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Analysis and Modeling of Monolithic On-Chip
Transformers on Silicon Substrates

1. INTRODUCTION

1.1. Background and Motivation

It is well known that the integrated circuit (IC), since its introduction in
1958 [1], has affected nearly all parts of contemporary life. The major application
of integrated circuits is in microprocessor design. Higher levels of integration have
allowed the increase of the computational power and clock speeds of such devices.
When digital circuitry became relatively small, the next logical step was to move the
analog part onto the on-chip domain. Hence, the first CMOS analog circuits were
developed in the mid-1970s. They implemented switched-capacitor concepts, which
gave rise to so-called mixed-signal microelectronics. Further evolution of the analog
on-chip circuits resulted in RF systems on chip (SOC) that came to existence in the
mid-1990s [2]. The decreased size and increased operational frequency caused, in
turn, off-chip passive devices to be the major obstacle in the way to reducing the
overall system size. The common sense solution is to move the passive components,
like capacitors, inductors, and transformers, from the board to the chip realm.

While the first implementation of monolithic inductors on silicon substrates
for mixed-signal radio-frequency ICs (RFIC) circuits was achieved as far back as

1966 [3], making the use of integrated passive components practical took more than
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two decades. The first useful design of a spiral inductor on silicon substrates is
generally attributed to Meyer and Nguyen in 1990 [4]. A few years later, in 1995,
advantages of using monolithic transformers in the design of low-voltage silicon
bipolar receivers were demonstrated by John Long and Miles Copeland [5]. These
researchers successfully incorporated monolithic transformers in preamplifier and
mixer designs in a production 0.8um BiCMOS process, effectively demonstrating
significant improvements in performance compared to silicon broadband designs.

In recent years monolithic transformers have been successfully implemented
in RFIC designs. At the time of this writing, monolithic transformers fabricated on
silicon substrates are used in silicon RFICs enabling the implementation of high-
frequency circuits such as Low Noise Amplifiers (LNAs) [6-9], Voltage-Controlled
Oscillators (VCOs) [9-11], and mixers [5], [12].

Nevertheless, passive components implemented on silicon-based substrates
suffer from several non-ideal effects that must be taken into account. For the IC
designer to get a real benefit in the use of monolithic transformers, accurate compact
models that work in time- and frequency-domain simulations are required. It is
desirable for the model to have a minimum number of ideal circuit elements, as well
as to provide insight into the physical behavior of the device. These requirements
are effectively met when the compact model is built based on the measured data

and topological features of the real device.

1.2. Types of Monolithic Transformers

A transformer can be considered a device, whose operation is based on mutual
inductive coupling between two coils [13]. Fig. 1.1 shows a schematic diagram of

an ideal two-coil transformer. Terminals 1 and 3 connect to the primary spiral and
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terminals 2 and 4 to the secondary spiral. The reference directions for the currents
and voltages are arbitrary. The dots shown near one terminal of each coil are used to
indicate the relative orientation of the coils. If a reference ground plane is present,
as in on-chip applications, the transformer is typically characterized in terms of a

four-port network, where each terminal-ground pair defines a port.

Secondary
Spiral

Primary
Spiral

3 n:1 4

FIGURE 1.1. Schematic diagram of a two-coil transformer. Port 1 and port 3
represent the primary spiral, while port 2 and port 4 represent the secondary spiral.

The transformer performance depends on the relative positions of its coils.
The transformer implementation in an integrated circuit is generally restricted to a
planar geometry of the metallization layers and offers varying trade-offs among the
self-inductance and series resistance of each spiral, the mutual coupling coefficient,
port-to-port and port-to-substrate capacitances, resonance frequencies, symmetry
and area. Since the monolithic transformer is constructed using conductors inter-

wound in the same plane or overlaid as stacked metal, the RFIC implementation
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of monolithic transformers can be divided into two major categories: stacked and

interleaved transformers.

1.2.1. Stacked Transformers

The symmetrical stacked transformer topology is shown in Fig. 1.2. The
primary and secondary windings lie in different planes, as illustrated in the cross-
section at the right of the figure. The relative symmetry is achieved by using vias and

underpasses in the metallization layer located directly underneath the transformer’s

spirals for each consecutive turn.

P2 P4

-~

3

L

A

Metalization Layers

=N\,
~N
T \_ R
S Dlelectrlc !
Center Taps RPN
|
£ Silicon Substrate

L.”_I

FIGURE 1.2. Generalized stacked transformer winding configuration. Port 1 and
port 3 represent the primary spiral, while port 2 and port 4 represent the secondary
spiral. The figure on the right shows the cross section of the device.
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This transformer layout was first proposed by Rabjohn in [14]. It has also

been realized as a balun by connecting center taps at the midpoints between the
terminals [15] as indicated in Fig. 1.2. The transformer occupies multiple metal
layers and takes advantage of both vertical and lateral magnetic coupling providing
high area efficiency, self inductance and coupling. The stacked transformer could
also be implemented in non-symmetrical configurations with underpasses in the

lower metallization layers.

1.2.2. Interleaved Transformers

An example of interleaved transformer topology is shown in Fig. 1.3. The

primary and the secondary windings lie in the same plane as illustrated in the cross-

section at the right of the figure. The underpasses that were used to connect the .

inner terminals, P3 and P4, to the circuitry are not shown for simplicity. This
interleaved transformer topology was introduced by Frlan in 1989 [16].

The interleaved transformers are constructed from two parallel conductors
that are interwound to promote edge coupling of the magnetic field between wind-
ings [15]. The edge-coupling in these transformers allows for smaller interwinding
capacitance compared with the stacked transformers, and therefore achieves higher
resonant frequencies. The Frlan-style interleaved transformer is best suited for ap-
plications that require symmetry [17]. The interleaved transformers can also be

constructed in asymmetrical configurations such as the Shibata coupler [18].



Metalization Layer

hl_lﬁm l_lml—l T

DO \\ Dlelectnc

R ‘\ N o

Silicon Substrate

RN TR

P1 P3

FIGURE 1.3. Generalized interleaved transformer winding configuration. Port
1 and port 3 represent the primary spiral, while port 2 and port 4 represent the
secondary spiral. The figure on the right shows the cross section of the device.

1.3. Outline

This thesis presents a complete compact modeling methodology for spiral
transformers fabricated on lossy silicon substrates. Emphasis is given to stacked and
interleaved transformers as these are currently the most popular layouts on common
CMOS and BiCMOS processes. The newly developed model is capable of capturing
losses due to the metal windings of the transformers including skin and proximity
effects. An automated extraction procedure for high-volume model extraction, which
obtains the circuit values from available measured or EM - simulated S-parameter

data, will be presented.

Chapter Two gives a review of the different loss mechanisms and commonly
used modeling approaches for monolithic transformers in silicon-based ICs. Since the
transformer could be considered as a pair of coupled coils, the modeling approaches

for monolithic transformers fabricated on silicon-based substrates are similar to the
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planar inductor modeling techuiques. The major contributors to the transformer
losses such as substrate and conductor losses, as well as the effect of interwinding
capacitances are described. Based on the circuit topology the transformer models
could be divided into three major categories: compact and distributed equivalent
circuit models, and behavioral models.

Chapter Three introduces a new transformer model that is capable of mod-
eling the major transformer losses including the mutual resistance. The modeling
approach is formulated by solving for the unique network branches, separating the
capacitance matrix, and synthesizing branches into ideal lumped elements for a
complete equivalent circuit model.

Chapter Four discusses the results for the monolithic transformer modeling
methodology presented in Chapter Three. The presented results compare measure-
ment and full-wave electro-magnetic (EM) simulation data to extracted models for
various four-port monolithic transformer designs. Results are presented for two
major types of the monolithic transformers: stacked and interleaved.

Chapter Five will give conclusions and suggest further transformer modeling

approaches.




2. REVIEW OF COMMONLY USED
MODELING APPROACHES

2.1. Introduction

The various approaches that are used to model monolithic transformers have
the goal of representing the actual measured or EM simulated behavior of the device.
Ideally, the circuit model should replicate the device’s response both in time and
frequency domain. The modeling of monolithic transformers particularly is compli-
cated by the presence of losses that exist due to metal conductors of the windings
and the silicon substrate.

This chapter begins with a description of the loss mechanisms inherent to
monolithic transformers. The commonly used modeling approaches associated with
the different losses are also described. The chapter concludes with the description
of common modeling techniques that are used to model monolithic transformers
and inductors. The primary interest of this thesis, the development of a wide-band
compact model for the monolithic transformer which effectively adapts some of the

described loss models, will be considered in detail in Chapters Three and Four.

