5)
Z = ikl?]];_Af (2.6)

2.2.2 Shot Noise

Shot noise is a typical phenomenon that takes place in semiconductor junctions where
the charge carriers have to overcome an energy barrier while crossing the depletion region.
During the transit of electrons and holes, their motion causes certain fluctuations that build
the specific current noise on top of the junction current, I;. Shot noise has been observed in
various semiconductor devices such as pn-junctions, Schottky diodes and bipolar junction
transistors (BJTs) [4]. A simple formula yields the respective current noise source, where q is

the unit electronic charge, with the value of 1.6 x 10™"° C.
22, =2q1,0f @7
Like the thermal noise, shot noise can be assumed to have a flat frequency spectrum
resulting in a Gaussian noise process as long as the transit time of the charge carriers is

shorter than the inverse of the operating frequency [3]. Another important fact about the shot

noise is that it cannot be observed in linear resistors [5].

2.2.3 Flicker Noise

Flicker noise can be easily distinguished from the thermal noise and the shot noise

due to the special properties of its spectrum which is strongly depending on the frequency.




Specifically it changes inversely with the frequency, thus it is also often called 1/f noise.

Various studies have shown that the flicker of 1/f noise depends on the structure of
the semiconductor surface and the associated problems with that structure experienced by the
charge carriers. In that respect, the metal oxide semiconductor transistors (MOSFETs) suffer
significantly from the flicker noise. On the other hand, the charge transport happens to be
orthogonally to the semiconductor interface in BJTs, that’s why, the 1/f noise is effective in

their total noise content [3]. A common model quantifies the flicker noise as follows:

= _kI°
by = £7 Af (2.8)

In (2.8), I represents the current through the device, f is the operation frequency and
ks, o, and B are experimental parameters.

A good measure of this type of noise is the corner frequency at which the total noise
due to the thermal and shot noise is equal to the contribution of the flicker noise [5]. As can
be expected from the statements above, the corner frequency for MOSFETs is located at
much higher frequencies compared to the BJT devices. From a perspective of phase noise
that is observed in the vicinity the oscillation frequency (generally defined at 100 kHz or 1
MHz), BJTs suggest better alternatives for oscillator design compared to the MOSFETSs. In
the context of this thesis, however, flicker noise does not play a crucial role since its impact
is restricted to lower frequencies and cannot be extended to GHz levels. Thus, in the

upcoming noise analysis of HBTs, the flicker noise will be neglected.




2.2.4 Burst Noise

Burst noise is again a noise source type whose spectrum depends on the operation
frequency with a special relation of 1/f. In that respect, its characteristics resemble to the
ones of the flicker noise, thus, it is mainly a noise contributor at lower frequency bands. Its
origins have not been understood fully but it can be attributed to the metal ion contamination
[5]. Again, due to the nature of analysis described in this thesis, burst noise will not be taken

into account.

2.3 NOISE SOURCES IN HBT DEVICES

In the previous section, different noise source types have been investigated and
characterized. Since within this thesis, the SiGe HBT transistors will be utilized for the
device type, the noise sources of HBT's should be analyzed more in detail.

Before continuing with the descriptions of the noise sources, one has to remember the
general physical structure of the HBTs. HBT has actually the same structure of BJTs [6]. In a
BJT, there exist three terminals, named as collector, base and emitter. The semiconductors
used in these terminals can be doped in two distinct fashions. For a NPN BJT, the emitter and
the collector are doped with n-type of dopants (Group V elements) whereas the base is doped
with p-type of dopants (Group III elements). Conversely, a PNP BJT has p-type doped
emitter and collector, also an n-type doped base. As the names of the terminals suggest, there
exist two pn-junctions between the base and emitter as well as between the base and the
collector in a NPN BJT. For a BJT, both of these junctions are homojunctions, i.e. the same

semiconductor is made use of for all the terminal structures. However, this preference causes
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some limitations on the hole transport from the base to the emitter and on the transit time
through the base in NPN transistors [4]. Especially, the second restriction inhibits the BJT
devices to operate at very high frequencies. In HBTs, this problem can be overcome by
preparing hetero-junctions where the material for the base is chosen such that the band-gap of
the base material is smaller than the emitter material [7]. The abrupt heterojunction will
accelerate the charge carriers and thus enable the device to operate at elevated frequencies.
After reviewing the physical background of HBT devices, it is easier to consider the
noise sources. There are mainly 4 different noise contributors as it has been indicated in

Figure 2. Figure 2 shows the small signal diagram of a HBT in hybrid-n configuration.

rﬂg +cw ‘?"” gmvn¢ rog

Emitter

Base

Collector

Figure 2: The noise source types within the HBT devices
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The first two can be characterized as thermal noise sources which are vfb andv’ .

o~

These are created by the parasitic base and emitter resistances. The base resistance is larger
than the emitter resistance and for a common-emitter amplifier configuration, it adds up
directly to the total input referred noise. Nevertheless, its value is no larger than of several
ohms. The base and emitter resistance thermal noise sources can be expressed

mathematically as it is provided in (2.9) and (2.10), respectively:




V2 =4k, TAfT, 2.9)
V2 =4k, TAf r, (2.10)

The parasitic emitter resistance is in the order of couple ohms and it becomes
specifically important for the common-base topology where the input signal is given from the
emitter of the transistor. In this thesis, mainly, cascode BJT structure will be utilized, where
the first stage which is in the common emitter topology, basically determines the input
referred noise. Thus, during the theoretical analysis emitter resistance will be neglected.