2.2. Loss Mechanisms in Monolithic Transformers

The performance optimization for monolithic inductors and transformers is
usually done in terms of maximizing the quality factor (Q) of the device [19], which
is defined as the ratio of the energy stored over the energy lost per unit cycle.
This means that to obtain a better performance of monolithic transformers, the
electromagnetic energy stored by the device needs to be maximized while mini-

mizing the energy dissipation. Moreover, the useful operational frequency range of
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the monolithic transformers is limited by the self-resonant frequency (SRF) value,
which is defined as the frequency at which the parasitic capacitances resonate with
the inductance of each winding [15]. The SRF depends mainly on the interwinding
capacitance of the device. Consequently, the most important parasitics that affect
the performance of monolithic transformers are due to conductor losses of the trans-

former windings, the conductive silicon substrate, and the silicon oxide insulation

layer.

2.2.1. Conductor Losses

When time-varying current is applied to the ports of the primary spiral with
self-inductance L1, time varying magnetic fields are produced. These fields are linked
with the secondary spiral with self inductance Ly of the monolithic transformer and
produce a time-varying voltage across the terminals of the secondary spiral. Thus,
the spirals become magnetically coupled via a term known as mutual inductance
(L, or M). For an ideal transformer with negligible losses and no flux leakage, the
following expression is true, L, = M = /L L,.

The ideal situation changes when the transformer’s windings are made of
materials with finite conductance and the coupling is non-ideal. For conductors
with rectangular cross-section, as typically used in the fabrication of planar spiral

inductors and transformers, the low frequency (DC) resistance is expressed as

l

ST (2.1)

Rpc =

where W is the width, t is the thickness, [ is the total length of the conductor,
and o is the conductivity of the conductor material. At higher frequencies, the
series resistance becomes a complex function due to magnetically induced eddy

currents [20]. Fig. 2.1 illustrates eddy current loops induced in a segment of the
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transformer winding. Equation 2.1 can be modified to approximate these effects
as [20]

l

oWé(1—e7) (22

Rprr =

where § is the skin depth given by

§= \/% (2.3)

Here u is the magnetic permeability of the material and w is the operational fre-
quency of the device. Moreover, eddy current losses result in magnetic flux reduction

that in turn lowers the self inductance of each spiral [22]. Therefore, to accurately

Increase of §(t) (dB7dt>0)
from other turns ’

,,,,,
L

FIGURE 2.1. Illustration of conductor eddy currents and circuit representation of
frequency-dependent conductor losses for each segment of the transformer’s spirals
[21].
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model conductor losses of each spiral over a broad frequency range, it is impera-
tive to consider the frequency-dependent inductance and resistance of each spiral.
These are generally expressed as series R(w) and L(w) elements for each segment of
a monolithic transformer’s spirals, as illustrated by the circuit shown at the bottom
of Fig. 2.1.

The frequency-depended circuit elements could be simulated directly in
frequency-domain circuit simulators such as Agilent-ADS [23]. To obtain the broad-
band response of the series impedance elements in a time-domain simulator, the
characteristics are typically represented in terms of an equivalent circuit consisting
of ideal lumped elements such as ladder circuits [24] or transformer loops [25]. The
same circuit representation is often used in compact modeling of transformers to
represent the magnetic losses of each spiral of the transformer, which are coupled

via a constant mutual inductance.

1 Ri@ 19 R (@) ,

FIGURE 2.2. Left - the physical layout of two-winding stacked transformer config-
uration. Right - common circuit representation of conductor losses for a two-wind-
ing transformer, where L,, represents the mutual inductance term. The terminal
labeling of the physical layout corresponds to the terminal labeling in the circuit

representation.
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Therefore, a generally accepted compact model that is supposed to capture
conductor losses of the transformer is expressed by circuit depicted on the right of
Fig. 2.2. The dot convention in the circuit defines the sign of the mutual inductance
term based on input and output currents, and voltages, hence, one can write the

following equations to relate the induced voltages through mutual coupling

Vi = (Ri(w) + jwli(w)) ]y = jwLlply (2.4)

This approach, however, has the following weakness: frequency dependence of mu-

tual inductance and mutual resistance, which exists in monolithic transformers [26]

is not considered in this model.

2.2.2. Substrate Losses

The major drawback of monolithic transformers fabricated in CMOS tech-
nology is the extra loss due to the finite resistivity of the silicon substrate. The
time-varying EM fields interact with the substrate causing two dominant loss parts:
capacitive (electric loss) caused by finite resistance due to electrically induced con-
ductive and displacement currents, and magnetic loss resulting from magnetically
induced eddy current resistance.

When magnetic fields penetrate the heavily-doped silicon substrate they lead
to currents into the substrate, called substrate eddy currents, which cause extra
resistive loss. Fig. 2.3 illustrates the substrate eddy currents in a single spiral on a
lossy silicon substrate. Current flowing in the substrate generates ohmic losses that

cause an increase of self and mutual resistances of the transformer windings in a
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frequency-dependent manner. This mechanism is similar to the substrate magnetic
losses in spiral inductors [27, 28], and coupled interconnects [29, 30], and can be
modeled using the same circuit as the one used to represent the conductor losses

shown in Fig. 2.1.

ing B) "\ Magnetic
Increasing B(t) Vs P _Mag ic field

(dBldt>0) /

7N |

—

Eddy Currents

\/

Lossy Si Substrate

FIGURE 2.3. Currents and fields in a transformer coil fabricated on a lossy silicon
substrate

The capacitive substrate loss is caused by the electric field, which is created
by the surface charges of the spirals, and the transformer’s spirals become coupled
with the conductive substrate. The time-varying electric field causes displacement
currents in the oxide layer and conduction and displacement currents in the con-
ductive substrate [27] as illustrated in Fig. 2.4. These effects can be modeled with
a shunt element composed of a capacitor (C,;) in series with a parallel combination
of substrate resistor (Rsys) and capacitor (Cyy) [15], as shown on the right side of

Fig. 2.4. This substrate loss model is commonly referred as the C — GC model.



14

This circuit model, which consists of ideal lumped elements, gives the broadband
response of the shunt admittance Ypyn: = G(w) + jwC(w) that is generally found

in on-chip spiral inductors and transformers.

Transformer Traces
/ N

X ?
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FIGURE 2.4. Shunt electric field in monolithic transformer and the circuit model
to represent substrate losses

Both capacitive and magnetic substrate losses can be minimized if low-
conductivity substrates are used [31]. Some research work has shown that the
quality factor of the spiral inductors could be significantly improved if the substrate
losses are minimized through the use of fabrication techniques such as microma-
chining [32, 33], applying a patterned ground shield [34], or using a high resistivity
substrates [35, 36]. Moreover, it has been shown that stacked transformers are less
prone to substrate magnetic losses compared to the interleaved (bifilar and nested)
types of transformers [37] due to the shielding effect of the secondary winding located

in between the primary winding and lossy substrate.
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2.2.3. Interwinding Capacitance

The interwinding parasitic capacitance is caused by the differences in electric
potentials between various parts of the transformer’s metal windings structure. This
term is also referred to as fringing capacitance. The lateral electric fields created as a
result of such coupling are illustrated in Fig. 2.5. These fields produce displacement
currents, which can be effectively modeled by capacitive circuit elements.

There are two major capacitive interactions in the four-port monolithic trans-
formers: self capacitance of each spiral, i.e., in between the ports of each individual
spiral, and mutual capacitance between the primary and secondary windings of the
transformer. In a typical monolithic transformer, the effective mutual capacitance
could be much greater than the self capacitance due to the large surface area between
the spirals and greater potential difference between the primary and the secondary
windings. Therefore, the interwinding self capacitance, which is commonly used in

single inductor models, is usually neglected in compact transformer models [38].

Transformer Traces

Si Substrate

Va4 7/ /

FIGURE 2.5. Lateral electric field in monolithic interleaved transformer.




16

2.3. Commonly Used Modeling Techniques

Although there are many kinds of the monolithic transformer models, they
all can be subdivided into three major groups. The first two are electrical models for
monolithic transformers that can be derived from the physical geometry and prop-
erties of the transformer structure. The third group contains models that can be
built based on the electrical behavior of the devices, usually described by scattering
parameters [39]. The first two approaches result in topological modeling which can
be either distributed or compact, and the latter approach results in behavioral-type
models. This section describes these techniques in regards to monolithic transform-

ers fabricated on lossy silicon substrates.

2.3.1. Distributed Model

The distributed modeling approach is intended to represent all major geo-
metrical features of the devices. For the transformer case, this could be loss con-
tributions from each segment of the windings [40], or the circuit model could be
created for each turn of the transformer model [41]. This subsection considers the
most advanced of these model types, which take into account major loss mechanisms
of monolithic transformers.

The first case can easily be understood by considering each segment of the
primary winding. It has certain AC and DC resistances and is coupled to the
substrate and adjacent traces of the same and the secondary windings. Therefore,
the contribution of each segment to the overall characteristics could be described in
terms of a model that is assembled using circuit components described in Section 2.2.

An example of this model for a single segment of a transformer’s winding is shown

in Fig. 2.6. The circuit element values of this model are determined using closed
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form expressions for self and mutual capacitances developed by Grover [42] and
Wheeler [43].

A modified approach combines the characteristics of one turn of each spiral
into a reduced circuit model resulting in a more compact model. A good example of
this approach is a circuit model developed by Kythakyapuzha and Kuhn [41], who
used lumped elements to represent the spirals on a turn-by-turn basis. The model for
a three-turn stacked transformer is illustrated in Fig. 2.7. The model incorporates
two sets of transformer loops. One set is intended to take into account substrate

magnetic losses described in the section 2.2.2 (Rg-Le; loops). The second set of

I I -

Cf To adjacent
1 segment nodes

Coupled to all segments | I

SIYTYIVTN R
[) [} D

C.—F]/s V¥V & —_ C

Coupled to image current

sub C

sub

R SUb——
-

FIGURE 2.6. Equivalent two-port for one segment of the spiral inductor presented
by Koutsoyannopoulos [40]. A similar model could be used to build a distributed
mode] for monolithic transformers as well.
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transformer loops (Rei-Le;) captures conductor losses explained in the section 2.2.1.
Fringing capacitance is expressed by C'y; terms, oxide capacitance is modeled by C1;,
C1a, Ci3, Cus, C15 and Cig terms, and the secondary spiral is electrically coupled to

the substrate via Csypi, Repii, fsi, Rsupi terms. Since only one spiral in the stacked

Spiral 1

LT S ——" 4

Spiral 2

0

P L LT

T
1
N

ymm—— e -,
e mmca--

Substrate

FIGURE 2.7. Equivalent model for two layer, three turn spirals developed by
Kythakyapuzha [41] (not all coupling coefficients are shown).
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configuration is located near the substrate layver, the substrate eddy current losses

for the uppermost spiral are negligible and not required to be modeled.

2.3.2. Compact Model

The distributed transformer models described in the previous subsection may
include hundreds of circuit elements. However, for the purposes of device char-
acterization, efficient circuit modeling, and component library development, more
simplified or compact models are required. Such models should accurately capture
transformer losses over a wide frequency range and consist of ideal lumped elements
allowing circuit simulation in time domain as well.

A variety of compact transformer models and circuit extraction approaches
have been proposed in recent years. Analytical models and expressions to determine
circuit values for interleaved and stacked transformers were developed in [17]. The
equivalent circuit model for a pair of coupled inductors was introduced in [44]. A
more generalized four-port transformer model with an ideal transformer in its core
was described in [15], and is shown in Fig. 2.8.

This model has four independently driven ports (i.e., P, P, S, §) some of
which could be shorted to ground in some applications. Primary (L,, R,) and sec-
ondary (Ls, R,) impedances account for leakage of the magnetic flux between the
windings. The interwinding capacitance is modeled with the capacitors connected
between the ports of the transformer. The model utilizes shunt impedance branches
(Zsn:) shown in Fig. 2.4 to take into account the parasitics between the ports and
substrate. The core of the model is an ideal linear transformer with mutual induc-
tance (L) and turns ratio 1 : n. Although this model considers major losses of

the monolithic transformers, it fails to provide an accurate response over a broad
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FIGURE 2.8. Equivalent compact model for a four-port 1 : n transformer pre-
sented by Long [15]. Shunt circuit elements Z,, can be modeled using the circuit

shown in Fig. 2.4.

frequency range. It neglects the frequency dependence of the self and mutual im-

pedances of the transformer’s windings, completely ignoring the mutual resistance

term.

2.3.3. Behavioral Model

In some cases RF designers may not need the topological relation of the
model to the actual device geometry; it is sufficient for them to have the accurate
response of the simulated data. This demand is satisfied with so-called behavioral
or data-driven types of models. The behavioral model is a circuit model that, when
simulated, represents the electrical behavior of the device without considering the

actual topology or physical layout of the structure. This model could be considered
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a ”black box” type of model because the user usually does not have the ability to
control the circuit element values included in the model description.

Examples of such modeling approaches include MeasureXtractor modeler by
TDA Systems [45], EMtoSPICE S-parameter-to-SPICE model converter by EM-
Wonder [46] and black-box elements of Ensemble by Ansoft [47]. Data-driven mod-
els allow the user to bypass manual intervention in the modeling process and extract
circuit netlists, which represent the behavioral characteristics of the devices being
modeled. Since the data-driven models are based on the concept of multi-port net-
works and a system matrix, the user has to take measurements of all ports of the
device to be able to characterize the model. An n-port network is generally charac-
terized by an n by n system matrix, therefore requiring the measurement of the n
by n S-parameter matrix.

Among the benefits of behavioral models are the ability to model various
types of passive structures without user intervention and the ensured stability of
the circuit models. Nevertheless, the frequency range for such models is limited
by the abilities of the software algorithms to handle a certain number of poles.
Data-driven models also do not provide much insight into the important topological
characteristics of the devices and the generated netlists often contain negative circuit

element values, which are not compatible with some circuit simulators.

2.4. Conclusion

The important losses and respective modeling techniques for the monolithic
transformers fabricated for RFIC applications have been covered in this chapter.
The ultimate goal of any modeling technique is to be able to capture major losses

inherent to the passive structure over a wide frequency range. Various circuits could
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be used to capture the individual losses in the conductors of the windings and silicon
substrate, and then the final transformer model could be assembled as a distributed
or compact model. Alternatively, the behavioral modeling approach can be used to
generate a netlist that replicates data behavior.

While distributed and behavioral models are capable of capturing the losses,
they have the drawback of being relatively large while providing little insight on
the characteristics of the device. Compact models, on the other hand, are more
intuitive and do not require as many computational resources as their behavioral or
distributed counterparts. For this reason this work focuses on the development of
an accurate compact model for monolithic transformers that is accurate over a wide

frequency range.
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3. NEW TRANSFORMER MODELING
APPROACH

3.1. Introduction

While common transformer modeling approaches consider the monolithic
transformer fabricated on silicon substrates as a pair of magnetically coupled induc-
tors, the mutual frequency-dependent resistance due to conductor losses is usually
ignored. This assumption was originally made for power transformers where the
eddy current loss, the main source of the mutual resistance, was relatively small
compared to the hysteresis losses [48]. Moreover, the mutual inductance in between
the coils is assumed to be constant. However, failing to include the frequency-
dependent mutual resistance and inductance terms into a compact circuit model
results in an underestimation of the real coupling term (Kg.) given in [49] in the
lower frequency range (up to the first SRF) at which transformers are usually de-
signed to operate. This, in turn, may cause the circuit simulations to underestimate
the power consumption and the noise figure value.

This chapter describes a new frequency-dependent transformer (FDT) model
that effectively captures conductor losses in the transformer windings. It also
describes an automated extraction procedure that allows the determination of
the topology elements and the lumped element circuit values for the complete
transformer model from measured or EM-simulated S-parameter data. The pre-
sented monolithic transformer model is compact and consists solely of frequency-
independent lumped circuit elements, making it a perfect candidate for time domain

circuit simulations.
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3.2. Frequency-Dependent Transformer

The new monolithic transformer model introduced in this section is intended
to capture the important losses that are exhibited by planar transformers fabricated
on lossy silicon substrates but not included in previous models. The core of the
model is the FDT cell shown in Fig. 3.6. The FDT cell captures the conductor losses
of the transformer’s windings including the frequency-dependent mutual inductance
L,,(w) and resistance Rn(w). The AC conductor loss mechanism in monolithic
transformers is primarily caused by eddy current losses, which are a combination of
both skin and proximity effects. These losses are highly dependent on the physical
and geometrical properties of the metal windings. Even though significant efforts to
improve the transformer’s performance have been reported in recent years [50, 51},
monolithic transformers still exhibit a significant amount of conductor losses.

The following subsections will show that the conductor losses in monolithic
transformers fabricated for RFIC applications need to be characterized not only in
terms of conductor losses of the individual spirals, but also in terms of the frequency-
dependent mutual inductance and resistance. A new circuit model that accurately
captures conductor eddy current losses is proposed. The circuit model is synthesized

in terms of ideal lumped elements and controlled sources.

3.2.1. Frequency Dependent Mutual Resistance and Inductance

The transformer implementation in an integrated circuit is generally re-
stricted to a planar geometry, and the fabrication is done on a substrate having
finite conductivity. The planar geometry is not optimal for device performance

and greatly contributes to the conductor loss. When a high resistivity substrate is
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used for the transformer desigu, electiic and rmagnetic substrate losses described for

inductors in [20] are minimized, and conductor loss dominates at low frequencies.

FIGURE 3.1. Magnetic fields in the windings of monolithic transformer. The
uppermost spiral is the primary spiral where the direction of alternating current is

shown by arrows.