The other two noise sources stem from the physical structure of the HBTs. Each
semiconductor junction within the device possesses an associated shot noise with itself. For
the base-collector junction, the shot noise can be formulated where I¢ is the collector current

of the HBT:
2 =2qI.Af @2.11)

Similarly, for the base-emitter junction, same phenomenon can be observed, thus the
associated shot noise is given as in (2.12) with Ig representing the base current:

2 =2qIAf 2.12)

In (2.11) and (2.12), the currents Iz and Ic should be clarified further. There are
several different SPICE models for the simulation of the BJTs such as the Gummel-Poon [8],
HICUM [9], and VBIC [10] that depend on the physical structure briefly explained above.
The IBM design kit, which has been utilized throughout this thesis, has adopted the VBIC

model that closely resembles to the Gummel-Poon model [10]. According to the VBIC

model, the base and collector currents can be given as in (2.13) and (2.14):




1, =WBEJ IBEI| exp o —1|-IBEN| exp —em -1 (2.13)
NEI*VT NEN*VT

IC=£S- exp(—ll@—)—l L exp(——l/'i’—J—l (2.149)
| C\NF*rT g CUNR*IT

(2.13) and (2.14) contain various SPICE parameters such as WBE, IBEI, IBEN, NF,
NR, and NEN. VBIC distinguish between the intrinsic and extrinsic base-collector and base-
emitter voltages by incurring the extrinsic base, emitter and collector resistances. Also, in the
equations above, Is represents the saturation current, qg is the normalized base resistance and
Vr provides the thermal voltage that is by definition equal to kpT/q. At room temperature,
this expression yields a value of approximately 25.9 mV. More information about the
derivation and description of VBIC parameters and equations can be found in the original
article introducing VBIC model [10].

Before concluding this section, it should also be mentioned that the resistance t, and
I, are not physical, thus it does not have a thermal noise component. For low frequencies, one
can easily compute the value of r; by using the transconductance gy, and the common emitter

current gain f. All relations are provided in (2.15), (2.16) and (2.17) [11]:

(2.15)
I
B= 7 (2.16)

R .17
gm IB
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Similarly, r, can be calculated with the help of the collector current and the Early
Voltage Va as in (2.18). Finally, it should not be forgotten that C, and C, are ideal

components; there fore they do not contribute to the total noise content of the device.

r, =4 (2.18)

2.4 CLASSICAL TWO PORT NOISE THEORY

As can be realized in 2.3, several noise sources take place at specific physical
locations of the HBT devices. However, if one tries to find ‘the noise content of the device as
a whole, it becomes confusing how to regard the contributions of each noise source. To
accomplish this analysis, a simple but robust approach should be created. Throughout the
research history of the noise in linear circuits [12], a model of two-port network has been
developed to get the noise parameters of the device under test (DUT). HBTs are three
terminal devices; however depending on the single stage amplifier topologies, one terminal
can be taken as ‘common’, so that the two other terminals constitute two distinct ports with
the common terminal. For the single stage common emitter amplifier, the two ports can be
built as the base-emitter and collector-emitter port. Since for this topology, the input is
applied from the base and the output is taken from the collector, the base-emitter port can be
called input port and the collector-emitter port becomes then the output port.

The next step is to express the total noise content that can be measured from one of
the ports. For the case of low noise design, circuit designers are interested to find out the
noise that is experienced at the input port which is described as the input referred noise, since

this noise amount dictates the design specifications for the receiver structure. Thus, the
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analysis that will be presented next is targeting to extract the input referred noise based on
the discrete noise sources in the transistor.

To accomplish the task provided above, first of all, the necessary transfer functions
have to be derived. These transfer functions have to relate the noise source and the
contribution of it to the input referred noise. To understand the mechanism better, Figure 3
and Figure 4 could be helpful. As can be observed in Figure 3, noisy two-port network could
be the DUT such as the HBT in this case. Afterward, this noisy network should be analyzed
such that with the help of transfer functions, a noiseless two port network can be shaped. This
noiseless network will be accompanied by the input referred equivalent voltage and current
noise sources so that the total noise content of the DUT can be accounted. The resulting

scheme can be visualized in Figure 4.