The conductor loss mechanism in planar transformers can be easily under-
stood by considering a stacked monolithic transformer configuration as shown in
Fig. 3.1. According to the Faraday - Lenz law, when a time-variant current is
applied across the input terminals of an upper coil, known as the primary spiral,
the resulting magnetic fields are linked to the spiral below, known as the secondary
spiral, and produce a voltage that can be measured at its terminals. Ideally, all mag-
netic flux generated by the transformer would be confined in the hollow opening of
the transformer, where its classical counterpart would have a magnetic core. Never-

theless, part of the magnetic flux penetrates the metal windings of the transformer.
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This magnetic flux has non-tangential components with respect to the metal wind-
ings creating in turn eddy currents within the traces [21], as illustrated in Fig. 2.1.
This effect, also known as current crowding, constricts the current flow in the spirals
resulting in higher resistances and lower self and mutual inductances compared with
DC behavior.

The loss from the eddy currents was often neglected in the classical trans-
formers (transformers that have a magnetic core to provide a continuous magnetic
path) due to its relatively low contribution to the overall transformer losses [48, 52].
However, with increasing operational frequency, eddy current losses in conductors
become more pronounced and need to be included in the transformer analysis. It has
been shown that eddy current loss in multi-layer coil designs would be significantly
underestimated if only losses due to an isolated conductor and an external magnetic
field are considered [53]. Some years later, the formulation of a general, complete
electrical terminal representation of eddy current loss in transformer windings was
presented by Spreen [54]. Interestingly, Spreen has derived an approximate expres-
sion for mutual resistance (R,,) in a two-foil winding with a shield, which is given
by

Rn(w) = —3 52 Gl(hs/) (.1)

where
b is the width of the conductor as illustrated in Fig. 3.2
h is the thickness of the conductor
p is the resistivity of the conductor
¢ = usual skin depth = %%

w = radian frequency

p = permeability of the conductor
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: : inh(z)—sin(z
G(z) is a geometrical factor = %

This formulation deserves special attention. Eddy currents are induced in
a conductor when it is immersed in time-varying magnetic fields. This effect is
governed by Faraday-Lenz’s law, and it happens independently whether or not the
conductor carries current. Eddy currents in their turn, produce their own magnetic
fields that oppose the change in the original field. Therefore, not only do they in-
crease the AC resistance, but they also decrease mutual inductance in transformers.
Now, if the shield’s thickness hs is treated as the surface area of the metal wind-
ings subjected to the non-tangential magnetic fields, then expression (3.1) draws
an important conclusion: the greater the coil’s conductor surface area that is per-
pendicular to the magnetic flux direction the greater the mutual resistance and the
smaller the mutual inductance values are expected to be. The formula also indi-
cates that the mutual resistance equals zero at DC and increases as the operational

frequency increases.
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FIGURE 3.2. Geometry used to derive expression (3.1) for mutual resistance in
a two-foil winding with a shield [54].




28

To test this assumption, an experiment was designed where two simple trans-
former structures were simulated with HESS. The simulated structures, which re-
semble one turn test transformers are shown in Fig. 3.3. They both have the same
distance between the primary and secondary windings, as well as overlap area to
keep the interwinding capacitance the same. The outer diameter of the transformers
was designed in such a way so that the trace length difference between the two struc-
tures was minimized. Since the opening of Structure 1 is smaller than the opening
of the Structure 2, and the orientation of spirals in Structure 2 is more in parallel
to the magnetic flux direction, it is expected that the Structure 2, will produce a

smaller value of R,,(w).

Structure 1 Structure 2

FIGURE 3.3. Single-turn transformers used to verify mutual resistance (R,,).
Ports of the primary spiral are labeled as 1 and 3, and ports of the secondary spiral

| are labeled as 2 and 4. Conductor thickness is 4um, and the gap between conductors
is dpum.
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tances.

tances.
The simulation results, which are shown in Figs. 3.4-3.5, confirm the expected
response. The eddy currents have less effect on the inductive values of Structure
2, and, despite the approximately equal trace lengths, the self (L;, L;) and mutual
(L) inductances are higher than in the Structure 1. Fig. 3.5 illustrates the eddy
current effect on the self (R;, R2) and mutual (R,,) resistances. While the DC
values of the self-resistances are nearly the same, the AC series resistance of the
primary spiral (R;) of Structure 2 has greater value than the AC series resistance of
the secondary spiral (R2). The greater increase of R; compared to Ry for Structure
2 may be due to the location of the coils with respect to the magnetic flux inside
of the transformer’s hollow opening. The mutual resistance (R,,) of the Structure
2, however, is lower than that of Structure 1, confirming that the mutual resistance
depends on the overall area of the non-tangential magnetic flux penetration.
Another important conclusion that can be drawn from Fig. 3.5 is that the
frequency-dependent mutual resistance may have a relatively large value and needs

to be included in the transformer models. Structure 1 shows that at 10 GHz R,, =
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0.2R; even for this simple configuration. In the real monolithic transformer, the
spirals are usually located in the plane perpendicular to the magnetic flux direction,
similar to Structure 1, confirming the need for modeling frequency-dependent mutual

inductance and resistance.

3.2.2. Equivalent Circuit Model

It was shown in the previous section that the frequency-dependent mutual
inductance and resistance make a significant contribution to the overall conductor
losses in monolithic transformers due to their inherent planar geometry. Therefore,
monolithic transformers have to be represented with a more accurate model than a
pair of coupled lossy inductors model. The proposed circuit for the conductor losses
of the monolithic transformers, named a frequency-dependent transformer (FDT)
cell, is shown by the dashed box in the Fig. 3.6. This circuit is a realization of the
general governing equations for the conductor losses of the transformer defined by

the equations (3.2) and (3.3).

Vi = (Ri(w) +jwli(w) i = (Bn(w) + jwLn(w))l (3.2)

V2 = =(Rp(w) + jwlm(W)) 1y + (Ra(w) + jwLa(w)) I (3.3)

The voltages and currents in equations (3.2) and (3.3) for the FDT cell are not
shown in Fig. 3.6 due to lack of space but are defined in Fig. 2.2.

These equations not only take into account the frequency-dependent self im-
pedances but also define the loss contribution from the frequency-dependent mutual
inductance and resistance. In these equations, the components R;(w), L;(w), and

Ry(w), Ly(w) are the self resistances and inductances of the primary and secondary
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FIGURE 3.6. Generalized compact network topology for the monolithic trans-
formers in RFICs and circuit representation of the FDT cell. Port 1 and port 3
represent the primary spiral, while port 2 and port 4 represent the secondary spiral.

windings, respectively. The transformer windings are coupled via the mutual im-
pedance term R,,(w)+ jwLn,(w), which can be seen to induce a voltage in one of the
coils due to a current in the other coil. The directions of voltages and currents are
defined in Fig. 2.2. Since the windings are electrically isolated at DC, the mutual
resistance term R,,(w) must approach zero value as the frequency approaches zero.

When the FDT cell is incorporated into the compact model, taking into
account all major loss contributors, it results in the topology shown in Fig. 3.6.
Although, the circuit elements of the FDT cell shown in the figure are frequency

dependent, this topology can be easily synthesized in terms of ideal lumped pas-
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sive circuit elements and ideal controlled sources. The compact circuit can realize
the frequency dependence of the self and mutual terms of the FTD cell with ideal
lumped elements using a ladder [24] or transformer loops [27] circuit representation.
The current-to-voltage transformation can be realized by utilizing the configuration
described for coupled interconnects in [55]. The resulting circuit schematic is shown

in Fig. 3.7, where the interwinding capacitances are not shown for simplicity.

FDT cell

FIGURE 3.7. Complete lumped-element circuit model for monolithic transformers
fabricated on silicon substrates. Port-to-port and mutual capacitances are not shown
for simplicity.



33

3.3. Extraction Procedure

Although some of the model parameters could be extracted using analytical
expressions developed for monolithic transformers similar to those described in [17,
56], an approach that allows one to obtain the parameters directly from measure-
ments or full-wave simulation results appears to be more advantageous, especially
at the design verification stage. The extraction procedure is based on the general
extraction methodology described for spiral inductors in [57, 58]. In this extraction
procedure, the network topology branch functions are determined first, and then
each branch function is approximated as an ideal lumped-element circuit.

In order to perform the extraction in an automated way, the algorithm shown
in Fig. 3.8 was designed. Once the S-parameter data are loaded, they are converted
to the admittance matrix. The admittance matrix provides unique branch functions
for shunt admittances, and allows to predetermine possible ranges for the branches
that represent interwinding capacitances and conductor losses of the monolithic
transformer. Finally, the interwinding capacitances are searched for the best possible
combination, and the circuit-element values are extracted for the selected data set.
This procedure allows to determine circuit-element values for the model shown in

Fig. 3.7 and is described in more detail in the following subsections.