PORT1 @ k Noisy
Ys Two-Port Network Pom@

Figure 3: An example of a two-port noisy network
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Figure 4: Noiseless two-port network with the equivalent noise sources

After the equivalent input voltage and current noise sources are determined, the

possibility of correlation between these two components should be investigated. It is likely

since the same noise sources in the output port of the device may be contributing to both the

equivalent current and voltage noise sources. The exact nature of correlation can be

expressed when a correlation matrix can be established. For this purpose, chain

representation of correlation matrix seems the best choice [4]. This selection is actually

associated with the two port network selection in Figure 3 above.

The chain representation may be provided as in (2.19):

* & 2 o
V. V. V.l VA V.1
_ in"in intin | _ in in"in
N= — — 5= = (2.19)
linvin lin lin linvin lin

The values in the matrix above can be normalized by dividing them to 4kgTAf. The

resulting matrix is named as C, normalized chain correlation matrix.




o
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These parameters are calculated in order to inquire for the minimum possible noise
figure that can be accomplished with the given linear two-port network. In order to manage
this special situation, one has to apply certain source admittance (or impedance) so that the
source is matched to the admittance required by the linear two-port network that will result in
the minimum noise figure. This specific source admittance (Ysopr) is constituted by the
optimum noise source conductance (Gsopr) and the optimum noise source susceptance
(Bs.or1)-

Y5 opr = Gs,oer + 7 Bs opr (2.21)
Past research enables to find a way with which one can use the normalized chain

correlation matrix to compute the optimum source noise conductance and susceptance [13].

2
C Im(C
Gy opr = | =2 { ( ""2)} (2.22)

CA,ll CA,ll

tm{(Cun) |

B opr = “C.. (2.23)
Al

Now, optimum noise source conductance and susceptance can also be expressed
regarding the transistor structure. In order to get the minimum noise operation, the device

should present an impedance equal to ZopTzz*s,QPT. Then, one can write:

Gopr = Gs,0pr (2.24)




Bopr = —BS,OPT (2.25)

Since the parameters defined with (2.24) and (2.25) are easier to handle within the
procedure, the simulations and theoretical calculations will be based upon them.
The minimum noise factor that will correspond to the values of optimum source

conductance and susceptance can be determined as provided in (2.26):
Frio =142[Re(C 115 )+ C,,11Gopr | (2.26)

Once the noise factor is found out, it can be converted easily to the noise figure via

the simple relationship:

NF =10log(F) 227

2.5 DETERMINATION OF INPUT AND OPTIMUM NOISE

IMPEDANCE PARAMETERS

The input and optimum noise impedance parameters will be calculated based on the
topology depicted in Figure 5.

The derivation of Ropr, Xopr, Rin and Xi, are not straightforward. A variety of
calculation and approximation techniques have to be adopted in order to find a compact
answer. Appendix A and Appendix C have been devoted for this purpose where detailed
mathematical analysis is presented. Xeqy is the modified input reactance that can be found
after the addition of the bias inductor L. L. should be chosen such that Xeqv and Xopr become
equal. The exact derivation of X from Xj, is provided in Appendix B, whereas the
importance of L. and X.q, are shown in Chapter 3. In this section, the results will be given

and comparison with the theoretical data is going to be done.
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Figure 5: Simplified circuit structure of the input part of the cascode to determine Ropt, Rin, Xin, Xopt

So, Rin, Xin, Xopt, and Ropr can be given as follows:

[r,, ~’r’C,Lg, (1-0’LC,)+0r’LC, gm]

R, = 5 (2.28)
[(l—a)ZC#Legmr”) +a)2rz2C,f]
oL, |(1+g,r, +@'r}C2 -’ g2 r’ LC, |~ aC, 1’
o ® { [+ i), J-ece } (2.29)

[(1 ~0*C,Lg,r,) +a)2r,ij}

LX (X L 2T
Xequw{ (4 In( 1n+a) c)+Rln C] (2.30)
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These results can be compared with the simulation outcomes. Figure 6 through Figure
10 are depicting each quantity separately.
It should also be mentioned that the passive components in the simulation are taken

ideal since the theoretical analysis does not consider the losses associated with them.
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Figure 8: Equivalent Input Reactance Xeqv at the base of HBT vs. Frequency
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Figure 9: Optimum Noise Reactance Xopt vs. Frequency
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Figure 10: Optimum Noise Resistance Ropt vs. Frequency

Before analyzing the graphs, it should be mentioned, how the various circuit
parameters have been determined. The base resistance rp and the transconductance value of
the HBT device gy, are taken from the DC Operation Point (OP) Analysis. L. and L, have the
values that are going to be used in the design section of next chapter. r; is calculated using
(2.17) where B is taken again from DC OP Analysis. The capacitances are not the same as the
values that DC OP Analysis produced. Since the small signal model employed in the analysis
is much simpler than the VBIC model used by the simulator, the graphs of the input
impe