3.3.1. Admittance Matrix Solution

The four-port admittance matrix of the transformers obtained by measure-
ment or EM simulation can provide an important insight into how the solution for
the proposed model topology may be determined. The separation of the admit-
tances in the generalized network topology shown in Fig. 3.6 yields three important

terms of the admittance matrices expressed by equation (3.4). These three matri-
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ces provide a decoupled representation of the major loss mechanisms described in

Section 2.2.
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FIGURE 3.8. Extraction algorithm for automated determination of the circuit

values of the monolithic transformer model.
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(3.4)

The first term in equation (3.4) represents port-to-substrate admittances
which characterize substrate losses in the monolithic transformer structure. The
second term consists of four identical 2 x 2 matrices located in each of its four
quadrants. These admittance matrices represent the conductor losses of the FDT
cell defined in Fig. 3.6 when the nodes of ports 3 and 4 are shorted to ground.
The third term in equation (3.4) represents the interwinding capacitive interactions
between the ports of the monolithic transformer. Therefore, the individual network
topology elements can be determined by separating the loss contributions of each

term from the measured or EM simulated admittance data.
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3.3.2. Shunt Circuit

The shunt branches Y7, Ys, Y3, and Y, shown in Fig. 3.6 represent port-to-
substrate interactions of the monolithic transformer. They can be uniquely deter-
mined simply by the summation of row elements in the admittance matrix [Y] of

the system as it is shown in the equation below.

rY1] Y1+ Yo+ Yis+ Yig
Y, Yig+ Yo + Yos + Yoy
= (3.5)
Y3 Yis + Yoz + Y3 + Yy
-YZJ -Y14+Y24+Y23+Y:14J

Each shunt admittance term (Y},) in equation (3.5) can be expressed in terms
of the frequency-dependent conductances (G,(w)) and capacitances (C,(w)) as fol-

lows:
Yo(w) = Gp(w) + jwCh(w). (3.6)

This shunt admittance could be realized in the C' — GC circuit topology
described in Section 2.2.2. The typical trends of the C' — GC topology are shown
in Fig. 3.9. It is seen that C,(w) decreases with frequency, while G, (w) increases.

The input impedance of the shunt circuits shown in Fig. 2.4 is:

1 1

Z un = Y_l = -
sh tn(w) (CU) ]CUCoa:n + Gsubn + ijSubn

(3.7)

where the subscript n denotes the shunt branch number. The C,, term is extracted
from the low-frequency asymptote of the shunt admittance data, and the remaining

terms are determined using the Cauchy method described in [27].
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FIGURE 3.9. Capacitive (left) and conductive (right) trends of the C —GC circuit
topology.

3.3.3. Capacitance Separation

The third term defined in equation (3.4) is a capacitance matrix, which repre-
sents electrical coupling in the oxide layer of the transformer structure. It is tightly
coupled with the second term of the equation, which represents magnetic coupling of
the transformer. Therefore, its values could be determined if the following assump-
tions are made: first of all, it is assumed that the electrical coupling in this layer is
purely capacitive, meaning that only imaginary parts of matrix elements exist. This
is a valid assumption because the silicon dioxide (SiO;) layer is a good insulator
having high breakdown voltage [59]. Another assumption is that the capacitance
values are positive and constant with frequency.

Naming the second term in equation (3.4) as [Yrpr], the analysis of the last
two terms of (3.4) reveals that when the capacitance matrix is properly extracted,

the following relations should be satisfied:

!
Y, = Yrpr, = Yrp1y = —~YFDT0:,
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’
Yy = Yrp1s = YFpTW4 = —YF0D134, 2nd

’

Y12 = YFDT12 - —YFDT14 = _YFDT23 = YFDT34-

(3.8)

Finally, the assumptions made together with the relationship described by equations
(3.8) predetermine the possible range for each of the Cy_3, Ci_4, Co_3, C3_4, C_3,
and Cy_4 elements. Then, each set of capacitance values is tried, and the RMS
error between the parameters of the FDT admittance matrix (3.8) can be recorded.
Finally, the set of C1_o, C1_4, Cs_3, C3_4, Ci_3, and Cy_4 elements that produces the
smallest RMS error is selected as the capacitance matrix of the network. Then, the
third term in equation (3.4), the frequency dependent transformer ([Yrpr]) matrix,

can be separated from the rest of the data.

3.3.4. FDT cell Extraction

Once the primed values of the second term in equation (3.4) are determined,

the impedance matrix of the FDT cell ([Zrpr]) is found by simple matrix inversion:
- {zzl zzg}

Lz 2
Ry(w) + jwhi(w)  —(Rm(w) + jwLln(w))

_ } @9
| (@) +j0ln@) o) + j0Lafe)

S '
Yll Y12
ZFDT =

’ ’
L Y'IZ Y'22

Matrix ([Zrpr]) determined by equation (3.9) represents the impedance ma-
trix of the FDT cell defined in Fig. 3.6 when ports 3 and 4 are shorted to ground.
Each element of this matrix exhibits specific impedance trends of the transformer’s
windings under the presence of conductor losses, such as increasing resistive and de-

creasing inductive values as the frequency of operation increases. These impedance
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functions are synthesized with ideal lumped elements, as shown in Fig. 3.7. The

impedance of each element of the Zppr matrix is then expressed as

, M2, (jw)?

Z = Ry + jwLy — —82~—~
1 1T Jwin Rpr + jwLpt
p M2 (jw)?

Zoy = R jwly — — St 77 d
2 2 +]w 2 Rsl +jWle’ an
’ . M2 (]CU)2

Zig = —jwhy, + —m2 "2
12 J " le +.7WLm1

(3.10)

Finally, the self resistances of the spirals (R; and R;) are extracted from the low
frequency asymptote of the series impedance data, and the remaining terms are

determined using the Cauchy method described in [27].

3.4. Conclusion

A new frequency-dependent transformer (FDT) modeling approach has been
presented. The new model effectively captures conductor losses in the transformer
windings including the frequency-dependent mutual resistance and inductance. An
extraction procedure that determines the topology and lumped-element circuit val-
ues from S-parameter data obtained by measurements or EM-simulation has also
been described. The presented monolithic transformer model is compact and con-
sists solely of frequency-independent lumped circuit elements, making it a perfect

candidate for time- and frequency-domain circuit simulations.
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4. RESULTS

4.1. Introduction

To verify the wide-band capabilities of the presented model, the results for
several monolithic transformer models are shown in this chapter. The transformers
tested include both stacked and interleaved topologies; they have different induc-
tance ratios and are fabricated on a 10 Q-cm CMOS substrate. Table 4.1 summarizes
important geometrical dimensions of the devices under test (DUT). The four-port
S-parameter data were obtained with the 3-D electromagnetic full-wave simulator
HFSS by Ansoft [47] after calibration with two-port measurement data provided by
National Semiconductor Corporation [60]. The models for stacked transformers are

compared with available measurement data as well.

Transformer Type Shape Inductance Ratio
(Primary : Secondary)
A Stacked Square 3:1
B Stacked Square 4:1
C Stacked Square 4:2
D Interleaved| Square 1:1
E Interleaved| Octagonal 1:1
F Interleaved| Square 4:5

TABLE 4.1. Monolithic transformers used to test the new transformer model. The
inductance ratios are approximate.
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4.2. Monolithic Transformer Characteristics

To analyze the overall model performance, a transformer configuration of the
circuit shown in Fig. 3.7 with ports 3 and 4 grounded was used. The resulting two-
port impedance matrix was analyzed using the following comnmonly used quantities
to evaluate model performance. In the formulas shown below w = 27 f, where f is
the frequency of operation in Hertz (Hz).

Self inductances (L11, Lg2) and resistances (Ry;, Rae) of the primary and the
secondary spirals are respectively:

Im(le)

Im(Z
Lll = ) L22 = m( 22)
w w

, Rin = Re(Z11), Raz = Re(Za2). (4.1)

The input quality factors are the overall performance measures of the mono-
lithic inductors and transformers. In monolithic transformers the input quality
factors for primary ((11) and the secondary (Qq2) spirals are measured with the

other coil left open [49]. They are given in terms of the Z-parameters as

Im(le)
Re(Z11)’

Im(Zgg)
RG(ZQQ) '

Qu = Q22 = (4.2)

The mutual resistive (kgr.) and mutual reactive (k;m) coupling factors are
given by equations (4.3). The kj., coupling factor is a function of frequency due to
the parasitic capacitances in the transformer windings. At DC it equals the mutual
magnetic coupling factor and then deviates from it as frequency increases [49]. The
kre coupling factor approaches zero value at DC, and it increases with increasing

operational frequency reaching its maximum at SRF.

_ [Re(Z12)? 3 Im(Z12)]?
k= \/Re(Zn)Re(Z22) » K= \/I:n(zn)lm(zgg) : (4.3)

Maximum available gain (Gm,q,) is used as an intrinsic figure of merit for

passive RF components independent of termination impedances [31, 61]. Equa-




42

tion (4.4) expresses GMyq, in terms of the input quality factors of the coils, as well

as the reactive and resistive mutual factors defined by (4.3).

1+2(1-k%,)
Gmp., =x—VvVx2—~1, x= e 44
k, + ki Q11Qa2 (44)

The transformer turns ratio, n, is defined by the equation below.

Ly
n=,4/—. 4.5
V Iy (4.5)

4.3. Stacked Transformers

The stacked transformers considered in this section have the general topology
shown in Figure 4.1. The different inductance ratios were achieved by varying
the number of turns of each spiral. The monolithic transformers were fabricated
in a BiCMOS process with substrate conductivity of approximately 10 Q-cm; the
dielectric layer is formed by silicon dioxide. The outer diameter of the transformer
is 180 um. The primary spiral is located in the upper, ”thick,” metallization layer
which helps to reduce the series resistance of the spiral. The individual turns of
the spirals are connected using underpasses that are fabricated in the next metal
layer below each respective spiral. This configuration requires four metal layers to
implement the transformer.

The figures in this section present three data sets: EM Simulation, Circuit
Model, and Measurement. The Measurement data set was used to calibrate the
EM-simulator by changing the physical properties of the dielectric material and the
metal layer conductivities to match the self-resonant frequency (SRF). Then the
four-port EM Simulation data was used to extract the circuit element values for the

new model. The extracted values for the circuit elements are listed in Table 4.2.
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4:1 4:2 3:1

TR

FIGURE 4.1. Stacked transformers fabrication layout. The numbers on top indi-
cate approximate inductance ratios.

The graphs in this chapter are presented for Transformer B, and the graphs for
Transformer A and Transformer C are presented in Appendix A.

The self inductances and resistances defined by equation (4.1) are shown in
Fig. 4.2. The compact model data indicates excellent correlation with both measured
and EM simulated data sets up to the SRF value. The results are also displayed
in the vicinity of the SRF because this parameter defines a frequency point where
the transformer’s self inductances change to the capacitive behavior making the
transformer impractical after this frequency. The SRF, therefore can be considered
as an important figure of merit of the monolithic transformers [15].

The corresponding input quality factor defined by equation (4.2) and the
turns ratio defined by equation (4.5) are shown in Fig. 4.3. It can be observed that
the modeled data captures the measured and simulated trends very well up to the
SRF. The slight deviation between the measured and EM simulated input quality
factors can be explained by the imperfections in the HFSS vs. measurement cali-

bration procedure. The model accuracy in terms of quality factors can be improved
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if general optimization in the circuit parameiers were used. The plot of turns ratio

also indicates that the circuit model is able to provide excellent agreement up to the

SRF.
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FIGURE 4.2. Frequency-dependent series self-impedance parameters of Trans-
former B with 4:1 inductance ratio. (a) Self inductances of the primary (L;;) and

the secondary (Lgg) spirals. (b) Self resistances of the primary (R;;) and the sec-
ondary (Rsy) spirals.



45

TABLE 4.2. Extracted equivalent circuit paranieters for stacked transformers

Circuit Transformers Circuit | Transformers

Parameters| A B C ||Parameters| A | B | C
Primary Mutual Capacitance

Ry (Q) |1.80 209|233 Cip (fF) |39.5/47.0!55.8

Ly (nH) {319 (396|395 Ci4 (fF) {44.1{35.2{63.2

R, () [16533|15861|17460|| Csy (fF) |46.4|36.5(62.3

Ly (pH) | 1.0 | 1.0 | 1.0 || Csq4 (fF) |37.0]45.4|50.1

My, (nH) | 15.6 | 16.8 | 21.3 | Interwinding Capacitance

Secondary Ci3 (fF) | 0.0 {5.98] 0.0

Ry () |[3.27 (321630 Co (fF) | 0.0 0.0 0.0
L, (nH) | 1.05 | 1.06 | 2.17 Shunt Admitances

Rs1 () [14839(13553{17541| Cyyr (fF) 119.9124.5|11.7

Lo (uH) | 1.0 | 1.0 | 1.0 || Coun (FF) [18.9]18.1]24.8

My (nH) | 10.1 | 10.2 | 148 || Reusr (Q) {1306(1182{2109

Mutual Coz2 (fF) [82.0(80.2] 114

Ly, (nH) | 1.33 | 1.46 | 2.26 || Cyupe (fF) |27.6|26.2|28.8

Ry () [13553]11377/15719|| Rsup (£2) | 367 | 391 | 323

Lo (pH) | 1.0 | 1.0 | 1.0 || Cos (fF) |19.6] 24 [11.2

My, (nH) [ 9.95 | 10.3 | 14.9 || Csups (fF) |18.8(17.9|23.7

Rsupz () [1370(1214]2295

Cozs (fF) {81.4{79.8] 115

Couba (FF) [27.3]26.1]29.1

Rsupa () | 374 | 396 | 327
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FIGURE 4.3. Results for a stacked transformer B with 4:1 inductance ratio. (a)
Quality factors for primary (Q1) and secondary (Qq2) spirals. (b) Turns ratio.

The final set of characteristics, consisting of maximum available gain
(GMypaz ), the mutual resistive (kge) and mutual reactive (k;,,) coupling coefficients,
is shown in Fig. 4.4. Again, excellent agreement between the circuit model and EM
Simulation/Measurement data sets is achieved. Figure 4.4 shows the plot of kge
(dotted line) of the model when the frequency-dependence in the mutual inductance
and resistance is neglected in the transformer model (case with R,, = 0 and constant
L.,). The plot indicates that kr. term is clearly underestimated at a frequency of

operation of, for example, 2.4 GHz.

4.4. Interleaved Transformers

The interleaved transformers considered in this section have the general
topology shown in Fig. 1.2. These transformers have approximately the same induc-

tance ratios and were designed for a BiCMOS process with substrate conductivity
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FIGURE 4.4. Maximum available gain (Gmy,,), real (kgre) and imaginary (k)
coupling coefficients of a transformer B with 4:1 inductance ratio. The dotted line
represents kg, for the case with R,, = 0 and constant L,,.

of 10Q2-cm; the dielectric layer is formed by silicon dioxide. Both primary and sec-
ondary spirals are located in the upper, ”thick” metallization layer which helps to
reduce the series resistance of the spirals. The individual turns of the spirals are
connected using underpasses in the metal layer below the spirals. The transformers’
outer diameters (OD) vary from 160 pum to 250 pm. Table 4.3 shows the circuit ele-
ment values for the three transformers. The results for Transformer D are shown in
this section in Figs. 4.5-4.7, whereas the results for Transformer E and Transformer
F are shown in Appendix A.

The circuit model extracted for interleaved transformers indicates a good
correlation with full-wave simulation data up to SRF for all investigated charac-

teristics. Therefore, the presented model and developed extraction procedure are
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FIGURE 4.5. Frequency-dependent series self-impedance parameters of square
transformer D with OD = 160 pm. (a) Self inductances of the primary (L;;) and
the secondary (Lg) spirals, and (b) Self resistances of the primary (R;;) and the
secondary (Ryg) spirals.
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FIGURE 4.6. Results for an interleaved transformer D with OD = 160 um. (a)
Quality factors for primary (Q11) and secondary (Q2) spirals. (b) Turns ratio.
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robust and able to represent the behavior of interleaved monolithic transformers in

circuit simulators.
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FIGURE 4.7. Maximum available gain (Gm..), real (kg.) and imaginary (kr.,)
coupling coefficients of a transformer D with OD = 160 pm.

4.5. Conclusion

The results for several examples of monolithic transformers on silicon sub-
strates have been presented. The analyzed transformer characteristics indicate a
good correlation between the extracted circuit models and EM simulated or mea-
sured data sets. The compact model consists entirely of ideal lumped circuit ele-
ments and is capable of capturing major loss mechanisms in monolithic transformers

over a wide frequency range from DC up to the self-resonant frequency.
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TABLE 4.3. Extracted equivalent circuit parameters for interleaved transformers

Circuit Transformers Circuit Transformers

Parameters| D E F ||Parameters| D E F

Primary Mutual Capacitance

Ry () | 211281278 | Cip (fF) |3.54]|23.8 [46.5

Ly (nH) | 1.77 | 2.97 | 3.69 | Cu4 (FF) |128 | 140 [ 409

Rp1 () |22794(12799(14248| Csq (fF) | 127 | 148 |430

Ly (WH) | 1.0 | 1.0 | 1.0 || Caq (fF) [3.69] 256 |40.3

My (nH) | 12.0 | 10.8 | 21.6 |[Interwinding Capacitance

Secondary Ci3 (fF) [0.0] 0.0 [0.0

Ry (Q) | 209 |268|630| Co (fF) | 0.0 0.0 |00

Lo (nH) | 1.77 | 2.71 | 2.17 Shunt Admitances

Rs1 (Q) |22688(13406(|13272) Coz (fF) [28.5]45.0 [51.1

Lo (H) | 1.0 | 1.0 | 1.0 || Coupt (fF) |30.4]38.3 |26.9

M, (nH) | 11.9 | 10.1 | 20.3 || Reuss () | 472 | 321 | 626

Mutual Coz2 (fF) |24.9] 36.6 |81.5

Lm (nH) | 1.22 | 2.32 | 351 || Cuse (fFF) |14.3] 21.9 [31.1

R (9) |28079]19413(14580 Reuse (Q) | 754 | 537 | 306

Ly (H) | 1.0 | 1.0 | 1.0 || Cous (fF) [25.0] 44.5 |54.9

My (nH) | 9.25 | 7.4 | 18.4 || Cowss (fF) [14.4] 38.1 |27.0

Rsupz () |1370] 745 | 649

Cozs (fF) |28.4|36.9 81.9

Csupa (fF) [30.4]21.81(33.2

Rsups () | 465 | 550 | 309
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5. CONCLUSIONS AND FUTURE WORK

5.1. Conclusions

A new wide-band compact model for monolithic transformers fabricated on
lossy silicon substrates has been presented. The model consists of a newly devel-
oped frequency-dependent transformer (FDT) cell in its core to model frequency-
dependent conductor losses including mutual resistance. The wide-band accuracy of
the FDT cell model is accomplished through the use of ”transformer-loops” to model
both self and mutual frequency-dependent inductances and resistances. Substrate
loss and interwinding capacitance are modeled as well. The new compact model is
useful for frequency- and time-domain simulations in any SPICE-compatible circuit
simulation software.

A robust, automated extraction technique is also presented. It determines the
values of the ideal circuit elements used in the transformer model from measurement
or EM simulation S-parameter data. The extraction process includes two major
parts: solution for network branches, and determining the circuit elements values
using Cauchy’s method based on a least-square fitting technique. Together, the
new transformer model and extraction procedure provide a complete measurement-
based modeling methodology for four-port monolithic transformers fabricated on
silicon-based substrates that enables automated model generation within minutes.

To verify the accuracy of the proposed transformer modeling methodology,
both stacked and interleaved monolithic transformers were considered. Wide-band
compact models were extracted for stacked and interleaved transformers from full-
wave EM simulation data. Good agreement between the circuit model and EM

simulation data was demonstrated up to the self-resonant frequency of the devices.
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The new measurement-based modeling methodology for monolithic transformers
will benefit RF and mixed-signal integrated circuit designers by providing a robust

accurate transformer model that consists entirely of ideal circuit elements.

5.2. Future Work

The future work of this research mainly lies in the area of extending the
modeling methodology to include other transformer structures such as baluns. These
devices have more ports than a regular four-port transformer and include additional
center taps that are used to provide ground terminations to the middle points of
the spirals.

While the core of the model would still be the FDT cell, other elements
such as center taps will need to be modeled. The difficulty of such modeling could
arise from the fact that the center taps are electrically and magnetically coupled
to the transformer’s spirals, and separation of these effects from the overall trans-
former performance may prove to be challenging. To overcome this difficulty, two
approaches are suggested: selective de-embedding of center tap effects from the
overall transformer data or approximating the effects of the center taps and then
subtracting them from the measured data.

Since more than four-port S-parameter data is not readily available and usu-
ally is obtained by combining the data from multiple two- or four-port measurements
with a Vector Network Analyzer (VNA), full-wave EM-simulations might be useful
in providing a first approximation of the circuit element values. Once a good ap-

proximation is achieved, the final circuit values could be optimized using measured

data.
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Another area that needs to be investigated in regard to multiple port
measurements and center tap de-embedding is the time-domain network analysis
(TDNA) [62], which allows one to determiane frequency-domain S-parameter data
from time-domain measurements. Moreover, the time-domain data may allow selec-
tive de-embedding similar to the gating function of regular VNAs. The more direct
benefit of the TDNA method is that some recent time-domain instruments, such
as the Tektronix TDS8200, allow measurement of up to eight ports, as well as true

differential signaling.



54
BIBLIOGRAPHY

[1] T. S. Perry, “Kilby and the IC,” IEEE Spectrum, pp. 40-41, December 1988.

[2] A. A. Abidy, “RF CMOS Comes of Ages,” IEEE Microwave Magazine , pp.
47-60, December 2003.

[3] R. M. Warner and J. N. Fordemwalt, Eds., Integrated Circuits, Design Principles
and Fabrication, New York: McGraw-Hill, 1965, p. 267, Integrated Circuits,
Design Principles and Fabrication.

[4] N. M. Nguyen, R. G. Meyer, “Si IC-Compatible Inductors and LC Passive
Filters,” IEEFE J.Solid-State Circuits, vol. 25, pp. 1028-1031, August 1990.

[5] J. R. Long and M. A. Copeland, “A 1.9 GHz low-voltage silicon bipolar receiver
front-end for wireless personal communications systems,” IEEFE J.Solid-State
Circuits, vol. 30, pp. 1438-1448, December 1995.

[6] D. J. Cassan, J. R. Long, “A 1-V transformer-feedback low-noise amplifier for
5-GHz wireless LAN in 0.18-um CMOS,” IEEFE J. Solid-State Circuits, vol. 38,
pp. 427-435, March 2003.

[7] W. Simbiirger, H. Wohlmuth, P. Weger, and A. Heinz, “A Monolithic Trans-
former Coupled 5-W Silicon Power Amplifier with 59% PAE at 0.9 GHz,” IEEFE
J. Solid-State Circuits, vol. 34, pp. 1881-1892, December 1999.

[8] A. Tasic, W. A. Serdijn, J. R. Long, “Concept of transformer-feedback degen-
eration of low-noise amplifiers,” IEEE Circuits and Systems Int. Symp. Proc.,
vol. 1, pp. [-421-424, May 2003.

[9] J. W. M. Rogers, C. Plett, “A 5-GHz radio front-end with automatically Q-
tuned notch filter and VCO,” IEEE J. Solid-State Circuits, vol. 38 | pp. 1547 -
1554, September 2003.

(10} N. H. W. Fong, J. -O. Plouchart, N. Zamdmer, Liu Duixian, L. F. Wagner,
C. Plett, N. G. Tarr, “Design of wide-band CMOS VCO for multiband wireless
LAN applications,” IEEE J. Solid-State Circuits, vol. 38, pp. 1333-1342, August
2003.

[11] A. Ravi, K. Soumyanath, R. E. Bishop, B. A. Bloechel, L. R. Carley, “An
optimally transformer coupled, 5 GHz quadrature VCO in a 0.18 pm digital
CMOS process,” IEEE VLSI Circuits Symp. Digest, pp. 141-144, June 2003.

[12] J. P. Maligeorgos, J. R. Long, “A low-voltage 5.1-5.8-GHz image-reject receiver
with wide dynamic range,” IEEE J. Solid-State Circuits, vol. 35, pp. 1917-1926,
December 2000.



95

[13] R. E. Thomas, The Arnalysis and Desiyn of Linear Circuits, New Jersey:
Prentice-Hall, Inc. 1994.

[14] G. G. Rabjohn, “Monolithic microwave transiormers,” M.Eng. Thesis, Carleton
University, Ottawa, ON, Canada, Apr. 1951.

[15] J. R. Long, “Monolithic transformers for silicon RF IC design,” IEEE J. Solid-
State Circuits, vol. 35, pp. 1368-1382, Sep. 2000.

[16] E. Frlan, S. Meszaros, M. Cuhaci, J. S. Wight, “Computer aided design of
square spiral transformers and inductors,” in Proc. IEEE MTT-S, June 1989.,

pp. 661 - 664.

[17] S. S. Mohan, C. P. Yue, M. del Mar Hershenson, S. S. Wong, T. H. Lee, “Model-
ing and characterization of on-chip transformers,” in IEDM FElec. Device Meet-

ing Tech. Dig., pp. 531-534, Dec. 1998.

(18] K. Shibata, K. Hatori,Y. Tokumitsu, H. Komizo, “Microstrip Spiral Directional
Coupler; Microwave Theory and Techniques,” IEEE Trans. Microwave Theory
Thech., vol. 29, pp. 680-689, July 1981.

[19] A. M. Niknejad, and R. G. Meyer, “Analysis of Eddy-Current Losses Over
Conductive Substrates with Applications to Monolithic Inductors and Trans-
formers,” IEEE Trans. Microwave Theory Tech., vol. 49, pp. 166-176, Jan. 2001.

[20] I. J. Bahl, Lumped Elements for RF and Microvawe Circuits, Norwood: Artech
House microwave library, 2003.

(21} W. B. Kuhn and N. M. Ibrahim, “Analysis of current crowding effects in multi-
turn spiral inductors Kuhn,” IEEE Trans. Microwave Theory Tech., vol.49, pp.
31-38, Jan. 2001.

[22] W. Y. Liu, J. Suryanarayanan, J. Nath, S. Mohammadi, L. P. B. Katehi, M. B.
Steer, “Toroidal inductors for radio-frequency integrated circuits,” IEEE Trans.
Microwave Theory Tech., vol. 52, pp. 646 - 654, Feb. 2004.

[23] Agilent Technologies, Palo Alto, CA 94303, USA.

[24] Yu Cao, R. A. Groves, N. D. Zamdmer, J. -O. Plouchart, R. A. Wachnik, Xuejue
Huang, T. -J. King, Chenming Hu, “Frequency-Independent Equivalent Circuit
Model for On-chip Spiral Inductors,” IEEE Proc. of Custom Integrated Circuits
Conference, pp. 217 - 220, May 2002.

[25] D. Melendy, P. Francis, C. Pichler, K. Hwang, G. Srinivasan, and A. Weisshaar,
“Wide Band Compact Modeling of Spiral Inductors in RFICs,” IEEE MTT-S
Int. Microwave Symp. Dig., pp. 717-720, June 2002.




56

[26] Sheng-Chun Wang, Guo-Wei Huang, Shi-Dao Wu, Kun-Ming Chen, An-Sam
Peng, Ming-Hsiang Cho, Hua-Chou Tseng, Tsun-Lai Hsu, “Temperature ef-
fects on the performance of 4-port transformers,” IEEE Semiconductor Device
Research Int. Symp., pp. 190 - 191, Dec. 2003.

[27] D. Melendy, “Modeling of On-Chip Spiral Inductors for Silicon RFICs,” Mas-
ter’s thesis, Oregon State University, 2002.

[28] Adam Watson, “Analysis and Modeling of Single-Ended and Differential Spiral
Inductors in Silicon-Based RFICs,” Master’s thesis, Oregon State University,
2003.

[29] J. Zheng, V. K. Tripathi, and A. Weisshaar, “Characterization and Modeling of
Multiple On-Chip Interconnects on Silicon Substrate,” IEEE Trans. Microwave
Theory Tech., vol. 49, pp. 1733-1739, October 2001.

[30] H. Ymeri, B. Nauwelaers, and K. Maex, “New closed-form formula for
frequency-dependent resistance and inductance of IC interconnects on silicon
substrate,” IOP J. of Micromech. and Microeng., pp. 283-286, Nov. 2001.

[31] K. T. Ng, B. Rejaei, and J. N. Burghartz, “Substrate Effects in Monolithic RF
Transformers on Silicon,” IEEE Trans. Microwave Theory and Tech., vol. 50,
pp. 377-384, Jan. 2002.

[32] J. Y. -C. Chang, A. A. Abidi, M. Gaitan, “Large suspended inductors on silicon
and their use in a 2-um CMOS RF amplifier,” IEEE Electron Device Lett., vol.
14, pp. 246-248, May 1993.

[33] R. P. Ribas, J. Lescot, J. -L. Leclercq, J. M. Karam, F. Ndagijimana, “Micro-
machined Microwave Planar Spiral Inductors and Transformers,” IEEE Trans.
Microwave Theory Thech., vol. 48, pp. 1326 - 1335, Aug. 2000.

[34] C. P. Yue, S. S. Wong, “On-chip Spiral Inductors With Patterned Ground
Shields For Si-based RF IC’s,” IEEE VLSI Circuits Symp. Digest, pp. 85-86,
June 1997.

[35] J. N. Burghartz, D. C. Edelstein, M. Soyuer, H. A. Ainspan, K. A. Jenkins,
“RF Circuit Design Aspects of Spiral Inductors on Silicon,” IEEE J.Solid-State
Circuits, vol. 33, pp. 2028-2034, Dec. 1998.

[36] J. N. Burghartz, “New approaches for wireless systems on silicon,” Perspec-
tives on Radio Astronomy, Technologies for Large Antenna Arrays, NFRA,
Dwingelo, April 1999, pp. 149-153, ISBN 90-805434-2-X.

[37] K. T. Ng, B. Rejaei, M. Soyuer, J. N. Burghartz, “Performance of Generic
Spiral-Coil RF Transformers,” Proc. SAFE 1999, pp. 323-327, 1999.



57

[38] R. Thiiringer, “Characterization of Integrated Lumped Inductors and Trans-
formers,” Institut fiir Nachrichten- und Hochfrequenztechnik der TU Wien,
2002.

[39] D. M. Pozar, Microwave Engineering, 2"* Ed., John Wiley and Sons, 1998.

[40] Y. K. Koutsoyannopoulos, Y. Papananos, “Systematic Analysis and Modeling of
Integrated Inductors and Transformers in RF IC Design,” IEEE Trans. Circuit
and Systems-II: Analog and Digital Signal Proc. , vol. 47, pp. 699-713, August
2000.

[41] S. R. Kythakyapuzha, W. B. Kuhn, “Modeling of inductors and transformers,”
IEEE MTT-S Int. Microvawe Symp. Dig., 2001 IEEE MTT-S International ,vol.
1, pp. 587 - 590 , May 2001.

[42] F. W. Grover, Inductance Calculations, Working Formulas and Tables, D. Van
Nostrand Company Inc., New York, 1946.

[43] H. A. Wheeler, “Transmission-line properties of a strip on a dielectric sheet on
a plane,” IEEE Trans. Microwave Theory Tech., vol. 25, pp. 631 - 647, Aug.
1977.

[44] A. M. Niknejad, and R. G. Meyer, “Analysis, Design, and Optimization of Spiral
Inductors and Transformers for SI RF IC’s,” IEEE J. Solid-State Circuits, pp.
1470-1482, vol. 33, Oct. 1998.

[45] TDA Systems Inc., Lake Oswego, OR 97035, USA.
[46] EMWonder, Norcross, GA 30010, USA.
[47] Ansoft Corporation, Pittsburgh, PA 15219, USA.

[48] MIT Staff, Magnetic Circuits and Transformers, Cambridge, MA: MIT Press,
1943, p. 144, 625.

[49] K. T. Ng, B. Rejaei, N. O. Ormando, J. N. Burghartz, “Optimized Geometrical
Features of Monolithic Spiral RF Transformers on Silicon,” Proc. SAFE 2001,
pp. 132-135, Nov. 2001.

[50] A. H. Aly, B. Elsharawy, “Modeling and measurements of novel high k mono-
lithic transformers,” IEEE MTT-S Int. Microvawe Symp. Dig., vol. 2, pp. 1247-
1250, June 2003.

[51] N. Fong, J. -O. Plouchart, N. Zamdmer, K. Jonghae, K. Jenkins, C. Plett, G.
Tarr, “High-performance and area-efficient stacked transformers for RF CMOS
integrated circuits,” in IFEE MTT-S Int. Microvawe Symp. Dig., vol. 2, pp.
967-970, June 2003.




58

[52] L. F. Blume, A. Boyajian, G. Camilli, T. C. Lennox, S. Minneci, V. M.
Montsinger, Transformer Engineering, a Treutise on the Theory, Operation,
and Application of Transformers, 2™ Ed., New York: Wiley and Sons, p. 8,
1951.

[53] M. P. Perry, Low Frequency Electromagnetic Design, New York: Marcel Dekker,
1985, pp. 34-54, 73-83.

[54] J. H. Spreen, “Electrical terminal representation of conductor loss in transform-
ers,” IEEE Trans. Power Electron., vol. 5, pp. 424-429, Oct. 1990.

[65] J. Zheng, Y.-C. Hahm, V. K. Tripathi, and A. Weisshaar, “CAD-Oriented
Equivalent Circuit Modeling of On-Chip Interconnects on Lossy Silicon Sub-
strate,” IEEE Trans. Microwave Theory Tech., vol. 48, pp. 1443-1451, Sept.
2000.

[56] D. Kehrer, “Design of Monolithic Integrated Lumped Transformers in Silicon-
based Technologies up to 20 GHz,” Institut fiir Nachrichten- und Hochfrequen-
ztechnik der TU Wien, 2000.

[57] A. Watson, P. Francis, K. Hwang, and A. Weisshaar, “A Comprehensive
Compact-Modeling Methodology for Spiral Inductors in Silicon-Based RFICs,”
IEEE MTT-S International Microwave Symposium Digest, pp. 1011-1014, June
2003.

[58] A. C. Watson, D. Melendy, P. Francis, Kyuwoon Hwang, A. Weisshaar, “A
comprehensive compact-modeling methodology for spiral inductors in silicon-
based RFICs,” IEEE MTT Trans., vol. 52, pp. 849-857, March 2004.

[59] R. C. Jaeger, Introduction to Microelectronic Fabrication, 2™ Ed., Upper Saddle
River, NJ: Prentice Hall, 2002, p. 53.

[60] National Semiconductor Corporation, Santa Clara, CA, USA.

[61] G. D. Vendelin, A. M. Pavio, and U. L. Rohde, Microwave Circuit Design Using
Linear and Nonlinear Techniques, New York: Wiley and Sons, 1990.

[62] L. A. Hayden, V. K. Tripathi, “Characterization and modeling of multiple line
interconnections from time domain measurements,” IEEE Trans. Microwave
Theory Tech., vol. 42, pp. 1737-1743, Sept. 1994.




APPENDICES

29



60

APPENDIX A. Extraction Results
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